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Abstract 

Crossed Molecular Beams Study of OCD) Reactions with H2 Molecules 

by 

Tzong-Tsong Miau 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor Yuan T. Lee, Chair 
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The reaction dynamics of oCD) atoms with H2 molecules was 

reinvestigated using the crossed molecular beams technique with pulsed beams. 

The oCD) beam was generated by photodissociating 03 molecules at 248 nm. 

Time-of-flight spectra and the laboratory angular distribution of the OH products 

were measured. The derived OH product center-of-mass flux-velocity contour 

diagram shows more backward scattered intensity with respect t~ the 0(1D) beam. 

In contrast to previous studies which show that the insertion mechanism is the 

dominant process, our results indicate that the contribution from the collinear 

approach of the OCD) atom to the H2 molecule on the first excited state potential 

energy surface is significant and the energy barrier for the collinear approach is 

therefore minimal. Despite the increased time resolution in this experiment, no 

vibrational structure in the OH product time-of-flight spectra was resolved. This is 

in agreement with LIF studies, which have shown that the rotational distributions 

of the OH products in all vibrational states are broad and highly inverted. 
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INTRODUCTION 

Reactions involving electronically excited oxygen atoms, octD), play an 

important role in atmospheric chemistry1 as well as in combustion processes. 

Among those reactions, the reaction 

~H = -43.5 kcal/mole 

has received a great deal of attention for various reasons. The OH product from 

this reaction can further react with ozone, which contributes in part to the 

depletion of stratospheric ozone. In addition, this reaction is closely connected to 

the decomposition of water during high temperature combustion. For those who 

study chemical dynamics, this reaction is a prototype for reactions in which the 

reactants can form a complex (in this case H20), in contrast to reactions such as F 

+ H2 ~ HF + H, where a direct reaction pathway without complex formation is 

believed to be dominant. 2 Therefore by studying how this reaction proceeds, it 

should be possible to provide valuable information about the dynamics of these 

types of complex-forming reactions. Also, because of the excess energy ( ~ 7 e V) 

during the complex formation, this reaction can probe the upper part of the ground 

state potential energy surface of water, which in recent years has become the 

subject of spectroscopic studies because of its potentially simple spectroscopic 

features. Another reason for studying this reaction is its possible application to 
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chemical lasers, 3"
5 because the internal energy distributions of the OH products are 

highly inverted, both vibrationally and rotationally. Extensive studies have been 

done on this reaction and related systems, both experimentally3
-
19 and 

theoretically,21
-
31 and a vast amount of information is available. Despite extensive 

research, not all aspects of the dynamics of the reaction are well known and 

sometimes contradictions arise, leading to confusion about the true nature of this 

system. 

Kinetic studies on this system 6• 
7 show that the reaction rate constant of this 

reaction is in the range of 1.3 - 2.7 x 10"10 cm3molecule-1s-1 at room temperature, 

which is nearly gas kinetic (i.e., almost all collisions are reactive) and very few 

collisions will lead to the quenching of the oxygen atoms from 1D to 3P states. 

DeMore6 further showed that this reaction proceeded with essentially no activation 

energy, implying that the potential energy surface involved was entirely attractive. 

More recent studies on this system mainly involve the determination of the energy 

distribution of the products. For this reaction, because of the large exothermicity, 

up to v' = 4 in OH vibration is accessible at room temperature conditions. Using 

laser induced fluorescence (LIF), 8•
10

"
13 the rotational distributions in the OH v' = 0 

- 3 vibrational states were determined to be highly inverted, with little population 

at lower rotational levels. In addition, results13
'
18 showed a pronounced preference 

for the lower OH A-doublet component (Il+) at high rotational states. However, 

because of the existence of the upper A-doublet component (TI"), the possibility of 

surface hopping has been suggested between OCD) + H2 and oeP) + H2 surfaces 

in the entrance channel, as observed in similar reactions between OCD) and 
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hydrocarbons. 18 The full vibrational distribution of the OH product was first 

investigated by Butler et al. 14 using the low pressure infrared chemiluminescence 

technique and it was found to be inverted as (P(v'=0:1:2:3:4) = 

0.22:0.20:0.23:0.22:0.13). Similar conclusions were reached by Aker et al. 15 using 

time-resolved Fourier transform spectroscopy. Huang et al.4 and Shao et al. 5 

applied the grating selection chemical laser technique to study the vibrational 

distribution; they obtained similar distributions from v' = 1 to 4, but the overall 

distribution was still peaked at v' = 0. Matsumi et al. 19 studied the translational 

energy release of this reaction by measuring the Doppler profile of the H atom 

product using the resonance enhanced multiphoton ionization (REMPI) method. 

They concluded that about 30% of the available energy (Eavail = 45.5 kcallmole) 

went into translational motion. In order to determine the exact nature of this 

reaction, studies of 0(1D) + HD ~ H(D) + OD(OH) reaction were carried out 

to determine the isotopic branching ratio of this reaction. By monitoring both the 

hydrogen and deuterium atom products by VUV laser induced fluorescence, 

Tsukiyama et al. 16 obtained a HID ratio slightly greater than one (1.13 ± 0.08). 

While Butler et al. 12 claimed similar results after integrating the available OH 

rotational and vibrational state population from their LIF results, their data 

suggested otherwise. 20 So far, only one crossed molecular beam study of this 

reaction has been published, 17 and the result suggested an insertion mechanism 

with a forward-backward peaked center-of-mass angular distribution. The 

symmetric angular distribution was attributed to the homonuclear nature of the 

reactant H2 instead of taking this as evidence that long lived complexes were 
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formed. The translational energy release found in that study is peaked around 10-

12 kcal!mole (vs. Eavail = 46 kcallmole), which is consistent with the LIF and 

Doppler profile studies that show most of the available energy is deposited in 

vibrational and rotational motion. By comparing the vibrational and rotational 

energy distributions of the OH products with statistical theories such as RRKM 

and phase space theory, it has been concluded that this reaction does not involve 

long-lived complexes, but rather proceeds on the time scale of a few vibrational 

periods and possibly less than one rotational period of the water complex. On the 

other hand, the slightly greater than one HID ratio suggests the formation of long­

lived complexes. 

Theoretical treatment of this reaction generally involves classical21
-
23 or 

quasi-classicae4
-
29 trajectory studies of this system, and only one quantum reactive 

scattering study with reduced dimensionality is available. 30 Even though this 

system only involves eight valence electrons, more accurate quantum treatment is 

still not available because of the large amount of excess energy and the possible 

involvement of several potential energy surfaces. So far, most studies have been 

concentrated on the ground state potential energy surface, with a few 

exceptions. 28
'
29 Several ground and excited state potential energy surfaces were 

built based upon available empirical data, ab initio calculations and the valence 

bond diatomics-in-molecule (DIM) method.32 Two reaction pathways were 

proposed for this reaction: (1) insertion of the OCD) atom into the hydrogen 

molecule to form a short-lived complex and (2) direct abstraction of one hydrogen 

atom from the hydrogen molecule by the oxygen atom via a near collinear 
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approach. The insertion mechanism is believed to be purely attractive in the 

entrance channel without any barrier, while the abstraction pathway possesses an 

entrance barrier; however, results from various studies cannot agree on the barrier 

height. For most theoretical calculations, regardless if there is a potential energy 

barrier for the collinear approach or not, they all indicate that the OCD) + H2 

reaction occurs predominantly by the insertion mechanism with the complex 

falling apart promptly. The shapes of the OH product rotational energy 

distributions obtained in all the calculations in general compare well with the 

experimental results, but agreements between the OH vibrational distributions are 

thus far less than satisfactory. In addition, the calculated center-of-mass angular 

distributions of the OH product vary from one study to another. To resolve the 

inconsistencies between the theoretical and experimental results on the OH 

vibrational distribution, Kuntz et al. 28
'
29 pointed out that if more than one potential 

energy surface was involved in this reaction and the collisional energy was enough 

to overcome the energy barrier on the first excited state surface, the contribution 

from the collinear geometry on the frrst excited state energy surface could become 

significant and have an effect on the fmal OH vibrational state distribution. It was 

also noted in their study that this reaction probably was more susceptible to the 

quantum effect since there were two hydrogen atoms in this system and the only 

quantum scattering studl0 showed more vibrational excitation than its classical 

counterparf2 using the same potential energy surface. Therefore, they suggested 

that a detailed quantum scattering study of this system might be more appropriate. 

