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Abstract

This research project aimed to become familiar with how blackbody radiation is studied

in space. We sought to model a more small-scale experiment with similar instruments to the

ALMA telescope, a facility used to explore different parts of the universe. Our experiment

included a heterodyne receiver, amplifier, detector, optical chopper, an analog lock-in and a

blackbody source. In this way, our team gained hands-on experience by collecting data to relate

changes in temperature related to detecting blackbody radiation. In understanding part of the

internal workings of the ALMA satellite, we can better understand how blackbody radiation from

supergiant stars is studied and used to predict information from thermal sources that are

lightyears away, such as the temperature of stars, what chemicals make up a star, and the lifespan

of a star.
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1. Introduction

In the past decade, astronomers have made great strides to further the understanding of

our observable universe. Most of the research related to this was possible through sophisticated

technological advancements and dedicated professionals. Astronomical projects like the Atacama

Millimeter/submillimeter Large Array (ALMA) use specialized radio telescopes worth 1,400

million dollars. To best understand how these telescopes are a vital factor in our knowledge

about the universe, we need to develop a hands-on model that we can interact with at an

appropriate time frame.

This initiative required a greater familiarity with mathematical principles relating to light

properties, blackbody thermal radiation laws, and molecular energy. In addition, a technical

understanding of the structure of ALMA telescopes to gather and analyze signals from space.

Our research allowed us to create an educational model of ALMA’s technologies that examine

blackbody radiation sources such as supergiant stars and black holes. Using a simulated

blackbody source, we performed trials to comprehend the relationship between the temperature

of a body and the energy it produces. Executing these trials allowed us to construct a working

model that provided the insight we needed about ALMA.

It’s clear that the field of astronomy is growing exponentially to untangle the mysteries

regarding the evolutions of our universe. ALMA’s efforts involve studying blackbody sources

that essentially help recycle and produce celestial objects. Learning about this allowed us to

assemble a model that shows the correlation of a blackbody’s temperature change to its voltage

change. This knowledge is essential since it provides understanding regarding the life cycle of

supergiant stars and their role in galaxy evolution. With more knowledge available than ever

before, astronomers play a necessary part in our perception of the universe.
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2. Background

This chapter aims to briefly explain the electromagnetic spectrum in a physical and

chemical sense. Then we explain how it’s currently used for submillimeter/millimeter astronomy

research, precisely measuring blackbody radiation. The study will include information relating to

the technologies used by the Atacama Large Millimeter/submillimeter Array (ALMA) to

measure light at these wavelengths. Many interdisciplinary branches in the astronomy field deal

with the universe's physical, chemical, and theoretical spectrums. We will concentrate on

observational astronomy for this research, which deals with collecting data concerning the

observable universe.

a. Electromagnetic Spectrum

This section is tailored explicitly to the different categories of electromagnetic radiation

that exist in the physical universe. The standard electromagnetic spectrum comprises seven

regions, from longest wavelength to shortest: radio waves, microwaves, infrared, optical,

ultraviolet, X-rays, and gamma-rays. For our research, we will concentrate on a specific region

found at the end of the microwave frequency region and the start of the infrared frequency

region. Here we can discover terahertz radiation, also known as submillimeter radiation ranging

from 100 GHz and 10 THz (Terahertz Properties, n.d.). We will explore why this region is vital

to present submillimeter/millimeter astronomy applications.

i. Understanding of the Electromagnetic Spectrum

Many objects in space emit and receive electromagnetic radiation, making for crucial

information in observational astronomy about our universe. One branch of observational
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astronomy works by measuring the millimeter and submillimeter band light from vast cold

clouds in interstellar space. We know that light can either behave like a photon particle or a wave

of photons, depending on external boundaries (Crockett, 2019). To understand this better, we can

first explain the different light spectrums and how they are quantized. Being that light can be

modeled as an electromagnetic wave, it has a measurable frequency (or energy) and wavelength

that ranges depending on the electromagnetic radiation. The classification of these

electromagnetic waves specifies how light is generated and how it interacts with matter.

Electromagnetic radiation can be described as the relationship between wavelength and

frequency using the equation below:

(1)𝑐 = λ𝑓

where is the speed of light , λ (lambda) is the wavelength, and is the frequency.𝑐 3𝑥108𝑚/𝑠 𝑓

For an electromagnetic wave, the wavelength (in meters, m) can be determined by measuring the

distance of the crests. The frequency (in Hertz, Hz) is the number of waves that occur in a certain

period. This connection can be better illustrated in (Fig. 1), which shows how the two quantities

are inversely proportional; for example, a shorter wavelength means a higher frequency and vice

versa.

Figure 1. Wavelength and Frequency relationship. link
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By this equation (1), it is clear that electromagnetic radiation moves at the speed of light

regardless of the wavelength and frequency values. This radiation propagates through space and

interacts with matter in different ways. At first, scientists could not understand precisely how

electromagnetic radiation interacts with matter since it was known to be a massless property. It

wasn’t until Max Plank started understanding the properties of blackbodies and their

characterizations relating to electromagnetic radiation. His findings eventually led to the

discovery of light’s elementary particle, the photon, which is absorbed or emitted by atoms or

molecules and transmits their electromagnetic energy (Encyclopedia Britannica, 2020). For a

body in thermodynamic equilibrium it emits to its environment the same amount of energy it

absorbs from this environment. This proportionality is because energy is quantized, meaning that

the total energy emitted or absorbed gets transferred in energy packets known as quanta. Planck’s

equation (2) indicates that this change in energy is directly proportional to the frequency of

emitted or absorbed photons.

(2)𝐸 =  ℎ𝑓

Here is the energy of the photon (Joules, J), is the frequency of the photon (Hz), and is𝐸 𝑓 ℎ

Planck’s constant . This constant essentially describes the behavior of6. 63 𝑥 10 −34 𝐽 · 𝑠

particles and waves on the atomic scale (Encyclopedia Britannica, 2021). A higher frequency

causes a photon with a shorter wavelength and greater energy. In comparison, a lower frequency

causes a photon with a longer wavelength and lower energy. To better understand this

relationship, we can look at the (Fig. 2), which shows the various types of electromagnetic waves

categorized according to their wavelengths and frequencies. The spectrum’s classifications go

from shorter wavelengths to longer wavelengths: gamma-ray, x-ray, ultraviolet, optical, infrared,

microwaves, and radio waves. Shorter wavelengths are associated with radiation damage and
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ozone depletion, while longer wavelengths are associated with cell phone use, communication,

and heating.

Figure 2. Comparison of wavelength, frequency, and energy of the EM spectrum.

