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Laser enhancement of the 12 + Fz reaction was attempted, but no
enhancement was seen.

Also described is a crossed molecular beam study of the
chemiluminescent reaction of NO + 03 » NOZ + Ggq The collision
energy dependence was measured using a supersonic NO beam and the cross
section was found to increase with increasing collision energy. The
reaction threshold was 2.1 kcalfmole. An effusive NO bean was used to
study the effects of internal NO energy on chemiluminescence production.
The chemiluminescence was found to increase with increasing NO tempera-
ture. This can be explained by assuming the cross section varies as
Eiéi where Erat is the average rotational energy of the NO
bean. HNo attempt was made to calculate the dependence of the cross
section on J. The chemiluminescence enhancement was not found to have
the dependence on the increased NO(ZHBiZ) population that had been
previously suggested. Low resolution spectra of the chemiluminescence
were recorded in the range of 450-800 nm as a function of collision
enerqy. The emission curve shifted to the blue as the coliision energy
increased.

The chemiluminescence-laser Tluorescence crossed molecular beam
machine used in these experiments is also described. The machine has the
capability of detecting total or dispersed light from the reaction zone
and also allows use of a laser for laser induced fluorescence or exci-
tation of the molecular beam. Calculations indicating the minimum

observable reaction cross sections under certain circumstances are

presented.
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Abstract

The chemiluminescent bimolecular halogen-halogen reactions,

;2 + 129 B?Z and IC1, have been studied by the crossed molecular
beam technique. Uﬁdispefseé‘cﬁemi?uminescence was measured as a
function of collision energy and, for IZ + ?Zg as a function of
the two beam pressures. Although no spectra were obtained to posi-
tively identify the emitters as IF, CIF and BrF, arguments are given
to support this identification. The observed reaction thresholds of
4.2 and 5.9 kcal/mole for IZ + FZ and IC1 + an respectively,
are the same as the threshold energies for production of the stable
trihalogens IZF and C1IF. This coincidence of threshold energies,
as well as similar high collision energy behavior, implies that the
chemiluminescent reaction proceeds via a stable trihalogen inter-
mediate. This mechanism can explain our results and the results of
other workers without resorting to a symmetry forbidden four center
reaction mechanism. A threshold of 11.3 kcal/mole was found for

Brz + Fgg no threshold for BrZF has been previously reported.



Finally, two computer programs used in the data analysis are
described. One of the programs calculates a relative velocity
distribution from time-of-flight velocity analysis data, taking beam
width and velocity spread into account. The second program
facilitates determination of the reaction cross section energy
dependence using an assumed cross section functional form, the

relative velocity distribution and experimental data.
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I.  INTRODUCTION
The study of chemiluminescent reactions is one way to work toward
the ultimate goal in chemical kinetics: to be abie to measure state-
to-state reaction rates. in other words, we want to measure the
reaction rate for reactions in specﬁfig guantum states having a
specific collision energy and orientation and forming products in
épec%f%c guantum states with a given relative parting translational

energy and orientation. While we are a Tittle way from obtaining such
(1-3)

specific reaction rate constants, some experimental and

theoretiﬁai(@95)

work has been done which indicates that the
disposal of the various kinds of energy does not always result in a
distribution (either between or within the various degrees of freedom)
corresponding to thermal equiiibrigﬁ. Likewise, it has been sug-
gested that vibrational energy, say, may be much more effective than
translational energy in driving some kinds of reactions (for example,
a thermoneutral reaction with the barrier in the exit channel, see
references 4 and 5 for a more complete discussion), and so it is
conceivable that a reaction might be made more efficient (perhaps even
over a competing reaction path) if the available energy were in the
proper mode instead of randomized.

The application of the crossed molecular beams technique to
chemiluminescent reactions is an %mpeviaﬁt step forward in the study
of such reactions for three main reasons: the technique allows the

study of unstable or highly reactive species; the chemiluminescence

coming from a reaction is obtained under well-defined conditions



(single collision conditions with a very narrow, but variable
collision energy); and the chemiluminescence comes from products whose
guantum states have not been changed through collisions. These last
two reasons make the molecular beam technique particularly advanta-
geous in the continuing effort to obtain state-~to-state reaction
rates, This was the main reason behind the construction of the laser
fluorescence-chemiluminescence crossed molecular beam machine
described in Chapter II. This machine was designed to enabie us to
obtain more information on the disposal of energy in reaction
products. The machine has one supersonic and one guasi-effusive beam
source, so the coilision energy is well defined. The light from the
reaction zone can be collected either dispersed or as total
fluorescence. The machine also allows for addition of a laser to
either detect vibrationally excited ground state products through
laser induced fluorescence or excite one of the reactant beams., A
calculation of the minimum observable cross section for this machine,
under various assumptions, is presented and indicates that the photon
detection of crossed molecular beam products can be more sensitive
than mass detection, although this is partly éecause the total cross
section is observed in this macnine while many mass detection machines
measure the differential cross section.

This high sensitivity is required to obtain the results, described
in Chapter [II, from a study of the chemiluminescent reactions of FZ
with 123 ICT and Brzg This study was prompted by an apparent

(6-8)

disagreement between the results of previous studies, with two

7,8 . 4 - \
papers( :8) supporting a four center reaction mechanism for the



reaction IZ + FZ > IF% + IF and one(é) presenting evidence against a
symmetry forbidden four center mechanism for this reacti@ﬁe Qur data
suggest a bridge between the two sets of results and support the
mechanism suggested in reference 6.

The light level was too low to obtain a spectrum, so a positive
identification of the emitters cannot be made. Arguments are given,
however, supporting our belief that the emitters are IF, C1F and Brf.
The thresholds of thg chemiluminescent reactions are 4.2, 5.9 and
11.3 kcal/mole for FZ + ng IC1 and Brzg respectively. The coinci-
dence of the thresholds for FZ + 12 and IC1 with those found for
(6)

the production of IZF and C1IF from the same reactants suggests
a chemiluminescence mechanism going through a stable trihalogen inter-
mediate. The proposed mechanism also explains results obtained by
other warkers,(j) Laser enhancement of 12 + FZ through the
excitation of 12 was attempted, but no enhancement was seen.

Chapter IV describes a study of the chemiluminescent reaction of
NO + 03 > NDE + O29 which was prompted by a suggestion that

NO(®

H3/2> (instead of the ground state NO(ZHi/Z) was responsible

for the chemiluminescence. In the first part of the study, a super-
sonic NO beam was used to obtain a collision energy dependence of the
cross section. The reaction cross section has a threshold of

2.1 kcal/mole and has an increasingly stronger collision energy
dependence as the collision enerqgy increases. A low resolution

spectrum of the chemiluminescence (450-800 nm) was found to shift to

the blue as the collision energy increases. In the last part of the



study, the temperature of an effusive NO beam was changed to see how
NO internal energy affects the chemiluminescence production. The
Chemﬁ?uminesceﬁce was found to increase with NO temperature. After
the known increases due to translation and vibration are accounted

for, the increase can be explained by assuming the cross section

1.4

increases at least as fast as Emt9

- .
where Eror 18 the average
rotational enerqgy for the NO beam. WNo attempt was made to find the
cross section as a function of J. The data was not found to be
consistent with the previous suggestion that the cross section of

%O(znglz) was at least four {imes as large as the cross section of

).(9)

ground state NO(ZHU2

Finally, in Chapter V, two computer programs used in the data

analysis are described. One of the programs calculates a relative
velocity distribution from the time-of-flight beam velocity data,
taking beam width and velocity spread into account. The second
program uses the relative velocity distribution and an assumed func-
tional form of the reaction cross section to calcuiate an expected
signal. By varying the parameters of the cross section function until
the calculated signal fits the experimental data, the dependence of

the cross section on collision energy can be obtained.
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IT. DESIGN OF THE CHEMILUMINESCENCE LASER FLUORESCENCE
CROSSED MOLECULAR BEAM MACHINE

A, Introduction

Crossed molecular beam experiments using mass spectrometric
detection have provided detailed information on dynamics and interac-
tion potentials for reactive, inelastic, and elastic C017i350ﬂ59<1)
Recent improvements in techniques and the steady increase in detecltion
sensitivity have made possiblie the study of crossed molecular beam and
beam-gas reactions using photon detect%@ns(zwg} The latter experi-
ments are complimentary to the former in that the mass deteciion and
product angular distribution provide information on branching ratios,
Tifetime of collision complexes, relative product transiational
energy, reaction thresholds and energy dependences. Photon detection,

so far, has not been able to provide any angular distribution informa-

tion or relative product translational energies and, therefore, we

cannot determine complex lifetime or parameters of the interaction
potential although reaction thresholds, energy dependences and branch-
ing ratios can be measured. The one piece of information that is
directly obtained in photon detection, but can only be inferred in
some cases with mass detection, is the quantum state of the products
as they were formed in the reaction. In addition, photon detection
can reveal events with small probability, when electronically excited
species are formed, where the mass detect%én systems may have too much

background noise.



In a crossed molecular beam machine there is a well-defined
collision zone but, although we have a small spatial area for product
formation, the producis leave the area at approximately 5 x 104 cm/sec.
Vibrationally excited products, or Jong lived electronic states, will
have a lifetime on the order of 1 millisecond which will give the
molecules time to travel 50 om, putting most of the molecules out of
the detector's viewing area. A small fraction of the molecules will
still radiate in the viewing area, so, with g very sensitive detector,
the reaction products will be detected. Because of the short radi-
ative lifetime and high detector sensitivity, photon detection of
crossed molecular beam products in the visible and ultraviolet parts
of the spectrum is wore desirable. For this reason, reactions that do
not produce, electronically excited states, but give vibrationally
excited ground state products, are studied through the use of laser
induced fluorescence (e.g., reference 2-4),

The products of the crossed molecular beam reactions can be
identified, then, by their spectrum, which is obtained either by
dispersal of the chemiluminescence or by laser induced fluorescence
(using a tunable laser). We can obtain information on what products
are formed (although photon detection may not be applied nearly as
universally as mass detection), what the branching ratio is, how the
branching ratio and quantum states change with translational energy,
and what the reaction threshold is. Determining what quantum states
are populated (e.g., is the excess energy disposed of in electronic,

vibrational, or translational degrees of freedom, is there



a population inversion) and how different forms of reactant energy
{e.g., translational vs. vibrational) affect the product state
distribution are important steps in gaining a betiter understanding of
microscopic rate constants and bimolecular reaction mechanisms. The
big advantage in using crossed molecular beams instead of bulk phase

or flow systems is that the products underdo no collisions between the

et

time they are formed and the time they leave the collision zone, so
the measured ﬁigtributicn%aacurate?y reflects the branching ratio
among guantum states.

The machine described in this chapter was designed to study
crossed molecular beam products using both of the photon detection

techniques mentioned above. Because we are working with Tow signals
4

(the gas pressure in the collision zone is approximately 1 x 107

torr), the main factors in the machine design were to minimize back-
ground light, maximize the signal and maintain the crossed beam tech-
nique advantages of good collision energy control and single collision
conditions. Single collision conditions require a low vacuum outside
the beam sources, so maximization of pumping speed was important,

Good collision energy control requires that at least one of the beam
sources be supersonic. Several factors played a part in maximizing
the signal to noise ratio — having the beam sources as close to the
cogiision zone as possible, reducing stray light by painting surfaces
black, careful selection of a high sensitivity, low background photo-
multiplier, etc, The next section of this chapter gives a description

of the machine, Section C consists of a list of the more important



O

characteristics (e.g., pressure, dimensions) of the machine and the

final section is a calculation of the detection limit for a reaction.

B. Design of the Machine

The machine will be described in three parts: the main chamber
and beam sources; the detection system; and the additional equipment
used for laser fluorescence experiments.

Schematics of the main chamber are shown in Figures 1 and Z, with
the parts to be discussed labeled A-N. The chamber consists of a
stainless steel 304 tube with a 1/8 inch thick wall, 11 inches outer
~diameter and 31.5 inches long. A supersonic beam source (A-E) fits
into one end and faces a stainless steel foil (10 mil thick) cone (F)
which has a 1-1/8 inch diameter hole in its peak and acts as a beam
catcher, dividing the main chamber into two parts. FEach part is
pumped by a six inch Varian oil diffusion pump (J, J') and can be
closed off from the pumps by sliding gate valves., The diffusion pump (J)
under the reaction chamber has a liquid nitrogen cooled trap above it

&\
to prevent pump oil from coating the detection optics (L)B(O’

(1)

The effusive (or quasi-effusive) beam source {G) is shown in
Figure 3., It fits into a 5.895" diameter hole on top of the machine
and has no differential pumping region like the supersonic source

has. The effusive beam crosses the supersonic beam at 90°., There are
two other pairs of flanges in the reaction chamber that cross the

machine at 70° (H,H') and 60° (J,J') relative to the long axis. These

flanges are used for the detection system (H), laser baffle arms



o
o

(I,1'), and electrical feed-throughs (H'), and will be discussed later.
Because we use ion gauges (K) to monitor the chamber and source
pressures, and use resistance wires te heat the beam sources, there is

background radiation. For this reason, the entire reaction chamber
was painted with 3M 101-C10 Nextel Velvet black paint. All other
surfaces in the reaction chamber (e.g., the foil cone) were painted
black, except for a few surfaces that could not be painted (e.g., the
beam chopper, nozzle faces). This paint was chosen as being extremely
Tat black, as not having the usual reguirement of a high temperature
bake-out, and being semi-permanent. Application of a ligquid suspen-
sion of graphite was considered, but such a coating is actua??y fairly
shiny and is easily wiped off. The main chamber was painted before

being used so that no dafa exist on the light reduction due to

painting in the chamber. However, addition of shiny surfaces to the
chamber with subsequent painting provide evidence that the paint is
extremely effective in reducing scattered light. Many of the laser
light baffles (to be discussed later) were black anodized, but even
that is not as effective as the paint. After application of the
paint, the main chamber was baked, using heating tapes, and pumped for
two weeks, resulting in an ultimate reaction chamber pressure of

2.2 % 10m? torr. One problem with the paint is that pump-down of

the machine may take two days after the machine has been open to the
atmosphere for several days (e.g., during alignment of the laser).
While the paint showed no signs of deterioration due to the chemicals
used in the beams (even after F2)9 it seems that the chemicals may

aggravate the probiem of long pump-down time.
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The effusive source (Figure 3, parts labeled A-I) was used in both
experiments described Jater in the dissertation. The source is
designed so.that the nozzle (A) can be both heated and cooled with a
temperature range of -140 to +130°C. This feature was used in both
experiments described later — to change the internal molecular
temperature in one case, and to prevent the condensation of beam
molecules in the other. The heating and cooling of the stainiess
steel nozzle are provided by thermal conduction through a copper
plating (B) on the stainless steel tube. The 1/4 inch tubing was
plated with copper to slightly greater than 1/2 inch diameter‘and
machined down to exactly 1/2 inch diameter. The machining produces a
smooth and uniform surface, providing good thermal conduction to the
plating from the copper heating and cooling block. The block also
helped clamp (E) the nozzle in place for alignment. The copper block
is hard-soldered to a stainless steel liquid nitrogen feed tube (G)
which attaches to the top of the beam source housing via a confat
flange and copper gasket (H). The copper block has six holes,

1/8 inch in diameter, drilled in it to hold alumina rods (F). Each
rod, in turn, has four holes through which is threaded .010 inch
diameter nichrome resistance heating wire which is connected to an
electrical feed-through on the top of the beam source housing., The
temperature 1is monitored using a copper constantan thermocouple (Omega
Engineering) attached to the nozzle tip with a hose clamp. We found
that it was necessary to add a radiation shield to prevent the
resistance wire emission from reaching the photomultiplier tube. The

shield consisted of two black painted aluminum foil (approximately



12
010 inch thick) rings and is shown in Figure 3 (D). The nozzle itube
is plated léiiﬁChES up and 1% bare where the stainless steel tube is
vacuum sealed against atmosphere by a 1/4 inch Cajon bore-through
adapter (I). The tip of the nozzle is stainless steel and is .020
inch thick where the .015 inch diameter nozzle hole is drilled. The
nozzle is aligned (and held in alignment) by a combination of the
copper heating block and a three-point alignment piece attached to the
‘beam source housing (C). The copper block holds the nozzle at its
proper height above the collision zone, while the alignment piece
aligns the nozzle hole with the key on the beam source housing. The
nozzle can be aligned to within .001-.002 inch using either an align-
ment Jig or, in situ, using two cathetometers (one aligned along the
laser beam axis, the other along the supersonic beam axis). The

flange, into which the effusive source fits, has a key, allowing

removal and replacement of the source without destroying the align-
ment, The distance fram the nozzle to the collision zone may be
changed without realignment using spacers of various widths with a key
on both sides.

The supersonic sources used in the two experiments will be
described in detail later. They were all designed after the
"standard" supersonic sources(?) The reducer (F, Figure 1 and 2)
that divides the source chamber and source pump from the reaction
chamber differs from others used in this research group in having more

slope on the bottom and sides to increase pumping speed in the main

chamber.
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The optics in the detection system are sealed off from the vacuum
system by a 2-1/2 inch diameter x 1/16 inch thick quartz plate (ESCO
Optics grade S1-UV) pressed against an O-ring (L, Figure 2). This
arrangement has the advantages of allowing lens adjustments while the
machine is under vacuum as well as subjecting only the quartz plate to
the diffusion pump oil vapor in the main chamber. The lens system,
shown in Figure 4 (parts labeled A-L) is mounted on an Oriel 1142
optical rail (J) using two Oriel 1164 carrier (D) and one Oriel 1162
carrier (I).

In assembling the optics, the optical rail was first carefu??y
aligned to insure that the lens axes would coincide with the axis
defined by the collision center and position of the photomuitiplier
photocathode or spectrometer slit (i.e., the center of the flange of

the optics housing). This was accomplished by aligning a He-Ne laser
with the tip of the effusive source nozzle, a hole drilled in the
center of a flange that fit, with a key, onto flange H' of the main
chamber, and an iris mounted on the keyed flange such that its hole
was on the flange axis. The detection optics holder, (M, Figure 2 and
K, Figure 4) that fits into flange H opposite H', was translated in
the two directions perpendicular to its axis until an iris, mounted
with its hole on the optics holder axis, was centered about the He-Ne
laser beam. The holder was then bolted into place and two holes were
drilled through its flange and the main chamber flange. In this way,

the holder could be removed and replaced, using pins through the

holes, without realignment,
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The optics holder has a flal stainless plate, welded in place, on
which sits the optical rail. The axis of the rail was aligned so that
the axis of the lenses would be on the optics holder axis. This was
done by mounting an iris on an x-y transiation stage and moving it
along the optical rail, noting how the position of the iris had to be
changed along the rail to keep the iris centered on the He-Ne Taser
beam. The rail was then adjusted vertically using shims and moved in
‘a left-right direction until the iris was centered along the entire
rail without adjustment. The rail was then bolted into place with 3
screws, being careful not to warp the rail by excess bolt pressure.
The final slope and skew of the rail were measured so they could be
accounted for when the lens holders were machined.

The lens holders (Figure 5) were made of brass and chemically
blackened. Each lens hd?der consists of & plate that screws on to the

rail carrier and has a ring machined such that the plane of the ring
is pe%ﬁendicu?ar to the carvier. Each ring has a machined step into
which the lens fits exactly and is held in place by another ring that
screws onto the first. In spite of these efforts, the final image is
offset by .175" up and .008" right of center, at a position &" from
the final lens, requiring the connection between the optics housing
flange and detector to be offset accordingly.

The Tirst lens (B, Figure 4) (Melles Griot synthetic fused silica,
75mm F.1., 50mm diameter, plano-convex) was positioned so that its
distance to the collision center was equal to its focal ?eﬂgth“by

making sure the size of the image of a light, placed at the collision
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center, did not change with distance from the lens (i.e., the light
was parallel). The holder for the second lens (C) (Melles Griot
synthetic fused silica, 200m f.1., 50mm diameter plano-convex) sits on
the same carrier as the first lens and focusses the parallel light
from the first lens onto an iris (£) (maximum opening: .5 inch)
located at its focal point. The purpose of the iris is to exclude
light other than that comiﬂg from the collision center (e.g.,
scattered laser light, beam source heater Tight). The experimental
signal to noise ratio will reach an optimum value as the iris opening
js varied. The third lens (G) (ESCO Optics, fused silica, grade S1-UV
2 inch diameter, 2-5/8 inch f.1., plano-convex) was'pcsitiOﬂed 50 that
its focal point was at the plane of the iris. At this point it was
found that the Tight could not be made to come out excactly parallel,
so the position of the third lens was optimized for the least Tight
divergence. The fourth lens (H) (ESCO Optics, fused silica, grade
S1-UV, 1 inch diameter, 6 inches f.1., cylindrical) was placed on the
same carvier as the third lens and served to focus the light into the
rectangular photocathode of the RCA (31034 photomultiplier. If the
spectrometer (Jobin Yvon HRP .6 meter) is to be used, lens 4 should be
replaced by another ESCO lens, same as the first except with a 5 inch
f.1., which will match the spectrometer f number of 4.9 better.

The acceptanée angle at the collision zone end of the optics
asembly is .32 steradians. The first two lenses are made of synthetic
fused quartz and have the transmission function shown in Figure 60(8)

The other lenses and windows have extended transmission (to 160nm)
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in the UV, but the curve is, otherwise, the same. This gives the
detection system a total efficiency of 1.7 percent at 50004 with
respect fo the Tight emitted into 4w radians at the collision center.
Light collection could, of course, be doubled by addition of a mirror
opposite the quartz plate.

The lens system is covered by a black anodized tube (N, Figure 2
and L, Figure 4). This tube, which connects tc the optics holder via
a key, connects, again with a key, either to a flange that bolts to
the PMT housing or to a flange having a tube extending to the slits on
the spectrometer. The photomuTtiplier (RCA €31034) is housed in a dry
ice cooled housing (Pacific Precision Model 3378). The tube manufac-
turer does not recommend dry ice cooling of the (C31034 when the tube
is in an ordinary teflon socket (9). For this reason, we had the
housing manufacturer drill out the teflon socket to insure that the
voltage divider pins would be insulated from each other but still
Toose in the teflon socket so that when the teflon contracted on cool-
ing, the pins would not be stressed causing tube breakage, GE RTV 108
was used to seal the tube base to the teflon socket to prevent mois-
ture condensation on the pins during cooling. Our tube operated very
well under these conditions and had a dark count of 25 cps at dry ice
temperatures, with a 1700V bias. The output of the photomultiplier
tube (Figure 7) went first into an amplifier-discriminator (Pacific
Precision Model AD4) then into a gating circuit (either an LBL 13X3050
Gate and Timer Module or an Ortec Model 9320) triggered by a chopper

(D, Figures 1 and 2) on the supersonic beam source (Bulova type L40
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150 HZ tuning fork). The electrical feedthrough for the chopper is on
T lange Hku The gating circuit directed the output into a dual channel
scaler (Whittaker Model 1535 or Ortec Model 9315) where one channel
collected signal with the chopper blocking the beam, the other channel
collected signal when the chopper was clear of the beam resulting in
automatic background subtraction.

