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For decades, molecular beam scattering experiments have been used to
understand the forces and dynamics that are involved in chemical reactioas at
guantum mechanical level. Using millimeter/submillimeter-waves thardias for the
scattering of a bimolecular collision can be probed via pure rotational speptyosc
Focus of this research is the reaction between ozone and chlorine, which has bgen widel
studied due its key role in the catalytic destruction cycle of ozone in the atmaspher

For this research, a new crossed molecular beam apparatus was sligcessf
designed and constructed. The apparatus consists of independently rotating dows to al
for reactants to be collided at a wide range of angles, and therefoneergidbcities, and
can easily be adapted for use in numerous types of scattering experi@Deote was
successfully created and trapped to produce a molecular beam, which has been
characterized from a pinhole and slit nozzle. Though no products have been seen from

the experiments to date, the critical work has been completed so the systben ¢

optimized in the future.
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CHAPTER |

BACKGROUND

[.A Introduction

Gas-phase molecular reaction dynamics has existed for decadesevgtiat of
understanding chemical change at the atomic and quantum mechanical leveinirtkam
reactions at this level via molecular beam scattering has provided numévanses on
the comprehension of chemical physics and the intermolecular forcese¢hatolved in
chemical reactions [1-8], which has, in time provided insight into more macroscopic
fields such as atmospheric chemistry, astrochemistry and plasmas. Bylicanthe
energies and orientations of the reactants in a scattering experimetgctiene and
nuclear motions of molecules and how they are coupled in elastic and reactsiersoll
can be investigated.

Crossed molecular beam experiments usually consist of two molecular beam

sources that are oriented 90° to one another, which can be seen in Figure 1.
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Figure 1. Schematic of the “universal’ crossed molecular beam apparatus

Molecular beams are crossed at B0& vacuum chamber and detected using a rotatable
mass spectrometer.

Historically, the crossed molecular beam apparatus shown above is typecaliged as
the “universal” setup. By using a rotatable time-of-flight mass speeter, both the

time and angle measurements of a chemical reaction can be elucidated. These
measurements yield trajectories and the translational energye@ttne product
molecules under single collision conditions, allowing for accurate angudaredocity
distributions to be found [1]. The experimental distributions can then be compared to

theoretical predictions, i.e. intermolecular and potential energy surfacesjdcstand

how chemical reactions proceed.



A supersonic molecular beam is produced when high pressure gas is forced
through a small, approximately 100 um, nozzle into a differentially pumped chantber a
then typically collimated downstream using a skimmer. As the parent@asules pass
through the nozzle from a high pressure environment into vacuum conditions, they
experience an adiabatic supersonic free jet expansion. This expansion leeolslio a
supersonic, usually 500-1000 m/s, beam of molecules that are directed away from the

nozzle aperture [3-4].
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Figure 2. Diagram of supersonic free jet expansionStatic gas at high pressure located

in the nozzle, is expanded through the nozzle into a vacuum chamber. Upon exiting from
the nozzle the gas undergoes adiabatic expansion and becomes supersonic, in the zone of
silence region. To limit the divergent parts of the free jet and their backgvatinthe

mass spectrometer, skimmers are typically placed within the zone oksitgion,

yielding a narrow supersonic beam after the skimmer.



|. B Molecular Scattering

l. B.1 Hard Spheres

The typical crossed molecular beam experiment involves bimolecular, single
collision conditions. These collisions can result in elastic scatteringsirmescattering
or reactive scattering. Elastic scattering involves the conservationetickenergy of
the species in the center-of-mass frame and only the flight path of collidicigse
altered. Inelastic scattering is a process that results in theckemetigy of an incident
particle not being conserved, i.e. there a loss or gain of energy. Both inataksatastic
scattering do not involve a change in the chemical composition of the reactantshishen t
occurs it is considered reactive scattering. To undergo a chemicamehetmolecules
must get close enough to experience a change in energy, mass or chargay theea
interactions between the two molecules can become very complicatedt{ryhgrio
look at each individual atom and its electrons. The molecular orbitals, interaction
potentials and hence dynamic forces of the molecules will determine ifracethe
reaction will occur.

A crude way to model a two body collision is to consider the molecules as simple
hard spheres, as depicted in Figure 3 [6]. When the hard spheres are at aglistdace
than their diameters they do not interact, however once the distance betwgdreths s
decreases to the length of d the hard spheres will repel one another. The value of d is
given simply as the sum of the radii of the two individual hard spheres and iratube c
used to define an area of exclusion or collisional cross sestiorg?, as indicated by

the dashed circle in Figure 3.



The size of d for any hard sphere collision is dependent upon the electrostatic
forces between the colliding species. For example, if two polar molecetegavcollide
then there would be some sort of attractive and repulsive forces that will detehai
value of d depending on the orientation of the molecules. Thus, each pair of colliding
molecules will have a different value for d. So that in the crude picture of collididg ha
spheres, d and heneecan be thought of as effective average diameters and cross

sections for the scattering phenomena.
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Figure 3. Collision cross section of hard spheregeft: Collision cross section of equal
sized hard spheres. Area of exclusion has a radius of d. Right: Collision crass alect
unequal spheres. Area of exclusion radius is the sum of the radii of the two hard spheres
or (dh +d)/2 [6].

Conceptually, the easiest way to view two body collisions is in the inEerak
of reference where one of the reactants is placed at the center arttethegpproaches it
along a straight line. As the reactants approach one another, there wilhberaction

that may result in some form of chemical transformation or deflection. Thypibel

interaction between two molecules is attractive at long range and highlgivepat short



range. If the interaction was purely repulsive the scattering eveit lsew@pproximated
using the hard spheres model. For hard spheres, the angle at which the two bodies

deflect,y, is given as [6]:

v = 2arccos(b/d) (1.1

It is dependent upon the “impact parameter,” b, which is the perpendicular distanc
between the colliding species, depicted in Figure 4, and d, the hard sphere range of
repulsion [6]. For instance, if b > d, then there would be no scattering of the two hard
spheres, they would simply pass by one another without interaction and therefore

[6]. Also, when b =d the two hard spheres will simply just graze one another and there

will be no deflection.
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Figure 4. Diagram of the trajectory for a hard sphere collision The impact

parameter, b, is the perpendicular distance between the center of the two haasl spher
The deflection anglg is dependent upon the impact parameter and range of the zone of
exclusion. When the impact parameter is greater than d, there will be ndicieflec

|.B.2 Elastic Scattering

For real non-hard sphere collisions, the deflection angle fungtijrdepends on

the shape of the intermolecular potential, e.g. Lennard-Jones Potential Segure 5.
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Figure 5. Lennard-Jones potential The Lennard-Jones potential represents the
intermolecular potential between two atoms or molecules. At long separatamcds
the attractive force predominates, while at shorter distances theivegalse is steeply
dominate. The depth of the potential well correlates to a strength of interacti@ebet
the particles.

Figure 6 shows a distribution of collision trajectories for various values arfnbect
parameter and the resulting deflection angles for elastic scgtsgransingle collision

energy.
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Figure 6. Elastic scattering of a two body collision Collision trajectories represented
by the lines as one body approaches the center body. The y-coordinate is h¥ théd/R
reduced impact parameter, whergiRthe equilibrium distance of the well in the
potential. The “rainbow” angle,lis the trajectory with the largest negatjvand the
“glory” impact parameter, presults iny = 0 [adapted and reprinted with the permission
of Cambridge University Press].

When the impact parameter is large, there is minimal to no interaction and only a
slight long-range attractive force is felt by the molecules asise@e trajectories
deviating toward the center target and resulting in a small negatalee as depicted in
Figure 6. As the value of b continues to decrease, the influence of the repulsve forc
begins to play a role, and eventually the most negative valyes eéached at palso
known as the “rainbow” angle [5,6]. At this “rainbow” angle the attractive gnasee
forces between the two bodies balance one another to result in a veryltaog, a
orbiting deflection. The “rainbow” angle is where over the course of itctoayethe

two molecules feel the largest integrated attractive force betweemotineaand

9



depending on the collision energy, roughly corresponds to the bottom of the potential
well.

