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ABSTRACT

This thesis outlines the development of a system used for determining the surface
thermal diffusivity of both non-irradiated and irradiated materials. The motivation for this
work is to establish a modulated photothermal radiometry (PTR) system on the campus
of Missouri University of Science and Technology. One of the main efforts described in
this thesis is the design and construction of the physical apparatus. Along the way, it was
necessary to perform a detailed sensitivity analysis of the system to determine whether
the expected signal emitted from the sample falls within the bounds of detectivity for the
HgCdTe (MCT) detector used to measure the infrared (IR) emission of the specimen.

The power of IR radiation from an idealized planar specimen surface was
calculated based on the power of the incident laser used to modulate heat flux into the
surface. The analysis performed was based on the principles of the radiative heat transfer
from the specimen surface and heat conduction within the specimen. Upon comparing the
calculated values to those provided by a thermoelectrically cooled HgCdTe detector, it
was determined that while a 400 mW laser should produce an emission signal strong
enough for the detector to measure, the DC voltage response of a thermoelectrically
cooled MCT detector falls below the measurement range of the lock-in amplifier used in
the signal path. These finding were used to inform a second stage redesign of the system
which incorporates a new laser and liquid nitrogen cooled MCT detector.

This work summarizes the initial design, construction and troubleshooting of an
in-house PTR system that helps establish a pathway to a fully complete and working

system.
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1. INTRODUCTION

Materials exposed to ionizing radiation are subject to structural alterations in
ways that can sometimes negatively affect their material properties. As neutrons bombard
a solid, the atomic structure of the material becomes saturated with point defects, causing
the material’s microstructure to change and extended defects to be introduced. One type
of property alteration of great importance to nuclear fission and fusion systems is the
degradation of thermal properties governing the rate of heat transfer through the material.
The objective of the modulated photothermal radiometry (PTR) technique is to determine
how this rate of heat transfer is modified by measuring the thermal diffusivity at its
surface. In the context of radiation effects studies, surface thermal diffusivity is important
in connection to accelerated ageing and radiation damage experiments using ion beams.

Energetic heavy ions produced in a particle accelerator, though highly effective at
producing high displacement damage doses in a short period of time, are not highly
penetrating. They may produce tens to hundreds of displacements per atom (dpa) in a
matter of hours compared to years of exposure in a fission or fusion system. However,
the limited range of heavy energetic ions, being on the order of several microns typically,
complicates post-irradiation analysis by conventional materials characterization
techniques designed for bulk materials. In short, the effects of high dpa displacement
damage may only be seen at the materials surface. This requires the use of surface
specific materials characterization techniques. Modulated PTR represents one such

technique that is also non-contact and non-destructive.
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When a material is exposed to radiation, material degradation can include changes
in mechanical, electronic, optical, chemical and thermal properties, the latter of which
includes thermal diffusivity, the focus of the PTR technique. Every solid has an atomic
structure, which for crystalline solids is composed of a lattice decorated with atoms. As a
material is exposed to radiation, some high energy particles can affect the atomic
structure by causing atoms to be displaced from their lattice site, as seen in Figure 1.1.
This phenomenon of knock-on damage produces primary and secondary knock-on atoms
(PKAs and SKAs), and ultimately quasi-stable pairs of point defects known as Frenkel

pairs. A Frenkel pair comprises a self-interstitial atom (SIA) and a lattice vacancy [1].

Projectile
Particle

Displaced
Atom

Figure 1.1: Displacement of an atom, creating a defect in the lattice structure. [2]

The production of point defects from the radiation damage cascade of atomic
displacements can accumulate, diffuse, interact with each other, recombine or grow into
extended defects such as clusters, dislocations, voids, precipitates and bubbles. All of
these extended defects can contribute to changes in the properties of materials. As
materials in high temperature, high radiation environments are constantly exposed to
these changes, it is important to note how that affects materials of interest. One can

anticipate that changes, either positive or negative will occur continuously over the
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lifetime of a nuclear reactor. One of the major challenges in designing nuclear systems is
to accurately design around and predict these changes given a dose, temperature, stress
state and other environmental stressors. For example, multiphysics modeling of nuclear
reactors requires databases of material properties. If such databases do not reflect the
changes in properties brought about from irradiation damage, the models are of limited
predictive value. It therefore becomes necessary to determine these material parameters
using comprehensive material models or experimental measurements.

Thermal properties of particular importance in reactor design and modeling
include thermal conductivity, heat capacity, and thermal diffusivity, though the three are
interrelated. Thermal conductivity is a measure of a material’s ability to conduct heat. In
metals, it depends on the concentration and mobility of free electrons in the material and
decreases with temperature, except at cryogenic temperatures where its behavior follows
the heat capacity [3]. In nonmetals — materials with an electronic bandgap — thermal
conductivity depends largely on lattice vibrations at low temperatures while electrons
only begin to conduct heat at high temperatures [3]. For this reason, the thermal
conductivity of insulators and semiconductors tend to exhibit more complex temperature
dependence.

Heat capacity is the amount of added heat necessary to change the temperature of
a substance [4]. This value determines, among other things, how much a material must be
heated to raise its temperature to the point where infrared radiation begins to make a
significant contribution to heat transfer. Lastly, the thermal diffusivity is the rate of heat
transfer through a material and it is dependent on both the thermal conductivity and heat

capacity [5].



These values are typically tabulated for unirradiated materials used in nuclear
applications but often the data is incomplete or missing for the same materials under a
particular combination of dpa, temperature, and stress. Furthermore, novel nuclear
materials synthesized as composites, coatings and nanostructured materials can have
widely varying properties, even within the same composition. Designing nuclear systems
with new materials requires a combination of detailed, physics-based predictive models
as well as high-throughput experimental studies over a wide matrix of doses and
environmental conditions. The high-throughput approach is made possible by combining
ion beam irradiations with surface characterization techniques such as PTR.

PTR allows one to determine which materials are best suited for high temperature,
high radiation environments based on the coefficient of thermal diffusivity, a, of non-
irradiated and irradiated samples as a function of temperature and dose. The change in
these values will determine how a material’s ability to transfer heat changes through the

lifetime of a nuclear power plant or facility.

1.1. EXISTING DIFFUSIVITY MEASUREMENT TECHNIQUES

There are numerous methods to determine the thermal diffusivity of a material.
One of the most common methods is the flash method, which uses a pulse of energy,
either from a laser or flash lamp, to heat the surface of a sample. The temperature is
measured on both the front surface and rear surface of the sample and is used to calculate
the diffusivity [6]. This method only allows for the thermal characterization of bulk

samples of a singular, homogenous material. In contrast, PTR can be used to determine



thermal characteristics of materials with multiple layers, including layers of different
materials such as thin coatings.