The spectrometer can be used in a variety of ways. It has an exit
s1it as well as a photographic exit allowing use of a camera, photo-
multiplier or optical multichannel analyzer (PAR OMA I Model 1205A
with 1205KD detector) as a detector. The spectrometer has been
modified to couple to either a cooled or uncooled PAR OMA. For the
work described here, the spectrometer was used only with the camera
and the photomultiplier. The spectrometer has a maximum dispersion of
8A/mm which, combined with the 500 channels, 25y wide, on the OMA,
gives a resolution of .20A/chan. The photographic grating has
1800 grvs/mm, is blazed at 500nm, with a peak efficiency of 65 per-
cent. The estimated efficiency of the spectrometer is .3 percent, at
500nm, based on .6 percent transmission of the Tight radiant on the
entrance s1it {experimental value). The spectrometer was aligned on
laser Tight scattered from a wire placed in the collision center. The
collision center, in this case, was defined by the intersection of the
supersonic beam axis (determined using a cathetometer) and the aligned
laser beam. The image of the scattered light was centered on the
entrance s1it and the two focussing mirrors in the spectrometer; this

assured that the optical axis of the spectromter was the same as the
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optical axis of the lenses. The image of the wire was then focussed
on the entrance siit by adjusting the position of the spectrometer,
and the entire process repested until both alignment criteria were
met.

The Taser baffle arms are patterned after those designed by Zare
et a7¢9(2) Figure 8. They are constructed of stainless steel 304
tube, 35 inches long, 2.5 inch outer diameter and 1/8 inch thick.
Inside each tube are four baffles (C), as shown in Figure 8, construc-—
ted of .032" thick anodized aluminum, held in place by a pair of
stainless steel flanges (D) machined to just fit inside the baffle arm

tubes. The baffles are separated by black anodized aluminum spacer

rings (E), each ring having 1/4" diameter holes driiled in the side to
increase pumping speed in the arms., The baffle flanges are painted
black, which was found to significantly decrease the scattered laser
light. The baffle arms are sealed against atmosphere by quartz plates
(ESCO Optics, S1-UV, 1-1/2 +inch diameter x 1/8 inch thick) glued,
using Dow Corning 3145 RTV, onto 1 inch diameter Pyrex tubing (the
inside of which was painted black), which was cut at the Brewster
angle of 55° for 6000A light and held by Cajon fittings (A). One of
the windows has a Wood's horn blown into the glass tube Jjust below

it. While this window was designad to be the exit window, there is
sufficient back scattered and multiply reflected light at the entrance
window that the Wood's norn was found to be of more help on the

entrance than exit arm.
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Because the baffle arms are so long, alignment of the laser is a
critical procedure. After several alignment attempts, the following
procedure was found satisfactory.

1) Without the baffle arms in place, cross hairs were put on
flanges I,1' of the main chamber and the laser beam (in the experi-
ments discussed later, a Spectra Physics Model 171 Ar% laser was
used) was aligned, using two mirrors in Burleigh mounts to direct the
beam (Figure 9), so that it hit the center of both cross hairs. A
1000mm f.1., 2 inch diameter lens after the Burleigh mounts reéuced
the scattered light considerably by focussing the Taser beam near (but
not at) the collision center. A cathetometer was aligned with the
cross hairs, looking down the beam axis, and used (with an index card
to block the laser!) to make sure the beam was well centered. It is
important that this alignment be carried out carefully because once
the baffle arms are in place, it is much harder to see how the laser
beam is misaligned.

2) The laser beam was blocked and the baffle arm closest to the
laser was bolted on to the machine, but the Brewster angle window was
left out. The baffle arms are sufficiently heavy that a piece of
channel iron was clamped on to the main chamber support stand and
threaded rods attached to the channel iron to support and position the
arms from underneath and the side. The arm was positioned using the
threaded rods so that all four bafflie holes had their axes on the
cathetometer axis. The Brewster angle window was added, the index
card reﬁoved from the laser path and final positioning of the arm was
performed, looking for minimum laser spot distortion and scattered

laser Tight.
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3) The procedure was performed, as above, for the second baffle
arm,

4) Clamps (B, Figure 8) were made to attach to the Cajon fittings
that hold the Brewster angle windows in place. These clamps held a
piece of aluminum about an inch in front of the Brewster angle windows
to which cross hairs were attached such that the aligned Taser beam
hit the center of the cross hairs on both the entrance and exit arms.
.The positions of the cross hairs were then scratched into the
aluminum, FEvery time the laser was turned on and peaked for maximum
power, the position of the beam changed slightly. The scattered light
seen by the photomultiplier is very sensitive to the position of the
?aser and so, by putting the cross hairs in place, the laser could be
realigned with the machine under vacuum. The cross hairs could then
be removed to run an experiment. This method was found to be very
satisfactory. The laser could be realigned day after day, getting
basically the same scattered light count as when the laser was
initially aligned, approximately 800 cnits/sec at .1 watt dye laser
power, 6000A,

There was enough Tight split off at the entrance Brewster angle
window to be sent through a Heath EU 700 spectrometer for both wave-
length (if the associated dye laser, Spectra Physics Model 375, is
used) and power monitoring (Figure 9). The laser power drifted sub-
stantially over the first one-half to one hour after turning it on,

most likely due to thermal changes in the optics.
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L. Cheniluminescence Machine Characteristics

Pressure
Ultimate Main chamber pressure
(with paint, after baking) 2.2 x 107 torr
Main chamber pressure with 1 torr Iy .
beam from secondary source 8.0 x 1072 torr
Main chamber pressure with a 600 torr
He supersonic beam 6.6 x 10-° torr
Optics
Fraction of light collected at first
lens .025
Wavelength range of optics 2~fy
Max imum transmission of optics .65

Offset of optics image at focal
point of last lens .175inch (.444 cm) up +
088 inch (.224 cm)
right of center.

Typical Beam Source dimensions

Effusive - Quasi Effusive Source

Diameter of Nozzle .015 dinch (.038 cm)
Distance to collision zone {(no .

sk immer or spacer) .200 inch (.508 cm)
Temperature range ~140 to +130°C

Supersonic Source
Diameter of nozzle 003 inch (.008 cm)
Nozzle-sk immer distance .229 inch {.582 cm)
Nozzle-collision zone distance

(assuming chopper is on this
source) 2.68 inch (6.81 cm)

Angular spread (30 mil skimmer) 7.5

Scattered laser light from a .1 Watt dye Taser 800 cnts/sec.



D. Detection Limit Calculation

The Timit of detection is normally defined by a signal to noise
I’ - (10) . £ . ~ ) B e o o g . s 2 .
ratio of 2. In the case of a chemiluminescent reaction, the
noise sources and approximate contributions are:

1) Photomultiplier dark count (=25 cnts/sec).

2} Radiation from beam source heaters (for the Ez + FZ

experiment discussed Tater, there was a negligible contribution

from the FZ source while the EZ heater contributed
=300 cnts/sec).

3) Statistical noise which is equal to the square vroot of the

total count rate.

The requirement placed on the signal, then, is that S/(25 + 300 +
Vfgﬂgmgg) = 2. The statistical noise is represented by J%f:fég
because the signal is the difference between two counts {two channels
of a dual channel scalar in our case), one count has signal (S) +
background (B), the other has only background (B). The total number
of counts is then S + 2B and the fluctuation is VS + 2B. If S = B
then S = 744.5 cnts/sec for a signal to noise ratio of 2.

If total (undispersed) chemiluminescence is being measured then
the light Toss sources are:

1) Photomultiplier Quantum Efficiency (.17 at 5000A).

2} Loss through photomultipiier housing windows (.80 at 50004).

3) Lens Efficiency (.65 at 5000R).

4)  Fraction of light collected by optics (.025).



23
There 1is no need to correct for the counting time lost in going
through the gating circuit because all the count sources are subject
to the same restrictions. The guantities guoted for noise sources 1
and 2 are, however, corrected for the gating system counting time
loss. We require a signal coming out of the photomultipliier of 744.5
cnts/ sec, which means 744.5/(.17 x .80 x .65 x .025) = 33687 emission
events/sec are required in the coliision zone viewed by the
photomultiplier.

If the chemiluminescence is dispersed, then there is additional
Toss on the spectrometer slit and optics of .003 at 5000A. The stray
light rejection in the spectrometer is on the order of 1 x 1OW59 50
no additional noise sources need to be considered. This additional

loss, however, means that we will regquire 1.12 x 108 emission

events/spectral width x sec.

The next step of the calculation is a correction for the loss of
light due to emitters leaving the area seen by the photomultiplier and
requires that assumptions be made about the velocity and lifetime of
the emitter. Using the size of the rectangular photocathode of the
RCA €31034 and accounting for the magnification of the lenses used,
the collision area seen by the photomultiplier is .092cm x .266cm x
.892 cm. The light emitted along the axis of the optics will be
defocussed to a certain extent, but not cut off, so it is assumed that
virtually all the light emitted along this axis will be detected. The
molecular beams 7111 this area fairly uniformly—-the supersonic beam

will be =.892cm in diameter at this point and the guasi-effusive beam
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will be much larger. If the emitter has a Tifetime of lusec, and a
velocity of 1 x 105 cm/sec, then it will travel 0.1 cm, on the
average, before emitting. Therefore, while there will be some varia-
tion in number density, there will be an approximate steady state of
emitters in the area {as opposed to a net flux out of the area follow-
ing product formation). If the emitter has a longer lifetime, say
100usec, then it will travel an average of 10cm before emitting and
‘this loss must be accounted for. So, for lusec lifetime, 3.4 x 195
emitters/sec are required in the collisien zone, but for a 100usec

S YA

Tifetime 3.4 X 105/?me emitters/sec must be formed where x is

the distance traveled, v is the velocity and v is the lifetime.

Assuming the emitters travel with the center of mass velocity vector

q

(as in 12 +F,)s % = .14lcm, on the average. If v = 1 x 105 cm/sec,

-X[/v1

7 ~
then e = 986 and 2.4 x 10 emitters must be formed in the

collision zone per second. If a spectrometer is used then 1,2 x 108

emitters/spectral width x sec for lusec Tifetime or 8.0 x 109
emitters/spectral width x sec for 100usec lifetime.
Using the dimensions of the collision region, the final results

for required emitters/cc x sec are:

Lifetime
lusec 100usec
Total chemiluminescence 1,56 x 107 1.10 x 109
Dispersed chemiluminescence 5.13 x 109 3.66 x 1011

(per spectral width seen
by the photomultiplier)
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There is one assumption in the calculation above that is high?y'
variable; the ratio of signal to background. The data for 12 + FZ
had a ratio varying from .07 to .80. The background light is a result
of reactions taking place in the chamber but not as a direct result of
the molecular beams crossing. A Tower background tTight would be
obtained with lower background pressure and probably with better
spatial défiﬁition of the quasi-effusive source.

The calculation above is not meant to represent the absolute
detection limit achievable with this machine. While the 25c¢cps of
noise from the photomultiplier is unavoidable, the heater background
of 300cps could certainly be reduced. This‘caicuiation serves the
purpose of pointing out areas‘of concern in planning an expe%iment and
designing equipment rather than indicating a 1imit beyoﬁd which an

experiment is impossible.

12 molecules/cc for the

If beam source number densities of 1 x 10
supersonic source and 5 x 1010 molecules/cc for the effusive source
are assumed along with a relative velocity of 1 x 105 cm/sec, then
the numbers above can be converted into m%n%mumvreactieﬂ €ross

sections using

molecules
I{ sec ) = NiNp Vygyo

where I is the signal, N19N2§ are the number densities of the

beams, Vel is the relative velocity and o is the cross section.

The results are, in 72,
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Lifetime
lusec 100usec
Total chemiluminescence 3 x 10-2 2.2 x 1073
Dispersed chemiluminescence 1.0 x 10-2 7.3 x 1071

Similar calculations can be done for laser—induced fluorescence
experiments. The noise sources are (assuming the reactant molecules
do not absorb the Taser light):

1) Photomultiplier dark count (25¢ps)

2) background laser light (800cps at .1 watt CW)

3) Statistical noise
In this case the background light due to photen emission of backgréuﬁd
molecules will undoubtediy be fairly high, although no data has been
obtained from which a reasonable estimate may be made., Assuming S = B
again, means that S = 1796.85 cnis/sec will be required. There will
be the same losses as before (no spectrometer will be used—a spectrum

5 emissions/sec

is obtained by turning the dye laser), so 8.13 x 10
will be necessary. .

The collision zone is now defined not only by the beam sources but
also by the size of the laser beam, which has a diameter of approxi-
mately .318cm. This is still large enough compared to the area seen
by the photomultiplier to assume a steady state for the case of an
emitter with a lusec lifetime. One problem that must be ;Qnside?ed is
that since the laser induced fluorescence technique is designed to

produce a spectrum that will indicate relative probabilities of

product guantum state formation, saturation of & transition must be
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concentration of molecules should be increased by 1.5 to 1.5 x 10
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avoided., The number of transitions per cc per second is given by
N{v*)p(v',v")BF where p(v',v") is the energy density at the required
frequency, N(v") is the number density of the molecules in v", F is
the Franck-Condon factor and B is the Einstein B coefficient for the

11) For a lifetime of lusec, B = 3.3 x 10?

electronic iransition,(
cmZ/erg sec at 5500A. Using a .1 watt laser at 55007, there will be
3.3 x 10“5 erg/cc, but the fraction of molecules able to absorb in

3 50 the effective

the laser line width is approximately 7 x 10~
enerqgy density is 2.33 x 10”7 erg/cc. We need 8.13 x 105
transitions/sec which means

7

7

R
N(v*) = 8:13 ¥ 20%/i5 334 107 x 3.3 x 107 x .01) = 1.05 x 10

molecules in the collision zone assuming a Franck-Condon Factor of .01
{a fairly strong transition). This number represents the steady state
product molecule concentration necessary to provide the minimum number
of transitions per second. With the molecuies moving at 1.0 x

105 cm/sec, they will require about 1.5 Tifetimes to move out of the
photomultiplier viewing area. Therefore, the steady state

7

molecules/collision zone to ensure single excitation only. The size
of the collision zone is .092 x .266 x .414 = ,010 cm3 so we will
need 1.48 x 109 molecules/cc in a given vibrational level for

92
detection, which corresponds t6 a cross section of 3 x 107~ 325
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Detection sensitivity would be improved if a pulsed laser were
used and the photomultiplier could be gated such that it misses the
scattered light but observes the product fluorescence. This technique

would be particularly advantageous for longer lived molecules.
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Figure Captions

Fig, 1.

Fig. 2.

Side view assembly cross-—section of the laser flucrescence~
chemiluminescence crossed molecular beam machine. The
fabeled parts are: (A) supersonic source nozzle; (B) skimmer;
(C) beam flag; (D) tuning fork chopper; (E) source reducer
(differential pumping wall), a spacer is shown between the
reducer and the main chamber flange—this prevents the tuning
fork from hitting the secondary beam source; (F) beam
catcher; (G) secondary source {see Figure 3}; (H) f?a%ge for
electrical feedthroughs; (I) flanges to connect to the laser
bafflie arms; (J) and (J') flanges leading to the gate valves
and oil diffusion pumps; (K) Cajon fittings for ionization
gauges.

Top view assembly cross section of the machine. Parts A-J
are the same as listed for Figure 1. The other parts are:
(H) flange for the optics detection system holder; (L) quartz
plate sealing the optics system from the machine vacuum;

(M) optics detection holder (see Figure 4); (N) anodized
optics cover tube. The X marks the collision zone.

Side view cross section of the secondary beam source. The
labeled parts are: (A) stainless steel nozzle, hole diameter

15 inch; (B) copper plating on the nozzle tube for

o

is QE

C

thermal conduction; (C) alignment piece (screws into the
source flange); (D) black painted radiation shield; (E) clamp

part of the copper heating and cooling block, holds the



Fig. 4.
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nozzle in place; (F) holes in the copper block in which fit
alumina rods containing nichrome heating wire; (G) liquid
nitrogen feed tube that is hard soldered to the copper block;
(H) conflat flange connecting the feed tube to a flange that
then connects to a liquid nitrogén reservoir (this connection
also holds the copper block clamp in line with the Cajon

fitting that serves as the nozzle tube feedthrough);

(1) Cajon fitting that seals the nozzle tube against the

machine vacuum,

Side view assembly cross section of the lens system. The
labeled parts are: (A) guartz plate that seals the optics
from the machine vacuum; {(B) first lens (75mm focal length,
50mm diameter): (C) secondb7eﬂs (200mm f.1., 50mm diameter;)
(D) optical rail lens carriers; (F) adjustable iris; (F) x-vy
translation stage for final positioning (optimization) of the
iris; (G) third lens (2-5/8 inch f.1., 2 inch diameter);

(H) fourth lens, a cylindrical lens (6 inch f.1., 1 inch
diameter); {I) optics rail lens carrier; (J) optical rail;
(K) optics system holder (M, Figure 2}); (L) anodized optics
cover tube (N, Figure 2). All the lenses are quartz, see
Figure 6 for a transmission curve. Figure 5 gives a close-up
of the lens holders that attach to the rail carriers (D) and
(I). The cover tube attached to the optics holder via a key

and also has a key on the other end.
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Fig. 9.

Close~up schematic of a lens holder showing the side (A),
face-on (B) and top (C) views. View A shows the key in which
the lens sits and the retaining ring that holds the lens in
place. View {C) shows the screw holes for coupling the lens
holder to the rail carrier,

Transmission curve as a function of wavelength for the quartz
lenses 1 and 2. The other lenses extend to 160nm in the UV,
but otherwise have the same curve.

Schematic of the signal processing. Beam 1 is the supersonic
beam, beam 2 the quasi-effusive or effusive beam. The gate
is used to correlate the signal with the chopper on beam 1,
providing automatic background subtraction.

Cross section of the laser baffle arm. The Tlabeled parts
are: (A) quartz Brewster angle window with Wood's horn {the
inside of the glass is painted black); (B) aluminum support -

for alignment cross hairs {see text), this support clamps

onto the Cajon fitting that seals the Brewster angle window
against the atmosphere; (C) one of four aluminum baffle
holes; (D) stainless steel baffle ring holder; (E) anodized
aluminum baffle hole spacer; {F) retaining ring that holds
the baffle rings and spacers in position in the tube.
Schematic of the laser alignment mirror set-up. ML and M2
are mirrors held in Burleigh mounts for the laser beam
positioning. The 1000 mm f.1. quartz lens focusses the beam

near, but not at, the collision zone. The purpose of this
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lens is to reduce scattered Tight in the baffle arms. The
cross hairs are supported by the aluminum supports (B) of
Figure 8. The dashed line shows the path of laser light
ref lected off the Brewster angle window into a spectrometer

where the laser wavelength and power can be monitored.
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ITI. A STUDY OF CHEMILUMINESCENT HALOGEN - HALOGEN REACTIONS
A.  Introduction

It has been known for a number of years that reaction rates are
not determined by energetics alone. Steric hinderance, for example,
is a very important consideration in reactions involving molecules
with bulky constituents. Another factor, discussed by Woodward and
H@ffmaﬂ;(l) is the requirement that orbital symmetry be conserved in
concerted reactions. A concerted process is symmetry allowed if the
occupied molecutar orbitals of the reactants continually maintain
their symmetry while undergoing transformation into the occupied mole~
cular orbitals of the products. If the orbital symmetry cannot be
maintained, then the reaction is symmetry forbidden and a hégh reac-—
tion barrier is predicted., The symmetry conservation requirement
holds only for concerted reactions, reactions proceeding via a two or
multi-step process are not subject to these rules.

Four center reactions provide an example of symmetry forbidden
reactions. The molecular orbital diagram is shown in Figure 1 for the
reaction of 12 + FZ s 21F. Two of the occupied molecular orbitals
of the products correlate with excited product molecular orbitals,
implying that four reactant electrons would have to be excited to give
ground state products and that therefore this reaction should have a
high barrier. This diagram assumes a sz transition state. While
other transition state symmetries are possible, those that are

consistent with a concerted mechanism are likewise forbidden.
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Halogen-halogen reactions have been studied by several groups to
test the idea of symmetlry forbidden four center reactions. A crossed

molecular beam study of Br, + C?Z showed no evidence of BrCl

2
production up to 30 kcal/mole collision energy, in support of the

(2)

forbidden four center reaction theory. Another study, by Birks,

Gabelnick and JGhﬂSiSﬂS(B) invoived the reaction of ig + ?? at

ESQ pressure and room temperature in a flow apparatus. The chemilumi-
nescence from the reaction, in the 450-750mm range, was identified as
3z%+ » X z§+} and IF(ABnq » Xzé%} and was found to be

&

1E(B
b 1
tinear in EZ pressure. A thorough investigation of the F,
£,
dependence was not done although it was Tound that the chemilumi-
nescence increased with increasing er Birks et al. offered two

mechanisms as possible explanations for their results; an atom

recombination or a four center reaction. Both mechanisms would be
sufficiently excergic to allow one electronically excited IF to be
formed, but the four center mechanism was favored as being in better
agreement with the pressure ée@endeﬁce'?esu3t$a Another crossed beam
(4)

study, done by Valentini, Coggiola and Lee of the reaction of

FZ with 129 ICT and HI again provided evidence against a four

center reaction mechanism. In the reaction of 12 and F29 a stable
trihalogen, EgFg was observed above a threshold collision energy of
4.0 kcal/moie with IF appearing above a collision energy of 6.1 kcal/
mole. The IF product angular distribution did not have the
backward-forward symmetry that would be expected if it were produced

yia a four center reaction mechanism. Similar resulis were obtained
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for F, * ICT, with a threshold of 6.0 kcal/mole for C1IF and

2
20.1 kcal/mole for IF production. In the case of FZ + HI, a

threshold of 11 kcal/mole for HIF production was observed but the
collision energies used were not sufficiently high to see IF. The
conclusion reached by Valentini et al. was that there was no four
center reaction occuring but that a stable trihalogen was formed and
the light observed by Birks et al. was due to subsequent reaction of
the trihalogen with a fluorine atom. The IF produced in the crossed
beam reactions was attributed to unimolecular decomposition of the
highly excited trihalogen intermediates.