(Credit: NASA's Imagine the Universe link)

These relationships are essential to understand, specifically when dealing with

blackbodies emitting photons at terahertz frequencies. This type of frequency has proved to be

crucial for astrophysical research potential using spectroscopy technologies and radioastronomy.

The following chapters will explain blackbody and terahertz radiation and its known use for

gathering astronomical data for celestial bodies.

ii. Blackbody Radiation

A blackbody is an ideal object that obeys the thermal radiation laws, and it distributes

radiant energy according to its wavelength. In the vacuum of space, the energy photons carry

depends on the temperature of the blackbody emitting it. The temperature emitted by a

blackbody determines the wavelength at which the radiated energy is at its peak (Fig. 3).

Fundamentally, electromagnetic waves emitted by a blackbody are called blackbody radiation.

Our understanding of this relationship between the temperature of a blackbody and the
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wavelength at which it emits the most light can be characterized using Wien’s Displacement

Law. This radiation law states that the wavelength of peak emission of blackbody radiation is

inversely proportional to the temperature of the emitting object. Wien’s equation (3) can be

written as the following, where is the wavelength peak, is the constant of proportionality, andλ 𝑏

is the absolute temperature.𝑇

(3)λ = 𝑏
𝑇

Correspondingly, this information relates to a star’s temperature, as it will determine the

visible color of the electromagnetic spectrum according to its wavelength. The power emitted by

a body in thermodynamic equilibrium, such as a blackbody, is related to a function of its physical

temperature (Blackbody Radiation, 2020). The higher temperature a blackbody has the higher

energy this body will radiate, and the shorter the maximum emission wavelength.

Figure 3. The intensity of blackbody radiation versus wavelength of radiation emitted. link

An example of this relationship is in stars; some stars in our galaxy with low

temperatures, like the Sun, display a reddish hue.  Another example is the cosmic microwave

11

https://opentextbc.ca/universityphysicsv3openstax/chapter/blackbody-radiation/


background radiation that the universe is bathed in relates to a temperature of 2.7 K that peaks at

a wavelength of 1.1 mm.  Much of the interstellar medium are remnants of stars and have

temperatures around ~10-100 K and emit radiation in the

millimeter-wave/submillimeter-wave/THz electromagnetic band. In radio astronomy, the power

received by a telescope is give by:

(4)𝑃 =  𝑘𝑇𝐵

where is the power emitted by the blackbody, is Boltzman constant, is the temperature of𝑃 𝑘 𝑇

the blackbody and is the bandwidth of the receiver. This equation (4) also relates to the thermal𝐵

noise power of a filtering receiver, such as those used in spectroscopy research. The noise

temperature is used to present how much thermal noise is generated from active or passive

devices in the receiving systems, much like a satellite or antennas (Iida, T., & Wakana, H., 2003).

The noise temperature values must be as low as possible to improve the performance of the

receiving systems.

Figure 4. Radiation and absorption of a real body compared to a blackbody. link

As mentioned before, according to Planck’s Law of Blackbody Radiation, a blackbody

radiates and absorbs energy uniformly in all directions (Fig. 4). When comparing a real body to a

blackbody, we can see that a real body does not obey the laws of surface thermal radiation. This

is because a real body’s radioactivity and absorptivity characterizations are dependent on its

geometric structure ( Zhang, Y., Li, Q., & Zhou, H., 2016). However, unlike a real body, a
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blackbody's energy is radiated and absorbed uniformly through space, obeying Planck's Law

regardless of geometric form. The radiation entering the blackbody is balanced by the radiation

leaving it at thermodynamic equilibrium. Using this equation (5), we can explain the spectral

density of electromagnetic radiation emitted by a blackbody in thermal equilibrium. Planck’s

Law for the energy radiated by a blackbody can then be written in terms of:

(5)𝐼
𝑓

=  2ℎ𝑓3

𝑐2 ( 1

𝑒ℎ𝑓/𝑘𝑇−1
)

where is the spectral specific intensity , is Planck’s constant, is frequency,𝐼
𝑓

𝑊𝑚−2𝑠𝑟−1𝐻𝑧−1 ℎ 𝑓

is Boltzmann’s constant , is the blackbody’s absolute temperature (K),𝑘 1. 38 𝑥 10−23 𝐽 · 𝐾−1 𝑇

and is the speed of light.𝑐

We studied a variety of equations and deduced that these equations help us better

understand the concepts behind the electromagnetic spectrum. Each relevant mathematical

principle was then related to research regarding blackbody radiation to see how these are applied.

The ultimate goal of these efforts is later used and explained in the Methodology and Results

chapters of this paper.

b. ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA) is an astronomical project

located in the Atacama desert in Chile. Its construction began in 2003 and now it operates at

2900 meters above sea level alongside 21 other countries in Europe, North America, East Asia,

and Chile (Factsheet ALMA, 2022). It is an array composed of 66 antennas that simultaneously

work together to point at the same point in the sky. A single one of these antennas weighs 100

tons and costs over 10 million dollars (Factsheet ALMA, 2022). The antennas’ meticulous
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design and 12-meter diameter receive astronomic signals deep within space and process them

appropriately. First, the measured analog signals get converted to a digital format and transported

to the main building. Once in the main building, a supercomputer later correlates the signals and

generates data analyses relating to the source of that signal. ALMA allows astronomers to gather

data that has traveled years through space and reached us on Earth by these means.

Figure 5. The array of ALMA antennas in the Atacama desert. link

ALMA is the most outstanding astronomical project concentrating on radio signals

received from space. These signals are found between the far-infrared and radio waves in the

electromagnetic spectrum. The radio telescopes at ALMA allow astronomers to study the colder

distant parts of the universe. In the electromagnetic spectrum, infrared and radio waves have

longer wavelengths meaning that this signal is relatively weak compared to the others (Fig. 2).

For ALMA to pick up these weak signals, they use a technique known as interferometry by using

several antennas to allocate data from a single coordinate. Interferometry allows radio

astronomers to combine signals from many antennas to learn more about our universe and

increase the angular resolution. The research regarding signals from cold space allows ALMA to

untangle mysteries about our universe and its evolution.
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Understanding the technicality of the ALMA antennas was a crucial process for our

modeling of a blackbody source. Since this research proves critical to understanding our

universe, its properties, and what we can expect in the future, we plan to dive deeper into this

knowledge. An important step is becoming familiar with the technicality of the antennas and the

millimeter/submillimeter range they operate at.

i. How ALMA Antennas Operate in the Millimeter/submillimeter Range

Millimeter/submillimeter (mm/sub-mm) astronomy is a relatively new branch of

observational astronomy dating back to the 1960s. The mm/sub-mm band refers to the

electromagnetic spectrum of light, specifically in the molecular universe. It contains spectral and

spatial information on the cosmic background, very distant newly formed galaxies, and the early

stages of star formation within gas clouds in our universe (Wolstencroft, R. D., & Burton, W. B.,

2012). Crucial information is available in the specific band of electromagnetic radiation that

exists in the universe. We need accurate antennas and sensitive receivers to make precise

measurements from Earth. To interpret the data collected, a further understanding of atomic and

molecular physics and interstellar chemistry is also necessary.