Once the impact parameter has dropped below the “rainbow” angle, the value of
begins to increase and the repulsive force becomes progressively imporvamitualty
the two molecules will come to a point where they experience an equal amount of
integrated attractive and integrated repulsive forces that results filectida ofy = 0
and the incident molecule will continue along its initial path of travel, this lisdctide
“glory” impact parameter, o [5,6]. After the “glory” impact parameter has been passed,
the repulsive force between the molecules dominates. Eventually as b detoéadbe
repulsive force eventually leads to the molecules not being able to approaztbsany

and the collisions become more head-on, resulting in backscattering of the molecules

|.B.3 Reactive Scattering

Figure 6 depicts a collision event from the fixed point at the middle of one of the
collision partners; however these same collisions may be followed in the @lgarat
center-of-mass (c.0.m.) frames of reference. While the laboratory isthe 6f
reference of the molecular beams in the experimental setup, it is the c.o.m. arlanole
frame of reference that is relevant to the understanding of moleculamtaraktions.

The conversion from the laboratory to center-of-mass frame of refereamte ckone
with a “Newton diagram,” which depicts both the velocities before and afternaolos
a single diagram as seen in Figure 7, and provides a kinematic analysis ottibe rea

[6]. In this figure, the velocities in the laboratory frame are represéyte; andv,

10



while the relative velocities in the center of mass frameiaeadu,. The velocity of

one of the products after the collision is representad;’ynd has an anglé, from the

initial relative velocity in the c.o.m. system. When the collision occurs dutee)

molecules will scatter in random directions, however they will have a fixed energy

and will be confined to scatter in an expanding sphere around the c.0.m. as seen in the
Figure 7. The products will normally not be uniformly distributed over the suofate
sphere, depending on the nature of the chemical reaction and the orientation of the
reactants. The measurement and mapping of these velocity distributions isc¢hgEapri

goal of any crossed beam experiment, yielding insight into the electrates stvolved

in the reaction.

11
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Figure 7. Newton Diagram for generic reaction The laboratory frame is denoted by v
and the center-of-mass frame is denoted by u. 6Tee¢he angle of scattering in the
center-of-mass frame amlis the angle between the initial and final laboratory
velocities. y’ is the product or elastic/inelastically scattered parent molecule.

The possible array of velocity vectors after a two body collision can berfurthe
separated into a discrete set of “Newton spheres,” which correspond to thenpagtof

the total energy based on the translational and internal states of the reamtisgrvation

of total energy gives the following equation [6]:
Etot = E'int + E'trans = Eint + Etrans - AEo (1.2)

In this equationAE is a known standard reaction energy change for a given reaction. By
the conservation of energy, the quantum ro-vibrational statgs &t are accessible and

final velocities of the collision products, s are dependent upon the initial relative

12



translational energy in the c.0.m. frameg,E and the initial internal energy of the
reactants, .

Figure 8 shows a potential energy profile where the concentric spheresdiave ra
that correspond to the different vibrational states of the products. Within eacheof thes
vibrational state manifolds are contour plates, which correspond to the intensity
distribution of various accessible rotational and translational states of the gsrfjuc
From these distributions, information about the potential energy surfaces adhierre
can be revealed, such as its shape, if the reaction has a barrier to overcome or the

possibility of intermediate complexes formed during scattering.

13



Figure 8. Newton Spheres for the B+ F reaction Each sphere is a vibrational state
accessible to the reaction product DF while the contours between correspandus
distributions of rotational and translation states [adapted and reprinted witlsgien©
The Nobel Foundation, from Y. T. Lee’s Nobel Lecjure

[.C O3+ ClI

I.C.1 Catalytic Ozone Destruction Cycle

The catalytic ozone destruction cycle has been an important topic in atmospheric
chemistry due to its being the primary reason for the creation of the ozone holes in the
polar regions, as well as the thinning of the ozone layer in the mid-latitude regien. O

of main reactions in the catalytic cycle and the focus of this study is:

Cl+0;s>ClIO+ O

14



There are similar reactions with the other halogen atoms (FnBrpzone, which form
molecular oxygen and halogen oxides.

The source of the halogen atoms in the atmosphere has been attributed to man-
made halocarbon refrigerants, which the international community has been phasing out
based on the international treaty known as the Montreal Protocol. These
chlorofluorocarbons are photodissociated in the atmosphere to form the halogen atoms,
and are the basis for the two catalytic cycles that attribute to mdst ozone loss in the

polar regions of the stratosphere:

() CIO dimer mechanism: [10]

2(Cl+ 0> ClO + Q)
2CIO + M~ (CIO),
(ClO),; + hv> CI +CIOO
CIOO+M~>CI+ 0O, + M
net:. 2Q-> 30,

(where M is any air molecule)

(1) CIO/BrO mechanism: [11]

Cl+»:2>CIO+ 0O
Br+ 0;2> BrO+ (O
ClIO+BrO>ClI+Br+ O

net: 2Q-> 30,

15



I.C.2 Prior Ozone-Halogen Studies

Due to the large environmental importance of the ozone layer in absorbing nearly
97-99% of harmful UV radiation, there have been numerous studies on the kinetics and
dynamics of the Cl + ©radical reaction and other reactions following the Xz{)X0=
OCP), F, Cl, Br) form [9, 12-22]. Kinetic studies have determined that the X + O
reactions, with the exception of H +; ®ave pre-exponential values in the Arrhenius
equationk = Ae Ea/RT consistently around 2.2 x 1bcn?® moleculé' s*[12-18]. In
comparison, if every collision resulted in a reaction the pre-exponential value beul
~1.7 x 10" cn?® moleculé' s*, so approximately 1 in 10 collisions results in a reaction.

This fairly high pre-exponential factor is indicative of a large reactioes
section, which will allow the formation of large product number densities giving tte be
chance of reaction and hence signal in this crossed molecular beam study. When
diatomic radicals, e. g. NO, OH or SO, were reacted with ozone the pre-exponentia
factor dropped by a factor of ten to 2.2 x*48m® moleculé' s*[16-18]. This order of
magnitude difference in pre-exponential factors can likely be attributée wrientation
of the diatomic radicals during a collision. For example, if the diatomic radéeglwas
to collide with an ozone molecule, the orientation of the radical in regard to czalde c
result in there being a reaction or simply a collision.

One interesting note from the kinetics studies is that the rate ¢eeffiovere
insensitive to the reaction exothermicity, instead the electron affimifithe radical

species dictated these values [16-18]. Based on this, it was hypothesized that the

16



transition state structures largely resembled ozone and the readteynpileceded
through an early transition state [14-15].

Later studies on the Cl +3@eaction, including numerous theoretical [21-22,25-
27], crossed molecular beam time-of-flight [9], matrix spectroscopy [23]eeed |
induced fluorescence in both gas cells and under vacuum [19-20,24], proved that the
reaction did proceed through an early transition state. This early wansitsists of the
chlorine radical approaching one of the terminal O-O bonds on the ozone, which possibly
forms a very short lived unstable Gldtermediate, which can be seen in Figure 9. This
co-planar asymmetric attack of the terminal oxygen seems to be the milyeezay for
the chlorine radical to abstract an oxygen atom. The other possible interaction would be
if the chlorine radical attacked perpendicular to the ozone plane, however this has not
been observed [9, 19]. If this type of interaction occurred it would likely caeate
relatively stable and symmetricghintermediate as shown in Figure 8, however there is
a high energy barrier than would need to be overcome to create the intermediate lea

to the unlikelihood of forming [19].

17



Figure 9. Possible intermediate species for{ Cl reaction. Left: Co-planar attack of
ozone, leads to very short lived intermediate and then abstraction. Right: Perpendicular
attack, leads to stable/symmetric intermediate.

|.C.3 Product State Distributions

Typically the Q + Cl proceeds to form £n the electronic ground triplet state,
%4 It is energetically possible to form the excited singlet staten@ither's," or A,
[9], as seen in Figure 10. However, these excited states have not been sedylk any
thermal experiments to date [28-29]. In an experiment by Vanderzanden andBirks,
flow tube was used to detect O atoms from a secondary reaction. This sgceadton
involves an excited statezézgf) molecule produced from the initial Cl 5 @eacting
with another @to form two ground stateﬁzg') molecules and a single O atom,
0y(*Zg") + O3> 20,(%zy) + O [28]. Another experiment by Choo and Leu used a flow
discharge/chemiluminescence detection method to try and detect eitherestited
oxygen molecule products,zéigf) or Oz(lAg) [29]. Both studies showed that the
formation of any electronically excited,@olecules was minimal. The CIO products
have been found to form in the electronic grofifidtate. The first excited’N,, state of

ClO (311 kJ mot, 74.3 kcal mot) cannot be formed in thes@ Cl reaction because the

18



exothermicity of the reactiomgH = -162.6 kJ mét, -38.8 kcal mol) is insufficient
[19].

CIO products have been found to have a vibrational state distribution with a
maximum probability of the v = 4 state occurring. Although there has beenisteocy
in this maximum value from other theoretical and experimental studies [19], such a
vibrational population inversion is consistent with an early transition state. One of the
goals of the research herein is to more fully characterize this vibratist@bation and

augment it with rotational and hyperfine detail.