The transient hot bridge (plane source) method is another method used in
determining the thermal transport properties of materials. This method uses two halves of
a sample with a probe sandwiched between them. The probe acts as both the heat source
and temperature sensor during this process and as current is applied to the probe, the
sample surface rises in temperature [3]. The temperature of the sample increases as a
function of time and can be used to determine thermal properties of the material.

Like PTR, the 3w method can also be used to determine the thermal diffusivity in
thin films. In 3, a material is periodically heated using a resistive line heater driven at
angular frequency o, causing heating at a frequency 2w that also induces a temperature
response with a 2 component, the amplitude and phase of which are associated with the
materials layer structure and layer compositions. The oscillation causes the heater
resistance to oscillate at 2m as well, which when convolved with the initial drive
frequency of ®, generates a 3w signal. This 3w signal is then used to calculate the thermal
conductivity and diffusivity [8].

A large error for thermal property measurements comes from the contact
necessary with the sample. Modulated Photothermal Radiometry is different from other
thermal characterization techniques in that it is non-contact, non-destructive, thin film
surface characterization technique. The method uses the measurement of heat radiated
from the material surface to determine its thermal diffusivity.

Because the measurement is taken from IR emission at the surface of the material,

this technique does not require alteration to the state of the material for analysis. The



surface of a material in a high temperature, high radiation environment receives the
highest amount of energy from particles that strike the material before traveling through
it. This method allows the coatings on the surface of a material to be studied, along with

layered materials.

1.2. MODULATED PHOTOTHERMAL RADIOMETRY
Modulated Photothermal Radiometry is an optical system that operates as follows:

1. A modulated light source, most often a laser, is used to heat the surface of
a sample.

2. The diffusion of heat into the surface layer(s) induces a modulation
frequency amplitude response and phase lag in the surface temperature.

3. The sample then emits heat in the form of infrared radiation.

4. This emission is then collected with a high-speed, high sensitivity infrared
detector.

In Figure 1.2, it is shown that the laser passes through several optical components
before heating the sample surface. The optical isolator is used to ensure that laser light
does not reflect back into the laser. Interference from the laser with itself can lead to
power instabilities and non-linear behavior. The chopper is used to rapidly modulate the
laser signal. It consists of a rotating wheel with sectors of alternating transparent and
optically dense material. A splitter cube is used to direct a portion of light into a visible
light photodetector to create a reference signal for calculations. After passing through a
narrow aperture of a parabolic mirror, the laser light shines incident onto the surface of

the sample.



Modulated laser heating causes the sample to rise in temperature and emit heat,
which is then collected, redirected and recondensed on an infrared detector using
parabolic mirrors. One parabolic mirror collects IR light from its focal point, the laser
spot. The mirror shape redirects the light as a parallel beam onto another parabolic mirror

which recondenses the light into a focal point located on the surface of an IR detector.

Parabolic
Mirrors

g Lock-In
g 5—  Amplifier
g Computer
/
Frequency
Driver
c
o)
A
T uE_l Photodetector
o
I
Optical
Isolator
) / F 3
o
& Laser
] - - - 4 Diode
E Splitter |_|
Cube
Chopper
Wheel

Figure 1.2: Modulated photothermal radiometry apparatus.

The IR detector is a mercury cadmium telluride (MCT, HgCdTe) type detector.
The MCT detector material acts as a photoresistor sensitive to IR photons. When an
increased flux of incident IR power is incident on a voltage-biased photoresistive
material, the resistance drops permitting the detector preamplifier to read a change in

current and output a proportional voltage. This voltage therefore contains information



about changes in IR flux. Because IR radiation is naturally present in the ambient
environment of the lab, other, often much larger signals are usually present in the signal
output. A constant background IR signal coming from the average room temperature
environment results in a DC signal. This signal can be rejected by AC coupling the
detector or by implementing a bias offset. IR noise in the system is more problematic as it
can overwhelm the IR signal from the specimen. An effective approach for dealing with
this is to process the signal with a lock-in amplifier which amplifies weak signals of a
specific frequency. The frequency is determined by a modulated reference signal or an
internal oscillator. The detector signal thus passes through a lock-in amplifier along with
the reference from the visible light photodetector. Both the amplitude and phase lag (with
respect to reference) of the IR light are measured by the lock-in amplifier.

When a material is heated with a modulated source, it produces an emission
modulated at the same frequency as the source, though possibly phase delayed. The
frequency-domain response of phase and amplitude of the emission contains information
specific to the thermal diffusivities and layer thicknesses of the layered specimen. The
frequency response can be predicted from the method of thermal quadrupoles or by direct
integration of the heat equation. For a single thin layer, a qualitative argument can be
made to demonstrate the basic frequency response. When the thermal diffusion length is
comparable to the thickness d of a thin layer, then the frequency dependence of phase and
amplitude will vary rapidly when

a 1)
d?



If the layer thickness is known, then the approximate diffusivity of the layer can
be inferred by, for example, identifying the frequency where the phase changes most
quickly. For more accurate determination, a model must be fit to experimental data.

The objective of this study is to take the concept of modulated photothermal radiometry
and assemble, align, and test optical components to create a system that is capable of
thermal diffusivity measurements. This process includes performing sensitivity
calculations to ensure the laser power will be sufficient for creating a temperature rise in
the sample that is sufficient in producing an emission that can be seen by all detecting
components. Based on this analysis, a selection of optimal detector and laser power can
be made with which to build the system.

In the past, PTR had been performed to determine thermal characteristics of a
variety of thin film materials such as diamond films [9], GaAs wafers [10], as well as
bruise age determination [11]. The samples analyzed in this work include inorganic solids
such as 316 stainless steel, whose properties are known and can be used to calibrate the
system.

In 1979, Per-Erik Nordal and Svein Otto Kanstad presented a mathematical model
of PTR response. A mathematical expression for the temperature rise of the surface of a
sample, the amplitude of temperature variations associated with the frequency, and the
radiant emittance associated with the varying heat signal were presented [12]. These
mathematical models helped to frame some calculations in this work. Nordal and Kanstad
used the Modulated Photothermal Radiometry to determine the absorption spectra of

K2S04 [12].
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2. EXPERIMENTAL SETUP

2.1. EQUIPMENT SETUP AND PROCEDURE

The system was built on a Newport Integrity 1 optical table system, featuring
threaded holes fitting ¥%-20 screws, allowing each component to be fastened down to
prevent movement. The table also has a 3.4 mm skin with an integrated dampened layer
that attenuates a 10-50 Hz range of floor vibrations, preventing them from disturbing
sensitive equipment and promoting consistency in measurements. The optical system
itself is housed in a custom-made enclosure of light absorbing medium and 25mm
anodized aluminum rails, shown in Figure 2.1. The black foamboard protects the system
from light entering that could distort results and also acts as safety enclosure to protect
lab users from the laser light. The hinged lid on the front of the enclosure allows easy
access to components inside of the enclosure for repositioning, alignment, and staging of

the samples, and closes easily to ensure accurate results during trials.

