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ABSTRACT 

 

 Terahertz (THz) has become a strong area for scientific research and commercial 

application in recent years.  This research group has redesigned and optimized a THz 

photoconductive antenna, which currently operates with approximately 10x the power of 

a commercial antenna.  It has been determined by this research that the THz signal 

emitted from a photoconductive antenna consists of coherent and incoherent signals.  In 

addition to the improvement of the THz photoconductive antenna, I have optimized an 

electro optic THz detection system by characterizing the field dependency of an electro 

optic crystal, which enabled me to estimate the THz electric field strength.  The high 

power THz source and optimized detection system were combined into a high power, 

high resolution time domain THz spectrometer.   

This spectrometer was used to conduct original measurements of the THz 

spectrum of water vapor, ionized air, and various chemical vapor including explosives.  

Most of these measurements were only possible with our improved THz spectrometer.  In 

order to understand ionized air, an additional study was carried out to explore the 

ionization of several gases (e.g. N2, O2, Ar, CO2, and water vapor) which were ionized by 

radioactive isotopes.  This unique study found that in addition to dose rate, the gamma 

energy of the radioactive isotopes and the sequential ionization levels of gases affect the 

equilibrium ion densities of these gases.  This effect was especially pronounced for argon 

gas.  The study of ion dynamics in gases has lead to the development of a prototype for 

stand-off detection and identification of radioactive isotopes.  This prototype, despite 
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being simple in design, can detect isotopes faster and more cheaply than a conventional 

gamma ray spectrometer.  Throughout this thesis research I have successfully developed 

a high power, high resolution terahertz spectrometer and demonstrated that with the 

spectrometer I could identify characteristic resonances of water vapor, some chemicals 

including explosives, and even ionized air produced by nuclear isotopes. From the 

characteristic resonance frequencies one can understand the underlying physics or 

chemistry of molecules or atoms. 
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CHAPTER 1 

INTRODUCTION 

 

 The terahertz, or THz, regime of the electromagnetic, or EM, spectrum has 

become a strong area of scientific research in recent years.  THz is of interest because it 

has unique interactions with various materials.  These interactions are responsible for a 

broad variety of current applications such as medical imaging, security imaging, non-

destructive material characterization, material quality assurance and wide range of 

pharmaceutical applications
1
.  These applications have only become possible recently due 

to improvements in THz technologies.  This thesis demonstrates several improvements to 

existing THz technologies and conducts THz studies on various gas spectra. 

1.1 Terahertz Frequencies 

 Terahertz refers to a region of the EM spectrum between microwave and infrared, 

from 10
11

 to 10
13

 Hz.  The lower frequencies of THz overlap with several different 

microwave bands such as those used for radio astronomy.  Similarly, the upper 

frequencies of THz overlap with far infrared frequencies.  Terahertz bridges frequencies 

between where EM waves are modulated by electronics and EM waves modulated by 

optical devices.   
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Frequency (THz) 0.1 10 

Period (ps) 10 0.1 

Wavelength (mm) 3 0.03 

Photon Energy (meV) 0.41 41 

Temperature (K) 4.7 476 

Figure 1.1 Properties of THz.  Column values are calculated for either 0.1 or 10THz.  

This shows the range of these properties over the THz regime. 

 

Below THz frequencies, EM waves typically described using classical 

electromagnetism as their interaction with molecules can be subject to classical 

mechanics.  Above THz frequencies, EM waves are typically described using both 

classical electromagnetism and quantum mechanics as their photons and can interact 

strongly with atoms or molecules.  Experimentally, working with THz often requires 

combining techniques from both microwave electronics and infrared optics into new 

techniques uniquely applicable to THz.  The study of THz has been difficult until 

recently because of the difficulty in generating THz signals.  

Despite these difficulties, THz is considered useful for detection and 

characterization of materials because nearly all materials have resonant modes in THz.  

Solid and liquid materials have strong vibration resonant modes in THz.  Gaseous 

materials have rotational modes in THz.  The frequency of each resonant mode depends 

on the material; therefore every material will exhibit a unique absorption band which can 

be used to identify the material.  In addition, THz can be transmitted several meters 

through ambient air, which enables remote detection of certain materials.  Due to these 

applications, there is a demand for high power THz sources which has been the largest 

technical hurdle in THz technology development, leading some to call this region of EM 

frequency spectrum the “THz gap”. 
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1.2 The Terahertz Gap 

 As described in Section 1.1, THz spans the gap between microwave and infrared 

EM frequency regimes.  In each of these regimes, a variety of sources have been 

developed to produce high power EM signals.  EM signals at microwave frequencies, 

which lie below THz, are typically generated by vibrating charge carriers.  For low GHz 

frequencies this is done by a tank or LC circuit.  For higher GHz frequencies, vibrating 

charge carriers is done using a microwave cavity.  The cavity utilizes a resonance effect 

where the wavelength of the emitted signal depends on the size of the cavity.  The 

practical limit of creating metal cavities at the sub-millimeter scale results in an upper 

frequency limit for microwave cavities.  In addition to the frequency limit, as the cavity 

size decreases so does the power of the EM frequency that is emitted.  These two factors 

combine to limit microwave cavities from creating THz frequencies at high power. 

 Electromagnetic signals at infrared frequencies, which lie above THz, are 

typically generated by photon emission from excited atoms.  In typical lasers, the band 

gap energies of the gain medium are too large to emit THz frequency photons.  Lower 

frequencies have recently been achieved using a quantum cascade laser, or QCL, which 

uses intersubband transitions to generate THz photons
1
.  However, engineering 

limitations in fabrication of the band structure reduce the available power as a QCL 

reduces frequency.  In addition, liquid cooling is required for the QCL in order to prevent 

disturbance in the intersubband transitions.  The current fabrication and thermal problems 

limit state of the art QCL to a lowest frequency of monochromatic 1.4THz. 
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Figure 1.2 Maximum power available over frequency graph.  Both axes are logarithmic.  

This shows that over THz frequencies power is severely limited when using optical or 

electronic generation methods.  This is the reason that the THz frequencies are often 

referred to as “The THz Gap.”  Image from Reference
2
. 

 

 In both microwave and infrared regimes, THz is approached, but there is a 

dramatic reduction in the power output of the sources.  The limitations described for the 

cavity magnetron and the QCL, along with some material limitations, extend to other 

portable microwave and infrared sources, as illustrated by Figure 1.2.  The “THz gap” in 

Figure 1.2 shows a region where large power is not available for portable sources.  

Presently, overcoming the THz gap has not been accomplished using portable electronic 

or optical devices.  One device that shows promise in overcoming the THz gap is a 

photoconductive antenna which combines electronics and optics into a new device.  A 

photoconductive antenna can generate EM frequencies from 10GHz to over 3THz, 

covering the frequencies with the lowest available power in the THz gap. In this thesis, 

the photoconductive antenna is used to probe the THz gap and measure samples using 

time domain terahertz spectroscopy. 
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1.3 Terahertz Experimental Techniques 

Time domain terahertz spectroscopy, or TDTS, is carried out using THz source, a 

THz detector, a time delay system and signal phase locking technique.  This thesis 

explains each of these in detail, with greater emphasis placed on the THz source and THz 

detector.  Chapter 2 discusses the construction and characterization of a high power THz 

emitter using a photoconductive antenna.  Chapter 3 describes the physics of an electro 

optic THz detection technique that is sensitive to coherent THz electric fields.  Chapter 4 

describes the integration of these components into a high power high resolution TDTS 

system.  The next three sections will give brief overviews of each of these chapters. 

 

1.3.1 High Power Terahertz Generation 

 For broadband THz generation, a photoconductive antenna is used.  This device 

can also be called a THz emitter or Auston switch.  The photoconductive antenna is 

considered to be broadband because it can simultaneously generate frequencies over 0.01 

THz to greater than 3 THz.  Commercial photoconductive antennas are available from 

many vendors.  However, designing and building photoconductive antennas within the 

research group has lead to improvements in THz emission.  It will be shown that 

optimizing the AC bias voltage to a frequency of 11.5 kHz has been found to triple the 

THz power output.  The research group implemented changes to the electrode design to 

incorporate chaotic geometry resulting in doubling the THz power output.  Other changes 

to the photoconductive antenna include optimizing the thickness of the substrate and 

creating an insulating layer around the electrodes.  The net effect of this original work in 
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modifying the photoconductive antenna is that average broadband THz power in the 

1mW range is generated.  This is nearly an order of magnitude more THz power than 

previous work. 

 In addition to improving the emitted THz power of the photoconductive antenna, 

a study was conducted on the properties of the emitted THz pulse.  It was found that the 

THz pulse contained both coherent and incoherent signals.  This was determined by 

measuring the total THz power directly using a pyroelectric sensor and measuring the 

coherent THz power was measured by an electro optic method that can only detect 

coherent THz electric fields.  It was found that the coherent and the total THz powers do 

not increase at consistent rates when the bias voltage to the photoconductive antenna was 

increased.  This indicates that as total THz power is increased, that more incoherent THz 

signal is generated.  Incoherent THz signal is generated by thermal currents in the 

photoconductive antenna caused by Joule heating.  Coherent THz signal is generated by 

laser induced photocurrent and amplified by the bias current across the electrodes of the 

photoconductive antenna. 

 

1.3.2 Electro Optic Terahertz Detection 

 A THz pulse can be detected using a variety of methods.  Pyroelectric sensors and 

bolometers are used in many applications to detect THz signals. These detection methods 

have the sensitivity to measure THz signals to below µW.  However, they can only 

measure the power of the THz signal.  A method using electro optic materials has been 

developed that is sensitive to the coherent electric field of a THz signal.  This electro 
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optic, or EO, method has the same sensitivity as a bolometer, but it is preferred for use in 

THz detection because of its sensitivity to coherent signals. 

 Electro optics can be understood as the modulation of light passing through an EO 

material by an external electric field.  The light passing through the EO material is called 

a probe beam.  This probe beam is linearly polarized prior to entering the EO material 

and an external electric field changes the polarity of the probe beam as is propagates 

through the EO material.  The change in probe beam polarity is measured and then the 

strength of the electric field can be determined.  This is the reason that the EO technique 

can only measure coherent electric fields. 

 In the time domain spectroscopy system described in this thesis, 1mm thick Zinc 

Telluride, or ZnTe, is used as the EO material.  ZnTe is used because it has a phonon 

mode at 5.3THz, above the highest generated THz frequencies.  It also has a     

       √    electric field sensitivity.  These two factors make ZnTe ideal for use as 

an EO material for THz signal detection.  In practice, the ZnTe can detect 1 to 10
7
 V/m 

electric fields over any frequency.  This corresponds with a noise equivalent power of 

       √  .  This noise equivalent power is on the same order as a bolometer.  This 

indicates that the EO THz detection technique using ZnTe can detect as small signals as 

the bolometer can.  The EO method has the advantage over the bolometer however 

because the EO method can be carried out at room temperature.  The fact that the EO 

detection method can measure only coherent signals also indicates that it is ideal for 

separating coherent from incoherent THz signals. 
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1.3.3 High Power High Resolution Time Domain Terahertz 

Spectroscopy 

 Time domain terahertz spectroscopy, or TDTS, is a method for measuring 

broadband THz signals.  TDTS both generates and detects THz.  With the addition of a 

time delay stage, this forms a spectrometer.  The delay stage sweeps the generated THz 

signal through time allowing a probe beam to sample the THz at discrete points.  The 

THz signal is generated using a customized photoelectric antenna that generates THz 

power almost an order of magnitude greater than commercial THz emitters.  The THz 

signal is detected using a well established EO technique that has high sensitivity.  

Combining these, along with the time delay stage, allows for the sampling of the pulsed 

THz signal thereby generating a time domain spectrum of the signal. 

 The THz signal is focused into a small area resulting in large electric fields at that 

location.  The THz signal has an electric field on the order of 10V/m.  This location is 

where samples are placed.  This sample area is then interrogated by the THz signal via 

transmission.  The sample will absorb some of the THz frequencies.  The TDTS system 

therefore is most useful when comparing two different THz signals; a sample signal and a 

reference signal.  This is done in order to see which THz frequencies are absorbed by the 

sample.  The time domain signals of the sample and reference signals are converted to the 

frequency domain spectrum and subtracted from each other using a specified absorbance 

formula.  The frequency spectrum determines which frequencies are contained in the 

measured time domain signal.  The absorbance spectrum is useful in order to determine 

differences between the sample and reference spectra. 
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 A major problem with any THz spectroscopy is background noise.  The 

blackbody radiation all around emits various THz frequencies.  Often the power of this 

background THz is on the order of W while the THz signal interacting with the sample is 

on the order of mW.  However, this background THz spectrum is incoherent.  The EO 

detection system can only detect coherent THz signals.  This can be further improved by 

implementing a lock-in amplifier.  The use of this device locks the emitted THz and the 

detected THz to a specific frequency.  Locking into a specific frequency then ignores all 

signals that are not oscillating at this specific frequency.  This reduces the noise of the 

TDTS system drastically. 

 The time domain signal measured by the TDTS is converted to frequency domain 

signal using a fast Fourier transform.  The FFT is a much used tool in spectroscopy.  The 

length of the time delay in the TDTS plays an important role in determining the minimum 

resolvable frequency.  Longer scan length results in higher resolution.  Using a 44mm 

scan length, the resolution is 6.8 GHz.  This resolution can be artificially increased by 

“padding” or adding zeros to the end of the time domain spectrum before applying the 

FFT.  This results in peaks that are more clearly defined.  However it introduces a 

“ringing” effect which produces artificial frequency peaks.  These effects are described in 

detail. 
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1.4 Applications 

 The motivation of constructing the TDTS is the measurement of air chemistry in 

the sample area.  The goal is to be able to do these sensitive measurements in free space 

at room temperature, without using a confined sample.  The simplest measurement is the 

use of TDTS to observe the rotational resonance modes of water vapor in Chapter 5.  In 

Chapter 6 a separate but related study of ion dynamics is conducted.  Through measuring 

ion density in different gasses in the presence of different radioactive isotopes a new 

method for isotope identification was developed.  Chapter 7 applies techniques 

established in Chapter 5 and Chapter 6 in order to show the THz spectra of ionized air 

caused by radioactive isotopes.  In addition, the THz spectra of several chemical vapors 

are shown. 

 

1.4.1 Terahertz Spectrum of Water Vapor 

 Water has rotational modes in THz which absorb signal.  The rotational modes 

correspond to total angular momentum J state transitions in the energy levels of 

individual water molecules.  Our experiments show good agreement with previous results 

as well as quantum theory.  Appendix B uses prior methods to generate the J states and 

calculate the transitions between states.  These transitions are then fit to the experimental 

data for the absorbance of water THz spectrum.  Iterating between fitting theoretical J 

state transitions to experimental data and using the experimental data to improve the 

theoretical constants is done.  This iterative technique shows a general method for 



11 
 

determining theoretical constants from experimental data for any spectroscopic 

technique.  It can be done independently of knowing the molecule being measured. 

 The THz frequency and absorbance spectra of water vapor were measured at 

different humidity levels and THz power.  Water peaks were analyzed according to their 

amplitude, frequency and full width half maximum.  The primary findings of this analysis 

are summarized in Equations 1.1 and 1.2. 

 (        )  (    ) (    ) 1.1 

 (        )  (    
 
) (    ) 1.2 

Here (        ) and (        ) are the water peak amplitudes of the absorbance spectrum 

and frequency spectrum respectively,    and    represent changes in power and humidity 

respectively, and    represents unknown constants.  No consistent effect as a result of changes 

in THz power or humidity was observed for water peak frequency or full width half maximum in 

either the absorbance or frequency spectra. 

 

1.4.2 Ion Dynamics 

 One of the goals of the TDTS system is to analyze ionized air by measuring the 

THz spectrum of ionized air.  In order to better understand the ionization process of 

gasses, a study of air ions was conducted.  It is known that radioactive isotopes produce 

gamma radiation which ionizes the air via Compton scattering.  Despite being well 

known, there are few studies involving ion production on gasses at room temperature and 

pressure. For the study presented here, an experimental device was constructed that 

consisted of four gas cells with pairs of ion counters inside.  This device is called a “4-
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Cell System” and it measures the positive and negative ion densities for four different 

gasses.   It was found that the ratios between equilibrium ion densities are unique to the 

gasses involved and the radioactive isotopes.  Exploiting this fact, the 4-Cell System has 

become a reliable ranged isotope identification tool, able to identify isotopes out to 

distances of 4m. 

 Simple ionization theory can relate ion production to a dose rate.  Ion production 

is balanced by ion electron recombination.  This indicates that after several seconds there 

will be an equilibrium ion density in the gas.  Measurements indicate that this equilibrium 

ion density is achieved in less than one minute.  Most of the gasses behave in a way 

somewhat consistent with dose rate correlating with equilibrium ion density.  However, 

argon ion density produces many more ions for low energy gamma than expected.  This 

suggests that gamma energy may have a role to play in future ionization theory. 

The knowledge gained from measuring ions in different gasses directly helps the 

TDTS detection of ionized air.  It was determined that ion density settles to equilibrium 

after less than 60 seconds, reducing the time needed between THz measurements.  The 

ion equilibrium density in the sample area of the TDTS is measured to be on the order of 

10
4
 Ions/cm

3
.   This population change from neutral gas molecules to ionized air should 

be visible in the THz spectrum. 
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1.4.3 Terahertz Spectrum of Ionized Air 

The THz spectrum of ionized air was measured.  This was done by exposing the 

ambient air within the sample area of the TDTS system to different radioactive isotopes.  

These isotopes were the same isotopes used in the study of ion dynamics.  This study 

utilizes the information gained from both the THz spectra of water and the ion dynamics 

study.  Analysis of the THz absorbance peaks makes use of the experimentally verified 

water lines.  In addition, the equilibrium ion density of air was calculated to be on the 

order of 10
4
 Ions/cm

3
 in the sample region of the TDTS.  This information and more was 

used when the THz spectrum of ionized air was measured.   

The THz absorbance spectrum of ionized air was calculated in the same manner 

that the absorbance spectrum was calculated for water.  This spectrum shows several THz 

peaks in the presence of ionizing radiation.  A strong absorbance peak emerges at 

1.50THz and a weaker peak at 1.36THz.  In addition to this, an absorbance peak emerges 

at approximately 2.50THz for low energy gamma isotopes.  No water absorbance or other 

currently measured chemical absorbance occurs at these frequencies.  In order to confirm 

these absorbance peaks, two separate sets of THz absorbance data were looked at.  Both 

sets of data consisted of 30 absorbance spectra for each isotope resulting in 150 

absorbance spectra per data set.  It was found that 87% of these 300 absorbance spectra 

exhibited the 1.50THz absorbance peak and between 40-50% exhibited the 1.36THz 

absorbance peak.  The 2.50THz peak was too volatile to get an accurate percentage. 

These studies indicate that the presence of ionized air can be measured using high 

power THz spectroscopy.  Identifying the presence of ionized air has the potential benefit 
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of indicating the presence of corona discharge or ionizing radiation.  Outside of the three 

points THz absorbance peaks indicative of ionized air described previously, the THz 

absorbance spectrum of ionized air appears different for the different isotopes.  This 

suggests that with larger libraries, higher power, and better spectroscopic techniques it 

may be possible to differentiate the causes of ionized air.  Remote detection of 

radioactive isotopes is then possible.  However, the results presented in this thesis are 

preliminary.  More study is needed in order to separate the THz absorbance spectrums 

tied to different radioactive isotopes. 
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CHAPTER 2 

A HIGH POWER  

TERAHERTZ EMITTER 

 

2.1 Photoconductive Antennas 

 Terahertz frequencies can be emitted from a broad variety of THz sources.  For 

the spectroscopy work described in this thesis, a photoconductive antenna was used in 

order to generate broadband THz signals.  The electro-optic THz detection technique 

used in time domain terahertz spectroscopy is sensitive to coherent THz signal; therefore 

emission of coherent THz pulses was improved.  Generation of a high power coherent 

THz pulse was done by optimizing the bias voltage across electrodes, changing the 

electrode design to incorporate chaotic geometry, and other improvements to the 

photoconductive antenna.  The result is a THz emitter that generates approximately 

500µW of coherent THz power, 10 times greater than current commercial THz 

photoconductive antennas that have not been optimized. 
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2.2 The Physics of Terahertz Emission from a Photoconductive Antenna 

 

Figure 2.1 Schematic of THz generation using a photoconductive antenna.  THz is 

produced by a femtosecond laser.  Two electrodes are placed on either side of the 

femtosecond laser and a bias voltage is placed across them.  

 

 A photoconductive antenna, sometimes called an Auston switch or broadband 

THz emitter, is made using a semi-insulating semiconductor material as a substrate.  A 

pulsed femtosecond laser interacts with the substrate and by exciting charge carriers 

creates a photocurrent, as shown in Figure 2.1.  This photocurrent, or plasma, oscillates at 

THz frequencies and produces THz pulses.  Every time a femtosecond laser pulse 

interacts with the substrate, a THz pulse is generated.  On either side of the photocurrent 

region where the THz is produced lie a set of electrodes.  These electrodes have an AC 

bias voltage placed across them which modulates the photocurrent.  The AC bias also 

acts as a gating mechanism for frequency locking, similar to an optical chopper. 
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Figure 2.2 The energy band gap of GaAs.  Red arrow indicates the energy deposited into 

the GaAs to excite electrons from the valence band to the conduction band by the 780nm 

pump laser.  Since the energy deposited by the laser exceeds the band gap energy, this 

excitation is possible.  The end result is a free negatively charged electron in the upper 

conduction band and a positively charged hole in the lower valence band. 

 

      
  

 
 2.1 

 THz pulses are generated by the photocurrent generated by a pump laser
1,2

.  The 

laser excites electrons in the semiconductor from the valence band to the conduction band 

shown in Figure 2.2.  The excited electrons leave behind a positively charged “hole” in 

the valence band that has a larger effective mass than the electron.  The 780nm pump 
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laser beam has a photon energy of EL = 1.57eV according to Equation 2.1.  In this case h 

is the Planck constant, ν is the frequency of the laser, c is the speed of light and λ is the 

laser wavelength.  The band gap of GaAs, the semiconductor substrate in the 

photoconductive antenna, is 1.42eV which corresponds to a photon wavelength of 

873nm.  The excitation of electrons to the conduction band forms plasma at the surface of 

the GaAs.  The femtosecond laser used to excite the electrons in these experiments has a 

power up to 100mW with an 80MHz repetition rate and an 80fs pulse width.  

 

(                  )  (          )  (               )

 (                     ) 
2.2 

 
 

 
 
  

 
 2.3 

In this case z=377Ω for air and z=10kΩ for the GaAs substrate while the pump laser is 

on.  The beam waist of the laser is a circle with a diameter of 100µm, or A=π*(50*
10-6

)
2
.  

Using these values in Equations 2.2 and 2.3 yields the value for the electric field of the 

laser in air and in the GaAs.  The electric field strength in air and GaAs is calculated to be 

over 10
7
 V/m for the above values.  This electric field is enough to create plasma in the 

air, or surface plasma at the point where the air and GaAs meet. 

 The laser propagates several µm into the material as will be shown later in this 

chapter when skin depth is discussed.  The photocurrent that is formed by each laser 

pulse quickly dissipates into the semiconductor substrate, but for a short time it oscillates 

at a given frequency.  To find an upper bound on this photocurrent frequency, the 

following calculation is undertaken. 
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(             )
 (                      ) 

2.5 

Where    is the power of the pump laser,   is energy in joules, and       ⁄  is the total 

energy in an individual pulse.  This total energy per pulse is then converted into a total 

number of photons in Equation 2.5 by considering that every photon will have energy of 

exactly 1.57eV: the energy of a 780nm photon as indicated in Figure 2.2. 