Figure 6. Electromagnetic spectrum with Terahertz region highlighted. link

The terahertz (THz) regions represent the electromagnetic radiation between the
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microwave, and the infrared regions, as seen in Figure 6. ALMA operates at wavelengths of 0.3

to 3.6 mm, specifically tailored to research these regions of the electromagnetic spectrum

(ALMA, 2022). This range of the electromagnetic spectrum is crucial for studying stars and

galaxies; it is also capable of measuring energy emitted from supermassive black holes and stars.

The ALMA antennas measure these terahertz radiation signals that reach Earth, using a

sophisticated receiving system customized to quantize and correlate this data (Morata, O., &

Huang, T., 2017). Ultimately, the data acquired serves a purpose for research and new insights

into astronomical and physical phenomena we might not understand.

The array of antennas that ALMA utilizes works in unison to receive signals from the

same coordinate in space, where a cosmic object possibly resides and emits energy. Nonetheless,

these antennas comprise different types of equipment that serve specific functions for the data to

be accurate. Figure 7 shows the setup for a basic radio receive system and the components the

data goes through.

Figure 7. The antenna, low noise RF amplifier (LNA), mixer, local oscillator, IF amplifier,

detector, DC amplifier, and data recording computer are shown. link

Once a radiation signal reaches the antenna dish, it reflects onto a mirror mounted at the

center. From the mirror, radio signals reflect into a heterodyne receiver located inside the
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antenna. The heterodyne receiver is an essential component since it measures both the amplitude

and phase of the signal. The radio frequency signal passes through an amplifier to enable the

input signal to control an output signal (APITech, 2022). Here, the incoming radio frequency

signal is mixed with a signal from a local oscillator. The local oscillator produces a lower fixed

frequency signal called intermediate frequency. The intermediate frequency amplifier changes

the frequency levels that are difficult to tune and unstable, making the signal accurate. Next, this

signal goes through a DC amplifier to fine-tune low frequency and DC signals. Astronomers

must keep the signals collected by ALMA at a temperature of 4 Kelvin (-452 Fahrenheit) to

prevent introducing noise to the signal reading (Moskowitz, 2013).

Figure 8. ALMA signal processing and data transfer. link

The analog signals received by the antennas go from converting to digital signals. This

procedure is achievable by the front-end electronics installed on each antenna. The analog data

gets converted to digital data and sent to the Array Operations Site (AOS), which is at ALMA’s

back-end systems. Fiber optic cables then transmit the digital signals to the AOS Technical

Building for better debugging and analysis (ALMA, 2022).
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c. Understanding Black Body Radiation Data

In this chapter, we apply our understanding of the electromagnetic spectrum and

blackbody radiation measured by ALMA. The objective is to correlate blackbody radiation and

physical celestial objects. We can associate the data mining processes ALMA uses to measure

blackbody radiation by exploring the relationships between these concepts and a particular star

such as Betelgeuse. The goal of this is to study the properties of stars while identifying future

tangible modeling of a blackbody source.

i. Hertzsprung–Russell diagram

The Hertzspeung-Russell diagram, also called the HR diagram, was developed around

1911 by Danish astronomer Ejnar Hertzsprung and U.S. astronomer Henry Noris Russell. The

HR diagram is a scatter plot used to classify stars based on their temperature and luminosity. The

spectral types (or temperatures) range from the sequence OBAFGKM, running from the hottest

stars to the coolest (Hertzsprung-Russell Diagram, 2022). This factor is plotted against the star’s

absolute magnitude (or luminosity), which is calculated using the star’s apparent magnitude. This

measurement is the magnitude the star would have if it were viewed from Earth, a distance of

precisely 10 parsecs. It’s used to compare the brightness of stars to sort them in the HR diagram

properly. This diagram provides astronomers with important information about the stars detailing

their diameter, mass, age, and evolutionary stage (Hall, J. C., 2018). Since stars are constantly

evolving and alternating these properties, the HR diagram serves as a measure for predicting the

star’s evolutionary phase.
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ii. The life cycle of stars

Stars have been an essential contributor to human evolution since we began to study them

and how they behave. Ancient astronomers, dating back to 1000 BCE, have recorded the motions

of these celestial bodies relying on minimal machinery compared to our present. These

observations made in the past have helped societies develop technologies such as determining

the periods of a calendar to keep track of time (Buitenen, J. et al., 2021). The advancement of

astrometry has provided humans with a greater knowledge of the universe and its cycles of

evolution. Our attempts to study these cycles will bring us closer to understanding how the

universe began, dating back to 13.8 billion years ago (Gohd, C., 2021).

The stars being born are created from the surrounding matter in the space between other

celestial bodies, which we call the interstellar medium (ISM). The ISM comprises interstellar gas

partly of neutral atoms and molecules and charged particles, such as ions and electrons (Herbst,

E., 1995). The chemical composition of this interstellar medium is mostly gas, such as hydrogen

and helium, along with dust particles made up of carbon, ice, or iron compounds (Ehrenfreund,

P., & Cami, J. (2010). Stars are formed in these clouds of gas and dust called nebulae, also

known as stellar nurseries. These clouds are home to very dense material that eventually folds

into itself due to gravity. A star is only formed when these materials become hot enough for the

hydrogen nuclei to fuse to make helium; otherwise, it remains a prostar. This step is called

nuclear fusion, where two lightweight atoms are forced together to form a heavier atom,

producing a lot of energy (Stars, 2022). The energy produced by this nuclear reaction is located

at the center (or core) of the star, which allows it to shine brightly. Once the star can give energy

as light and heat, it belongs to the main sequence stage (Stars, 2022). Following this, essentially,

the size of the star will dictate its exact lifetime. More giant stars use up their fuel quickly,
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making them last a few hundred years. Whereas smaller stars use fuel more slowly, making them

last for several billion years. The star eventually reaches the final phases of its life once it runs

out of hydrogen to power its nuclear reactions, meaning that it runs out of energy to produce

heat. Every star evolves to this red giant phase (helium fuses into carbon), depending on the

star's mass determines which of the following phases it follows from there. Smaller stars go

through the planetary nebula phase, where the star produces stellar winds, which throw off the

outer layers into its surroundings. Eventually, this low-mass star runs out of fuel and becomes a

white dwarf, the bright, hot, dense core which remains after a planetary nebula (NASA, n.d.). On

the other hand, massive stars follow a different final phase that causes an explosion leading to

two different outcomes: neutron star or black hole. A supernova is a massive explosion caused

by gravity pulling all the material in the star towards the middle, collapsing the star to its core.