Early attempts to explain the highly inverted rotational distribution of the OH 
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products concentrated on the incomplete energy redistribution in the complex. 

However, Monte Carlo simulations done by Rynefors et a/. 33
'
34 showed that this 

deviation could be attributed to the constraint of angular momentum conservation 

at the transition state instead of a specific dynamical effect, assuming this reaction 

indeed formed a long-lived complex. Once they included this constraint in the 

context of RRKM theory, they were able to reproduce the inverted rotational 

energy distribution results from LIF studies and the laboratory angular distribution 

obtained from the crossed molecular beams experiment. However, the vibrational 

energy distribution they reported was still peaked at v' = 0, as expected from a 

regular statistical theory. In addition, they failed to note that the lifetime of the 

water complex obtained from trajectory studies was too short to apply RRKM 

theory for the analysis. 

In summary, the consensus so far is that this reaction proceeds mainly 

through an insertion process but without forming a long-lived complex. The direct 

abstraction pathway only contributes to a small extent in all the reactions. In , 

addition, the inversion of the OH vibrational energy distribution is the result of 

dynamical effects and is most sensitive to changes in the potential energy surfaces. 

The purpose of this study is to reinvestigate this reaction by the crossed 

molecular beams technique with improved oxygen beam conditions and better time 

resolution. A previous study of this reaction17 used an rf discharge to generate the 

oCD) atomic beam, which had comparable velocity to the H2 beam but with a 

·rather wide beam spread(-20%). The fast oxygen beam velocity had the 

undesirable effect of limiting the OH products to a narrow range of laboratory 
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angles. The poor 0(1D) beam speed ratio also smeared out any possible features 

in the angular distribution and the time-of-flight (TOF) spectra. In addition, the 

flight length of the neutral molecules was only -17 em, and the multichannel 

scaler resolution used was limited to 12 J.lSec per channel because a cross­

correlation chopper was used to sample the products. The poor time resolution 

and short flight length caused the spectra to be congested into only a few channels 

(typically less than 10 points per spectrum). The center-of-mass flux-velocity 

contour map of the OH product obtained from deconvolution of the raw data also 

suggested slightly more backward scattered intensity, which indicated that the 

insertion mechanism might not completely describe this reaction. Because of all 

the reasons mentioned above, the result obtained in that study cannot be taken as 

conclusive. Another reason to reinvestigate this reaction is that the OH molecules 

have a vibrational spacing of- 3500 cm-1 (10 kcal/mole). With better defined 

beam conditions (slower oxygen atom beam velocity and higher speed ratio) and a 

longer flight length, it might be possible to resolve vibrational structure, as in the 

case of the F + H2 ~ HF + H reaction. 2 Furthermore, it will be extremely 

useful if the same experiment can be carried out on the oeD) + HD reaction. 

From the translational energy releases of the two product channels 

(OH+D/OD+H), it should be possible to obtain a crude estimate of the isotopic 

branching ratio using information theoretical treatment, 35
•
36 which can shed some 

light on the dynamics of this reaction. 

Unlike most of the crossed molecular beams experiments in which two 

continuous beam sources are used, in this experiment both beams are formed using 
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pulsed nozzles to produce more intense beams. The OctD) atomic beam is 

produced by photodissociating ozone molecules at 248 nm. With carefully chosen 

ozone beam condition, an intense oCD) beam with a beam spread of- 8% or 

better can be achieved. The success of this source will be useful in future to 

studies of other important reactions such as OCD) + HCl and hydrocarbons, and 

the same design can be applied to the production of other pulsed radical beams. 
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EXPERIMENTAL 

The basic design of the universal crossed molecular beams apparatus used 

in this experiment and its working principles can be found in the literature37
, so it 

will only be briefly discussed here. Slight modifications were made in order to use 

two pulsed valves and the resulting configuration is shown in Fig. 1. It is similar 

to the setup used in the D + H2 experimene8 several years ago with some major 

differences in the oxygen atomic beam source geometry. First of all, since the 

oCD) atoms have a wide range of velocities and are randomly scattered in space 

following the photodissociation of the ozone molecules, further expansion and 

collimation of the 0( 1 D) atoms is needed. The precursor beam (ozone seeded in 

helium) was directed towards the collision chamber in order to provide further 

expansion and to carry the oCD) atoms into the interaction region. Secondly, 

there were no differential pumping regions installed in either source regions. The 

nozzle-to-skimmer distance was found to give an undisturbed beam profile and 

optimum intensity at 12-16 mm (For more details, see Appendix A) and 12 mm 

was used. The skimmer had a 50°/60° geometry with a 1 mm opening. Inside the 

collision chamber, a 0.13 mm thick stainless steel mechanical chopper (17.8 em in 

diameter) with four 0.75 mm wide slots was placed in front of the skimmer and 

about 2 em upstream from the interaction region to reduce the pulse width of this 

beam to about 7 J.!Sec (@200 Hz chopper frequency). The photodiode signal 
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triggered by the chopper wheel served as the time reference throughout this 

experiment. 

The oen) atomic beam was generated by photodissociating ozone 

molecules with a KrF excimer laser (A. = 248 nm). The photodissociation of ozone 

molecules by ultraviolet radiation around 250 nm has been studied extensively in 

the past and it will not be discussed here. One is referred to Ref. 39 and 40 for 

details. In short, the absorption of a photon at 248 nm by an ozone molecule is 

very efficient (cr::::::: 1.07 x 10-17 cm2molecule-1 
), and most of the absorption leads 

to the dissociation products oen) and 0 2e Ll). Since the absorption is easily 

saturated, the laser power is not a crucial issue in this experiment. Typical laser 

powers used were in the range of 150- 200 mJ/pulse before entering the chamber, 

but a significant portion was lost before it reached the pulsed valve because of the 

laser beam divergence. The typical amount of ozone depletion obtained in the 

chopped pulse was around 25 - 30%. 

Two cylindrical quartz lenses with 19 em focal length were used to focus 

the light to a~ 1 mm x 1 mm spot about 0.5 mm downstream from the pulsed 

valve nozzle. The dissociation of the ozone molecules occurred during the 

expansion process and a portion of the oen) atoms produced from dissociation 

remained in the same gas pulse and went through further expansion. Helium gas 

was used as the carrier gas throughout this experiment so that the quenching of 

oe D) atoms was minimized. 