Rl

Figure 2.1: Light-proof enclosure for optical components.
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The light path of components inside the enclosure begins with a multi-mode laser
diode emitting a signal with a wavelength of 404 nm. The signal is provided by a 400
mW blue laser diode inside of a Thorlabs thermo-electric cooled laser diode mount as
seen in Figure 2.2. The mount is situated atop a tip, tilt, and rotation stage that allows the
laser beam to be aligned with respect to the optical table and optical components. The
stage has a tip/tilt adjustment range of £5°, and a rotation adjustment range of +£10°.
Because of the large beam divergences of laser diodes, laser collimation is accomplished

by means of an aspheric lens.

D

Figure 2.2: Laser diode mount and tip, tilt, and rotation stage.

Attached to the side of the laser diode mount is an interlock that prevents the

system from being operational should the door of the cage be opened while the laser is
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energized. When the lid is opened, a depressed interlock switch is released and

immediately cuts power to the laser diode mount. The interlock can be seen in Figure 2.3.

Figure 2.3: Momentary contact switch for laser interlock.

The laser power is controlled by two components: the laser diode controller and

the temperature controller, shown in Figure 2.4.

LDC205C LASER DIODE CONTROLLER 500mA

TED200C TEMPERATURE CONTROLLER

|l= OA UM|..|LI!A
@ Tser
1 TEE
o Y .m

Figure 2.4: Laser diode controller (top) and temperature controller (bottom).
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The laser diode controller (LDC) and temperature controller (TC) work in tandem
to operate the laser diode. The LDC can drive the laser in constant current or constant
power mode. Constant current mode holds the current to the laser at a specific, steady
value while constant power mode compensates for fluctuating current to hold the laser
diode at a steady power. The thermoelectric temperature controller precisely controls the
temperature for the laser diode. This helps to stabilize the wavelength, reduce noise, and
tune the wavelength and modulation of wavelength by regulating the temperature [21].

The laser passes from the diode mount through a polarization-dependent optical
isolator, which minimizes feedback into the optical components. The laser enters the
isolator at 0°, parallel to the table surface, aligned with the laser’s plane of polarization,

and exits the isolator vertically polarized.

FARADAY ROTATOR

INPUT

OUTPUT

>

Figure 2.5: The light enters the faraday rotator at 0° relative to the y axis. The faraday
rotator uses a magnetic field to rotate the axis of polarization by 45°.

The plane of polarization is also rotated 45° by a Faraday Rotator, which uses a
magnetic field to rotate the axis of polarization. As a result, the new plane of polarization
is 45°, relative to the table surface. The faraday rotator concept can be seen in Figure 2.5

and the optical isolator in Figure 2.6.
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Figure 2.6: Optical isolator.

Then, the signal passes through an optical chopper, Figure 2.7. The chopper
creates a pulsed signal from a continuous beam [22]. It has a 50% duty cycle. As the
blades of the chopper block the signal, the material being analyzed experiences a brief
cooling period. Inversely, as the light passes through the windows in the chopper, the
material experiences a brief heating period during each window. The optical chopper is
driven at a specified frequency that can vary from 20Hz-1kHz. This frequency is chosen
manually in the control software, which will be discussed in further detail in this section.

Following the chopper, the signal passes through a non-polarizing beamsplitter
cube, Figure 2.8, which directs 10% of the signal into a photodetector, Figure 2.9. The
detection of the light produces a signal that acts as a reference for measuring the phase of

the infrared emission output in the lock-in amplifier.
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Figure 2.8: splitter cube in housing& apparatus.

The photodetector is a silicon biased detector from ThorLabs. It is designed for
the detection of signals in the range of 200nm to 1100nm [23]. It can be operated in one
of two modes, photoconductive or photovoltaic. Photoconductive mode applies a reverse

bias, and the measured output current is linearly proportional to the input optical power



16

[23]. The photodiode is zero biased in photovoltaic mode, utilizing the photovoltaic
effect. As the current in the device is restricted, a voltage accumulates with exposure to

radiant energy. For this system, the detector is operated in photoconductive mode.

‘ L
Figure 2.9: Silicon biased photodetector.

The laser diode beam terminates at the surface of the sample. At this point, the
sample is heated by the laser and radiated infrared light. The sample is mounted on a
Thorlabs XYZ translation stage using double sided tape, shown in Figure 2.10.
Eventually the sample stage can be replaced with a variable temperature stage for thermal
diffusivity measurements at low and high temperatures.

This emission is then collected in a closed pair of gold coated 90° off-axis

parabolic mirrors, shown in Figure 2.11, that direct the signal into an infrared detector.
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Ifigure 2.10: XYZ translation stage.

The first mirror contains a centered hole parallel to the beam, allowing the beam
to travel through the mirror to reach the sample surface. The entry point for the beam can
be seen in Figure 2.12. An advantage of this geometry is that the mirror focal point must
fall along the beam axis, obviating the need to align focal point and beam spot in three

dimensions.

Figure 2.11: Offaxis prabolic MIrrors.
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Figure 2.12: Off-axis parabolic mirror with centered hole for alignment beam.

The beam travels through the mirror, exits at the center of the gold-coated surface,
and strikes the sample. The hole that the beam travels through has a diameter of 3mm on
the coated surface, and 8mm on the back of the mirror, shown in Figure 2.12. The beam
size, once it reaches the sample surface, is then 3mm in diameter or smaller. The mirrors
have a focal length of 152.4 mm (6”), so they must be positioned at the appropriate
distance both from the sample stage, and from the infrared detector. The mirrors are
distanced approximately 225 mm apart, measured from the center of the parabolic mirror.
Once the sample is heated, additional infrared photons are emitted towards the coated

surface of the mirror and reflected directly towards the second mirror that does not have a
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centered hole. This second mirror focuses the IR light into the active area of the infrared

detector. The IR detector can be seen in Figure 2.13.

2

Figure 2.13: Mércury cadmium telluride IR Detector.

