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ABSTRACT

TolTEC is a three-band millimeter-wave, imaging polarimeter installed on the 50 m

diameter Large Millimeter Telescope (LMT) in Mexico. This camera simultaneously

images the focal plane at three wavebands centered at 1.1 mm (270 GHz), 1.4 mm

(214 GHz), and 2.0 mm (150 GHz). TolTEC combines polarization-sensitive kinetic

inductance detectors (KIDs) with the LMT to produce high resolution images of the

sky in both total intensity and polarization.

I present an overview of the TolTEC camera’s optical system and my contributions

to the optomechanical design and characterization of the instrument. As part of my

work with TolTEC, I designed the mounting structures for the cold optics within the

cryostat accounting for thermal contraction to ensure the silicon lenses do not fracture

when cooled. I also designed the large warm optics that re-image the light from the

telescope, requiring me to perform static and vibration analyses to ensure the mounts

correctly supported the mirrors. I discuss the various methods used to align the optics

and the cryostat in the telescope. I discuss the Zemax optical model of TolTEC

and compare it with measurements of the instrument to help with characterization.

Finally, I present the results of stacking galaxies on data from the Atacama Cosmology

Telescope (ACT) to measure the Sunyaev-Zel’dovich (SZ) effect and estimate the

thermal energy in the gas around high red-shift, quiescent galaxies as an example

of science that could be done with TolTEC data. Since the camera combines high

angular resolution with images at three wavelengths near distinct SZ features, TolTEC

will provide precise measurements to learn more about these types of galaxies.
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Chapter 1

INTRODUCTION AND SCIENCE MOTIVATION

1.1 TolTEC

TolTEC is a three-band millimeter-wave, imaging polarimeter installed on the 50 m

diameter Large Millimeter Telescope (LMT) in Mexico. This camera simultaneously

images the focal plane at three wavebands centered at 1.1 mm (270 GHz), 1.4 mm

(214 GHz), and 2.0 mm (150 GHz). TolTEC combines polarization-sensitive Kinetic

Inductance Detectors (KIDs) with the LMT to produce 5-10 arcmin resolution maps

of the sky in both total intensity and polarization. TolTEC is able to simultaneously

create 6 images, one for each polarization direction for each of the three wavebands

(Wilson et al. 2020).

Figures 1 and 2 show the Large Millimeter Telescope. Figure 1 shows the surface

of the 50 m primary mirror and the location of the secondary mirror. The central

hole in the primary is where the light enters the receiver cabin where TolTEC is

installed. Figure 2 shows the LMT in its zenith position with the primary mirror

pointed directly up. The doors and crane near the top of the structure were used lift

the TolTEC cryostat into the receiver cabin.

The LMT has three optical surfaces. The 50 m diameter primary mirror surface is

made of 180 surface segment that form 5 concentric rings. Each segment is connected

to the back-structure of the LMT with multiple actuators. This creates an active

surface that can correct for deformation under gravity and optical aberrations due to

thermal gradients on the primary. The 2.6 m diameter secondary mirror is mounted
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Figure 1. The Large Millimeter Telescope where the TolTEC camera is installed.

Figure 2. The Large Millimeter Telescope in its zenith position.
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Figure 3. LMT site atmospheric opacity at 225 GHz throughout the year. Dashed
horizontal lines show the opacity for two levels of precipitable water vapor in the
atmosphere. Image from http://lmtserver.astro.umass.edu/site.html

on an active hexapod mount that allows adjustments of focus, lateral offsets, and tilts.

The tertiary mirror is a flat elliptical shape with a 1.7 m major axis and a 1.1 m minor

axis. This mirror tracks the telescope elevation axis and can be rotated to choose

which instrument in the receiver cabin gets light (Hughes et al. 2010).

TolTEC is observing at millimeter wavelengths of light. These wavelengths are

highly absorbed by water in the atmosphere so many millimeter-wave telescopes

are built on mountains in dry regions to be above much of the Earth’s atmosphere.

Telescopes on mountains also have an unobstructed view of the horizon to allow more

of the night sky to be observed. The Large Millimeter Telescope is located on Sierra

3
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Negra in Puebla, Mexico at an altitude of 4580 m (15030 ft). This site has a dry

season between October and May. Figure 3 shows the atmospheric opacity for 1.3 mm

light over a whole year. During the dry season the opacity is < 0.06 for 25% of time, <

0.1 for 50% of the time, and < 0.28 for 80% of the time (Zeballos et al. 2016; Ferrusca

and Contreras R. 2014).