The piezoelectric pulsed valves used for both sources were based upon 

Proch and Trickl's design.41 For the oen) beam, a short plunger made of 
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aluminwn was used so that the opening and closing time of the pulsed valve could 

be shortened, which in turn resulted in a shorter gas pulse. The opening of the 

nozzle was 0.5 mm in diameter. During initial experiments, a Viton 0-ring coated 

with Teflon was used as the plunger seal, but it was soon discovered that the 0-

ring became swollen shortly after coming in contact with ozone, making the valve 

inoperable. A switch was made to a Teflon 0-ring, but the result was 

unsatisfactory due to the lack of elasticity in the Teflon material. Finally, a Kalrez 

0-ring was chosen, and it proved to be ozone resistant and a reasonably good 

elastomer. For most of the experiments described below this pulsed valve was 

activated by an 80 J..LSec, -320 V (peak voltage) pulse with 3.5 J..LSec rising and 

falling time constants. 

The ozone used m this experiment was generated by a commercially 

available ozonator. The output of the ozonator, containing about 10% ozone, was 

passed through a nickel coated stainless steel trap filled with coarse silica gel. 

This trap was placed in dry ice/acetone slush (temperature = -78°C) during the 

ozone making process to help the adsorption and also for safe storage whenever it 

was not in use. Before running the beam, the trap was filled with heliwn and 

pwnped out. This was repeated several times to remove residual 0 2 gas in the trap 

and it was carried out while the trap was still in the slush so the ozone would 
\ 

remain adsorbed to the silica gel. When running the beam, the trap was 

transferred to a thermostatically controlled variable low-temperature bath, and 

heliwn gas was used to carry the desorbing ozone out of the trap. The total 

stagnation pressure of the 0 3/He mixture was kept at 30 psig. The temperature of 
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the cooling bath was carefully controlled such that the concentration of the ozone 

molecules in the gas mixture was around 1% (equivalent to -23 torr of 0 3 in the 

gas mixture). To monitor the ozone concentration, 500 torr of the gas mixture was 

leaked into a 1 em x 1 em quartz flow cell from time to time, and the ultraviolet 

absorption of the gas mixture at 280 nm was measured. Typically, it took about 

one to two hours before the ozone beam became steady. Some Oz molecules 

remained in the beam in spite of the purging and flashing of the trap at the 

beginning. This mainly resulted from the residual Oz in the trap and thermal 

decomposition of the 0 3 molecules in the gas line before entering the source 

chamber. This posed no serious problem for the experiment under study. Vecy 

minute amounts of ozone dimers were also observed in the mass spectra. Since 

they would be easily broken into smaller species when the laser interacted with the 

beam, the pulsed valve nozzle was not heated throughout the experiment. 

For the Hz beam, a pulsed valve with a 7 em long plunger was used. The 

nozzle diameter was 0. 75 mm and the skimmer to nozzle distance was set around 

15 mm. The valve was driven by an 80 J..lSec, -320 - -360 V(peak voltage) pulse 

with 3.5 J..lSec rising and falling time constants. High purity normal Hz gas 

(99.995%) was used without further purification. Because the valve body was in 

contact with the differential wall, this pulsed valve became colder and easier to 

open (i.e. requiring lower driving voltage) when the main chamber cold shield was 

cooled down to liquid nitrogen temperature. As a result, slight heating was 

applied on the valve body to keep it at 300K. After the gas had been running 

through the valve for a period of time, the temperature of the valve became higher 
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and the valve started to close. The driving voltage was then adjusted to keep the 

source chamber at a constant background pressure (~ 4x10"5 torr). The 

temperature change during the course of the experiment was found to be around 

7K, which in turn translated into a 1.5% change in the beam velocity. The H2 

beam velocity used in this study was 2700 m/s, with a speed ratio of 12.1. 

Due to the fact that oxygen has stable isotopes at masses 17 and 18, time 

dependent backgrounds at m/e = 17 and 18 were inevitable. It was also noted that 

there were trace amounts of water in the ozone beam, although its origin was not 

clear. To cut down the time dependent background, a collimation slit (2 nun x 2 

nun) was installed~ 0.5 em in front of the chopper wheel. In addition, a cryogenic 

copper cold panel at liquid nitrogen temperature was placed around the collision 

zone facing the detector to further reduce the unwanted background. 

The experiment was carried out by spinning the chopper wheel at 200 Hz, 

and the photodiode signal coming from the chopper wheel ( 4 x 200 Hz = 800 Hz) 

was divided by 8 and split into three secondary triggers. Two out of those three 

triggers were then separately delayed, and sent to the pulsed valves which were 

operated at 100 Hz. The third trigger was further divided by 2, delayed, and sent 

to the photolyzing laser. The various delays could be changed independently of 

each other with respect to the photodiode signal. Fig. 2 shows the timing 

relationships between all the triggers and their typical values. The delay of the 

ozone beam with respect to the chopper wheel was determined by fmding the peak 

of the ozone pulse. The intensity of the peak stayed roughly the same within about 

30 ~sec, and the center was then chosen. The laser trigger was adjusted so that a 
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maximum increase of signal was obtained at rn/e = 8 (02+). The increase of 0 2+ 

signal was taken as an indication that 0(1D or 3P) atoms were produced. The 

0(1D) beam velocity and its speed ratio were determined based on the 0 2
+ time-of­

flight spectra. The delay between the two pulsed beams was found to be critical 

and had to be carefully chosen. For details on how this delay can distort the 

experimental results, one is referred to Appendix B. As a result, the delay of the 

H2 beam was chosen so that the OctD) beam intersected the H2 beam at the front 

part of the pulse, close to its peak. 

Out of the two products (H and OH), the hydrogen product was very hard 

to detect because of the high rnle = 1 background in the detector and its extremely 

fast velocity. Therefore, the scattered OH products were detected by using a 

quadrupole mass spectrometer rotating around the center of the interaction region. 

The detector was triply differentially pumped by ion pumps and turbomolecular 

pumps and maintained under ultrahigh vacuum conditions. The ionizer region was 

further cooled to liquid nitrogen temperature to remove any condensable gases. 

Once the molecules entered the detector, they were first ionized and then mass 

selected. These mass selected ions were then detected by a Daly type ion 

counter. 42 The signals, after being amplified and discriminated, were sent to a 

custom made 4096-channel multichannel scaler (dwell time set at 4 J..LSec per 

channel), triggered by the same pulse used to trigger the laser. The resulting time­

of-flight spectra contained both the laser on and laser off signals, separated by 10 

milliseconds (2500 channels). Spectra were taken at as many as 19 different 

laboratory angles. The laser correlated spectra were obtained by subtracting the 
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laser off signals from the laser on signals. The laboratory angular distribution of 

the OH product was obtained by repeatedly taking TOFs at three or four different 

angles at a time with a fixed laboratory angle as the reference, usually 15 degrees 

from the oxygen atomic beam. The laser correlated signals were then integrated 

and normalized with respect to the reference angle intensity. All the data 

collection process was controlled by an LSI 11/73 microcomputer and then 

transferred to PCs for further analysis. 
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RESULTS AND ANALYSIS 

Production of the oen) atomic beam 

A major consideration in this experiment is to produce and monitor the 

0(1D) atomic beam. Since it was not possible to measure the 0(1D) beam at rnle = 

16 directly because of the existence of the ozone and oxygen molecules, in order 

to obtain the OCD) beam velocity, the signal at rnle = 8 (02+) was monitored in the 

experiment. This is based on the assumption that the 0(1D) atoms should produce 

more doubly charged oxygen ions than the undissociated ozone molecules. Fig. 3a 

shows the 0 2
+ signal with and without the photolyzing laser. The increase in the 

0 2
+ signal was significant and as much as a 400% increase in the 0 2

+ could be 

observed under optimum conditions. To obtain the OCD) beam velocity, the laser 

off signal was frrst scaled according to the amount of depletion observed in the 

ozone (m/e = 48) signal, then subtracted from the laser on signal. Fig. 3b shows 

the subtracted 0 2
+ spectrum and its corresponding fit, assuming a supersonic beam 

velocity distribution.43
'
44 As shown in this figure, the fit somewhat underestimated 

the fast edge. The appearance of this fast leading edge can be attributed to two 

possible reasons: (1) local heating of the beam pulse by the photolyzing laser and 

(2) incomplete supersonic expansion of the 0(1D) atoms. A fast edge caused by 

the frrst process was also observed in the time-of-flight spectrum of the remaining 

ozone beam. Therefore the fast edge in the 0 2
+ TOF spectrum also contained 

contributions from the fragmentation of the ozone molecules in the ionizer. 
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Although the second cause cannot be ruled out completely, it is highly unlikely 

since if the expansion is not complete, the oen) atoms will scatter in all 

directions and the possibility of staying in the pulse is therefore minimal. 