The amplified MCT detector is thermo-electrically cooled and features
switchable-gain and switchable-bandwidth. Thermo-electric cooling allows for a higher
detectivity than a room temperature detector, resulting in a lower output offset and higher
gain. The AC coupling of the detector requires a chopped or pulsed input signal in the
wavelength range of 2.0-5.4um. The gain can be set between 0-40dB, in 6dB steps, and
the bandwidth can be set in one of eight steps from 1.25-160kHz. The active detection
area is Imm x 1mm, so it is essential that the detector be positioned at an accurate
distance from the mirror for the signal to be detected with minimal geometric attenuation

losses.
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From the MCT detector, the voltage signal passes through a lock-in amplifier.
Initially, a second hand single channel lock-in amplifier was used in tandem with an
oscilloscope to ensure that the amplifier could lock-in to the photodiode reference. Once
it was established that the signal had the correct shape, amplitude and frequency using the
oscilloscope in Figure 2.14, it was used as a reference for the Stanford Research Systems

SR510 single channel lock-in amplifier in Figure 2.14.

Figure 2.14: Oscilloscope (top) and single channel lock-in amplifier (bottom).

The single channel lock-in amplifier (LIA) is a phase and amplitude sensitive
amplifier that operates by multiplying two AC input signals to generate a DC output
proportional to the cross modulation amplitude. Though the phase lag cannot be directly

measured, the reference signal can be manually phase shifted to determine the phase lag
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by optimizing the cross modulation amplitude. One of these signals is a reference signal
with a specific phase. In this system, the reference signal is coming from the
photodetector that detects the signal that is directed toward it from the splitter cube. This
signal is a chopped beam with a user specified frequency. Once the LIA uses this to
create a reference signal, it will multiply it by the second signal, the voltage output of the
MCT detector.

LabView software is used to control the electronic test equipment and hardware
controllers, as well as analyze data that is output from the lock-in amplifier. Figure 2.15

shows a capture of this program for the single channel LIA.

FreqStart. FergEnd Freq, Intervel. Senetivity
=1 50 | Laser Power

Time Constsnt Stop, but save collected data
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A7 " 0 o v v v D D D v I 0 D v L |
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000
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Figure 2.15: Capture of LabView program used for a single channel LIA system.

Certain measurement parameters, such a laser power, sensitivity scale and time

constant for the LIA, temperature, and name of the sample are entered manually into user
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interface. The LIA values set the LIA amplitude range setting during operation. The user
enters a frequency start value is entered, followed by a frequency end point value and
interval. This will tell the chopper control unit what frequency to start the copper at, what
frequency to end at, and how many steps to take in between those two values. In other
words, it defines the data range of the measurements.

The LabView program operates sequentially. After the laser power is switched
on, and the program is initiated, the program steps through chopper frequencies,
measuring the LI1A response and recording values before incrementing to the next
chopper frequency. At the first frequency step, a reference is generated by the LIA at that
specific frequency. Once the sample’s IR response is measured, the LIA the analyzes the
signal. It records the phase delay of the IR signal with respect to the reference and record
this value. It also multiplies the two signals and records the amplitude. Once this
sequence is complete, and all values are recorded, the LabView program will instruct the
chopper to increase to the next frequency indicated, and the process will repeat until the
frequency end value is reached.

The program then uses the measured values to generate two graphs. The first, on
the left side of Figure 2.16, plots the phase shift (degrees) vs. frequency (Hz). This will
be used to determine at which frequencies the phase shifts most rapidly. The second, on
the right side of Figure 2.16, plots the signal amplitude (mV) vs. frequency (Hz). This
plot visualizes the amplitude roll-off. When the phase shift of the two signals is zero
degrees, the two signals are in phase. When this occurs, the multiplication of the signals

will generate a maximum amplitude. These two curves will be fit to an existing model for
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amplitude and phase vs frequency in order to determine the coefficient of thermal

diffusivity.
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Figure 2.16: Capture of plots generated in LabView.

2.2. UPDATES AND CHANGES

In the first version of the system, the chopper was replaced with an electro-optic
modulator (EOM). In an EOM, a voltage is applied across two lithium niobate crystals,
inducing a change in the axis of polarization and a phase delay in the signal. The
modulator uses the halfwave voltage to vary the intensity of a beam from maximum to
minimum intensity. A control voltage is amplified with a a high voltage amplifier to
produce the input for controlling the EOM. This allows, for example, the wave produced
to have a sine wave shape with a phase dependent on the voltage applied. As the
modulator was being aligned in the system, the signal was not being varied, and in turn
not producing a sine wave.

During troubleshooting, it was determined that the modulator may have required

the use of either an input polarizer, output polarizer, or even both. The polarizers would
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have been used to rotate the axis of polarization of the beam to the necessary angle for
input and output to and from the modulator. Once they were introduced to the system and
positioned both before and after the modulator, the signal still appeared as a steady beam,
rather than the fluctuating sine wave. This may be related to the nature of the laser beam.
EOMs are designed for single mode lasers could suffer in performance when used with
multimode lasers. For this reason, the electro-optic modulator was replaced with an
optical chopper. The principal of their operation is the same, to rapidly vary the intensity
of the beam. With the optical chopper, a rapidly spinning wheel with evenly spaced
transparent and optically thick sectors modulate the signal as a square wave with a 50%
duty cycle. Besides the fact that beam choppers can only modulate laser power as a
sguare wave, they are typically more limited in frequency range.

After aligning the system with the 400 mW laser, no signal could be measured
with the MCT detector. It was assumed that either the laser was not powerful enough to
sufficiently heat the sample or the detector was not sufficiently sensitive, though in either
case proper alignment is still necessary to give the best results. To resolve the uncertainty
about where the problem(s) lie, calculations, to be discussed in the modeling section,
were performed in order to determine what sensitivity was theoretically possible for a
properly functioning system with the given components. A measurement of the laser
power also confirmed that the laser diode was not operating near its 400 mW nominal
power and was assumed to have been damaged at a point in the mounting process. As a
result, a new 400 mW, 405 nm from a different manufacturer was purchased.