In an effort to further understand the mechanism of
chemiluminescence production in the ha?ogeﬁwhaiogen reactions, we have
studied the reactions of FZ with 129 ICT and 8?2 using the
crossed molecular beam method coupled with photon detection. Our
results provide a connection between those of Valentini et al. and

Birks et al. and suggest an explanation of the chemiluminescence at

low activation energies.

B. Experimental

The reactions were studied using the chemiluminescence-laser
fluorescence crossed molecular beam machine described in Chapter II.
The FZ beam was produced by a supersonic expansion using the halogen
nozzle beam source described in detail in reference 5. The source
consists of a resistance heated nickle nozzle with a .003 inch

(.008 cm) diameter hole. The nozzle temperatures used in this

experiment were between 300 and 700°K, well below the temperature at
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which fluorine atom production becomes significant. The temperature |
was monitored using a chromel: alumel thermocouple spot welded to the
tip of the nozzle. The change in nozzle temperature provided a means
of fine controlling the collision energy of the reactants, the coarse
control is provided by varying the seeding ratio of the fluorine in
various rare gases,(é)

Iﬁ mixing a heavy gas with a Tight gas, both types of molecules
move, atter the supersonic expansion, at a velocity appropriate to the
mean mass of the mixture. By mixing %?ue%iﬁe to a few percent in
helium, then, the fluorine molecules will travel much faster than they

would have in a pure fluorine supersonic beam. The velocity of the

heavy particles in a seeded beam is given by

s

where TO is the nozzle temperature, T, is the temperature of the

B
beam after expansion (which may be considered to be 0°K for many

applications), Cp and i are the mean heat capacity and mass of the

mixture. This equation also indicates the effect of nozzle temper-
ature on the mean velocity of the beam.

Three gas mixtures were used in these experiments; 1 percent Fz
in He, 7 percent in He/Ar and 10 percent in Ar, to cover a coilision
energy range of 3 - 24 kcal/mole. These mixtures were either obtained
comnercially or mixed in this Jaboratory. The pressure behind the

nozzle, approximately 600 torr, was measured using a Baratron. The
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gas line to the nozzle was made entirely of stainless steel and
included a needle valve and metering valve to control the pressure.
The source was assembled as shown in Figures 1 and 2 of Chapter 1I,
with a .030 inch diameter skimmer placed .229 inches in front of the
nozzle and a tuning fork mounted in front of the skimmer to Chopvthe
FZ beam. The distance from the nozzle to the collision zone was
2.59 inches. |

The 329 ICT1 and Brz beams were produced as guasi-effusive
beams with Mach numbers of 3-4. These beams were run at approximately
1 torr pressure and were not seeded. The beam source used was
described in Chapter II (see Figure 3). A special attachment was used
on the nozzle for all three reactions, it clamped on the nozzle and
supported a .070 inch diameter skimmer placed .200 inch in front of
the nozzle. The skimmer provided some spatial definition for the beam
and was important in narrowing the collision energy distribution for
the threshold determinations (see Chapter V). The distance from the
nozzle to the collision zone was .56 inch (1.42 cm). The 12
(Mallinckrodt Analytical Reagent, resublimed crystals, 99.9 percent
pure) reservoir was a round bottomed pyrex flask kept at approximately
80°C in an oil bath. The stainless steel gas lines were heated, using
heating tape, to 120°C and the nozzle to 125°C to prevent I,
condensation. The same conditions were used for Brz (Baker Analyzed
Reagent, 99.9 percent pure) except that the bromine reservoir was kept
at 0°C in an ice bath and a needle valve was used for pressure
control. Because IC1 decomposes above 100°C, measurements were made

with both a heated and room temperature gas line and nozzle. No
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difference was observed either in the chemiluminescence signal or when
the IC1 beam was monitored using a gquadrupole mass spectrometer. The
IC1 (Research Organic/Inorganic Chemicals, 99.5 percent pure)
reservoir was kept at 0°C in an ice bath and required no other
pressure control valves.

The velocity distributions for all the beams, at different
temperature and seeding ratios for F29 were measurved using the time-
of-flight te@hniquea(?) The distributions, flux and Mach numbers
for the beams were obtained from the data using programs KELVIN and
FLUX described in reference 5. Sample velocity flux distributions for
the supersonic fluorine beam and gquasi-effusive iodine beam are shown
in Figures 2 and 3, respectively. The distributions of relative
velocities for the beams were calculated using program CELUM described

in Chapter V of this dissertation. A sample collision energy

distribution, calculated from the relative velocity distribution, is
given in Figure 4,

The experimental set up is shown in Figures 1 and 2 of
Chapter II. The two molecular beams cross at 90° in the collision
zone and the 1ight produced in the reaction is collected and focussed
onto a photomultiplier, as described, again, in Chapter II. The light
from the reactions was measured using photon counting techniques, the
counting period was 200 seconds with a millisecond gate width. For
each gas pair, the room temperature data point was used as a
norm&?izatiqn point and was measured first and last during each run.
In no case were the two room temperature points in disagreement,

within experimental error. FEach data point represents the average of
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approximately seven 200 second counts. The pressure in the main
chamber of the machine was monitored using an ion gage and used to
adjust the signal for fluctuations in 12 pressure due to the slow
response of the 12 heater thermostat. Light from the reactions
was measured as a function of collision energy; the IZ + FZ chemilumi-
nescence was also measured as a function of FZ pressure and IZ
pressure, the laiter being changed by changing the heater setting of
the reservoir. The ICT + F, data was checked for interference by
any 12 impurity in the ICT by measuring the chemiluminescence signal
with the 12 reservoir at 0°C. No signal was seen at this low 12
pressure, so the light observed in the ICT + FZ reaction was due
Just to ICT, not Iza Chemiluminescence from a C?Z + FZ reaction
would not be allowed energetically. All threshold determinations are

the result of two separate experiments.

An attempt was made to obtain a spectrum of the chemiluminescence
observed. The spectrometer described in Chapter II was aligned with
the machine and three methods were used in attempting to record the
spectrum of 12 + FZ’ (1 percent in He), at high collision
energies, the strongest of the three reactions. First, the
photomultiplier was attached to the photographic exit of the
spectrometer and the spectral range of 60407 - 9180A was scanned. The
photomultiplier output was recorded using an electrometer coupled to a
chart recorder. Detecting no spectrum using this method, the
photomultiplier was used in a photon counting mode, again without
success. Finally, a camera was attached to the photographjc exit and,

using Polaroid land film type 57 high speed, the Tilm was exposed for
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(&)

one hour at 5500A and 6500A. No spectrum was observed due to
insufficient chemiluminescent yield; both the & » X and B s X
de(“%)

transitions are in the wavelength range observe Since the

I, FZ is the strongest reaction, no attempl was made to record

the spectrum of the other two reactions.

{. Results and Analysis

| In each of the three reactions studied, Fz + Igg €1 and
Brzg chemiiuminescence was observed, although the intensity was too |
Tow to obtain & spectrum. Without a spectrum, positive identification
of the emitting species cannot be made although the possibilities are
Timited; we can only be forming excited diatomics or triatomics. The
photomultiplier used (RCA C31034), can detect light only in the
200-900nm range, so we were not detecting singie quantum vibrational

(8) or tr%atomic(95i0>

transitions of the diatomic halogens. There

is insufficient collision energy to enable electronic excitation of

(8)

the reactant diatomic halogens., Because both beams must be

running for light to be observed, emission from hot FZ can also be
excluded. Using Valentini et al.'s value for the threshold of XZF
{FZI was not seen) and CV1IF, the formation of an electronically or
nighly vibrationally excited trihalogen is likewise energetically
inaccessible. We are, therefore, limited to considering the formation
of a highly vibrationally excited or electroncally excited diatomic in
the reaction. The multiple quantum vibrational transition required to

produce Tight in the 200-900nm range would not only be very impro-

bable, but would also have such a long Tifetime that we would be
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unable to see it with our experimental arrangement. Therefore, the
1ight must be coming from an electronically excited diatomic reaction
product like IF, CI1F or BrF.

Thé chemiluminescence of the 22 + FZ reaction was measured as
a function of 22 pressure (Figure 5) and FZ pressure (Figure 6).
The signal was Tinear with respect to I, pressure, with the counts
going to zero as the 12 pressure goes to zero. The signal was like-
.wise Tinear in FZ pressure although the line does not go through
zero as the FZ pressure goes to zero. The reason for the non-zero
iﬂtercepf is that the ?2 source is a supersonic source and as the
pressure behind the nozzle is reduced, the source eventually undergoes

L .. S 11
a transition from supersonic flow to effusive f?@we( )

In this
transition region, the beam intensity in the collision zone is no
longer proportional to nozzle pressure.

The linearity of the signal with respect to both IZ and Fz
pressure, coupled with ihe fact that the signal is correlated with the
chopped FZ beam, means that the reaction is the result of a single
bimolecutar collision between 22 and the Fz beam. This excludes
several possibilities, specifically:

1) Any mechanism that would require background FZ or F atoms.
Because the signal is correlated with the chopped ?2 beam, we know
that the chemiluminescence is the result of a reaction of the beam
FZ molecules. If a reaction with background ¥ or FZ was also

required, the chemiluminescence would have a guadratic dependence on

F2 pressure,
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2) Any mechanism requiring more than one collision, this would
give a higher than linear dependence on either IZ or FZ pressure.

3) Any mechanism involving I atoms. A reaction of FZ with 1
atoms is not sufficientiy exoergic to produce electronically excited
IF, the exclusion of possibilities (1) and {2) above removes any atom
recombination mechanism.

4) Any mechanism involving 12 or ?2 dimers, this would give a
guadratic pressure dependence on 12 or Fg pressures. The
Ch@mi?uminegceni reaction is the result of a collision between one
Iz and one FZ molecule. A four center reaction cannot, there-
fore, be excluded. A pressure dependence study of the other two
reactions was not made.

The éhemiiumﬁnescéﬂca signal was measured as a function of
collision energy for all three reactions. The velocity distributions
of the three guasi-effusive beams (129 Br, and 1C1) and of the
supersonic fluorine beams (1 percent/He, 10 percent/Ar, 7 percent/Ar
and He, each at the three nozzle temperatures) were measured and
converted to relative velocity distributions using program CELUM
described in Chapter V. This program takes the angular spread (and
therefore the collision angle distribution) into account, as well, in
calculating the relative velocity distribution. The distribution for
the nozzle temperature at which data were recorded was interpolated
from the distributions measured at the three temperatures. Program
LUMFIT, also described in Chapter V, uses a fTunctional form of the

reaction cross section to calculate the chemiluminecence signal from
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the relative velocity distribution. The cross section function is
then varied until the calculated signal fits the experimental signal,
within experimental error. A cross section weighted mean of the
collision energy distribution can then be calculated.

In fitting the threshold data for 12 * F29 a cross section of
the form o = C(1 - {ET/E))°5 was used where ET is the threshold
enerqgy, £ is the collision energy and C is a normalization constant.
.The result is shown in Figure 7 where the collision energy axis repre-
sents the cross section weighted mean collision energy. ET is
3.4 kcal/mole and is the threshold collision energy; this does not
include internal energy. The amount of energy in the internal degeees
of freedom can be calculated assuming thermal equilibrium. In both
the supersonic and quasi-effusive molecular beams there is & certain
amount of cooling in the internal degrees of freedom as well as in the
translational degree of freedom. Because vibrational spacings are
generally large with respect to kT over our temperature range (300~
700°K), little vibration » translation energy transfer occurs and the
vibrational temperature remains at the nozzle temperature, Rotational
spacings are generally small and energy transfer is efficient so the
rotational temperature and transiational temperature are close to

equal. The transiational temperature, TOS can be calculated from

2. -1
T /T, = (1+ (RM7/2C,))

where M is the Mach number (which is calculated in program

KELVIN(é))ﬁ and Tﬂ is the nozzle temperatureﬁ(z) Table I Tists
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the temperatures and internal energy associated with vibration and |
rotation, along with the Mach numbers, for the beams used in this
experiment. For the temperature corresponding to threshold in the

I, *+ F, reaction, the internal energy was .8 kcal/mole so the

2 2
total threshold energy was 4.2 kcal/mole.

We can make no distinction, in this experiment, between the
effects of translational and internal energy. We are assuming that
‘the three forms of energy available are equally effective in promoting
the reaction, although this assumption is not necessarily true in

(13,14) A1l the thresholds occurred near the room temper-

general.
ature end of the collision energy ranges for the various ﬁixturesg 50
there shouid be little contribution from the supersonic beam's
internal enerqy. Most of the internal energy comes from the quasi-

effusive source and, again, may or may not contribute equally with

translational enerqy.
The higher energy data for 12 + FZ was it using a cross
section of the form ¢ = C((E/ET) wl}Ae While the threshold cross

section function is derived from scattering theorygiig) this higher
enerqgy form has no physical significance and was only used to derive a
cross section weighted mean collision epergy. The 12 * FZ data for
the entire collision energy range studied is shown in Figure 8. The
parameters used in fitting the data were E, = 1.0 kcal/mole,
A = 4,95,

The threshold cross section function was used again in the

analysis of the IC1 + Fy data, shown in Figure 9. The threshold

collision energy, ET* is 5.1 kcal/mole, the internal energy at the
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temperature corresponding to that point is .8 kcal/mole bringing the
threshold energy for the reaction 5.9 kcal/mole. The ICi + FZ
reaction was not studied at higher energies.

The data fTor the Srz + FZ reaction, shown in Figure 10,
presented special problems in analysis. Looking at the ZZ + ?2
data in Figure 8, as the collision energy increases past approximately
5 kcal/mole the chemiluminescence starts to level off. The same

(4)

phenomenon was observed by Valentini et al. for 12 F. In the case

of Br, * F2§ the leveling-off and decrease in chemiluminescence with

2
%acreasimg collision energy occurs very shortly after the reaction
threshold. The experimental points may be fit to a cross section
function, as before, but the cross section weighted mean collision
energy calculated from such a fit does not provide a linear transla-
tional energy scale for a graph. On the low energy side of the
chemiluminescence curve, the high energy tail of the collision energy
distribution is given more weight while the opposite is true QF;the
high energy part of the chemiluminescence curve. For this reason, the
translational energy scale for the Brg + FZ data was determined in

two steps. The threshold, low energy part of the curve was placed, as
for the other curves, on a cross section weighted mean collision
energy axis. The cross section function used was a guadratic equation
with no physical significance. The threshold collision energy is

10.7 kcal/mole, the internal energy is .6 kcal/mole for a total
threshold energy of 11.3 kcal/mole for Srz + F_. The rest of the

2

collision energy axis was taken from the high energy IZ + FZ
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results because 12* 1 percent FZ/He nas a collision energy
distribution almost identical to that of Srz + 1 percent FZ/HeS
which was the mixture used to obtain this data. Therefore, while the
energies near the threshold of the reactions represent cross section

weighted mean collision energies for the reaction of Brz with ?29

(=]

thy

e

> rest of the energy axis does not represent the true mean energy

pe

fsr this reaction, although the difference is not large.

To summarize the resuits, light was seen in each of the three
reactions and is attributed to the Tormation of electronically excited
diatomic products, IF, C1F and BrF. The thresholds for the chemilumi-
nescent reactions are 4.2 kcal/mole for 12 + F2§ 5.9 kcal/mole for
+ F,. In the case of I, +F

2z 2 2
and Br, * F,, a leveling off or actual decrease in chemiluminescence

€1 + F. and 11.3 kcal/mole for Br

A
g

with increasing collision energy was observed.

D. Discussion

While our date on the pressure dependence of the chemiluminescence
is consistent with a bimolecular reaction, the energy dependence of
the light production indicates another mechanism, other than a four
center reaction, may be responsible. The energetics for the three
reactions are shown in Figure 11, included are the energy levels for
the stable trihalogens observed by Valentini et al. In the case of
EZ + Fzg our chemiluminescence threshold of 4.2 kcal/mole agrees

very well with Valentini's threshold of 4.0 kcal/mole for IZF

formation. A four center reaction of 1? with F, to produce either

2
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IF(B) + IF or IF(A) + IF, on the other hand, would either be exoergic
by 6--16 kilocalories with no reaction threshold or, if the predicted
barrier for the symmetry forbidden four center reaction exists, the
.threshold would almost certainly be higher than 4.2 kcal/mole. The
reaction of IEF with F is also exoergic enough to produce Qﬁe elec-
tronically excited IF in the A or B state. Another similarity between
our chemiluminescence results and Valentini's trihalogen results is
ihe leveling off of the chemiluminescence after approximately 6 kcal/
mole collision energy, which Valentini attributed to the unimolecular
decomposition of Ig?o While a leveling off of the chemiluminescence
might be expectéd for a four center reaction as well, our "threshold"
for this leveling off agrees well with Valentini's for IZFQ

The agreement between our résu?ts and Valentini's suggests that

the mechanism shown in Figure 12 involving the formation of the
trihalogen, EQFS and subsequent reaction of the end iodine with the
departing Tluorine atom may be responsible for the light we see. The
pressure dependence studies restrict the chemiluminescent reaction to
a single collision mechanism, so we propose that the two step reaction
of 1, * FZ » 12? + F, IZF YE S IF 4 IF may occur in a "single
collision” between FZ and 12@ In the vast majority of collisions
occurring above threshold in the collision zone, the KZ and FE

would react to form ZZF and F, the products would separate and be
detected by Valentini but not by us. In a few of the collisions, the
12 and FZ react to form IZF but the F atom does not escape

before a secondary encounter occurs giving the second step, I?F *

% +*
F e IF + IF and we detect the light from the IF . We have, then,
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a branched reaction—the major branch gives IZF and the minor branch
results in electronically excited IF. This mechanism brings up
several qguestions: why couldn't Valentini et al. see the minor branch,
how does this differ from a four center reaction, does this explain

3)

{
the results obtained by Birks et al.' and does the same mechanism

hold Tor the other reactions studied?
Using the following egquation:

a = S/{v N, N. )

I %2

2
we can calculate, from our daia$ the cross section for the production
of IF* from 22 + Fzﬁ In the eguation, v is the relative

velocity of the products and ¢ 1.38 x 105 cm/sec at 15 kcal/mole
collision energy. S is the chemiluminescence signal, which is

1.19 % 107 at 15 kcal/mole (corrected for loss due to optics
transmission, f number of the collecting optics, photomultiplier
efficiency and loss of IFﬁ due to diffusion out of the collision

zone before emissioﬂ)n(16) Using NE = 1.4 x 1010

2 5
we calculate a cross section, o, of L002A°.  This cross section is

molecules/cc,

much smalier than the 1@2§2 cross section that Valentini saw for the
major reaction branch. About one in one thousand collisions results
in the fluorine atom having a secondary encounter with the ZZF and
producing iF%; A ﬁDozﬂz reaction cross section would have been

too small for Valentini to see, especially because there was IF

production from unimolecular decomposition of I,F as well as from
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fragmentation of IZF in the detector ionizer. There are two factors
that greatiy enhance our detection sensitivity over that of
Valentini's; photon background signal is much easier to reduce (in
this case) than particle background signal and we were collecting
total chemiluminescence {i.e., looking at the integrated cross
section) while Valentini was Tooking at a differential cross section.
It is not surprising, theﬁ; that Valentini did not see the symmetric
IF production that would be expected for the minor reaction branch.

The factor that separates the mechanism we are proposing from a
four center reaction mechariism is the stability of the trihalogen
formed. As pointed out in the introduction to this chapter, the
symmetry rules that forbid four center reactions require that the
reaction be concerted—that the old bonds be broken at the same time
as the new bonds are made. In the mechanism we propose, a stable
trihalogen is formed first and, in most collisions, it is the final
product. 1In the other collisions, the stability of the trihalogen
drives the reaction to begin with, then a second reaction occurs,
precluding a separation of the first reaction's products. Because we
cannot measure angular distributions and the winor reaction path was
too small to be seen by Valentini, we can make no estimate of the
Tifetime of the ZZ?aB@F complex and do not know if it lasts as long
as one rotational period, although we expect it to be shorter.

The results presented here provide greater support for the

(4)

suggestion that the chemiluminescence seen by Birks et al. is a

resutt of the reaction of I?F with F. In our study of the reaction,
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the light was produced from a single collision and was a low pvoﬁam
bility event. In the flow system used by Birks, many collisions will
take place so the 12? formed is not restricted to reacting with its

“own" fluorine atom. Given the following elementary reactions:

Ky
EZ + FZ S ZEF + F (1)
LF+F» IF +IF (2)
k
% r
IF > IF + hy (3)
« g
IF +Ms IF +M (4)
kg
I, * F s> IF 1 (5)
kg
I+ Fy» IF+F (6)

and assuming steady state for I and F atoms we get

[1F) = kg (1,3 [F 37k, + kM) (7)

This is the same expression for the excited IF concentration as is
obtained assuming a four center reaction and accurately describes

Birk's data.
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While it is impossible to make such a clear case for the reactions

of ICT and Br., with Fgg the data we obtained is consistent with

2
this mechanism. For ICT + F29 we obtained a threshold of 5.9
kcal/mole while Valentini saw a threshold of 6.0 kcal/mole for C1IF
production. The agreement is very good but, looking at Figure 11, &
four center reaction producing IF(A) + CIF would have nearly the same
endoergicity. The spectrum of C1F(AsX) has not yet been observ@d{8>
vaiihoggh it is expected to be higher in energy and would not be help-
ful in distinguishing a four center threshold from a C1IF threshold.
While Valentini observed the ieveling off of C1IF production with
increasing collision energy, our data does not extend to a high enough
energy to check for the same effect in the chemiluminescence.