This yields the total number of laser photons present in each individual laser 

pulse.  If there is perfect conversion, then every photon will excite one electron in the 

GaAs semiconductor substrate.  This will yield the maximum number of electrons and 

holes that will create the photocurrent.  Since the laser is focused in a circle with a 

diameter of 100µm, the electron excitation can be estimated to occur in a 100µm cube 

located between the electrodes at the location where the laser is focused.  Dividing the 

number of electrons excited by the volume of the cube yields the electron and hole 

density. 

 
      

(                      )

(     ) 
 

2.6 

The plasma oscillations are sometimes called “Langmuir waves” and are defined 

by the following equation
3
. 

  

    √
   

   
 

2.7 
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Here n is the electron or hole density calculated according to Equation 2.6, q is the 

elementary charge,    is the effective mass of the hole or electron and          is the 

permittivity of GaAs.  Using    as the rest mass of the electron,   
         as the 

effective mass of the electron, and   
         as the effective hole mass

4
, the 

maximum plasma frequency is calculated using Equation 2.7.  The plasma frequency is 

calculated to be approximately 4 THz for electrons and 1.5 THz for holes.  However, the 

plasma frequency will be lower than these values due to    and    being idealized 

maximum values and the disruption of the photocurrent due to thermal effects. 

                     (    ) [ ∑  (  
 

  
)

 

    

] 2.8 

 The current induced by this plasma, called a photocurrent, will be periodic both 

with respect to the laser pulse and with the plasma oscillation.  The first term in Equation 

2.8 shows that the photocurrent oscillates according to the plasma oscillation    .  The 

second term is the periodic Dirac function with    representing the laser repetition rate. 

       
 

 
    (      ) 2.9 

 The photocurrent oscillates in an area between two gold electrodes that have an 

AC bias voltage across them.  The bias voltage generates a bias current given by 

Equation 2.9.  The voltage supplied is typically greater than 5V and is operated over kHz 

frequencies.  When the pump laser has not created a photocurrent, the resistance across 

the electrode gap is large and therefore the bias current is low.  However, when electrons 
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are excited by the laser, the resistance is in the 10kΩ range, resulting in a bias current, 

     , ranging from 0-12mA
1
.  The bias current modulates the existing photocurrent and 

increases the amount of coherent THz production, as will be shown later in this chapter. 

              
  2.10 

           (
   

     
)
   

 2.11 

 The final current that is involved in THz production is the result of thermal 

effects, particularly Joule heating.  The bias voltage causes Joule heating estimated by 

Equation 2.10.  In addition to the heating caused by the bias voltage, the pump laser 

deposits thermal energy into the substrate as it generates creates the photocurrent.  The 

Joule heating from low bias voltage and low laser power has a negligible effect on THz 

production.  However, as these variables are increased the effect of Joule heating 

becomes apparent.  The reason for this is that thermal currents can induce other thermal 

currents creating an avalanche effect.  The current induced by Joule heating is given by 

Equation 2.11 where N is the number of electrons involved in joule heating,   
  is the 

effective electron mass,    is the Boltzmann constant and T is the temperature
1
.  It should 

be noted that N will be some percentage of    as calculated in Equation 2.5.   
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Figure 2.3 Photocurrents, bias currents and thermal currents in the electrode gap.  The 

surface Plasmon is excited by the femtosecond laser.  This excitation induces 

photocurrents proportional to the oscillating plasma.  Bias currents are created by 

applying a voltage across the electrodes.  Thermal currents are generated as the result of 

Joule heating. 

 

 

Figure 2.4 Time domain graph of far field coherent THz.  The IEO value is calculated as 

the difference of the maximum and minimum points in the emitted THz pulse.  IEO is 

therefore the maximum THz signal recorded by the TDTS system.  The y-axis of the 

graph is recorded in nA; however in Chapter 3 it will be demonstrated that this current is 

linearly proportional to electric field.  Therefore, the peak to peak value indicates the 

maximum intensity of the electric field generated by the THz pulse.  
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Figure 2.5 The frequency spectrum of a THz pulse generated by a photoconductive 

antenna.  This is calculated from a Fourier transform from a time domain spectrum 

similar to Figure 2.4. 

 

      
 

     
 

  
∫
  (    )

|    |
    2.12 

 The THz electric field at far distances is typically given by Equation 2.12
1,5,6

.  In 

this case,   is the dielectric constant and c is the speed of light.  The variable r is the 

vector to the observation point and r’ is the vector to the retarded photocurrent   .  The 

charged holes oscillate between the electrodes thereby generating    at frequencies in the 

THz.  This electric field is coherent and is measured using a time domain terahertz 

spectrometer which shows the THz time domain graph in Figure 2.4.  This is converted to 

the frequency spectrum shown in Figure 2.5 using a Fourier transform.  However, the 

Joule heating will not oscillate in a predictable pattern and therefore incoherent THz 

signals will be generated in addition to the coherent THz electric field generated by the 

photocurrent. 
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2.3 Coherent and Incoherent Terahertz Emission 

 

Figure 2.6 (a) Total THz power as a function of bias voltage.  Various pump laser powers 

were used: 10mW (blue diamond), 20mW (green triangle), 30mW (red square), and 

40mW (black circle).  The blue and black dashed lines represent exponential fits.  The 

inset introduces two quadratic trend lines to the data.  This shows that the total THz 

power fits a quadratic function below 40V, but an exponential function above 40V. (b) 

Coherent THz power as measured by a TDTS system using an electro-optic method.  

Above 40V bias voltage the coherent THz tends toward the sub linear.  These graphs use 

the same emitter design as presented in Figure 2.6. 

 

 A power dependence study was done on the THz signals emitted from the THz 

emitter
1
.  This study showed that the electric field of the THz pulse does not have a 

consistent ratio with the measured THz power.  This indicates that the THz signal 

generated by the THz emitter can be broken into coherent and incoherent components.  

The total THz power composed of incoherent and coherent parts is shown in Figure 2.6a 

and is measured using a pyroelectric detector.  The coherent component of the THz 

signal, IEO, was measured using an EO technique that will be described in Chapter 3.  

This EO technique measures the electric field of the coherent THz radiation.  The IEO for 

each measurement, as shown in Figure 2.4, is indicated on Figure 2.6b.  This quantity is 
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effectively the coherent THz signal intensity and it will be shown that it is directly 

proportional to the THz electric field in Chapter 3, Figure 3.11 and Equation 3.40.   

 (            )  (     )  (           )  2.13 

 The total THz power is quadratic up to approximately 40VAC bias, but 

exponential at higher voltages as shown in Figure 2.6a.  This occurs while the coherent 

THz exhibits linearity through all bias voltages as shown in Figure 2.6b, though it tends 

toward sub linear above 40VAC.  This indicates that above 40VAC bias the Joule heating 

effect begins to avalanche and dominate THz production.  This means that incoherent 

THz production begins to increase dramatically above 40VAC.  The coherent THz is 

linearly proportional to the bias voltage and the laser power as shown in Equation 2.13 

which was derived from the data in Figure 2.6b.  This is due to more electrons being 

excited as laser power increases and the modulation of the photocurrent by the bias 

voltage.  These effects linearly increase coherent THz production until the Joule heating 

induces thermal currents large enough to interfere with the photocurrent and bias current.  

Figure 2.6 indicates that this point is above 40VAC bias for this particular emitter.  Other 

photoconductive antennas with different parameters also show the same phenomenon: 

linear coherent THz production and exponential total THz production after a threshold 

bias voltage.  However, this threshold bias will vary from emitter to emitter. 
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Figure 2.7 (a) The combination of Figure 2.6a and the square of 2.6b.  Both of the axes 

are proportional to power with the vertical axis indicating total THz power while the 

horizontal axis is proportional only to coherent THz power.  Colors and symbols are the 

same as Figure 2.10.  For bias voltage below 40V lines are fit to each graph indicating a 

linear increase in coherent THz power.  (b) The slope of the lines fit in part (a) is 

graphed. 

 

                                2.14 

 Since       (              )     
 , Figure 2.6a and 2.6b are combined in 

Figure 2.7a.  This gives the ratio of the total and coherent THz power.  The ratio between 

these two powers is linear for low bias voltage, as indicated by the straight lines in Figure 

2.7a.  These lines are fit to the data at the point where they are linear, and are color coded 

to the laser power that the data represents as described in Figure 2.6.  These lines 

represent the linear increase in coherent THz power for the different laser powers.  This 

linear growth of coherent THz power occurs while the total THz power increases 

exponentially.  This supports the idea that THz total power is composed of both 

incoherent and coherent parts, expressed in Equation 2.14. 
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 The total amount of coherent THz power can be estimated From Figure 2.7a.  

Finding the vertical coordinate at the intersection of a given    
  and the coherent THz 

power line will give the coherent THz power.  For a pump laser power of 40mW (black 

dots) at the highest bias voltage of 70.4VAC, this value is 150µW.  The total THz is 

1.01mW.  Turning on the bias voltage without a pump laser will produce only incoherent 

THz.  This incoherent THz measures approximately 856µW at 70.4VAC.  This indicates 

that coherent and incoherent THz signals are emitted at a 15:85 ratio for this emitter 

under these conditions.  Reducing Joule heating will reduce this ratio – increasing 

coherent THz power while reducing incoherent THz power.  Different emitters will 

graphs of the type shown in Figure 2.7a.   
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2.4 Frequency Dependence of Terahertz Power 

 

Figure 2.8 THz power as a function of bias frequency.  The top red graph indicates the 

total THz power measured by a pyroelectric detector.  The middle blue graph indicates 

IEO which is proportional to the coherent THz electric field measured by time domain 

terahertz spectroscopy.  The bottom grey graph indicates the phase of the THz signal.  

This indicates that coherent THz is maximized at 11.5kHz. 

 

 An experiment was conducted where the bias voltage was swept from 1 to 70 kHz 

at constant voltage amplitude.  The total THz power, coherent THz electric field and 

phase of the THz are traced in Figure 2.8.  This resulted in a peak coherent THz field 

occurring at approximately 11.5 kHz.  This was found to be the optimal frequency for 

multiple different emitters with different gap shapes and gap sizes.  Commercial THz 
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emitters are typically operated at 5 kHz which results in a peak to peak value or IEO of 

150nA for the emitter in Figure 2.8.  At 11.5 kHz this emitter generates 450nA, 

representing an approximate increase of 3x in coherent THz electric field generated by 

the THz emitter. 

 

2.5 Terahertz Emitter Structure 

 

Figure 2.9 Structure of a commercial photoconductive antenna.  A GaAs semiconductor 

with 400-625µm thickness is used and 700nm trenches are etched into the surface.  These 

trenches have gold deposited directly into them, which form electrodes.   

 

 A conventional THz emitter or photoconductive antenna has straight electrodes 

that are composed of gold deposited into trenches on the semiconductor substrate.  

Typical dimensions for the placement of these electrodes and the trench parameters are 
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shown in Figure 2.9.  The most notable feature is the gap between the electrodes which is 

typically 100µm.  This gap must be small enough to generate a large electric field when 

the bias voltage is applied, but it must be large enough to allow sufficient photocurrent to 

form, so gaps between 50-300µm are typical.  The femtosecond pump laser can generally 

be focused to have a beam waist diameter smaller than the 100µm, and the electrode gap 

is on the same order of magnitude. GaAs is used as the semi insulating semiconductor in 

most THz emitters.  This is due to the band gap being smaller than 780nm pulsed lasers 

as shown in Figure 2.2. 

 In the photoconductive antenna, the Joule heating current is detrimental to 

coherent THz production.  Therefore the bias current should be minimized since it 

contributes to Joule heating.  This is done primarily by using a semiconductor material 

that has a high resistance.  However, the laser interaction is exciting electrons to the 

conduction band and therefore reducing the resistance of the GaAs.  Conduction band 

electrons are needed to generate plasma in order to create coherent THz pulses, so laser 

interaction cannot be omitted.  However, increasing laser power results in both Joule 

heating as well as reduction to the resistance of the GaAs, thereby increasing the bias 

current.  This means that the laser pulse both directly and indirectly contributes to Joule 

heating.  The resistance between the electrodes changes depending on the power and 

focus of the pump laser used to generate photocurrents.   

               √
  

   
 √

 

   
(
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Figure 2.10 Skin depth graph for the THz emitter shown in Figure 2.9.  The skin depth 

for 20MOhm resistance occurs when no laser interacts with the emitter.  When a 40mW 

laser is used, the skin depth drops to 10kOhm due to reduced resistance across the 

electrode gap.  Since all but the highest frequency THz frequencies have a skin depth 

greater than the 625µm GaAs thickness, the majority of THz will be able to propagate 

through the GaAs and create the THz pulse. 

 

 Skin depth is dependent on resistance as shown in Equation 2.15.  In this 

equation,   is the resistivity,    is the permeability of free space,   is the frequency of 

the incident radiation, R is the resistance across the electrodes, A is the area of the 

electrode (520nm * 4.1mm), and l is the distance between the electrodes (100µm).  These 

values were calculated for the THz emitter shown in Figure 2.9. When no laser is 

generating photocurrents, the resistance across the electrode gap is over 20MΩ.  When a 

40mW laser is used, the resistance drops to 10kΩ.  Graphing the skin depth for different 

frequencies is done on Figure 2.10.  This indicates that the 780nm laser initially transmits 

through the GaAs until it excites enough electrons to lower the resistance.  After enough 



33 
 

electrons are excited, the resistance of the GaAs drops and the skin depth decreases 

leading to the GaAs being opaque to the 780nm pump laser.  Figure 2.10 also indicates 

that THz can propagate through the GaAs, though 10 THz frequencies will have 

difficulty propagating through GaAs emitters thicker than 184µm. Figure 2.5 shows that 

THz frequencies greater than 3THz are effectively noise.  These frequencies have a skin 

depth greater than the GaAs thickness in all cases described in this thesis. 

 The thickness of the GaAs substrate affects the emitter THz output.  Considering 

only skin depth, a thinner substrate will result in a greater amount of THz being able to 

propagate through the GaAs as indicated by Figure 2.10.  An additional factor is that a 

thin substrate will store less thermal energy than a thick substrate, thereby reducing the 

amount of thermal currents on the substrate.  However, the undesired consequence of a 

thin substrate being limited in the amount of thermal energy it can store is that it is more 

likely to be destroyed by the thermal energy deposited by the laser.   
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Figure 2.11 Time domain spectrum for emitters with different thickness of GaAs.  The 

electrode design is the same as shown in Figure 2.6.  The Amplitudes have been 

artificially offset.  The value of the time axis is arbitrary, with the 164 and 213µm 

thickness time domains having to sweep “negative” time in order for the primary THz 

peaks to be recorded.  Reflected peaks are indicated with blue arrows and discussed in the 

text. 
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Figure 2.12 Diagram of THz reflections inside the GaAs THz antenna.  Higher-order 

reflections occur in addition to the secondary THz wave as indicated in Figure 2.11. 

 

GaAs Thickness 

(µm)  

Calculated 

Delay (ps)  

Measured Delay 

(ps)  

164  4.1  4.3  

213  5.3  5.3  

265  6.7  6.7  

309  7.8  7.5  

400  10.1  10.0  

Figure 2.13 Calculated and measured delays of reflected peaks showing good agreement. 

 

 

There is a reflected THz pulse that occurs after the initial THz pulse.  The 

reflected THz pulses are shown by the blue arrows in Figure 2.11.  This reflection occurs 

due to internal reflection of the THz pulse as shown in Figure 2.12.  The expected delay 
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is calculated using n=3.31 for the index of refraction of GaAs and calculating the time it 

would take THz to travel twice the thickness of the photoconductive antenna.  The results 

of this calculation are shown in Figure 2.13 with the experimental results from Figure 

2.11 given as well.  There is good agreement between these values. 

 

Figure 2.14 X-ray images of a damaged photoconductive THz emitter.  These are 

commercial emitters with a gap between electrodes of 100µm.  (A): The front of an 

emitter that has shorted out. (B): The backside image of the emitter showing grain 

boundaries and a detail of the electro migration of gold. 

 

 The Joule heating induced by the laser and bias voltage eventually damages the 

THz emitter.  The thermal electrons that are part of the Joule heating currents can 

generate additional thermal currents.  This process exponentially increases until the GaAs 

substrate reaches thermal equilibrium.  If the thermal equilibrium is above melting 

temperature of the GaAs or the gold electrodes, the material will melt and an electrical 

short will be formed.  However, even at thermal equilibrium below the melting 

Au due to 
electro 
migration 

(A) 

(B) 

Au due to 
electro 
migration 
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temperature, the thermal currents can form grain boundaries as shown in Figure 2.14.  If a 

grain boundary is formed parallel to the bias current, then gold particles can migrates 

across the electrode gap.  This forms an electric short and is regularly seen along a grain 

boundary
7
.  In our experiments, this has been the most common form of THz emitter 

failure. 
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2.6 Chaotic Emitter Design 

 

Figure 2.15 The results of various chaotic electrode designs.  Microscope images of the 

various emitters are shown in brown and yellow at the bottom with yellow being the gold 

electrodes.  These designs include straight, circle + arc, ripple, stadium concave, stadium 

convex, hourglass, and concave.  These emitters had the total THz power measured in the 

top graph and the coherent THz field, IEO, measured in the bottom graph.  Voltage was 

normalized to the smallest gap width in order to produce equivalent electric fields: the 

commercial antenna had a bias voltage of 160V for a 100µm gap, the concave design had 

320V for a 200µm gap, and the other designs had 80V for a 50µm gap. 
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Figure 2.16 Utilizing the hourglass chaotic geometry results in THz coherent field powers 

more than twice as high as the straight electrodes.  Straight electrode time domain graph 

is shown in black.  Hourglass geometry electrode time domain graph is shown in the 

dashed blue line. 

 

 The research group fabricated our own emitters with various designs for the 

electrodes.  The design of the electrodes was done to incorporate chaotic geometries.  

Some of the designs experimented on are shown in Figure 2.15.  In our experiments, the 

ripple geometry was found to produce the greatest amount of coherent THz.  However, 

the hourglass pattern has demonstrated long term stability with emitters operating under 

high laser power and high bias voltage for months before needing to be replaced.  

Therefore, the hourglass geometry was preferred since in pristine condition it generated 

98% of the coherent THz field that the ripple geometry.  It should be noted that both the 

ripple and hourglass geometry operate at approximately 2x the coherent THz output of a 

commercial straight electrode antenna as shown in Figure 2.16. 
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Figure 2.17 Image of two different electrode configurations and the effects on two 

initially parallel thermal electrons.  After some propagation, the electrons will still be 

travelling parallel to each other when interacting with straight electrodes.  In the 

hourglass electrode, the initially parallel electrons rapidly separate in trajectory.  The 

exponential trajectory deviation is the definition of a chaotic system.  This has the effect 

of dissipating the thermal electrons away from the photocurrent area more rapidly.  This 

reduces the disruption to the photocurrents that thermal electrons introduce. 

 

 

 

Figure 2.18 Electron flow for concave stadium and convex stadium electrode designs.  

The design on the left has sharp concave edges which encourage chaotic electron 

propagation.  The design on the right has rounded convex edges which encourage thermal 

electrons to be trapped in the gaps of the stadium design, thereby trapping heat near the 

photocurrent area.  Figure 2.15 shows that the concave design on the left generates 60% 

more coherent THz than the convex design on the right. 
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 The success of the chaotic geometry electrodes is likely the result of allowing 

thermal electrons to migrate away from the area containing photocurrent.  This reduces 

the interference that the incoherent THz exerts on coherent THz generation.  The 

migration of thermal electrons must be done without allowing the photocurrent and bias 

currents to also migrate away from the photocurrent area.  If the thermal currents move 

away from the area of THz generation, it will reduce the production of            .  This 

allows for more stable and powerful            to be generated.  This is illustrated in 

Figure 2.17 where the paths of two thermal electrons are traced through the electrode gap 

as they propagate away from the photoconductive area.  These electrons are initially 

travelling in parallel directions and for the straight electrodes they continue to travel 

parallel and away from the photoconductive area at constant speed.   

In contrast, for the hourglass electrode geometry in Figure 2.17, the electrons are 

not travelling parallel to each other after a short time, and the speed at which they move 

away from the photoconductive area increases the farther they travel.  Their trajectories 

diverge from each other at an exponential rate.  This exponential divergence based on 

similar initial positions is the process that defines chaotic systems.  This geometry also 

accelerates the thermal electrons away from the photoconductive area, reducing the Joule 

heating in the photoconductive area.  The hourglass geometry can be considered to have a 

quasi-stable state for the photocurrent and bias current, but be completely unstable for 

thermal currents unless those thermal currents are oscillating parallel to the bias current.  

The result is that the thermal currents accelerate away from the photoconductive area. 
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Figure 2.19 Structure of photoconductive antenna fabricated by our research group.  

Compare to Figure 2.9.  The differences include the use of hourglass geometry, reduced 

gap between electrodes and the introduction of an air gap around the electrodes that act as 

an insulating layer. 

 

 A minor improvement was noted with the introduction of an insulating layer and 

air gap around the electrodes.  The introduction of the air gap around the electrodes 

separates the bias voltage from direct contact with the GaAs substrate.  This can be 

interpreted as increasing the resistance across the photoconductive area for the bias 

voltage.  This reduces the bias current which in turn reduces the amount of Joule heating 

that occurs.  The schematic for the implementation of an air gap is shown in Figure 2.19. 
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2.7 Conclusion 

 The current best THz emitter fabricated by the research group can emit 

approximately 500µW coherent THz with only 800µW total THz power.  The coherent 

power was calculated by measuring            and applying that value to a graph of 

the type shown in Figure 2.7 in the way described in Section 2.2.  The emitter is of the 

hourglass design shown in Figure 2.19 with an electrode gap of 50µm and a GaAs 

thickness of 350µm.  The pump laser is set at 100mW power, 80MHz repetition rate and 

80fs pulsewidth.  The bias voltage is set to 80VAC @ 11.5 kHz.  The 500µW of coherent 

THz power is approximately 10x the power of commercial THz emitters operated at 5 

kHz using the same bias voltage and laser power.  This improvement in power is due to 

several factors discussed in this chapter.  In order of decreasing impact on coherent THz 

emission these improvements are: optimized 11.5 kHz bias frequency, hourglass 

electrode geometry, GaAs thickness of 350µm, and the incorporation of an air gap around 

the electrodes. 

 The total THz power is made up of coherent and incoherent THz radiation.  The 

coherent THz is generated by a combination of the photocurrent and the bias voltage 

oscillating plasma that is created between the electrodes.  The incoherent THz is 

generated primarily by thermal currents created by Joule heating of the gap between the 

electrodes.  The chaotic design of the hourglass geometry increases coherent THz by 

allowing thermal electrons to migrate away from the photocurrent area.  This reduces the 

contribution of thermal electrons to the total THz power, thereby increasing coherent 

THz production.  
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CHAPTER 3 

ELECTRO OPTIC  

DETECTION OF TERAHERTZ 

 

3.1 Introduction 

 This chapter describes a method for detecting THz electric fields using an electro 

optic detection technique.  In this system, an electro optic, or EO, crystal is placed in the 

path of a coherent THz field.  The electric field then perturbs the index of refraction of 

the EO crystal and this perturbation is measured by a probe beam.  The phenomenon of 

refractive indices being manipulated by external fields is known as the “Pockels” or 

“linear electro optic” effect.  This method of detection has a high sensitivity and can be 

done at room temperature, making it ideal for the measurement of THz pulses.  ZnTe is 

used as an EO crystal because of its high sensitivity to electric fields and the presence of 

a phonon mode outside the frequency range of measured THz bandwidth.  The EO 

detection system is the second necessary part in constructing a time domain THz 

spectrometer, which is described in Chapter 4. 
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3.2 Birefringence 

 The foundation of EO detection comes from the principle of birefringence.  How 

the light propagates through a crystal is determined by the index of refraction given in 

Equation 3.1 with c being the speed of light and u being the phase velocity of light
1,2

.  