A Stanford Research dual phase lock-in amplifier (SR830) replaced the single

channel amplifier (SR510). This LIA displays both the magnitude and phase of a signal
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and utilizes digital signal processing. Using this LIA eliminates steps in the process of
determining the phase and amplitude of the infrared signal. The dual phase LIA is able to
simultaneously record both phase and amplitude simultaneously. With a single channel
LIA, the phase must be determined by measuring cross modulation over all phase lags.
The LabView integration of the dual channel LIA is therefore much simpler. The only
difference in the two programs, is that the dual phase LIA program lacks an output array

of values.
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3. THEORY AND MODELING

3.1. BACKGROUND

In order to determine the threshold of the detector and the power of the signal
being emitted from the sample surface, analytical calculations of the modulated heating
and light analysis were performed. Firstly, the power of the light incident on the MCT
detector surface had to be determined. From this value, it could be use to determine how
much laser power would be necessary to heat the sample surface or, conversely, how
responsive a detector was required for the given laser power and geometric losses.

An object that absorbs all incident radiation upon it and re-emits that energy is
referred to as a blackbody. A perfect blackbody is a perfect absorber, and in turn a perfect
emitter [13]. Because materials emit a portion of incident radiation, they are referred to as
graybodies. Graybodies are distinguished from blackbodies by a reduced radiance
accounted for by their emissivity [13].

A blackbody of temperature T radiating from a flat surface has a spectral
radiance, By described by Planck’s law

2hv3 1 2)
c2 ehv/kT 1

Bv(v: T) =
where v is the frequency of emitted light, & is the Planck constant, c is the speed of light,
and k is the Boltzmann constant. When integrated over all wavelengths, this gives the

radiance

2wk o (3)
L= fB,,(v,T)dv = =

where o is the Stefan-Boltzmann constant. The angular dependence of the radiant

intensity of a blackbody emitting from a planar surface follows Lambert’s cosine law
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L(6,¢) = Lcosb 4

By integrating over the solid angle Q, where 6 and ¢ are the polar and azimuthal

angles measured with respect to the surface normal. The radiant emittance, j* becomes

2T
=
0

S|

/2 2w /2 (5)

L(6,¢)dQ = Lf dqbf cos B sin6 do
0 0

O%

j*=mnL=o0oT* (6)
which is nothing more than the Stefan-Boltzmann law. A blackbody has emissivity e=1.
All graybody materials will have an emissivity of €<1. Taking this into consideration, the
radiant emittance for a graybody can now be written as

j* = eoT* 7
In light of the fact that the IR light collected by the PTR system uses parabolic
mirrors and a detector with a responsivity dependent on wavelength, it is appropriate to
modify the above integrals by introducing the solid angle limits of integration into the
spectral intensity

hv®  cos#@ (8)
c2 eh/kT 1

2
I(v,T,0,¢) =
Given that the responsivity parameters are typically given in terms of wavelength

and

)

>0

it follows that

2hc?  cosé@ (10)
15 ehc/ZkT _{

I(A,T,0,p) =

The incident power on the detector is given by
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(11)

27 Om o
P = Asf f f I(A,T,0,¢p)dAsin0 dOdp = Aegj*
0 0 O
where A is the area of the emitting region collected by the parabolic mirrors, i.e. the laser
spot. Because of the finite size of the laser spot, the comparatively smaller size of the
detector’s active area, and imprecisions in the mirror optics and detector location, a
geometric loss factor g can also be included. Assuming that the detector size is the
limiting factor for light collection, we will assume A = 1 mm? for subsequent analysis.
Equation 12 includes the geometry factor, with A representing the area of the
beam, a representing the major axis of the mirror, b the minor axis, and R the focal length
of the off-axis parabolic mirrors.

_ab (12)
~ 4R2

9

With this expression it becomes possible to estimate the IR power flux into the
detector for a given sample surface temperature and mirror collection geometry. Next, it
becomes necessary to relate fluctuations in the surface temperature to the radiant
emittance. When a sample is heated by a continuous wave laser modulated by a chopper,
the power signal follows a pulse wave time dependence with frequency and duty cycle
determined by the chopper mask pattern and rotation speed. The signal is a square wave
for a 50% duty cycle. While the unblocked laser irradiates the sample, the sample surface
is heating. Subsequently, as the light is blocked by the chopper, the sample experiences a
brief cooling period. This heating and cooling cycle produce a temperature change AT
with each cycle. It is worth noting that the time averaged temperature of the sample

surface is governed by the time averaged laser power and substrate thermal conductivity.

Averaging the modulations over many cycles, the temperature of the sample will rise
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from its initial ambient temperature to a plateau from the average beam heating.
Superimposed on the plateau will be small temperature variations from the modulated
heat source. The temperature will continue to oscillate about this plateau as the light
passes through and is blocked by the windows of the rapidly spinning optical chopper.
The time-dependent temperature, T, considers the constant mean (or background)
temperature of the sample To at the plateau and the time-dependent change in temperature
AT after heating, so that
T =T, + AT (13)
Substituting Equation 13 into Equation 6, expanding to first order in AT, the
radiant emittance is now
j* ~ eo(Ty + 4ATTR) (14)
Note that higher order terms of the temperature modulation are dropped. Except at
low cryogenic temperatures, AT<<T,. Thus the emittance can be treated as approximately
proportional to the temperature oscillations. This equation can be used to find the radiant
emittance of the sample after being heated by the laser. Continuing, j* substituted into
Equation 11 gives the change in incident power into the detector active area:
P =Agj* ~ Ageo(Ty + 4ATTS) (15)

4AT 16
P ~ AgeoTy + AgscTéT— (16)
0

4AT 17
AP = AgeoTy - (17)
0
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3.2. MODELING

Once the power incident on the detector surface was determined, the next step
was is to predict the time dependence of the surface temperature. As a first
approximation, one can assume that all laser power incident on the sample surface is
absorbed at the surface. For metallic samples, it is a good approximation to assume that
all power absorbed is absorbed at the surface owing to the shallow penetration depth of
visible light in metals. On the other hand, the assumption of perfect absorption is not
entirely justified. A certain portion of visible light is reflected off a polished surface,
especially in metals. Many metals, however have a low spectral reflectance at 405 nm.
Thus this approximation is reasonable for order of magnitude analysis with the given
choice of laser. The calculation of the time dependence of the surface temperature was
performed using a MATLAB script. The temperature was predicted using integration of
the heat equation. The distribution of heat, or temperature variance, in a given sample

over time can be given by the heat equation below:

oT , (18)
P57 = kV?T + q,
And can be rewritten as
0,T = ad2T + = (19)
Py

where a = p% is the thermal diffusivity, p represents the mass density of the material, cp
14

is the specific heat capacity at constant pressure, k is the thermal conductivity, T is the
temperature, and g, is the volumetric heat source term. Using Equation 18 as the starting
point, it can then be discretized in time using the forward differencing method to obtain

Equation 19 and its boundary conditions:
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Tiv1,; — Ty Qv,i,j (20)
— = = q; 0x?T; ; + —
At ! v (pcp)j
. _(Go1 J=1 (21)
®ii =10 j>1

