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CHAPTER | — INTRODUCTION

Currently, the most common way to measure radiation levels is by direct
incidence of the radiation on a detection device. Most detection devices put the operator
of the device at risk of being exposed to potentially harmful radiation. This research was
performed on a funded grant and is part of an effort to create a computational model for
the effects of radiation interactions under different atmospheric conditions. The
experimental work performed in this thesis will be used toward validating a
computational model for radiation-induced atmospheric chemistry that is under
development within our research group. With the use of a working model, unique
chemical products may be discovered that could lead to an alternative method of
detecting radiation from a safer distance.

Emitted particles from radioactive decay interact with the atoms and molecules in
the air around the radiation source and initiate various chemical reactions which can
generate a variety of chemical products. The chemical products and the rates at which
the chemical products are created depends directly on the atmospheric composition and
the radiation source present. The goal of this research was to detect those chemical
products using Cavity Enhanced Absorption Spectroscopy (CEAS) inside an existing
vacuum chamber equipped with a Cavity Ringdown (CRD) cavity. A quadrupole mass
spectrometer and tunable dye laser were also integrated into the CRD system to confirm
the initial atmospheric composition and provide wavelength flexibility for detecting a
variety of chemical products by future students. For this research, ozone was measured

for various atmospheric conditions and radioactive activities.



This thesis will include brief reviews of ionizing radiation and ozone formation,
explanations of CEAS and Cavity Ringdown Spectroscopy (CRDS), descriptions of the
existing vacuum and optical systems, the modifications required to integrate the mass
spectrometer and dye laser, and the purpose of every program used by this system with
brief details for future students. Experiments were conducted for calibration of the
CRDS system, and experiments were performed where Polonium 210 alpha sources were
cycled multiple times between a shielded and an exposed status for different time periods.
Results will be presented showing the rapid production of ozone following the exposure
of the source. When the source was re-shielded, the ozone concentrations rapidly
decreased to nearly zero. For each successive cycle, the ozone concentration started at
the previous cycle’s final concentration and continued to increase. In between these
increasing cycles, the ozone concentration reacted away to zero. This suggests that the
radiation caused changes to the atmosphere that aided in the formation of ozone, but
these changes were also stable over the time period that the source was shielded.
Preliminary trials of the chemical kinetics software have shown results with similar
behavior and will be discussed. The efforts of this project were intended to extend the
capabilities of the system to allow for CRDS measurements at different wavelengths in

search of different chemical products produced by radiation interactions.



CHAPTER Il - BRIEF REVIEW OF RADIOACTIVE DECAY

Radioactivity is the process of the spontaneous decay and transformation of an
unstable atomic nucleus by the emission of a high-energy nuclear particle and/or
electromagnetic (EM) radiation 2. After a particle or EM wave is emitted from an
unstable nucleus, the lower energy nucleus either contains a different number of protons
and neutrons or the nucleus is in a different state. A stable nucleus in its lowest energy
state has no reason to spontaneously decay. In some cases, a radioactive nucleus can
decay into another unstable nucleus which can undergo another decay and repeat this
process until a stable nucleus is produced. The subsequent nuclei are known as daughter
nuclei. Some nuclei are already stable, and are therefore, not radioactive. Some known
radioactive elements have isotopes, nuclei of the same element with different numbers of
neutrons, that are not radioactive 3.

The exact time at which a decay will occur cannot be predicted because
radioactive decay is spontaneous. Radioactive decays do occur consistently enough that
over a sufficiently long time period, an average decay rate can be observed. The
Becquerel, abbreviated Bq, is a unit of radioactivity that is equal to one decay per second
(s1). The Curie, abbreviated Ci, is equal to 3.7 x 10%° decays per second or 37 GBq.

The rate of decay of an isotope is directly related to the number of atoms present

in the following expression:

—dN/ . =N (2.1)

2 Michael F. L’ Annunziata, Radioactivity: Introduction and History (Elsevier, 2007), 1.
3 Dudley G. Miller, Radioactivity and Radiation Detection (Gordon and Breach Science Publishers, 1972),
chap. 1.
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where N is the number of radioactive atoms present, t is time, and A is the decay rate
constant. After integration, the expression becomes the following:

N = Nye™ (2.2)
where N, is the beginning number of radioactive atoms present, and N is the number of
radioactive atoms remaining after time t. By rearranging the equation, the half life can
be obtained. The half life is the time it takes for a quantity of atoms to decay to half the

initial amount.