40 - CIO(ATIR) + O:CE
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Figure 10. Energy level diagram for the Q + Cl system The reaction proceeds

through one of the three chlorine trioxide intermediates to the ground state products. The
blue line represents the reaction pathway of the system. Activation ene@$ is

kcal/mol. Thermodynamic data is derived from [9, 18, 26-27].



I.C.4 Crossed Molecular Beam vs. Other Techniques

Though crossed molecular beam time-of-flight studies [9] may not be as state
selective as techniques such as laser induced fluorescence (LIF) [19-20] cahibe
used for gas cell or molecular beam type experiments, techniques suéhhav & ltheir
own technical issues. LIF involves exciting the target species with asktsera
specific wavelength and therefore a specific excitation, the exciéztaie then will
fluoresce, emitting a longer wavelength of light than the initial exartawhich can then
be measured. In the Baumgartel et al. experiment, which involved the use ofd ffas
flow cell, the main issue that arises is that only CIO transitions belpngifCs v’ =
0,1) € (?I1 v = 0-6) could be observed [19]. Also, for any of the transitions to v’ = 1
during the fluorescence lifetime nearly 80% of the CIO will pre-dissatiafore it is
able to be measured [19]. Notably vibrational states as high as v = 20 have been shown
to be energetically possible, but because of the pre-dissociation anyovilkatate that
was above v = 6 was not able to be measured using this technique without a targe fac
of uncertainty [19].

With this LIF experiment there was also a pump-probe delay of ~200 ns, and it
was calculated that under these experimental conditions there would be ~2.4 g@as kine
collisions before a signal was measured [19]. The fact that there are nudtigiens
makes it impossible to obtain Doppler profiles for a single collision wracti measure
the signal of real nascent products, which is one of the goals of the experinceitiedes

herein.
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I.D Objectives

The objectives of the experiment are to design and build a new crossed molecular
beam apparatus with independently rotating arms for the study of both inelastic and
reactive scattering events. Another objective is to develop a systenat® @nel trap
ozone, to produce and characterize ozone in a molecular beam, as well as, create a
discharge system for the creation of an atomic molecular beam of chldtiesfinal
objective is to use millimeter/submillimeter-wave technology to probe prcthie
velocity and population distributions of nascent products and to determine differentia
scattering cross sections, as empirical evidence for theoreticaltpmesliabout the

nature of the electronic states involved.

21



CHAPTER Il

EXPERIMENTAL SETUP

The newcrossed molecular beam apparédeaturingindependentl rotatable
arms and probeda a pure rotation spectroscopy, along with otheewly constructed
devicedor use in this stuc, will be described in detail later. A renderingtioé setug

can be seen in Figure 11.

Figure 11. Cutthrough view of crossed molecular beam chamber sghuwith
independently rotatable arms.
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Pulsed supersonic ozone and chlorine molecular beams were generated neatidiffe
pumped vacuum chamber arms and were crossed in the main collision chamber, which

was typically at vacuum conditions of <4 10 Torr.
II.A Molecular Beams

Ozone used in this experiment was generated using a commerciallypkevaila
ozone generator (Pacific Ozone, Model G11). The ozone is produced via corona
discharge, where a pure oxygen stream is passed through a high voltage em¢ironme
This causes the breaking of the olecules and the subsequent formation £f The
o0zone generator output was trapped on silica gel within a glass trap. Theaglasas
cooled to approximately -78 using a dry ice/acetone bath [9,32-34]. The ozone
generator was typically run for 20-30 minutes at 70% ozone production until enough of
deep blue to purple ozone was absorbed on the silica gel. Once enough ozone was
collected, the trap was removed incrementally from the chilled bath and argpaseasl
over the silica gel to form a gas mixture with the desorbing ozone, typicalttmgahton
pressures were between 600-700 Torr. To reduce the formation of ozone dimers and
clusters, the nozzle was heated taC80When dealing with high concentrations of ozone,
it was important to have a completely closed and cooled system. Because @zone is
strong oxidizer and hazardous at low concentrations, the generator and trap system wa
placed in a fume hood and the pressure inside the trap was kept below atmospheric
pressure to reduce the possibility of leaks out to the laboratory. Any excessiozone

used in the experiments was carried via argon to a heated ozone steel pipatfille
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copper wire and exhausted into a laboratory hood. The ozone reacts with the copper to
form CuO and @ At the end of the day, the trap system was well purged of any
remaining gas.

The chlorine atomic beam was produced via electrical discharge of molecular
chlorine (Specialty Gases of America). Stagnation pressures usualBeine®@0-700
Torr were used, and theJ jas was used neat or seeded in helium and/or argon and then
passed through a series of discharge plates, described in detail in refuls0ar00 V
typically across them.

Both the ozone and chlorine molecular beams were produced using pulsed
pinhole and slit nozzles, respectively (Parker Hannifin Corp., General Vahsadbi
Series 99 and 97). The pinhole nozzle had an orifice size of8@Mhd was tapered to
produce a more intense molecular beam, while the slit nozzle had dimensiongiof 150
x 1.2 cm. The valves were controlled by a Parker's IOTA ONE Valve Drvi@ch was
triggered by a pulse sequence from a Berkley Nucleonics Corp. Model 555 Pulse
Generator, and consisted of the nozzle firing at a rate of 10 Hz, with the gas itise wi

between 400-65(sec long.

II.B Experimental Detection

The scattered products are detected using a direct absorption method involving
linearly polarized microwave radiation, which is produced by commercizijadle
millimeter/submillimeter-wave source modules from Agilent Techne®@odels

83557A and 83558A, which cover 50-75 GHz and 75-110 GHz respectively) that have
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been nicknamed “armadillos” for their appearance [30]. The 75-110 GHz source
modules were coupled with commercially available third party amplifigpacek Labs

Inc., Model SPW-18-14) and multipliers (Virginia Diodes Inc., Model VDI-WR5.1 x 2;
150-220 GHz or VDI-WR3.4 x 3; 225-330 GHz) to cover a wide range of frequencies
with the exception of a small gap between 220-225 GHz. Using a microwavess@the
(Agilent HP83623B) the source modules can be tuned to investigate rotational state
specific collision products. These synthesizers can be operated in severahtiff

modes, i.e. continuous wave, modulated (AM or FM), swept, or pulsed, depending on the
experiment [30].

When resonant microwave radiation is passed through polar molecules in the
vacuum chamber, it is absorbed. The interaction between the radiation andl@solec
depends on the relative motion of the molecules with respect to the source. For example,
a molecule that has no velocity component relative to the direction of the source will
absorb at the prescribed “rest” frequency. While a molecule that is movingtiaéng
direction of the source, either away or towards, will experience a “shittifréest”
frequency, this is known as a Doppler shift. The difference in the power of the
continuous mm/submm-waves, which were constantly hitting the detector, and the
amount absorbed transiently by molecules in the reaction chamber was detiected us
liquid helium cooled InSb hot electron bolometer chip made by QMC Instruments Ltd.
(Model QFI/X). The bolometer was housed in a closed cycle cryostat developed by
ColdEdge Technologies, consisted of the RDK-408D2 Cold Head, F-70L Helium

Compressor and gas lines all from Sumitomo Cryogenics of America Inc. and a |
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vibration interface designed by ColdEdge. The cryostat, which can bendéigurie 12,

was composed of two stages, 30 K and 4 K, which were connected to the low vibrational
interface. The bolometer was connected to the low vibrational interface, agdids li
helium condenses heat was pulled from the bolometer to maintain a constant working

temperature below 4.2 K.

Helium Lines

=

Cold Head
| —

\:Ei'ie Relief Valve

Ultra-Pure Helium Supply

0K :|:| Vacuum

4K

Preamplifer

ﬂw

i

Bolometer Winston Cone

Figure 12. Schematic of the detector Compressed helium is pumped through the cold
head and heat is carried away from the system eventually cooling the sy&telow
4.2 K.
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The cryostat had a 0.75 inch diameter entrance window and there was an
internally mounted millimeter-wave feed-horn known as a Winston cone, whiatsdire
and concentrates the mm/submm-waves to the detector chip. The InSb detector chip had
an active area of 5 x 5 nfrin a serpentine layout for increased sensitivity. The InSb
chip detects the transient absorption signal for a fixed mm/submm-watrelefypical
scans were not composed of a single wavelength; instead they consistedes afs
wavelengths over a selected span with the transition being investigated intdreote
the span. As the wavelength from the synthesizer was then changed stepwise, the
collected spectra are combined to create a Doppler profile based on the timegevolvi
rotational line shapes in frequency domain [30]. An ultra-low-noise preampfdC
Instruments Ltd. Model ULN95) was coupled directly to the cryostat to antpéf
transient signals without adding noise.