1.2 Millimeter-wave Instrumentation

Millimeter-wave instrumentation refers to instruments designed to detect light with

wavelengths between 1-10 mm (30-300 GHz). Submillimeter-wave instrumentation

looks at light with wavelengths between 0.1-1 mm (0.3-3 THz). The development

of multiplexed arrays of superconducting millimeter-wave and submillimeter-wave

detectors has led to a great increase in our ability to obtain astronomical images at

these wavelengths. Current millimeter-wave and sub-millimeter-wave receivers such

as the SPT-3G instrument on the 10 meter diameter South Pole Telescope (Sobrin

et al. 2018), the Advanced-ACT receiver on the 6 meter diameter Atacama Cosmology

Telescope (Koopman 2018), the NIKA2 instrument on the IRAM 30 meter Telescope

(Adam, R. et al. 2018) and the SCUBA2 instrument on the 15 meter diameter James

Clerk Maxwell Telescope (JCMT) (Holland et al. 2013) all have focal planes with

multiple wavelength bands and thousands of pixels. Table 1 compares the parameters

of these instruments. One of the challenges in telescope and instrument design is

obtaining high quality imaging over the large throughput that corresponds to these

array sizes while minimizing sources of stray light and heat at the detectors. TolTEC

reduces the amount of stray light and heating through the use of cooled Lyot stop

and baffles. Another challenge with large detector arrays is reading out the data while
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Table 1. Instrument Parameters for TolTEC and Other Millimeter-wave and Submillimeter-wave Instruments

Project TolTECa NIKA2b AdvACTc SPT-3Gd SCUBA2e MUSCATf

Wavelength 1.1, 1.4, 2.0 1.2, 2.0 1.3, 2.0, 3.3, 1.4, 2.0, 3.2 0.45, 0.86 1.1
(mm) 7.3, 10.7
Frequencies 270, 214, 150 260, 150 230, 150, 90 220, 150, 95 660, 350 270
(GHz) 41, 28
# Bands 3 2 5 3 2 1
Resolution 5” 11” 0.9’ 1’ 7.9” 5”

(at 270 GHz) (at 260 GHz) (at 230 GHz) (at 150 GHz) (at 660 GHz) (at 270 GHz)
Field of View 4’ 6.5’ 1.1◦ 1.9◦ 3.2’ 4’
Polarization Yes Yes Yes Yes No No
Detectors ∼ 7700 ∼ 3000 ∼ 6000 ∼ 15000 ∼ 10000 ∼ 1600
Telescope LMT: 50 m IRAM: 30 m ACT: 6 m SPT: 10 m JCMT: 15 m LMT: 50 m

a: Bryan et al. 2018

b: Adam, R. et al. 2018

c: Henderson et al. 2016

d : Sobrin et al. 2018 and Benson et al. 2014

e: Dempsey et al. 2013

f : Castillo-Dominguez et al. 2018 and Brien et al. 2018
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minimizing cryogenic cabling, space, and complexity. TolTEC uses microwave kinetic

inductance detectors to reduce readout electronic space.

1.3 Microwave Kinetic Inductance Detectors

TolTEC utilizes three large arrays of polarization sensitive microwave kinetic

inductance detectors (MKIDs) designed by NIST-Boulder to image the sky in three

wavelengths(Austermann et al. 2018). TolTEC’s 7700 detectors are split between

three 150 mm diameter detector arrays: 4000 detectors in the 1.1 mm array, 2500

detectors in the 1.4 mm array, and 1200 detectors in the 2.0 mm array. MKIDs are

superconducting resonators described by Day et al. 2003. Their resonant frequency

changes in response to the absorption of incident light. This change is proportional to

the amount of optical power absorbed by the detector. Data from the MKIDs can

be read out using frequency domain multiplexing. Since each detector has a unique

resonant frequency, large numbers of detectors can be coupled to the same feedline and

read at the same time reducing the size and complexity needed for readout electronics.

Table 2 references a few current and future instruments that make use of MKIDs.

These detectors can be used for many different types of instrumentation including

broadband imagers, polarimeters, and spectrometers.