Valentini was unable to see formation of Brz?s although that may

be a detection sensitivity problem rather than an indication that

Brof is not formed. If the mechanism works for Br, *F, as well,

then the rapid leveling off and decrease of chemiluminescence indi-

oF does not have as high a stability as I,F and CYIF

have. Qur reaction threshold for Brz + ?Z was 11.3 kcal/mole.,

cates that Br

Figure 11 shows the levels for BrF(A) + BrF and BrF(B) + BrF produc-
tion to be 13.8 and 16.3 kcal/mole, respectively. At first glance it
would seem that we are not observing BrF% emission, that it would be
energetically inaccessible. The 13.8 kcal/mole level indicated for

BrF(A) was derived from only a few AsX transitions that, most likely,

(17,18) (19)

did not even form a complete progression. Recent work®
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b

s

on the BrF(BsX) transition has provided new information on the dis-
sociation energy for Brl that would be inconsistent with the previous
assignments for the BrF{AsX) lines, making the 13.8 kcal/mole level
even more suspect. Table 11 Tisis the Voo energies { in kcal/mole)
for the BsX and AsX transitions of several dihalogens. The values in
parentheses are uncertain. From the trends in the iodine and bromine
series, it is certainly possible that the BrF(A) level could be 3

'kca?/m@3e Tower than the 13.8 kcal/mole above Brz + F 1t wouid

9
be helpful to have more spectroscopic data about both the BrF({A) and
CIF(A) states.

One final question is whether the proposed mechanism is consistent
with formation of IF in the A, and I’ states. In other
words, do the product electronic states correlate with the reactant
electronic states The first step is to determine what the electronic
term symbol for the reactant IEF is and then determine in what elec-
tronic states the I and IF fragments are formed. A1l three of the
1

‘%,
final product electronic states we are concerned with, IF(X Zgg

Agnlﬁ Bgng)g correlate with two ground state halogen atoms. In

the case of homonuclear trihalogens, the X and A states correlate with
two ground state halogen atoms, 2P3/2§ while the B state corre-

tates with one ZP;U2 and one ZPSIZ nalogen atom. In the hetero-

nuc lear case, however, there is an avoided curve crossing between the
BBHS and a repulsive %%Astate that changes the BBHZ adiabatic
correlation to two ground state halogen atoms. Therefore, either the

I atom must be formed in the ground state or the IF fragment of the
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12F reactant must be formed in the excited state. Unfortunately, we
are unable to distinguish between formation of a Zpl/? and

2PQ/2 atom using the simple correiation rules. What we will be

able to tell is whether formation of a 2? atom and 1229 3n1
or Bﬂg IF fragment is cempatibiea

The trihalogens have 21 valence electrons, which puts them between
the bent (=100" bond angle) triatomic molecules with 20 electrons and

the Tinear triatomics with 22 electrons. The geometry of 21 valence

electron triatomics is not well understood. Experimental work on
(9)
3

(20)

matrix isolated Cl indicated a linear geometry, although

subsequent work suggests that the spectrum may have been due to

Cl,. Work on C]F(ig) indicated a bent geometry with a bond angle of

3° 2
140+19°, which was supported by the SCF calculation result of 148°@(21)

(4)

The crossed molecular beam study by Valentini also indicated a
bent geometry for F atom abstraction in the reactions F, * Ins ICH

and HI. This is not conclusive evidence for a bent trihalogen pro-
duct, however, because the homm?iﬂearity refers to the reactant,
F-F-1-1, geometry which may not carry over into the product IZF° If
a bent 12? geometry is assumed, then the molecular orbital
configuration can be determined by analogy with the C?Fg resu?tsg(21>
The C?FZ radical has a sz symmetry and an electron configuration
of 3538a§3b§9a1 giving a gﬁl ground electronic state. The sz
symmetry of CEFZ is consistent with the rule gévevning the arrange-
ment of the atoms in a triatomic: the Teast electronegative atom is

the middle atom. Assuming I,F obeys this rule, it will have CS
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. . . NN ,

symmetry and an electronic configuration of ...{(n}a' {(n+l)a' (n+2)a

L 2., . . . o e , |
giving a A" ground electronic state. The (. symmelry group has
two elements,. the identity and a mirror plane, the plane of the
molecule in this case. The orbitals have symmetry a', symmetric, and
a", antisymmetric with respect to reflection through the plane. With

) . . . L2 . .

this criterion, we can classify the "P atom electironic term as

having either A' (singly occupied p orbital in the molecular plane) or

A" (p orbital perpendicuiar to the plane) symmetry, Likewise, the

2
b5t state of IF will be A'; while the “I states are either A’ or A",
When the IF molecule and T atom unite into Ez?a they must produce an

(22)

A' {ground) state. Using a direct product of the I and IF state

symmetries, the allowed combinations of IF and I states are:

1 IF I,F
12 , L.+ 3 i
A ( P) A (3209 ]'1091) A
AN(ZP} A“ ( H{Jﬁl) A:
If the I atom is formed in the A" state, with the half-occupied
orbital perpendicular to the plane of the molecule, the Bno 1

state of IF must be formed. Therefore, if there were some way of
determining whether the reaction with the F atom occurred in the plane
or out of the plane of the 12F reactant (e.g., obtaining a rotation
population distribution for the 12? produced from 12 + FZ) we might be
able to tell if the IF fragment of IQF was the electronically

excited IF. In any case, the mechanism is consistent with excited IF

2

formation from IZF( A'),
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When the CIF(AsX) transition is analyzed, it is likely that the
reaction of ICT with FZ could provide information on whether the
newly formed C1F or the IF fragment is electronically excited. If the
CIF(AsX) and IF(AsX) transition could be separated using a spectro-
meter, then appearance of light from oniy one molecule, at a collision
energy high enough to allow excitation of either, would answer the
questi@ﬂ@v If IF + CIF(A) lies at least 1 kcal/mole above CIIF + F,
‘then we know that IF(A) is formed, but in the absence of any informa-
tion on CIF{A) we can draw no conclusions about which half of the

F-X-Y-F is formed in an electronically excited state.

% ;
E. A Study of Laser Enhancement of IF Production
Another study of the 12 + FZ reaction, that was not mentioned
in the introduction to this chapter, was made by Engelke, Whitehead

and Zare in 1976»(23}

The reaction was studied using the crossed
. .
molecular beams method, but an Ar laser (5l4nm line) was used to
excite the 12 beam to see if the additional energy (55.6 kcal/mole)
*

and EZ electron configuration change would affect IF production.

1 ¥ #_ 3.t
ig’ v¥=0B noug

R(15)) (24) and corresponds to the transition of one electron from a

The I transition excited was (X v'=43, P(B) and

w* to a o* orbital. Refering back to Figure 1, such a transition

should not have much effect on the forbidden nature of a four center
*

reaction mechanism for this system. An enhancement of IF (A,B) pro-

duction was, in fact, found to correlate with the laser excitation,

The chemiluminescence was linear with respect to F., pressure and
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laser power (the I, fluorescence was also Tinear with respect to
laser power so the chemiluminescence is linear with respect to

15). A cross section of 10-50% was estimated by Engelke

2>°
et al. for the production of EF% from Zg + ?2 at a collision
energy of .96 kcal/mole (calculated from the most probable velocities
of the two effusive beams). No emission was seen for the reaction of
3; with CIF and CIF,. Engelke et al. attributed the IF
‘pr@duciian to & four center reaction but some doubt was cast on their
results by their inability to observe IF* emission in a repeat of the
exp%rimemie(25>
An attempt to repeat this experiment was also made in this
taboratory using essentially the same experimental set-up as described
earlier in this chapter. An Ar+ laser was aligned (see Chapter 1I) to
excite 12 molecules from the effusive source in the collision zone.
The I, source was moved .37 inches back from the collision zone to
help reduce scattered laser Tight. In the first attempts to repeat
the experiment, the Ar+ (5ldnm) laser was run at 0.1 watt (Engelke
et al. used 1-3 watt) to keep down the scattered light. A mixture of

10 percent ?Zfﬂfg 300°K, was crossed with the I, beam, and Tight

2
was callected, undispersed, from the colilision zone. The fraction of
I, excited was estimated to be =1 x 107°, A signal that corre-

2
lated with the chopper on the FZ beam was observed but it

corresponded to guenching, not chemiluminescence, and could also be
seen, at approximately the same magnitude, using a beam of pure Ar, in
place of the an at the same stagnation pressure. The Fz beam was

then run as a pure Fg beam, at the same stagnation pressure, and




67

again a signal corresponding to quenching was seen, although of
smaller magnitude., The experiments were also tried using a 500nm
cut-off filter to preferentially transmit any IF% emission to the
blue of the laser line, which is where Engelke et al. made most of
their measurements. The same resuits were obtained both with and
without the filter.

The quenching data was analyzed to obtain the quenching cross
sections for I; by ?2 and Ar. The equation used for the

calculation is

* %k )
o = al,/(I, X M XL X2.0)

where M is the number density of FZ and Ar, L is length of the path

traveled by I; through the guenching gas and the factor of 2.0 is

to account for the increase in the collision rate relative to random

motion at room temperature. A value for L was determined by con-

*
sidering the distance the 12 could travel, on the average, in one

lifetime, Assuming & velocity of 2.2 x EOQ cm/sec and a 1ifetime of

b

- 3 ) -
2.9 x 10 sec, () | _ 6.4 x 1072 cm.  The fluxes of the Ar and

FZ beams were measured using an ion gage and converted to number
densities to obtain 2.8 x 1012 moleculesf/cc for Ar and 1.2 x 1012
molecules/cec for Fzﬁ The FZ vaiue has an approximate uncertainty
of #,5 x 1012 because the filament of the ion gage was noticeably
degraded during the flux measurement. With values of AI;/I;

of 1.1 % .3 x 107° for F, and 1.7 % .3 x 1073 for Ar, we get the
following values for the quenching cross sections:
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Foi o = 72§6ﬂ2 £ 18.5 (#35.8 including estimated error in F, flux

2 2

determination)

Ar: o = 47.80% + 8.4

The literature value for the Ar guenching cross seciion is 5911§29(27)

no vaiue had been measured previously for FZQ It is not clear why
the cross section we obtained for Ar is so much higher than the liter-
ature value. The most Tikely source of error in the absolute value of
the Ar cross section is in the flux value measured; the ion gage was
not checked for calibration against Noo The number density of Ar
relative to Fz should still be reliable, which gives an FZ

guenching cross section of 7‘,8§2 relative to an Ar cross section of
5.110°%,

Attempts to repeat Engelke et al.'s experiment by collecting total
fluorescence would clearly not work due to the large degree of
guenching occurring., The second, and last, attempt to repeat the
experiment was performed using a spectrometer (see Chapter II) to
disperse the chemé?uminescence and a Taser power of 3.0 watits. The
output from the photomultiplier (RCA €31034), mounted on the
spectrometer, went through an electrometer to a chart recorder and,
first, the spectrum of IZ (B»X) was recorded. The pure FZ beam

then was turned on, and two possibilities were checked for: the

% *®
appearance of IF Tlines and the guenching of 32 iines.
k3
Eﬂg@?ke(ZB) found that 1 in 5 quenched 12 molecules formed.

* . . ,wg ) L
IF 5 although a value of 1 x 10 © sec was used as the IF
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tifetime which is at Teast 100 times too long. It is hard to
estimate, without knowing their detector geometry, how this would
affect the .20 photon yield quoted. We could observe gquenching of the
IZ lines (v'=43sv" progression), although the extent of guenching
varied from line to line. One of the more strongly quenched transi-
tions, the transition closest to the exciting Tine (v'=43sv"=1),
-dropped in height 0.45 x ZGag amps, which means that the IF% Tines
should have been observed, to the blue of 5ldnm, on the 3 x EOWEO
scale. We saw no ZF% lines in this region and conclude that no
laser enhancement, at least to the extent reported by Engelke et al.
occurs.

If the experimental conditions used by Encgelke et al. were not

truly single collision conditions, then it is conceivable that their

results are due to the same mechanism proposed to explain the results

of Birks et al. That is, that 12? could be formed on the first
collision then react to form EF§ in a second collision. Exciting
the 22 molecules to the v'=43 level of the B state increases the
number of i(2?3/2) atoms formed through pwedissacfatiaﬁ(ZS)

which would then liberate more F atoms via I + FZ%IF + F. It is the
increase in F atoms that would increase EF% production via

IZF + F%IF* + IF unless the reaction F + 12%1? + I was much faster,
The signal detected by Engelke et al. was not directly correlated to
either beam through use of a chopper, so the Tight observed could be
due to such background reactions. Although Engelke et al. reported no

IF emission when a 90 percent thermally dissociated IZ beam was



70

uged9(28>

it is possible that the 12 * FZ%IZF + F step could not
produce sufficient IZFQ Other routes to IQF production are
improbable events requiring termolecular recombination.

Using the following elementary reactions:

k5 .
IZ + hy » IZ
Kk
1 * 6 +
L » 12 hv
k
% 7
22 +Mse 21 + M
k
oy 8 + M
12 M 4 IZ i1




Kg

I+ ?2 » IF + ] 9
k10

Frlys IF+1 10

and assuming steady state for I and F atoms, we obtain

* \
7y = (i (1,)(73) + ki () (g + )

k1
which is linear with respect to FZ and 12 concentrations.

Another possiblity is that the production of IZF is enhanced by

vibrational excitation of I,:

A, e o
I Fg » 12% +

x \ -
The overall dependence on 12 and Fz would be the same. Engelke

et al. varied the distance from the point of excitation of the ZZ

¢

beam to the collision center to make sure that it was not 1?

#

reacting. They reasoned that if 12 was responsible for the

enhancement then the chemiluminescence would be independent of the

&
distance from the laser beam to the collision zone but if 12 was
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responsible then the chemiluminescence would decrease. They did see a
decrease, although it is not as large a decrease as would be expected

#

k4
. 50, it is possible that 12 was

from the lifetime of Z?
reacting under single collision conditions, following the mechanism
suggested to account for the chemiluminescence we saw, and has a
shorter lifetime than Engelke et al. expected; or the conditions may
not be singie collision and may Tollow the mechanism suggested for

Birks et al.'s results. The decrease would then be due to a decrease

of IZF available in the photomultiplier viewing area.

F. Summary
The chemiluminescent reactions of ?2 with Ig, ICT and Brz
have been studied using the chemiluminescence-laser fluorescence

crossed molecular beam machine. The pressure dependence of the

12 + FZ reaction was measured and indicated that the reaction is

the result of a single collision between the beam molecules, and that
the Tight is emitted by the product dihalogen, IF. The collision
enerqy dependences for all three reactions were measured and the
thresholds for 12 + Fz (4.2 kcal/mote) and ICT + FZ (5.9 kcal/

mole) were found to agree well with the thresholds for IQF and C1IF
production. Based on these data, a mechanism for the chemiluminescent
reaction was proposed. This mechanism involves a two step process:
formation of the stable trihalogen and subsequent reaction of the

trihatogen with a fluorine atom to produce an electronically escited
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dihalogen. A threshold of 11.3 kcal/mole was found %or'arz + FZ

and, assuming the same mechanism is followed, this would also be the

threshold fgr.BrzF formation which has not been previously reported.
Laser enhancement of the 12 * FZ reaction via electronic

excitation of Ig was attempted, but no enhancement was seen.
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Table 1. Internal Energy (kcal/mole) of the Beam Gases

Vibration Rotation
Mach ;

Beam Number Temperature Energy Temperature Energy
Ip 4,22 397°K .503 86.9°k .17
I | 3.63 397 .358 109.2 .22
Bry 4.06 397 410 92.1 .18
10 Fo/Ar, 300°K 15,04 300 .034 6.64 .01
10 FphAr, 700°K 11.78 700 449 24.5 .05
7 FplHetAr, 300°K 13.09 300 -034 8.46 .02
7 FplHetAr, 692°K 8.64 692 445 43.6 .08
1 FplHe, 300°K 18.27 300 .034 4.53 .01

1 FplHe, 694°K 10.72 694 449 29.1 .06
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Table 11.(8) Energy Levels of the v' = 0 level of the B and A
States of the Dihalogens.

voglkcal/mole)

BsX AsX
Iy 45.0 (33.7)
1Br 46.0 35,1
ICT 49.4 39.0
IF 54,2 44.6
IBr 46.0 35.1
Br 45,2 39.5
srgw 47.8 e
BrF 51.8 (49.3)




Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Molecular orbital correlation diagram for a sz transition
state four center reaction of IZ * FZ » 21F.

Sample velocity flux distribution for the supersonic beam
source, output from program FLUX. The intensity scale is in
arbitrary units. The (X) represents the data punched for
input to program CELUM, the curve is a fit to these points.
For further information on program FLUX, see reference 5.
Sample velocity filux distribution for the guasi-effusive beam
source, also from program FLUX.

Sampie collision energy distribution ca?cu?aied‘frem the
distributions such as in ?igures 2 and 3 using program
CELUM. The points are those calculated by CELUM, adjusted
for the relative velocity/collision erergy Jacobian, the
curves were drawn through the points for clarity. The

probability scale is normalized to the point of maximum flux

having a probability equal to 1.0.

12 pressure dependence of the chemiluminescence. The

signal scale is in arbitrary units. The pressure scale i3
the pressure of the chemiluminescence machine main chamber as
measured by an ionization gauge.

FZ pressure dependence of the chemiluminescence. The

signal scale is in arbitrary units. The pressure, ?{Fz)g

is the pressure, in torr, behind the nozzle.



Fig. 7.

Fig. 8.

Fig. 11.

Fig, 12.
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Energy dependence near threshold for the reaction 12 + FZ“
(a) represent the data points, the curve is a fit to the data
given by o = C(la(Bgé/E))”5¢ The intensity scale is in
arbitrary units., The collision energy scale is a cross
section weighted mean collision energy (see text).
Energy dependence for the reaction of 12 + FZQ The
scales are determined in the same way as for Figure 7.
(a) represent the data points.
Energy dependence near threshold for the reaction iC1 + er
(a) represent the data points, the curve is a fit to the data
.5

given by ¢ = C(1-(5.1/E)) The scales are calculated as

for Figure 7.

. Energy dependence for the reaction of Br, * ng The dots

represents the data points, the curve is a fit to the data by
a guadratic equation (see text). The intensity scale is in
arbitrary units, the energy scale is described in the text.
Schematic energy diagram for the reactions Fo * 129 ICT,

Br The reactants are taken to be at zero energy, the

0°
energy scale is in kcal/mole. The energy levels for I,F
and C1IF are taken from reference 5. (B) and (A) refer to
the B(3Hg) and A(Sﬂi} excited electronic states.

Schematic of the mechanism proposed to account for the
observation of chemiluminescent bimolecular halogen-halogen
reactions. The majority of the reactants follow branch 1

wherein a stable trihalogen is formed and an F atom leaves.
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One out of a thousand collisions follows branch 2 where a
secondary, reactive encounter of the F atom with the tri-
halogen results in the formation of two interhalogens, one

being electronically excited.,
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. A STUDY OF THE CHEMILUMINESCENT REACTION OF NO + 0,
A. Introduction
The reaction of NO with 05 to give ﬁOZ and 02 is of great
significance in atmospheric ghemistry(i> and although it has been
studied extensively, some of the features of the reaction are not well

understood. The reaction is 49 kc&?/mo?e(z) exoergic and has two

pathways:
& o
NO + 05 » NO, + 0, (1)
» NOZ + 0, (2)

ks
where the NO? is formed in the electronically excited 282 or

281 state»<3) Reaction 2 forms ground state NOZ (zAl) which

may be vibrationally excited. Chemiluminescence is seen in the
spectral region of 4950R into the in%rared9(394> with bands at 6-7u
and 3.8y identified as NOZ(Ai)vl and‘vg fundamentals and a combina-
tion band. Initial work on the NDZ vibrational emission suggested
that the NCﬁé was not directly formed in reaciion 2 but resulted

2
(4) 5,6)

& {
from NOZ relaxation. Subsequent work * suggests that the

#
N,

contradictions. While there is sufficient energy to form electron-
1

is formed directly, although the three sets of data contain

1
ically excited 0, in either the “a, or &zg% and either state

9
would be symmetry allowed, evidence of their formation has not been

7)

foundg( Both reactions 1 and 2 are bimolecular and the following

{
rate constants have been derived: ‘8
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oy

11 ew4180 £ 300/RT

k, = 7.6 x 10 cc/mole sec

11 _-2330 # 150/RT

4.3 x 1077e cc/mole sec

[N
fi

although a later paper guestioned the pre-exponential value for
reaction 1@(1> If the above values are accepted, then the dif-
ference between the activation energies and the similarity of the
relatively large pre-exponential factors can be attributed to both
reactions proceeding through a similar reaction geometry but on
different potential sur%acesgig) These rate constants mean that
approximately 93% of the reactions form NOz(zAl) while the remaining

(8 2 (4)

&
7% form NO 8? or 63) at room temperature.

2
Another approach to studying the reaction has been through the

selective vibrational excitation of either NO or 03(v3)g The effect

of vibrational excitation of the NO %o NOé(v = 1) was studied in a flow

system using a CO Taser to excite the magnetically tuned v = 0 3 v = 1

trans%tiona(g) NO has a low-lying excited spin-orbit

state (ZHBIZ) 121.1 e~ above the ground (Zniiz) states(lg)

both are populated at room temperature. Because the NO{v' = 0 » v" = 1)

transition had to be magnetically tuned to coincide with the CO laser

output, only the 2n3!2 state vibrational transition could be

excited, The vibrational excitation enhanced channel 1 by a factor of

4.7 as well as increasing ground state %OZ production. Many papers

have been published on the effect of 63(v3) excitation on the
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reaction raie with the final conclusion that vy and Vi (through

rapid equilibration) are the active modes and enhance the
chemiluminescent channel by a factor of 5.6 while total reaction rate
enhancement was 22°(3911m14)

Another effect on the reaction rate was first suggested by Redpath

and Menziﬁger(lg)

who studied the NO + 03 system in a beam-gas
arrangement. Initially, Redpath and Menzinger studied the chemi-
Euminescéﬂt branch of the NO + D3 reaction as a function of

16) and found a threshold energy of 3.00 kcal/mole

collision eﬂergy(
for the reaction. Because the analysis of the results from this
experiment relied on calculated velocity distributions for the beams,

a second study was done using time-of-flight beam velocity anaiygisa(15)
The first experiment used a supersonic beam of NO/H2 and varied the
collision energy by changing the seeding ratio for NO, while the
second experiment used %O/HZ and NO/He and varied both the seeding
ratio and nozzle temperature; the beams were shot into an 03 filled
scattering chamber in both studies. In this second study, Redpath
et al, found that, at the same collision energy, the chemiluminescence
signal was 4-5 times higher at the high temperature (573°K) than at
the low temperature (238°K). Four-possible contributors to this
effect were suggested: vibrational excitation, rotational excitation,
(NO)X clusters and fine structure (N02H3/2/2H1/2) excitation.