Output from the preamplifier was then sent via coaxial cable to a second low-
noise preamplifier (Stanford Research Systems Model SR560) for a finabstage
amplification and frequency filtering, if desired. The conditioned absorptioalsigas
acquired via coaxial cable where the resulting absorption time traceavezegied on a
digital oscilloscope (LeCroy Model LC9370), which was then sent to a compuaténg
data acquisition software, LabVIEW®. This program stores relevant expdaime
parameters, i.e. pressure, reactants, date, time, and is also used to set had step t

microwave synthesizer to the appropriate wave probe frequency.
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[I.C Building of the Apparatus

[I.C.1 Previous Setup

The previous molecular beam apparatus of Dr. Duffy’s research laboratory was
set up for photodissociation experiments, which can be seen in Figure 13 [30]. The
photodissociation setup employed a single nozzle that was in a fixed position above the
chamber. The nozzle aperture was collinear to the probe millimeter/suietell-wave
beam and perpendicular to the UV-laser used to dissociate the parent molecules. While
this setup was ideal for photodissociation studies, to proceed with the crossed beam
reactive scattering studies a new experimental setup was designed anohipuiiitly

with Daniel Mauney, as described herein.
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Beam

Figure 13. lllustration of the Duffy lab photodissociation setup as vieweddm

above The pulsed nozzle is directed down into the vacuum chamber where it is probed
via millimeter/submillimeter-waves and detected by the liquid heliumecddabt electron
bolometer [30].

[1.C.2 Vacuum System

To achieve the high vacuum conditions, 100 mPa to 100 nPal(¥ Torr),
which are necessary to create molecular beams, a multistage vacuem \sgst
employed. The initial step in pumping out the foreline and chamber was done with an
Edwards RV12 rotary vane dual stage mechanical pump, which is a positive-
displacement pump consisting of vanes mounted to a rotor inside a larger cavity. With a
pumping speed of 283 L/min this initial pumping stage can achieve an ultimatarpres
of 1.5 x 10° Torr from atmospheric pressure under ideal conditions. The rotary vane
pump was eventually replaced by an Edwards XDS10 dry scroll pump, which consists of
two interleaving scrolls, with a pumping speed of 184 L/min. Due to the large volume of

the foreline and chamber typically this initial stage was able to achipuessure of
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~10P-10* Torr, when this pressure was reached the Edwards EH-250 roots blower, which
has a pumping speed of 3992 L/min, was engaged. A roots blower is a positive
displacement lobe pump consisting of a pair of meshing lobe rotors that can only pump
across a limited pressure differential, which is why the backing pumpamieal pump

was necessary. Along with the backing rotary vane or scroll pump the system ca
achieve an ultimate pressure of 1 X*Ibrr. Figure 14 shows the scroll pump and roots

blower in the labs pump room.

Figure 14. Mechanical pump systemConsisting of roots blower and scroll pump used
to achieve typical pressures of 2 X“IDorr.

The differentially pumped reaction chamber has a large Varian VHSwSidiff

pump mounted directly beneath the chamber shown in Figure 15, and a small Leybold-
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Heraeus diffusion pump attached to the molecular beam arms above the chamber.
Diffusion pumps are a type of molecular pump, with a higher pumping speed than the
mechanical pumps described previously, but because of this higher speed they also
require a higher vacuum to be established before being used, otherwise the pump wi
stall/fail. The VHS-6 diffusion pump has a pumping speed of 2,400 L/sec air with an
operating range of 1.5 x 0o 5 x 10° Torr. The small diffusion pump has a pumping
speed of ~75 L/sec air and can achieve an ultimate pressure of 3notQinder ideal
conditions. Once the foreline and chamber are roughed out to a pressure of>da 10

the mechanical pumps the chamber can be opened to the diffusion pumps using two gate
valves, one on the inlet and one on the exhaust side of the diffusion pump, quickly

dropping the reaction chamber pressure 10’ Torr.
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[Diffusion Pump

Figure 15. Molecular pump systemDiffusion pump attached directly beneath the
reaction chamber and separated with a gate valve to protect the diffusion pump.

The pressure of the vacuum system was monitored using an arrangement of
Edwards ATC-E active thermocouple gauges, a Varian (Model 0571-K2471-340) ion

gauge and an Edwards active gauge controller, which can be seen in Figure 16.
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Figure 16. Chamber and gas inlet system pressure sensoi®n the left, Edwards

active gauge controller monitors three sensors at one time. Channel 1 correspbads t

ion gauge attached directly to the chamber. Channel 2 corresponds to an Edwards active
thermocouple attached directly to the chamber. Channel 3 is another active therenocoupl
attached to the foreline right before the chamber. On the right, MKS Baragssup

gauge with two channels, this displays the pressure of the gas inlet system.

These gauges are located on various parts of the vacuum system to ensure a pfper pum
down sequence and that the conditions are ideal for the crossed molecular beam
experiments. There are a total of three ATC-E active thermocouple galnesave

located on the foreline, main chamber and before the mini diffusion pump. Having a
thermocouple on the foreline ensured that the mechanical pumps were working properly

to create the initial lower vacuum conditions. The thermocouple on the reaction chamber

guaranteed that the chamber was properly roughed out before opening the diffuggon pum
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gate valves, and the thermocouple on the inlet of the mini diffusion pump showed that the
molecular beam arms were being pumped on. Because the thermocouple gauges only
have a working range down todTorr, a Varian Bayard-Alpert ion gauge was attached
to the chamber to measure the high vacuum conditions in the reaction area.

As a safety measure these pressure sensor signals were tied intd@skinter
system, which can be seen in Figure 17. On the controller a high and low set point
pressure could be programmed for each channel and at these pre-established set point

the controller relays a signal to the interlock system.
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Figure 17. Interlock system The five buttons on the left turn on/off the pumps and
open/close the gate valves on the chamber. The left four buttons are tied to thre press
and water flow sensors so that if there was a spike in pressure or the watey t@ol

diffusion pump stopped, which could damage the pumps, the entire system will shut off.
The interlock system allowed for all of the pumps and gates to be turned on/lgfhedsi

in a single location. When the appropriate pressure readings were reacheti kiepa

of the pump down sequence, the system could be interlocked so if a step was done in the
wrong order or conditions that could damage the pumps occurred the system would
automatically shut everything off. Having this system in place allowetthéovacuum

system to be left on continuously, eliminating the time needed to bring the chamiper dow

to conditions ideal for producing molecular beams and without the possibility of

damaging the pumps.
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[1.C.3 Gas Inlet System

Along with the new chamber design a new gas inlet system was designed to suit

the dual nozzle setup needed for crossed molecular beam experiments. Figure ¥S8 displa

a schematic of the gas inlet system.

1000 torr Baratrons

L]

]

10 torr Baratron

]

.

&

Meadle Valve

Gas Inlet

Figure 18. Illustration of the new gas inlet system There are three baratrons

represented by squares, two 1000 torr and one 10 torr, which can be used to measure the
pressure in the different sections. A connection to the pump system is made to safely
evacuate the system when needed. Four inlet valves will be used to introduce and mix
multiple gases for reactions, which can be regulated by the labeled naledke v

The new inlet system allowed for easy mixing of the parent gases wiiér ¢mses, such
as helium, neon or argon. These mixtures could then be stored in tanks for use in

subsequent experiments. It also allowed for switching between nozzles esatily

To Mozzles

&)

MNeedle Valve

ele lole

To Pumps
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measuring the pressure at each nozzle independently; the completed gastanecsy

be seen in Figure 19.

; !
|
F %

i

Figure 19. Completed gas inlet system housed in a cabinet

The gas inlet system was constructed using % inch stainless steel tubing getbiS&va
connections. The entire system can be separated into two distinctive zonesdh top a
bottom to send gas mixtures to either nozzle without reacting within the tubinge Ther

are four gas inlet valves located on the right-hand portion of the cabinet, which are
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connected to other parts of the experimental setup, i.e. ozone, chlorine and aseser g
These gas inlets can be oriented through needle valves to regulate thiostggassure
behind the nozzles. Baratrons, located above the cabinet, were used to measure the
pressure in the top and bottom zones independently, which are displayed on the MKS
(Model PDR-C-2C) pressure gauge shown in Figure 16. The entire systenctly dire
connected to the foreline via 3/8 inch tubing if the system needed to be purged, the larger
diameter tubing increases gas flow allowing for a quicker purge. Firadlgritire

system has been housed inside a cabinet, which is connected to the buildings exhaust in

case of leaks.