1.4 TolTEC Science Goals

With the capability of simultaneously imaging at three wavelength and two po-

larization directions, TolTEC could be used in a wide variety of studies. Once
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Table 2. Instruments Using MKIDs

Project Telescope Frequency Type # of Detectors
TolTECa LMT: 50 m 150,214,270 GHz Imaging Polarimeter 7700
MUSCATb LMT: 50 m 270 GHz Imaging Camera 1600
SuperSpecc LMT: 50 m 255-278 GHz Spectrometer 300
NIKA2d IRAM: 30 m 150,260 GHz Imaging Camera 3000
Blast-TNGe Balloon: 2.5 m 600,857,1200 GHz Polarimeter 3000
TIMf Balloon: 2 m 714-1200 GHz Intensity Mapping/Spectrometer 7200
Exclaimg Balloon: 90 cm 420-550 GHz Intensity Mapping/Spectrometer 2100
CONCERTOh APEX: 12 m 130-310 GHz Spectrometer 4300

a: Austermann et al. 2018

b: Brien et al. 2018

c: Karkare et al. 2020

d : Adam, R. et al. 2018

e: Coppi et al. 2020

f : Vieira et al. 2020

g : Essinger-Hileman et al. 2020

h: Fasano et al. 2022
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commissioning is complete, TolTEC will begin collecting data for its four public legacy

surveys listed here1:

• The Clouds-to-Cores Legacy Survey will look at giant molecular clouds to learn

about their collapse into star-forming cores.

• The Field in Filaments Legacy Survey will use dust polarization to measure the

distribution of magnetic fields

• The Ultra-Deep Survey of Star-forming Galaxies will look at luminous infrared

galaxies at redshifts 2-10 and compare them to their optical counterparts.

• The Large Scale Structure Survey will use the Sunyaev-Zel’dovich effect to image

the substructures of galaxy clusters and explore the relationship between star

forming galaxy distribution and large scale structure.

1.5 Sunyaev-Zel’dovich Effect

The thermal Sunyaev-Zel’dovich (tSZ) effect occurs when CMB photons pass

through hot, ionized gas (Sunyaev and Zel’dovich 1970, 1972). Since these photons

have less energy than the electrons in the gas, inverse Compton scattering occurs

and the photons gain energy from the electrons. Photons below a null frequency,

νnull = 217.6 GHz, are excited to frequencies above 217.6 GHz. This shows up as a of

deficit photons below and an excess of photons above the null frequency. Figure 4

shows the spectral deformation in the CMB caused by the SZ effect. The change in

CMB temperature ∆T due to the tSZ effect is given by

∆T

TCMB
= y

(
x
ex + 1

ex − 1
− 4

)
, (1.1)

1http://toltec.astro.umass.edu/science_legacy_surveys.php
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where y is the Compton-y parameter and is defined as

y ≡
∫

σT
nek (Te − TCMB)

mec2
dl, (1.2)

where σT is the Thomson cross section, k is the Boltzmann constant, me is the

electron mass, c is the speed of light, ne is the electron number density, Te is the

electron temperature, TCMB is the CMB temperature (TCMB = 2.725 K), the integral

is performed over the line-of-sight distance l, and the dimensionless frequency x is

given by

x ≡ hν

kTCMB
=

ν

56.81GHz
(1.3)

where h is the Planck constant. The TolTEC camera will be especially suited for

SZ measurements. TolTEC’s three frequency bands are highlighted in figure 4. The

1.4 mm band is located at the null frequency while the 2.0 mm band should see a

decrease in flux and the 1.1 mm band should see an increase in flux.

1.6 Dissertation Outline

This dissertation is organized as follows:

• Chapter 2 describes the optomechanical design of the TolTEC camera. This

includes an overview of the design requirements for the optics, the design of the

cold optics mounts, and design of the warm optics mounts.

• Chapter 3 describes the different techniques used to align the warm optics with

the TolTEC cryostat and the LMT mirrors. And describes the methods used to

characterize the TolTEC optics.

• Chapter 4 describes steps taken to upgrade one of the lab cryostats and the

method used to test prototype TolTEC kinetic inductance detectors.

9



Figure 4. Spectral deformation in the flux density of the CMB caused by the
Sunyaev-Zel’dovich effect. TolTEC bands are marked in colors. Image from
http://toltec.astro.umass.edu/science_clusters.php

• Chapter 5 describes the method of measuring the Sunyaev-Zel-dovich effect

using data from the Atacama Cosmology Telescope. And discusses what these

measurements say about galactic feedback occurring in high redshift galaxies.