1/2 = N/N0 = exp (—/11:1/2)
tr) = In2/, (2.3)
where t1 /o is the half life time, and A is the decay rate constant *. Because the level of

radioactivity is directly proportional to the amount of present material, the half life is also
the time it takes for the activity level due to a particular isotope to reduce by a factor of
one half. To calculate the current activity of a sample, one only needs the initial activity
level with the date that measurement was made, and the half life.

Three major types of radioactive decays include alpha particle (o), beta particle
(B), and gamma ray (y) emissions. These three types of emission are all forms of ionizing
radiation. These emissions carry enough energy to interact with the electrons in the
surrounding materials and are capable of ionizing the material by freeing electrons. Each

type of emission interacts with surrounding materials with different efficiencies °.

4 J. E. Turner, Atoms, Radiation, and Radiation Protection, 3rd completely rev. and ed, Physics Texthook
(Weinheim: Wiley-VCH, 2007), chap. 4; Miller, Radioactivity and Radiation Detection, chap. 1.
5 Nicholas Tsoulfanidis, Measurement and Detection of Radiation (Hemisphere Pub. Corp., 1983), 1.
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An alpha particle is equivalent to a helium nucleus and consists of a combination
of two protons and two neutrons. An alpha particle emission reduces the nucleus mass by
nearly four atomic mass units (amu) © and leaves the nucleus with a remaining charge of
Z-2, where Z is the number of protons in the nucleus. Alpha particle emission usually
occurs in the heavier elements; only a small number of elements below 83 amu are alpha
emitters ’. All alpha particles emitted by a particular element have nearly the same
energy. Relative to beta particles, alpha particles travel at a much slower velocity due to
the alpha particles’ larger mass, which allows them to be much less susceptible to
scattering and changes in direction &. Alpha particles dissipate their energy through
collision, and can be stopped by dry air within a distance of several centimeters °.

A beta particle is an electron. A beta particle is created when a neutron decays
into an electron and a proton; the proton remains in the nucleus and the electron is
emitted as the beta particle. A beta particle emission reduces the nucleus mass by the
mass of the emitted electron plus its binding energy and leaves the nucleus with a
remaining charge of Z+1. During a beta decay, an anti-neutrino is emitted. Even with
the anti-neutrino’s relatively small mass, the anti-neutrino is able to carry away
significant amounts of energy via kinetic energy. Unlike alpha particles, beta particles’
energies can fall into a broad band of energies up to a maximum value °. Because of the

beta particle’s small mass, it has to travel at high velocities to carry away any significant

6. C. Lind, The Chemical Effects of Alpha Particles, American Chemical Society Monograph Series (New
York: The Chemical Catalog Company, 1921), chap. 2.
" Turner, Atoms, Radiation, and Radiation Protection, 96.
8 Lind, The Chemical Effects of Alpha Particles, chap. 2.
9 8. C. Lind and D. C. Bardwell, “Ozonization and Interaction of Oxygen with Nitrogen under Alpha
Radiation,” Journal of the American Chemical Society 51, no. 9 (1929): 2751-2758; L’ Annunziata,
Radioactivity, chap. 1.
1 Turner, Atoms, Radiation, and Radiation Protection, chap. 3.
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energy. Beta particles dissipate their energy through collision, and because of the
electron’s small mass, the paths are often affected by multiple scatterings. Beta particles
can be stopped by dry air within a distance of several meters 1.

A gamma ray is a high energy photon usually resulting from an excited daughter
nuclide from an alpha or beta emission. A gamma ray does not change the mass or
charge of the nucleus because the photon is massless and has no charge. Like alpha
particles, gamma rays emitted by a particular element have nearly the same energies.
Gamma ray photons dissipate their energy through Compton scattering, photo ionization
(photoelectric effect), and particle/antiparticle pair production 2,

The type of source for this project was selected using range calculations
performed in a previous project to create a system for measuring radiation-induced
chemical products using Cavity Ringdown Spectroscopy. Table 1 shows the expected
range for a Cobalt-60, Strontium-90, and Polonium-210 source using range calculations

for dry air near sea level and was reproduced with permission (See Appendix A) %2,

1 William James Price, Nuclear Radiation Detection (McGraw-Hill, 1964), chap. 1; L’ Annunziata,
Radioactivity, chap. 2.

12 Price, Nuclear Radiation Detection, chap. 1.

13 Reese, “A System for Measuring Radiation Induced Chemical Products in Atmospheric Gases Using
Optical Detection Methods,” 11.
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Table 1