During the explosion, the core collapses down to create either a neutron star or a black hole

(NASA, n.d.). The remnants of the blast eventually drift into space and become part of a nebula,

essentially recycling the elements from the first star to make new stars or celestial bodies.

iii. Supergiant Stars

Supergiant stars are the most luminous and massive objects in the universe, with initial

masses above 8-10M (solar mass). These stars are enormous compared to our Sun and follow

different phases in the lifetime of a star. As mentioned before, stars in the supergiant phase emit

so much energy that they begin to fuse heavier elements up to iron. Because of their large mass,

these stars have very short lifespans of around 3 to 100 million years since they burn their energy

faster (Supergiant Stars, 2021). This process feeds the universe with heavier elements as the star

begins to collapse due to gravity. Due to this expansion and energy release, supergiant stars start

to cool down and drop in temperature. Supergiant stars are found in the top corner of the HR
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diagram because of their size, luminosity, and temperature. These stars can belong to two

different categories such as blue supergiants and red supergiants. Blue supergiants (BSG) are the

hottest and brightest stars in the universe ranging from 10,000 K to 50,000 K in temperature. In

the HR diagram, these stars are classified in the O or B spectral type and are found along the top

left corner. On the other hand, red supergiants (RSG) are giant stars in the universe in terms of

mass and range roughly from 3,000 K to 4,000 K in temperature (Levesque1, E., 2005). The

spectral type for these stars is K or M in the HR diagram and can be found along the top right

corner. In the final phases, both stars always explode as a supernova and feed the universe with

heavier elements.

iv. Betelgeuse

As part of this experiment, we will be paying attention to data relating to the RSG

Betelgeuse to understand the processes of submillimeter astronomy. Betelgeuse, also called

Alpha Orionis, is the second brightest star in the constellation of Orion and the tenth most

luminous star in the sky (Britannica, 2021). Its distance from Earth is approximately 500 to 600

light-years (ly) and has an apparent magnitude varying between +0.0 and +1.6. The star is

approximately 767 million miles in diameter (12M solar mass) and between nine and ten million

years old (Briggs, A., 2020). The size and age of the star set it at a spectral type of M1-2 in the

HR diagram. Understanding stars such as Betelgeuse is essential for us to pinpoint important

events that shape the evolution of our universe. Eventually, all supergiant stars, including

Betelgeuse, will die in an explosion, causing a supernova. When stars reach this point of

exhaustion, they tend to drop both in temperature and luminosity; these are usually identifiers of

the stars' foreshadowed death.
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Although for some stars, these identifiers aren’t usually enough to appropriately

determine when the star will commence its demise. We call these variable stars, and they aren’t

unusual; Betelgeuse is one of them. Variable stars are stars whose brightness (or apparent

magnitude) varies over time, caused by different factors (Briggs, A., 2021). For instance,

something could block the light emitted by the star, such as a dust cloud or even an orbiting

celestial body.  Another reason for varying brightness is the star’s periodical change in

luminosity, where it swells and shrinks. Because of these facts is why it’s vital for us to closely

observe Betegeuse’s behaviors to understand better RSG and the role they play in our evolution

once they die.
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3. Methodology

In efforts to fulfill the project goal of analyzing data publicly available at the ALMA site

to understand other technologies that focus on the spectroscopy of the interstellar molecular

clouds in millimeter and submillimeter wavelengths, we set the following objectives:

1. Understand relevant physical equations relating to terahertz radiation to understand

further interferometer detection of blackbody radiation such as technologies used by

ALMA.

2. Become familiar with various lab equipment and perform appropriate device

measurements to calibrate devices and further understand how these apply to the

millimeter and submillimeter astronomy.

3. Design an experiment to simulate how ALMA collects data from the universe on a

smaller scale to become familiar with the process.

Objective 1: Understanding Blackbody Radiation Measurements

To accomplish this first objective, we conducted a literature review on radiometric

quantities and the process of measuring them. This review meant studying principles such as

Planck’s quantum theory and the derivation of the blackbody radiation law. Our efforts in

modeling blackbody sources included understanding the properties of microwave radiometric

systems, noise temperatures, and terahertz astronomy. This resulting extent of literature review

served as a template to gather device measurements for our second objective. Relevant equations

can be found in the Background section of this paper.

The most important equations to be used in experimentation are the ideal total-power

radiometer (6). This equation describes the relationship between the antenna temperature and𝑇
𝐴
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the receiver input noise temperature of the receiving system. Where , is𝑇
𝑆𝑌𝑆 

=  𝑇
𝐴

 +  𝑇
𝑅𝐸𝐶

𝐵

the signal bandwidth, is the time constant and is the smallest change detectable by theτ ∆𝑇

measurements in the system, otherwise called the radiometric sensitivity of the system.

(6)∆𝑇 =
𝑇

𝑆𝑌𝑆

𝐵τ

A linear relationship between the unknown antenna temperature and the measured𝑇
𝐴

output voltage can be described by the following equation:𝑉
𝑜𝑢𝑡

(7)𝑇
𝐴

 =  
𝑉

𝑜𝑢𝑡

𝐺
𝑠

 −  𝑇
𝑅𝐸𝐶

Where is the overall system gain factor which is the relationship between the magnitude of the𝐺
𝑠

input to the magnitude of the output signal. By incorporating the effect of both noise and gain

variations to the radiometer sensitivity expression of the total-power radiometer, we can deduce

the power temperature noise power of a receiving system using equation (4).

Objective 2: Become Familiar with Apparatus Used for Experimentation

For the following experiments, we performed tests in the 5G / 6G mm-Wave Lab room.

Before setting up a complete experiment, it was essential to become familiar with various pieces

of equipment that would be used and perform some calibrations of equipment to ensure they

were functioning correctly. A primary goal for this project was to gain additional hands-on

experience using different pieces of lab equipment. With this in mind, the various components

used for experimentation included a radio frequency signal generator, an oscilloscope, a
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heterodyne receiver, various amplifiers, a detector, an optical chopper, an analog lock-in device,

and equipment used for data collection.