• Chapter 6 describes future steps to continue to optimize the TolTEC optical

system.

10
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Chapter 2

OPTOMECHANICAL DESIGN OF TOLTEC

2.1 Optics Overview

The TolTEC optics are split into two parts. The cold optics are the components

within the cryostat that are cooled to 4 Kelvin or lower temperatures. The warm optics

are the room temperature components that direct the light from the tertiary mirror of

the LMT into the cryostat located within the receiver cabin near the Nasmyth focus.

Starting from the sky, the 50 m primary mirror (M1) gathers light from an object in

the sky. The secondary mirror (M2) reflects the light into the receiver cabin through

a hole in M1. The tertiary mirror (M3) directs the light to the first of TolTEC’s

mirrors. Two curved mirrors (M4 and M6) and one flat mirror (M5) send the light

into the cryostat. Figure 5 shows a computer-aided design (CAD) model of the warm

optics components that come after M3. Figure 6 shows the model of the cold optics

components within the cryostat. Light passes through the window of the cryostat and

the Lyot stop at the 4 Kelvin stage. The first cold mirror (M7) reflects the light to

the first dichroic filter (DF1). DF1 is a high-pass filter that allows TolTEC’s highest

frequency band (270 GHz) to pass through two lenses (L1 and L2). These lenses focus

the light to the 1.1 mm detector array. DF1 reflects all other light to the third lens

(L3). The light is split again by the second high-pass filter (DF2). The second band

of light (150 GHz) is reflected to another cold lens (L4) which focuses the light to the

2.0 mm detector array. The final band of light (214 GHz) passes through DF2 to the
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second cold mirror (M8). M8 then reflects the light through lens (L5) which focuses

the light to the 1.4 mm detector array (Lunde et al. 2020).

2.2 Optics Design Requirements

The optical design of the TolTEC camera came from a process of optimizing the

mirror and lens parameters to meet all of the optical requirements while also fitting

into the receiver cabin and not obstructing the space of other instruments at the LMT.

Additionally, the TolTEC cryostat needed to be located where it can be opened and

easily accessed for maintenance purposes. The following constraints were placed on

the optics design (Lunde et al. 2020):

• Window diameter is less than 30 cm due to the limit on anti-reflection coating

capability for ultra-high molecular weight polyethylene (UHMWPE).

• Lyot stop diameter is 26 cm, largest possible size given the window requirement,

and located at the image of the primary mirror.

• Primary mirror illumination overlap is greater than 90% across each array.

• Dichroic filter clear aperture is less than 25 cm and angles < 25 degrees.

• Silicon lens clear aperture diameters are less than 30 cm and thickness less than

2 cm.

• Strehl ratio from aberrations is greater than 0.9 over the full field at all wave-

lengths.

• Minimize beam ellipticity and cross polarization.

• Minimize diffraction.

• Focal ratio at the detectors is f/#= 2.4 so that a 4 arcmin field of view covers

130 cm diameter.

12



Figure 5. This CAD model shows the warm optics components of TolTEC starting with the tertiary mirror of the the
LMT. Teal cones represent the optics path that light follows into the cryostat.
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Figure 6. This CAD model shows the cold optics components of TolTEC inside the cryostat. Blue, green, and red cones
represent the optics paths for the 1.1 mm, 1.4 mm, and 2.0 mm beams respectively. (Lunde et al. 2020)
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Since each optical component adds noise, it was important to minimize the number

of mirrors used in the reimaging optics. The optimal case for noise was placing the

cryostat on the platform near the Cassegrain focus of the LMT. However, the cryostat

was too large to fit on the platform, therefore, the light needed to be directed into the

receiver cabin. The light needed to be directed perpendicularly to the original beam

so the TolTEC cryostat would not overlap with other instruments in the LMT cabin.

Adding one mirror to bend the light by 90 degrees, placed the cryostat at a height

where it could not open because of the ceiling. The first reimaging mirror (M4) must

be angled to reduce the height of the beam. Adding a second mirror at the desired

beam height to bend the light placed TolTEC too close to another instrument in the

receiver cabin, therefore, the second mirror (M5) was angled to send the beam parallel

to its original path. A third mirror (M6) was used to direct the beam into the cabin

at an angle of 90 degrees. The distance between the Cassegrain focus and M4 was

maximized but limited by the length of the platform. This distance controlled the

size of the primary mirror image. By maximizing the size of the image, the cryostat

was less sensitive to its positioning. The window of the cryostat was placed near the

image of the primary. All of the mirrors were designed to be simple conic sections

with parameters given in Table 3.