                        
 

 
 3.1 

Birefringent crystals have different n based on the polarization of the incoming light.  

The light polarized along one axis will have a different n than the light polarized 

orthogonal to it.  Birefringent material can have two different n along the two axes 

orthogonal to the propagating light.  The result of this is that a material can have light of 

one polarization propagating through the material faster than the orthogonal polarization 

as in Figure 3.1.  Additionally, light with one polarization may travel along a different 

axis than light with orthogonal polarization. 
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Figure 3.1 Mapping the polarization of an incoming beam of light onto the indices of 

refraction of a birefringent material.   

 

Figure 3.1 shows how light polarization can be mapped to the axis of a 

birefringent crystal.  In this case, the y’ and x’ axis correspond to the polarity of 

the beam and the z’ axis corresponds to the beam propagation.  The y, x and z 

axis correspond to the 
yn , xn  and zn  axis of the indices of refraction of the 

birefringent material respectively.  With the z’ and z axis aligned, the normal and 

extraordinary optical axis are aligned parallel.  Due to this alignment, the beam 

will exit the birefringent material at the same angle of entry.  The beam may have 

a shift in polarization if 
yn and xn are not equal, which can cause linearly 

polarized light to become elliptically polarized.  Analyzing the light polarization 

and the indices of refraction allow the calculation of how the light will propagate 

through the birefringent material, and will determine the polarization of the 

exiting light. 
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3.3 The Index Ellipsoid 

 
Figure 3.2 – The index ellipsoid corresponding to light propagating in the z’ direction.  

See text for details. 

 

 1
2

2
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   3.2 

 When an external electric field is applied the indices of refraction in an EO crystal 

change.  In order to calculate this effect, an “index ellipsoid” is created because its axes 

link together the three n present in a birefringent material
1-3

.  The index ellipsoid in zero 

electric field is given by Equation 3.2 where    ,     and     are the indices of refraction 

and x, y and z are axes these indices lie on.  In fact, the indices of refraction are given by 
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the intersection of the index ellipsoid with the x, y and z axes.  An example of how the 

index ellipsoid helps to calculate light propagation through a birefringent material is 

shown in Figure 3.2. 

The shaded ellipse is created by a plane perpendicular to z’ and going through the 

x, y, z origin.  This plane is then bound by the index ellipsoid to create an ellipse who’s 

x’ and y’ axis relate to the indices of refraction experienced by the polarized light.  Light 

polarized in line with x’ experiences xn  because x’ and x are parallel and travels along 

the normal optical axis.  Light polarized in line with y’ experiences   ( ) where 
yn  is 

modified by θ, the angle difference between z and z’, and travels along the extraordinary 

optical axis.  The light propagating now experiences two distinct and different indices of 

refraction and will propagate through the birefringent material at different rates and in 

different directions based on its polarity.   

 

3.4 The Electro-Optic Effect 

 The optical property n can be changed through a number of different external 

effects
1,3

 such as;  thermal, acoustic, electric, and magnetic effects.  When an EO material 

is subjected to an electric field, the index ellipsoid will change and affect the propagation 

of light through the material.  This is typically measured by a probe beam with fixed 

optical properties that propagates through the EO material.  Without an external electric 

field, the probe beam will exit the EO material with unchanged polarization.  When an 

external electric field is applied to the EO material, the probe beam will exit the EO 
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material with different polarization.  In this way a purely optical technique can be used to 

measure an electric field. 

 
Δ   

 

 
     𝑗 𝑗 , 

3.3 

The EO effect is expressed in tensor form and is generally expressed as Equation 

3.3.  Here Δ   is the change in refractive index   ,  𝑗 is an external electric field and   𝑗 is the 

electro optic tensor.  This electro optic tensor differs between materials, but is similar among 

crystals within the same point symmetry group.  Equation 3.3 indicates that an applied electric 

field in the j direction will have an effect on the index of refraction in the i direction.  This 

equation will be shown to be valid during the calculation of the polarization retardation of ZnTe. 

 

3.5 ZnTe as an Electro-Optic Material 

 In the time domain Terahertz spectroscopy system, or TDTS system, ZnTe is a 

common EO material selected for use in THz detection.  This is because of two properties 

of ZnTe – low electric field sensitivity and a phonon mode that occurs at higher 

frequencies than the THz emitter produces.  The phonon mode occurs at 5.3 THz in 

ZnTe
4-7

.  This represents a sharp drop-off in detection sensitivity where the ZnTe will 

absorb almost the entire electric field at this frequency.  The THz emitters described in 

Chapter 2 emit up to 3THz coherent THz electric field as indicated by Figure 2.5.  Since 

the phonon mode of ZnTe is of higher frequency than the coherent THz available, the 

phonon mode will not be encountered during THz measurements.  Other materials have 

higher phonon modes but they are not as sensitive to electric fields, therefore ZnTe is the 
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current material of choice for THz detection.  ZnTe electric field sensitivity is calculated 

later in this chapter. 

 

3.6 Field Induced Phase Retardation in ZnTe 

 In THz detection, the THz electric field is the external electric field that distorts 

the index ellipsoid by causing the EO effect.  A probe beam is collimated with the THz 

electric field and the retardation of the polarity is observed.  This means that the probe 

beam will exit the ZnTe with different polarity based on the amplitude of the THz electric 

field.  As described above, this retardation is the effect of the n changing due to the 

external THz electric field.  To understand this effect more clearly, the retardation of the 

probe beam due to an arbitrary external electric field is calculated
3,8,9

. 

 The index ellipsoid in Equation 3.2 can be rewritten in matrix notation as shown 

in Equation 3.4.  This represents that the index ellipsoid is operated on by an identity 

matrix containing the inverse squares of the index of refraction along the principle axes x, 

y, and z.  The operator is assigning the values of the indices of refraction to the 

intersections of the axes. 
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In the description of the EO effect, it was stated that an external electric field will change 

the indices of refraction of the EO material.  Therefore, the operator in Equation 3.4 can 

be generalized as Equation 3.5.  This operator takes into account symmetry about the 

origin of the index ellipsoid. 
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The indices are renamed according to convention
3
 and yield Equation 3.6b.  
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Equation 3.6b reduces to Equation 3.2 in the presence of no electric field since (
 

 2
)
 
, 

(
 

 2
)
 
, and  (

 

 2
)
 
 go to zero.  If an external electric field is applied to Equation 3.6b the 

change to these terms can be written as Equation 3.7. 

  (
 

  
)
 
   ,𝑗   𝑗 

3.7 

Where  𝑗 is the x, y and z components of the electric field and   ,𝑗is the 6x3 matrix 

referred to as the electro-optic tensor.   

 In the case of ZnTe, the following properties have been calculated and measured
3
 

for light with a wavelength of 550nm.  
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3.8c 

 

Now Equation 3.6b can be written as: 

  

   
(        )     , [(    )  (    )  (    )]    3.9 

Where the first term in Equation 3.9 is the normal contribution from the birefringent 

material and the second term is the contribution due to the applied electric field.  This 
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reduction due to the symmetry of   ,𝑗 and    shows a nonlinearity in the index ellipsoid.  

An electric field in the direction of the x axis will have effects on the index of refraction 

in the y and z axes. 

 The ZnTe crystal used is <110> cut.  Let z be the crystal axis that is in the plane 

of the cut, with crystal axis x and y at an angle π/4 radians on either side of the normal of 

the crystal surface.  The crystal surface is now on a plane of z-x’ and the probe beam will 

propagate along the y’ direction.  The crystal axis x lies halfway between x’ and y’ and 

crystal axis y lies halfway between y’ and –x’.  These two coordinate systems are shown 

in Figure 3.3. 

 

Figure 3.3 – Diagram of the index ellipsoid for <110> cut ZnTe.  The ZnTe crystal face 

lies along the z-x’ plane with a crystal axis along the z axis.  The other two crystal axes 

lie along the y and x axes.  See text for further discussion of this image. 
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 The THz pulse applies a field to the ZnTe and distorts the index ellipsoid.  The 

electric field is polarized at angle ψ, and some magnitude    .  This angle lies in the z-x’ 

plane perpendicular to y’ and is shown in Figure 3.4. 

 

Figure 3.4 – Diagram of the polarity of a THz field interacting with a <110> cut ZnTe.  

The THz beam propagates along the –y’ axis and is perpendicular to the face of the ZnTe.  

The probe beam will also propagate along the –y’ axis, collinear with the THz pulse.  The 

polarization of the THz beam can be any intensity   and any angle ψ in the z-x’ plane. 
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The components of the THz electric field vector are given in Equation 3.10. 

 

          

           

3.10 

If only    is considered, then Equation 3.09 becomes 

 
 

   
(        )     , (    )     3.11 

Recall that the coordinate system used in describing the index ellipsoid was the x, y, z 

axes of the crystal.  While this is the preferred frame of reference in zero field conditions, 

the x’, y’, z’ axes simplifies the calculations under an external electric field.  To illustrate 

this, the following coordinate transformation is applied: 
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This is an equation in the same form as Equation 3.2. 
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  defined from the relationship: 
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Equation 3.15 can be rewritten: 
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The difference between the unperturbed index and the perturbed index is   ,    which is 

much smaller than   .  This validates the following approximation: 

 (     ′) ≪    3.17 

Therefore: 
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Combining Equations 3.19 and 3.21 yields: 
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   ′        3.20c 

This shift in the index of refraction is known as the Pockels effect and   
   ,  is referred to 

as the electro-optic coefficient.   

 For a polarization of an electric field in the   ′ direction, a similar effect can be 

calculated via the following rotation of the x’, y’, z’ coordinate system around the x’ axis.  

The rotation is carried out in Equation 3.21 and the geometry of the rotation is shown in 

Figure 3.5. 
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When carrying out the same procedure outlined from Equation 3.15 to 3.22 will yield. 
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Figure 3.5 – Diagram of the rotation described in Equation 3.24.  The x’, y’, z’ axes are 

rotated about x’ by π/4 radians.  This is done in order to solve for the EO effect of a field 

polarized along the x’ axis.  The new axes x”, y”, z” are defined. 

 

The effects of an electric field in the   ′ or    direction of the ZnTe are described 

by Equations 3.20 and 3.22.  A THz field perturbs the index ellipsoid.  In order to 

measure these perturbations, a linearly polarized probe beam that is collinear with the 

THz propagation is introduced.  The changes in the index ellipsoid now have a direct 

effect on the polarization of the probe beam, by acting as a phase delay and therefore 

elliptically polarizing the probe beam.  Breaking the probe beam polarization into the 

same x’ and z components as the THz field gives the equation for how each polarity will 

propagate through the ZnTe.  The polarization of the probe beam is given in Equation 
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3.23. 
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3.23b 

Retardation Γ will be the difference in polarity between the incident probe beam 

and the probe beam as it exits a ZnTe crystal.  The incident probe beam is considered to 

be phase matched upon entering the ZnTe.  This means that the THz pulse and the probe 

beam arrive at the ZnTe at approximately the same time.  The probe beam path through 

the crystal is measured to be L.  The exponents of Equation 3.26 are labeled as 𝜙 ′ and 

𝜙  to follow convention
3,4

. 

 
𝛤    ′     𝜙 ′  𝜙  

   

 
[  ′    ] 

3.24 

  ′ depends only on the    and therefore can be taken as Equation 3.23a.     depends 

only on   ′ and therefore will be a combination of Equations 3.25a and 3..  The field   ′ 

perturbs the index ellipsoid along   ′′ and   ′′, but the index of refraction the probe 

beams experiences will be along    only.  In order to solve this we require the geometry 

in Figure 3.6. 
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Figure 3.6 – Diagram for calculating   .  The oval is a slice of the index ellipsoid in 

Figure 3.5.   

 

From the two dimensional case of an ellipse in Figure 3.6, Equation 3.25 can be 

calculated
1-3

.  This is the general solution for finding the distance between a point on an 

ellipse and the origin. 
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Combining equations 3.25 and using       due to the rotation described in equation 

3.21: 

    
(      ′)(      ′)

√  
  (

   ′
 )

 
 

(  
     ′

 )

√  
  (

   ′
 )

 
 3.26 
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 .  In this case   
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 𝜒 , ~   ′ so the following approximations 

can be made. 
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This results in       indicating that the z axis of the index ellipsoid experiences no 

changes due to the electric field on   ′.  Plugging this result and equation 3.23a into 

equation 3.27 yields: 
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3.28 

This 𝛤 indicates a change in polarization that is linearly proportional to the electric field 

in a <110> cut ZnTe crystal in the geometry described above.  For a <100> cut ZnTe 

crystal the retardation is calculated to give zero
9
. 

 Equation 3.28 shows that the retardation 𝛤<   > depends on the wavelength of the 

probe beam λ, the electro-optic coefficient   
   , , the magnitude of the THz field    and 

the angle   of the THz field from the z axis of the ZnTe.  The angular dependence      

should be maximized in order to maximize the effect that the THz field has on ZnTe.  

Equation 3.31 shows that the THz polarization should be along the z axis of the ZnTe.  
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This will maximize the EO effect that the THz field has on the ZnTe and therefore the 

probe beam.  It also requires that the THz field needs to be highly polarized and coherent 

along a single axis in order to maximize EO measurements. 

 

3.7 Detecting Γ 

 The retardation given in Equation 3.28 is typically viewed as a shift in the polarity 

of the probe beam.  The probe beam enters the ZnTe with linear polarization and exits 

with elliptical polarization based on the intensity of the THz electric field during the time 

that the probe beam travelled through the EO material.  Measuring this polarization shift 

can be done in several ways.  The polarization shift measurements most common in 

TDTS systems involves splitting the probe beam into polarized components after it has 

interacted with the EO crystal. 

 
Figure 3.7 – Diagram of the EO detection system in a TDTS experiment.  See text for 

details. 
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 The method for detecting the polarity shift is well documented
4,8-10

.  The diagram 

for this detection system is laid out in Figure 3.7.  A THz pulse is focused so that the 

focal point of the pulse lies within the ZnTe structure.  This focal point is then intersected 

by a probe beam with a wavelength of 780nm and linearly polarized to be π/2 radians 

different from the polarization of the THz pulse.  If a THz electric field is present, the 

probe beam will be elliptically polarized in Figure 3.7(2).  The probe beam then passes 

through a quarter waveplate and a Wollaston prism which separates the probe beam into x 

and y polarizations.  The x polarized light goes to one photodiode and the y polarized 

light goes to another photodiode In Figure 3.7(4).  These two photodiodes are wired 

together in inverse series.  The result of this setup is that when the x and y polarized light 

are equal in magnitude to each other in Figure 3.7(3), then the output current from the 

photodiodes is zero.  Alternatively, when x or y polarized light is not equal, then positive 

or negative current will be generated.   

The system is calibrated when       .  The quarter waveplate is rotated so that 

the x and y polarized light are of equal magnitude in Figure 3.7(3).  Experimentally, this 

is accomplished by measuring the current from the photodiodes and rotating the 

waveplate until it equals zero.  Once this calibration is completed, the quarter waveplate 

remains undisturbed during measurement.  Then      is applied which changes the index 

of refraction according to Equation 3.28 and elliptically polarizes the probe beam.  The 

change of polarization will change the ratio of x and y polarized probe beam components, 

which will be measured as non-zero current coming from the photodiodes.  The current 

from the photodiodes is referred to as the signal intensity or amplitude of the signal, and 
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is linearly related to the THz electric field. 

 

 

Figure 3.8 – Diagram describing the rotation of the optical components required to 

measure Γ and in turn THz power.  See text for details. 

 

Figure 3.8 outlines the orientation of all of the optical components for the EO 

detection method shown in Figure 3.7. In E0 the THz beam propagates with polarization 

in line with the z axis of the ZnTe crystal.  The probe beam propagates collinear with the 

THz beam but with some polarization at some angle θ1 from the crystal x’ axis, 

perpendicular to the ZnTe z axis.  In E1, the linearly polarized probe beam is now 

elliptically polarized if there is a THz electric field as a result of the THz beam.  The 

probe beam then passes through a quarter wave plate or λ/4 waveplate, rotated at some 

angle θ2 from the crystal axis to produce a different elliptically polarized light in section 

E2.  Then the probe beam passes through a Wollaston prism rotated at some angle 

different from the quarter wave plate θ3.  In section E3 the Wollaston prism has split the 

probe beam into two perpendicularly polarized beams which are then fed to balanced 

photodiodes. 
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 To calculate the photodiode current, and to optimize this detection system, a 

matrix approach
2,4

 to the light polarization is used in conjunction with Figure 3.8, being 

an alternative view of Figure 3.7.  This method traces the probe beam from the left side of 

Figure 3.8 and modifies the wave equations using matrix multiplication.  These matrix 

components are given in Equation 3.29a-e with the angles θx defined in Figure 3.8.  The 

waveform in Equation 3.29a is broken up into polarization components parallel and 

perpendicular to the ZnTe crystal axis.  The waveform is travelling along the y’-axis of 

the crystal, hence the   (  ′ 𝑤 ) term.  The probe beam has some polarization amplitude 

A.  The phase delay due to ZnTe is given by Equation 3.29b and it has the same phase 

constants as presented in Equation 3.28.  The quarter wave plate has a rotational 

component and a phase delay component as shown in Equation 3.29c.  A quarter 

waveplate is an optical component where the retardation, or phase delay can be defined 

as |𝜙  𝜙 |     .  Equation 3.29d indicates that the beam will split along the optical 

axis defined by the rotation of the Wollaston prism.  The beams exiting the Wollaston 

prism will be polarized along the n” and m” axes as defined in Equation 3.29e. 

 [
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] 3.29e 

When the probe beam passes through the optical components in Figure 3.8, the 

end result is Equation 3.30, a compilation of the Equations in 3.29. 
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3.30 

This calculation is used to optimize the detection system. 

 The balanced photodiodes do not measure polarization, only beam intensity or 

power.  They are wired in such a way that one photodiode generates positive current and 

the other generates negative current.  When both photodiodes experience equal power, no 

current is generated.   This current is measured by a lock in amplifier and is described in 

Equation 3.31.  In this equation    𝑍  is the difference in light power measured by the 

photodiodes.  𝑍  is the impedance of air.  The response of the photodiode to some input 

power is an internal property of the photodiode, typically on the order of 10
-1

A/W. 

                       
(            )

𝑍 
   3.31 

Here    is calculated from solving Equation 3.30.  Since   " and   " are the electric 

fields at each photodiode,    is the difference between the square of these fields. 

    |  "  "
 |  |  "  "

 | 3.32 

Solving Equation 3.30 for   " and   " and putting these results into Equation 3.32 yields 

   in terms of the angles presented in Figure 3.8. 
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3.33 

 The measurable signal         as shown in Equation 3.31 can be explicitly 

calculated if all the angles in Figure 3.8 are known and applied to Equation 3.33.  When 

there is no THz signal,    needs to be set to zero by rotating the quarter wave plate.  

However, in the presence of a THz signal,    needs to be maximized in order for      to 

have the maximum response to the THz field.  The factor in Equation 3.33 that ties the 

THz signal to     is the 𝛤 term.  Maximizing or minimizing the derivative of    

according to 𝛤 will give the point where    reacts the most to a THz signal.  The solution 

to this derivative is given as   
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3.34 

This equation minimizes when using the constants: 

    
 

 
 3.35a 

      3.35b 

    
 

 
  3.35c 

The probe beam should be at an angle π/4 from the z-axis of the EO ZnTe crystal.  
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Additionally, the quarter wave plate should be in line with the z-axis of the ZnTe.  Lastly, 

the Wollaston prism should be at the same angle as the initial probe beam, at an angle π/4 

from the z-axis of the EO ZnTe crystal. 

 

3.8 Confirming the Optimized Settings 

 Testing the results of Equation 3.34 and Equation 3.28 is straightforward.  

Rotating the ZnTe in Figure 3.8 can test both results simultaneously.  In confirming the 

optimization settings, the probe beam polarization and the Wollaston prism angle are 

fixed.  The ZnTe is then rotated.  The quarter wave plate is also rotated in order to set 

              .  The time domain of the THz pulse was recorded and the maximum 

minus minimum signal was recorded according to: 

              [    (       )      (       )]  
3.36 

This peak to peak value represents the maximum coherent THz signal that is measured by 

the detection system.  A visual representation of this peak to peak value, along with the 

time domain signal is shown in Figure 3.9b and c.  The peak to peak results of rotating 

the ZnTe are shown in Figure 3.9a. 
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Figure 3.9 – Graph showing the measured coherent THz power as ZnTe is rotated while 

the probe beam and the Wollaston prism remained fixed.  In part a) a sample of ZnTe was 

rotated about the y’-axis.  In this way, a single point of the ZnTe was tested and the 

coherent THz pulse was measured at various positions in the rotation.  The theoretical fit 

was generated using Equations 3.31, 3.33 and 3.37.  Part b) shows the pulse recorded at 

1.30radians and part c) shows the pulse recorded at 4.09 radians in part a).  These points 

are circled in graph a. 

 

 
    ,      ,       

            𝐹        9  

3.37 

 The independent variable in Figure 3.9a is the rotation of the ZnTe.  At π/3 and 

2π/3 in this image the z-axis of the crystal is in alignment with the polarization of the 

THz beam, which confirms Equation 3.28.  The theoretical fit shown in Figure 3.9a was 

generated using Equation 3.31 and 3.33 with the constraints given in Equation 3.37.  The 

resulting equation was then normalized to fit the experimental data.  The constraints 

given in Equation 3.37 are equivalent to only rotating the ZnTe.  The theoretical model 

generated by Equation 3.33 fits the experimental data well as indicated by Figure 3.9. 
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𝑍 
    𝑏  𝑏          3.38 

 
Figure 3.10 – Graph showing the Coherent THz power intensity (Peak to Peak value) as it 

depends on Probe Beam Power.  The THz power remains constant.  The effect is linear in 

confirmation with the probe beam power dependence of Equation 3.31 and 3.33. 

 

 An additional confirmation of  Equation 3.31 and 3.33 can be done by measuring 

probe beam power compared to peak to peak values.  Equation 3.31 will have a linear 

dependence on the probe beam power according to Equation 3.38.  Experimental data in 

Figure 3.10 confirms this linear dependence 
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3.9 Sensitivity of ZnTe 

 EO sensors have high sensitivity and bandwidth when it comes to detecting 

electric fields.  As discussed previously ZnTe has a phonon mode at 5.3 THz which 

means that it can resolve frequencies up to this range.  The sensitivity of an EO material 

comes from the electro optic coefficient   
 𝜒 ,  shown in Equation 3.28.  For EO 

materials, this coefficient is on the order of 10
-10

 m/V.  For ZnTe it can be calculated 

using values given in Equation 3.8 to be 85*10
-12

 m/V.  For a probe beam wavelength of 

780nm, a ZnTe crystal thickness of 1mm, and the THz polarization set along the z crystal 

axis, Equation 3.28 becomes 

 𝛤<   >             
  (   )  3.39 

This means that the maximum detectable field will be when 𝛤<   >    ,   according to 

Equation 3.31.  Therefore the maximum detectable field is on the order of 10
7
 V/m. 