The first two possibilities were discarded as requiring unreasonably
large effects of such a population shift, that o(v = 1) » 150 o(v = 0)

for example. Possibility 3, although shown to increase the chemi-
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luminescence in the reaction of NO + 03(17) could be discarded

because it would show a decrease in chemiluminescence with increasing
temperature. The final possibility, that NO(ZHBJZ) had a much

higher cross section for NOZ production than %O(anjg}% wWas

adopted as the most likely. This dnitial finding was followed by more
extensive work and data analysis by Redpath, Menzinger and
Carriﬁgton(é) with the same conclusions as before. The same

apparatus was used except that both visible and infrared emission was
measured as a function of collision energy over the range of

1-12 kcal/mole. 1In analyzing the data, the 03 target motion was |
accounted for and complete rotational relaxation, but no v%b%ai%omé?
relaxation, was assumed for the NO beams. The fine structure
temperature was treated as a variable because it may be only partially

(18,19) Redpath et al. concluded that the cross section for

relaxed,
Noz production by the excited spin-orbit state, %O{2H3/2)9

was at Teast four times as large as the cross section associated with
NO(zﬂllz)g and ﬂO(ZHSjZ) may be exclusively responsible for the %OZ
reaction branch. Assuming that NO(Zﬁliz) does not contribute to
reaction 1, an enerqy dependence of the NO(zﬂng) cross section

was obtained:

VR

(E)E:C{Ewg)

9372 0

where EO is the threshold energy and is equal to 3.0 kcal/mole. The
4 .
dependence of GB;Z(E) on energy becomes even steeper than EZ”‘ in

the highest part of the energy range.
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Because significant relaxation of the excited spin-orbit state of

) _ : 1
NO occurs in a supersonic expaﬂg?@ng( 8,19)

Redpath and Menzinger's
conclusion is somewhat questionable. We therefore decided to study
the NO + 03 reaction using an effusive NO beam, where no relaxation

of the NO would occur. There were three parts to our experiment;
first, we used a supersonic NO beam and quasi-effusive 03 beam to
determine the transiational energy dependence of the reaction over the
range of 2-10 kcal/mole. 1In the second part, the supersonic NO and
quasi-effusive 03 configuration was used to obtain a low resolution
spectrum of the chemiluminescence at four collision energies.

Finally, we switched to an effusive NO beam and supersonic 03 beam

to measure the chemiluminescence as a function of NO temperature.

B. Experimental

The reaction of NO + 03 was studied using the machine described
in Chapter II. The general setup is shown in Figures 1 and 2 of that
chapter ana only the specific experimental details relevant to each
part of the study will be discussed here,

1) Supersonic NO + Quasi-effusive 039

The NO supersonic source(zo> consisted of a 1/4 inch diameter
stainless steel tube, with a 0.003 inch (.008 cm) diameter nozzle hole
in the end, that could be maintained at temperatures between -196°C
and 165°C. Both heating and cooling were accomplished (similar to the
quasi-effusive source described in Chapter II) via a block that

clamped onto the stainless steel tube and was connected to a liquid



nitrogen feed tube as well as having resistance heating wires which
were insulated by alumina rods. The temperature was monitored by an
iron-constantan thermocouple spot-welded onto the nozzle tip. The
nozzle was directed at a 0.023 inch diameter skimmer 0.28 inch away.
Pure NO as well as three seeded mixtures, 24 percent NO/Ar, 10 percent
NO/He and 1 percent NO/He, were used, and were passed through a silica
gel trap (immersed in a dry ice/isopropano! bath) to remove any NOE
impurity present before entering the nozzie tube. The pressure was
monitored on a Wallace-Tiernan pressure gauge and kept at 400 torr for
the seeded gases, 250 torr for pure NO, using a vacuum regulator.

The quasi-effusive 93 source consisted of a gquartz tube with a
0.0055 inch (.013 cm) hole in the end, not the source described in
Chapter II. The use of guartz instead of metal as the nozzle material

eliminated GS decomposition problems. The nozzle was aligned using

a method similar to the methodvﬁescrébed for the metal nozzle except
the alignment screws acted on the top of the nozzle, outside the
machine, vather than in the vacuum. The nozzle was held in place,
0.192 inch (.488 cm) above the collision zone, by using a hose clamp
to hold a piece of plastic tubing tight on the nozzle end (outside of
the vacuum) such that the end of the plastic tubing butted up against
the Cajon fitting holding the nozzle. The nozzle would have been
sucked into the machine by the vacuum without the plastic tubing in
place. The ozone was run pure, no seeding gases were used, and kept
at its vapor pressure {about 13 torr) off the dry ice/isopropanoc]

cooled silica gel trap on which it was kept stored after production on
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a home-made ozonizer. The freshly filled trap was pumped prior to use
to remove excess 029 As the ozone was depleted from the trap, the
03 pressure decreased, requiring the chemiluminescence signal to be
ﬁorrécted for this change. The ozone pressure was monitored using

300 nm Tight from a high pressure Hg lamp and the equation

log %» = -g C |
0

where 1 = 10 cm, o = 5.92 x 10“3 tarv”l cm”lg and ¢ is the

pressure of 03 in torr. The ozone pressure was checked before and
after each series of counts at one NO temperature and was found to
change by approximately 0.1 torr every two counting series. The gas

Tine was made entirely of glass for the 03 source.

5 toryr

The pressure of the main chamber was approximately 5 x 107
with both beams running. Because 03 tended to build up to quite a
high background in the main chamber, a trap was placed in the machine
directly below the ozone source. The trap consisted of a cone
directed at the ozone nozzle to act as a differential wall, guiding
most of the ozone beam to a fluted sheet of silver (to decompose the
ozone) after it had passed through the reaction zone. Once the trap
had been installed, there were no further ozone background problems.

The signal collection system was the same as that described in
Chapter II for collecting total reaction chemiluminescence. An RCA
31034 photomultiplier was used; ﬁhe signal was correlated with a

chopper on the NO source. Counting times were 100 sec with an average

of ten counts at each temperature.
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The same procedure was used for each of the NO gas mixtures and
pure NO: the total chemiluminescence from the reaction of NO with
ozone was measured as a function of NO nozzle temperature from 165°C
to -125°C (the NO condensed at approximately -130°C). The signal was
corrected for both ozone and NO pressure.

Time-of-flight analysis was performed on the ozone beam and on the
NO beam at three temperatures for each seeding mixture and pure NO.
?he pzone vé?gc%ty distribution is shown in Figure 1 and a sample
collision energy distribution (calculated using CELUM, Chapter V) is
shown in Figure 2. In addition, the NO beams were tested, using a
mass spectrometer, for NOE impurities and (NO)x cluster format50ﬁ3<17)
No impurities were found and no clusters were found that correlated
with the source chopper. The flux of the NO beams was measured using
an ionization gauge. The chemiluminescence signal was corrected for
NO pressure fluctuations by noting changes in the source tee pressure .
{approximately 5.6 x 10”§ torr). The ??ux measurements indicated
that the source tee pressure was accurate, linear with respect to beam
number density, and had sufficient sensitivity to be used for this
purpose.

2) Spectral Distribution of the NO + 03 Reaction

The spectral distribution of the Chémi%umiﬂesceﬁce was measured
using the same set-up as in part 1) with the addition of a narrow pass
interference filter mounted on the face of the photomultiplier. The
filters are made by Bausch and Lomb, have a 178 pass width (full width

at half maximum) with center wavelengths of 450, 500, 550, 600, 650,

B



101

700, and 800 nm. A Corning 3-70 cut-off filter was used with the 550,
600 and 650 nm filters and a Corning 3-73 filter was used with the
500 nm filter to cut out the short wavelength windows 1in the narrow
pass Tilters. The maximun transmissions of the filters were between
20 percent and 4% percent.

The spectral distribution was measured at four collision energies,
10 percent NO/He at room temperature (~4.5 kcal/mole) and 400°K
(~6.2 kcal/mole), and 1 percent NO/He at room temperature {(~6.5
kcal/mole) and 400°K (~8.6 kcal/mole), by measuring the chemilumi-
nescence signal and correcting for both maximum filter transmission
and photomultiplier wavelength response.

3} Supersonic 03 + Effusive NO

The supersonic 03 source consisted of a 1/4 inch diameter quartz
tube with a 0.0032 inch (.008 cm) diameter hole in the end. The
nozzle was held to a brass block by a set of springs and & hose clamp,
and the block, in turn, was bolted to the source reducer. This
assembly held the wozzle in alignment even when the glass tube was
rotated about its axis. The nozzle was directed at a 0.037 inch
diameter skimmer 0.22 inch away. The tube was left at room temper-
ature. The ozone was seeded in He {1000 torr) by attaching the He
input to the inlet of the silica gel trap and attaching the trap
outlet to the ozone pressure monitor, which then attached to the
nozzle. This resulted in an ozone pressure of about 12 torr in
1000 torr of He or approximately 1.2 percent OBiHee The ozone

depletion occurred very fast in this configuration so that the ozone
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pressure had to be measured after every 600 sec count and the
chemiluminescence signal corrected accordingly.

The quasi-effusive source described in Chapter IT was used for the
effusive NO soure, The nozzle temperature was kept at either 136K or
400°K for this experiment, so it was necessary to use the heater
radiation shield to reduce background Tight. The nozzle was aligned,
as described in Chapter II, and kept at 0.200 inch (.508 cm) above the
collision zone. fﬁe nozzle hole was 0.015 inch (.038 cm) diameter,
Only pure NO gas was used in this experiment and it was passed through
the dry ice/isopropanol bath cooled silica gel to remove NOZQ The
NO pressure was controlled using a leak valve and experiments were run
for pressures between 0.125 and 0.025 torr. The N0 pressure was moni-
tored after the leak valve using a thermocoupie gage (NRC 531 tube
with NRC 801 gage) calibrated against a CVC Type GM-100 McLeod gage.

The main chamber pressure was ~7.4 x 10”5 torr with both beams
running. The ozone trap used in part 1) was left in the machine,
although gas flow from the supersonic source into the main chamber is
not as high as it was from the gquasi-effusive source. The signal
collection system was the same as for part 1); the chopper remained on
the supersonic source. An average of ten 600 sec counts were made for
each data point.

For this experiment, the chemiluminescence was measured for a
given NO pressure at a high nozzle temperature (400°K), then the
nozzle was quickly cooled to 136°K and the signal measured again. The

rapid temperature change was designed to minimize the effect of ozone
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depletion (which would decrease the OB/Hé ratio and increase the
collision energy) making comparison of the hot and cold data simpler.
This was ?epeated for Tower and lower NO pressure until we were
certain that we had a truly effusive (nct guasi-effusive) beam (i.e.,
until the signal was linear with respect to NO pressure, which is not
the case in the effusive-supersonic transition region).
Time-of-flight velocity measurements were made for the ozone beam
for different ozone partial pressures to check for ozone depletion
effects. The velocity distribution for the NO beam was not measured
because it was an effusive beam and could be adequately described by a
Maxwe11-Boltzmann distribution for each temperature. The collision
energy distributions for the hot and cold NO beams, crossed with the
various ozone beams, are shown in Figures 3 and 4. The difference
between the collision energy distributions for different ozone
pressures is shown, the effect of this difference will be discussed

Tater.

C. Results and Analysis

1) Supersonic NO + Quasi-Effusive 03

The purpose of the data obtained in this part of the experiment
was to obtain an expression for the veaction 1 cross section as a
function of collision energy. While two of the internal degrees of
freedom of NO relax significantly in the supersonic expansion, the
mininum equilibriun temperatures they could reach are equal to the

(21)

translational temperatures of the beams. The translational
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temperature can be calculated from the Mach number, as described in
Chapter TII, which is, in turn, calculated from the time-of-flight

(22) The collision energy was

velocity data by program KELVIN,
changed in this experiment by changing both the seeding ratio and
temperature of the NO beam. In changing either the seeding ratio or
the nozzie temperature, the final beam translational temperature is
changed and so the internal energy is changed. Therefore, while
ideally we change only the collision energy--in practice we also
change the internal energy. Using the Machbﬁumberg from program
KELVIN, the temperatures of the NO beams were calculated and, from
them, the internal energies were calculated., The temperatures,
vibrational, rotational and spin-orbit energies for the NO beams are

shown in Table I and were calculated under the assumption thai the

rotational and spin-orbit temperatures are the same as the transla-

tional temperature, but that no vibrational relaxation occurs. The
biggest change is in the vibrational degree of freedom where the
energy increases from O to 0.07 kcal/mole. Unless there is a much
stronger dependence on the internal energy than on the translational
energy (something which has yet to be described), these small
increases in internal enerqy should have no effect on our collision
enerqgy data.

The data for each seeding ratio was analyzed using the same
procedure described in Chapter III. For each gas pair, a relative
velocity distribution was calculated from the beam velocity distri-

butions, taking angular spread of the beams into account, using
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program CELUM (see Chapter V). Using program LUMFIT (Chapter V), the
relative velocity distribution is used in conjunction with a func—
tional form of the reaction cross section, o(E), to calculate the
signal at each experimental temperature. The calculated signal is
compared with the experimental data and the cross section parameters
varied until an acceptable it is made. The final cross section
function is used to calcuiate a cross section weighted mean coliision
enerqgy for each nozzle temperature.

For both the pure NO + 0, and 24 percent NO/Ar + 63 data, a

Ethresh/i))“s was used.

(23)

3

cross section of the ?Grﬁ s(E) = C{1-(
This cross section form is derived from scattering theory and is
useful near reaction threshold., The data, pliotted versus the cross
section weighted mean collision energy, is shown in Figures 5 and 6
for 100 percent NO and 24 percent NO/Ar, respectively. The data for
both gas pairs contains the reaction threshold although the threéhc?d
occurs at high temperature for 24 percent NO/Ar and at low temperature
for 100 percent NO. The threshold collision energy obtained for both
sets of data was approximately the same: 2.0 kcal/mole for 24 percent
NO/Ar and 2.2 kcal/mole for 100 percent NO. As in Chapter III, this
calculation considers the collision energy only, not the internal
energy. The internal energy, as discussed above, is insignificant
unless it is much wmore effective than transiational energy. The data

shown here presumes that the amount of internal energy is, in fact,

negligible.
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For the case of pure NO + 033 the calculated signal curve
underestimates the higher energy data by a large amount. As will be
seen for the other two seeded mixtures, the dependence of the cross
section on the collision energy goes up dramatically as the collision
energy increases. This effect was also seen by Redpath et é?e(é)
and is due, at least in part, to the reaction beccmiﬂgvﬁegs specific
about either the form of energy input (e.g., vibrational vs. transla-
tional), or preferred physical approach as the total energy input

(6,24) The quantum efficiency of the photomuitiplier

increases.
varies with wavelength and could also have an effect on the apparent
cross section collision energy dependence. As will be seen later, the
chemiluminescence spectrum shifts to the blue (where the quantum
efficiency is higher) as the collision energy increases. This would
make the cross section appear higher at higher energies than it really
is. The épectra? shift is actually quite small, however, and so
should not have much effect.

The data for 10 percent NO/He and 1 percent NO/He + O3 is shown

in Figures 7 and 8, respectively. For these two gas pairs, the

following functional form of the cross section was used:

£ n
o(E) = C é;;»@1>

This cross section, unlike the threshold c¢ross section, was not

derived from scattering theory. The 10 percent NO/He data was fit by
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and the 1 percent NO/He data was fit by

o(E) = € {zrg’g m> 1.95 .

As the collision energy increases, n increases (because of the
increase in reactive collisions due to a decrease in reaction
specificity as mentioned above) and ET increases (which is an
artifact in the analysis, the sharp dependence of ¢ on E makes the
extrapolation back to o = 0 come appear to be at a higher ET)e
Again, the internal energy is small in value and assumed to be
neglible,

2) Spectral Distribution of the NO + 05 Reaction

The spectral distribution of‘reactiﬁﬂ 1 chemiluminescence was
measured at four collision energies: 4.5 and 6.2 kcal/molie using
10 percent NO/He, and 6.5 and 8.6 kcal/mole using 1 percent NO/He.
The collision energies reported are the most probable energies
according to the collision energy distributions calculated using
CELUM. The raw data was normalized with respect to NO and ozone
pressure, and corrected for the %e?at%ve transmission of the filters
used (including the cut-off filters) as well as for the quantum
efficiency of the photomultiplier tube (which decreases, almost
Tinearly, from .18 at 450 nm to .11 at 800 nm). The rest of the
optics in the collection system have a flat transmission curve over
the spectral range observed. The data, in its final form, is shown in

Figure 9.
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One effect that was not accounted for.%s the variation of lifetime
over the spectral range. The physical volume viewed by the
photomultiplier is limited in size, so a greater fraction of the
?eﬂgsiéved states than of the short-lived states will travel out of
the viewing area before emitting. The approximate dimensions of the
?iewing area are 0.092 cm x 0.266 cm x 0.892 cm (along the photomulti-
plier axis), and a molecule traveling 1 x 305 cm/sec would travel
across 0.266 om in 2.7 usec. The lifetimes of the vibrational levels
2

in the BZ and 281 excited electronic states of NOZ are

known to vary a great deal, with values of 55-90 ysec measured for the

25,26) The lifetime tended to increase

spectral range 3980-6000A, ¢
with increasing excitation wavelength. While, especially in this
lifetime range, there would certainly be an effect from the lifetime
variation over the spectral range, we cannot identify which transi-
tions were observed and cannot, therefore, make any corrections.
Qualitatively, however, we know that the lifetime increases with
increasing wavelength, and so the fraction of light observed will
decrease relative to the short wavelength data. While the data points
on the long wavelength side of the graph should probably be higher on
the intensity scale, any estimate of their true position would just be
a guesse

3) Supersonic 03 + Effusive NO

The purpose of this part of the experiment was to determine what
effect changing the internal energy of NO would have on the reaction 1

chemiluminescence. The internal energy of NO was changed by heating
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the effusive NO source, but heating the source also changes the number
density and velocity of the gas. To be sure that any signal increase
we see 1is strictly due to NO internal energy, the hot and cold NO data
must be normalized to the same number of NOWO3 collisions per second
and the increased collision energy effect accounted for.

The number of NO - 03 collisions occurring per second is given

by

INNO NO Vo Vodyv

3 R

where the N are the number density of the gases, in the interaction
zone that have velocities corresponding to Voo Vi is the relative
NO - 03 velocity, V is the interaction volume and ¢ is the collision
cross section. If we assume that the collision cross section does not
change with collision energy (the reaction cross section does change
with collision energy, but this will be accounted for later), then the
ratio of the number of NO - 03 collisions per second occurring for
cold NO over hot NO is given by

Jhot

vgdv ‘CGTd/{IN N vRévR; .

(Nyolo no'o,

3

)
This ratio was calculated from the output from program FLUX(ZZ'

using a modification of program CELUM (Chapter V). The flux at each

HO or 04 velocity was converted to a number density and normalized

to unit area under the velocity distribution peak. The modified
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program CELUM then summed up the values of NNONO in an increment
3

LR about each Vo and summed up the total NNONOB vp over all

values of VR for the hot and cold NO beam crossed with both

0.6 percent and 1.2 percent OgiHee The ratio,

cold,, vhot

N
NOTO 3

3

uses normalized NO number densities, so the change in the number
density in the collision zone with temperature must still be accounted

for. The number density in the collision zone is given by I{e,r)/v =

2

nAcose/4nr™ where n is the number density in the nozzle, A is the

area of the nozzle and @ and r are the angle and distance from the

(27)

nozzle at which the number density is being measured. Because

A,e and v can be assumed to be the same, the change in number density

at the collision zone due to cooling the NO is given by

cold, hot

nco !ﬂNO , or (Pccﬁd,Tcoid)/(Phot/Thoi)

for an ideal gas. The final factor used in accounting for the

increase in collisions §s then

C.H cold

PYT (/N dVR)

)hct

nolo. VR

3
HC
PT (INNONOBVRdvR

which is equal to .95 PCTH/PMC for 1.2 percent 04/He and

.96 PUT/pC for 0.6 percent 0,/
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The data was taken at two NO nozzle temperatures, 136°K and 400°K,
as measured by a thermocouple on the nozzle tip. The pressure was
measured by a calibrated (see Section B} thermocouple pressure gauge
in the NO gas line, as described earlier. The data was normalized to
an 03 pressure of 10 torr using a simple ratio (the accompanying
change in 03 velocity is accounted for later). Table II
shows the NO nozzle temperature, NO and 03 pressures, the data at
the two temperatures (normalized for 63 pressure changes and
collision frequency) and the ratic of the hot to cold NO data. The
ratio is shown plotted versus the cold NO pressure in Figure 10. The
points show a lot of scatter, especially the two points corresponding
to an NO pressure of 0.0255 and 0.0275 torr. If a straight line is
drawn through the less scattered high pressure data and the average of
the ~0.026 torr pressure points, an intercept of 8.3 # 1.1, corres-
ponding to zero NO pressure, is obtained. The correct ratio is
clearly open to debate, although a value of 8.3 = 1.1 will be taken as
correct for use in the subsequent discussion.

The ratio of 8.3 # 1.1 corresponds to the signal measured at high
temperature divided by the signal at low temperature, both of which
are influenced by collision energy, vibrational epergy and possibly
rotational and electronic energy as well. If the contributions from
these different forms of energy are assumed to be separable, then the

signal is proportional to

i i3 k k IR
ZXTGT<1 + EXSUS * ZXRO’Q * XXEGE}

¥
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where Xg refers to the mole fraction of molecules having cross
section sg for each n state of the m degree of freedom. The O
may have very different enerqgy dependences. If the internal energy
cross section sums are treated as one sum, zx§s? = Szg then

the data takes the form

8,3 % 1.1= (sT{amo@xm + SE(@GﬁeK}}};’(ST{l%QK)(l + 31(136%)} .