The first piece of equipment introduced in this project was a Microwave Signal

Generator, also known as a synthesizer. This device “is to generate a signal with known

characteristics: frequency, amplitude, modulation” (ElectronicsNotes.com, accessed 2022). The

device, shown in Figure 9, was used to output a specific frequency and amplitude used in two

different parts of the experiment. Before the final experimental setup assembly, the radio

frequency signal was used to ensure we calibrated the detector correctly.

Figure 9. Microwave/Radio Frequency Signal Generator.

The power detector operates at 50 Ohms, with a 10 to 8000 Megahertz (MHz) frequency

range. The device provides low noise with a wide bandwidth across varying input powers. The

synthesizer must be powered at about 5 volts and 120 milliamps to operate the detector. An

image of the power detector can be found in Figure 10. This test was done using the amplifier

power supply seen in Figure 11. In order to become familiar with how the radio frequency signal

generator operates, we calibrated the power detector over varying input powers at different

frequencies.
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Figure 10. Power Detector.

Figure 11. Amplifier Power Supply.
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Figure 12. Oscilloscope.

We used an oscilloscope to track the detector's output voltage. An image of the

oscilloscope can be seen in Figure 12. It can track this voltage over time and the USB can record

the output from the oscilloscope. The set-up used to calibrate the detector was reasonably

straightforward. The radio frequency signal generator is connected to the input side of the

detector using SMA cables. The output of the detector is connected to the oscilloscope using

another SMA cable. In order to verify the detector was behaving as expected, calibration was

conducted at various frequencies and decibel (dBm) power levels. The output voltage at varying

power levels and frequencies matched the specifications sheet provided by the company in

Figure 13. The bandwidth of the detector was approximately B~8 GHz and from the figures, one

can observe the sensitivity is slightly less at 8 GHz.  Experimental data is provided in Figure 14

and was very closely related to the spec sheet. Data from the experiment can be found in
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Appendix A. The detector was the overall limiting device in the bandwidth of the system related

to Eqs. 4 and 6 and limited and limited the sensitivity of the system.

Figure 13. Specifications sheet for Power Detector.

Figure 14. Output Voltage Vs. Input Power Graph of Calibration Test for Power Detector.

28



Figure 15. Mini-Circuits Amplifier

Another critical component in the experimental setup was an amplifier in Figure 15. We

used this device to boost the signal output from the heterodyne receiver. The amplifier used in

the official experiment operated at 12 volts and was run in parallel before the detector. Another

passive detector was used in a trial of the investigation, but the device was not sensitive enough

to provide valuable data. The passive detector can be seen in Figure 16. This had a bandwidth of

26 GHz, but did not seem to be sensitive enough to detect the signal from the heterodyne system.
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Figure 16. Passive detector tested but not used.

The following device is the centerpiece of the experiment. The heterodyne receiver,

pictured in Figure 17, is a device that can track radiation from the environment and convert

thermal energy into power. The golden horn seen at the front left of the heterodyne receiver is

used to monitor radiation and allow the receiver to get input. The heterodyne receiver was a

piece of equipment that very little was known about for the project's scope. Its internal workings

were unclear, and the device was something our team was to become familiar with and how it

operates. What was known about the heterodyne receiver is that it was connected to the receiver

power supply, shown in Figure 18. The bandwidth of the Intermediate Frequency (IF) was 20

GHz.
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Figure 17. Heterodyne Receiver with Horn Antenna.

Figure 18. Heterodyne Receiver Power Supply.

31



The following device to be used later in the experiment was an optical chopper. The

chopper is a blade connected to a power source that controls the rotation rate. The blade has slits

that allow signals to pass through solid segments that block light. For the purpose of our

experiment, a blade was used with equal spacing of open and blocked slits. The optical chopper

itself is pictured in Figure 19, and the power source that controls rotation is shown in Figure 20.

Figure 19. Optical Chopper

Figure 20. Optical Chopper Power Supply
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Another instrument used in the experiment was the analog lock-in device in Figure 21.

The lock-in device works by taking in a signal; for the investigation, it would be the output from

the detector and comparing it to a frequency. The frequency to be compared would be the optical

chopper, which is set to some rotation speed. By knowing the frequency of the chopper, the

lock-in can integrate over a specified time period to remove noise and only return the signal from

when light passes through the chopper or when it does not (PhysicsOpenLab, 2022). The signal

returned is a DC voltage, which could then be passed to the oscilloscope to view. For

experimental purposes, the output from the x-axis was split to go into the DAQ and the

oscilloscope, and the y-axis output was fed to the DAQ. In order to limit the variation on the

y-axis, the analog lock-in amplifier could be phased to have all the output go to the x-axis.

Figure 21. Analog Lock-in Device.

The final two components involved in the experiment were used for collecting data. A

DAQ from National Instruments was used to receive data from the output of the analog lock-in

amplifier over two channels, the x out and y out. The DAQ would measure the voltage outputs at
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a data retrieval rate determined by a Labview program. An image of the DAQ can be found in

Figure 22.

Figure 22. DAQ Assistant.

The final instrumentation used for data acquisition is a Vernier LabQuest Device. This

device was operated through a Vernier application where data collection rate and duration could

be specified. For our experiment, two temperature probes were connected to the LabQuest, that

could be used to monitor the temperature of the environment and of hot water that would be used

for radiation. An image of the LabQuest device is provided in Figure 23.
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Figure 23. LabQuest Device.

Objective 3: Experimental Design

The design and functionality of the ALMA satellite can be found in the Background

chapter (Fig. 7). A heterodyne receiver was necessary to design an experiment using a similar

apparatus. This device had not been used in the physics laboratory at WPI, and little information

was known. The receiver’s operating frequency was 140 to 220 Gigahertz and was powered

electronically. Attached to the front of the receiver is a small horn used to measure the radiation

of the surrounding environment. We connected a radio frequency mixer to the heterodyne

receiver to replicate this setup. After researching the heterodyne receiver, we learned that the

internal components had a frequency multiplier of 18 times that of the source input. In order to

be within the operating frequency of the receiver, a frequency of 8.888  Gigahertz was used out

of the radio frequency mixer. This set the center frequency of the local oscillator to 160 GHz, so
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the thermal band from 150-170 GHz (20 GHz bandwidth) was the output of the heterodyne

receiver.

For the experiment, a mason jar was used with boiling water to simulate a blackbody.

This addition meant that the thermal energy detected by the heterodyne receiver would be fairly

weak compared to an actual blackbody source or even iron heated above 500 degrees celsius. An

image of the mason jar is provided in Figure 24 below.