If the fast edge was neglected in the beam velocity calculation, an pen) 

beam velocity of- 1790 m/s with a speed ratio of- 11.9 was obtained. This beam 

velocity, when used in the data analysis of the oCD) + H2 experiment, was found 

to be slower than it should be. A more adequate beam velocity was determined to 

be around 1900 m/s. Besides the fact that this discrepancy can be attributed to the 

negligence of the. fast edge as mentioned above, it can also be caused by the 

inappropriate use of the 0 2
+ signal to calculate the oCD) beam velocity. Since the 

0 2 products coming from the dissociation usually contain a significant amount of 

internal energy (including electronically excited oxygen molecules), it is possible 

that the slow part of the 0 2
+ signal comes from the fragmentation of those oxygen 

molecules in the ionizer. However, due to lack of information on the cracking 

patterns of the highly excited oxygen molecules and their exact composition in the 

beam, this correction could not be made. Therefore, the estimated value of 1900 

m/s for the oCD) beam velocity was used in the analysis of the oen) + H2 

reaction. 

OCD) + H2 ~ OH + H Reaction 

Fig. 4 shows the Newton diagram for this reaction. The solid circle 

represents the absolute maximum center-of-mass velocity the OH products can 

acquire from this reaction, and the dashed circles represent the maximum center-
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of-mass velocities the OH products can have when produced in different 

vibrational states other than v = 0. The center-of-mass angle of this system is at 

10 degrees. Although the absolute maximum Newton circle spans from -33 

degrees to 54 degrees in the laboratory frame, signal was only observed between 

-15 and 40 degrees. Beyond this range, the signal was either too weak to be 

observed or beyond the detector's reach (the detector can swing between -17.5 and 

60 degrees). 

To analyze the data, a forward convolution algorithm was used to obtain the 

unsealed total reaction cross section h(0,Et) in the center-of-mass frame, where 0 

is the center-of-mass scattering angle and Et is the products' translational energy 

release. For reactions with only one product channel, if there is more than one 

reaction mechanism involved, or the product(s) can populate a number of 

vibrational states, the h(0,Et) can be written as a weighted sum of several · 

independent components, I;(0,Et). Here i can represent contributions from 

different reaction mechanisms or vibrational states. In general, however, this 

separation is arbitrary. It is then assumed that each of those components has an 

energy-angle separable form and can be written as the product of a translational 

energy release distribution function P;(E1) and center-of-mass angular distribution 

function T;(0), namely, I;(0,Et) = P;(Et)•T;(0). Therefore, the total reaction cross 

section h(0,E1) can be expressed as L; W;•P;(Et)•T;(0), where w; is the 

contribution (or the weighting factor) from the ith component. If there is only one 

component, the Ir(0,Et) is reduced to the usual uncoupled form P(Et)·T(0). 

Presumed point form P;{Et)s and T;(0)s were used to simulate the OH product 
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time-of-flight spectra and its laboratory angular distribution, taking into account 

both beams' angular and velocity spread, the finite ionizer length and the 

necessary coordinate transformation. The effect of the fmite detector aperture was 

not considered in the analysis. In addition, since this reaction is exothermic and 

believed to proceed without any energy barrier, an E-113 collisional energy 

dependence of the reaction cross section was used to provide an additional 

weighting for the collisional energy spread. . Comparisons were then made 

between the simulated results and the experimental data and the wis, PlEt)s and 

Ti(8)s were adjusted accordingly until a satisfactory fit was obtained. The 

FORTRAN program used in the analysis originated from R. Buss45 and was 

modified and ported to PCs. All data manipulation and analysis were carried out 

on an Intel 486DX based personal computer. 

Fig. 5 shows time-of-flight spectra taken at m/e = 17 with and without the 

photolyzing laser at several laboratory angles. When the detector is within 20 

degrees of the oxygen atomic beam, there are peaks uncorrelated with the laser, so 

subtraction is required in order to obtain the laser correlated signal. From the 

shapes of the laser off spectra at different angles and the fact that the background 

does not go away before 20 degrees, it is speculated that there are two origins of 

the background signal. One is probably due to scattering of the water molecule 

impurity in the oxygen beam off the hydrogen molecule, which then fragments to 

rnle = 17 in the ionizer (e.g. 15 degrees). It is also possible that the oeP) atoms 

scatter off the hydrogen molecules unreacted and then are detected at m/e = 17 due 

to mass leak. (Oxygen also has stable isotope at mass 17). The second process, if 
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it exists, will pose a serious problem for the background subtraction since the 

photolyzing laser will also produce oxygen atoms in the 3P state at the same time 

the oeD) atoms are produced, in addition to the original minor amount of oeP) 

atoms in the ozone beam. The background from those two processes is mainly 

limited to between 0 and 20 degrees due to their kinematics. Another origin of the 

background is from the beam itself and its effusive background (e.g. -5 degrees). 

It is the major contribution to the background when the detector is placed very 

close to the oxygen atom beam (~10 degrees). The peak directly from the beam is 

slower than the forward scattered peak from the water scattering process and when 

superimposed on the scattered water peaks, it causes broadening of the fast peak 

(e.g. 10 degrees). The effusive background is usually very slow and does not 

contribute very much to the background. Bear all those possible causes in mind, 

the major problem that arises from this time dependent background is the large 

uncertainty in the OH product laboratory angular distribution near the oxygen 

beam and the associated TOF spectra. This problem is further complicated by the 

use of a photolyzing laser. When the laser is on, the gas pulse will be slightly 

faster due to the heating. Therefore, the background peak position and even the 

profile will be slightly different in the laser on and laser off spectra. Hence the 

subtraction is by no means a trivial task. Since the background signal mainly 

comes after the major part of the true signal, the influence of the subtraction will 

only affect the determination of the slow component of the OH product, which in 

this reaction should only account for a small percentage of the total reaction. The 

subtraction to obtain the laser correlated signal is therefore carried out directly 
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without further scaling. The resulting time-of-flight spectra, as shown in Fig. 7, do 

not show any obvious structure, as opposed to the results obtained in the F + H2 

experiment. 2 

The OH product laboratory angular distribution, obtained by integrating the 

laser correlated signals and then scaled to a common angle ( 15 degrees), is shown 

in Fig. 6, and it also does not show any obvious structure. The intensities at 17.5 

and 22.5 degrees, although consistently high throughout the experiment, are still 

within our experimental uncertainty. The typical uncertainty of the distribution is 

about ±10%, which is larger than that of the previous study. This is in part due to 

the reduction of the sensitivity by using a longer flight length for the neutral 

molecules in this experiment, and partly due to the necessity of background 

subtraction near the oxygen beam as mentioned before. Another major factor that 

can affect the accuracy of this distribution (and the TOF spectra) comes from the 

background scattering events and is described in Appendix B. Because the 

collisional energy used in this study (2.3 kcal/mole) was similar to that used in the 

previous experiment (2. 71 kcallmole ), 17 it was expected that the same P(Et) and 

T(E>) should fit these results. However, it was soon found that the old P(Et) and 

T(E>) fit poorly with the experimental laboratory angular distribution (the dotted 

line in Fig. 6) and when compared with the experimental time-of-flight spectra, the 

backward scattered intensity with respect to the octD) beam should have been 

more broadly distributed instead of being peaked narrowly along that direction. 