This can be simplified to three unknown variables by calculating what
effect the change in collision energy has on the ratio. Looking back
at Figures 3 and 4, the collision energy distributions for both the
’hot and cold NO data 1ie in the region of approximately 3.0 - 8.0
kcal/mole. Unfortunately, it is not possible to obtain a reasonably
accurate quantitative estimate of how much the collision energy
contributed to the signal at the two nozzle temperatures. While the
data from part 1 gives us the collision energy dependence of the cross
section, it does not provide us with an ahsolute va?ue; An absolute
value could be estimated, as was done in Chapter I1II, but there the
lifetime of the emitting species varies Tittle and %5 fairly well
known. A cross section estimate for part 1 would not be very reliable
for use here; the estimates for the emitter lifetime, beam fluxes for
part 1 and beam fluxes for part 3 would result in a large compounded
error., Therefore, instead of trying to get an absolute value for the
coilision energy contribution, the functional form of the collision
energy dependence will be used to get a value for n where n = ST

(QGGQK}!ST(136°K)B This part of the collision energy range is best
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described by the equation used to fit the 10 percent NO/He data
. £ AL70 L
earlier, o« (?T?? ai) , in the range 4.0 - 6.5 kcal/mole
although as noted before, the cross section dependence changes with
collision energy. Using the relative velocity distribution output by

CELUM, a signal was calculated:

Sp = JF(v) §§%§§ -1

where F{v) is distribution of relative velocities for the gas pair,

> 1.70 4, i

pnormalized to unit area., The expression in the integral sign is then
summed over the relative velocity distribution for both the hot and
cold NO beams. This summation was carried out for the relative
velocity distributions at the two extremes of the ozone seeding ratio,
1.2 and 0.6 percent. The signals and the ratio, n, obtained by this

calculation are given below:

Signal (arbitrary units)

Seeding ratio NO{400°K) NO(136°K) n
0.6 percent 251.08 144,04 1.74

1.2 percent 191.95 97.52 1.97
The equation for the data is then simplified to:

8.3 1,1 = (1.86 ST(136°K)(1 + 31(4oo°K)))/

(136°K)))

(57{136ax)(1 + SI
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where n = 1.86, the average for the two seeding ratio extremes. This

reduces to:

(1 + SI(QDD@%())
4,46 = 59 =

(1 + 51(136§K})

Regardless of how the different forms of internal energy affect the
reaction, the ratio ST(QOQQK)/SI(136QK} will be a real number, m.
The exéress%@ﬂ can now be written as (simplifying the notation,

51(136 K) = SZ)}
4,46 # 5.9 = (1 + mSI)/(l + SI>

so that 3.46/(m - 4.46) = Si” This is not an absolute value for

st but it does indicate what m would have to be for the limits of
SIQ As SZ approaches éﬂfiﬁity? m approaches 4.46 while as SI

gets smaller, m gets larger, The smallest value for m is therefore,

4.46 = 59,

The minimum signal ratio of 4.46 = .58 is due jusi to the increase

in internal energy and so
056 + .59 < (5,(400°K) + §,(400°K) + 5.(400°K)) /{5, (136°K) +

5, (136°K) + SE(136°;<>>



-
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If, again assuming the signal from the various modes is completely
separable, Sv can be separated out, and bounds can be obtained for
the ratio

(400°K))

/ AT
\SR(@{}O K) + SE

(SR(136°K) + (S

D o=

E(136°K))

Ny ,~1094.0v/.695T

Using = A,, the mole fraction of NO in the v = 1
o

> Xy
state, is calculated to be 9.4 x 107® for T = 136°K and

1.96 x 107 for T = 400°K. Coupling X, and X_ with the cross
section ratio o{(v = 1) = 4.76(v = 0)3(9) a value of 1.009 is
obtained for the ratio SV(QOO°K)/SV(136°K)Q This results in the

eguation:

Spt o

Using limits on the ratio of ng(SR + SE}9 the same bounds of
4,46 + .59 and infinity for p are obtained.

Next, assuming SR = 0, we can see what this minimum ratio of
4,46 requires for SE(QG%°K)/SE(136@K)Q Redpath et a1.(6)
suggested that 0 §-01/2/53!2 < .25 for the cross sections of the
two NO spin orbit states. Using NS/Ziﬁllz = 8@12191J°695T9
values of 0.21 at 136°K and 0.39 at 400°K are obtained for the mole

fraction of NO(ZHB/Z)Q These mole fractions and cross section
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ratios give a signal ratio of between 1.33 (@112/c3/2 = ,25) and
1586(01£2 = 0}, which does not agree with the observed minimum ratio
of 4.46 + .59, |

Finally, assuming SE = 0, we can see how the rotational cross
section must behave to account for this ratio of 4.46., At these
temperatures, there is a tremendous spread in ihe rotational level
popuiation and trying to find a cross section votational level
dependence would be fairly complicated. A threshold for the rota-
ié@ﬂé? contribution to the signal is not known and it would be
necessary to deal with o4/0q ratios for éhe entire distribution.
To a first, and adnittedly rough, approximation, the average rota-
tional energy at the two temperatures can be used. Using NJ/NQ =

(20 + 1)e~te70460 (3 + 1)7.695T  .op By = 1.70860(3 + 1)en™™,

average rotational energies of 0.269 kcal/mole at 136°K and |
0.793 kcal/mole at 400°K are obtained. Using Sp=(Eg)", an
n = 1.4 is required to produce this kind of a signal ratio.
The above discussion assumes that the signal can be separated into
signal due to the various modes of energy. This is almost certainly
not rigorously true. One conclusion that can be drawn from our data
in any case—the internal energy of NO has a very noticeable effect on
the chemiluminescence signal. Because the beam temperature stayed
constant for the ozone beam, internal energy contributions from ozone

were not considered. More will be said about ozone internal energy in

the next section.



D. Discussion
Subsequent to the papers referenced in the introduction to this

chapter, work on NO + 05 by two other groups has been reporiede<28929)

28) the translational and internal energy effects are

In one Siudy§<
separated through the use of a velocity selector on the NC beam. In
that way, the collision energy can be increased under static beam
temperature conditions and, conversely, the bean temperature may be
changed while maintaining constant collision energy. This study
covered only high collision energies (9.2 - 36.8 kcal/mole) where a

cross section collision energy dependence of aa(E)ga75

was found
with some leveling off in chemiluminescence occurring above 27.6
kcal/mole., A reaction threshold of 2.97 kcal/mole was obtained and
enhancement of the chemiluminescence signal with increasing internal
energy observed. Although they could not differentiate between
increases in rotational, vibrational or electronic energy, if the
enhancement is assumed to be due solely to the change in electronic
energy then they found G<2H1/2>/“<2H3i2) = ,27. This is in

. 3
very good agreement with Redpath et al.'s resu?tsa(g’

(29) gifferentiated between

The study reported by Anderson et al.
the effect of the different types of internal energy. Using magnetic
focussing of a supersonic NO beam, the population of 2n3/2 could
be increased relative to ZHE/ZQ but there was also a preferential
focussing of Tow rotational level NO molecules., At 6.5 kcal/mole
collision energy, virtually no effect was seen when the focussing

magnet was on. The conclusion from this study was that the enhance-

ment upon heating the NO beam was due to rotational effects, not
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electronic. The data presented in this chapter will be discussed %5
comparison with the results of references 6, 26, and 27 to see if our
results can provide evidence in support of either rotational or
electronic enhancement.

As was mentioned in the previous section, we observed a
chemiluminescent reaction collision energy threshold of
2.1 kcalfmole. This threshold has also been measured by Redpath

et aiaiﬁ) and Stolte et alegizg)

who obtained values of 3.2 and
3.0 kcal/mole, %espectiveiye Although there is good agreement between
their values, we believe our value is more accurate (although a
possibie problem is mentioned in the discussion of the effusive
NO + 93 results), Stolte's study was performed only at high
collision energies (9.2 - 36.8 kcal/mole) and so the threshold determ-
ination is the result of a fit to the high energy data. In fitting
our high enerqy data, we used sm(E/ET ~1)" and obtained
"threshold" energies of 3.95 for the 10 percent NO/He data and 4.30
for the 1 percent NO/He data. In other words, the "threshold" energy
is much higher than what we found near threshold and changes with
collision energy. Therefore, extrapolation to the reaction threshold
from high energy data such as Stolte's would probably have a large
degree of uncertainty associated with it.

Redpath et al. determined their threshold value from data taken at
the reaction threshold, so the value should be fairly accurate. We
believe that the difference between their results and ours is not in

the data itself but in the data analysis. Although Redpath determined
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the energy dependence of the NO(EHS/Z) state cross section and our
results are for the NO(ZHlIZ) state (see Table I, Section (), there
should be no discrepancy here because Redpath assumed that the forms
of 9317 and o1 j2 were the same except for a multiplicative factor.

The difference comes in the fact that Redpath fit the data to a cross
section fuﬂéiion of the form ({E/ET) ~1)" where n was found to be

2.4, while we fit our threshold data to a cross section form

(1 - (ET/E))°56 We can also get a reasonable fit to our threshold
data with a functional form like Redpath's and the the threshold comes
out higher (2.5 kcal/mole). The function we used is derived from

(23) We feel

scattering theory and so has physical significance.
that this function will be more sensitive in the energy region near
threshold and therefore give a more accurate threshold value.

As part of finding the cross section energy dependence, Redpath
found the e?ect%onic temperature, Tfs? to be given by Tfs = TS +
40°K for the HZ seeded NO beams, where TS is the translational
temperature of the beam. This was obtained by assuming the increase
in ﬁO(EHS/Z) population to be solely responsible for the chemi-
luminescence enhancement and varying T%SQ as well as the 63/2/61/2
ratio, until the data was fit. Redpath et al. used both He and H2
to seed the NO beams {although the analysis is given for NO/HZ
only), and found that Teq is higher for He while Te is lower.
This conclusion is based on a data fitting procedure which relies on a

debatable assumption, but it is supported to a certain extent by

A
independent work. McClelland et a?e(Bo’ obtained the vibrational
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and rotational temperatures for a seeded supersonic 12 beam for a
variety of diluent gases, including He and Hzg They found that Twct
was basically the same for He and Hy but Tyib (Hz) was roughly half
- . . - -1 . . o -l
o 4 T3 .
‘vib(He)e 8%(12) is .03735 cm ~ wnile w (1,) is 214.57 cm

=

{reference 10) so, using the enerqgy gap as a measure of relaxation

efficiency, the 121.1 cmﬁi

spin-orbit splitting is large enough to
expect about a 50°K difference in T?s for He and Hza it is tempt-
ing to use this difference in internal temperature to explain the
difference in collision energy thresholds. Unfortunately, Redpath did
not quote a threshold for their He data, so we cannot tell for sure if
this idea is correct., If the temperature difference does exist, then
if our beam had been seeded in HZ
~.04 kcal/mote in E. ., and perhaps

instead of He, there would be very
Tittle difference in Ergtg
02 kcal/mole in Evib' Unless there was an incredibly strong
dependence on internal enerqgy as compared to translational energy,
this would not make up the 1 kcal/mole difference in thresholds. The
internal enerqy present in our beam may have decreased the collision
energy threshold by ~.1 kcal/mole, however.

There s more of a discrepancy between our high collision energy
results and Redpath's. We can, again, exclude Stolte et al.'s results
fram‘this discussion because their data was in an even higher colli-
sion energy range and the cross section energy dependence changes with

3.75

collision energy. Stolte's cross section went as E which does

support the idea of a steep but changing cross section energy
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dependence. Our data was fit to o = C(%ng - 1)1°70 for 4.0 < E < 6.5
keal fmole and o = Clhgy 1)1 for 4.5 < E < 9.0 keal/mole while
Redpath's was fit to o = C(%Tﬁ -1)2% for 3.5 < E < 6.0 kcal/mole.
Redpath's cross section was derived for NO/HZ at a nozzle tempera-
ture of 281°K, assuming the chemiluminescence is due solely to
NO(ZI@/Z) and Te o= Tg * 40°K. In dncreasing the collision

eﬁergy from 1 - 10 kcal/mole, Tg rose from 30 to 175°K (Figure 3,
reference 6). Although these values for TS seem high and may
indicate a poor expansion, the internal energy will have changed
significantly over this collision energy range. Although Redpath

et al. discounts any effect of rotational energy, it is possible that
part of the exponent in Redpath's cross section has to account for
signal due to this rotational energy increase. It is not clear
whether this fully accounts fcr‘the difference in cross section
?aﬁciéons in the high collision energy range.

The more important question is: how does our data on the internal
temperature effect compare with the data of the other three groups
Our data indicates that an increase in rotational and electronic
temperature from 136°K to 400°K results in at least 4.46 + .59 times
as much chemiluminescence. In the last section we showed that this
increase was not compatibie with Redpath's claim that 61/2i63/2 =
n=0 - .25. As was also mentioned in the previous section, if the
rotational energy is solely responsible for the increase in chemilumi-

nescence then the cross section would have to increase as E%éi

to account for this ratio, where Erot is the average rotational
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X
energy in the NO beam. Anderson et als‘ag) found that their data

was not consistent, either, with the assumption that the ZHB/Z

state is much more reactive than the zﬁzjg state. They then

analyzed their results with the idea that oniy rotational excitation
was responsible for the chemiluminescence increase and found that, for
this to be the case, the cross section would have to go as E;oi
where Er@t is again the average votational energy and n = 1.8 - 2.5,
atthough there is some unce?taﬁnig in their beam rotational
temperature. They did not obtain a dependence of the cross section on
J. They have performed the same analysis on Redpath's data and found
that the increase in chemiluminescence could be explained using only
the increase in rotational energy by n = 1.5 - 2.5. On the other
hand, Stolte and Van den Ende found an increase of 1.5 in
chemiluminescence for an internal temperature change from 100°K to
300°K. This temperature change corresponds to a rotational energy
change by a factor of 3.02, which would require n = .4 to produce the
observed ratio. This increase in chemiluminescence can be explained,
however, by an %ﬁcréase in NO(ZHB;Z) population using o1/ = .27 032
which is in agreement with Redpath's resuits.

It seems then that there is a contradiction in results with
Redpath and Stolte claiming the enhancement is due to electronic
excitation while Anderson’s and our results indicate rotational
excitation. This contradiction can be explained by a more careful

jook at Redpath's results. There are two problems with the data

presented in reference 6: the streaming temperatures given in
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Figure 3 seem high and the calculation of the cross section ratio, n,
does not seem to agree with Figure 6. Because it is not clear why
TS is so high, it is not clear what effect this has on the data,
Even without the unlikely TS given, the chemiluminescence data shown
in Figure 6 of reference 6 is consistent with the enhancement being
due to rotational excitation (as suggested by Andersen et al.) but not
with the 63/2/61/2 ratio given. At 8 kcalfmole, for the NO/H,
beam, the ratio of the signal at the high nozzle temperature to that
at the low nozzle temperature is approximately four, as seen from

Figure 6. According to Tfs = TS + 40°K (T_, the translational tempera-

S?
ture of the beam, is given in Fig. 4 of reference 6.}, X3!2(573°K) = .41,
x1/2(5735§<) = .59 while X3/2(281°K) = .29 and Xl!Z(ZBZ‘l@K) = .71,

Using the same equation as was used to analyze our results and

assumﬁﬂg‘srot =0,

- 8 ° H
S(573°K)/S(281°K) = (}{3/263/2 + X1/2ﬂ63/2) /(X3/203/2 +

where n = 61!2/53’,2g we get a ratio of 1.19 with n = .25 and 1.41

with n = 0. This does not agree with the value of 4 from Figure 6.
So, it would seem that Anderson's, Redpath's and our data are all con-
sistent with the enhancement being due to rotational excitation with
the cross section going as E", where 1.0 <n < 2.5 and not

electronic excitation. Stolte's results would then indicate, as
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24\ i 3 s %
(24) that the reaction becomes much less energy mode

expected,
specific as the collision energy increases.

A couple more comments shouid be made about the results obtained
in the effusive NO + 03 experiment. First, while our resuits are
not consistent with Menzinger's suggestion that the 2n1/2 state is
zero to one guarter as reactive as the 2H3!2§ a dependence on the
electronic energy cannot be ruled out., It is possible that part of
the increase in chemiluminescence is due to the increase in ZHB;Z
population, we have no way of telling from our experiment. The second
comment that should be made is that if NO rotational energy is the
cause (either wholly or in part) of the chemiluminescence increase,
then rotationally excited ozone should have the same effect. This
suggests further experimentation but also points out a flaw in the
work presented here. As was mentioned at the end of the previous

section, the internal enerqy of the ozone beam remained almost con-

stant for the effusive NO- supersonic ozone experiment and so0 was not

taken into account. In obtaining the collision energy dependence
using supersonic NO, the internal energy of the auasi-effusive 93
beam, tikewise, did not change. But, in the quasi-effusive 03 beam
there should be some degree of rotational excitation while there
should be very little in the supersonic 03 beam. This could change
our collision enerqy dependence somewhat, but just how much is not
clear. It would certainly be interesting to repeat the NO + 83
experiment using a variable temperature ozone source to test the idea

that rotational energy is important to the branch 1 reaction.
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Finally, the spectra we obtained (Figure 9) are consistent with

(2,3,6,8) although comparisons are

previously published spectra,
difficult to make. Our data was obtained for collision energies of
approximately 4, 6 and 9 kcal/mole. while the spectra of references 2,
3 and 8 were taken at thermal energies. The spectra were taken at
higher collision energies in reference 6, but only extend to 600 nm
whereas the peaks in our data are to the red of that. So, while the
behavior of the spectra is what is expected {a shift to the blue with

increasing collision energy, also observed in reference 6), little

more can be said from this data.

E. Sﬁmmary

The chemiluminescent reaction of NO + 03 » NOZ + 02 was
studied using the crossed bean technique. In the first part of the
experiment, the collision energy dependence of the chemiluminescence
was measured using a supersonic NO beam and quasi-effusive O3 beam.
The cross section was found to have a threshold energy of 2.1 kcal/
mole and an energy dependence that increases with collision energy
over the range studied (2.0-9.0 kcal/mole}. A low resolution spectrum
was recorded at four collision energies and the peak was observed
sh%fting to the blue as the collision energy was increased., The final
part of the experiment was performed using an effusive NO beam and

supersonic ozone beam. The chemiluminescence was measured at two NO

beam temperatures. .
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The signal increased with increasing NO temperature and the ratio
of the signals at the two temperatures could not be reduced to one by
accounting for the signal increase due to iﬁcréased collision rate,
collision energy and NO vibrational energy. Redpath et a§9(6)
attributed this effect to the increased NQ(EHSig) population at
higher temperatures, but our signal ratio still cannot be reduced to
one using their claim that a(znliz)/c(EHSIZ) = 0-.25. If the effect

is due solely to increased NO rotational temperature, then, to explain

1.4

our results, the reaction cross section would have to vary as Erat

where Erct is the average rotational enesrgy. Our experiment cannoct
differentiate between the effects of rotational and spin-orbit
excitation and indicates the need for further experiments., If NO
rotational excitation is important, rotational excitation of 03
should have the same effect. An experiment testing the effect of 03

rotational energy could help solve the probiem.



127

References

x®
see M. Kawalczyk, Ph.D. Thesis, Berkeley, (in preparation) for

further information on this work.

L,

™

10.

11.
12.

13.

14.

J. W. Birks, B. Shoemaker, T. J. Leck and D. M. Hinton, J. Chem.

Phys., 65, 5181 (1976).

. M.AA. Clyne, B. A. Thrush and R. P, Wayne, Trans. Faraday Soc.,

60, 359 (1964).

. W. Braun, M. J. Kurylo, A. Kaldor and R. P. Wayne, J. Chem. Phys.,

61, 461 (1974).

. P. N. Clough and B. A. Thrush, Trans. Faraday Soc., 65, 23 (1969).

M. F. Golde and F. Kaufman, Chem., Phys. Lett., 29, 480 (1974j.

. A. E. Redpath, M. Menzinger and 7. Carrington, Chem. Phys., 27,

409 (1978).

. M. Gauthier and D. R. Srelling, Chem. Phys. Lett., 20, 178 (1973).

P. N. Clough and B. A. Thrush, Trans. Faraday Soc., 63, 915 (1967).

. J. C. Stephenson and 5. M. Freund, J. Chem. Phys., 65, 1893 (1976).

G. Herzberg, Molecular Spectra and Molecular Structure Vol. I,

(Van Nostrand Reinhold Co., New York, 1950).

R. J. Gordon and M. C. Lin, Chem. Phys. Lett, 22, 262 (1973).

M. J. Kurylo, W. Braun, A. Kaldor, S. M. Freund and R. P. Wayne,
J. Photochem., 3, 71 (1974]75).

K-K. Hui, D. I. Rosen, and T. A, Cool, Chem. Phys. Lett., 32, 141
(1975). 3

R. J. Gordon and M. C. Lin, J. Chem. Phys., 64, 1058 (1976).

. A. E. Redpath and M. Menzinger, J. Chem. Phys., 62, 1987 (1975).



19.
20.

2.

22,
23,
24,

25.
26.

27

28,
29.

30.

128

. A, E. Redpath and M. Menzinger, Can. J. Chem., 49, 3063 (1971).
. D. Golomb and R. E. Good, J. Chem. Phys., 49, 4176 (1968).

. H. J. Bauer, H. 0. Kneser, and E. Sittig, J. Chem. Phys., 30, 1119

(1959).

H. Thuis, 5. Stolte, and J. Reuss, Chem. Phys., 43, 351 (1979).
Designed by Dennis Trevor, Lawrence Berkeley Laboratory, Berkeley,
Ca.

H. Pauly and J. P. Toennies, "Beam Experiments at Thermal

Energies,” Methods of Experimental Physics, Vol. 7A, {Academic

Press, New York, 1968),
J. J. Valentini, Ph.D. Thesis, U. C. Berkeley, 1976,
B. C. Eu and W. S. Liu, J. Chem. Phys., 63, 592 (1975).

R. D. Levine and R, B. Bernstein, Molecular Reaction Dynamics,

{Oxford University Press, New York, 1974).
S. E. Schwartz and H. S. Johnston, J., Chem. Phys., 51, 1286 (1969).

P. B. Sackett and J. T. Yardley, Chem. Phys. Lett., 6, 323 (1970).

M.A.D. Fluendy and K. P. Lawley, Chemical Applications of

Molecular Beam Scattering, (Chapman and Hall, London, 1973).