Penetration Depth Comparison for Representative Radiation Sources

Nearest Energy
Energy Values Value with

Radiation Source of Emitted Mass Expected
Type Radiation Attenuation Range (m)
(MeV) Provided
(MeV)
Alpha 210pg 5.3 5.5 0.042
Beta sy 0.546, 2.28 0.55,25 1.89,11.4
Gamma ®Co 1.17,1.33 1.25 146.2*

*Gamma range corresponds to distance at which the intensity is expected to be reduced by a factor of 1/e

The gamma emitting °Co undergoes a beta decay into Nickel-60 which
undergoes a coincident gamma-gamma decay producing two gamma rays. A %Co
gamma-ray has an expected range of 146.2 m. The beta particles from *Sr have an
expected range of 1.89 m and 11.4 m from °°Sr undergoing beta decay into Yttrium-90,
which almost immediately undergoes a second beta decay into Zirconium-90. The alpha
emitting 2°Po has an expected range of 0.042 m. The available apparatus containing the
components to expose a radiation source to a controlled atmosphere uses an 18” (45.72
cm) diameter spherical stainless steel chamber. The selected source must transfer all of
its emitted energy into the surrounding gas before reaching the chamber wall. 2°Po was
selected because of its small expected range. The 2°Po source also deposits more energy

per volume than a beta or gamma source of similar activity would.



CHAPTER Il - OZONE PRODUCTION
Ozone production is dominated by the single oxygen atom dependent reaction
0+0,+M—->0; +M (3.1)
where molecular oxygen (0,) and atomic oxygen (0) react with a third body collision
partner (M) to produce ozone (05) 4. The third body is required to carry away the excess
energy from the reaction, and for controlled atmospheres consisting of only molecular
nitrogen (N2) and oxygen (O), the third body will most often be N2, Oz, or O3 *°.

The main reaction responsible for producing free oxygen atoms is different in the
upper atmosphere than for a radiation source in a controlled atmospheric chamber. Free
oxygen atoms are formed in the upper atmosphere when sunlight is present, and free
oxygen atoms can be formed in a controlled atmospheric simulation chamber when
ionizing radiation is present. The production and destruction of ozone in the atmosphere
will be discussed because of possible similarities of 0zone destruction when the radiation
source was shielded after being exposed in this thesis. Then, ozone formation from
ionizing radiation will be discussed.

Ozone Formation in the Atmosphere
Ozone formation has been studied in the upper atmosphere for many years, and its

presence has been measured. Free oxygen atoms are formed in the upper atmosphere

1% John H. Seinfeld and Spyros N. Pandis, Atmospheric Chemistry and Physics : From Air Pollution to
Climate Change, A Wiley-Interscience Publication (New York: Wiley, 1998), chap. 4,
http://lynx.lib.usm.edu/login?url=http://search.ebscohost.com/login.aspx?direct=true&db=nlebk& AN=261
30&site=ehost-live.

15 U. Kogelschatz, B. Eliasson, and M. Hirth, “Ozone Oeneration from Oxygen and Air: Discharge Physics
and Reaction Mechanisms,” 1988.
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when solar ultra-violet radiation (UV) with wavelengths less than 242 nm dissociates
molecular oxygen. This equation is:

0O, +hv>0+0 (3.2)
where hv is the energy of the UV photon. Once free oxygen atoms are available, ozone
can be created. Once created, ozone is a very strong optical absorber of wavelengths 240
nm to 320 nm. The photon’s energy can dissociate ozone to the following:

0O; + hv - 0, + 0. (3.3)
Equation (3.3) is the reason for the scarcity of this wavelength band in the lower
atmosphere, and is an indication of the significant amounts of ozone in the upper
atmosphere °. Ozone can also decompose when reacted with another free oxygen atom
to form two oxygen molecules:

0; + 0 - 0, + 0,. (3.4)
Equations (3.2), (3.3), and (3.4) were proposed in 1930 by Sydney Chapman to explain
the production and destruction of ozone in the upper atmosphere, and is still known as the
Chapman mechanism. This mechanism was the dominant conceptual model until the
mid-1960s when measurements of the upper atmosphere showed that ozone levels were a
factor of two smaller than predicted. This demonstrated that significant ozone
destruction reactions were occurring other than the single ozone destruction process in
the Chapman mechanism. In 1970, Paul Crutzen pioneered the discovery of the role of
nitrogen oxides in stratospheric chemistry. The ozone destruction processes that had to

be added to the Chapman mechanism have the form of the following catalytic cycle:

16 Julian Heicklen, Atmospheric Chemistry (Academic Press, 1976); Seinfeld and Pandis, Atmospheric
Chemistry and Physics, chap. 4.
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X+ 0; > X0 + 0, (3.5a)
X0 +0 - X + 0, (3.5b)
Net: O3 + O —» 0, + 0, (3.5¢)
where X is a free radical catalyst and can be either nitrogen monoxide (NO), hydrogen
(H), hydroxide (OH), chlorine (CI), or bromine (Br). The catalyst, by definition, is not
consumed in the process, and the net effect results in the reaction of ozone and atomic
oxygen forming two oxygen molecules 7. Because this research was performed within a
controlled vacuum chamber of only nitrogen and oxygen mixtures, the NO catalytic cycle
is the only catalytic cycle that will be discussed. Below is the catalytic cycle of NO in

the upper atmosphere:

NO + 05 - NO, + 0, (3.6)
NO, + 0 - NO + 0, (3.6b)
Net: 03 + 0 - 02 + 02 (36C)

where N O, is nitrogen dioxide. The net result is the conversion of two odd oxygen
species (O3, O) to two even oxygen species (O2, O2). In the lower stratosphere where

ozone is more prevalent, and when sunlight is available, another NO catalytic cycle

exists:
NO + 0; > NO, + 0, (3.7a)
NO, + 0; > NO; + 0, (3.7h)
NO; + hv - NO + O,0orNO, + O (3.7¢)
Net: 20; — 30, (3.7d)

17 Seinfeld and Pandis, Atmospheric Chemistry and Physics, chap. 4.
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where N O is nitrogen trioxide. Equation (3.7¢) has two possible reactions with the first
product being eight times less likely, and the first possibility results in the conversion of
odd oxygen to even oxygen. One more NO catalytic cycle results in the destruction of

ozone into an even oxygen molecule and an odd oxygen atom:

NO + 0; » NO, + 0, (3.8q)
NO, + hv - NO + O (3.8b)
Net: 03 + hv - 02 + 0 (38C)

The above cycle is referred to as a null cycle because odd oxygen is not destroyed, but
the reactions of this cycle were relevant for this research 8, The first and second
equation of this cycle help explain the results of nitrogen oxides and ozone studies that
correlated to the morning and afternoon rush hours in the Meadowlands of New Jersey.
During the morning rush hour, an increase of NO from vehicle emissions was evident.
The morning’s rapid increase of NO resulted in a dip of background ozone levels because
new NO scavenged the background Oz to make NO,. When light of wavelengths shorter
than 400 nm became available from the morning sun, the dissociation of NO2 to NO and
O resulted in Os. O3 continued to grow even after the morning rush hour stopped
producing NO because enough NOx was now present for Oz formation. Os eventually
leveled out once the reservoir of NOx had been utilized in Oz production. When the
evening rush hour started, the new production of NO again scavenged the background O3
to make NOg resulting in a drop of Os. As the sun went down, Os levels continued to

decrease while NO> levels increased because of the absence of the dissociation reaction

18 1bid.
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of NO2 with sunlight. These facts reinforced the need for NO> to photodissociate in order
to generate ozone in the lower atmosphere °. The dissociation of NO; is also a possible
explanation for effects observed in the measurements of ozone during the research
discussed here.

One more reaction,

NO; + NO, + M & N,05 + M (3.9)
where N, O is dinitrogen pentoxide, will be mentioned because of its possible relevance
to this experiment 2°. NO, and NOj3 have a role in the creation and destruction of ozone.

Ozone Formation from lonizing Radiation

A number of studies have been performed on the chemical effects of radiation on
air-like mixtures. Different forms of ionizing radiation have been studied which include
alpha, beta, and gamma interaction with N2-O2 mixtures.

In 1929, alpha interactions were studied by flowing N2-O2 mixtures over an alpha
ray bulb system and measuring the chemicals produced using chemiluminescence.
Levels of ozone, nitrous acids, and nitrogen monoxide were measured. The presence of
nitrous acid suggests the presence of hydrogen in the experiment 2.