The meaning of the boundary conditions is that, in the first layer, all laser power
is absorbed. In terms of the laser power, the heat source term is

___h (22)
B Abeam * Ax

qo,j
where P; is the power of the laser at time step i and Ax is the thickness of the first layer of
material. For any layer not equal to j=1, the heat source term is equal to zero. Equation 18
can now be discretized in space using a diamond differencing scheme to obtain the

following:

_ Ti,j+1 - ZTi,j + Ti,j—l (23)
J = Ax2

07T,

Equation 23 can now be substituted back into Equation 20 , resulting in Equation
24:

Tiy1;—T;

J o Ti,j+1 — 2Ti,j + Ti,j—1 qv,i.j (24)
At J Ax? (pCp)j

Rearranging, Equation 24 now becomes:

Tijor1 — 2T+ Tijm1 Qo (25)
Ti+1,j = Ti,j + ajAt Ax2 (Pcp)j
< 0.5
Ax?

The von Neumann stability criterion, Equation 26, was used to check the stability

of the differencing schemes used in the partial differential equations above. As long as
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this is satisfied, the numerical scheme of the calculations will be stable. When this
criterion is not satisfied, truncation errors will grow exponentially.

This equation was implemented as a MATLAB script to determine the
temperature change in the first layer of a hypothetical sample with a typical thermal
properties and hence the radiant emission source term. Because the method can be used
on multilayered materials, the code can be initialized to include layers of various
materials. The sample being used for modeling, however, was a single homogenous layer
of stainless steel 316. After sufficiently many layers, the temperature of the sample is
assumed to remain at a constant room temperature, To. In other words, a Dirichlet
boundary condition was used to represent substrate as a semi-infinite heat sink at a
constant ambient temperature.

Also, because of the way the code was written, adiabatic conditions were imposed
on the surface. The first layer of the material was considered to be a vacuum, and
assigned the temperature in the vacuum layer to match that of the surface of the sample.
The surface of the sample is treated as the second layer of material for computational
convenience.

The code was able to provide an estimated AT of the material. It is known that To
is approximately equal to the room temperature in Kelvin. Predicting AT allowed
calculations to be performed that would ensure the sample was heated sufficiently in
order to generate a signal that could be detected by the infrared detector.

The surface temperature of the laser heated specimen was also compared to an

analytical model and compared with the numerical calculations in MATLAB. The
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intensity of the laser beam was calculated, using the equation below where Pjaser is the

power of the laser and r is the radius of the laser beam in meters.

I = Plaser (27)
07 2

The change in temperature can be estimated using Equation 28

Ipl (28)
ATy = —
07 2k

where | is the thickness of the sample and k is the conductivity of the sample [1]. After
performing this calculation, the change in temperature was equal to 0.001 K. This
calculation confirmed the value found in the MATLAB code for the change in
temperature of the SS316 sample. The confirmation of this value helped to verify the
values found while calculating the radiant emittance and power from the sample. The

values used in and found during these calculations can be seen in Table 3.1.

Table 3.1: Values used in calculating laser beam intensity.

lo pCp AT |

28294.21 W/m? | 3.868 x 10° J/m3-K | 0.001 K 1Xx107°m

3.3. INSTRUMENT LIMITATIONS

Using data provided for the HgCdTe amplified photodetector by ThorLabs,
calculations were performed to determine the detector’s capacity to detect the emission
signal from the sample, and whether or not the small AC voltage output would be

detectable by the lock-in amplifier above noise. Once the power of the signal incident on
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the detector is calculated, it can be compared to the equipment parameters to determine
whether it is within the capability of the detector and LIA to read the emission.

The voltage response of the detector measuring a steady-state black body is
2m Om oo (29)
V=G fo f f R(MDIA,T,0,¢)dAsin60 dOd¢
0o 0 O

G is the detector gain. 6,, is the acceptance polar angle of the collection parabolic

mirror.
1
6, = arctang = 0.165 rad = 9.46° (30)
Upon substitution of this value into Equation 29,
r 31)

V =0.085%G x Af R(MD)I(A,T)dA
0

As neither the wavelength dependence of Planck’s law nor the detector
responsivity changes much within a 1 um neighborhood of the detector peak, it is useful
to estimate the contribution to the detector response from the IR light in a 1 pm spectral
range about the detector peak

AV pear = 0.085 X G X A X Rpoqre X Ipear(T) X 10" mm (32)

Table 3.2 contains estimates of the voltage response for two different MCT
detectors. The original thermoelectric-cooled Thorlabs detector and a liquid nitrogen
cooled MCT from Teledyne Judson technologies.

Since these values only include a portion of the IR spectrum they underestimate to
total voltage response. However, the AC coupling effectively cancels out the large DC
component from the background of ambient IR light. Evidently, only the AC signal — the
change in voltage due to the laser modulation - is relevant for estimating signal strength

into the lock-in amplifier.
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Table 3.2: Comparing peak voltage response of each detector.

Detector Judson J15D16 | Thorlabs PDA10JT
Peak Wavelength [um)] 11 4.75
Maximum Gain 500 100
[VIV]
Rpear [VIW] 3000 300
Ieak (300 K) 0.01 0.002
[W mm®]
Ipeak (500 K) 0.06 0.12
[W mm¥]
dVpear 1.2V 5MV
(300 K)
dVpeak 7.4V 300mV
(500 K)

From before

4AT
P ~ AsoTy + AsoTy — (33)
Ty
AAT
AP = AgoTy — (34)
Ty
It follows that

AAT (35)

Adeeak = deeakT_

Of course, AT, calculated from the MATLAB script depends on the material’s
thermal properties, the thickness of the surface layer(s) and the modulation frequency.
Below are values for typical peak voltages expected from samples with a 0.001K AT.

Given that the lower limit of the SR510 lock-in amplifier is 100 nV, at room
temperature, the ThorLabs detector falls outside of the capabilities of the LIA, and is not
suitable for ambient measurements. The newer SR830 model has a sensitivity limit of 2
nV, seen in Table 3.3. However, given additional geometric, reflectance, graybody and

laser power losses, it is likely that measurements with the ThorLabs detector will be
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noisy at best. At high temperatures, measurements with the ThorLabs detector should be
possible, but with losses, may be noisy. The Judson detector values fall well within the
SR510 lock-in amplifier range of 100 nVV-500 mV, and within the SR830 range of 2 nV-
1V, making it suitable for both ambient and high temperature measurements. In Figure
3.1, the peak responsivity and intensity vs wavelength can be seen. The figure shows that
as the wavelength of the signal increases, the Judson detector has a higher responsivity

associated with increasing wavelength than the Thorlabs detector.