 

Figure 3.11 – Figures showing the sensitivity of 1mm thick ZnTe.  Graph a shows the 

response of ZnTe to an applied external AC electric field at 11.5kHz for various voltages 

that have been converted to electric field.  Graph b shows the time domain spectra for 

measured coherent THz for ZnTe in the same configuration without an external electric 

field.  Incoherent THz power in Figure 3.11b was measured at 640µW. 
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   (

  

 
)           3.40 

 Theoretically, the minimum detectable electric field is bound by the experimental 

ability to measure Γ.  Testing this directly involves forgoing the THz pulse and instead 

applying an AC field across the ZnTe and measuring the polarization shift of the probe 

beam.  Figure 3.11a shows the results of this experiment.  The AC field had a constant 

frequency of 11.5 kHz, the same as the bias voltage supplying the THz pulse.  The 

electric field was then modulated and the signal intensity measured using a pair of 

balanced photodiodes.  The data in Figure 3.11a fits a curve described in Equation 3.36.  

This maps the signal that can be measured to the electric field affecting the ZnTe. 

 The noise threshold of the measured signal will indicate the minimum measurable 

electric field.  In Figure 3.11b, the noise is given by the fluctuations in the signal intensity 

between 0-2ps.  The standard deviation of this value is ~10
-10

A, which will be the noise 

of the signal.  When the signal is equal to the noise level then the signal to noise ratio, or 

SNR, is 1:1.  This indicates the minimum measurable signal is given in Equation 3.45. 

                𝑏                 
                      3.41 

This means that the minimum detectable field is calculated by combining Equations 3.40 

and 3.41 into Equation 3.42. 

      
    
     

(
 

  
)   

 

 
 3.42 
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Therefore the range of detectable electric field is from 1-10
7 

V/m.  The field sensitivity is 

given by Equation 3.43 where the bandwidth used is 2.5THz as the upper limit on the 

bandwidth in Figure 2.5.  This allows the ZnTe crystal measured in Figure 3.11 to be 

compared to other methods of THz detection
4,5,8

. 

 𝐹                  
    

√𝑏        
         

 

 √  
 3.43 

 

3.10 Peak Coherent THz Field 

 The sensitivity of the EO detector can resolve electric fields between 1-10
7
 V/m 

over THz frequencies.  The amount of THz field measured in Figure 3.11b is going to be 

in this range.  The maximum and minimum      measured in Figure 3.11b are 144 nA and 

-150 nA respectively.  Using Equation 3.40, these values are converted into electric field 

yielding 1.44 and -1.5 kV/m.  This is the maximum and minimum coherent THz field 

measured for the time domain of a THz pulse.  Equation 3.44 is used in order to calculate 

power density where the impedance of air is given by 𝑍     𝛺.  This corresponds to 

powers of 550 and -596 mW/cm
2
 peak power densities for the coherent THz power. 

  

 
 
  

𝑍 
 

3.44 

This represents a conservative estimate of the peak coherent THz power using a non-

optimized TDTS system.  An optimized system as described in Chapter 4 has peak power 

several orders of magnitude higher. 
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3.11 Noise Equivalent Power of System 

 Using      it is possible to calculate the noise equivalent power of the detection 

system described in this chapter.  This noise equivalent power, or NEP, is effectively the 

minimum detectable power of a signal that is detectable over a frequency range.  The 

power dependence makes it so the NEP can be calculated for a variety of different 

detection systems for comparison, with the lowest NEP being able to detect the smallest 

signal over the largest frequency range. 
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)  3.47 

     (                 )  (    )       
 

√  
  3.48 

Equation 3.44 is converted into Equation 3.45 in order to calculate the minimum 

power density.  NEP and power density NEP can then be calculated from Equations 3.46 

and 3.47.  The bandwidth used is 2.5 THz, which is the approximate upper bound on the 

usable bandwidth in Figure 2.5.  To solve numerically for NEP, the power density must 

be converted into power.  In Chapter 4, it will be shown that the sample area of this 

TDTS device has an area of 63.5*10
-6

m
2
.  Using this area, and Equation 3.48 gives the 

total NEP of the system. 
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 This extreme sensitivity is the primary reason for using the EO detection method.  

Pyroelectric detectors typically have        √  ⁄  sensitivity
11

.  Bolometer detection 

sensitivity is typically on the order of       √  ⁄ .  The NEP of this EO detection 

system is on the order of a bolometer, yet it operates at room temperature, making the EO 

detection system preferable for use.  Additionally the EO detection system is sensitive to 

the THz field instead of THz power; a feature that can’t be resolved using pyroelectric or 

bolometer detectors.  This helps reduce noise from incoherent THz sources external to the 

TDTS system.  It also makes the EO detection system compatible with phase locking of a 

signal, a principle explored in Chapter 4. 

 

3.12 Thermal Drift and Homogeneity of ZnTe 

 In Equation 3.1 the index of refraction was calculated from the phase velocity and 

the speed of light in a vacuum.  Alternative ways to calculate index of refraction for a 

material is shown in Equation 3.49.  This equation holds for a generic material x where    

is the relative permittivity and    is the relative permeability of the material. 

    
 

  
 √     3.49 

    
 

  
 √  (        ,  ,  ,   )  (        ,  ,  ,   ) 3.50 

However,    and    have various dependencies that are not accounted for in Equation 

3.49.  Equation 3.50 shows these dependencies
1-3

. 
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Figure 3.12 – Figure of how the detector angle (the quarter wave plate) has to be rotated 

in order to get             in the presence of no THz field.  This shift in quarter wave 

plate angle is due to changes in    and    which occur due to slight changes in 

temperature.   

 
Figure 3.13 – Graph showing coherent THz measurement over the surface of a 10mm by 
10mm piece of ZnTe.  The ZnTe was translated over the x’ and z axis while probe beam 
was kept at 48mW and the THz power was kept at 640µW incoherent. 
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In the case of ZnTe used in the detection system, pressure changes P are minimal 

since all measurements are taken at 1 ATM.  The position of the ZnTe is not changed 

during the experiments so it is fixed as well.  The noise effects these parameters introduce 

are reduced via phase locking as described in Chapter 4.  However the temperature 

dependence of   for ZnTe can be experimentally observed.  This is shown in Figure 3.12.  

This extreme temperature dependence necessitates the adjustment of the quarter wave 

plate prior to every TDTS measurement in order to set               .  ZnTe also 

exhibits homogeneity.  Moving the ZnTe along the z-x’ plane produces Figure 3.13.  As 

such, only the angle of the ZnTe should be considered when aligning components. 

 

 

3.13 Conclusion 

 This chapter outlines the use of an EO material in the detection of electric fields.  

The EO detection method is the best option for detecting THz electric fields in a TDTS 

system.  It has high sensitivity represented by NEP equal to       √  ⁄ .  The EO 

detection system also operates at room temperature, making it simpler to work with than 

a bolometer.  It also has the advantage over other detectors in that the EO detection 

system only measures coherent electric fields.  The ZnTe is used for EO detection 

because of its high sensitivity combined with a phonon mode greater than the THz 

generated by the TDTS system. 
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 An electric field changes the index of refraction of an EO crystal.  This in turn 

modulates the polarity of the probe beam.  Measuring shifts in the probe beam polarity 

gives an indication of how much electric field the EO crystal detects.  Calculations show 

that the optimum angle for a coherent electric field to lie on is along the z axis of the 

<110> cut ZnTe.  The optical components that modulate the probe beam can then be 

optimized with the probe beam and Wollaston prism at angle π/4 with the z axis of the 

ZnTe.  The quarter wave plate should have no rotation and be aligned with the z axis of 

ZnTe.  This EO detection method is described in Figures 3.7 and 3.8.  Optimized settings 

are reported in Equation 3.35. 
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CHAPTER 4 

HIGH POWER HIGH RESOLUTION 

TIME DOMAIN 

TERAHERTZ SPECTROSCOPY 

 

4.1 Introduction 

 In order to measure a sample, a system that generates and detects THz must be 

used.  The time domain terahertz spectroscopy system, or TDTS system, is one of the 

preferred methods for measuring THz transmission or reflection from a sample
1-5

.  

Utilizing the high power photoconductive antenna described in Chapter 2 allows the 

generation of broadband THz pulses that can be used to interrogate a sample.  The emitter 

is combined this with the previously discussed EO THz detection method, a lock in 

amplifier and a delay stage with a long scan length to construct the TDTS system.  In 

addition, a laser stabilization system was implemented in order to have repeatable 

experimental results over a long time span. 
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4.2 Time Domain Terahertz Spectrometer 

 

Figure 4.1 – A diagram of the TDTS setup.  THz signal is in green and laser is in red.  

See text for full description of the system. 

 

 

Time domain terahertz spectroscopy, or TDTS, is set up using the well-

established technique
1-5

, shown in Figure 4.1.  THz pulses are emitted by the THz emitter 

described in Chapter 2 when it interacts with the pump beam.  THz electric field is 

detected by the ZnTe and the EO technique described in Chapter 3.  A delay stage moves 

the pump beam forward in time causing the THz pulse to be sampled at different time 

locations along the THz beam propagation path.  “Time domain spectroscopy” is defined 
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by this delay in either the pump or probe beam path.  The THz emission and detection are 

modulated at the same frequency which results in the system being both frequency locked 

and phase locked.  The noise from background and incoherent THz is greatly reduced due 

to this locking on of signals.  The THz pulse is focused into a small sample area using 

gold plated off axis parabolic mirrors. 

The femtosecond laser has a wavelength of 780nm, a 76-80MHz repetition rate, a 

pulse width of 80-260fs and a power of 75-600mW.  This power is reduced by going 

through a power stabilization system shown in the top left corner of Figure 4.1.  This 

system will be described later in this chapter.  Best THz measurements were taken with 

the 100mW pump laser power and 10-20mW probe beam power.  The bias voltage to the 

emitter was 80VAC at 11.5 kHz.  1mm thick ZnTe was used as an EO crystal in the 

detection system and a pellicle mirror was used to collimate the THz signal with the 

probe beam. 
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4.3 Experimental Procedure 

 

Figure 4.2 – Time domain spectra generated from a TDTS system described in the text.  

Delay length is 44mm which corresponds to a time delay of 146ps.  The first 20ps are 

shown in the graph with the THz pulse occurring at approximately 3.5ps.  The ripples 

after the main pulse are from interaction with a sample, in this case water.  The full 146ps 

spectrum is shown in the inset. 

 

The time domain spectrum is constructed of discrete points
1,5

.  At a given point, 

the delay stage is stationary and the THz signal is sampled and recorded.  Then the delay 

stage moves a fixed distance, stops, and another discrete measurement of the THz signal 

is measured.  This process is repeated, with each discrete measurement being a “step” and 

the distance between steps is referred to as step size.  The THz signal is sampled over 

many steps in order to generate the THz time domain spectrum presented in Figure 4.2. 
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Figure 4.3 – Frequency domain spectra generated from a TDTS system described in the 

text.  This is the fast Fourier transform (FFT) of the time domain spectra shown in Figure 

4.2.  The overall shape of the THz spectra remains constant, with valleys appearing 

where the THz frequency has been absorbed by some pattern.  Note that the vertical 

amplitude scale is in logarithmic units.  At frequencies over 2.6THz the signal is 

unstable. 

 

Figure 4.4 – Absorbance spectra generated from a TDTS system described in the text.  

This absorbance was calculated from the frequency spectra in Figure 4.2 when compared 

to its background spectra using Equation 4.x.  Note how the absorbance spectra becomes 

unstable after 2.6THz. 
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  𝑏   𝑏         (
      

         
)  4.1 

The time domain spectrum is converted into the frequency domain spectrum 

shown in Figure 4.3.  This conversion is done using a discrete version of the Fourier 

transform: the FFT or fast Fourier transform.  The frequency spectrum is often difficult to 

analyze without.  Therefore, a sample frequency spectrum is compared to a reference 

frequency spectrum according to the absorbance formula given in Equation 4.1
6
.  This 

generates amplifies any differences between the sample and reference frequency spectra 

and clearly shows absorbance peaks.  An absorbance peak indicates that the sample has 

absorbed the THz signal at that frequency, thus giving clues to the material in the sample.  

An example of an absorbance spectrum is shown in Figure 4.4. 

 

4.4 Properties of the Terahertz Pulse 

 

Figure 4.5 – Diagram of THz pulse generation from a THz emitter.  An AC bias voltage 

is placed across a pair of electrodes while a femtosecond laser creates a photocurrent in 

the GaAs substrate.  The interaction of these two currents generates a THz pulse that 

propagates outward like a spherical wave emitted from a plane source.  Most of this THz 

pulse is incoherent THz, however some coherent THz is generated and it is polarized 

parallel to the AC field generated by the bias voltage.  The coherent part of the THz pulse 

propagates collinearly with the femtosecond laser and is used to measure samples in the 

TDTS setup.  Chapter 2 examines THz generation in greater detail. 
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Figure 4.6 – Graphs demonstrating that the THz signal is polarized horizontally.  Arrows 

indicate the direction of Bias Voltage and a THz polarizer.  Graphs are the frequency 

spectrum generated by the TDTS in the typical way, except for the addition of a THz 

polarizer at the sample area.  Note that for frequencies <500GHz are suppressed when the 

polarizer and bias voltage are not parallel.  THz polarizer had 150µm grating gap and 

50µm grating thickness deposited on 0.5mm quartz.   

 

 
Figure 4.7 – Graph demonstrating that the THz signal is polarized horizontally.  This is 

the power transmission of total THz power through a THz polarizer as measured by a 

pyroelectric sensor.  Polarizer details are given in the figure.  The curve that is fit to the 

data points is a cosine graph, supporting the idea that the THz beam is polarized.  This 

corresponds with Figure 4.6 in confirming that the THz pulse is polarized horizontally to 

the optical table and parallel to the AC field generated by the bias voltage on the THz 

emitter. 

 

The THz pulse generated by the photoconductive antenna, or THz emitter, is 

described in Chapter 2.  The pulse contains all frequencies between 10GHz to over 3THz, 

making it broadband.  This frequency spectrum is shown in Figure 4.3.  This pulse of 

frequencies is emitted every time the femtosecond laser pulse interacts with the 
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photoconductive antenna.  The pulse of coherent THz propagates collinearly with the 

pump laser.  In addition, the THz pulse is polarized along the direction of the bias current 

as shown in Figures 4.5-4.7. 

 

Figure 4.8 – Time evolution of the THz power density that mirrors the femtosecond laser.  

Graph dimensions are not to scale.  This figure is for reference to the quantities in 

Equations 4.2-4.4.  The pulse width is the time that the THz pulse takes to pass a given 

point.  The repetition rate is the inverse of the time between pulses, given in frequency.  

The peak power is the power at the top of the THz pulse. 

 

                        
             

𝐹        
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(                  )  (           )  (               )

 (                     ) 
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𝑍 
 4.4 

The THz pulse is focused into the sample area of the TDTS system.  Measuring 

the average power with a pyroelectric sensor, the peak THz power and electric field can 

be calculated.  The pyroelectric sensor measures average power, which can be divided by 

the area that the beam passes through, or flux area, to give the average power density as 
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shown in Equation 4.2.  Equation 4.3 is derived from Figure 4.8, and using the average 

power density pulse width and repetition rate results in calculating the peak power 

density.  This peak power density can be used to calculate the electric field from Equation 

4.4.   

For the state of the art photoconductive antenna fabricated by this research group 

described in Chapter 2, the measured average THz power is 0.812 mW and the flux area 

in the sample region is a 9 mm diameter circle.  This yields an average power density of 

1.2mW/cm
2
 and a peak power of 64 W/cm

2
.  Using 𝑍     𝛺 as the impedance of free 

space in Equation 4.4 yields a peak electric power of 15.6kV/m.  This is the total electric 

field comprised of both coherent and incoherent THz electric fields.  The maximum 

amplitude of the time domain spectrum for this emitter is 1230nA which corresponds to a 

coherent THz field of 12.2 kV/m using Equation 3.44.   

 
          

        
 
      

      
   
(         )

(         )
 4.5 

Interestingly, we see that the power ratio between incoherent and coherent THz 

power in Chapter 2 (middle section of Equation 4.5) is similar to the ratio between 

incoherent and coherent THz electric field calculated here using the method outlined in 

Chapter 3 (right section of Equation 4.5).  The method for power calculation in Chapter 2 

involves mapping THz power over peak to peak values squared and extrapolating the 

coherent power.  The method for THz electric field calculation in Chapter 3 involves 

measuring the effect of known electric fields on ZnTe and using that information to 

calculate the THz electric field.  These two separate techniques generate approximately 
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the same incoherent to coherent THz ratio as shown in Equation 4.5.  More investigation 

into THz power and electric field are needed to clarify this result. 

In Chapter 2, the coherent THz power was calculated from Figure 2.7 to be 

approximately 500µW.  The ratio between the incoherent and coherent powers and 

electric fields using Figure 2.7 or Equation 3.40 are nearly equivalent.  This is shown in 

Equation 4.5 where the middle ratio is calculated using Figure 2.7 while the right hand 

ratio is calculated by Equation 3.40 on the same emitter under the same conditions.  

Coherent THz can be calculated by mapping the electric field strength across the ZnTe 

onto the balanced photodiode current as in Chapter 3.  It can also be calculated by 

directly measuring total THz power as bias voltage is increased and the linear coherent 

THz power can be extrapolated as in Chapter 2. 

 

4.5 Laser Stabilization System 

                                          4.6 

Environmental conditions such as humidity and temperature can cause laser 

power to drift.  In order to prevent this, a laser power stabilization system was created.  

This system is shown in the top left corner of the TDTS setup in Figure 4.1.  Utilizing the 

laser output power and the amount of laser power that was dumped, it was possible to 

know the laser power that is delivered to the TDTS system.  This is shown in Equation 

4.6.  The laser output power could be electrically measured and the dump was replaced 

with a power meter.  The system was then given control to rotate the initial λ/2 

waveplate, thereby changing the ratio of power delivered to pump and TDTS. 
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The above process was automated to take place before every time domain 

spectrum was measured.  This resulted in consistent laser power delivered to the TDTS 

system regardless of actual laser power changes due to environmental effects.  This 

prevented systematic system drift due to laser power.  It allows high repeatability of THz 

measurements over months instead of days.  It also allowed a longer scan length to be 

used, resulting in high resolution of the TDTS system. 

 

4.6 Frequency Locking and Phase Locking 

A lock in amplifier, or LIA, is used to lock the frequency that the TDTS system 

operates at.  The LIA generates a reference AC voltage at a fixed frequency.  This AC 

voltage is amplified to create the bias voltage across the photoconductive antenna.  On 

the other end of the TDTS, the current from the balanced photodiode device in the EO 

detection system is then fed into the LIA.  The LIA multiplies this measured signal by the 

reference frequency.  Exploiting the orthogonal nature of sine waves this multiplication 

results in the suppression of all signals that are not oscillating at the reference frequency.  

This is done according to the following equations. 

                       (      ) 4.7 

                  ∫ ∑     (      )
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4.10 

If T >> period = 1/   in Equation 4.10 then when the integration is done the cosine terms 

go to zero everywhere except in the case where       in which case: 

              ∑
 

 
  [   (     )]

 

 4.11 

Therefore, only signals with the same frequency as the reference signal are 

measured by the LIA, and generate a DC current.  The term       is known as the 

phase of the measured signal.  In the setups discussed here,            and 

T=100ms, so the constraint of T>>1/   holds true and the LIA can be used to filter out 

all other frequencies. This frequency selection technique also suppresses signals that have 

the same frequency as the reference, but are out of phase with the phase of the measured 

signal.  In the case of measuring a THz wave it means that when the THz time domain 

signal is measured at one time position, it will contain no components of the time domain 

signal from other time positions.  The use of the LIA allows the measurement of small 

coherent signals in the midst of large amounts of incoherent noise.  This makes it ideal 

for use in the TDTS system. 
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4.7 Terahertz and Intermolecular Interaction Time 

 The THz pulse is able to measure gas molecules faster than their intermolecular 

interaction time.  This means that the THz frequency spectrum is the result of individual 

molecules reacting to the THz pulse.  The THz pulse in Figure 4.2 has an initial pulse of 

only 2ps while intermolecular interaction time will be calculated in Chapter 6 to be 

~100ps.  The disparity between the width of the THz pulse and the 100ps mean 

interaction time indicates that the fast propagation of THz is measuring individual 

molecules in the sample region as opposed to bulk gas effects.  This idea is solidified 

when the lack of short range coupling for gasses is considered. 

 

4.8 Gold Plated Off Axis Parabolic Mirrors 

The THz pulse generated by the THz emitter acts as a spherical wave propagating 

outward from a point source.  Coherent THz is emitted in a narrow cone collinear with 

the direction of the pump laser.  This wave is collimated or focused using gold plated off 

axis parabolic mirrors.  Two of these mirrors are used to capture and focus the THz from 

the emitter and focus it onto the sample area in Figure 4.1.  Two more mirrors are used to 

capture the THz transmitted through the sample and focus it onto the ZnTe for EO 

detection. 
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Figure 4.9 – Aberration effects in silicon lenses shown on the left.  The lack of aberration 

effects in off axis parabolic mirrors shown on the right.  When dealing with broadband 

frequencies, mirrors will reflect all frequencies in the same fashion, while a lens will 

focus different wavelengths to different locations.  Since the THz signal in this thesis is 

from 0.01-3Thz, off axis parabolic mirrors are used in the TDTS system.   

 

 In principle, a lens could be used to focus the THz pulse.  However, lenses cause 

aberration in the pulse when the pulse is broadband.  Aberration occurs when optical 

element has different focal lengths for different frequencies.  Parabolic mirrors exhibit no 

aberration while lenses and other optical elements do exhibit aberration.  Since the pulse 

in Figure 4.3 is broadband, mirrors are used to direct the THz pulse instead of lenses in 

order to avoid aberration.  Gold is uses as the mirror surface because it does not tarnish 

like silver or oxidize like aluminum.  Over THz frequencies, all three of these materials 

do not have phonon modes and have over 95% reflection rate. 
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4.9 Fast Fourier Transform 

                       
              

         
 4.12 

         𝐹          
 

 
   4.13 

 The fast Fourier transform, or FFT is the discrete version of the normal Fourier 

transform.  FFT is used to convert the time domain spectrum in Figure 4.2 into the 

frequency domain spectrum in Figure 4.3.  This mathematical technique is well explored 

in the literature
7-9

.  Some of the parameters of the FFT are calculated here in order to 

demonstrate how the time domain spectrum affects the properties of the frequency 

domain spectrum. The first parameter is the maximum frequency that can be resolved by 

the FFT, which is the Nyquist frequency calculated in Equations 4.12 and 4.13. From this 

point forward time subscript indicates that this is a property in the time domain spectrum 

while the FFT subscript will indicate that property is in the frequency domain, after the 

FFT has been carried out.  Therefore, in order to resolve higher frequencies, the step size 

should be reduced. 

                           
  

    
  4.14 

 The second parameter to consider is the frequency resolution of the frequency 

domain after the FFT has been used.  The FFT projects the number of data points in the 

time domain,      , onto the range of the frequency domain, 0 Hz to   .  The frequency 

resolution is calculated by dividing the sampling frequency by the number of discrete 

points in the spectrum as shown in Equation 4.14.  The FFT projects the same number of 

time domain points onto the frequency domain so           .  In the spectra presented 
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in this thesis, the step size is 20µm and           .  This generates a Nyquist 

frequency of 7.5THz and a frequency resolution of 6.8GHz.  Figures 4.10 and 4.11 on the 

next two pages demonstrate the result of increasing the scan length of the delay stage.  