Beta radiation has been simulated in N2-O2 mixtures with the use of high energy
electron beams. In 1970, a UV absorption method was used to measure ozone in N2-O2
mixtures as a result of the ionizing radiation from the electron pulses of a Febetron 705.

Once nitrogen and oxygen ions were formed from the ionizing radiation, reactions could

19 Dawn Roberts—Semple, Fei Song, and Yuan Gao, “Seasonal Characteristics of Ambient Nitrogen Oxides
and Ground-level Ozone in Metropolitan Northeastern New Jersey,” Atmospheric Pollution Research 3,
no. 2 (April 2012): 247-57, doi:10.5094/APR.2012.027.

20 Seinfeld and Pandis, Atmospheric Chemistry and Physics, chap. 4.

2l Lind and Bardwell, “Ozonization and Interaction of Oxygen with Nitrogen under Alpha Radiation.”
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occur that resulted in atomic oxygen. These nitrogen and oxygen ions could also form
different nitrous oxides. Because atomic oxygen production is required for ozone
production, without the presence of any nitrous oxide, free oxygen was believed to be

formed from two ion reactions and one neutral reaction:

0f + e —» 20 (3.10a)
0f + 0; - 20 + 0, (3.10b)
N+ 0, > NO + 0 (3.10¢)

where 0F and 05 are oxygen ions and e is an electron. Because nitrous oxides are
formed quickly due to the exposure of ionizing radiation, free oxygen atoms can be

formed by several reactions involving nitrous oxide ions and neutrals:

NO* + e > N + 0 (3.11a)
N+ NO > N, + 0 (3.11b)
N + NO, » N,0 + O (3.11¢)
N 4+ NO, » N, + 20 (3.11d)

where NO* is the nitrogen oxide ion. The computational models for ozone production
performed using their available rate constants did not completely agree with their
measurements 22, In 1984, measurements of 80%/ 20% nitrogen/ oxygen mixtures were
performed to show the dependence of ozone production on direct electron dissociation of
oxygen. Results showed that roughly half of the ozone produced resulted from direct

electron dissociation of oxygen, while the other half of ozone was formed from nitrogen

22 C. Willis, A. W. Boyd, and M. J. Young, “Radiolysis of Air and Nitrogen-Oxygen Mixtures with Intense
Electron Pulses: Determination of a Mechanism by Comparison of Measured and Computed Yields,”
Canadian Journal of Chemistry 48, no. 10 (1970): 1515-1525.
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atoms or excited nitrogen molecules. The 1984 paper did add reactions that could create
free oxygen atoms that were not included in the 1970 paper. The new reactions are:

N 4+ 0, > N, + 05 - N, + 200rN,0 + O (3.12)
where N; and 0; are excited molecules %,

The production of ozone in the presence of gamma radiation was studied in 2014
using the University of New Mexico’s AGN-201 M reactor. Ozone levels that were
smaller than the levels of atmospheric background ozone were measured as a result of
radiation interactions 24,

Studies have also been performed showing that the inclusion of water in irradiated
nitrogen-oxygen mixtures leads to free hydrogen atoms. These free hydrogen atoms can
produce a number of acids, and these acids have been measured 2.

This research differs from the above studies because of the improvement of
technology from that time. Measurements can be made on smaller time scales in order to
better understand the chemical kinetics. The use of the cycled radiation cover also allows
further evidence to help validate a model currently under development by this research
group. The inclusion of the dye laser will allow future students to measure different

products that will contribute to validating the model.

23 B. Eliasson, U. Kogelschatz, and P. Baessler, “Dissociation of O2 in N2/02 Mixtures,” Journal of
Physics B: Atomic and Molecular Physics 17, no. 22 (1984): L797.

2], Cole et al., “Radiolytic Yield of Ozone in Air for Low Dose Neutron and X-Ray/gamma-Ray
Radiation,” Radiation Physics and Chemistry 106 (January 2015): 95-98,
doi:10.1016/j.radphyschem.2014.06.008.