Table 3.3: Comparing calculated voltage response due to IR signal.

Detector AT (K) AdVyeqr (300K) | AdVpeqr (500K)
Judson J15D16 0.001 K 16 pv 59.2 uv
Thorlabs PDA10JT 0.001 K 6.67 nV 2400 nV

From the preceding analysis, the incident power was found to be sufficiently
small enough that the corresponding relative output voltage is well below the limitations
of the MCT photodetector and lock-in amplifier combination. The graph in Figure 3.2
shows the values provided by Thorlabs for the responsivity vs power of the detector.
Using this graph, and the numerical approach, it is now known that the signal is within
the limits of the Thorlabs MCT detector parameters. Using the values provided by
Teledyne Judson, however, the J15D12 is more suitable for the environment in which

testing will take place.
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Figure 3.1: Peak responsivity and intensity vs wavelength for both MCT detectors.
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Figure 3.2: Responsivity vs power of Thorlabs MCT detector.

The Teledyne Judson Mercury Cadmium Telluride (HgCdTe or MCT)
photoconductive detector is designed to operate in the 2-26pum wavelength range. In
Table 3.4, there are some comparative values between the ThorLabs PDA10JT and the

Judson JD15D12 MCT detectors. The Teledyne Judson detector is more sensitive than

37
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the Thorlabs detector and is able to generate a voltage that can be detected by the lock-in

amplifier, an essential step in the process. These values make the Teledyne Judson

detector a more ideal fit for this system.

Table 3.4: Comparative values for each detector.

Peak Wavelength Typical
Detector Peak D*
@ Ipeak Responsivity
3000 V/W at
Judson L
>12 pm 3 x 101° cm - HzZ /W Peak
J15D16
Wavelength
300 V/W at
Thorlab 4.8 um ~1.48 x 10° cm - Hzz /W Peak
PDA10JT
Wavelength
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4. RESULTS

Using the equations and analysis described previously, and specifications
provided by ThorLabs and Teledyne Judson technologies, the following calculations
were performed: the ability of the ThorLabs MCT photodetector to measure a
quantifiable IR emission from the sample, the ability of the Stanford Research Systems
lock-in amplifier to detect the voltage from the photodetector, and whether the power of

the laser was high enough to sufficiently heat the sample.

Table 4.1: Values used in calculations.

Thermal

Diffusivity of Conductivity
Frequency, Stefan-Boltzmann

Material unirradiated SS316, of
f,v Constant, ¢
D unirradiated
SS316, k

SS316 100 Hz 5.67 X 1078 W/m2-K* | 3.4978 x 10~° m?/s | 13.53 W/m-K

Included in Table 4.1 are the values that remained constant throughout
calculations. Table 4.2 includes values for a sample of unirradiated stainless steel 316
(SS316). The SS316 has known values, and for this reason it was chosen to align and test

the system, and to ensure the equipment was producing accurate results.
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Table 4.2: Calculated power incident on detector for SS316 sample.

Power
Min Detector
Material | Emissivity AT J* Entering
Power
Detector

SS316 0.28 0.00107 K | 117.26 W/m? | 832X 10°W | 89 x 1077 W

The area of sample being heated is equivalent to the size of the beam hitting the
sample. Because the beam passes through the off-axis parabolic mirror with a diameter of
1 mm?, it is assumed the heating area, and hence the area of the beam of emission, is 1
mm?. This value, along with others in the table, were used to calculate the radiant
emittance and power of the signal entering the MCT detector. The power of the emission,
8.9 x 10~7W is well within the range of detectable signals for the ThorLabs MCT
detector.

These values assume that each piece of equipment is operating within nominal
specifications. Upon measuring the laser diode power, it was discovered that it was not
operating at full power, and therefore the sample was not being heated as expected. This
IS one reason the detector was not recording any emission from the sample. However, as
it was discussed earlier, even with a properly functioning 400 mW laser, the MCT
detector would not produce a voltage response high enough to meet the lower limit of the
lock-in amplifier at ambient temperatures. The DC voltage produced for a 400 mW laser
was calculated to be 66.7 nV. The lower limit for the LIA is 100 nV. While the detector
can detect the emission from the sample, the LIA is then not able to lock-in to the output

from the MCT detector, as it is just below its abilities.
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5. CONCLUSION

5.1. SUMMARY

Modulated Photothermal Radiometry is an asset in determining the thermal
transport properties of both non-irradiated and irradiated samples. This non-destructive
technique is ideally suited for optically dense and conductive samples with or without
surface layers, though the possibility of measuring diffusivity in layered structures gives
the technique its advantages. The determination of the thermal diffusivity coefficient can
help in the research, development, and selection of materials in applications where heat
transfer is important. In nuclear materials research PTR specifically helps in thermal
characterization of ion irradiated materials.

The objective of this study was to design, build and test a PTR system and
perform tasks to support that goal. In the process, it was broken into sections. The first,
building and assembling the system was accomplished without error. Secondly, aligning
the equipment required a trial and error process of determining which parts worked well
with the system. After the electro-optic modulator was found to be inoperative for the
given laser or geometry, it was replaced with an optical chopper to accomplish the task of
modulating the laser signal.

To ensure that the combination of laser, MCT detector and lock-in amplifier was
suited to the measurement conditions, analytical and numerical calculations were
performed to evaluate the PTR system and redesign parts of it if necessary. After this
investigation, it was found that while a laser power of 400 mW should be sufficient to

heat the sample enough to produce an emission signal detectable by a thermoelectrically-
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cooled MCT detector, the voltage output from the detector was still below the lower limit
detectable of the SR510 lock-in amplifier and near the limit for the SR830 lock-in
amplifier. It was also discovered that the laser itself was not emitting 400 mW though this

was easily fixed by replacing the laser.

5.2. RECOMMENDATIONS

After determining that the signal being emitted from the sample surface is indeed
detectable by the ThorLabs MCT detector, but outside of the lock-in amplifier’s limits,
the following recommendations are made.
By increasing the laser power to 1 W, the change in temperature is increased to 0.005K.
By increasing this laser to 1 W, the voltage output from both MCT detectors is shown in
Table 5.1. While this provides a stronger signal than the sensitivity limit of the SR830
LIA, a 400 mW visible laser, being class 3b, requires considerably less safety

infrastructure than a 1W (class 4) laser.

Table 5.1: Detector voltage response for a laser power of 1 W.