Inside the cryostat, the Lyot stop was placed at the image of the primary mirror.

By maximizing the stop diameter, the diffraction was minimized and the image quality

and primary mirror overlap was maximized. The Lyot stop diameter was limited by

the sizes of the window and primary mirror image.One curved mirror was added to

focus the beam. The dichroic filters separated the beam into three wavelength bands

(1.1 mm, 1.4 mm, and 2.0 mm). The lenses were added for beam corrections and to

ensure the beams focused inside the cryostat footprint. The Silicon lenses in the cold
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Table 3. Parameters for Curved, Reimaging Mirrors.

Mirror Radius (m) Conic DX (m) DY (m) DiaX (m) DiaY (m)
M4 5.950 -1.0 0.0 2.166 0.9 0.9
M6 2.678 -0.607 0.0 3.500 0.46 0.26
M7 1.393 -1.0 0.0 0.570 0.33 0.33

Source: Parameters from Lunde et al. 2020.

Note: The radius is the radius of curvature at the vertex of the conic section. DX and
DY are decenters from the vertex to the chief ray and DiaX and DiaY are the mirror
diameters in the X and Y directions, perpendicular to the propagation direction, Z.

Table 4. Parameters for Cryogenic Silicon Lenses

Lens Radius (m) Conic Diameter (cm) Thickness (cm) Frequency (GHz)
L1 0.5468 -1.0 20.36 2.0 240-300
L2 -0.5023 -1.0 14.45 1.0 240-300
L3 0.9125 -1.0 29.66 2.0 130-240
L4 0.6766 -2.556 29.34 2.0 130-175
L5 0.6766 -2.556 29.34 2.0 185-240

Source: Parameters from Lunde et al. 2020.

Note: The radius is the radius of curvature at the vertex of the conic section. The
thickness is at the center of the lens not including the anti-reflection coating. The
Frequency range is the range covered by the anti-reflection coating design.

optics are flat on one side and simple conics on the other side with parameters given

in Table 4. The flat mirror was added to bend the 2.0 mm band before it hit the back

wall of the cryostat.

Every optical system has tolerances on the alignment of the components to achieve

the desired illumination of the detectors. The angular tolerance of the TolTEC optics

is more constrained than the translational tolerance. Figure 7 depicts the two types

of offsets that can occur in the optics and shows how each offset affects the location

of the beam on the secondary mirror through ray tracing. The red line shows an on

axis beam that hits the center of all three mirrors. The blue line shows a beam that
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Figure 7. Optical alignment tolerance ray tracing diagram

Figure 8. Diagram showing the distances and angles used to calculate the angular
tolerance of the TolTEC optics.

has a small angular offset. A small angle can cause the beam to miss the secondary

mirror as the light travels over the long distance between M2 and M4. The green line

shows a beam that has a translational offset. This beam shows that with small offsets

perpendicular to the optical axis, the beam will still hit the secondary mirror.

The angular tolerance of TolTEC can be determined by calculating the maximum

beam angle that makes the beam clip the edge of the secondary mirror. For this

analysis I ignore M3 since it is a flat mirror that is already aligned with M2 therefore it

would not change the angular offset between the secondary mirror and TolTEC. I chose
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to do this analysis between M2 and M4, since this is the largest distance that the light

travels between optical components and angular offsets are especially important for

long distances. Figure 8 shows the important distances used to calculate the angular

tolerance of the TolTEC optics. The diameter of M2 (DM2) is 2.6 m. The diameter of

the beam (Dbeam) at the surface of M2 is approximately 2.4 m. The distance between

M2 and M4 (dmirrors) is approximately 27.1 m. Using these distances, the angle can

be calculated using the following equation:

θ = tan−1

(
(DM2 −Dbeam)/2

dmirrors

)
(2.1)

This gives an angle offset of 0.2 degrees for a beam that just starts to clip the edge

of the secondary mirror. Realistically, the beam should not be at the very edge of a

mirror since this adds distortion into the optics. To keep the beam off the edge of the

mirror and provide a margin for errors, the angular tolerance for the TolTEC beam

between M3 and M4 was set as 0.1 degrees.