[1.C.4 Circular System

A later addition to the gas inlet system was the construction of a cloded cyc
circular system, shown in Figure 20. The development of this system wassihe f@a
the rotary vane pump being switched for the dry scroll pump. Because the scroll pump
does not need any oil to run, there is no chance of contamination from oil going into the
gas inlet system. When dealing with harsh chemicals such as chlorine, amicact
with pump oil and therefore the pump oil would require constant changing, the scroll
pump in comparison does not need any special maintenance. Once the high vacuum
conditions had been established, the exhaust of the pump system could be switched from
a connection to the building exhaust to instead feed back into the gas inlet system. The
reason for constructing the circular system was for use in non-read@tversg

experiments where the reactant molecules and carrier gas could beddoyalit down
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on the need to purchase these items regularly. However, using the ciystéan for the
O3 + Cl experiment would be futile because the highly reactive species involved would

be destroyed before ever reaching the circular system.

Figure 20. Closed cycle circular systemExhaust from the pumps can be switched to
the closed cycle system to recycle reactant molecules in non-reactivenexys.
Typically there is a reservoir tank, not shown, attached to the system to reduce the
fluctuation in the stagnation pressure at the nozzles. A glass trap is adlsedhin the
system if a reactant molecule needed to be separated and collected frami¢h@as.
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[I.C.5 Ozone Generation System

It was necessary to prepare and trap the ozone immediately prior to running any
reactions due to its being an unstable species that will degrade readily.ifBz@ne
can be generated by various different methods including corona discharge, ultraviolet
light, cold plasma or electrolytic methods. For this experiment, it was prodwced vi

corona discharge from an ozone generator pictured in Figure 21.
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Figure 21. Ozone Generatar Molecular oxygen, set to the appropriate flow and back
pressure, is passed through the corona discharge instrument creating ozone. The
percentage of ozone output can be controlled from 0 to 100%.

The ozone output from the generator was then passed through a pre-cooling stage, which
consisted of coiled tubing placed in an ice water bath, and then it was passed through the
glass trap system shown in Figure 22. This trap system consisted of dalesmgap

manifold with three gas inlets, one for the ozone output from the generator, one for a

carrier gas and one was unused; all gas inlets could be opened and closedavith Tef
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stopcocks. This inlet glass tube was connected to a glass trap filled wétgsiljevhich

was cooled to approximately -T8using a dry ice/acetone bath [9,32-34] (not shown).

Figure 22. Glass trap system for the collection of ozoné)zone is produced and then
subsequently trapped on silica gel (shown in the insert), which can then be sent either
the gas inlet system or the ozone dump.

The gas trap system was connected to the gas inlet system using ¥4 inch Teflon
tubing. It was important to use Teflon tubing when dealing with ozone because other
materials such as stainless steel will react with the ozone and déstedyre it reaches

the reaction chamber. The silica trap was also connected to an ozone dump. To increase

the destruction of ozone being sent to the dump, it was heated using heating tape
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connected to a variable transformer, which allowed the temperature to beea dpalsed

on the current being sent to the heating tape.
[1.C.6 Chamber Arm Construction

The first step of the new setup was to design and build the freely rotating arms

which hang from the top of the reaction chamber, shown in Figure 23.

Figure 23. Rotatable nozzle arms, which are suspended from the chamnlbiel.

It was important that the arms were precisely designed so that the raoleeains
crossed directly in the middle of the chamber. Because the design calleg domis to
be able to rotate independently of one another, one arm was designed to be longer than

the other, while still accounting for a spacer and O-ring between the two. Msevare
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constructed from two pieces of square aluminum tubing with the dimensions shown in

Figure 24 and 25.

Figure 24. Large rotating arm dimensions Not shown is the 2 inch width of the arm.
The increased height of this arm accounts for the 2/16 inch spacer and O-ringhbetwee
the two arms.
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Figure 25. Small rotating arm dimensions Note that the dimensions are identical to
the larger arm except for the height.

The arms were connected to the exterior chamber via a threaded tube protruding
from the middle of the chamber lid. Initially this was connected to a polyvigtide
(PVC) spacer piece; however it was realized that this piece had a tendesady; toHich
raised the ultimate pressure the vacuum system could establish. Therefewepiece
was milled and threaded from a solid aluminum rod resulting in a more robust and secure
connection. This spacer piece was directly connected to the larger aroudthte used
to rotate it without needing to open up the chamber. From this spacer piece, a six-way
cross is affixed as shown in Figure 26. From the top of the six-way cross,|aadeta
was placed down the center of the entire arm system and was directly cdornad¢bte

smaller arm. This rod not only secured the entire design but also allowed foratiher s
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arm to be rotated without needing to open up the chamber. The mini diffusion pump was
also connected to the six-way cross to create the differentially pumped cosdiside

the arms. Eventually the conductance of the arms was determined to be nendargle,

so holes were drilled into the bottom of the arms to further facilitate the réofova
background gas molecules in the arms. One of the other connections of the six-way cross
is used for vacuum electrical feed-through connectors between the nouktee pulse

driver, and another connects to the high voltage discharge system. Irigatjgd inlet

system lines were fed through this cross but eventually the gas feed tubing tazthe noz

was switched to outside the arm system to increase the throughput area to the mini

diffusion.

e —
i -

¥ -.': IZI

Figure 26. Reaction chamberConnections to the nozzles and discharge plates were
made using coaxial cables.
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This setup allowed for independent rotation of the arms around the chamber
facilitating reacting parent molecules at a wide range of angleshwhowed the
relative kinetic energy of the reactants to be adjusted easily. In a fixegpparatus, the
relative kinetic energy of the reactants can only be adjusted by chahgiagpgansion
conditions of the molecular beams. This has the undesired effect of changingahe init
reactant internal state distributions, and hence complicates the anatygsegulting
data. To know what angle the arms were at the chamber lid was etched, thisean be

in Figure 27.

Figure 27. Etched chamber lid The chamber lid has been etched so that the angle of
the arms with respect to the experimental setup could be measured. Each mark is a
degree, with the full 360° technically available although certain angles would hkck t
mm-waves, with every five degrees marked using a medium sized line and &eery fi
degrees represented by the longest mark.
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[1.C.7 Nozzle Construction

Each of the two arms contained one of the available nozzles that were used to
pulse the gas, either neat or a mixture, into the chamber. One of these nozzles has a
pinhole opening while the other has a slit opening. When using neat gas the
intermolecular forces can cause clustering, which can result inrthation of droplets
but this can be remedied using a carrier gas. The pinhole nozzle and skimneethaulse

gas in a three-dimensional cone shape, which is displayed in Figure 28.

%
S —

Figure 28. Pinhole expansionProfile is symmetrically cone shaped about the flow axis,
shown through a skimmer.

Compared to the slit nozzle the pinhole puts out a lower density of gas with a larger
angular spread. Because of this there tends to be less cooling and clustirengast
from the pinhole nozzle, and hence a larger percentage of the parent molecuketelati
the carrier gas can be used. The slit opening pulses the gas in a two-dinhshgiena

with a much higher density of gas but a smaller spread, as seen inZgure
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Figure 29. Slit expansion Profile is rectangular in cross-section. Although not shown,
the slit is oriented horizontally. The expansion profile for the slit nozzle is not
symmetrical with the spread perpendicular to the nozzle being larger thammehéd s
parallel to the nozzle’s slit axis.

These conditions lead to more clustering of the gas beam, which can be remedied by
careful choice of a carrier gas and stagnation pressure. Along with theaampand

pressure of the source gas, the carrier gas will also dictatertiadkvelocity of the

beam as shown in Figure 30 [4,31].
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Figure 30. Effect of supersonic expansion and use of a carrier on the velocity
distribution of a gas. Top: lllustration of supersonic expansion. High pressure gas is
expanded into a differentially pumped vacuum system through a small orifice and then
through a skimmer. Bottom: Velocity distributions are shown for the neat supersonic
beam and room-temperature. Using a noble gas as a carrier will narrow thigy veloc
distribution compared to the pure gas however the velocity will be dictated barthes ¢
gas [adapted and reprinted with permission from Nature Publishing Group].