Being narrowly peaked at the exact backward scattered direction caused the 

simulated time-of-flight spectra to be doubly peaked at large laboratory angles 
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(around 20°- 35°), and the simulated peak was slower than the experimental data. 

The reason that this double peak feature did not show up in the previous study is 

because of their poor time resolution and the fast oxygen beam velocity, and 

therefore all the products were coalesced into a few channels. Unless there were 

systematic errors involved in our data collection process, it could only be 

explained by the inadequacy of the old P(Et) and T(E>). Thus the form ofP(Et) and 

T(8) had to be modified. Linear combination of two sets of P(Et)s and T(E>)s 

were used to obtain a satisfactory fit to our experimental data. Fig. 6 shows the fit 

to the laboratory angular distribution (the solid line) and Fig. 7 shows the fit to 

several time-of-flight spectra. The translational energy distribution was separated 

into a fast (Fig. 8) and a slow (Fig. 9) component. This separation was done 

because the slow products might have larger uncertainties due to the background 

subtraction. The fast component has an angular distribution that is broadly 

backward peaked with respect to the oen) beam, with a possible dip in the exact 

backward direction. It also has some contributions in the forward scattered 

direction. This component accounts for -90% of the total reaction.46 Its P(Et) is 

broader compared to the previously used P(Et) but peaks around the same position. 

The slower component, on the other hand, has a nearly isotropic center-of-mass 

angular distribution, which slightly favors the forward direction. 

As shown in Fig. 7, the fit to the time-of-flight spectra near the center-of­

mass angle is less than perfect. As mentioned earlier, it all happens near where the 

background subtraction becomes necessary and corresponds to the low 

translational energy release component. In addition to attributing this mismatch to 
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the large uncertainty in the spectra, the effect of the finite detector aperture, which 

is neglected in the fitting process, should be considered. Taking this effect into 

account should be able to smooth the resulting fit and obtain better agreement with 

the experimental data. Another conceivable reason for this mismatch is the use of 

a smooth P(Et) for the slow component. The OH molecule has a rather large 

rotational constant (- 18 cm-1
), and the low translational energy release means 

high rotational excitation for the OH product in low vibrational states (v' = 0, 1, or 

2). Thus, the energy spacing between adjacent high rotational levels can be as 

large as 3 kcallmole and exceed the collisional energy spread. Therefore it might 

not be appropriate to use a smooth P(Et) for the fitting process. However, attempts 

to use a smooth P(Et) with some discrete peaks to account for those rotational 

levels did not improve the fit. 

Since in this experiment the OH products spread out more in space due to 

the use of a slower 0(1D) beam, the sensitivity of this experiment is somewhat 

lower than that of the previous experiment. Therefore, the contribution from the 

products with the highest translational energy release cannot be accurately 

determined. The simulated laboratory angular distribution and TOFs are not very 

sensitive to the P(Et) contribution beyond - 35 kcal/mole, where only the OH 

products with v' = 0 and low j' s can be populated, even though the total energy 

available is 46 kcal/mole. However, if the contribution in this energy region is not 

zero, it will give a faster rising edge for the spectra near the center-of-mass angle 

than the ones obtained in the experiment. Therefore, it is not expected that this 

energy range will contribute significantly to this reaction. This also agrees with 
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earlier results on the internal energy distribution of the OH product; there most of 

. the OH molecules were rotationally highly excited, with very little population at 

low j' values. 

Fig. 10 shows the OH product flux-velocity contour diagram constructed 

from the two sets of translational energy release distributions and center-of-mass 

angular distributions. As mentioned earlier, this study shows more backward 

scattered OH products than the forward scattered ones. Another major difference 

between our results and the results from the previous study is that in this work the 

peaking in both forward and backward directions is not as strong. The ratios of 

intensity at 90° to that on the relative velocity vector are T(90°)/T(0°) = 0.67 and 

T(90°)/T(180°) = 0.56, respectively. Previously both of those values were 0.33. 

However, in general, our contour map resembles in shape with the direct 

deconvolution result obtained in the previous study. 

Before we go on to explore the possible implications of our experimental 

results on the dynamics of this reaction, it is important to ask the following 

question: Is it possible to fit our data in terms of two center-of-mass angular 

distributions with one having the forward and backward symmetry? The reason 

for doing so is that in most cases, this reaction occurs through the oxygen atom 

attacking the hydrogen molecule sideways to form a short-lived complex, and 

because of the homonuclear nature of the hydrogen molecule, the center-of-mass 

angular distribution should show a forward and backward symmetry. On the other 

hand, if the oxygen atom attacks the hydrogen molecule in a collinear fashion and 

the reaction happens through direct abstraction, the angular distribution usually 
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shows an asymmetric, or more precisely a backward peaked profile. Being able to 

separate the angular distribution into those two parts, it will be valuable for 

understanding the dynamics of this reaction. By examining the fit of the fast and 

slow component, it seems the only way to achieve that goal is to assume an 

isotropic (or even sideways peaked) center-of-mass angular distribution for the 

symmetric component. However, the results obtained so far have large deviations 

from the experimental data and again, unless we have more confidence in the data 

near the oxygen atomic beam, the separation of this reaction into a symmetric and 

an asymmetric component will be a difficult task. 
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DISCUSSION 

In order to explain the dynamics of this simple reaction, it is essential to 

understand the possible potential energy surfaces involved. · Fig. 11 shows the 

energy correlation diagram of the oCD,3P) + H2 system for the low lying states.47 

When the oCD) atom approaches the hydrogen molecule, depending on the 

direction of the approach, initially the oxygen atom can interact with both 

hydrogen atoms at the same time or with only one of them. The frrst case is 

characterized as the lateral attacking or insertion process, and as the reactants 

approach each other the potential energy surface manifold splits into five surfaces. 

If the approach is in C2v configuration, the reaction intermediate is directly 

correlated with the 1A1 ground state of water molecule (or 1A' in Cs symmetry). 

This part of the surface is purely attractive and has a very deep well, so a collision 

complex can exist. Unlike the ground state surface, all the excited states have 

barriers with respect to the reactants 0( 1 D) and H2 and are not energetically 

accessible for reactions under thermal conditions. Therefore, reactions involving 

the oxygen atom attacking the hydrogen molecule laterally occur entirely on the 

ground state surface of water. In the second case, where the oxygen interacts with. 

only one H atom, if the approach is exactly collinear (Coov), the degeneracies are 

lifted, resulting in three surfaces (}:,TI,~). As predicted by theorl9
•
32

d, the }: 

surface is attractive, the TI rises up slightly exhibiting a small barrier, and the ~ 

state is totally repulsive and therefore irrelevant to this discussion. Because the 
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ground state of the OH product is a TI state, at some later point along the reaction 

path, the :E surface must eventually rise up to cross the TI surface. The reason is 

that the :E state correlates with the first excited state of the products, OH(A2:E+) + 

H, whereas the TI state correlates with the ground state, OH~TI) + H. When the 

approach is off the collinear geometry, those two surfaces form an avoided 

crossing, but they will remain energetically accessible as long as the 0-H-H bond 

angle is larger than 150° (near collinear geometry). For a strictly collinear 

approach, the :E state will prevent the system from forming products directly, and 

only the TI state allows the reaction to proceed. At near collinear geometry, the 

adiabatic ground state is attractive, but no potential energy well is present for the 

system to temporarily form a complex. The adiabatic excited state is correlated 

with the OH(A2:E+) + H; therefore, if the reaction starts on the excited state 

surface, a diabatic transition back to the ground state at some point is required for 

the reaction to occur. 