2.3 Solidworks Finite Element Analysis

TolTEC’s optomechanical design relies heavily on the use of the Solidworks simula-

tion tools. Solidworks uses finite element analysis (FEA), a numerical technique that

uses partial differential equations to solve structural and vibration problems. There

are three steps to each analysis: defining the mathematical model, building the finite

element model (meshing), and solving the model (Kurowski 2022a, 2022b).

The mathematical model starts with a simplified CAD model to create a smaller

mesh and shorten the analysis times. Simplifications are made by removing bolt

holes and external fillets on objects. Further simplifications are made by removing

components from an assembly that have complex shapes and replacing them with a
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well defined remote mass. External loads such as gravity and remote mass can be

added to the model. The model restraints show the locations where reaction forces

occur. The most commonly used restraint defines a surface as fixed geometry where

the object is firmly fixed to the ground. After setting the model’s material properties,

the type of analysis (for example static or vibration) is selected.

Meshing splits the mathematical model into a finite number of tetrahedral solid

elements (Kurowski 2022a). Figure 9 shows an example of a completed mesh for one

of the TolTEC mirror mounts. The loads and restraints are discretized and applied

to the nodes of the mesh. With the mathematical model and mesh defined, the

Solidworks solver runs for the selected type of analysis. A static analysis calculates the

displacements, strains, and stresses within the model. A vibration analysis calculates

the resonant frequency modes of the structure. These results are compared to the

established design requirements.

2.4 Cold Optics Components

As stated previously the cold optics system includes all of the mirrors, lenses, and

filters that are cooled within the cryostat to 4 K. To create designs, each component

from the Zemax model must be scaled to room temperature dimensions using their

respective linear thermal expansion coefficient (LTE). This scaling is important since

all the components will be machined and assembled at room temperature before being

cooled to their 4 K operating temperature. Flanges were added to the lenses so they

can be mounted without blocking the beam. The mounts dimensions were constrained

by the size of the 4 K cryostat shell and the optical path.

19



Figure 9. Example of the Solidworks mesh for the FEA simulations

2.4.1 Thermal contraction

The thermal contraction of the lenses and mounts is different as the optics compo-

nents are cooled to 4 K. The LTE coefficient of the aluminum mounts is -0.004127

(Institute for Basic Standards 1977). While the LTE coefficient of the silicon lenses is

-0.0002155 (Lyon et al. 1977). These values were chosen for a temperature change from

300 K to 4 K. For the lenses to be machined, the conic constants must be defined for

the shape of the lens at room temperature. However, those constants were originally

defined at 4 K. Equation 2.2 shows how length changes with the LTE coefficient, α

(Shackelford 2015).

L300 =
1

(1 + α)
L = βL (2.2)
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Equation 2.3 shows the conic equation where R is the radius of curvature, k is the

conic constant, and c = 1
R
.

z300 = βz = β
cr2

1 +
√

1− (1 + k)c2r2
(2.3)

Given how lengths change with the LTE coefficient, substitute equation 2.4 in equation

2.3 for the radius. This will result in equation 2.5.

r =
r300
β

(2.4)

z300 =
cr2300/β

1 +
√

1− (1 + k)c2r2300/β
2

(2.5)

Equation 2.5 implies that the radius of curvature changes with the thermal contraction

while the conic constant remains the same. The new radius of curvature can be found

using equation 2.6.

R300 = βR =
1

(1 + α)
R (2.6)

With a much smaller LTE coefficient, silicon shrinks significantly less than alu-

minum. This introduces a risk of the lens fracturing as the mount shrinks. The mount

designed to hold the lenses is shown in Figure 10. Metal Spira SS-11 gaskets were used

to hold the lens radially and along the optical axis. These gaskets act like springs, to

absorb the thermal contraction changes while holding the lenses in place. Along the

optical axis, a complete ring of the gasket rests in a grove between the lens and the

mount. As the mount is cooled, the aluminum shrinks and compresses the spring into

the groove. In the radial direction, a section of this gasket presses the lens into two

tabs at the bottom of the mount. This combination centers the lens in the aperture

as the mount contracts without fracturing the lens.
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Figure 10. CAD model of a lens mount: The left image is a sectional view of lens
mount. The pink colored ring is the Spira spring that absorbs the thermal
contraction occurring along the optical axis. The right image is the back part of a
cold lens mount. The yellow portions mark the spring segment and tabs that absorb
the radial thermal contraction. Note: the size of the tabs have been exaggerated so
they can be seen easily in this image. (Lunde et al. 2020)

2.4.2 Anti-reflection coating

TolTEC’s large detector arrays require the use of the large aperture, cryogenic

lenses with a high index of refraction that function at multiple frequencies. To

reduce signal loss and increase the optical performance of the lenses, multichroic,

anti-reflection (AR) coatings were needed. The metamaterial AR coatings used are

cut into the surface of the lens so they have an LTE coefficient that is inherently

matched to the silicon lenses. Each lens has a different metamaterial anti-reflection

(AR) coating machined into its surface (Datta et al. 2013; Coughlin et al. 2018).