This increases       and therefore increases the frequency resolution of the frequency 

domain spectrum.  Therefore, in order to get higher resolution in the frequency domain, a 

longer scan length should be used. 

 Padding is a technique that involves adding zeros to the end of the time domain 

spectrum to increase      .  This has the effect of artificially increasing the frequency 

resolution      of the frequency domain.  The benefit of padding is that it makes 

frequency peaks more distinguishable by reducing the full width half maximum and 

increasing the peak amplitudes.  An approximation of this effect can be seen in Figures 

4.10 and 4.11 where       is increased.  However, using padding produces the undesired 

effect of “overfitting” or “ringing” in the frequency spectrum
7,8

.  This ringing effect is 

shown in Figure 4.13 where periodic side peaks begin to emerge around the primary 

peaks as padding is increased.  Figures 4.12-4.14 in the following pages show the effect 

of padding on the frequency spectrum. 
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Figure 4.10 – Graphs showing increased frequency resolution based on scan length.  Inset 

numbers represent scan length T given in millimeters.  As T increases the resolution of 

the THz frequency spectrum increases and more spectra features come into focus.  New 

peaks continue to resolve until T=28mm, after which point very few new minor features 

appear.  However, main peaks continue to sharpen up to T=44mm, indicating that the end 

of the time domain spectra continues to have information.  Data continues on Figure 4.11 
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Figure 4.11 – See description in Figure 4.10. 
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Figure 4.12 – The frequency spectrum from 0-5THz for different lengths of padding.  The 

different colors correspond to different     and are labeled as such.  Vertical 

displacement is artificial and was introduced in order to show how similar all the 

spectrum are, regardless of padding length.   

 

Figure 4.13 – A zoomed in portion of Figure 4.12.  This graph shows the “ringing” or 

overfitting effect caused by padding.  The periodic peaks over 0.20-0.25THz are the 

result of padding. 
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Figure 4.14 – The frequency spectra for various padding lengths.  The colors correspond 

with those in Figure 4.12.  Each graph also notes the      as “FFT data in” and the 

resolution     . 
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4.10 Conclusion 

 The TDTS system described in this chapter is capable of measuring the THz 

spectrum that has been transmitted through a sample region.  The high power emitter 

described in Chapter 2 increases the ability to resolve absorbance spectra of samples by 

increasing the THz power available to be absorbed.  A laser stabilization technique is 

used to account for environmental fluctuations and results in reproducible THz spectra 

over several months.  A long scan length of a delay stage is used in order to get high 

resolution in the frequency spectrum.  In these ways, the TDTS system has been 

improved to the point of being capable of measuring gas-phase samples.  Water vapor, 

chemical vapors and even ionized air can be measured with this high power, high 

resolution time domain THz spectrometer. 
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CHAPTER 5 

TERAHERTZ SPECTRUM 

OF WATER VAPOR 

 

5.1 Introduction 

 Water spectrum is a natural test case for THz measurements since water vapor has 

rotational modes in THz.  Utilizing the high power, high resolution TDTS described in 

Chapter 4, THz measurements are carried out at various humidity and coherent THz 

power.  The effects of THz power and humidity on the THz frequency and absorbance 

spectra are presented and analyzed.  It is found that water peak amplitude is affected by 

THz power and humidity while water peak frequency and full width half maximum are 

not.  To my knowledge, this is the first study of water vapor done using various THz 

power.  Previous studies
1-4 

have been conducted for water vapor, however they have been 
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impeded by low THz power, the use of gas cells which dissipate THz, and the use of low 

gas pressure. 

 

5.2 Water Absorbance Lines 

 

Figure 5.1 – Experimental data for the THz absorbance spectrum of water compared to 

reference data
5
.  See text for full details of this image. 

 

 The absorbance lines for gases in THz typically correspond to rotational modes of 

the gas molecules.  This means that the absorbance lines represent changes in the total 

angular momentum quantum number, J states, of the gas molecule.  Water absorbance 

lines occur at frequencies where water molecules absorb the THz, or any EM spectrum.  

In the THz absorbance spectrum, this means that a “water peak” will emerge in the 
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presence of water vapor at the frequencies of these water absorbance lines, as shown in 

Figure 5.1.  In the THz frequency spectrum, the “water peak” is inverted showing a 

decrease in spectrum amplitude at the frequencies of water absorbance lines.  Our data, 

part of which is presented in Figure 5.1, show good agreement with both reference data 

as well as the quantum theory of J state transitions.  For a full description of how J state 

transitions cause water absorbance lines, refer to Appendix B. 

 In Figure 5.1, the experimental data shown is the absorbance spectrum consisting 

of an average of 100 different water and background spectra.  The humidity difference 

between background and water spectrum is 2-10%RH and the temperature T=20.0 +/- 

2.0
o
C.  The J state transitions for J<3 are labeled on the experimental data.  Unlabelled 

absorbance peaks correspond to higher J state transitions.  Both frequency (THz) and 

energy level (cm
-1

) are shown.  Reference and Experimental data show good agreement 

as described in Figure 5.2. 
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Observed (THz) 

Reference
5 

(THz) 

Reference
5
  

(cm-1) 

% 

difference Jstate1
6 

Jstate2
6 

0.5565 0.5569 18.5645 -0.08 101 110 

0.7513 0.752 25.0678 -0.10 202 211 

0.986 0.9879 32.9309 -0.20 111 202 

1.092 1.0974 36.5788 -0.49 303 312 

1.111 1.1133 37.1114 -0.21 000 111 

1.158 1.1531 38.4376 0.42 221 312 

1.162 1.1629 38.7637 -0.08 312 321 

1.206 1.2076 40.2546 -0.14 413 422 

1.227 1.2288 40.9596 -0.15 211 210 

1.3218 1.3221 44.0688 -0.02 532 625 

1.406 1.4106 47.0206 -0.33 514 523 

1.5423 1.5416 51.3867 0.05 542 633 

1.600 1.6022 53.4073 -0.14 404 413 

1.666 1.661 55.3669 0.30 212 221 

1.676 1.6699 55.6635 0.37 101 212 

1.715 1.7168 57.2257 -0.10 212 303 

1.760 1.762 58.7348 -0.12 624 633 

1.790 1.7948 59.8263 -0.27 615 624 

1.794 1.7972 59.9053 -0.18 725 734 

1.870 1.8677 62.2583 0.12 523 532 

1.918 1.9185 63.9495 -0.03 313 322 

2.035 2.0405 68.0159 -0.27 422 431 

2.070 2.0744 69.1477 -0.21 322 413 

2.161 2.1641 72.1377 -0.14 202 313 

2.197 2.1963 73.2115 0.03 321 330 

2.221 2.2218 74.0584 -0.03 505 514 

2.263 2.2641 75.4717 -0.05 414 423 

2.344 2.3443 78.1417 -0.01 716 725 

2.365 2.3659 78.8633 -0.04 322 331 

2.383 2.3916 79.7191 -0.36 313 404 

2.467 2.4629 82.0978 0.17 423 432 

Figure 5.2 – Table comparing observed THz absorbance peaks to reference data
5
.  

Reference data supplied in both frequency (THz) and energy (cm
-1

).  Average percent 

difference is -0.073%.  The right two columns indicate the J state transition that 

corresponds to the observed THz absorbance peak, as assigned by Hall
6
. 
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5.3 The Terahertz Spectrum of Water Vapor 

 

 

Figure 5.3 – Frequency Spectrum of water.  See text below for details about these spectra. 

 

 Figure 5.3 shows the effects of water vapor and coherent THz power on the THz 

spectrum.  Axis are uniform across all six graphs.  Spectra on the left side of Figure 5.3 

are generated using 50µW coherent THz power.  Spectra on the right side are generated 

using 400µW coherent THz power.  The top red graphs have ~6% RH, the middle blue 

graphs have ~45% RH and the bottom green graphs have ~97% RH.  These graphs are 

generated using the experimental procedure described in Chapter 4.  Low and high 

humidity conditions are achieved by using nitrogen gas and evaporating distilled water in 

a sealed chamber respectively.  The interaction length between the THz pulse and the 
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environment is 808mm.  These 6 graphs represent a larger data set where THz power was 

set at every 50µW of THz power between 50µW and 400µW. 

 When water vapor is introduced to the TDTS system, water peaks emerge in the 

THz frequency spectrum.  The individual water peaks can be characterized by calculating 

their amplitude, frequency, and full width half maximum (FWHM).  This study uses three 

separate relative humidity (%RH) levels with +/-2% error: 6%, 45% and 97%.  Eight 

different coherent THz power levels are also used with 10% error: 50, 100, 150, 200, 250, 

300, 350 and 400µW.  This study focuses on the effects that different humidity and 

power levels have on the THz spectrum, in particular the water peaks.  Therefore it is 

convenient to describe changes in humidity and coherent THz power as dH and dP 

respectively for the remainder of this chapter. 
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5.4 Terahertz Absorbance Spectra of Water Vapor 

 

Figure 5.4 – THz absorbance spectrum for 50%RH and reference absorbance
5
 of water 

vapor.  Each absorbance spectrum is an average of five reference and sample frequency 

spectra.  Each uses the 6%RH frequency spectrum as reference data and the 45%RH 

frequency spectrum as sample data.  THz absorbance spectrum for 97%RH looks similar 

and is not presented here.  Absorbance spectrum is vertically offset artificially in order to 

show all absorbance in one image.   
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 The THz absorbance spectra in Figure 5.4 are visually identical over all THz 

powers.  However, the absorbance spectrum becomes more resolved for frequencies over 

2.5THz with higher THz powers.  The frequency spectrum, shown in Figure 5.3, is not a 

flat distribution, this accounts for the difference in water peak amplitude between the 

absorbance spectra and the reference data.  The water peak amplitude and frequency are 

straightforward to calculate.  The FWHM cannot be directly measured for water peaks 

that are close together.  Therefore, a Gaussian curve is fit to each water peak and the 

FWHM calculated from the Gaussian. 

 Abbreviation Description dP dH 

(        ) 
Water Peak 

Amplitude 
      

(         ) 
Water Peak 

Frequency 
    

(     𝐹   ) 
Water Peak 

FWHM 
0   

Figure 5.5 – Table of patterns occurring in the absorbance spectrum of water as the result 

of changes in THz Power,   , or changes in humidity,   .  These patterns are 

established by fitting curves to Figures 5.6-5.9 and determining which pattern has a least-

squares fit to the data.   

 

 

 The three characteristics of water peaks, amplitude, frequency and FWHM, are 

shown at the end of this section for RH and THz power variations.  See Figures 5.6-5.9 

for raw data.  Analysis of this data shows that as THz power increases, the absorbance 

amplitude of water peaks linearly increases.  Analysis also indicates that as humidity 

increases, the absorbance amplitude of water peaks increases linearly as well.  No 

consistent effect was observed on water peak frequency or FWHM as a result of humidity 

change or THz power change.  To further analyze the effect of humidity on the 
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absorbance spectra, data is presented from a separate study where humidity was varied 

and the absorbance calculated for smaller steps in humidity increase over the range of 

45% to 80%RH.  This separate study confirms a linear relationship between humidity 

increase and water peak amplitude in the THz absorbance spectra.  These results are 

shown in Figure 5.5 where    indicates a change in the absorbance spectrum and the peak 

amplitude, frequency and FWHM are described by       ,        , and    𝐹    

respectively. 
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Figure 5.6 – Graphs of the peak amplitude for 12 water peaks in the THz absorbance 

spectrum of water vapor.  All data is experimentally measured with black dots 

representing 45%RH and white dots representing 97%RH. The frequency of each water 

peak is labeled.  Peak amplitude is calculated by measuring peak height compared to 0.  

Figures 5.6-5.8 all come from the same data set and water peaks are in the same position 

across these figures. 



114 
 

 

Figure 5.7 – Graphs of the peak frequency for 12 water peaks in the THz absorbance 

spectrum of water vapor.  All data is experimentally measured with black dots 

representing 45%RH and white dots representing 97%RH. Note that the peak frequency 

y-axis has different scales for each graph, corresponding to the frequency location of the 

measured peak.  Figures 5.6-5.8 all come from the same data set and water peaks are in 

the same position across these figures. 
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Figure 5.8 – Graphs of the peak full width half maximum (FWHM) for 12 water peaks in 

the THz absorbance spectrum of water vapor.  All data is experimentally measured with 

black dots representing 45%RH and white dots representing 97%RH. FWHM is 

determined by techniques described in this chapter.  Figures 5.6-5.8 all come from the 

same data set and water peaks are in the same position across these figures. 
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Figure 5.9 –  Graphs of absorbance peaks compared to %RH.  This data is taken from a 

separate study than the rest of the data presented in this paper.  THz peaks presented here 

do not align with Figures 5.6-5.9  Reference data for the absorbance spectrum is from a 

frequency spectrum generated at 44%RH.  This data shows a strong linear correlation 

between absorbance peak height and RH for all water peaks. 
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5.5 Terahertz Frequency Spectra of Water Vapor 

 

Figure 5.10 – THz frequency spectrum of water.  Max height of the frequency spectrum, 

or (     ), is marked by the green line.  The red line represents the amplitude of a 

water peak at 1.1629THz with point A being at the bottom of the water peak, and point B 

being at the top of the water peak.  Point B is defined in the text. 

 

 The THz frequency spectrum of water vapor can be analyzed in the same way that 

the absorbance spectrum was analyzed.  However, there is no “zero” value to accurately 

measure the water peak amplitude against as there is when measuring amplitude in the 

absorbance spectrum.  Therefore, the peak amplitude is defined as the difference in 

length between point A and point B as shown in Figure 5.10.  In this case, point B is 

defined as the local average of the spectrum over +/-36GHz, plus two standard 
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deviations.  This ensures that 98% of the local spectrum lies below the value of point B.  

This is formalized in Equation 5.1 where    is Point B at the same frequency as Point A ,  

 

 
∑           
       
          is the mean of all amplitudes in a +/-36GHz range from the 

given frequency, and   is the standard deviation over the same range.  The frequency and 

FWHM of the frequency spectrum water peaks are calculated in the same manner as in 

the absorbance spectrum. 

    
 

 
∑           

       

         

    5.1 

 The three characteristics of water peaks, amplitude, frequency and FWHM, for 

RH and THz power variations are shown below in Figures 5.11-5.13.  Analysis of this 

data shows that as THz power increase has a quadratic effect on the frequency amplitude 

of water peaks.  Analysis also indicates that as humidity increases, the frequency 

amplitude of water peaks increases linearly.  No consistent effect was observed on water 

peak frequency or FWHM as a result of humidity change or THz power change.   
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Figure 5.11 – Graphs of the peak amplitude for 12 water peaks in the THz frequency 

spectrum of water vapor.  All data is experimentally measured with black dots 

representing 45%RH and white dots representing 97%RH. The frequency of each water 

peak is labeled.  Peak amplitude is calculated according to Figure 5.2 with [amplitude = 

point B – point A].  Note that the peak amplitude y-axis is on a logarithmic scale.  

Figures 5.11-5.13 all come from the same data set and water peaks are in the same 

position across these figures. 
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Figure 5.12 – Graphs of the peak frequency for 12 water peaks in the THz frequency 

spectrum of water vapor.  All data is experimentally measured with black dots 

representing 45%RH and white dots representing 97%RH. Note that the peak frequency 

y-axis has different scales for each graph, corresponding to the frequency location of the 

measured peak.  Figures 5.11-5.13 all come from the same data set and water peaks are in 

the same position across these figures. 
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Figure 5.13 – Graphs of the peak full width half maximum (FWHM) for 12 water peaks 

in the THz frequency spectrum of water vapor.  All data is experimentally measured with 

black dots representing 45%RH and white dots representing 97%RH. FWHM is 

determined by techniques described in this chapter.  Figures 5.11-5.13 all come from the 

same data set and water peaks are in the same position across these figures. 
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 The water peak amplitude shows a quadratic relationship with THz power in the 

frequency spectrum.  However, Figure 5.3 suggests that the overall curve of the THz spectra is 

suppressed by humidity.  Here, the “overall curve” refers to the general Gaussian shape of the 

THz frequency domain spectrum.  In order to define this effect, the maximum amplitude of the 

frequency spectrum is measured according to Figure 5.10 and is compared to the peak amplitude 

of water peaks in the frequency spectrum.  The maximum amplitude of the frequency spectrum is 

defined as (     ) and is presented in Figure 5.14A, exhibiting a quadratic relationship 

with THz power.  In addition, data from as separate data set is shown in Figure 5.14C 

demonstrating that humidity has a negative linear impact on (     ). 

 

Figure 5.14 –How   , a change in THz power, and   , a change in humidity, affect THz 

spectrum.  Figure A represents (     ) and is directly calculated from the data set in 

Figure 5.3, with quadratic curves fit to the raw data.  Figure B is the peak-to-peak values 

of the time domain spectrum used to generate the data set of Figure 5.3; linear curves are 

fit to the raw data.  Figure C and D are taken from a completely separate data set and 

show the    effects on the same parameters described in Figure A and B. 
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Figure 5.15 – Graphs of normalized peak amplitude for 12 water peaks in the THz 

frequency spectrum of water vapor.  All data is experimentally measured with black dots 

representing 45%RH and white dots representing 97%RH. Normalized peaks are 

calculated by dividing the peak amplitude in Figure 5.11 by the Maximum Amplitude of 

the frequency spectrum for each data point.  Note that the normalized peak amplitude y-

axis has different ranges for each graph in this figure.   
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 Both (     ) and peak amplitude in the frequency spectrum exhibit a quadratic 

relationship with THz power.  Therefore, the peak amplitude can be normalized by 

dividing by the (     ) for the frequency spectrum.  This normalization is shown in 

Figure 5.15 and shows some unexpected results.  For THz powers below 150µW there 

appears to be a linear increase in normalized peak amplitude.  Above 150µW however 

shows exponential decay to a fixed value.  These normalized graphs have the effect of 

removing the effect that THz power has on the peak amplitude.  This suggests that for 

higher THz powers, the effect of humidity on (     ) and the overall THz curve is the 

primary contributor to the peak amplitude by suppressing Point B.  In fact, Point B 

changes are orders of magnitude larger than changes in Point A as shown in Figure 5.16.  

The effect that humidity has on suppressing the overall THz curve is therefore much 

greater than the unique localized effects that create water peaks.  A summary of all the 

effects of THz power and humidity on the THz frequency spectrum are presented in 

Figure 5.17. 
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Figure 5.16 – Graphs of Point A and Point B for five water peaks in the THz frequency 

spectrum.  While both Point A (left side) and Point B (right side) increase with THz 

power, the increase in Point B is at least an order of magnitude larger than that of Point 

A.  Also note that 45%RH (black dots) are higher than 97%RH (white dots). 
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Abbreviation Description dP dH 

(     ) 
Maximum 

Amplitude 
        

(        ) 
Water Peak 

Amplitude 
        

(   ) Point A positive     

(   ) Point B         

(         ) 
Water Peak 

Frequency 
0 0 

(     𝐹   ) Water Peak FWHM 0 0 

(         ) 
(        )

(     )
 

(  )            
    

                

Figure 5.17 – Table of patterns occurring in the frequency spectrum of water as the result 

of changes in THz Power,   , or changes in humidity,   .   

 

 

5.6 Conclusion 

 Our data shows good agreement with quantum theory as well as reference data for 

the location of water peaks.  The conclusions of the study of water peaks are fully 

summarized in Figure 5.5 and 5.16.  There were no effects from either coherent THz 

power or humidity on water peak frequencies or FWHM for either the absorbance 

spectrum or the frequency spectrum.  The peak amplitude of water peaks in the 

absorbance spectrum varies according to Equation 5.2 where    indicate constants. 

 (        )  (    ) (    ) 5.2 

 (        )  (    
 
) (    ) 5.3 

Similarly, the peak amplitude of water peaks in the frequency spectrum varies according 

to Equation 5.3.  The most surprising result is that increasing humidity reduces the 

frequency domain water peak amplitude.  This was interestingly found to be the result of 
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humidity suppressing the entire overall THz curve as opposed to a localized 

phenomenon. 
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CHAPTER 6 

ION DYNAMICS IN GASSES 

 

6.1 Introduction 

One of the goals of using the TDTS system is to measure ionized air.  It is well 

known that radiation can ionize air via Compton scattering.  However, little information 

exists concerning the ion dynamics of gases at room temperature and pressure.  

Therefore, before the THz spectrum is measured, a study on ion dynamics was conducted 

in order to gain a better understanding of ionized air.  This study was conducted by 

measuring the positive and negative ion densities for four different gasses using a “4-Cell 

System.”  When exposed to radioactive isotopes, these ion densities increased as 

expected.  However, the amount of ions generated differs from simple theoretical ion 

density calculations.  Typically, the dose rate of the isotope determines the long term ion 

density in the gas.  However, the long term ion densities of argon and carbon dioxide 

suggest that gamma energy of the isotope plays a role in ionization.  The data presented 

in this chapter is, to my knowledge, the first indication of gamma energy level long term 

ionization dependence.  The information and techniques laid out in this chapter can then 

be applied to the THz spectrum of ionized air. 
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6.2 Properties of Air 

  
Percent in Air

1
 

(%) 

Mean Velocity 

(m/s) 

Mean Interaction Time 

(ps) 

Mean Free Path 

(nm) 

N2 75.7 471 94 44 

O2 20.2 440 120 53 

Ar 0.9 394 161 64 

H2O 3.0 587 48 28 

CO2 0.03 375 66 25 

          

Air   466 99 46 

Figure 6.1 – Properties of various gases including normal air as calculated by the 

weighted average of the properties of the individual gasses.  Gas percentages assume a 

50% RH equals approximately 3% water vapor in the air.  Other values calculated using 

Equations 6.5, 6.10 and 6.11.  Some calculations used quantities reported in Figure 6.2 

 

  
Molecular Mass 

(amu) 

Molecule 

Radius 

(angstrom) 

Ionizatio

n Energy
6
 

(eV) 

Gas Density
7
 

(kg/m^3) 

Recombination 

constant α
8
 

(cm^3/s) 

N2 28.014 2.25
2
 15.5 1.165 1.06*10

-6
 

O2 31.998 2.06
2 

12 1.331 1.32*10
-6

 

Ar 39.948 1.88
3 

15.7 1.661 1.06*10
-6

 

H2

O 
18.015 2.82

4 
12.6 0.804 ** 1.00*10

-6
 

CO2 44.009 3.00
5 

13.7 1.842  ** 1.00*10
-6

 

            

Air 28.583 2.22   1.205 1.23*10
-6

 

Figure 6.2 – Properties of various gases including normal air.  The values in this table are 

taken from various references. 

** These values are order-of-magnitude approximations only. 

 

 The normal state of a gas must be understood in order to understand how 

ionization happens in gasses.  Some important properties of gasses are shown in Figure 

6.1 and 6.2 for reference throughout this thesis.  Some of these properties will be 

calculated in this section.  A gas is a collection of molecules that travel fast, have a short 
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time between interactions, have no short or long range coupling, and generally have a 

large distance between molecules.  Every individual molecule in a gas operates 

independently from every other molecule except when they collide.  When a collision 

event occurs, neutral molecules will simply undergo elastic collisions.  This section will 

calculate many of the properties for various gasses, with particular attention paid to air.  