On the ground state surface, classical and quasiclassical trajectory studies 

show that most of the reactions proceed through insertion geometry because of the 

deep potential minimum and the absence of a potential barrier in the entrance 

channel. This even applies to cases where the initial approach is collinear. 28 This 

is because the hydrogen molecule is so light that it can respond to any rapid 

change in the potential energy almost adiabatically and reorient itself so eventually 

the oxygen atom will be at the lateral position. Only a small portion of the 

reactions will go through the direct abstraction pathway without reorientation. 

Under most conditions, the complex will stay together and sample the potential 
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minimum several times before decomposing into products. Because the water 

complex acqmres a lot of bending motion during the insertion process, the 

complex will invert several times through its linear geometry H -0-H before 

dissociating into products. The system therefore has time to redistribute its energy 

among different degrees of freedom and this is the reason why most theoretical 

studies on the ground state surface show a monatomic decrease in the vibrational 

state distribution of the OH product. This distribution resembles the prior 

distribution obtained from statistical theories. However, by tracking the time that 

the three atoms stay together, studies24
•
26

•
28 show that the lifetime of the water 

complex is on the order of a few vibrational periods and less than a rotational 

period of a water molecule, so unimolecular decomposition theory is not 

applicable here. The same studies also show that for reactions that only go 

through the potential minimum once or do not go through it at all, the mechanism 

is direct and an inverted OH product vibrational distribution is observed. This 

inversion increases with the collisional energy and indicates the redistribution of 

the excess energy among different degrees of freedom is not complete. Most 

studies suggest the insertion process is more dominant than the direct abstraction 

pathway; therefore, they cannot explain the inverted vibrational energy distribution 

as observed in the experiments. 

On the first excited state surface, there are only a few studies28
•
29 carried 

out on the possible impact to this reaction. Since there is a significant barrier 

when the oxygen atom attacks the hydrogen molecule laterally on the first excited 

surface, only the collinear approach is important to our discussion. Calculation32
d 
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suggests there is only a small barrier ( -0.105 e V) for this approach. Therefore, it 

is possible it will contribute a significant amount to this system. As mentioned 

earlier, reactions starting on this surface must go through an avoided crossing and 

cross back to the ground adiabatic surface before the reaction can occur. This 

crossing, according to theoretical calculations, 29 occurs in the exit channel. 

Studies28
•
29 show that most reactive encounters go directly to the products; only a 

small portion will fall back into the deep potential energy well (i.e. the H20 

minimum) and proceed just like the reactions starting on the ground state surface. 

One stud/9 also suggests that some of the reactions on this surface will go through 

migration, 48 so the oxygen atom actually reacts with the second hydrogen atom 

instead of the first one it encounters. For those direct abstraction reactions, the 

OH products possess an excess amount of vibrational energy and show an inverted 

vibrational distribution. At the same time, the OH products are strongly backward 

scattered with respect to the incoming oxygen atoms. Such behavior is analogous 

to the fmdings of the F + H2 reaction. 

Based on the result from this experiment that a significant amount of the 

OH products scatter into the backward direction with respect to the oeD) beam, it 

is suggested that the collinear approach of the oxygen atom to the hydrogen 

molecule plays a far more important role in this reaction than previously realized 

and so does the frrst excited state surface. This is in agreement with the fact that 

most of the calculations carried out on the ground state surface could not 

reproduce the inverted vibrational state distribution observed in the laboratory. 

Therefore it is more appropriate to include the first excited state in future studies 
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of this system. If indeed the frrst excited state surface is involved in this reaction, 

our result suggests that the entrance channel energy barrier on this surface should 

not be larger than the collisional energy used in this study, which is 2.3 kcallmole. 

This agrees fairly well with the available theoretical value (-0.105 eV). Since 

early kinetic study6 suggested that this reaction proceed essentially without any 

energy barrier, this barrier height could be even lower. The fact that we see a 

broad peak in the backward scattered direction in the OH product flux-velocity 

contour diagram also agrees with the theoretical predictions that the avoided 

crossing of the two adiabatic surfaces is energetically accessible within a large 

range ofO-H-H bond angles. 

The slight dip at the exact backward scattered position in our flux-velocity 

contour diagram is possibly due to the nonreactive events on the ground state 

surface from the strictly collinear approach. The origin of this nonreactivity has 

been discussed earlier. However, this strict collinear approach on the ground state 

surface does not preclude the system from going back to the deep potential well to 

form products through an insertion geometry. 

It is well known for reactions like F + H2 ~ HF + H that when the 

collinear abstraction pathway is dominant, the product's rotational energy 

distribution is very cold; but in this case studies show that the OH products 

possess a large amount of rotational energy. Although it is possible that the 

collisional energy used in those investigations may be slightly below the energy 

barrier due to the thermalization of the oen) atoms before any reaction takes 

place, it is not a sufficient explanation since experiments under similar conditions 
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observed the inverted vibrational energy distribution. According to the theoretical 

studl9 on the first excited state surface, the OH product rotational distribution still 

strongly resembles the distribution obtained for the insertion process, only with a 

slight increase in the low j' products. The authors attribute the high j' products to 

the migration mechanism, which was originally proposed for alkali-metal halogen 

reactions.48 

Another possible reason is the lack of constraint on the OH product 

rotational angular momentum despite the requirement of total angular momentum 

conservation. For reactions going through near collinear geometry, even if the 

initial total angular momentum may be small, the fmal rotational angular 

momentum of the OH product can still be quite large if it can be compensated by 

the final orbital angular momentum of the products in order to conserve the total 

angular momentum. In other words, if the rotational angular momentum of the 

OH product is pointing in the opposite direction of the fmal orbital angular 

momentum, the total angular momentum can still be conserved. 

To demonstrate the validity of the above argument, let's assume the OH 

product is in the v' = 2 and j' = 18 state (we use v' = 2 and j' = 18 here since the 

vibrational distribution will be inverted for the collinear approach and j' = 18 is the 

most populated rotational state in this vibrational state as found in the 

experiment13
). The translational energy release is therefore around 10 kcal/mole, 

which translates into ~ 9400 m/s for the relative velocity between the two 

departing particles. We further assume that the initial total angular momentum is 

negligible, so we have 
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Final rotational angular momentum J' :::::: Final orbital angular momentum L'. 

From the equation 

Final orbital angular momentum L' = J.L v b, 

where J.L is the reduced mass of the products, vis the relative velocity, and b is the 

impact parameter. We can then calculate the impact parameter for the product 

channel, which turns out to be ~ 1.3 A. It is only slightly larger than the 

equilibrium distance of the OH molecule on the ground vibrational state and 

comparable to the impact parameters for the collinear approach that will lead to 

reaction. So, the constraint of total angular momentum conservation does not rule 

out the possibility of forming highly rotationally excited OH products. 