%5 A. Russell Jones, “Radiation-Induced Reactions in the N2-O2-H20 System,” Radiation Research 10, no.
6 (June 1, 1959): 655-63, d0i:10.2307/3570649.
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CHAPTER IV — CAVITY ENHANCED ABSORPTION SPECTROSCOPY
Absorption spectroscopy is based on the fact that each atom and molecule
interacts differently with electromagnetic radiation. This principle can be used to identify

the presence of a specific atom or molecule (species) and can also identify the
concentration of a specific species when that species’ absorption spectrum is known. An
absorption spectrum is a measure of the atom or molecule’s ability to absorb photons at a
variety of wavelengths. Each atom and molecule has a unique absorption spectrum
because of the different number of elementary particles and physical configurations for
the atomic or molecular electrons. This results in the species having a variety of excited
states, while molecules are also capable of mechanical excitations (twisting, bending,
vibrating, rotating, etc.). Because of this, atoms and molecules absorb photons with
energies equal to their excitation energies 26. Figure 1 shows the absorption spectrum for

ozone. The names on the figure reflect the discoverer of the different absorption bands.

% W. G. Richards and P. R. Scott, Structure and Spectra of Molecules, 1 edition (Chichester West Sussex ;
New York: Wiley, 1985), chap. 1.
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Figure 1. Ozone Absorption Spectrum.
This figure has been reproduced with permission (See Appendix A) ',

A species’ ability to absorb a particular wavelength has been experimentally
quantified using absorption cross sections over different wavelength regions. The
absorption cross sections are typically given in cm?/molecule and act as an effective area
to the photons for interaction and absorption. The larger valued cross sections represent
wavelengths of light that will be absorbed more than the smaller valued cross sections.
The amount of light that will be absorbed can be calculated using Beer’s Law, which

states that the intensity of a beam of light is diminished by a factor which depends on the

27 Hannelore Keller-Rudek et al., “The MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules of
Atmospheric Interest,” n.d., http://www.uv-vis-spectral-atlas-mainz.org/; M Ackerman, “UV-Solar
Radiation Related to Mesospheric Processes,” in Mesospheric Models and Related Experiments, ed. G
Fiocco (Dordrecht: D. Reidel Publishing Company, 1971), 149-59.
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number density and wavelength-dependent cross section of the interacting atoms or
molecules in a given path length. Below is Beer’s Law:
1(x,2) = I,(d)e~*Wx (4.1)
given a(1) = a(1)N
where [ is the detected intensity of light of wavelength A after traveling a distance x in
meters through the presence of the absorber, I, is the initial intensity of light, d is total
distance of light traveled before reaching the sample, a(4) is the attenuation coefficient,
a(A) is the absorption cross section in meter? per molecule, and N is the number density

of the absorber in number per meter® %,

I I

Figure 2. Basic representation of Beer’s Law.
The blue cylinder represents an absorbing medium.

One can use Beer’s Law to construct an absorption spectrum by exposing an
unknown sample to a continuous distribution of light. By scanning the transmittance at
wavelength steps and comparing incident intensity to transmitted intensity, an absorption
spectrum can be constructed. Beer’s Law can also be used to calculate the number
density of an absorber if the cross section is known for that absorber. The only problem
with Beer’s Law is when low number densities or weak absorbers are being measured,

the difference in incident and transmitted intensity is too low to be measured. The only

28 Barbara A Paldus and Alexander A Kachanov, “An Historical Overview of Cavity-Enhanced Methods,”
Canadian Journal of Physics 83, no. 10 (October 2005): 975-99, do0i:10.1139/p05-054; Reese, “A System
for Measuring Radiation Induced Chemical Products in Atmospheric Gases Using Optical Detection
Methods,” chap. 4.
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way to change the fractional change in intensities is to increase the path length through
the absorber. Cavity enhanced absorption spectroscopy (CEAS) is used to greatly

increase the effective path length within the laboratory environment.

Cavity Mirrors

Figure 3. Basic representation of CEAS.

A basic CEAS system uses two highly reflective mirrors to redirect the incoming
light that makes it into the cavity several times through the absorbing sample. This
increased effective path length allows an extended absorption to occur. The optical
cavity used for this type of research utilizes two spherical mirrors separated by a distance
d. The mirrors are assumed to have equal reflectivity, R, and transmit a small percentage,
T. Both reflectivity and transmittance are functions of wavelength. With the cavity
mirrors aligned so no light can diverge out of the cavity before being absorbed or
transmitted through the mirrors, an effectively long path length can be created. Each time
the light reflects off of a cavity mirror, the transmitted light is reduced by a factor of 1-R.
For the light to reach a detector on the other side of the cavity, the incoming light would
reduce by a factor of T at the mirror nearest the light source. When the light reaches the
second cavity mirror, the intensity would reduce by another factor of T before reaching
the detector with an overall reduction in intensity of T after traveling a distance d.