Due to the small space available in the rotating arms, to fit the nozzles some
alterations were made. The original nozzles from Parker can be connectgkto a
system via a compression fitting on the back. To fit the nozzle into the arm, this
compression fitting was removed and the resulting hole was sealed. A new inlet$iole wa
drilled perpendicular to the original opening and this hole was threaded. A connector

piece was milled from stainless steel rod to connect the new nozzle opening t® the ga

inlet system.
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[1.C.8 Pinhole Nozzle - Ozone

Ozone is an ideal reactant because it is a polar molecule it can be detexjed us
the direct absorption of mm/submm-waves. The pinhole nozzle was used to create the
ozone molecular beam. With the smaller volume of gas and larger spread, it was
believed that this would be ideal in decreasing the formation of ozone dimers and
clusters. However, when first tested minimal to no signal from the ozone teatede
Based off a previous study [9], the nozzle needed to be heated to ~80°C to reduce the
formation of dimers.

The initial attempt to heat up the nozzle was done using a resistance wire, which
was coiled round the body of the nozzle. The resistance wire proved unable to heat up
the nozzle to the required temperature. The next attempt to heat up the nozzle was done

using a pair of ceramic resistors, @@mnd 39Q. Both of the resistors were rated to 5

2
watts and using the equatién= % the maximum power that could be put across them

was 5 W. Typical power needed to heat the nozzle up to ~80°C was 3.3 W while in the
vacuum chamber, and voltage across the resistors was controlled witheaiMa&t

Power Supply (Model HY3005F-3). The temperature of the nozzle was monitored using

a thermocouple wire, Type J (iron and copper-nickel), attached to a multimeteg Usin

this heated nozzle setup, ozone was detected, however the peak was broadened due to the

heating of the molecules.
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[1.C.9 Slit Nozzle - Chlorine

Atomic molecular beams from molecular precursors can be produced using
various methods, including laser photolysis, rf or microwave discharge, oygigroy
heating of the nozzle [9,35-37]. For this experiment, a double stage pulsed discharge
technique was attempted to create the atomic Cl similar to that used j8Re The
chlorine (C}) gas mixture was to be passed between a series of alternatingonaetalli
Teflon plates as seen in Figure 31. As the gas was pulsed through the plates lhevas t
subjected to two pulsed discharge regions, a lower current preionization region amd a hig
current main discharge region. Having an initial preionization stagswpgsed to be
advantageous in creating a partially ionized seed species to stabilize aaderitre
efficiency of the subsequent main discharge downstream. The two stagegdisghar

later abandoned for a simpler method, which will be described in the next section.
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Figure 31. Schematic of the discharge nozzleA series of alternating Teflon (white)
and metal (black) plates are connected directly to the nozzle. The preconaad
discharge plates are labeled with a grounding plate between

The alternating plates were attached to the front of the nozzle with ybwss
to isolate the high voltage from to the grounded nozzle. It was important to align the
opening of each plate with one another to ensure the path for the gas was unhindered.
The discharge and grounding plates each had extending tabs where the high voltage or
grounding wires were attached, and they were oriented in the best way as tdheduce
possibility of arching from plate to plate. The grounding wire was run down and out
from the bottom of the rotating arm and affixed to the chamber. As mentioned, earlie
the two high voltage wires were run up through the six-way cross so that they could be
connected via coaxial cables to the discharge circuit box. The assembled digpthtzrg

setup can be seen in Figures 32 and 33.
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Figure 32. Side view of the slit nozzle with discharge plates attachedhe final
assembled nozzle is very similar to the schematic shown above with attgrfietion
and stainless steel plates. The thickest of the Teflon plates is locdteagagnst the
nozzle face to provide a large buffer region so that the discharge current doedack g

to the nozzle.
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Figure 33. Front view of the slit nozzle with discharge platesThe plates are aligned

to provide a free path for the molecular beam. The grounding wire is run down through
one of the holes in the bottom of the arm and is attached to the chamber. The high
voltage wires are run up through the rest of the arm system.

[1.C.10 Discharge Circuit

The circuit attempted for the two stage discharge sequence was sinhiar to t
used by Ren [38]. High voltage input was produced by a Glassman High Voltage Inc.

MR Series power supply, which had been modified to produce positive voltage and had a
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maximum output of 1500 V. This high voltage was sent into a circuit box constructed in-

house, Figure 34, and through a@power resistor.

[High Voltage Power Supply

Figure 34. High voltage circuit box and high voltage power supplyThe power
supply produces the high voltage, which is attached to the circuit box where it iistspl
a pre-ionization and main discharge [51].

After the resistor there was two fast high voltage transistor switches,ampunchased
commercially, Alphalas HVS Series, and the other was constructed in-housé [eke
switches were controlled using a TTL pulse from the Berkley Nucleonics GMNE)(
Model 555 Pulse Generator. The pre-ionization pulse lasted isel) and it was then

sent through a 25K variable resistor, allowing the pre-ionization stage to be adjusted to

create the best conditions for discharge. For the main discharge pulse, thefiOwas a

56



usec delay after the pre-ionization stage and then it was pulsegdec ithout a
resistor after the switch.

While running the initial trials of the discharge system the high voltage was
monitored using a Tektronix P6015A 1000:1 voltage probe. It was noticed that the
Alphalas high voltage switch was not working properly and was always alldwghg
voltage to pass through instead of thesgéc discharge period. Because of this, the
Alphalas was replaced by another switch made in-house. After the reptacaithe
switch, a new problem occurred with the nozzle not firing properly at the high voltage
conditions. It was thought that the high voltage was arcing through the gas back to the
nozzle face to ground. In an attempt to fix this an additional thick Teflon platedwed a
between the original discharge plate sequence to increase the distaremnliaewnozzle
and high voltage plates, and a Teflon disk, in which a slit was cut to match the slit of the
nozzle, was attached to the nozzle face plate, however the firing problem kmaine
Misfiring of the nozzle was later determined to be due to the rf interferemated by the
discharge. This rf was causing the BNC 555 pulse generator to not work propecly, whi
in turn caused the nozzles to fire improperly. Because of this, the firing of tHeshozz
was switched to the Parker IOTA One Valve Driver. The pulse sequence wasaflye
abandoned because the high voltage switches failed, and a design in which there was
constant high voltage on the discharge plates was adopted.

In this setup, which can be seen in Figure 35, the two high voltage transistor
switches were bypassed and the high voltage was attached throughrasigtor to limit

the current draw from the Glassman high voltage supply and then tota\2giable
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resistor directly to the discharge plates. Eventually the variab&aesias replaced by

a 1kQ power resistor after the variable resistor failed. With this new circuéxpected
current across the discharge plates was 500-700 mA. This constant voltagernsastem
then tested and gave a more uniform discharge across the entire slit opening, however
when the voltage was probed it was noticed that for every gas pulse the voltage in the
circuit dropped substantially, ~150-250V, so there was some time needed to recover to
the set voltage due to the Glassman power supply having a 200 mA max current. To
solve this problem a series of capacitors, 1350 V and=4@Was added after the 47

resistor to store charge and it prevented the large drop in voltage seen previmisly. F

36 shows the internal parts of the discharge circuit box.
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25k
4|i|— Preionization
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| Discharge
Fast High Voltage
Transistor Switches
B. <
1350 V and 40 pF
470 1k 22
+HV Input Discharge Plates

Figure 35. Schematic of the discharge circuit A. Original circuit with fast high
voltage transistor switches controlled by the BNC 555 pulse generator. Bt @itbui
transistor switches bypassed and inclusion of capacitors.
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Figure 36. Internal view of the discharge circuit box after the switches we

bypassed and variable resistor removedThe two in-house fast high voltage transistor
switches are attached to the wall of the box and large black heat sinks can be tee
bottom. The capacitors, three 450 V, 1) are wired in series on the left.

I1.C.11 Lenses

When dealing with the mm/submm-wave system it was important to take into
account the beam optics and geometry of the setup. The location of lenses, witty varyi
focal lengths, and the source can be used to alter where the beam waistdstdocate
create the most ideal conditions [39]. Using two lenses the mm/submm-waees we
focused with a Gaussian beam telescope geometry so that the beam waisthea
middle of the chamber, increasing the intensity right at the reaction cehiler ewsuring

that the beam waist is independent of wavelength. This was done by placingéle lens
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so that the focal lengths of one lens and the next meet at the same point. t Ténesfirs
located after the mm/submm-wave source was made of polymethylpentane Whirck

is a transparent polymer, and has a focal length of 6 inches. The other two lenses ar
spherical lenses and were turned on a lathe from high-density polyethy@RE].