For reference; normal atmospheric air at room pressure and 50% humidity is a mixture of 

approximately 75% nitrogen, 20% oxygen, 1% argon, 3% water and 1% trace gasses
1
. 

 The gas properties that are shown in Figure 6.1 are calculated using the kinetic 

theory of gases.  The kinetic theory ties classical mechanics to thermodynamics.  

Consider a gas molecule of diameter   that sweeps through a volume of space.  If   is the 

average diameter, and the diameter of the molecule acts as a hard sphere, then the 

molecule only interacts with molecules that have a center of mass a distance   away.  

This means that in time    this molecule will sweep out a volume: 

           ̅    6.1 

Here  ̅ is the mean velocity of a molecule in the gas.  In order to solve for  ̅, the 

Maxwell-Boltzmann distribution function must be integrated for a particle moving in an 

arbitrary direction. 

                        𝑏       ( )  (
 

    
)
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6.3 

Let b=    ⁄ . 
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 6.5 

 Assuming all gas particles are moving with velocity  ̅, the relative velocity 

between molecules needs to be used to describe the system.  Comparing two molecules 

with velocity vectors    and    with an angle of difference equal to   yields the relative 

velocity     . 

     |     |    ̅ 〈|   
 

 
|〉   ̅√  6.6 

Therefore equation 6.1 is rewritten in the form of Equation 6.7.   
 

          ̅√     6.7 

This volume swept out by the molecule is then multiplied by the density of the gas,    , 

in order to get the probability of interaction             .  The mean time between 

interactions of molecules is given when there is 100% probability that the molecule being 

looked at will interact with another particle.  Letting                makes    become  ̅ 

or the mean interaction time, which can be solved for. 

             
    ̅√    

 
 6.8 

 ̅  
 

  ̅√    
 6.9 

Using the ideal gas law       . 
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  ̅  
  

  ̅√    
 6.10 

In Equation 6.10,   is the pressure,   is the Boltzmann constant and   is temperature in 

Kelvin.  The mean free path   ̅is given by multiplying the mean velocity by the mean 

interaction time. 

  ̅   ̅ ̅  
  

 √    
 6.11 

Note the mean free path is independent of particle velocity for an ideal gas.  The results 

of these calculations are reported in Figure 6.1.  Other constants for various gasses are 

reported in Figure 6.2. 

 

 

6.3 Ionization of Air 

 Ionizing radiation produced from a radioactive isotope contains gamma particles 

with energies over the range of 6keV to 3MeV
9
.  These energies are far above the 10 to 

20eV ionization energy for a gas molecule where “ionization energy” means the amount 

of energy required to separate an electron from the molecule.  The high energy of gamma 

particles suggest that Compton scattering is the most likely interaction between the 

gamma particles and the molecules in the air
10

.  Compton scattering is the inelastic 

scattering between a gamma particle and an electron at rest
11,12

.  The gamma particle 

exits the interaction with lower energy and the electron is accelerated to relativistic 

speeds.  This has the primary effect of ionizing the molecule from which the electron was 
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scattered.  An avalanche effect can be observed in the Compton scattering since the 

exiting gamma particle can undergo Compton scattering again.  In addition to this, the 

relativistic free electron undergoes bremsstrahlung where more gamma particles are 

produced.  This avalanche effect means that multiple ions can be generated by a single 

initial gamma particle interacting with a gas.  Appendix C describes these effects in more 

detail. 

 The ionization of air by Compton scattering can be considered to be a deposition 

of energy from the gamma particle into the gas.  The gamma particle or photon has a 

certain amount of energy given by Equation 6.12 where    is the energy of the photon, h 

is the Planck constant and    is the frequency of the photon. 

        6.12 

Due to the Compton scattering, some of this energy is deposited into some unit volume of 

gas, and the photon will leave that volume of gas with less energy.  “Dose rate” is then 

defined as the amount of energy deposited into a volume over a unit of time as given by 

Equation 6.13. 

            
                

           
 6.13 

The dose rate that a single gamma particle imparts to a volume of gas is small.  

However, ionizing radiation from a radioactive isotope emits many gamma particles.  If a 

radioactive isotope is brought into proximity of a volume of air, then multiple gamma 

particles will interact with that volume. This generates a cloud of positive ions consisting 

of the molecules that have had electrons knocked off due to Compton scattering.  In 



135 
 

addition, there will be free electrons and even molecules with negative charge generated 

due to the secondary effects of the Compton scattering.  The net result of having a 

radioactive isotope interact with a volume of air is that the air will have a cloud of 

positive charges and a cloud of negative charges superimposed on each other. 

The charges differences of the individual molecules in these ionized clouds can be 

extreme.  Some of the molecules may lose many electrons due to multiple Compton 

scattering events.  Since they become so positively charged, these molecules can remove 

electrons or even entire atoms from other molecules during collision events.  As an 

example, the formation of O3 in air due to the presence of ionizing radiation is a 

measured effect
13

.This effect occurs only because O
-
 is formed in the transfer of charges 

that are going on in the ionization cloud.  This O
-
 can collide with   

  thereby forming 

the electrically stable O3.  This example indicates that the molecules of air can be 

separated and broken down into their atoms due to the transfers of electric charge that are 

occurring in the ionization clouds. 

The amount of ions generated can be accomplished by using an arbitrary dose rate 

is given in Roentgen/hour, or R/hr.  This can be converted into the rate of ion production 

using Equation 6.14. 

                          
 

                 
 
             

           
 6.14 

This is carried out for a dose rate of 1mR/hr acting on an arbitrary volume of oxygen 

using constants in Figure 6.2.   
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 6.15 

This ion production rate Q serves as a maximum estimate of the amount of ions 

produced.  In reality all ionizations after the first for an individual molecule will have 

higher ionization energy than the 12eV.  This means that the more ions that exist in the 

gas, the fewer ions will be produced. 

 

6.4 Recombination Effects 

 Clouds of ions are produced in a volume of air when a radioactive isotope is 

present to provide some dose rate of ionizing radiation.  These clouds are positively and 

negatively charged and occupy the same volume.  When a positively charged molecule 

interacts with a negatively charged molecule, the positively charged molecule will attract 

an electron from the negatively charged molecule.  The electron can be transferred if the 

ionization energy of the negatively charged molecule is greater than that of the energy 

required to place that atom into the positively charged molecule, a concept called 

electronegativity.  If the ionization energy of the negatively charged molecule is less than 

the electronegativity of the positive molecule, then the electron is not transferred.  This 

process can only occur when these two molecules collide.  It can be viewed as migrating 

electrons to the molecules with the lowest ionization energy.  This ensures that the lowest 

ionization energy molecules tend toward a neutral electric charge while higher ionization 

energy molecules tend toward positive charges in the ion clouds.  This effect is a version 

of the Penning effect or Penning ionization
14

. This effect is described in Equation 6.16 
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where if the ionization energy of   
  is greater than the electronegativity of   

   then an 

electron is transferred.  If not, then the electron is not transferred and only elastic 

scattering occurs. 

 

[  
     

     
       ]  

     [  
     

     
     

 ]  
6.16 

 Another event that occurs in the clouds of ions is the interaction between 

positively charged molecules and free electrons.  When these two particles collide, the 

electron will be captured by the molecule.  Excess kinetic energy possessed by the 

electron will be emitted as a photon.  The electron will no longer be free; instead it will 

be bound to the molecule.  This process is referred to as recombination, and is the 

opposite of ionization and Compton scattering
12

.  Recombination is described in Equation 

6.17. 

   
         

     6.17 

 Recombination and the Penning effect work together to cancel out ions that are 

produced by ionizing radiation.  These effects are grouped together into a recombination 

constant α that has been measured for many gasses.  To calculate the amount of ions in a 

volume of gas at any given time requires considering both the rate of ion production and 

the recombination.  This is presented as a rudimentary theory of ion density in Equation 

6.18 where s is the ion density in a volume and Q is the rate of ion production.  The term 

    indicates that the ions will recombine according to the density of the positive ion 

cloud multiplied by the density of the negative ion cloud. 
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       6.18 

Solving the differential equation yields s. 

   √
 

 
 (
      √  

      √  
) 6.19 

At time   
 

 √  
, the rate of ion production Q will equal the rate of recombination    .  

The long term ion density is then given by    √   .  The ion production rate was 

calculated for oxygen gas in Equation 6.15.  For the example given in Equation 6.15 

which considers a 1mR/hr dose rate acting on a volume of oxygen gives the long term 

number of ions when exposed to 1mR/hr dose rate. 

    √
 

 
        

    

   
 6.20 

There will be s number of positive and s number of negative ions in this volume.  This is 

a rough estimate of the maximum long term state ion density. 

 Another way to consider this long term ion state is through the time scales of 

molecular and photon interactions.  The photons that cause Compton scattering are 

travelling at relativistic speeds.  Using a NIST database
15

, the mean free path of a photon 

in a gas is 1-1000m, depending on the photon’s energy.  Higher energy photons will have 

higher frequencies and have a larger mean free path.  The mean free path can be used, in 

addition to the velocity c, with Equation 6.11 to give the mean interaction time for the 

photon to be on the order of 10
-8

-10
-5

s.  This is compared to the mean interaction time for 
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air molecules which is on the order of 10
-10

s.  The discrepancy between these two 

interaction times indicates that molecules will be interacting more often with each other 

than with photons.  This means that the ionized molecules propagate through the gas and 

have 10
2
-10

5
 more interactions with other molecules than interactions with photons.  In 

this way, the photons introduce energy to the cloud of molecules, but the molecules 

distribute changes in charge away from that area through intermolecular interaction.  

When the energy entering the volume from the gamma energy spectrum equals the 

energy exiting the volume through the intermolecular interactions, the long term ion 

density is achieved. 

 

6.5 Gas Cell Design 

 

Figure 6.3 – Schematic of a gas cell with AIC devices in place for measuring ions.  See 

text for details. 
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 Measuring the ion clouds produced by some dose rate is already done on a 

commercial scale for a variety of applications, using room air as an ionization medium.  

This technique for measuring ionized air can be improved by isolating a volume of gas 

and measuring the ion density.  The gas is isolated inside of a container called a gas cell 

with a thin wall that minimally blocks gamma particles.  This ensures gamma particles 

penetrate the gas cell and create ions inside the cell.  In air ion counter, or AIC, is placed 

inside the gas cell.  The AIC measures the ion density in real time.  Since there are both 

positive and negative ions in the gas cell, two AIC are used, one to measure positive ions 

and one to measure negative ions.  The AIC is connected to a computer through a digital 

multimeter, called a DMM.  The computer then records the output of the ion density for 

positive and negative ions at discrete points in time.  The time resolution that the ion 

density can be recorded at is less than 2ms.  A schematic of the gas cell is shown in 

Figure 6.3. 

The gas cell in Figure 6.3 has an exterior of the gas cell which is gastight with 

only a gas input and exhaust for the purpose of filling the gas cell.  Both input and 

exhaust are sealed after gas has been pumped in.  The two AIC are placed in roughly the 

center of the gas cell, though typically 1 to 8 inches from the front of the gas cell.  They 

are placed off the floor of the gas cell and suspended in a way to encourage airflow.  Two 

AIC are used, one to count positive ions and one to count negative ions.  These two AIC 

are placed side by side so that they are measuring the same volume of air at the same 
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time.  Power is supplied and analog data output is extracted using a set of electrical 

cables. 

 

6.6 The 4-Cell System 

 

Figure 6.4 –Schematic for a 4-Cell System.  See text for details. 
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Figure 6.5 –Pictures of the 4-Cell System. 

 

 Multiple gas cells are used in order to measure the ion density in various gasses 

simultaneously.  Each gas cell is filled with a different gas which can include regular air, 

humid air (over 90%RH), Ar, CO2, N2, He and O2.  The apparatus used in this experiment 

is called the “4-Cell System” on account of the use of four gas cells.  These gas cells 

were placed side by side and on top of each other in such a way that they were equidistant 

from the radioactive isotope.  This ensured that each gas cell experienced identical dose 

rates.  The dose rates for all eight AIC were recorded by a computer in the same way that 

they were for the individual gas cell.  A diagram of the 4-Cell System is shown in Figure 

6.4. 

Figure 6.4A shows the four gas cells with eight AIC units connected to a 

computer, forming the 4-Cell System.  The computer can record the ion densities from 

Isotope 

placed here 

Gas Cell 1 

Argon 

Gas Cell 2 

Oxygen 

Gas Cell 3 

Regular Air 

Gas Cell 4 

CO2 
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the AIC as well as implement signal processing software or library references.  Figure 

6.4B shows the front view of the 4-Cell System and indicates the radioactive isotope 

must be placed along an “isotope axis” that is centered between the four gas cells and 

extends perpendicularly from the plane formed by the front of the gas cells.  Figure 6.5 

has two pictures of the 4-Cell System during a five meter isotope detection test. 

 

Figure 6.6 – Figure showing the discrepancy between R(aic) and R(4-cell).  For large 

distances between the isotope and the 4-Cell System, these can be considered equal, but 

for close distances this discrepancy must be noted. 

 

           
 

         
 6.21 

 The experimental procedure involves placing an isotope somewhere along the 

“isotope axis” shown in Figure 6.4 and 6.6.  This axis ensures that the isotope is 

equidistant from all gas cells and ensures that they are all equally exposed to the gamma 

spectrum from the isotope.  This distance between the 4-Cell System and the isotope is 

called R(4-cell).   It is important to recall that ion density is measured at the AIC inside 

the gas cells.  It is not measured at the location where the isotope axis equals zero.  The 
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distance between the isotope and the AIC is called R(aic).  The fact that R(4-cell) and 

R(aic) are not the same is irrelevant at large distances, but for close distances this 

discrepancy must be taken into account.  Experiments confirm that ion density falls off 

according to the inverse square law for R(aic) and not for R(4-cell). The inverse square 

law is shown in Equation 6.21.  For the 4-Cell System results described in this chapter it 

should be noted that when R(4-cell)=0cm that R(aic)=30cm.  This becomes important 

when calculating the geometry of the gamma spectrum interaction.   

 

6.7 Radioactive Isotopes 

 The experiments in this chapter use a variety of different radioactive isotopes.  

These different isotopes emit different gamma energy spectra, or gamma spectra.  The 

gamma spectra are characteristic for each isotope and are commonly used for identifying 

isotopes.  Five different isotopes are used throughout this chapter; Am-241, Ba-133, Cs-

137, Co-60 and Na-22.  The activity and dose rate information is shown on Figure 6.8, 

and the gamma spectra in Figure 6.7.  Using a commercial ion chamber to detect small 

amounts of radioactive material is extremely difficult as shown by the measured dose rate 

of the isotopes at 70cm.  The gamma spectrum was measured using a gamma ray 

spectrometer, particularly, a Broad Energy Germanium Detector (BEGe) manufactured 

by Canberra, Inc. that has a 3-3000keV range with a resolution of 0.8-2.1keV.  Data 

presented in Figure 6.7 indicates one hour of integration and has background spectra 

subtracted.  The BEGe displayed saturation effects with isotopes placed <50cm, and 

therefore maximum accurate gamma spectra for all isotopes was determined to be taken 
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at 70cm.  The gamma spectra falls off according to the inverse square law as the distance 

between the BEGe and the isotope is increased.  This is shown for Ba-133 in Figure 6.9. 

 

Figure 6.7 – Gamma spectra of 5 different isotopes used throughout this chapter.  Vertical 

axis is the amount of gamma particles counted, and the horizontal axis is the energy that 

those gamma particles have.  Am-241 and Ba-133 are considered “low energy” gamma 

spectrum generators due to the fact that their gamma energy peaks are of lower energy 

than the other 3 isotopes.  Co-60, Cs-137 and Na-22 are then considered “high energy” in 

the context of this experiment.  Data was taken at 70cm using the BEGe. 

 

 

Isotope 

Calculated 

Current 

Activity (uCi) 

Calculated Dose 

Rate at 70cm 

(mR/hr)  

Calculated 

Dose Rate at 

30cm 

(mR/hr)  

Measured 

Dose Rate at 

70cm (mR/hr) 

Am-241 74.81 0.00254 0.01383 <0.1 

Ba-133 62.55 0.02549 0.13878 <0.1 

Cs-137 70.4 0.04623 0.25170 <0.1 

Co-60 51.98 0.13739 0.74801 0.1 

Na-22 36.03 0.08701 0.47372 <0.1 

Figure 6.8– Activity and dose rate for the five isotopes used in this document.  Activity is 

calculated to correspond to the day that the data in Figure 6.1 was generated.  Dose rate is 

calculated using Rad Pro Calculator software.  Dose rate was measured with a 

commercial ion chamber.  Dose rate was measured at the same distance that gamma 
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spectra was generated in Figure 6.7, 70cm.  Calculated dose rate at 30cm corresponds to 

when the isotope is in contact with the 4-Cell System. 

 

 

 

Figure 6.9 – Gamma spectrum of 62µCi Ba-133 as distance changes as measured by the 

BEGe described in the text.  Each distance was integrated over 10 minutes with 

background subtracted.  The graphs show an inverse square law reduction for each of the 

Ba-133 peaks. 
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6.8 Measuring Ion Density 

 

Figure 6.10 – Experimental ion density spectrum using the 4-Cell System.  Each gas cell 

was exposed to gamma spectra from five different isotopes.  The isotopes were exposed 

for 10 minutes each with 10 minutes of background data taken in between each isotope.  

The top line of each graph indicates positive ions measured while the lower line indicates 

negative ions measured during the same time period.  The isotopes used were introduced 

in order from lowest to highest dose rate as calculated in Figure 6.8.  The isotopes were 

placed at R(4-cell)= 0cm. 

* Data taken from separate data set 
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Measuring ion density with the 4-Cell System when isotopes are placed at R(4-

cell) = 0cm results in ion counts both negative and positive increasing.  The rise time for 

ion density is 10-20s until long term in all cases with the relaxation time of 30-60s.  

Experimental results as shown in Figure 6.10 are referred to as the ion density spectrum.  

This ion density spectrum is the record of changes in ion density over time across four 

gas cells.  The spectrum will differ depending on the gases present in the 4-Cell System 

and also depending on the gamma spectrum emitted by the isotope used.  An ion density 

spectrum for four gas cells as in Figure 6.10 is a useful experimental method for 

measuring the creation of ions due to isotopes. 

For analyzing data of the ion density spectrum, an “identity array” is created.  

This is an eight element array formed at a fixed measurement point in time from the ion 

density spectrum.  The 4-Cell System can only record data simultaneously for four gas 

cells, therefore in Figure 6.10 only the top four gasses are simultaneously recorded.  This 

data can be transformed into many identity arrays, by taking only the eight elements 

recorded for any given time step.  This time array would consist of the recorded ion 

density for positive oxygen, negative oxygen, positive argon, negative argon, positive 

nitrogen, negative nitrogen, positive regular air, and negative regular air.  The identity 

array could also be considered as taking the points in Figure 6.10 where a vertical line is 

drawn at a given time in the graph.  The points where the vertical line intersects the 

measured data are the identity array. 

The identity array allows for the calculation of ratios between the array elements 

of the identity array.  In Figure 6.10 it can be observed that when different isotopes 
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interact with different gasses, they generate different ion densities.  Therefore, by 

observing the ion densities, the isotope causing those densities can be identified.  Using 

only a given ion density can lead to many errors.  For example, only using one gas and an 

isotope, it is impossible to determine if the isotope is Co-60 (high dose rate) placed far 

away or Am-241 (low dose rate) at close distance.   This is the motivation for using 

multiple gas cells; it allows for the differences in ion density to be observed 

simultaneously.  Using the identity array allows determination of the ratios between the 

different ion densities.  The ratios between these ion densities are characteristic for each 

isotope and can be used to determine which isotope is causing changes in the ion density 

spectrum. 

 The gases used in the 4-Cell System are important for isotope identification.  

Figure 6.9 shows six different gases that have been used, and the gases that are most 

useful for isotope identification are the ones that have the largest ion densities or the 

largest difference between positive and negative ion density.  These gases are more 

desirable because they can identify isotopes at larger distances if they have larger ion 

density, or they have better isotope identification ratios respectively.  Of the six gases 

shown, Ar, O2, CO2 and regular air were determined to have the best results when 

identifying isotopes. 
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Figure 6.11 – Ion density spectrum for Ba-133 at various distances.  See text for details.   

 

 

The 4-Cell System is able to measure and identify isotopes at a distance.  At a 

range of 500cm the ion density spectrum of 62µCi Ba-133 approaches background, yet 

an increase in ion density is detectable through averaging.  Figure 6.11 illustrates how ion 

density falls off as an isotope is moved away from the 4-Cell System along the isotope 

axis described in Figure 6.4 and 6.6.  For isotopes on the order of 1Cu, ion densities are 

measurable at a distance of over 10 meters.  The maximum distance our isotopes could be 

reliably identified was four meters.  This is comparable to the gamma ray spectrometer 

used to generate Figure 6.9.  Using the same Ba-133 isotope, the gamma ray spectrometer 

falls off in a similar way to the ion density spectrum shown in Figure 6.11.  However, 
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isotope identification over medium distances is much faster using the 4-Cell System.  The 

integration time needed to resolve clear gamma spectrum using the BEGe is on the order 

of minutes at greater than 2m range. The ion density spectrum using the 4-Cell System is 

on the order of seconds. 

Figure 6.11 shows the ion density spectrum for Ba-133 at various distances.  The 

62.55µCi isotope was introduced at distances from 0-500cm to show the range of the 4-

Cell System.  Distances shown are R(4-cell).  The isotope was placed at a given distance 

for three minutes and then removed for three minutes in order to show background ion 

counts between multiple distances.  Data from each gas cell is presented as a separate 

colored graph and labeled according to the gas inside the gas cell.  Positive and negative 

ion densities are placed on the same graph for each gas cell with the negative ion counts 

being the lower of the 2 sets of ion counts.  It should also be noted that the ion densities 

in this graph follow the inverse square law for R(aic) but not for R(4-cell) shown in 

Figure 6.6. 

 

6.9 Normalizing Data by Dose Rate 

There is a discrepancy between calculated long term ion density in the and the 

measured long term ion density.  Equation 6.20 reported a theoretical long term ion 

density on the order of 10
4
 Ions/cm

3
 for oxygen when exposed to 1mR/hr.  The measured 

ion densities are on the order of 10
3
 Ions/cm

3
 for oxygen when exposed to Co-60 with a 

dose rate of   0.7mR/hr in Figure 6.10.  Calculating the long term ion density for other 
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gasses and comparing them to Figure 6.10 results in a difference of approximately 10db 

between theory and experimental long term ion densities.  This comparison is carried out 

in Figure 6.12, for all gasses and all isotopes shown in Figure 6.10.   