Figure 24. Mason Jar used as a blackbody source.

The heterodyne receiver takes in thermal energy over the 140-220 GHz operating band

and compares it to an internal reference frequency, called the local oscillator, to create a beat that

is outputted from the receiver.  In this case, the local oscillator was at 160 GHz. In this way, the

heterodyne receiver “works like a radio for light,” and output can be measured in different ways
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depending on the desired end goal (Science Direct, 2008). For this experiment, the goal was to

create a design similar to ALMA's to become familiar with how their data is collected. Thus, for

our experiment, the output of the heterodyne receiver was directed to the amplifier, active

detector, and lock-in amplifier and the output was a voltage proportional to the received thermal

power.. However, since our blackbody source was fairly weak, the voltage output change was not

observable without the amplifier. To increase the sensitivity, the amplifier was added to the

system to boost voltage output. The detector used had an operating frequency between 10

megahertz to 8 gigahertz, which was sufficient as the output frequency from the heterodyne

receiver is 20 GHz.

Being confident that the amplifier and detector were behaving correctly, the setup was

nearly complete. The detector’s output was then attached to an oscilloscope, which was used to

monitor the voltage level. By waving a hand in front of the horn, an increase in voltage could be

seen on the oscilloscope. However, our team later realized this was not because our experiment

worked properly. The first issue was that energy from the local oscillator ‘leaked out’ and would

be reflected directly back into the horn if the angle of the object’s surface was normal to the

direction of the horn. The next and most significant issue was that the receiver, amplifier, and

detector produced high noise levels. This issue meant that the signal on the oscilloscope was

essentially the sum of noise levels from each of these devices. In order to remedy this issue, an

optical chopper and an analog lock-in device were introduced to the experiment.

An optical chopper is a thin wheel that works by spinning at a set frequency. The wheel

has portions of metal with slits that allow light to pass through. In this sense, the optical chopper

essentially created a signal of light passing through and light getting blocked. When combined

with the analog lock-in device, that signal can be used to reduce the noise from other devices in
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the system. The lock-in can integrate over a set time period, , resulting in the system's noiseτ

being reduced as shown in Eq. 6 , and instead, only the signal created from the optical chopper

will remain. Thus, the hot water source was placed directly behind the optical chopper so that the

receiver would either be detecting radiation from the hot water or room temperature. This signal

would then be converted to voltage, and as the hot water cooled to room temperature, the signal

strength would decrease, and voltage would decrease as well. A complete setup of the

experiment can be seen in Figure 25.

Figure 25. Final System Setup.

As for data collection, two applications were used. An application called LabVIEW was

used to read data from the analog lock-in device onto the DAQ, which used two channels to

record outputs from the lock-in device, the x and y axes. Thus an overall signal strength could be

collected by performing the sum of squares of both these measurements. A Vernier LabQuest

device was used to perform temperature measurements. Two Vernier temperature probes were

connected to the LabQuest device, which was connected to the Vernier application. The
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temperature probes were placed in the hot water and in the surrounding environment to track the

temperature of the water over time and get a reading for the room temperature.
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4. Results and Discussion

Our team conducted many experiment variations before a successful trial occurred. There

are many reasons why the experiment was so difficult to conduct successfully. With the system

being extremely sensitive to noise, simply changing positions in the room could alter the amount

of radiation being passed into the horn and the receiver. This would result in spikes in voltage

that were not reflective of an actual temperature decrease. Furthermore, the experiment depended

on the blackbody source being placed as close to the horn as possible. However, the optical

chopper had to be angled at 45 degrees to create a signal of radiation passing into the horn. This

fact meant that the chopper was placed directly in front of the horn and the blackbody source was

placed behind the chopper, and angled away from the horn to avoid radiation being reflected

directly back into the horn. Achieving the correct setup was challenging to replicate, and an

output voltage would change up to 3 volts, depending on how the black body source was

orientated.

This experiment aimed to relate the change in voltage measured by the analog lock-in to

the shift in temperature seen by our simulated blackbody and measured by the heterodyne

machine. Two main experiments were conducted. The first involved only one source of heat

placed behind the optical chopper. When the chopper blocked radiation from passing. This

experiment used the ambient room temperature as a reference. The second experiment involved a

hot and cold water source that would, over time, reach equilibrium, but had a larger initial

temperature difference With the system fully set up to collect data hot water was placed in front

of the heterodyne machine angled away from the horn to avoid reflection back into the

heterodyne machine, but behind the optical chopper. Another cold water source was placed

perpendicular to the horn which would be measured when the optical chopper did not allow
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radiation to pass through. The chopper was placed at a 45 degree angle to allow for detection of

both the warm water source and the cold. From theoretical predictions the output to the

oscilloscope should involve rapid changes in voltage as the heterodyne machine would either

measure the hot water source or the cold source. As time went on and the water sources reached

equilibrium, our team expected that the voltage fluctuation would converge to a set voltage for

the room temperature. However, the signal produced from hot and cold water would initially be a

substantial voltage when using the lock-in amplifier and was not observed from the detector

observed on the oscilloscope. As the water sources reached equilibrium, the voltage would

decrease to “zero” as the sources would produce no variation in the detected radiation when each

object was at the same temperature. However, when attempting to conduct this version of the

experiment, the output voltage remained constant for most of the time. This could be for a few

reasons; the lock-in amplifier was not behaving as expected, the water sources were reflecting

radiation into the horn by bouncing off each other, and thus only one signal was seen the entire

time, or the system was still too sensitive to noise. The output data mainly was noise with little to

do with the actual change in temperature.
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Figure 26. LabVIEW Block Code used to gather data.

Another issue present in the experiment was the process of collecting the data itself.

Initially, all data was intended to be collected through LabVIEW (Fig. 26). A loop was intended

to interact once every 10 seconds to collect data from the DAQ and the vernier temperature

probes. However, the temperature probes would disconnect from the system after an unplanned

time, while the DAQ had to run for the remaining portion of the experiment. This casualty

resulted in a loss of usable data, impacting the reliability of the results. In order to counteract this

issue, it was decided that the DAQ would run in LabVIEW by itself, and the temperature probes

would collect data through Vernier Labquest. With the proper experiment set-up finally achieved,

a trial was conducted over one hour with a singular black body source. The results are shown in

Figure 27.
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Figure 27. Change in Voltage (thermal power received) and Temperature of the hot water versus

Time Graph.