They were mounted directly to the ends of the chamber, and the one on the source side
has a focal length of 10.5 inches, while the lens on the detector side has anfjtbabie

21 inches. The setup from the source through the first lens and into the chamber can be
seen in Figure 37. After the second lens attached to the chamber, the mm/submm-waves

were directed towards the detector window.
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Figure 37. Lens setup from the source to the chambeiThe mm/submm-waves are
focused through the first lens, which has a focal length of 6 inches (blue lim¢¢thea
to the lens attached to the chamber, which has a focal length of 10.5 inches (green line)
The total distance from lens to lens is the sum of the focal lengths of the individual
lenses.
11.C.12 Detector

Initially the InSb detector chip used in the Dr. Duffy’s lab was housed in a liquid-
nitrogen/helium Dewar made by Infrared Laboratories Inc. (Model BpL¥When
experiments were run this Dewar needed to be filled with liquid nitrogen and liquid
helium every time because eventually it would boil off. With the rising cost ininhel
new closed cycle system, consisting of a cold head, compressor, gas lines and |

vibrational interface designed by ColdEdge Technologies, was implementede &&)

shows the detector as it is set up in the laboratory.
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Figure 38. Detector setup Cold head located at the top is connected with helium lines
to the compressor. Pressure sensor measures the helium flow into the detector.

In the closed cycle system, high-pressure helium gas from the compsessor
transferred via the gas lines to the cold head. In the cold head, the incoming gaedis cool
by regenerators as it passes through. The gas exits the reges&satobly and then
passes through the motor housing and finally exits the cold head to return to the
compressor. Expansion of the helium gas in the displacer-regenerator provides the

cooling for the two-stages, 30 K and 4 K, of the cryostat. A sampler holder, where the
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InSb chip is located, is mounted to the low vibration interface, which is connected to the
cryostat. Two temperature sensors are strategically placecheadatector chip to
accurately measure the temperature and they can be monitored using ticerCijodel

32 temperature controller made by Cryogenic Control Systems Inc., showmia Biy

Figure 39. Temperature controller used to show the temperature at the 8b chip in
the detector. The temperatures shown on the controller are typical for the completely
cooled down system where the experiments can be conducted.

The displacer assembly, sample holder and low vibration interface arecelil jrea
vacuum shroud, which acts as an insulator between the sample area and ambient

conditions. Having these in the shroud also ensures that there will be no ice buildup

inside the detector.
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11.C.13 Cool-Down Sequence for the Detector

The cool down of the detector from room temperature typically required two to
three hours to reach temperatures below 4.2 K. The first step was to evacuate vacuum
shroud. This was done by opening a valve on the detector, which was connected directly
to the main reaction chamber. A vacuum of T@rr was needed before the system was
turned on; if this pressure is not reached there could be a buildup of ice inside the shroud.
Once the temperature of the detector dropped below 150 K, the detector could be sealed
off from the pump system. At this temperature, the cold head creates its own vacuum via
cryo-pumping.

Once the vacuum shroud had been evacuated the low vibration interface needs to
be purged of any air that may be trapped inside, this was done using ultra-pure, 99.999%,
helium. A % psi flow of the ultrapure helium into the detector was also needed during
the cool down. The reason for the addition of helium is that the heat exchangers on the
cold head and heat exchangers on the low vibration interface mate without fysical
touching. The helium fills the space between these exchangers and as tla isryost
cooled down it cools down the helium gas, which cools down the detector chip.

As a convenience and protective measure an interlock system was designed where
the pressure of the helium going to the detector was regulated to ¥z psi using a 524C 2-
stage LP regulator, shown in Figure 38, and a SMC pressure switch (Mo86ABkas
mounted to the helium inlet line on the detector, which can be seen in Figure 35. This
pressure switch was used to monitor the pressure of the helium enteringetiterddt

abnormal conditions occurred, such as a drop in pressure, the pressure switch would shut
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off the compressor and cold head. Had the compressor and cold head been allowed to
continue to run, the bellows on the detector would be sucked in which could damage the
detector. There is also a pressure relief valve located after tlseigrasvitch. The

purpose of the relief valve is so that if a high pressure of helium builds up in the detector
it will be released. High pressure can cause the bellows to explode, tear oubloam
underneath their flanges, which again would damage the detector. Typicalthenc
detector has been cooled down all the way it can be left running as long as tireper

water flow to cool the compressor and a proper flow of helium to the detector.

11.C.14 Warm-Up Sequence for the Detector

Should the detector need to be shut off it was ideal to collect the ultra-pure helium
to use in the subsequent cool down. A simple system was designed, displayed in Figure
40, to pump the helium from the detector into two large reservoir tanks. The warm up
process usually required two to three hours to complete and the system had to be

monitored continuously to ensure the pump did not cause the bellows to suck in.
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Figure 40. Helium inlet system going to the detectorThe helium flows from tanks

through a gas flow regulator, which has an output of ¥z psi. The regulator can be
bypassed through a ballast tank if a higher flow of helium is needed. A pump located
underneath the ballast tank can be used to collect the helium during a warm up procedure.

I1.D Experimental Difficulties

It is worth mentioning that when designing and building a new instrument, many
unforeseen problems can arise. During the course of the construction of the new
apparatus, there were numerous complications that occurred that delayed thdrsyste
being completed. One of the largest complications occurred in the modification and
upgrade of the detector to a closed cycle system. The detector was suppoggzh be
for only twelve weeks during the construction and testing of the system. Howearer

were numerous delays and it ended up taking twelve months to be returned and when it
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finally arrived the entrance window was not lined up with detector chip. A copper space
needed to be milled to lower the InSb chip to the level of the entrance window. Although
copper is normally a great thermal conductor, the detector chip was not able to reach a
temperature of 4.2 K. To solve this indium foil was sandwiched between the surfaces of
the copper spacer, which finally resulted in the detector reaching its minimum
temperature of 3.4 K.

Our original detector chip was damaged by QMC during the design process and
as a result a new one was provided. When the detector was then tested t@let initi
measurements about the sensitivity and responsivity, the new detector chyasoaid
and only worked intermittently. Therefore, it was sent back to the manufactbren, w
further delayed testing a little over a month.

Further complications with the detector system involved fuses in the ultra-low
noise preamplifier going bad and needing to be replaced, as well as one of the helium
lines in the closed cycle system leaking. When this occurred, most of the helhan in t
lines and compressor leaked out and the entire system needed to be recharged using ultra
pure helium and the line was replaced.

To run the compressor for the closed cycle detector system, chilled water wa
used to keep the compressor from overheating. However, the chilled water lines prove
to be not operational during the cold months of the year and the detector needed to be
turned on and off in the same day. The combination of these typically took 5-6 hours,

leaving minimal time to run experiments.
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The power amplifier for the mm/submm-wave source, which allows the use of the
doubler and tripler, was damaged and sent to be repaired. During this time, only the
fundamental range of frequencies for the source was available to be usedy, thiaall
220 V plug that powers the large diffusion pump was singed due to the material not being
able to handle the large current and was replaced with a plug that could handle the

specifications.
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CHAPTER IlI

RESULTS AND DISCUSSION
lII.A Experimental Data
[1I.LA.1 Modeling of Molecular Beams

Three-dimensional models of the molecular beams described herein were

constructed with equations taken from Deydér [40]:

—m(vz—u)?

n(v,) = Cle( 2kry ) (3.2)

Equation 3.1 is the Gaussian velocity distribution along the flow axis (moving away from
the nozzle) of the gas pulse, which is dependent upon the moleculamnasd,
translational temperature parallel to the flow velocCity,which describes the width of

the distribution. Similarly, equation 3.2 is the velocity distribution perpenditukae

flow axis is described with respect to the molecular mass and the translationa

temperatureT] ;.

—mvxz (—mvzsinze

n(v,) = Cze(Zle) = (e 2kTL ) (3.2)
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The velocity of the flow along the z-axis, is parallel to the mean beam velocity along
the z-axisy, while vy is the flow perpendicular to the flow velocity. In both of these
equationsk is the Boltzmann constant. When the gas pulse is being skimmed, a

collimation ratio can be characterized by using equation 3.3.