Beer’s Law after making one pass through two mirrors would be:

18



I = [,T?e~ W2, (4.2)
Light in the cavity for one round-trip would experience an overall intensity reduction of
R?T? after traveling a cavity distance of 2d. Beer’s Law after making one round-trip
would be:
I = [)R?T?e~2M24, (4.3)
Light that makes two round-trips would experience an overall intensity reduction of R*T?,
or R?@T?2, after traveling a cavity distance of 4d, or 2(2)d. Beer’s Law after making two
round-trips would be:
I = I,R*T2e—2(D)4d, (4.4)
After making n round-trips within the cavity before hitting the detector, the intensity
would be reduced by a factor of R?"T? after traveling a cavity distance of (2n)d. Beer’s
Law after making n round-trips would be:
| = IORZnTze—a(A)an_
By rearranging, I = [,T%e?"mR)g-a(d)2nd (4.5)
When an absorber is not present, a(A) = 0, the second exponential term vanishes. With
no absorber, all intensity lost within the cavity is due solely to losses from reflections.

By rearranging equation (4.5) with no absorber, the intensity drops to a value of
I = 1,72(1/e) (4.6a)
whenn = — 1/ZlnR' (4.6b)

This means that without an absorbing sample, the number of round-trips required to

reduce the intensity by 1/e would depend only on the reflectivity of the mirrors.
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Many different methods utilize CEAS. The method used in this research is cavity
ringdown spectroscopy (CRDS) using a pulsed laser as the light source. For this method,
instead of measuring initial and final intensities, the decay constant of the intensity of the
cavity output is measured. The rate of the decay depends on mirror reflectivity, mirror
separation distance, and the concentration of the absorbing sample.

An equation for this exponential decay can be reached from equation (4.5) along
with the time it takes for light to travel n round-trips in the cavity. The time, t, it takes
for the light to travel is equal to the distance traveled after n round-trips, or 2nd, divided

by the speed of light, c:

t = an/c,
or
)= w

By rearranging equation (4.7) and using equation (4.5):
| = IOeZn(lnR—a(/l)d)(tC/an)

—tc(=InR+a(A)d)
I = lye /a

or
[ = Iye ' (4.8a)

where 1/; = c[=nR + a(/l)d]/d_ (4.8b)

The T? factor is assumed to be a part of I, since CRDS involves only the time

dependence of the cavity output. 7 is known as the cavity ringdown time, which is the
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time it takes for the output intensity to reduce by a factor of 1/e 2°. A characteristic
ringdown time, To, IS measured from the time it takes for the loss through the mirrors with

no absorbers, a(A) = 0, to reduce the output intensity by 1/e:
c(—InR
1y, = CIR, (4.9)

The above equation can be solved for the effective reflectivity of the cavity mirrors:

R =exp(—%cq,) - (4.10)
Once an absorber with a known absorption spectrum is introduced, the ringdown time
represents a combination of light being absorbed and light transmitting through the
mirrors. To calculate the number density of the absorber with a known absorption

spectrum, use equation (4.8b) and equation (4.9):
Ve =)z, = ca) (4.11a)
where a(1) = g,()Ny + o;(A)N; + ... + o,(1)N, (4.11b)
and s is the number of absorbers with a cross section at wavelength . When one

absorber is being measured, equation (4.11a) can be rewritten as:
Ve =1z, = coN
=1
N =10 Yz =1/z,)- (4.12)
To solve for the concentration of an absorber, the number density can be converted to

parts per million (ppm) or parts per billion (ppb) by dividing the number density of the

absorber by the number density solved from the ideal gas law *°,

2 George Miller and Christopher Winstead, “Cavity Ringdown Laser Absorption Spectroscopy,” in
Encyclopedia of Analytical Chemistry, ed. R.A. Meyers (Chichester, England: John Wiley and Sons, Ltd.,
2000), 10734-50.

30 Reese, “A System for Measuring Radiation Induced Chemical Products in Atmospheric Gases Using
Optical Detection Methods,” chap. 4.
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N=P/r, (4.13)
and then multiplying the result by 1.0 x 108 or 1.0 x 10° for ppm or ppb. Above, P and T
represent the pressure and temperature of the chamber in Pascal and Kelvin, and k is the
Boltzmann constant.