D. Van den Ende and S. Stolte, Chem. Phys., 45, 55 (1980).

S. L. Anderson, P. R. Brooks. J. D. Fite and 0. V. Nguyen, in
preparation.

G. M. McClelland, K. L. Saenger, J. J. Valentini, and D. R,
Herschbach, Sg Phys. Chem., 83, 947 (1979).



Table 1.

Internal Energies of the NO Beams

Beam  Tyozzie( K} Teppa (K Evie ROT Es_o
(kcal/mole) (kcal/mole) ({kcal/mole)
100 NO 188°K 10.21 0 .019 0
300°K 23.84 .016 .046 0
411°K 32.43 .069 063 002
24 NO/Ar 300K 6.91 .016 .012 0 _
411°K 12.65 .069 .023 0 n
10 NO/He  188°K 2,76 0 .011 0
300°K 4,28 .016 .007 0
411°K 13.79 .069 026 0
1 NO/He 171°K 1.18 0 . 000 0
300°K 3.08 .016 .004 0
411°K 12.34 .069 .023 0




Table 1I1.

Normalized data and HOT/COLD data ratio for effusive NO + supersonic Oz

NO 0q Raw Data .

Temperatuure Pressure Pressure Normalized data HOT NO Signal
{0K) {torr) {torr) {Counts/600 Sec) {Counts/600 Sec) COLD NO Signal
404 125 7.8 550.4 + 8.9 1216.3 # 4.5
135 075 8.6 157.6 # 6.1 183.3 # 7.1 6.7 % .2
400 .102 10.4 397.8 £ 13.9 643.8 = 22.7
136 .061 i0.0 94,9 £ 5.6 90.4 £ 5.3 7.2 £ .5
389 101 10.2 293.6 = 6.3 444 .9 £ 9.2
136 .055 11.2 69.8 = 8.1 62.3 = 7.2 5.9 * 1.3
404 076 8.2 315.8 # 67.5 596.8 £ 12.2
135 .041 8.7 T 6%.4 = 5.6 79.8 + 6.4 7.6 = .7
400 045 9.0 172.8 £ 9.9 322.2 = 198.5
136 .028 9.6 35.2 & 3.7 36.9 = 3.9 8.7 & 1.6
400 . 046 11.2 169.2 £ 6.1 126.5 = 8.4
136 026 9.0 29.8 # 3.5 33.1 % 3.9 7.2 £ 1.2
400 026 9.1 123.2 £ 7.2 230.4 + 13.4
136 L0186 10.0 22.8 £ 5.0 11.8 # 5.0 10.1 # 3.6

£
Normalized to 10 torr @3 and, in each

data pair, to the collison freguency of the cold NO data. The

collision freguency normalization used the factor for 1.2 percent @EJHE% 0.96 PCYHKPH?C {see

text).

The 0.6 percent @3iHe factor is .95 PQTH/PHTQQ

0et



Figure Captions

Fig. 1. Sample velocity flux distribution for the guasi-effusive
ozone beam, output from program FLUX. The intensity scale is
in arbitrary units. The {X) represents data punched for
input to program CELUM, the curve is a fit to these points.
For further information on program FLUX, see reference 22.

Fig. 2. Sample collision energy distribution calculated f%sm the NO
velocity spectrum and the distribution shcwﬂ in Figure 1
using progran CELUM. The points are those calculated by
CELUM, the curves were drawn for clarity. The intensity
scale is normalized to maximum flux having unit probability.

Fig. 3. Collision energy distribution for effusive NO (QQO°K) and
supersonic ozone calculated using CELUM. The dots are the
distribution for 0.6 percent 03/He and the crosses are for
1.2 percent DB/Hea The curves through the points are for
clarity. The distribution was calculated assuming a
Maxwell-Boltzmann velocity distribution for NO.

Fig. 4. Collision energy distribution for effusive NO(136°K) and
supersonic ozone. The dots are, as for Figure 3, for
0.6 percent G3iHe and the crosses for 1.2 percent GBIHeG
This calculation also assumed a ﬁaxweTTmBo?tzmann velocity
distribution for NO.

Fig. 5. Energy dependence of NO + 03 > NOZ + 02 near
threshold for 100 percent NO (supersonic). The dots are the

data points, the curve is a fit to the data given by



Fig. 7.

Fig. 10.

132

o= C{1 - (202/5})°5a The intensity scale is in arbitrary
units while the collision energy scale is a cross section
weighted mean collision energy.

tnergy dependence of NO + 03 > NOZ + Gg near

threshold for 24 percent NO/Ar. The curve is a fit to the

5

data points given by ¢ = C{1 - {2.0/E))°”. The scales are

determined in the same way as for Figure 5.

Energy dependence of NO + 03 » wez + 62 for

10 percent NO/He. The curve is a fit to the data given by
¢ = C((Ei35§5}m1}1*?06 The scales are determined in the
same way as for Figure 5.

Energy dependence of NO + O3 » NGZ %.62 for

1 percent NO/He. The curve is a fit to the data given by

o = C((EIQQBO)&Z)l”QOE The scales are determined in the
same way as Figure 5.

Spectral distribution of the woz chemiluminescence from

NO + 03 » ND? + 0, for four collision energies. The

Towest two collision energies (4.5 and 6.2 kcal/mole) were
measured using 10 percent RO/He, the highest two using

1 percent NO/He. The data points are normaiized to a maximum
intensity of 1.0 for each collision energy. The curves are
drawn for clarity only.

Ratio of the signal for NO(400°K) *+ 0, to the signal for
NO(136°K) + 03 as a function of NO pressure. The pressure

axis, in torr, is the pressure of NO at 136°K. The data
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points have been normalized to account for the change in the
NO - 05 collision frequency in going from 400°K to 136°K.
The value of the ratio at zero NO pressure is 8.3 * 1.1 as
determined by the intercept of the straight lines drawn
visually (i.e., not a least squares fit) through the data

points.
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V. COMPUTER PROGRAMS FOR ANALYSIS OF SUPERSONIC BEAM-
EFFUSIVE BEAM REACTIVE SCATTERING
A. Introduction
While a number of data analysis programs nhave been written by

(1,2) the chemiluminescence-

other members of this research group,
faser fluorescence machine is unique not only in the itype of data
recorded (photons vs. angular distributions), but also in the
characteristics of the bean sources used. The beam sources can be
taken to another machine in the laboratory and a time-of-flight
analysis of the velocity distribution made (the chemiluminescence
machine does not have time-of-flight capability). ?rsgraﬁs

KELEZN(E) and ?Lux(l) are meant for converiing the time-of-flight

data into parameters describing the beam {e.g., Mach number, beam
temperature) and converting number density versus velocity into a flux
.distribgtioﬁg and can be used for the chemiluminesnce machine beam
sources as well as for any other. The difficulty comes in trying to
obtain an energy dependence for a reaction when the velocity and
angular spread of the beams are not negiigible. This problem was
solved in two steps. Program CELUM converts the flux distribution
obtained for each beam source into a flux distribution as a function
of relative velocity for beam source pairs. Program LUMFIT takes the
distribution from CELUM and, using a suitable cross section energy
dependence, aids in fitting the data points. The end result is a
deconvolution of the data as a function of nozzle temperature to data

as a function of a cross section weighted mean collision energy.
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it should be noted that these programs are meant to it total
chemiluminescence data, not a spectral distribution of data. While
each transition could be fit to a cross section as a function of
energy, a comparison of transitions would have to consider variations
in the lifetime of the excited products as well. LUMFIT should in-
clude a correction for increased velocity of the products (resuiting
in a decrease in the fraction of light coliected) with increased col-
lision energy, but this was left out for a couple of reasons. Because
we are detecting total chemiluminescence instead of a spectrum, we
have no way of knowing how the spectrum changes with collision
energy. For stable levels in a single electronic transition, there
should be 1ittle change in lifetime with vibrational Jevel. In tﬁe
two reactions reported here, NO + 03 and halogen-halogen, we are not
dealing with stable, single electronic state transitions but highly
perturbed levels from Nﬁg in the first case and possibly pre-
dissociating levels or two transitions (B » X and A » X) in the second
case. There should a negligible effect on our threshold results
because a very narrow energy range is covered in the threshold

determinations.

B. Program CELUM

The chemiluminescence-laser fluorescence machine has two beam
sources, both with fairly broad angular widths and one with a broad
velocity distribution as we1?5 In this case, therefore, neither

velocity spread nor angular spread can be neglected in determining a
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collision energy distribution. In both reactions discussed in this
dissertation the reaction cross section has a very strong dependence
on the collision energy, so the high energy tail of the effusive
sources becomes important. Program CELUM was written to take the
output from Program ?LUX(i) and first convert it to a flux as a
function of relative velocity, then puﬁch cards for input to a second
program, LUMFIT, designed to fit the experimental data.

The input for CELUM consists mainily of the output from FLUX, a
deck of cards on which is punched a set of filux values. Accompanying
the FLUX input to CELUM, then, is the starting velocity associated
with the first flux value, the amount the velocity is incremented for
each successive flux value, as well as the number of velocities for
which there are flux values. This data is read in for both beam
sources, and is printed out by CELUM to check for proper data read
in. Masses for beam 1 and beam 2 are read in and the reduced mass, G,
calculated from these. The reduced mass is reguired in calculating
the relative velocity from the relative velocities. Because the beams
are so broad spatially, the nominal collision angle of the beams (90°)
and the actual full angular width of molecular collisions are vead in
(in degrees) so an adjustment can be made in the relative velocity for
collisions that occur at angles other than 90°. Finally, the number
of collision energies at which a flux should be calcuiated, the number
of velocities for both beams to be used in the calculation, the number
of collision angles to be used within the full angular width and the

number of flux points to be output for the next program are read in.
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The first major calculation in CELUM is the interpolation of the
FLUX ocutput. Because the number of beam velocities desired may differ
from the number input by FLUX, the flux at each of the desired
velocities is interpolated from the FLUX data then converted to a

number density. Next, using the equation

° (1)

™ PN

2 Z . .
RV = (Vl +V, - ZVZVQCOS@)

the relative velocity is calculated from each pair of beam velocities

and the flux associated with that velocity

1 FZ relative
is calculated where F(e) accounts for the distribution of collision
angles relative to the nominal 90°, and Fl and FZ are the number
densities at a given velocity for beams 1 and 2. The flux in each
velocity increment is summed, normalized to the highest flux, and
printed out along with the average relative velocity (and collision
energy) in that increment. Finally, using the input number of output
flux points desired, a flux increment and starting flux is calculated
and the two velocities {on the high and low end of the relative velo-
city range) corresponding to a given flux are interpolated from the
velocities just calculated. These velocities are then output in the

form of punched cards for the next program, LUMFIT, as well as being

printed out in CELUM.
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The output is organized so that for each pair of gases the title,
masses for beam 1 and beam 2 and the FLUX data are printed out first.
Next the lowest collision angle (i.e., nominal collision angle minus
one-half the angular width) and full angular width are printed out in
radians. The number of velocities used Yor each of the two beams is
printed followed by cotumns for the calculated relative velocity,
relative flux (or probability), and the collision energy associated
with that velocity. Finally, the numbers to be input to LUMFIT are
printed out with the first column being probability, the second
relative velocity.

CELUM can be run to calculate velocity distributions for several
gases paired with one gas (e.qg., EZ with 1 percent in%e§ 7 per-
cent FZ/He + Ar and 10 percent ?ZZAF) by putting the beam 1 inpui
first (e.g., 12) and then putting the complete set of input cards
{program Tine 14 and on down) in for each of the beam 2 gases.

A description of the input variables, a listing and sample output
for CELUM follows.

Program CELUM Input Variables

Variable Description

IL (title) Heading for output for each pair of gases -~ up to one
card

NV, NV2 Integer value for number of velocities input for beams

1 and 2 from FLUX.

Vii, viz Starting velocity for data input Trom FLUX for beams 1
and 2 in units of 10% cm/sec.

DV, DV2 Velocity increments for dnput from Flux for beams 1 and
2 in units of 10% cm/sec.




F1(

et

), F2(I)
Gl, G2

NRV
NVA, NVB

NT

NF
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Input from FLUX for beams 1 and 2.

Masses in a.m.u. .for beams 1 and 2, Gl = 0.0 stops
execution.

Coltlision angle in degrees.

Full angular width in degrees over which the
calculation is to be made.

Integer number of relative velocities to be calculated.

Iﬁteger number of velocities from beams 1 and 2 to be
used in calculation.

Integer number of angles at which calculation will be
performed. Either an odd integer should be input or
CELUM will assume the next highest odd integer.

Integer number of flux points at which the relative
velocity will be determined for output to LUMFIT.
Angain, either an odd integer should be used or the
next highest odd integer will be assumed.
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PROGRAM CELUMC INPUT OUTPUT PUNCH TAPESZINPUT TAPE6=0UTPU
CTAPE 7=PUNCH ) ’ ’  TAPES=1  TAPEE=OUTPUT,
DIMENSTON TLE8) F1(200) F2(200) BV 202) T(50) FT(50) VA( 2000)
CVB( 20003, Fac 2000y, FBC 20007, FF(5D0) FFACS00) FEB(500) EEAC500)
CEFCCB003 FFDO500) FEDC500) EFAC500) EFD(5005 FFR(5003 ’

Rapn=_ 0174533 : ’

READ IN NO. OF VELDCITIES E0R BEAMI

READ( S, 103NV

READ IR STARTING VELOCITY AND DELTA ¥ FOR BEAM §

READ(S, 1025VZ1,DV1

READ IR FLUX DOTPUT BY PRGM FLUX FOR BE&M 1|

READ(S, 102)(F1CT) 1=1 KV1)

READS fW TITLE up 70 1 CARD

READ(5, 101311

READ 1M MASS OF BEAM | AND BEAM 2

READ(S 102361 62

TF(G1.66.0.)6676100

G=61862/(G1+62)/836.8

READ TN COLLISTON ANGLE AND FULL ANGULAR WIDTH

READ(5,102)CA, Ful

FW=RADAEW

CA=RADsCA-FW/ 2.

READ IN NO. OF VELOCITIES FOR BEAM 2

READ( &, 103 V2

AEAD 1N STARTING VELOCITY AND DELTA ¥ FOR BEAM 2

AEAD(5 102)VZ2 DV2

REGD TR FLUX DOTPUT BY PRGM FLUX FOR BEAM 2

READ(S5, 102MF2(1) 1=1 NV2)

READ 1N MO, OF RE(ATIVE VELOCITIES DESTRED, NO. OF VEL. TO BE USED

FROM BEAMS 1 AND 2 (A GND B), WNO. OF COLLISION ANGLES 70 BE USED

AND NO. OF FLUX POINTS FOR NEXT PROSRAM

READC S, 103)NAV, NVA NVB NT NF

NF =2e( WF /231

NT=2%{NT/23+1

WRITEC &, 104)

WRITEC &) 105)1L

WRITEC &, 106361,62

WRITE( 6 107)

THE FOLLOWING ROUTINE PRINTS OUT THE VELOCITIES FROM FLUX

A=MTNOCNY L, NV2)

Dol I=1 N

WRTTEC S, L0BIVZI+( 1 ~1)DV,FI( 1), VZ2+( [~11%DV2,F2( 1)

IF(NYL.EQ.NV2)60T0Y

M=MAXOCAY T, NV2)

A=N+

750.0

po2,1=N M

TFChvY. BT nv2)60T703

WRITEC 6, 10807 ,7,¥22+( 1=1)#0V2 F2( 1)

60702 ]

WRITEC 6, 108IVZ I+ 1~1)+DVL Fi( 1), 2,7

CONTINY

WRITEC&, 109306 Fu

WRITEC &, 110INVA VB NT

AVA=MVA S

RVB =WVB ¢ |

THE FOLLOWING DETERMINES DELTA RV, DELTA ANGLE

AVZ=SORT(VZIsVZ1+VZ28( VZ2-2. #VZ12005(CaYY)

YM1=V7 1+ MY 1=1)8DV]

VIA2=Y7 2+ NV2-1 nDV2

far NS R TR SRS AN I N N = Y * Ry LN Ky SN LI I SE R SN

PN rwn e Bt oo Dares St Do e o Dt

21




33
32

39

42
41
40

43
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RvmﬁSQRT(legvmk¢vm24(VWZQE,%VNI$CDS<CQ¢FW)))
DRV=( RVM-BVZ }/NRY

DT=FuW/(NT<+1)

THE FOLLOWING CALCS C0S THETA

N=NT/2+1

E?%:E,Q/FLGQT(N)

FEU.

BO5 1=1 W

Ca=ta+nt
TCY=C0S(CAYS 2.
TONT=T+1)==T( 1)

F=F+FEF

FTC1)=F

FT(NT-141)=F
;ngiﬁLLDwin CALCS VA(BEAML) AND VB(BEAM2)
DVE=( NV 1=1)DV1/( AVA-1)
0030, 1=1,NVA

VA1 5=V

F={ V-YZ13/0V1
N=INTCF )+l
IF{N.EQ.NV1IGOTO3)

F=F -1

FALTY=F 1M F I N+ 1)-F 1) )=F
G0 TO 30

FO(II=F 1NV

y=vepya

y=vI2

DYB=( NV2=1)2DV2/( HVB=-1)
D032, 1=1,NVB

YB( 1 Y=V

F={ ¥=Y¥Z23/0V2
N=INT(F )+l
TF(N.ED.NV2I50T033

Faf f+l
FB(IISF2( MY F2ANe1 3-F 2 N I=F
G0T032

FBOII=F2(AV2)

VaVapve

WN=NBY 1

ZERD FLUIX ARRAY
pO39,1=1,NN

aY( 1520,

FLUY AS & FUNC OF RELATIVE VEL. WILL BE CALC NOW
po4s, 1=1,NVA
vaz=bac 1 Yevac 1)
po&1,J=1 NVB
vB2=UB( 1= vB( I

YAB =VA( | 3 VB( J)
FAB=(FA( T )eFB( 13370 YA 1 )aVB( J 1))
Bou42, K=} NT
v12:=0a2+0B2-vaBaT(K)
PEZFABFT(K)#SQRT(V12)
RVYN=SORT(V12)

NSIRT({ RYN-RVZ )/DRV)+1
AVON) =RV M) +PE

CONTINUE

CONTINUE

CONTINUE

EE=0.

B0 43,1=1,MRY

TF{EE LT BV 1EE=RY(T)

s TN b O 0 0 L TN QPN e O

G i Sou et ot s et s b 3ens s o St e
P03 TN TAS T0) ooemt 3t et ot ot oot G St it ot
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WRITEC 6, 111)

DO 44 1=1 NRV

WRITEC 6 1 I2)IRVZ+( 1-1)%DRY RV( 1 3/EE LGFCCRVZH T =1 1#DRY v 2. )
NOw TO CALCULATE REL. VELOC. a7 EACH FLUX FOR NEXT PROGRAM
FIND RVMAX TO DIVIDE FLUX [NTD WIGH AND L0 ENERGY PARTS
DO 200 1=1 NRY

TFCAVC DY EG . EE YRVMAX=RVZ +( 1 =1 )4DRY

BF=1./NF

WRITEC 6, 113)

K =NF -

Do 300 1=1 K

??(§3:ﬁ?¢(§wga¥g?

DO 400, J=1 NRV

i €(§Qi%(J ~13%DRV) . GE .RVMAXIGD TO 420

LOW VELOCITY INTERPOLATION
IFCFFCIY . LT.RW JY/EE)GD 7O 400

FEACT Y=Rv( J)/EE

FFB(1)=RV( J+1)/FE

EEA TIZRVZ + { J=1)=DRV

GG TO 400

HIGH VELDCITY INTERPOLATION
TFCFFCT).GT LRV JY/EEYGO TO 400

FEDC T =RV I W/EE

FEC(T y=RVe J+1 M /EE

EEDC ] y=RYZ<J=DRY

CONTINUE

DEA=( FEC [ =FFA( {1)/(FFBO T 1-FFACLY)
EFA(T)=EEA ] Y+DFA=DRY

DFEC=( FECTY-FFCOT NEFDOT 3-FFCCT )

TRNVER ORDER OF WISH VELOCITY PART FOR QUTPUT
EFDANF -1 41 3=EEDC 1 3-DF C=DRY
FFRONF~T+13=FF( 1)

WRITEC 6, 114)FF( 1), EFACT)

E?n<z>:évmax

FER( 1=1.00000

a0 soo,gwg AE

WRITEC 6, 114, FFROT),EFDOD)

K=NF -1

WRITE( T 115 iti‘:ﬁ(l ,i=1
Qﬁ?;ﬂ?(72§§ WEFD(T) Ef NF')
GO TO 1

CONTINUE

FORMAT( BA10)
FORMAT( 8F10.0)

FORMAT( 1615)

FORMAT( IHL 12HDISTRIBUTICN 12H OF RELATIVE,11H VELOCITIES)
FORMAT( [HO 8A10)

FORMAT( 1HO) 6HMASS 1= FB.4 9H  MAaSS2= Fa.