In the figure above, the temperature is represented by the blue line. As measured by the

DAQ at a rate of one measurement per second, the voltage can is shown in red, which was

smoothed over 120 seconds to produce the yellow line. A few necessary characteristics of this

experiment are important to report. First, the decrease in temperature was not linear throughout

the entire trial. It appears to be exponential which is predicted by Newton’s Law of cooling.

From the beginning of the experiment, until about 1000 s, the detected power followed this trend,

indicating that the experiment was behaving as expected!  However, there is an abrupt increase

in voltage after 1000 seconds and again around 2000 seconds. This spike could be from moving

around the laboratory and causing increased reflectivities. We hypothesize that moving around

the room would result in such drastic change potentially due to reflections of the power leaked
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out of the heterodyne receiver. Moving around the room would easily create more interference

patterns that affect how the heterodyne receiver gathers input radiation. Likewise, the system's

setup may have been too sensitive to accurately record the voltage below a particular

temperature. All connections to the amplifiers and power supplies were susceptible to affecting

the system when moved.

Regardless of the struggles presented in the data collection of the experiment, the first

1000 seconds did provide valuable data. Figure 28 represents the first 1000 seconds of the trial

seen in Figure 27. In this case, the voltage was plotted as a function of temperature, resulting in a

strong correlation. In this trial of the experiment, a decrease in 1 degree celsius was correlated to

a decrease in about 60.4 millivolts, with an uncertainty of 0.4 millivolts.  So the sensitivity of our

system was 60.4 mV/oC. The residuals are plotted above the graph, and while slightly skewed,

this trial represents a successful proof of concept for the setup. Data for the successful

experiment can be found in Appendix B.
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Figure 28. Graph of the First 1000 seconds (s) with Residuals.
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5. Recommendations

While our experiment worked as a proof of concept, recommendations could be made to improve

the process.

● Firstly, we recommend a more controlled environment for experimentation. With a very

touchy system and highly responsive to noise, limiting non-experimental factors on the

heterodyne receiver is crucial.

● We also recommend working to replicate data more consistently. While we always placed

objects as close as possible concerning the optical chopper, some set-ups would result in

unexpected spikes in voltage that did not correlate to temperature differences.

● We recommend experimenting with different materials to simulate a black body. While

the mason jar with an open-top models a black body, better materials exist.

● Lastly, we recommend becoming more familiar with the analog lock-in device. We did

not collect data on how changing the time constant would affect the change in

temperature measured by the heterodyne machine.

Recommendation 1: Controlling Unnecessary Noise

Noise control was crucial in this experiment. Even before the experimentation was

conducted, it was easy to be fooled by a false signal when waving a warm object in front of the

receiver. The noise present from the amplifier, detector and receiver contributed to the need to

bring in the analog lock-in device. While the lock-in amplifier helped to differentiate between the

signal being produced from the optical chopper and the system's overall noise, there were still

many factors that made controlling the experiment difficult. One of the factors that could be

improved upon was the SMA cables being used. The longer the cable, the less accurate and
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reliable the signal output is, as the cables do not perfectly trap all of the signals inside. Simply

bumping a cable would alter the result to the oscilloscope or lock-in amplifier. Ensuring that the

cables used take the shortest path and avoid bends as much as possible would provide more

accurate data.

Changing the power to see how the system reacts would be a helpful experiment in later

tests. Another problem with the room itself was that the laboratory was not free of people

moving around the room. We noticed that when conducting the experiment, if someone’s

positioning in the room changed, specifically when close to the setup itself, the voltage would

spike up on the oscilloscope. We believe this is because the local oscillator ‘leaked’ out of the

system and could be reflected back into the horn as a ‘false’ signal. One way to avoid this would

be to remove people from the room until the investigation is over. While this may be difficult as

it is substantial to monitor the experiment, we believe this would help make a more controlled

environment.

Another way to control the noise that we attempted but was unsuccessful in our trials is

using a different detector to increase the detected bandwidth, B. The detector seen in Figure 16

was passive, which ideally would result in less noise in the system, but was not successful in

detecting power. Experimenting with different amplifiers and detectors could improve the overall

quality of output into the analog lock-in device. Regardless, attempting to find an amplifier and

detector that is the best fit for the output of the heterodyne receiver that has a 20 GHz bandwidth

would help improve the signal output and result in more accurate data.

Finding a way to control the noise within our bounds is crucial to the success of this

experiment. The ALMA satellite is finely tuned to avoid issues within human control. Still, the

reality of the situation is that these measurements are all extremely noisy. It is up to the person
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interpreting the data to realize what noise is from human error and what noise cannot be

controlled. The light taken from deep within the universe is subject to all types of factors that

would result in ‘noise’, such as passing through space dust, being reflected off other objects in

space, or simply the fact that the light is traveling over massive distances to reach our

observatories. It is not reasonable to expect the ALMA telescopes to extract completely

noise-free data, and even the experiment we conducted would require serious effort to get the

results to be more accurate and noise-free. Understanding that some degree of noise will always

be present is understandable, but we recommend finding a way to eliminate unnecessary

interference patterns that cause the data to behave unexpectedly.

Recommendation 2: Consistent Data Replication

The recommendation to replicate data more consistently certainly ties into finding ways

to alleviate excessive noise. We ran many trials of this experiment, ranging from 10 minutes to

an hour, but did not get the results we intended for. This stems from many factors, ranging from

the experiment's environment to the position of equipment used in the experiment. In the early

trials of our experiment, we positioned the optical chopper and the black body source further

back from the receiver, around 15 centimeters away from the black body source and the chopper

around 5 centimeters from the horn. Due to the aperture of the horn, and the beam getting wider

as the distance was increased, this resulted in the system picking up on other signals and not the

black body itself. To remedy this issue, the optical chopper was placed directly in front of the

horn, as close as possible with consideration to the heterodyne receiver itself. The optical

chopper was angled at approximately 45 degrees in relation to the horn however ensuring the

angle was actually 45 degrees was difficult with our setup. The workstation used as a regular
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table without increments for distances. This made it difficult to ensure the chopper was

positioned at the proper angle, and more importantly, the black body source could be orientated

differently. In the setup for a trial, it was clear that changing the positioning of the blackbody

ever so slightly would result in different voltage output. This could be because the black body

was not as close to the chopper as it should have been, or more importantly, the angle of the

black body and horizontal distance to the horn may have varied. Ideally, the black body would be

placed in the same position with the same orientation with respect to the handle every time. This

is a reasonably simple way to remedy the issue of non-replicable trials.