 

Figure 6.12 – Comparison of experimental and theoretical long term ion density.  Note 

that these two quantities are on different vertical scales.  The red triangles are the 

theoretical long term ion density calculated according to Equation 6.20.  The blue circles 

are experimental long term ion density measured by averaging the ion density spectrum 

for positive ions in Figure 6.9.  These results are repeatable. 
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The discrepancy between theory and experiment as shown in Figure 6.11 

indicates that there are likely factors at play that are not accounted for in Equation 6.18 

and 6.20.  This suggests that either the ion production rate Q is lower or the 

recombination constants α are higher for than the reference values.  For nitrogen and 

oxygen, despite the order of magnitude difference, the theory and experimental data 

appear to have proportionally similar ion density.  However, argon and carbon dioxide do 

not exhibit this proportionality.  This suggests that Equation 6.18 applies to nitrogen and 

oxygen but not to other gasses.   
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Figure 6.13 – Ionization Energy of Nitrogen, Oxygen and Argon (monatomic).  As 

electrons are removed from the atoms, they do not follow a linear energy dependency on 

the ionizing gamma particle.  This means that the second and higher energy of Argon are 

consistently lower than those of nitrogen and oxygen.  This suggests that Argon will be 

more easily and consistently ionized because its ionization energy is lower than other 

gasses.  It may also be the reason that low energy gamma particles ionize argon at a 

greater rate than high energy gamma. 
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 Argon was found to have a unique property, in that it creates more ions when 

exposed to “low energy” gamma spectrum than when exposed to “high energy” gamma 

spectrum, unlike other gases.  In the presence of high energy gamma spectrum, argon 

reacts similarly to other gasses.  Therefore, for argon, it appears that the gamma spectrum 

energy in addition to dose rate has a role in determining long term ion density.  In Figure 

6.12, argon is shown to have very high ion densities for Am-241 and Ba-133.  In fact, Ba-

133 has a higher ion density than Co-60, despite Co-60 having a higher dose rate than 

Ba-133.  In addition to argon generating a higher ion density for low energy gamma 

spectrum, it appears that carbon dioxide generates higher ion density than expected for 

high energy gamma spectrum.  One possible reason for this effect in argon could be the 

ionization energy levels of argon shown in Figure 6.13.  Since argon has lower ionization 

energy than the other molecules, it may be more susceptible to low energy gamma second 

order Compton scattering effects.  These effects would operate on the secondary 

ionization levels of the argon molecule.  
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Figure 6.14 – Experimental positive ion density divided by the dose rate of the isotope.  

Note that argon has a break in the vertical scale in order to show Am-241 and Ba-133.  

Argon measured with Cs-137, Na-22 and Co-60 isotopes is presented on the same scale 

as other gasses.  Ion density is shown in Figure 6.12.  Dose Rate is shown in Figure 6.8. 
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Normalizing the ion density to dose rate is done in Figure 6.14.  The experimental 

ion density in Figure 6.12 is divided by the dose rate of each isotope in Figure 6.8.  If 

dose rate is the only factor contributing to ion production, then the points in Figure 6.14 

will form a flat, horizontal line.  This is found not to be the case and therefore the gamma 

spectrum must be related to ion production rates, in addition to dose rate.  This is further 

emphasized by just how different argon ion density is between low energy gamma 

spectrum and high energy gamma spectrum.  Any theory of ionization of gasses that does 

not take into account the gamma spectrum of the ionizing radiation, such as the theory 

presented in Equation 6.17, will be incomplete.  To my knowledge, no theoretical model 

incorporates the gamma spectrum when considering ionization. 

 

Figure 6.15 – Comparison of experimental data for positive ion density of air compared 

to the ion density of air generated from the individual air molecular components.  Black 

dots represent the ion density of air as shown in Figure 6.12.  White dots represent the ion 

density of component gasses of air multiplied by their percentage in air and summed 

together.  This was expected to yield the same ion density as measured air. 

 

 An additional discovery from the data presented in Figure 6.10 is that the directly 

measured ion density of regular air is higher than the sum of the percentage of its 
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individual components.  Taking the percent of each molecule in the air given in Figure 

6.1 and multiplying them by the ion density shown in Figure 6.12 results in less ion 

density than the direct measurement of the ion density of air.  This is shown in Figure 

6.15.  It could be expected that summing over the component gasses in the appropriate 

percents will yield the same ion density as directly measuring regular air.  However, the 

sum of component gasses is less than the measured regular air.  This finding indicates the 

gas mixture known as regular air possesses additional characteristics than the simple 

addition of the component gasses can account for.  The interaction of the different 

molecules in a mixed gas can potentially generate a mixed gas that has different 

characteristics than the component gasses. 

 

6.10 Algorithms for Identifying Isotopes Using Ion Density Spectrum 

 The ion density spectrum shown in Figure 6.10 can be used to identify isotopes.  

Automating the system of comparing the ion density spectrum to a known spectrum is 

desirable for speed and reduces human errors in analysis.  The identity array described 

previously is helpful in automating the identification process.  It is an eight element array 

from a single moment in the ion density spectrum consisting of both positive and 

negative ion densities for the four gasses in the 4-Cell System. The ratios between the 

individual elements of the identification array will be different for different isotopes.  

Collecting and comparing identity arrays can then be used to identify the isotope that 

generates some observed ion density. 
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 In this system, a library is created which consists of 1000 identity arrays for each 

isotope.  This list can be taken from the data generated in Figure 6.10.  The sample data is 

then some number of identity arrays that is compared to this library.  Typically each 

identity array in the sample is individually compared to the library and a comparison 

decides which isotope the sample identity array is most similar to.  The concepts of 

“percent accuracy” and “percent certainty” are useful in this method of comparing a 

sample to a library
16

.  Percent certainty is the maximum number of identity arrays in the 

sample identified as a certain isotope divided by the total number of identity arrays in the 

sample.  Percent accuracy uses the experimenter’s knowledge to determine what percent 

of the sample identity arrays were correctly identified.  

One method used in order to identify an unknown isotope is a root mean square 

method, or RMS.  This is done by reducing each library entry to a single identity array.  

This is done by averaging across the library.  A sample identity array is then compared to 

a library entry by subtracting the difference in elements, squaring that difference, 

summing over all eight comparisons, dividing by the number of elements (8) and taking 

the square root of the result.  This process is commonly called the RMS or quadratic 

mean and gives a general idea of how different one set of numbers is from another set of 

numbers.  The lower the RMS, the more similar the two sets of numbers are.  In our case, 

the RMS is calculated for a particular sample against each of the library entries, and the 

sample is then identified as the library entry corresponding to the lowest RMS value.  

This is shown in Equation 6.12 and 6.13 where    is the value of one of the eight 

elements,       is the mean value for an element in the library and    is an indicator as 
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to how similar a set of    is to that individual library.  The value under the radical is 8, the 

total number of elements being compared.  Then the lowest    indicates the isotope 

identified. 

 √ ∑
(        ) 

 
     

    6.12 

 m  (  )                      6.13 

 Support vector machines (SVM) are a more robust method for analyzing the 

ionization spectrum
16-18

.  An SVM is an algorithm that uses a library of vectors in order 

to identify a sample, using the same data inputs as the RMS method.  The SVM uses the 

same library as the RMS, but considers this data as “training data” which it maps onto a 

hypersphere.  In doing this, the SVM is investigating the ratios between every element in 

the library to every other element.  Then vectors are drawn on the hypersphere between 

library entries in a way that separates the library entries using multidimensional ratios. 

These vectors are saved as “training vectors” which can then be applied to a sample.  The 

sample, or “test data”, must be in the same format as the training data – so that the test 

data can be mapped to the hypersphere in the same way as the training data.  At this 

point, the test data points lie on different sides of the training vectors, and depending on 

where they lie in relation to the vectors the test data is identified as one of the library 

entreis
16

. 
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1 meter 

 
2 meters  4 meters* 

Sample SVM RMS 
 

SVM RMS  SVM RMS 

None 96.2 96.8 
 

93.6 90.7  57.1 <40 

Am-241 99.8 99.4 
 

89.4 80.4  54.9 <30 

Ba-133 99.2 100 
 

95.1 91.4  66.2 <30 

Co-60 98.1 100 
 

98.6 100  84.3 <30 

Cs-137 96.4 95.8 
 

88.2 76.4  50.6 <30 

Na-22 98.2 86.6 
 

94.6 88.3  40.1 <30 

Figure 6.16 – Percent accuracy of SVM and RMS isotope identification systems using the 

4-cell system.  All numbers are in percent accuracy.  These identification results are 

generated using identical training and sample sets for both SVM and RMS calculations.  

The sample data is 1000 identity arrays long, so for 1 meter, “none” sample and using 

SVM identification method, a total of 962 of 1000 samples were correctly identified as 

“none,” generating a 96.2% accuracy. 

* Data taken from separate data set. RMS percent accuracy is below useful levels. 

 

In Figure 6.16, the results of applying SVM and RMS to the same set of testing 

and training data are shown.  For an isotope distance of 1 meter, the RMS has a higher 

percent accuracy than the SVM method.  However, at a distance of 2m, the RMS percent 

accuracy drops considerably, leaving the SVM identification method to have a greater 

percent accuracy.  This trend continues as isotope distance is increased, and for distances 

over three meters the RMS method is approaches background.  The SVM percent 

accuracy drops slowly, but can consistently get accuracies over 50% at a distance of four 

meters.  The particular method of SVM used with the 4-cell system is a GMNPSVM 

classifier with a real polynomial kernel of 10 or 20 degrees that assumes inhomogeneous 

data distribution and uses normalization.  The software used to execute this code was 

SHOGUN Machine Learning 2.0
18

, Python 2.7, Cygwin for Windows 64-bit and other 

support software. 
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6.11 Conclusion 

Radioactive isotopes generate different gamma spectra which ionizes gasses to 

have different long term ion densities.  By measuring the ion density in different gasses, 

the isotope that is causing the ionization can be identified as experimentally demonstrated 

in this work.  In order to identify isotopes at a distance, a device called a 4-Cell System 

was constructed.  This system has four gas cells with pairs of ion density counters inside 

of them.  These ion density counters measure the ion density for the superimposed 

positive and negative ion clouds that are generated when gamma spectrum from a 

radioactive source interacts with the gas molecules.  The ionization of gas molecules 

occurs through Compton scattering and is discussed in Appendix C.  The 4-Cell System 

records ion density for positive and negative ion density in all four gas cells.  This record, 

over time is referred to as the ion density spectrum. 

A simple model of ion production and recombination presented in Equation 6.18 

generated different long term ion densities than were experimentally measured.  These 

differences suggest that future ionization theory must take into account gamma energy 

and not just the dose rate of the radiation that ionizes the air.  The theoretical ion density 

is 10db higher than experimental data for the gases studied.  Argon generates higher ion 

density for low energy gamma than expected.  When normalized for dose rate this 

difference is even more extreme, indicating that argon gas can readily be used to identify 

low energy gamma isotopes. In addition, regular air exhibited higher ion density than the 

summation of the ion density of each of the molecular components of air.  This indicates 

that individual gasses exhibit different ionization properties that can differ from their 
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component gasses.  Current ionization theory does not account for this component 

discrepancy or the behavior of argon. 

The knowledge gained from this study of ion dynamics helps the TDTS detection 

of ionized air in two unique ways.  It was determined that ion density settles to a long 

term ion density after less than 60 seconds, reducing the time needed between THz 

measurements.  Earlier measurements were conducted with 30 minutes between 

measurements.  The TDTS system has the radioactive isotope only 5cm from the sample 

area.  Using Figure 6.12 (taken at 30cm) and the inverse square law indicates that the 

long term ion density produced by any of the radioactive isotopes used will be at least 10
4
 

Ions/cm
3
.  This population change is small, but should be able to be detected using THz 

spectroscopy. 
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CHAPTER 7 

TERAHERTZ SPECTRUM  

OF IONIZED AIR 

 

7.1 Introduction 

 This chapter presents the THz absorbance spectra of ionized air as well as some 

chemical vapors.  Three characteristics in the THz spectra serve as potential indicators of 

ionized air.  It also appears that there is some identifying information contained in the 

analysis of THz absorbance peaks which primarily occur along water absorbance lines.  

The detailed spectra presented here are possible to measure due to improvements in the 

TDTS system described in previous chapters of this thesis.  These absorbance spectra 

serve as a preliminary library for identifying ionized air and chemical vapors.   

7.2 The Utilization of Previous Techniques 

 In the previous chapters of this thesis, various improvements to the TDTS system 

have been described.  These improvements allow for the construction of a high power, 
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high resolution TDTS system.  This system can be used to study the THz spectrum of 

gasses which include various chemical vapors as well as ionized air.  The study of gasses 

with THz can only be done with this type of TDTS system that has high THz power, high 

resolution, and system stability over long periods of time. 

 The improvements to the TDTS system include improving coherent THz output 

power of the photoconductive antenna.  The current best photoconductive antenna 

generates over 800µW total THz power and over 500 µW coherent THz power.  Another 

improvement to the TDTS system is the construction of a system that stabilizes laser 

power delivered to the TDTS system regardless of environmental effects on the laser.  

The laser stability resulted in two distinct improvements to the TDTS system: a long scan 

length for the delay stage and reproducible THz spectra over months instead of days. 

 When the THz spectrum of ionized air is measured, the information from Chapter 

6 detailing ion dynamics is taken into account.  Measurements indicate that ions 

generated by radioactive isotopes settle to a long term ion density in less than 60s.  Those 

measurements also allow the estimation that a typical isotope at a distance of 5cm 

generates long term ion density in air on the order of 10
4
 ions/cm

3
.  Five cm is the 

distance that the radioactive isotopes were placed from the sample area of the TDTS 

when generating ionized spectrum.  The sample area of the TDTS is approximately 1cm
3
 

in volume; therefore 10
4
 ions/cm

3
 will be the approximate ion density created by isotopes 

that is then probed by the THz pulse from the TDTS.  Due to the short settling time for 

ion density and the high power of the THz emitter, it is possible to measure a large 

number of spectra over the course of a day.  The high power of the THz signal allows for 
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shorter integration time of the TDTS system.  Utilizing all of the improvements in the 

high power, high resolution TDTS system it is then possible to do preliminary studies on 

chemical vapors and ionized air. 

 

7.3 Two separate data sets 

 For the THz spectrum of ionized air, two different data sets are presented.  These 

sets are completely independent of each other and were taken using different TDTS 

systems in different years.  The data sets each contain 30 absorbance spectra for each of 

the five radioactive isotopes used in the ion dynamics study: Am-241, Ba-133, Cs-137, 

Na-22 and Co-60.  For simplicity, only averaged absorbance spectrum is presented here.  

Averaged absorbance spectrum was calculated by averaging the reference and sample 

frequency spectra and calculating the absorbance spectrum from the averaged frequency 

spectra.  The data sets are named after the year that they were taken: the 2011 data set 

and the 2014 data set. 

 The 2011 data set was collected over three months and has large variations in 

temperature and humidity.  None of the improvements to the TDTS were implemented.  

A commercial THz emitter was used which generated approximately 150µW of coherent 

THz power.  In addition, it was unknown that the settling time for ion density was less 

than 60 seconds.  As a result, the time between reference and sample spectra was 30 

minutes.   
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The 2014 data set on the other hand was collected over two weeks and has small 

variations in temperature and humidity.  All of the discussed improvements to the TDTS 

were implemented.  A THz emitter fabricated by this research group was implemented 

which generated approximately 350µW of coherent THz power.  Reference and sample 

spectra were collected 60s apart.  A gastight chamber was constructed around the TDTS 

system in order to stabilize environmental effects from affecting the ionized gas, further 

stabilizing the results.  In addition, the laser stabilization system was used resulting in 

good stability across the entire 2014 data set. 

Isotope 

Calculated 

2011 Activity 

(uCi) 

Calculated 

Dose Rate 2011 

at 5cm 

(mR/hr)  

Calculated 

2014 

Activity 

(uCi) 

Calculated Dose 

Rate 2014 at 5cm 

(mR/hr)  

Am-241 75 0.503 74.81 0.503 

Ba-133 75 6.005 62.55 5.008 

Cs-137 75 9.678 70.4 9.085 

Co-60 75 38.942 51.98 27.000 

Na-22 75 35.586 36.03 17.095 

Figure 7.1 – Table of activities and dose rates for five isotopes used in the 2011 and 2014 

data sets.  Due to the time difference between these two data sets, the activity of some 

isotopes was greatly diminished due to typical radioactive decay.  Activity is calculated 

using standard half-life values for each isotope.  Dose rate is calculated using Rad Pro 

Calculator software. 
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7.4 Terahertz Absorbance Spectra of Ionized Air 

 

Figure 7.2 – THz absorbance spectra for five isotopes using the 2011 data set.  Each 

absorbance spectrum is the result of an average of 30 background and 30 sample 

measurements as described in the text.  Vertical offset for the absorbance spectrum is 

artificial.  Known water lines are indicated by vertical blue lines.  Four frequencies of 

interest are indicated; 1.36, 1.50, 1.83, and 2.50 THz.  Other experimental parameters are 

indicated on the sidebar of the figure. 
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Figure 7.3 – THz absorbance spectra for five isotopes using the 2014 data set.  Each 

absorbance spectrum is the result of an average of 30 background and 30 sample 

measurements as described in the text.  Vertical offset for the absorbance spectrum is 

artificial.  Known water lines are indicated by vertical blue lines.  Four frequencies of 

interest are indicated; 1.36, 1.50, 1.83, and 2.50 THz.  Other experimental parameters are 

indicated on the sidebar of the figure. 
 

 The THz absorbance spectra of ionized air for the 2011 and 2014 data sets show 

the emergence of three peaks of interest.  In the presence of ionized air, a peak emerges at 

1.50THz for 87% of the individual absorbance spectra.  A peak emerges at 1.36THz in 

40-50% of the individual absorbance spectra.  For low energy gamma emitters Am-241 

and Ba-133, a peak emerges at approximately 2.50THz.  The absorbance spectrum is not 

stable at 2.50THz; therefore it is difficult to determine what percentage of the data shows 

this peak.  These three peaks are not close to water peaks indicating that they could not 
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come from fluctuations in water vapor density in the sample area.  Peaks are indicated for 

the 2011 data set in Figure 7.2 and for the 2014 data set in Figure 7.3. 

 One type of ion that is expected to be generated by ionizing radiation acting on air 

is hydroxide (OH
-
).  This ion has a known peak at 1.83THz.  The two data sets do not 

show the emergence of this peak.  However, there are indicators in 30% of the individual 

absorbance spectra that this peak may be present.  A higher humidity level in the sample 

area of the TDTS may be necessary to resolve this peak clearly. 

 

7.5 Support Vector Machines and Water Peaks 

 The use of an SVM on the peaks and valleys of the THz absorbance spectrum of 

ionized air indicate that there may be some identifying characteristics in the ratios 

between the valleys and peaks.  The majority of these peaks and valleys occur at known 

water absorbance lines as shown in Figure 7.2-7.3.  SVM perform well on a large number 

of small arrays, while this data has a small number of large arrays.  This means that the 

SVM performance will be limited as it is not optimized for this type of data set.  

However, the SVM can give a good indication of whether there is useful information in 

the data sets.  Here, useful information is defined as information that can be used to 

identify the isotope that is generating the THz absorbance spectrum.  If the SVM has a 

percent accuracy higher than noise percent accuracy it indicates that there is useful 

information in the data.  This information can then potentially be used to identify the 

isotope.   
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Percent Accuracy 

Data Set Noise 

Theoretical 

Noise 

Result 

2011 20% 20% 33.3% 

2014 13.3% 20% 33.3% 

Figure 7.4 – Table of percent accuracy for 2011 and 2014 data sets.  Since there are five 

isotopes, the theoretical noise level is         .  The SVM was run using the same 

parameters for both data sets and the result for percent accuracy is shown in the last 

column.  Then the training data was randomized and the SVM run again to simulate data 

that has no relation to each other, or noise.  This result was recorded in the noise column. 
 

The “identity array” fed as data input to the SVM consisted of the frequency, peak 

height and FWHM values for 100 selected absorbance peaks and 100 selected absorbance 

valleys.  This results in an “identity array” of 600 elements for each absorbance spectrum.  

In each data set, 135 samples were used as a library and 15 randomly selected samples 

used as “test” data.  Then the SVM was run on a noise set of data.  The results are shown 

in Figure 7.4. 

 For both the 2011 and 2014 data sets, the SVM indicates that there is useful 

information in the data sets.  This indicates that it may be possible to identify the 

radioactive isotopes simply by looking at the properties of the peaks and valleys in the 

absorbance spectrum.  This classification is done without using the 1.50, 1.36 or 2.50THz 

identifying peaks.  With a larger data set and an optimized “identity array” percent higher 

accuracies can be achieved. 
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7.6 Terahertz Absorbance Spectrum of Chemical Vapors 

 Utilizing the same TDTS system used to measure the 2011 data set, the 

absorbance spectrum of various chemical vapors was measured.  Detection of many of 

these chemical vapors using TDTS is relatively easy to do.  Trace amounts of chemicals 

down to 50ppm can be seen using the TDTS.  Acetonitrile, or ACN, with approximately 

150ppm can be reliably detected in a single absorbance measurement.  Other chemical 

vapors typically require some averaging in order to resolve them properly.   

 

Figure 7.5 – Absorbance spectrum of chemical vapor.  All graphs are the result of 

averaging 30 reference and sample measurements from the TDTS.  This data is 

independent from all other data presented in this thesis.  Background, water and corona 

discharge spectra contain no chemical vapor.  ACN has a characteristic spectrum between 

0.3-1.1THz.  Water has absorbance peaks at known water lines.  PETN, TNT and RDX 

all show characteristic peaks and valleys at various points – primarily in frequency shifts 

of the ACN absorbance peaks.  Identifying chemical vapor for these chemicals can be 

done by visually inspecting the absorbance spectrum. 
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7.7 Conclusion 

 These initial studies suggest that ionized air and chemical vapors can be detected 

using TDTS.  For ionized air, the THz absorbance peaks at 1.36, 1.50 and 2.50THz are 

somewhat consistent and reproducible.  The expected OH
-
 peak at 1.83THz has not been 

resolved to date.  Analyzing the absorbance spectra of ionized air with an SVM indicates 

that there is likely identifying information in the peaks and valleys of the absorbance 

spectra.  Chemical vapor with 150ppm has been consistently detected using TDTS.  

Many chemicals can be visually identified using their absorbance spectra.  These studies 

are still preliminary results, yet they show promise.  More research needs to be done in 

order to understand why ionized air produces the three identifying peaks.  As of now, 

these data sets serve as a preliminary library for both isotope identification as well as the 

identification of chemical vapor. 
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CHAPTER 8 

CONCLUDING REMARKS 

 

This chapter serves to highlight the contributions that this thesis offers to the field 

of physics, in particular the THz research community.  It may also have some 

contribution to the understanding of processes of ionized gasses which may be of interest 

to various disciplines in physics and chemistry.  The construction of a high power, high 

resolution time domain terahertz spectrometer has been valuable in the measurement of 

changes in air chemistry.  This allows the measurement of water vapor, chemical vapor, 

trace explosives, and ionized air.  The construction of an ionization density measurement 

device has demonstrated ranged detection of radioactive isotopes.  This isotope detection 

was done faster and cheaper than a gamma ray spectrometer, in addition to being done at 

room temperature.  The ionization density measurement device, referred to here as a “4-

Cell System” may have commercial application in the future. 

 The emitters fabricated by our research group emit over 800µW of total THz 

power and approximately 800µW of coherent THz power.  This is approximately 10dB 

more power than other commercial broadband THz emitters.  This improvement is the 

result of a redesign of the THz emitter involving chaotic geometry of the electrodes.  It is 

also the result of optimizing the bias voltage frequency to 11.5 kHz.  The high power of 
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the fabricated THz emitters has reduced measurement time for the TDTS.  It has also 

increased the clarity of THz absorbance peaks resulting in a better defined THz frequency 

spectrum.  In addition, measurements indicate that the THz pulse is made up of both 

coherent and incoherent power.  This improves the understanding of the THz pulse 

generated from a photoconductive antenna. 