FoRMATC 1H ~ tamBEAm] VELOSTTY, 3% 4HFLOX, qz THHBEAM2 VELOCITY,
C3X UHFLUX)

FORmAT( 1M 6% F@.3 2X F7.3 8X F&.3 2X F71.3)
EDRMAT( [HD 6HANGLES Fé.2 éawzévﬁ Fe. 2y

FORMATC IH 1 7HBEAM] "VELOEITIES=, 14, 1 THREAM2 VELOCITIES=, 14,
CTRANGLES=,13)

FORMAT( 1HD, 3X, @ﬁvgiDuiiv 5% azﬁpﬁsﬁéai ITY, 6%, 16HCOLLTSION ENERGY
FORMAT( 1H FB.4 6X % Fa.u

FORMAT( 1HO 3X, ZzHﬁéugan&X?V 5%, SﬁVEiOFItV)

FORMAT( [H 'FR.5 &X FAa.4)

FoRmMAT( F 10, 4)

END

~
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DISTRIBUTION OF BEILBTIVE VELOTITIFS
Fiint ys . COLL . ENERGY FOR 12 PLUS F2 IN AR, T=302K
MAGS51=254. 0000 MASS2= 38,0000

Brami vELOLITY FLox BEAMZ2 VELOTITY FLu
2.700 0. 4,000 0.
2.750 0. 4,050 0.
2.800 22.980 4,100 0.
2.850 22.970 4.150 0.
2.900 28,410 8,200 0.
2.950 30.9¢0 4.250 0.
3.000 38.380 4.300 0.
3.050 37.580 4.350 0.
3.100 42.920 4,400 0.
3.150 51.140 4.450 0.
3.200 64,200 %.500 ¢.520
3.28¢ &0.700 4.550 7.870
3.300 &7 . 380 4,600 9.210
3.3%0 77.040 4.650 11.920
3.400 80.600 4,700 14.610
3.450 86,580 4.750 16,580
3.500 90.690 4. 800 20,400
3.580 99.¢650 4.850 25 .eM0
3.600 106.310 4,900 31.440
3.650 109.370 4.950 38.970
3.700 113.070 5.000 47,620
3.780 118.870 5.050 59.730
3.800 121.880 5.100 74,900
3.850 127.880 5.150 93.750
3.900 129.930 5.200 115.920
3.950 131.950 5.250 141,380
4,000 132.040 5.300 171.700
4,08 §133.470 5.350 201.410
“4.100 126 .¢10 5.400 232.470
4,150 134.p50 5.450 265.060
4.200 135.210 5.500 295.190
4,250 131.030 5.850 323.620
4,300 12R. 770 5.600 34¢.390
4,350 129,640 5.650 359.190
4. 400 123.080 5.700 364.890
4,450 120.820 5.750 3¢3.820
4.500 118.300 .800 356,040
4.550 119.000 §.850 341.900
4,660 107.950 5.900 321.7i10
4,650 101.930 5.950 295.%560
4. 700 95 40 &.000 264,020
4,750 §1.890 .05 235.060
4, 800 86 5706 6.100 20~.850
o, B850 83.010 6.150 176,040
4.900 77.730 £.200 j48.950
4,950 ¥2.990 6£.250 124.250
5.000 68,330 6.300 102.600
5.050 &1.62 6.350 a4, 040
§,100 55.320 &.400 68.610
5.150 52.730 é6.450 55 . K80
g.200 45 060 £.500 44,990
5.250 41,430 6.550 3&6.780
5.300 38750 6.600 30.700
5,350 35 . 880 &, 650 25.520
5.400 34,240 6. 700 20.750
5,450 30.9¢6 &.750 16.620



%.%QO 27,120 &. 800 13.160
S.%%O 24,830 6.850 10.710
§.éOO 21,680 6. 9200 9.580
5,650 19.290 6,950 €.900
5,700 17.8690 7.000 7.660
5,780 15.970 7.050 &, 8440
0. 0. 7.100 5,510
G. 0. 7.150 4,830
0. 0. 7.200 4,230
0. 0. 7.250 3.630
G. 0. 7.300 3.130
0. 0. 7.350 2.840
a. 0. 7.400 2.640
0. 0. 7.450 2.450
0. 0. 7.500 2.200
0. 0. 7.850 i.810
0. 0. 7.600 0.
0. 0. 7.650 0.
0. 0. 7.700 0.
0. 0. 7.750 g,
0. 0. 7.800 G.
0. 0. 7.850 0.
0. 0. 7.900 0.
0. G. 7.950 0.
ARGLE= 1. 38WINDTH= .47
gram) VELOCITIES=z 100BFam? VELOCITIES= 100ANGLESS 29
VELOTTTY PROBABILITY COLLISION ENERG
4,2717 0. L7208
4,4032 0. L7659
4.5 346 0. L8123
4,666 . 00000 LBE0D
4, 797¢ L0008 L9092
4,929 00029 L9597
5. 0605 00106 1.011¢
5.1919 00314 1.0648
5.3234 00780 1.1194
5. 4549 01772 1.1754
& .5863 03692 1.,2327
5.7178 07200 1.2914
& _Qu9z L 12839 1.351%
5.9807 .21301 1.4129
&.1122 . 32688 1.4757
b, 2436 46520 1.5399
6.3751 N3 LLE 1.6054
é.5065 L T55 B8 1.6723
é.46380 .ag137 1. 7406
&, 7695 . 96409 1.8102
6., 9009 §.60000 1.8812
7.0324 . 99342 1.953%
7.1638 L 93544 2.0272
7.2953 L85302 2.1023
7.u4268 L Tu296 2.1788
7.58582 L 62335 2.2566
7.6897 .50221 2.335¢8
7.82%41 . 39297 Z.4163
7.952¢ 29740 2.4982
8.0841 V21422 2.5818
8.2185 L 15001 72,6601
a.3470 10153 2.7521
&.4784 L0656 1 2.8395




L6099
L TaY
LRTP2R
L0043
L1387
L2RT72
. 3987
L5301
L6616
L7930
. 9245
L0560
L1874
L3189
L4503
.5aie
L7133

OOOOODHOOVOILLHLOL DLW

PROBABY{ 1Y

. 00990
.01980
.02970
.03%60
04950
. 05941
.06931
07921
L0891
.09901
10891
Li1Rgl
. 12871
L 13861
L1486
Li15Ru2
. 16832
LITRZ2Z
YLV
19802
.20792
21782
L2272
L 23742
.24782
.25743
V26732
27723
287132
L 29703
. 30693
L31682
V32673
. 33663
L3465
L 35644
L 36634
L 3TéPHM
. 386104
, 39604
L H0594
L 41584
L 42574
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LOH0T6
.02409
L0137
00751
00404
L0021
.00109
. 00085
.00027
.00012
. 00005
.(60002
. 00000
. 000060
.00000

VEILOTTTY

L3512
L4691
5369
L5964
L6335
L6706
LT0TT
L7386
L1577
LTROT
L8032
L8269
L8497
L8651
. 8R0S
L8959
L9113
L9266
L9420
L9 TH
L9T2R
L9863
L9977
L0091
. 0205
.D320
L0434
LQ5uR
L0662
LOT77
L0891
. 1006
. 1120
L1218
. 1308
L1402
L tue7
L1591
. 1ARS
Li779
L1873
L1967
L2061
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L9282
L0184
L109R
L2027
L2969
L3924
L4B93
BaTE
L6873
.reas
L8907
L9945
.099¢
L2061
. 3139
L4231
.6337



L4384
L4ussy
L HEEHKE
LHES TG
LUTE28
LHEB 1S
%9505
.B04498
5iaes
.B2u7s
LIRS
L LS
58846
BE4 346
.B5Tuze
Baule
594046
60396
LB E8R6
L &2376
63366
LBHBEEA
A5 37
66337
LET327
LAR3YT
69307
70297
LT12R7
LF2277
LT3267
LTu287
L TB2UR
LFe238
LTV22R
LTAaZiR
. 79208
L 80198
BT8R
LRZi78
La3ied
LBYIER
85149
LR&6139
LB7129
LBEBYIY
. 89109
. 90099
. 91089
L 92079
. 93069
. 94059
.85050
.86040
.97030
. 88020
.99010
,B0000
.§99010
. 98020
.87030
. 96040
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L2165
L2249
L2343
L2ua7
L2525
L2612
L2699
L2TR&
L2873
L2981
L3048
L3138
L3222
L3309
. 3397
. 3ugpy
L3871
L3658
L3745
L3837
. 3929
La021
LH113
L4205
L4297
L4386
LBERY
M5 T4
LUEEE
L4758
LHRED
L4987
L5054
.5133
.B237
L5341
.H4aus
.G5un
L5652
BT5¢
L5860
L5943
LE0ET
e
L6274
Lé378
L6534
L6852
LbRES
L7007
LTiés
L7321
L THTe
LTé 36
L7922
L8284
L Beu7
L9009
.039¢9
L0624
. ORug
L1072

2

6




L95050
. 94059
. 93069
. 92079
.91089
. 90099
. 89109
BR119
87129
.B&139
85149
LRy158
83168
LR2178
LRiige
L8098
.79208
.7R2iR
.FT228
LTE228
. T5248
LTa2s 7
73267
LT2277
71287
70297
L 69307
68317
L&7327
. &6327
65347
64354
63368
62376
.41 386
60396
59406
.5R414
L BT426
T KIS
. B5u44ue
L Ea455
B 3465
.82478
.5 1485
. 50495
L #9505
LRAS5 15
L4752¢
L 46535
. 45548
L HHESY
43564
LHPETY
L 41584
. 40894
. 39604
. 38614
. 37624
. 36434
. 35644
. 38653
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.2030

L2346
L2504
L2662
L2820
L2971
L3090
. 3208
L3326
L3444
L3563
L3681
L3799
L3917
L403¢
L4154
4272
L4381
LY RY
LH598
LHTOT
LHBLE
L4925
L5034
5142
.5251
L5360
B4é9
.5578
.5685
LET793
.5900
L6007
NIRL)
6222
L6330
L6u 37
LABHE
L6882
L6760
LbBET
.6983
L7102
L7221
L7340
L7460
L7879
L7698
L7817

7936

L8085
LapTa

8308

LBuud
L8578
Le87ls
L8850
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L33663
L3267
.31483
L 30693
. 29703
L2R713
27723
26733
L 25743
L2u752
L2372
L22TT2
21782
20782
C19R0Z
JiBRY2
L 7ep?
16832
.15842
L1485
L3861
12871
Lhiagl
10891
09901
VORI
07921
06931
LD59u]
04950
0394606
L.02970
01980
. D0990

LR W RNV R L DN R D DD DWW DR LW DR IR g it g g g

L8986
L9122
L9259
.939%
L9532
.96Ra
. 9845
L0001
L0158
L0314
L0471
L0627
L0764
L0970
Lire
L1378
L1578
L1780
. 1983
L2186
L2ubH
L2733
. 3001
L3270
L3562
. 3924
Lazar
LHEHY
L5112
L5636
L6190
L6971
L7987
L9538
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C. Program LUMFIT

While the data taken for the reactions described earlier was
recorded as a function of collision energy, the raw data is actually a
function of nozzle temperature seeding ratio, If the data were pro-
duced by two spatially well-defined supersonic sources, the collision
energy distribution would be sufficiently narrow that the collisions
between the two beams could be considered energetically monochro-
matic. When this is true, the most probable velocity from the time-
of-f 1ight spectra for the beams at given temperatures and seeding
ratios can be directly converted to the collision energy. In the case
of a supersonic scurce crossing an effusive source, the distribution
is not monoenergetic and a more complicated calculation must be made
to convert the nozzle temperature, at which the data was recorded, to
a mean collision energy. The method chosen here was to assume an
energy dependence for the reaction cross section and, using the
relative velocity distribution from CELUM, fit the calculated signal
to the experimental data at each temperature for each seeded gas.
After determining the correct cross section energy dependence, a cross
section weighted mean of the energy distribution at each temperature
can be calculated.

The input for LUMFIT primarily consists of the CELUM output and
jdentifying information like number of ?iux b@ﬁﬁts for which there are
velocities from CELUM and the temperatures at which the distributions
were measured. The experimental data and the temperatures at which
they were recorded are also input. Lines 80 is of the form:

signal = ox flux and looks Tike
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S = ((1. - ¢/ (VEL ()2 E)F(K) /5F

where SS is the signal, VEL(K) is the relative velocity with flux
F(K), SF is the factor that normalizes the flux distribution to unit
area and C s the sguare of the relative velocity corresponding to the
threshold enerqgy. C and E are adjustable parameters. The equation

for the cross section:

o = (1 - (C/(VEL(K))?)"D (2)

is derived from scattering the@ry(g) and is applicable near

threshold. A cross section eguation like
o = ((VEL(K))Z/0)-1)F (3)

where £ > 1 was necessary to fit data above threshold that has a much
steeper dependence than E = .5. This cross section form has no
physical meaning and was used just to convert nczzle temperature to
collision energy. A cross section formula of any sort can be used in
line 80, The signal calculation Teaves out the beam number densities,
these are assumed constant {any data for which the density is not
constant may be adjusted before being input).

To save storage space, LUMFIT treats each experimental point one
at a time. Because the experimental temperatures usually fall

between, rather than on, the temperatures at which time-of-flight data
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was taken, the relative velocity distribution szt be interpolated
from CELUM data. If 500 flux points are used in the CELUM calculation
and there are 10 experimental points, a lot of storage space is used
up. Therefore, LUMFIT first identifies the two CELUM temperatures the
experimental temperature is between, then interpolates to find the
relative velocity at that temperature that corresponds to each flux
value. If no interpolation is required (as mentioned above) the
distribution directly from CELUM is used in the next step. When the
interpolation is cémpiet39 LUMFIT converts this distribution, which is
normalized to a peak probability of one, to a distribution that is
normalized to an area of one and divides the distribution into equal
velocity increments. LUMFIT then ca?cu?ates‘SS for each flux and sums
all the SS ca?cu?aied at an experimental temperature. The above
calculation is then repeated for the next temperature. Line 86 allows
the user to normalize the calculated and experimental data to obtain
agreement at one temperature.

The output is organized so that first the title is printed,
followed by the reference temperatures in K (temperatures at which
the CELUM data was taken). Next the adjustable parameters, the
exponent and threshold energy, from which C is calculated, in
kcal/mole, are printed, foliowed by the reduced mass in a.m.u. MA
series of columns are outpbut next - the first and second are the
experimental temperatures and signal, then the calculated signal, and
finally, the square of the difference between the calculated and

observed signal. The last three lines provide the sum of the
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difference squared, the scale factor from 1ine 86 used to normalize
the calculated points, and Tastly the sum of flux from the last
velocity distribution used,

A few final notes should be made. The temperatures are all in
degrees Kelvin and should be input in order with the lowest temper-
ature ?irste The experimental data, of course, must be input in the
same order as the assaciafed temperatures. This program does not
automatically it the data, the parameters must be changed by hand.
This is disadvantageous in so far as the best it may not be obtained,
but it is advantageous in that it is very difficult to guess, apriori,
what the cross section dependence will be, especially far from
threshold. The manual method eliminates the nasty problem of
convergence and, with such a small number of points to fit, probably
requires less time in the Tong run. The cross section weighted mean

energy must be back-calculated as follows for

<
i3

(((va(x})zxc) »1}E

i

<<1/ZB(VEL <K>)2/1/2;JC> ml};‘E

[

E
(gEVEL(K)/ET ) ““1>
then
)-1)F sFac

S = {(m&an energy/Ethresh




where SFAC is the scale factor output at the end of the program.
Therefore

£ SS
)

22 (E

= SFAC

N3
mean energy -1 .
( energy L?‘W‘eshj

Because the cross section formula is changeable, the enerqy
;a?cu%atioﬁ was left for a programmable calculator.

A description of the input variables, a Tisting and sample output
for LUMFIT follow. |

Program LUMFIT Input Variables

Variable Description

IL (title) Heading for output-up to one card.

NIT Integer number of experimental temperatures.

NF Integer number of flux points from CELUM,

NT Integer number of reference temperatures from CELUM.
RT(I) Reference temperatures in K for CELUM data, in order

of increasing temperature.

T(I) Experimental temperatures in “K for the data points, in
order of increasing temperature. Note-the T(I) must be
within the range of the RT(I).

CELUM (1,d) Input from CELUM, I is the index referring the data to

RT{1).
EP(I) Experimental data, in same order as T(I).
£ Fitting parameter, in this case the exponent for the

cross section.

C Fitting parameter, in this case the threshold energy
for the cross section. The threshold velocity, C,
used in the cross section is calculated from this in

the program.

G Reduced mass in a.m.u.
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Velocity increment (in 10% cm/sec) to be used in
dividing up the velocity distribution prior to signal
calculation. DELV the same for all the experimental
tamperatures.




SKiP
PROGRAM LUMF | TCINPUT OUTPUT  TAPESSTNPUT TAPEG=0UTPUT)
DIFENSTON T1LC8Y RTC10) T(505 CELum 10, 1001) EP(50),

CYCELUM 10013,5050) FF( §001),6(50),vErL(500),£(500)

CICT O ICNCE D

[ B )

45

Iy

25

TP oo s
52N

READ 1IN TITLE
READ( S, 101)1L

READ I0 ND. OF EXPERMNTL TEMPS, 0. OF FLUX PDINTS, NO. OF REF

TEMPS FROM CELUM AND TOF
WF MUST BE SAME FOR ALL T AND SARE &S IN CELUM
READ(S , 1021 T M NT

BLL TEMPS SHOUCD BE INPUT IN ORDER FROM LOW TO HIGH

READ IN REF .YEMPS

REAB( S, 103 RT( 1), I=1 NT)

READ 1R EXPERMNTL TEMPS

TAUST LIES BETWEEN RT( 1) AND RT(NT)
READ(S, 103)(TC1Y,i=1,MiT)

WE =2 fF /231

WE=22(MF ~1)+1

READ IN DATA QUTPUT BY CELUA

Do 10, 1=1 W7

T

READ(S, 1030 CELWM | ,J),0=1,K)

K=K+l

READ(S, 103)¢ CELUMC T J ) J=K,NE )

REaD 1& expermTal ticut polfnTs
READ(S , 103WEPCI)Y 1=1 WIT)

READ TN FITTING PhRAmE AND REDUCED MBSS(G)
READ(S, 103)E.C 6

READ 1M DELTA GELOCITY FOR USE IN CALC. SIGNAL
READ( S 103)DELY

WRITEC, 104)

WRITE( 6, 105711

WRITE( 6,106 W RTC1),1=1 NT)
WRITE(6,107)

WRITE( &, 108)E,C,6

C=836.85C/C

ZERD SIGNAL ARRAY

DO 46 i=1 NIT

s(1)=b.

CALCULATE FLUX AT EACH ENERGY

OF =1 ./0F

DO 45,1=1 NF

FEO 1 EOE {1 ~1)uDF

TR CIN

FF( EWH y=EF(NE~1)

05=0.

INTERPOLATE CELUM DATA FOR EXPERMNTL TEMPS
CALCULATE AND SUM SIGNAL

NUMBER DENSITY OF BEAMS &SSUMED CONSTANT
AT(NT+1)=3000.

DO 30,1=1,NIT

o 20 1=1 KT

PPy T ATCI)) . OR(TCIY.GE.RTCJ+13))60 70 20

JECTCT).EQ.RTCI)IGO 10 15
Do 25, K=1,NE

TCELUM KYECELUM( S K {TCEY=RTC I ) ICRTCI+1)-RTC J) ) e

COCELUM S+, K)=CELDMC D, K))
60 TO 17
Do 16 K=1 NE
TCELUM KO ECELUM J &)

CALC FLUX AND VELOCITY FROM DELTA VEL, NORMALIZE TO UNIT AREA

[N I U R
s €D o) 0D wd O NI B () 1N e T N3 OD wd O W 0 T e

e
IRTN

M Py
N B

[ER RS RN ]
DI =y

L2 Lad L
L PR e

34
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=

610
620
630
640

24
650

K3

70

8o

101
162
103
104
105
106
107
i0a
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s o s e
(ST
AT P e €03

I
o
<M

FOR DISTRIBUTION PEAK

NAV=( TCELUMC NE )~TCELURM( 1) )/DELY

VEL(RAY+1)=TCEL URK NE )

EgmgTﬁELUﬁi%F)

et ¢ N

DO 640, K=1 NAY

VELCKOETCEC UM 1)+ K—13#DELY

DO 630,L=1,8F

TFCCYELCK) LT TCELUMC L) ). DR CVELUK) . GE . TCELUM( L+1)))360 TO 630
IFCVELCK)Y.GT.TCMIGO YO 610

FORYEFECL )94 C VELG K ~TCELUM L) )/ TCELUMK Lo} )=TCELUM L)) YeDF
60 TO 620

FOKISFECL Y= { VELOK)-TCELUM L))/ TCELUM( L+ 1 )=TCELURK L 1) )=DF
5F =5F «F( i)

CONT IRUE

CONT I NUE

BO 650, K=1,NAYV

TECOVELCROSVEL(K)) LT .COG0 TO 24

55=({ §.-C/C VELL K )= VEL(K) ) JsE )aF( K )/ SF

50 TO 650

§5=0.

5(1)=5¢ 1)+55

CONTINUE

CONT IRUE

PEEPCNITI/S(NIT)

SUM P SOUARE OF DIFFFRENCES BETWN CALC AND OBSRVED

Do 76,1=1 WIT

scry=8c1Hep

DCEYSCEPCT 3=5¢ 1)) (EPC1I=5( 1))

DS=0S+D( 1)

WRITEC6,109)

DO 80 11 WIT

w1 TE( 6,1 80)TCry EPCT),5CT1,D01)
WRITEC 6, 111)D5

WRITE( 6, 11259

WRITEC S, 115)5F

FORMAT( BA10)

FORMAT( 1615)

FORMAT( 8F 10.4)
FORMAT( 1M1, 41HCALCULATION OF SIGNAL VS COLLISION ENERGY)
FORMAT( 1HO, 8810)

“

FORMAT( 1HO
FORMAT( 1HO

24HREFERENCE TEMPERATURES? F10.2,3X,F10.2,3% F10.2)
"IBHFITTING PARAMETERS)
FORMAT( 110 LOHE XPONENT= F10.5
CoX VIHTHRESHOLD= £10.2, 2% T4HREDUCED Masss F10.2)
FORMATC 140 1 IHTEMPERATURE  BX 15HOBSERVED SIGRAL, 3X,
ci7HCALCULBTED SicmaL , 3X, 1hH(CaLC-0BSY)=s2)
FORMAT( IH FB.2 6X FB.2 10X,F8.2,12%,F8.2)
FORMAT( 1MO, 22nsim OF DIFF. Sauartp= [F8.2)
FORMAT( 1HO, I4HSCALE FACTOR= ,F8.6)
FORMAT( 1HO, 12HTOTAL FLUX= [FB.5)
END

-




CALCULATION OF SIGNAL VS COLLISION ENERGY

P2 PLUS 10 PRONT F2 IN AR

REFERENCE TEMPERATURES?
FITTING PARAMETERS
EXPONENT=

TEMPERATURE  OBSERVED
318.50 ~26.50
333.50 10.20
370.00 7.40
385.00 14.60
413.006 2.07
436.00 33.850
44¢ .00 7.56
480.00 71.60
502.00 76.30
§17.00 56.00
563.00 i130.20
617.00 224.90

SUM OF DIFF. SOUARED=
SCatE FACTOR= 1201.613
TOTAL FLUX= 18.45715

167

302.00

SIGNAL

3725.84

.50000 THRESHOLD=

199

3.40 REDUCED MASS=
CﬁLCULngﬁ SIGNAL

500.00

700.

00

33.05

(CaLC-0BSV)x=2
70 6

3.
101.
41,
159.

11.
523.
49,
1465 .
509.
160.

7
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