Detector AT (K) AdVyear (300K) | AdVpeqi (500K)
Judson J15D16 0.01048 K 81.87 uv 505 pVv

Thorlabs

PDAL0JT 0.01048 K 341.1nV 20.5 pv

For this reason, the Stanford Research Systems SR830 lock-in amplifier is
suggested for use with the Judson liquid nitrogen cooled detector. The Judson detector is

able to produce voltages that are easily detectable by the SR830 LIA and even the SR510
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LIA. With the Judson detector, it would not be necessary to replace both the MCT

detector and lock-in amplifier. Given the much lower cost of the Judson detector
compared with the highest sensitivity lock-in amplifier (e.g. SR865A), the replacement of
the detector should produce the most cost effective approach, additionally obviating the
need to upgrade the power source to a class 4 laser. With a combination of these changes,
it is believed that the system will then be able to produce accurate results that can be used

to determine the thermal diffusivity of both unirradiated and irradiated samples.



APPENDIX A.

TEMPERATURE ESTIMATE SCRIPT
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rhoc=3.868*10"6; % J/m”3-K Figure out which units to use here and typical values for
inorganic oxides/metals

k=13.53; %Thermal conductivity. W/m-K..same here. Get the units and typical values
D=3.4978*10"-6; %Diffusivity of unirradiated SS316 m"2/s

power = 100; %Laser power in Watts - increase

beam_radius = 1.5; %Beam radius in mm

beam_radius = beam_radius*3e-3; %Beam radius in m

beam_area = pi*beam_radius"2; %Beam area in m"2

g_laser = power/beam_area; %Continous laser power density W/m”2

chop_frequency = 20; %Hz....sort of the main dial for frequency dependence
point_cycle = 100; %points per cycle

no_cycles = 700; %number of cycles...enough to converge

delta_t = 1/chop_frequency/point_cycle;

time_index = linspace(0,point_cycle*no_cycles-1,point_cycle*no_cycles)'; %number of
steps you'll have

time = time_index*delta_t;%total time

q_laser_t = g_laser*(mod(time_index,point_cycle)<(point_cycle/2));

no_layers = 50; %Maybe move to top
delta_x = 0.1; %Layer thickness in mm...might want to change this as well
delta_x = delta_x*1e-3; %Layer thickenss in m

x_index = linspace(0,no_layers,no_layers+1);

x = delta_x*x_index;

T =293.15*0ones(point_cycle*no_cycles,no_layers+1); %initial temp of sample - room
temp

check=D*delta_t/delta_x"2; %Neumann stability criterion. If satisfied, will continue, if
not, will kill program
if check>=0.5
disp('Neumann criterion not satisfied’)
return
end

for i=1:length(time_index)-1

T(i,1) = T(i,2); %Adiabatic BC
T(i,no_layers+1) = 293.15; %Heat Sink BC

for j=2:no_layers
if j::
T(i+1,j) = T(i,j)+delta_t/rhoc*(q_laser_t(i)+k*(T(i,j+1)-2*T(i,j)+T(i,j-
1))/delta_x"2);



else
T(i+1,j) = T(i,j)+delta_t/rhoc*(k*(T(i,j+1)-2*T(i,j)+T(i,j-1))/delta_x"2);
end
end
end
filename="Temperatures.xIsx’
xlswrite(filename, T)

plot(time, T(:,2)-293.15);

xlabel('Time (s)")

ylabel('Temp(K)"

title("Temperature of Sample Surface')
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APPENDIX B.

THORLABS PDA10JT SPECS



Thorlabs PDA10JT
Wavelength
Range 2.0-54 um
Peak 48 um
Wavelength (Ap) O H
Peak

Responsivity

300 V/W (Typ.) at Peak Wavelength

Gain Settings

0, 4, 10, 16, 22, 28, 34, 40 dB

(8 Steps)
Bandwidth 1.25, 2.5, 5, 10, 20, 40, 80, or 160 kHz
Settings (8 Steps)
0-5Vat50Q
a
Output Voltage 0-10V at High Z
Output 500
Impedance
Output Current 100 mA (Max)
Load Impedance 50 Q to High Z
20 mV (Typ.)
b
Output Offset 45 mV (Max)
TEC o
Temperature -30°C
0.6 A (Typ.)
TEC Current 1.0 A (Max)
Thermistor 10 kQ
Detector
Element HgCdTe (MCT)
Active Area 1 mmx1mm
Surface Depth 0.11" +0.02" (2.90 + 0.40 mm)
Output BNC
3"x22"x22"

Detector Size

(76.2 mm x 55.9 mm x 55.9 mm)

Detector: 0.42 Ibs (191 g)

Weight Power Supply: 2.1 Ibs (955 g)
Power Supply 31 W, Location-Specific
Power Cord Included
Input Power 100 - 120 VAC, 50 - 60 Hz
(-EC Version: 220 - 240 VAC)
Gain (High 2)°

0dB 0.8 VIV
4 dB 1.6 VIV
10dB 3.2VIV
16 dB 6.3 VIV
22 dB 12.6 VIV
28 dB 25.2 VIV
34 dB 50.1 VIV
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40 dB | 100 VIV
Noise-Equivalent Power (NEP) Values®
0dB 1.90 x 107° W/Hz?
4dB 1.19 x 10° W/Hz?
10 dB 5.94 x 10710 W/HZz?
16 dB 3.02 x 10710 W/HZzY2
22 dB 1.51 x 10710 W/Hz?
28 dB 7.61 x 10" W/HZz?
34dB 3.86 x 1071t W/HZzY2
40 dB 2.08 x 10" W/HZz?

Saturation of the output voltage may cause damage to the HgCdTe (MCT)
detector element.

. Offset after the temperature has stabilized at each gain step. The worst-case offset
is for the 40 dB gain step.

. The gain for a 50 Q impedance is one-half of the gain for high Z.

. Measured at Ap with a 160 kHz bandwidth and a 50 Q impedance.



APPENDIX C.

TELEDYNE JUDSON J15D16 SPECS



Teledyne Judson J15D16

Active Size 1 mm
Cutoff

Wavelength, Ico 16.6 um (600cm-1)
Peak

Wavelength, lpeak

~14 ym

Peak Detectivity,

Min. 2.5 x 101° cm HzY/2w 1

D* @ 10 kHz Typ. 3% 10'° cm HZzY?2W 1
Typical
Responsivity @ 900 V/IW
|peak
Time Constant, t 0.3 usec
Typical
Resistance, 18 to 120 W/sq
RDET
Typical Bias ~30 mA

Current 1B
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