Although a more backward peaked angular distribution was observed in this 

experiment, the insertion process is still believed to dominate the dynamics of this 

reaction. Most of the flat background in the OH product center-of-mass angular 

distribution should come from insertion. If the forward scattered peak is from the 

insertion process, due to the homonuclear nature of the hydrogen molecule, there 

should be an equal contribution in the backward scattered direction. However, the 

slow component does not show any obvious peaking in either direction. As 

mentioned in the 'RESULTS AND ANALYSIS' section, the only possible way to 

fit the results with a symmetric and an asymmetric component is to assume an 

isotropic or sideways peaked angular distribution for the symmetric case. This 

agrees with some theoretical studies22 where angular distributions other than 

forward and backward peaked are obtained. If the migration mechanism does play 

a role in this reaction, this process will contribute mainly to the forward scattered 
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peak in the angular distribution and therefore it can explain the existence of the 

forward scattered peak. Thus, it is uncertain if the insertion process will in fact 

produce a forward and backward peaked center-of-mass angular distribution as 

most studies have suggested. 

It was brought to our attention that, m parallel with this work, 

Casavecchia' s group in Italy also carried out the crossed molecular beams 

experiment on the same system using two continuous beam sources. 49 Detailed 

studies was performed at collisional energies of 3 and 4 kcallmole, respectively. 

Because of their very precise measurements, a faint structure was observed in the 

OH product laboratory angular distribution, near the center-of-mass and at wide 

angles. By using six sets of P(Et)s and T(E>)s to account for all the energetically 

accessible OH vibrational states, the vibrational energy distribution was able to be 

determined. At 4 kcallmole collisional energy, the vibrational distribution is 

peaked at v' = 3, with slightly less but equal population in the lower vibrational 

states. Their center-of-mass angular distributions favor backward scattered 

direction at low v' states (v' = 0 and 1), but become more forward scattered at high 

v' states (v' = 2- 4). Even though their collisional energies are higher than the one 

used in this study, results obtained in their study seems to corroborate with our 

fmdings. At higher translational energy releases (low v' states) the products are 

backward scattered, and at lower translational energy (mixings of low and high v' 

states) the distribution starts to become more symmetric with respect to 90°. 

At last, it is necessary to point out that the above discussion is entirely 

limited to singlet surfaces. However, there is evidence that to a small extent triplet 
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surfaces are also involved in this reaction. By measunng the A-doublet 

components of the OH products at high rotational states ( A-doublet is only well 

defmed at high rotational states), 13
'
18 it was. found that the II+ component is 

strongly dominant over the n- component. The II+ component corresponds to the 

singly occupied II orbital lying on the rotating plane of the OH molecule and the 

II- component corresponds to a perpendicular orientation. Since in this case the 

three atoms form a unique plane, intuitively following the dissociation, the rotation 

of the OH molecule will remain on this plane and so will be the unpaired electron. 

Therefore, the dominance of the II+ component is expected. The fact that people 

observed the II- component suggests that a triplet surface is also involved in this 

reaction by spin-orbit interaction. This interaction can be explained by the 

crossing of the two surfaces CA' in OCD) + H2 and 3 A" in O(P) + H2 surfaces) at 

the entrance channel. 19
'
32

a This spin forbidden crossing generates more 

rotationally cold OH molecules and is not considered to be important in this 

reaction since the observed OH rotational distribution is highly inverted. 

However, studies18 on reactions between oCD) atoms and large hydrocarbons 

such as C2H6 and C(CH3)4 have shown it contributes significantly, and the 

resulting OH rotational state distribution is bimodal. 



35 

CONCLUSIONS 

We have reinvestigated the reactions between 0( 1 D) atoms and H2 

molecules using the crossed molecular beams technique with two pulsed beams. 

The time resolution was improved over the previous study in order to resolve any 

possible vibrational structure. Even though this .structure was not resolvable due 

to the broad and inverted distribution of the OH rotation, the OH product center­

of-mass flux-velocity contour map showed more backward scattered intensity in 

contrast to previous fmdings. Our results, along with results from theoretical 

calculations, suggest the possible involvement of the ftrst excited state energy 

surface in this reaction. On this surface, the collinear approach dominates; after 

the system jumps back to the ground state surface, the OH products are formed 

favoring the backward scattered direction with respect to the oxygen atom beam. 

The energy barrier for the collinear approach on this surface should be comparable 

to or lower than the collisional energy used in this experiment. The involvement 

of the frrst excited state surface also produces more vibrationally excited OH 

products, which can explain the inverted vibrational structure observed in the LIF 

and other experiments. This study should provide ground work for future 

theoretical studies on this reaction to include the frrst excited state potential energy 

surface. 

Because of the uncertainties in some regions of the time-of-flight spectra 

and the laboratory angular distribution near the center of mass of this system, 
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further attempt to separate the products into symmetric and asymmetric center-of­

mass angular distributions was not made. To reduce the errors in the result and to 

improve our counting statistics, a different precursor for the oen) beam such as 

N20 may be more suitable in the future. 

Preliminary studies on the 0( 1 D) + HD reaction were also carried out with 

hopes of determining the isotopic branching ratio of this reaction. However, due 

to the kinematics of this reaction and the high m/e = 18 background count rate in 

our detector, the OD product was very hard to detect and so the results were not 

reported here. 

With the successful operation of the pulsed 0(1D) atom beam, there are 

now many other reactions that can be studied. In particular, reactions between 

oen) atoms and N20, C02, H20 and hydrocarbons are very important processes 

in atmospheric chemistry. In the meantime, we should also be able to apply the 

same photolytic technique to produce other beam sources, such as OH radicals, to 

study a wealth of different reactions. 
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APPENDIX A 

This appendix will briefly discuss the effect of the nozzle-to-skimmer 

distance on the quality of pulsed nozzle beams. For a continuous molecular beam 

source, even if there is interaction between the beam and the skimmer, this 

interaction will alter the beam quality in the same way at every point in time. On 

the other hand, because the pulsed nozzle beam is not continuous, this interaction 

becomes time dependent. In addition, since the intensity of the pulsed beam is 

typically one or two orders of magnitude higher than that of a continuous beam, 

the interaction is usually more severe so extra attention is required. 

To illustrate the effect of this interaction and the way the optimum nozzle­

to-skimmer distances were determined for this experiment, the following 

procedure was carried out. As the nozzle-to-skimmer distance was varied, the 

change of the pure He beam intensity within the pulse was recorded. A 

mechanical chopper was used to sample the beam in front of the skimmer and the 

photodiode signal originating from the chopper served as the time reference. To 

obtain the beam intensity at each time delay, the pulsed valve delay with respect to 

the mechanical chopper trigger signal was changed, time-of-flight spectra were 

recorded and the peak in each spectrum was integrated. Spectra taken at longer 

time delays represented the earlier part of the pulse and vice versa. Fig. A-1 

shows the He beam profiles at six different nozzle-to-skimmer distances (d). As 

shown in this figure, when the skimmer is very close to the pulsed nozzle (~10 
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mm), the interaction of the front part of the pulse with the skimmer is so strong 

that when the beam reaches the middle part of the pulse, the pressure buildup in 

front of the skimmer starts to interfere with the beam and this part of the pulse is 

greatly attenuated. As one might expect, the onset of the interaction happens 

earlier when the nozzle is moved closer to the skimmer and the attenuation 

becomes more pronounced. Eventually the beam will be completely destroyed. 