 This thesis also describes the mapping of an AC field to the probe beam 

polarization shift in the EO THz detection method.  This connects the current measured 

by the balanced photodiode system linearly to the intensity of the THz electric field.  For 

the first time, it is now possible to calculate the electric field of the THz pulse.  For the 

TDTS system, the maximum measured coherent THz field is 12kV/m.  To my 

knowledge, this is the first time that the THz electric field has been described in this 

quantitative way. 

 A laser stability system was designed and implemented to stabilize laser power 

being delivered to the TDTS.  This system prevented systematic drift of laser power that 

occurs due to environmental effects such as temperature or humidity changes.  It 

provided long-term stability to the TDTS system in order to generate reproducible THz 

spectra over long periods of time.  The laser stability system also allowed for a longer 

scan length on the delay stage to be used in the TDTS, increasing the frequency domain 

resolution of the THz spectrum.    

The high power from the fabricated THz emitter and high resolution from the 

long scan length were combined to build a TDTS system.  The high THz power generates 
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a more stable frequency spectrum that makes it easier to probe gas vapors.  The long scan 

length of the delay stage can generate resolution down to 6.8GHz, which can be 

artificially enhanced by padding the FFT.  These two improvements simplified the 

measurement of air chemistry, particularly ionized air. 

 Water has turned out to be a good method for testing the high power TDTS 

system.  The rotational frequencies of water lie in THz; therefore water vapor exhibits 

unique absorbance spectra.  I was able to confirm previous data for water vapor 

absorbance that was measured using FTIR and THz, though our data has higher 

resolution than most reference data.  The additional THz power made available by the 

TDTS system allowed me to conduct a power and humidity dependence study of the 

spectrum of water.  This is the first study of its kind done on water vapor in THz. 

 The positive and negative ion density of gasses was measured directly using ion 

counters inside a gas cell.  Exploiting the ion production by radioactive isotopes, I 

constructed a 4-Cell System prototype that was able to remotely detect radioactive 

isotopes.  This prototype was used in stand-off detection at distances over 4 meters and 

was able to correctly identify hidden nuclear isotopes at shorter distances.  This detection 

was possible because gasses show characteristic equilibrium ion density ratios between 

the ion densities recorded by the 4-Cell System.  It was also found that ions reach 

equilibrium density in less than 60s for all cases.  An SVM algorithm was implemented 

in the 4-Cell System that proved better at identifying isotopes than a regular RMS 

method. 
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 Understanding ion dynamics in gasses is a research field in its infancy.  One 

proposed theoretical model presented in this thesis does not adequately describe the 

formation and recombination of ions in gasses.  There appears to be a non-linear effect 

with gamma energy levels and ion production in argon, and possibly other gasses.  This 

trend is likely due to secondary ionization energy levels in argon.  I have not seen a 

theory that takes into account gamma energy levels when describing ion production rates: 

all current theory only takes into account dose rate only. 

 Utilizing the knowledge of ionized air gained from the 4-Cell System, and the 

TDTS device, it was possible to measure the THz spectrum of ionized air.  This study 

shows that there are some systematic changes in the THz spectrum in the presence of 

ionizing radiation.  This indicates that THz spectroscopy can be used to detect ionized air.  

In addition to ionized air, chemical vapors and trace explosive residue were measured.  

The high power, high resolution TDTS system that I constructed was able to detect 

differences in the THz spectrum between these samples.  The measurements of these 

samples were collected in a THz library.  This library has had success in identifying 

samples despite being preliminary in nature.  Further study is expected to show a reliable 

method for isotope detection using THz spectroscopy.   
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APPENDIX A 

ABBREVIATIONS 

 

Abbreviation Meaning Explanation 

AIC Air Ion Counter 
A device that counts ions using a Geiger-

Muller Tube or similar system. 

EM Electromagnetic 
Used in describing phenomenon such as 

waves using classical electromagnetism 

EO Electro Optic 

Usually describing a property of a 

material where electrical signals can 

change optical properties in the material 

or the reverse 

FFT 
Fast Fourier 

Transform 

Algorithm for calculating the Fourier 

transform of a discrete set of data. 

GaAs Gallium Arsenide 
Semiconductor material used as a 

substrate in the THz emitter 

GHz Gigahertz 

Typically referring to electromagnetic 

radiation in the frequency range of 10^09 

to 10^11 Hz 

LIA Lock In Amplifier 

Used to lock a signal to a particular 

phase.  Reduces the noise introduced by 

incoherent signals. 

NEP 
Noise Equivalent 

Power 

A measure of minimum detectable power 

over a range of frequencies.  Use to 

compare sensors to each other.  Lower 

NEP is considered better. 

OH
-
 Hydroxide 

Chemical formula for a specific ion 

discussed. 
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QCL 
Quantum Cascade 

Laser 
A single-frequency THz generator. 

RH Relative Humidity 

Humidity measurement that is based on 

the temperature.  See external literature 

for a complete explanation 

SVM 
Support Vector 

Machine 

Computer algorithm that takes 

information from training data and 

applies it in order to separate testing data.  

One version of a machine learning 

algorithm. 

TDTS 

Time Domain 

Terahertz 

Spectrometer 

An experimental device used to measure 

THz, see Chapter 4 

THz Terahertz 

Typically referring to electromagnetic 

radiation in the frequency range of 10^11 

to 10^13 Hz 

ZnTe Zinc Telluride 

An EO material used in THz detection.  

Favored due to high phonon mode and 

high sensitivity. 
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APPENDIX B 

QUANTUM ROTATIONS 

OF THE WATER MOLECULE 

 

 The absorbance of water in the THz range of 100GHz-10THz is well described
1-3

.  

Previous absorbance spectrum over this range typically use far-infrared spectroscopy at 

low pressures (<1atm) and low powers (<1nW)
3
.  This appendix presents the absorbance 

spectrum of water in room pressure (1atm) and high power (~150µW coherent) THz 

signal.  The theoretical calculations for the absorbance spectrum of water are examined 

and fit with experimental data gathered from the THz absorbance of water vapor.  A 

technique which iterates between theoretical calculation of J states and applying 

experimental data to solve for rotational constants is applied.  This allows assigning of J 

state transitions to experimental absorbance peaks.  Finally, experimental water 

absorbance spectrum is compared to reference data showing a close match between 

reference and experimental data. 
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Figure B.1 – Geometry of the water molecule.  Axes intersect at the center of mass for 

the molecule.  Using Gaussian09 software and the Hartree-Fock method yields r= 0.947Å 

and θ = 105.5°.  This serves as an initial estimate for these values. 

 

 

    ∑  (   
     

 )

 

 B.1 

                      
 

     
 B.2 

The water molecule displays a bent geometry for which the molecular properties 

can be calculated using the Hartree-Fock method.  The results of this calculation are 

illustrated in Figure B.1 and serve as the initial estimation for the geometry of the water 

molecule.  The moment of inertia can then be calculated according to Equation B.1 where 

i represents each atom in the molecule,    the mass of the atom and     and     are the 

distance the atom is from the center of mass of the molecule as measured along axis 

orthogonal to the moment of inertia.  Using the moment of inertia along each axis of the 
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molecule, the rotational constants    ,    , and    are then calculated according to 

Equation B.2. 

   1        B.3a 

   11        B.3b 

    1        B.3c 

 If only rotation of the water molecule is considered, then it can be treated as an 

asymmetric top, or oblate symmetric rotor, and rotational energy levels can be calculated 

from the rotational constants.  Townes and Schawlow
4
 have laid out the details for how to 

calculate J  states from rotational constants, which are reproduced for J=1 in Equation 

B.3a-c.  Quantum mechanics indicates that transitions between states will generate 

unique absorbance spectrum for the molecule under interrogation.  However, due to the 

selection rule of rotation spectra, only ee↔oo and eo↔oe transitions of J states are 

allowed, where e and o refer to odd and even angular momentum quantum numbers from 

the J energy levels, or states
2-4

.  The smallest allowed state transition is then   1     1 

which will correspond to the lowest absorbance frequency.  The asymmetric top energy 

states calculation in conjunction with the rotational constants indicate that the   1     1  

transition should equal 0.5391 THz.  Our experimental data shows the lowest water 

absorbance peak at 0.5565 THz, which we now assign to the   1     1  transition. 

  The above process is only the first step in connecting rotational state transitions to 

the  absorbance of water vapor.  The water molecule is not strictly a rigid top; there are 
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vibrational components that should be included in the original model which will affect 

the calculated state transitions and introduce new state transitions between vibrational 

states.  An even more complete model requires the consideration of higher excited energy 

levels for the molecule itself, which up until this point has been in the ground state with 

only the J states being excited
2
.   
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 In order to reduce the difference between the calculated and experimental values, 

the experimental J state transition values are used to calculate the rotational constants in 

reverse of the process described above.  This is difficult to do without prior knowledge of 

which absorbance peaks correspond to which J state transitions, but the rough calculation 

above has assigned an absorbance peak to a state transition.  Using Equation B.4
3,5,6

, a 

Hamiltonian that incorporates vibrational and rotational components, it is then possible to 

derive a set of four sum rule equations, presented as Equation B.5a-d.  The rotational 

constants are grouped with a second order tensor of the form     (   
   
 

 
).  The so-

called “quartic distortion constants” of the form      
  are fourth order tensors that 

incorporate both vibrational and rotational parts of the Hamiltonian.   The left side of 

Equations B.5a-d contain a series of summations where for example ee represents sums 

over all      energies; where all energies have even parity
3,5

.  

 In a general case, the three equations (B.5a-c) can be grouped so that there are 6 

unknowns: (   
   
 

 
), (   

   
 

 
), (   

   
 

 
),      

  ,      
  , and      

  .  These can be 

solved by graphing these equations over  (   ) with the first 3 unknowns being the y 

intercept of those graphs when  (   )     and the last 3 unknowns being the slope of 

these graphs.  This procedure is illustrated in Fraley and Rao
5
.  However, the 0.5565THz 

peak that was assigned to the   1     1 state transition offers no indication of the 

amount the J energies differ from the      ground state.  This is solved by using the 

Equations B.5a-c for    states to solve for the rotational constants
3
.  In this initial iteration 

of this process, the tensor terms are set to zero and the rotational constants are solved 
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numerically, since multiple J states are not assigned.  The energy for the   11     and 

  𝑜1     states that was derived using Equation B.3b is also used.  In this case    

                           cm  . 

 
(    )

 
    B.6a 

 
(         )

 
    B.6b 

 
(     )

 
    B.6c 

This technique revises the rotational constants to fit them with experimental data.  

Results are shown in the first column of Figure B.2.  The asymmetric top
4
 method for 

calculating energy states can be used again to generate more accurate J energies of higher 

order, using the revised rotational constants.  Then, more experimental absorbance peaks 

can be assigned to J state transitions, allowing the entire procedure to be repeated 

multiple times.  This process is referred to as an iteration, I, and it increments every time 

the rotational constants are recalculated from the newly assigned absorbance peaks.  

Using a least squares method for fitting lines to the graphs of Equation B.5a-c in later 

iterations results in increasingly accurate solutions for the unknown quartic distortion 

constants.  In addition each iteration calculates more accurate and higher-energy J  states, 

allowing for the assignment of more absorbance peaks.  The end result is the assignment 

of all absorbance peaks to J state transitions.  It should also be noted that state transitions 

involving lower J numbers should have higher absorbance peaks than higher J state 
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transitions due to energy distributions following the Boltzmann distribution – a concept 

that simplifies assigning calculated state transitions to experimental data
5,6

. 

 

 

I=0 I=1 I=2 I=3 I=N Reference
3
 

Ao  ≈ Ao  -Taa/4 27.56 27.86 28.33 27.89 ... 27.88 

Bo  ≈ Bo  -Tbb/4 14.69 14.99 14.99 14.72 ... 14.51 

Co  ≈ Co  -Tcc/4 9.58 9.27 9.27 9.27 ... 9.28 

       Taaaa 0 0 -0.2762 -0.2163 ... -0.1084 

Tbbbb 0 0 -0.0025 -0.0054 ... -0.0083 

Tcccc 0 0 0 0 ... -0.00107 

 

↓ ↓ ↓ ↓ 

  j110 to j101 17.98 18.56 19.06 18.62 ... 18.57 

       j211 to j202 24.33 25.82 25.51 25.44 ... 25.08 

j212 to j101 56.31 55.67 56.14 55.7 ... 55.7 

j221 to j110 92.28 92.85 94.26 92.94 ... 92.51 

j220 to j211 39.87 40.13 42.71 40.88 ... 40.98 

j221 to j212 53.94 55.77 57.18 55.86 ... 55.4 

j202 to j111 34.42 34.12 32.48 33.43 ... 32.95 

j220 to j111 98.63 100.09 100.71 99.76 ... 99.06 

Figure B.2 – Table illustrating the numerical results of iterating back and forth between 

calculated rotational constants and experimentally observed J state transitions.  The I=0 

column corresponds to the first iteration which is using the geometry of water to calculate 

rotational constants and J state levels.  Then experimentally observed absorbance peaks 

are matched with calculated J state transitions.  In the I=1 iteration the experimental 

absorbance values are used to recalculate the rotational constants and the process repeats.  

As I=N increases, more experimental data is incorporated to solve for the rotational 

constants.  This results in more accurate rotational constants as more experimental 

information is incorporated into the model. 
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Figure B.3 – A Graph showing experimental data for the THz absorbance spectrum of 

water compared to reference data
1
.  Experimental Data is taken by averaging 100 

different water and background spectrum and taking the absorbance.  The humidity 

difference between background and water spectrum is 2-10%RH and the temperature 

T=20.0 +/- 2.0
o
C.  The J state transitions for J<3 are labeled on the experimental data, 

unlabelled absorbance peaks correspond to higher J state transitions.  Both frequency 

(THz) and energy level (cm
-1

) are shown.  Reference and Experimental data show good 

agreement, as described in Figure B.4. 

 

 

 This process of iteration is a crude but robust method for fitting experimental data 

with a theoretical model of a molecule.  In a general case, the geometry of the probed 

molecule is unknown, the molecule is not in the ground state, or multiple molecules are 

involved in generating the spectrum. All these factors lead to difficulty in using this 

technique.  Despite this practical limitation, if there is reasonable certainty that it is a 

rotational spectrum being observed and that the lowest excited state is measurable via 

spectrometry, then the iteration technique will produce a robust result, possibly giving 

clues as to the geometry and composition of the molecule being probed.  Fifth and 
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higher-order tensors can be implemented and solved for as correction terms if the graphs 

of Equations B.5a-c are not linear
3,5,6

. 

 In order to probe higher excited states of the water molecule the Hamiltonian 

cannot simply consist of a rotational and vibrational potential, but must be extended into 

a four-dimensional vibration-rotation Hamiltonian.  This form allows for transition not 

just between J states and vibrational states, but can couple these interactions together.  It 

also has more accurate results when principle quantum numbers are changed.  For a 

detailed discussion of this Hamiltonian and its application to the water molecule, see 

Coudert
2
.  This four-dimensional vibration-rotation Hamiltonian was not considered 

when fitting this data because excited vibrational states lie >30THz, well outside the 

range of this experimental THz absorbance spectrum.  For analysis of spectrum in the 10-

100THz range, this Coudert vibration-rotation Hamiltonian becomes essential to use 

since the Hamiltonian in Equation B.4 will require multiple high-order correction terms 

in order to be useful over that range.  

 With the majority of the absorbance peaks identified and assigned a J state 

transition, it is then possible to compare the assigned transition to previous work to see if 

there is good agreement.  Figure B.4 shows a comparison between the above 

experimental data and a reference absorbance database, showing agreement to <0.5% for 

every peak identified.  Using the above iteration method out to I=4 and then calculating J 

states out to J=20 for the ground vibrational state allows for the assignment of all the 

noted absorbance peaks to J state transitions.  Comparing these transitions to previous 

work shows perfect agreement, demonstrating the usefulness of the iteration technique. 
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Observed (THz) 

Reference
1 

(THz) 

Reference
1
  

(cm-1) 

% 

difference Jstate1
3 

Jstate2
3 

0.5565 0.5569 18.5645 -0.08 101 110 

0.7513 0.752 25.0678 -0.10 202 211 

0.986 0.9879 32.9309 -0.20 111 202 

1.092 1.0974 36.5788 -0.49 303 312 

1.111 1.1133 37.1114 -0.21 000 111 

1.158 1.1531 38.4376 0.42 221 312 

1.162 1.1629 38.7637 -0.08 312 321 

1.206 1.2076 40.2546 -0.14 413 422 

1.227 1.2288 40.9596 -0.15 211 210 

1.3218 1.3221 44.0688 -0.02 532 625 

1.406 1.4106 47.0206 -0.33 514 523 

1.5423 1.5416 51.3867 0.05 542 633 

1.600 1.6022 53.4073 -0.14 404 413 

1.666 1.661 55.3669 0.30 212 221 

1.676 1.6699 55.6635 0.37 101 212 

1.715 1.7168 57.2257 -0.10 212 303 

1.76 1.762 58.7348 -0.12 624 633 

1.79 1.7948 59.8263 -0.27 615 624 

1.794 1.7972 59.9053 -0.18 725 734 

1.87 1.8677 62.2583 0.12 523 532 

1.918 1.9185 63.9495 -0.03 313 322 

2.035 2.0405 68.0159 -0.27 422 431 

2.07 2.0744 69.1477 -0.21 322 413 

2.161 2.1641 72.1377 -0.14 202 313 

2.197 2.1963 73.2115 0.03 321 330 

2.221 2.2218 74.0584 -0.03 505 514 

2.263 2.2641 75.4717 -0.05 414 423 

2.344 2.3443 78.1417 -0.01 716 725 

2.365 2.3659 78.8633 -0.04 322 331 

2.383 2.3916 79.7191 -0.36 313 404 

2.467 2.4629 82.0978 0.17 423 432 

Figure B.4 – Table comparing observed THz absorbance peaks to reference data
1
.  

Reference data supplied in both frequency (THz) and energy (cm
-1

).  Average percent 

difference is -0.073%.  The right two columns indicate the J state transition that 

corresponds to the observed THz absorbance peak, as assigned by Hall
3
.  J state 

transitions assigned by this iteration method agree with previous work. 
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APPENDIX C 

COMPTON SCATTERING 

 

 

C.1 Introduction 

 Compton scattering is a well described interaction between photons and “free” 

electrons
1-3

.  This scattering has the effect of producing an electron with relativistic 

velocity, travelling at near the speed of light.  This electron generates bremsstrahlung 

which in turn produces more photons.  These observations of bremsstrahlung and 

Compton scattering are rarely applied to a material in a gas state.  These two interactions 

produce ionized molecules in addition to free electrons in a gas.  Additionally, these 

interactions can chain together creating an avalanche effect where many ionized 

molecules are produced from a single photon.  This appendix explains these effects in 

order to explain how a cloud of ionized gas is formed due to photons, in this case gamma 

radiation. 
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C.2 Compton Scattering 

 

 

Figure C.1 – Diagram of Compton scattering.  

 

 Compton scattering occurs when a photon collides with an electron
3
.  The 

collision is inelastic in that the frequency of the photon is different before and after the 

collision.  Figure C.1 shows this interaction with    being the incoming photon and    

being the scattered photon.  The photons have energy given by their frequency times the 

Plank constant, or    .  From the frame of reference of the incoming photon, the 

electron is at rest due to relativity.  The electron   
  has momentum transferred to it by 

  .  The conservation of momentum dictates that the scattered photon and electron leave 

the collision at an angle θ to each other.  The scattered photon has its total energy reduced 

due to the interaction and therefore      .  When these principles are combined, both 
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the momentum and energy of the system are conserved.  In addition to this, an electron is 

ejected from a molecule creating an ionized molecule.  This is the primary cause of 

ionization in gases.  

 

C.3 Other Compton Scattering Considerations 

       
 

   
(      ) C.1 

The conservation of energy and momentum leads to the increase in wavelength    

for the scattered photon.  This is necessary because     decreases upon scattering and 

       ⁄ .  Equation C.1 relates the scattering angle to the change in wavelength
1,2

, 

with    being the mass of the electron and c being the speed of light in a vacuum.  In 

addition to this, the photon has energy in the keV or MeV range while the ionization 

energy required to separate the electron from the molecule is several eV.  The photon 

must lose this ionization energy in order to scatter the electron in addition to the energy it 

loses from the transfer of momentum described above.  However, because the photon 

energy is so much greater than that of the ionization energy of the molecule, the 

ionization energy is considered negligible for most Compton scattering calculations.  In 

the case of the ionization spectrum described in Chapter 6, the photons are gamma rays 

and the molecules are limited to air molecules.  Refer to Figure 6.6 for the gamma spectra 

energies and refer to Figure 6.2 for typical ionization energies of gas molecules. 
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C.4 Bremsstrahlung Radiation 

 

Figure C.2 – Diagram of bremsstrahlung.   

 

 The picture of ionized gas is not complete without discussing bremsstrahlung 

radiation.  Any electric charge that undergoes acceleration will produce a range of 

photons associated with that acceleration.  Electrons travelling at relativistic speeds can 

emit photons with energies up to 1MeV.  This process is presented in Figure C.2.  The 

electron    
  is travelling with a relativistic energy given by the equation in the diagram.  

The positively charged N2 molecule exerts an electric attraction with the negatively 

charged electron.  This attraction accelerates the electron, and the acceleration of any 

charged particle travelling at relativistic speeds produces photons, indicated in this 

diagram by    .  This process is referred to as bremsstrahlung.  In the case of    
 ,     is 

the momentum vector of the electron,    is the rest mass of the electron and     is the 
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total energy of the electron.  This is shown in order to indicate that the electron is moving 

at relativistic velocities.  The b subscript indicates that this electron is involved in 

bremsstrahlung.  The photon     is representative of a continuous spectrum of photons 

being emitted at various angles and having various energies. 
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C.3 

The emitted photons can be viewed as a power distribution over a solid angle 

according to the Larmor formula
1,2

 presented Equation C.2.  This power distribution is 

continuous leading to the smooth low energy gamma spectrum curves.  When integrated 

over all angles, the result is the total radiated power given in Equation C.3 
1,2

.  In these 

equations P is the radiated power, q is the charge of the electron,  ̂ is the vector from an 

observer to the electron and   is the electron velocity over  .  This way  ̇ is the 

acceleration that the electron is experiencing in Figure C.2. 
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C.5 Second Order Effects 

 

Figure C.3 – Diagram showing higher order interactions that are the result of an initial 

Compton scattering.  This is a combination of Figures C.1 and C.2.   

 

 These radiation interactions are not isolated to single interactions.  Multiple 

second order and higher effects will take place after the initial Compton scattering 

presented in Figure C.1.  After a photon undergoes Compton scattering, it can repeat the 

process, albeit starting at a longer wavelength
3
.  The electrons that are scattered during 

Compton scattering will undergo bremsstrahlung.  The photons emitted by 

bremsstrahlung can undergo Compton scattering again.  These three effects combine to 

create an avalanche effect where a single photon can create many ions in a medium by 
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displacing the charges of the molecules.  A brief example is shown in Figure C.3 by 

combining Figures C.1 and C.2. 

 The avalanche of interactions will not continue infinitely.  As the energy of the 

photons gets lower, or the wavelength gets longer, the inelastic Compton scattering effect 

will be replaced by the elastic version of scattering: Thompson scattering.  Once the 

energy of the photon gets down to the order of 10eV, then the typical photoelectric effect 

will occur instead of any scattering.  Single digit eV photons experience no interaction 

with the molecules in the air because they lack the energy to excite electrons.  For a good 

description of Thompson scattering or the photoelectric effect consult an electrodynamics 

textbook
1,2

. 
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