In a typical configuration, CRDS is orders of magnitude more sensitive than
single pass absorption measurements. This level of sensitivity is important for
experiments where concentrations of important species are anticipated to be at the parts-
per-billion level. CRDS also has the ability to make absolute concentration
measurements without the need for complex calibration schemes. If the absorption cross-
section for a given species is known at a specific wavelength, and the reflectivity (or
effective reflectivity that combines all other losses) of the mirrors can be determined
without that species present, the number density of that species can be determined using
equation (4.12). For example, with the radiation source shielded, an effective reflectivity
can be determined that includes the reflectivity losses of the mirrors, as well as losses due
to absorption and scattering from any background species in the gas. When the radiation
source is exposed, the change in ringdown time can be used to measure the concentration

of a species induced by the presence of the radiation.
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CHAPTER V — EXISTING SYSTEMS TO BE UTILIZED

Prior to this project, there was a project in the laboratory to create a system for
measuring radiation-induced chemical products using Cavity Ringdown Spectroscopy
(CRDS) 3L, That research explored the potential for using CRDS to evaluate the presence
of chemical products generated by air-radiation interactions in an existing vacuum
chamber. A brief summary of this existing system is provided prior to discussion of
system modifications.

Existing Vacuum System

The existing vacuum system was originally created as a means to explore
radiation-induced fluorescence. With future work in mind, the vacuum system was
originally designed with the capability of simulating various atmospheric conditions 32,
The vacuum system was later modified to explore Cavity Ringdown Spectroscopy with
the addition of the inner chamber cavity . Figure 4 is a diagram that shows the location

and use of each port before providing further detail.

31 Reese, “A System for Measuring Radiation Induced Chemical Products in Atmospheric Gases Using
Optical Detection Methods.”
32 Aubri Capri Buchanan, “Characterization of Air Fluorescence Induced by Alpha Radiation” (Master’s
Thesis, The University of Southern Mississippi, 2008).
33 Reese, “A System for Measuring Radiation Induced Chemical Products in Atmospheric Gases Using
Optical Detection Methods.”
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Figure 4. Vacuum chamber port use and location diagram.
Physical Characteristics
The vacuum system utilizes an 18 diameter stainless steel spherical chamber

with 19 circular access ports of varying flange sizes ranging from 2.75” to 8”. Four of
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the 2.75” ports are used for attaching temperature and pressure sensors. One 2.75” port
uses a vent valve to return the chamber to ambient pressure. One 2.75” port has a valve
opening to a controlled manifold that can supply precise gas mixtures. The manifold
consists of three gas introduction valves, a metering valve, a bypass valve, and a shutoff
valve. One 2.75” port is connected to an angle valve to expose the chamber to a small
roughing pump. The bottom 8” port is connected to a gate valve to expose the chamber
to the diffusion pump and larger roughing pump. An 8” port on the side has a sealable-
hinged door for access into the chamber. Four opposing ports can be used as optical

axes. One of these optical paths is used and described in the upcoming CRDS system.

Figure 5. Previously developed vacuum system.

Figure 5 was taken after the vacuum system was moved to a different lab than the one in which it was originally developed. Figure 5

was taken during the process of rotating the chamber 135 degrees as described in Chapter V1.
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Figure 41. Early development of Cantera results showing the production and destruction
of ozone during shielded/exposed cycles.

Figure 41 shows the simulation of exposing and shielding the radioactive source similar to the experiment. This figure has been

reproduced with permission (See Appendix A)

Figure 42. Enlarged view of the ozone data from Figure 41.

Figure 42 shows ozone starting at a lower concentration and growing to a saturation level as in the experimental results of Figure 36.

This figure has been reproduced with permission (See Appendix A)

The results show NO2, N2O, and N2Os remaining relatively stable during the

shielded/exposed cycles. During the shielded cycles, ozone rapidly reacts away. The
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0zone concentration is also shown to grow in time in a manner very similar to the growth

observed in Figure 36.
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Figure 36. Ozone concentration from one, two, and three-hour 1o measurements as a
function of time from when the chamber was filled.

Figure 41 and Figure 36 each reach ozone saturation between 150 and 200
minutes. The growth in ozone concentration predicted by the Cantera chemical Kinetics
calculations, along with the observation of the same effect in experimental data, is
compelling evidence that the radiation physics for primary products and chemical
kinetics calculations are becoming sufficiently accurate to capture the detailed behavior

measured in the experiment. Cavity ringdown measurements for radiation-induced ozone
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