=< =tane = — (3.3)

The collimation ratio is the ratio between the skimmer diamktemd the distance from
the nozzle to the skimmed,

Due to the pinhole and slit nozzle having different expansion profiles, as shown in
Figures 28 and 29, the velocity distribution equations were altered accordirigdy
pinhole nozzle has a symmetrical cone expansion about the flow axis, this results in a
equal expansion along the x- and y- axes. In this case, equation 3.2 can be used for
velocities along the y-axis without any alterations to get a full tir@ensional
distribution. However, the slit nozzle with a box shaped expansion will not have equal x-
and y- components. Therefore, the y- component in equation 3.2 was modified to
account for the rectangular cross-section of the expansion. Three-dimenside# far

the slit and pinhole nozzle can be seen in Figure 41.
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Figure 41. 3D model of velocity distributions for pinhole (A.) and slit (B.nhozzles
perpendicular to the flow axis

[11.LA.2 Slit Nozzle Studies

Since the slit nozzle has a different expansion profile depending on its orientation,
vertical or horizontal, a study was conducted to determine which orientation would be
better for further crossed beam experiments. To eliminate Doppler brogdier to the
molecular beam angle, the slit nozzle was oriented perpendicular to thebmmisvave
source. Scans were done on the&5a\,0, the theoretical transition frequencies used
are from NASA'’s Jet Propulsion Laboratory Spectroscopy Database [41]sifioas
between the rotational energy levels for a diatomic (rigid rotor) magesuth as pO,
follow the specific selection rulaJ = +1.

From these scans, Figure 42, Doppler broadening based on the expansion can
clearly be seen. When the slit nozzle is oriented horizontal, A and B in Figure 42, the
signal is centered on the transition with a small amount of broadening in the frgquenc

domain. However, when the slit is oriented vertically, C and D, the signal peakhs muc
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wider in the frequency, over 0.4 MHz. Because it is ideal to have the reactémés wit
narrow distribution, in frequency and time, the horizontal orientation was used farfurt

experiments.
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[11.LA.3 Ozone Studies

Testing the nozzle expansion profiles was done with ozone. As previously
mentioned, there was no signal originally seen from the pinhole nozzle probabdy due t
clustering and it was later heated to solve this issue. Scans of the pinhole mbzzle, s
perpendicular to the mm/submm-wave source, expansion can be seen in Figure 43. For
these scans, a background was first taken. During the background scan the nozzle was
fired normally, without gas, so any systematic artifact that resulted freriring of the
nozzle or other noise could be subtracted out subsequently. In these scans there is a
larger narrow, in frequency and time, peak of ozone seen at the earliest piomet of t
This peak corresponds to fastest portion of the molecules with a trandltgéroparature
of ~77 K, but the peak is only ~1@8ec in length, which is far too short for the 550-600
usec pulse length. However, the scans also show a portion of molecules with a weaker
signal probed later in time, which has a longer length in time of ~55Q<G60 This
portion has a transitional temperature of ~122 K; this difference is likelsuét of the
heating of the nozzle. We speculate that early in time the heating of the appelars to
be successful in reducing clustering resulting in the sharp peak. As timergdles
expansion becomes steady state and the cooling from expansion is magateffici
Therefore, clustering likely increases in the middle of the beam and mongmerisi
depleted, so possibly only ozone on the fringes of the molecular beam is being measured.

Ozone used in these scans was between 20-30% with an initial pressure of ~150-
200 torr before being seeded in argon to a final pressure of ~650 torr. Scans of varying

pulse lengths (550 and 6fn6ec) were done to see if there was a dramatic increase in the
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reactant signal, which could improve the probability of a reactive collision.inChease
in pulse length correlated to an increase in ozone detected in the slower portion of the
signal, however there was little difference in the fastest portion.

Identical experimental conditions were also done using the slit nozgleeH4.
In the slit scans there is only a single broader, in frequency and time,qrephred to
the pinhole scans. The broader peak is a result of the larger volume of gdisiswhi
pulsed from the slit nozzle. As the pulse length (550, 600 and<#%) was increased,
the width of the peak also showed an increase. Also, when the pulse length was
increased from 550 to 6QGec there was a large increase in the size of the ozone signal,
but when the pulse length was again increased tué&0the size remained fairly
consistent. This consistency is likely due to the nozzle firing dynamics. Thie nozz
resonates differently when different opening times are applied, so the nozleotioe
respond in a linear correlation in time to the programmed pulse length.

Because ozone is a triatomic molecule, it has a more complex rotational motion
than the simple diatomic rigid rotor. Ozone is an asymmetric-top molecule, wlach i
rotor where no two principal moments of inertia are equal [42]. The behavior of an
asymmetric molecule leads to complex energy levels, which can be exanused m
simply using oblate and prolate systems. The notation for describing an asigrtope
molecule must be designated using the total angular momentum of the moleade, J, a
the angular momentum of an axis, K. Since there are two different axes, thefudlise
further separated into.Kfor the prolate and Kfor the oblate [42]. Thus, notation for a

single energy level for ozone will be representedkag;J
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l11.A.4 CIO Spectrum

Past work in Dr. Duffy’s lab resulted in the determination of the rotational
transition frequencies of vibrationally excited CIO products, as well aécfioss about
the transitions not directly observed made by Dr. Edward Cohen at NASA'’s Jet

Propulsion Laboratory [30, 43]. Figure 45 simulates part of the ro-vibrationafspec
for CIO.
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Figure 45. CIO Spectrum Bottom: Ro-vibrational spectrum for CIO, different values
for the vibrational states, v, are color coded. Top: Close up view of the hyperfine

structure of the v = 0 rotational lines.
In this CIO spectrum, the color of the peak corresponds to a specific vibratioaarsdat
the size of the peak correlates to the relative population of molecules at 13hughit

they look like single peaks, a close up view reveals that each ro-vibratiokas pea
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composed of multiple peaks, which are the various possible hyperfine states &#lsim
one of these hyperfine states consists of a pair of peaks due to the lambda doublet
splitting caused by the lifting of the degeneracy of the electronic level® dusnbling

of the molecules. An OCIO photodissociation experiment conducted previously in the
Duffy lab revealed the vibrational distribution of CIO product molecules, as seen in
Figure 46 [43]. In this distribution the same hyperfine rotational state, J = D4adge

= 3/2 spin-orbit state was probed for the different vibrational states. Thbutish

shows a maximum in the v = 5 state, and while the v = 0 state is also fairly mgty; it

be partially a result of collisions within the molecular beam causin@zat&n of the

vibrationally excited products.
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Figure 46. Vibrational distribution of CIO (J =7 %, Q = 3/2) from the

photodissociation of OCIO at 328 nm The v = 0 feature gets larger at longer times due
to collisions within the molecular beam. The boxes represent the line intengltikes

the red line gives the rms noise level [43].
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Using this prior knowledge the goal of the crossed molecular beam experime
was to acquire Doppler profiles of CIO products. These scans would have been done on
an individual transition and by keeping the arms at a fixed angle and rotatimg the
relative to the source. The profiles could then be used to create a threeian@ens
velocity distribution using a mathematical technique called Fourier Tran$doppler
Spectroscopy [44]. Scans could have been done for different vibrational states, whil
keeping the same hyperfine rotational state fixed to get a vibratiotr#buati®n similar
to the photodissociation one. Finally, the angle of collision could be changed to alter the
relative kinetic energy between the reactants. In doing this, the populatidoudistis

for vibrational states could be studied based on the angle of collision.

[11.B Conclusion

A new crossed molecular beam apparatus was successfully constructeel ifor
the study of numerous elastic and reactive scattering experiments. Tdreidekided a
differentially pumped rotating arm system to facilitate colliding te@s at various
angles. A new gas inlet system, including a way to recycle reactargsspeas built to
accommodate the use of multiple nozzles and a new detector design was imgdiease
a more economical means to run the experiments.

Ozone was successfully and safely produced and trapped, which allowed for the
ability to run multiple scans without the degradation of one of the reactant melecule
before reaching the reaction chamber. Future possibilities for the ozosm syatld be

to implement a temperature controlled trap bath to keep the concentration of ozone even
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more consistent, as well as implementing the inclusion of a UV-Vis spectropdtetcm
measure the concentration of ozone at 280 nm.

The discharge system went through several modifications from a pulsed sequence
to constant current; however attempts to destroy ozone as a prior test to usimg chlori
have been unsuccessful. To remedy this situation, a new power supply with a higher
output current may be needed and/or a new high voltage high current fast sndeties
to be purchased. Otherwise a different method such as thermal decomposition method
could be implemented, which would still allow for the arms to be rotated freely. €he us
of methods such as laser dissociation would likely require an arm to remdireat a
angle, which would not be ideal.

Once a successful Cl atomic beam has been created and a successful Cl + O
reaction has occurred to produce CIO products, the system can be optimized. This would
involve the addition of skimmers and choppers to create a narrow packet of reactant
molecules. By creating a small packet of reactants, in frequency andhnpassibility
of gas collisions after the reaction can be eliminated to truly probe nascduattpr
distributions. These distributions can then be used to create differentiatingatross
sections, which can be used as empirical evidence for theoretical predatimrighe

nature of the electronic states involved in crossed molecular beam reactions.
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