As the nozzle is moved away from the skimmer, the interaction becomes less 

significant and the smooth, single peaked pulsed beam profile is observed. If the 

nozzle continues to be moved farther away from the skimmer, even though the 

beam profile remains the same, the beam intensity begins to drop gradually ( d = 20 

mm). The same behavior was also observed for the ozone beam used in the 

production of O(lD) atom beams when the nozzle was placed too close to the 

skimmer. Fig. A-2 shows the temporal profile of the ozone beam ( ~ 1% 03 

seeded in helium) at d = 10 mm the ozone beam velocity and its speed ratio 

distributions within the pulse. Although the beam velocity within the pulse is 

expected to gradually decrease due to the nature of the pulsed beam, it is clearly 

seen that the interaction induces more drop in the beam velocity around 80~90 

J..LSec and not until the later part of the pulse does the beam regain its velocity. 

Therefore, a larger nozzle-to-skimmer distance (d = 12 mm) was chosen for the 

OCD) + H2 experiment. Surprisingly, the speed ratio of the ozone beam does not 

change considerably during the interaction. 

From the above experiment, it is clear that the interaction between the 

pulsed beam and the skimmer has a significant impact on the beam quality if the 
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nozzle-to-skimmer distance is not chosen properly. This especially affects the 

middle part of the pulse. The effect on the beginning and the tail of the pulse is 

not so severe, but usually those parts of the pulse are either too unstable or too 

weak for practical use. Therefore, determination of the nozzle-to-skimmer 

distance is extremely important in a pulsed molecular beam experiment. 
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APPENDIXB 

Since in this experiment the differential pwnping regions for both sources 

were omitted in order to adapt to the pulsed valves and the introduction of the 

photolyzing laser, molecules diffu,sing out of the source region into the collision 

chamber occurred more often, and therefore background scattering became an 

important issue. In an earlier attempt of this experiment, some unrealistic features 

appeared up in the OH product time-of-flight spectra and also in its laboratory 

angular distribution. In this appendix, it will be shown how background scattering 

can affect the experimental results and how to overcome this difficulty. 

To illustrate the problem raised by background scattering, a Ne +He elastic 

scattering experiment was performed with variable delays between the two pulses. 

The setup was the same as the one used in the 0(1D) + H2 experiment, except the 

OCD) and H2 beams were replaced by the pure Ne and He beams, respectively. In 

addition, the photolyzing laser was not used. The chopped Ne beam was about 8 

J.lsec in duration. Fig. B-1 shows the attenuation of the Ne beam due to the 

interaction with the He gas pulse at different time delays. Since the attenuation 

curve should reflect the profile of the He beam, it suggests that the He beam has a 

great deal of interaction with the skimmer. Fig. B-2 shows the Ne time-of-flight 

spectra at several different delays at 12.5°. Note that with a longer He pulsed 

beam delay, the earlier part of the He pulse will intersect with the chopped Ne 

beam. As shown in this figure, a spurious peak starts to appear in the spectra and 
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becomes more pronounced as the delay becomes shorter. Since the attenuation of 

the Ne beam is limited to about 15% or less, it is unlikely this peak comes from 

multiple scattering events, therefore scattering with the background molecules is 

responsible for this artifact. At the beginning of the He pulse, since the source 

chamber pressure is still low, the diffusive background coming out of the source is 

not significant. After the pressure has built up in the source, the diffusive 

background cannot be neglected anymore. 

The background scattering also contributed significantly in the oeD) + H2 

experiment. Fig. B-3 shows the OH product laboratory angular distribution 

obtained in an earlier attempt of this reaction. In that experiment, the timing 

between the two beam pulses was chosen such that the oen) beam overlapped 

with the middle part of H2 pulses and the resulting OH product laboratory angular 

distribution showed a continuous rising near the oeD) beam. It was then found 

that this unrealistic feature was dependent upon the timing of the two pulses. As a 

result, a longer time delay was eventually used. By doing so, the beam intensities, 

and possibly the quality of the beams, were inevitably sacrificed. This is a 

tradeoff that has to be taken into consideration when designing a crossed beams 

experiment using two pulsed beams. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

FIGURE CAPTIONS 

Schematic view of the crossed molecular beam apparatus and the 

experimental setup. Note that it is not drawn to scale. 

A- Pulsed OCD) beam source; 

B - Pulse H2 beam source; 

C - Photolyzing laser; 

D - Chopper wheel; 

E - Quadrupole mass spectrometer. 

Timing relationships between the triggers used in this experiment 

and their typical values. The chopper is spun at 200 Hz with four 

opening slots, so the photodiode signal from the chopper wheel 

is 800 Hz. All delays are already corrected for the wheel offset. 

The 0 2
+ TOF spectra taken on axis of the ozone beam (0 degree). 

(a) Circles :Laser on signal. Dotted line :Laser off signal. 
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(b) The subtracted 0 2
+ signal. It took into account the amount of 

ozone depletion following dissociation (in this case 27.6%). The 

solid line is the fit assuming a supersonic beam velocity distribution. 

Newton diagram for the reaction oe D) + H2 ~ OH + H. 

oCn) beam velocity: 1900 rn!s. 

H2 beam velocity : 2700 m/s. 



Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 
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Solid circle : the absolute maximum center-of-mass velocity for the 

OH product (v' = 0). 

Dashed circles : the maximum center-of-mass velocities for the OH 

product in different vibrational states except v' = 0. 

The OH product time-of-flight spectra before subtraction at six 

laboratory angles. 

Circles : laser on signal. 

Dotted lines : laser off signal. 

The OH product laboratory angular distribution. 

Filled circles: experimental results. 

Solid line: the fit using the P(Et)s and T(E>)s shown in Fig. 8 and 

Fig. 9. 

Dotted line :the fit using the P(Et) and T(E>) from Ref. 17. 

The OH product time-of-flight spectra after subtraction and their 

corresponding fit using the P(Et)s and T(E>)s shown in Fig. 8 and 

Fig. 9. 

(a) The translational energy release distribution P(Et) for the fast 

component. 

(b) Corresponding center-of-mass angular distribution T(E>) for the 

fast component. 

(a) The translational energy release distribution P(Et) for the slow 

component. 



Figure 10 

Figure 11 
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(b) Corresponding center-of-mass angular distribution T(0) for the 

slow component. 

The OH product flux-velocity contour diagram constructed from the 

P(Et)s and corresponding T(0)s in Fig. 8 and Fig. 9. The outermost 

circle represents the maximum velocity the OH products can reach 

in this study. Also note that the oeD) and H2 center-of-mass 

velocities are not drawn to scale. 

Energy level correlation diagram for the oeD,3P) + H2 system for 

several low lying states. Some energy levels are not drawn because 

they are not related to the discussion. It is only qualitative in nature. 

Several energy levels are shifted (e.g. 1 llu and 3IIu) in order to 

present a clearer picture. 

Figure A-1 Pulsed He beam profiles at several nozzle-to-skimmer distances (d). 

For clarity, they are separated into two figures. 

Filled circles: d = 6 mm; 

Filled triangles : d = 8 mm; 

Filled squares: d = 10 mm; 

Open circles: d = 12 mm; 

Open triangles : d = 14 mm; 

Open squares : d = 20 mm. 

Figure A-2 Pulsed ozone beam profile at d = 10 mm and its corresponding 

velocity and speed ratio distributions. 



Figure B-1 Attenuation curve of the Ne beam as a function of the pulsed He 

beam delay. The solid line is the spline fit. It is drawn for visual 

aid only. 

Figure B-2 Time-of-flight spectra of the scattered Ne atoms at 12.5° at four 

different He beam delays. 
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Figure B-3 The distorted OH product laboratory angular distribution. The rising 

of the OH product intensities near the oeD) beam is attributed to 

background scattering events. 
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