Recommendation 3: Experiment with Different Black Bodies

While the black body source of the mason jar represented a hypothetical black body, as

radiation and heat via convection escaped from one source at the top and spread to the

environment, improvements could be made to make the black body used in the experiment

behave more like a theoretical black body. The issue with the mason jar is that the hole at the top

was very large, and a smaller hole for radiation and evaporation to escape may have resulted in a

better black body source. A key factor for a black body is that it absorbs electromagnetic

radiation from all frequencies, regardless of the angle of incidence, and emits black body

radiation (Mutlaq, 2021). Our black body was emitting radiation mostly in the infrared region of

the electromagnetic spectrum and did not absorb all radiation from the environment without

reflecting any back out. In future trials of this experiment, it would be interesting to see the effect

of using a different source as a black body. In the lab, certain materials absorb nearly all radiation

passed through them. If this were combined with the hot water source, interesting results might

occur. Similarly, it would be worthwhile to investigate the phenomena that occur at higher
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temperatures. Suppose a piece of carbon was heated to its near melting point. In that case, we

infer that the output voltage would be much more reflective of the temperature change, and the

system would be able to collect better data over a more extended period of time. With the

amplifiers we used, the system may have been unable to read voltage at lower temperatures

accurately. Whether the heterodyne receiver would still work when reading extremely high

temperatures is unknown, but we theorize it would produce better results than that of boiling

water.

Recommendation 4: Experiment with the Lock-in Amplifier More

With the limited time scope of this project, our team felt limited in our ability to use the analog

lock-in amplifier. Some recommendations for future trials of this experiment would include

changing the sensitivity of the lock-in device to attempt to get more accurate data. The lock-in

amplifier would overload when tuned to be too sensitive for measurement. Still, as the

temperature cooled, the sensitivity could have been changed as the device would no longer

overload. We learned that changing the sensitivity would only alter the output by a proportional

amount, and this could have been scaled after the data was collected. However, attempting to do

this may have interfered with the heterodyne receiver, as moving around the room would affect

the voltage measurement. Another characteristic that would change how the voltage was read is

the time constant on the lock-in device. The time constant on the lock-in is used to determine

how long the input is measured and then integrated over to return just the signal produced by the

optical chopper. By integrating over a longer time period, the results may have been more

accurate, but the time constant was set to 1 second for our experiment. If the time constant was

set to be larger, the results might have been more accurate. More trials could be conducted at
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different sensitivities and time constants if more time were available to see how this would affect

the output voltage.
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6. Conclusion

Through this project, our team saw many changes from start to finish. Initially, this

project's scope was focused on interpreting data from a specific paper published on Betelgeuse

that used data from ALMA. Extensive research was conducted on supergiant stars, how ALMA

collects data, and various equations used in spectroscopy for astrophysics. This knowledge

provided an important base for understanding the effects of black body radiation. However, this

focus on ALMA data became extremely theoretical. Due to previous limitations from Covid-19,

our team decided that a more hands-on, experimental approach would be the best direction for

the project. To accomplish this, the focus was shifted towards how ALMA collects its data

instead of the data itself. Doing this meant becoming familiar with how the instrumentation

involved with ALMA is used to study black body radiation and finding a way to simulate this in

a smaller scale experiment. Along with the decision to go from a more theoretical project to that

of experimentation was the desire to use lab equipment present in the WPI physics laboratory.

Our advisor recommended we work with a heterodyne receiver that had not been used in the lab

before. In a sense, our project was to find a way to use a new piece of equipment and conduct an

experiment with it. This detailed research on how a heterodyne receiver operates and what other

devices are needed to make it function.

With our team's limited information on the heterodyne receiver, an experiment started to

take shape. In the early stages of the experiment, the heterodyne receiver was connected to the

radio frequency signal generator for input, and output from the receiver to a detector that was

connected to the oscilloscope for voltage output. The detector was connected to a power source

and charged with five volts and ground. We had already begun to use five new pieces of lab

equipment and understand how they operate. Once it was discovered that the output of the
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heterodyne receiver was too weak to be seen on the oscilloscope, an amplifier was introduced to

the experiment. To make use of the radio frequency signal generator, the amplifier was tested at

varying frequencies and amplitudes to ensure that the detector and amplifier were working

properly. Initial trials of the experiment provided hope that the setup was working properly, as

placing a hot energy source in front of the receiver would change the signal to the oscilloscope.

However, when data was collected, the change in voltage did not model our theoretical

predictions. The issue with the experiment was that the components used to boost the signal out

of the heterodyne receiver created too much noise. In an attempt to handle the noise in the

system, an optical chopper and an analog lock-in device were introduced to the experiment. By

creating a frequency of radiation passing through the chopper or not, the analog lock-in amplifier

could integrate the signal over time and return just the signal without noise from the other

components. This was a major stepping stone in the project, as useful data could finally be

collected. However, through trial and error, we learned that the positioning of the optical chopper

and our hypothetical black body source of hot water in a mason needed to be properly orientated

to avoid direct radiation being reflected into the heterodyne receiver.

Furthermore, we learned that the horn of the receiver would take input from the

environment as the beam spreads as the distance to the object increases. With this in mind, a

successful trial of the experiment was conducted, with the optical chopper positioned directly in

front of the horn and the black body source immediately behind the optical chopper. The

experiment ran for one hour and provided useful data from the first 1000 seconds before other

factors skewed some of the data. With the valuable data, we were able to provide a proof of

concept of a working temperature sensor that resulted in a measured sensitivity of the system of

about 60 millivolts per degree celsius. Further experiments were conducted using two
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temperature sources or different detectors but proved unsuccessful in initial trials. As the

timeline to conclude the project is rapidly approaching, our successful trial was deemed

sufficient progress. Our team investigated a piece of equipment previously unused by the physics

department and was able to provide a proof of concept for how a heterodyne receiver functions.

We gained plenty of hands-on experience with different lab equipment that we were

mainly looking for in this process. Likewise, we are now more familiar with how ALMA collects

its data. This is extremely useful as astrophysics is a promising field for the future, and this

insight is important to have for when future discoveries occur. With this in mind, we consider our

MQP project a success. We are happy and proud of our accomplishments with many ups and

downs, which is typical for any research project and experiment.
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Appendix A: Data Sheet for Power Detector Calibration Test.
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Appendix B: First 3 minutes of data from the successful run of the experiment

The full data sheet can be accessed through the following link:

Successful Trial of Experiment (1 hour) (1).xlsx
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https://wpi0-my.sharepoint.com/:x:/g/personal/njgardner_wpi_edu/EZoRhyPsVqBKjfZn6QKlU1YBkZAM4JnVp5Bdu8YdcQa4AA?e=drqlJe
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