The Zemax lens models did not include the thickness of the AR coating. The

thicknesses shown in Table 5 were added to each lens by adding a surface translation

feature in the CAD model. The AR coatings are cut into the surface of the lenses

using a 78 mm diameter blade. To successfully machine the coatings, the lenses are
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Table 5. Anti-reflection Coatings Used on Each of the Cold Lenses.

Band (GHz) Thickness (µm) Number of Layers Lens
150 320 1 L4
220 220 1 L5
270 180 1 L1/L2

150/220 642 3 L3

held underneath the dicing saw by the mounting flanges and must have a minimum

clearance of 100 microns between the blade and the flange. Without this clearance

the blade will cut into the mount. This clearance was used to determine the thickness

of the mounting flange. Both sides of the lenses will have the AR coating. Figure 11

shows a CAD model simulating the cuts. The 78 mm diameter blade is represented by

the two circles tangent to the surface of the lens. These are the original lens surfaces

without the AR coating thickness added. The distance between the blade and the flat

surface of the flange is measured at the point of the blades closest approach. All of

the lenses achieve the 100 micron clearance (Lunde et al. 2020).

2.4.3 Lyot stop and baffling

The Lyot stop is the first optics component on the optics bench located at the

entrance of the 4 K shell, placing it at the image of primary mirror. This aperture

controls the amount of light that enters the cryostat and reaches the detectors. The

Lyot stop contains a 4 filter cartridge and an aluminum mount that is cooled to 1.2 K

and offset from the 4 K optics bench with carbon fiber standoffs. Its four filters include

2 infrared (IR) blocking filters held at an angle of 20 degrees and a pair of low-pass

filters with cutoffs at 16 cm−1 and 12 cm−1 (Wilson et al. 2020). The diameter of

the Lyot stop is slightly smaller than the diameter of the beam at the window of the
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Figure 11. CAD model to show the clearance between the flange of the lens and the
blade used to cut the AR coatings.The blades are shown in the positions where they
are closest to the flange (Lunde et al. 2020).

cryostat. Figure 12 shows the footprint diagram of the designed Lyot stop with the

aperture diameters shown. The beams in the footprint lie on the aperture edge as the

Lyot stop was designed. The large Lyot aperture stop reduces diffraction and allows

TolTEC to use more of the primary mirror and get better resolution on the sky.

During the initial lab testing of the optics, excess radiation noise was picked up

by the detectors. A 28.5 cm baffle was designed to surround the Lyot stop and

absorb additional radiation. The baffle was made from a rolled sheet of copper and

blackened using carbon-infused cloth. It is also cooled to 1.2 K and offset from the

4 K optics bench with carbon fiber standoffs. The baffle provides a large surface area
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Figure 12. Footprint diagram of the Lyot stop.

on which stray, scattered light is absorbed long before it reaches the detectors (Lunde

et al. 2020).

2.4.4 Cold optics bench

The cold optics are mounted to a 1/4 inch, aluminum plate that is cooled to 4 Kelvin.

The plate is bolted to the lip of the 4 K shell and offset from the 40 K plate with a

large G-10 ring. G-10 material provides high strength and low thermal conductivity,

making it a good material for cryogenic offsets between different temperature stages.
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Figure 13. CAD static deflection analysis for the cold optics plate.

Figure 13 shows the CAD static deflection analysis for the 4 K plate supported by both

the G-10 ring and 4 K shell. To simplify the mesh used in the analysis, I represented

each of the cold optics components as remote masses applied at a the rectangular

footprint of each mount. The largest deflection of 0.237 mm occurs in the center of

the plate. Using the following equation, the angular deflection of the optics can be

calculated:

θ = arcsin
∆

H
(2.7)

In this equation ∆ is the deflection and H is the height. Using the height of the optics

affected by this deflection, 344 mm, the calculated angular deflection is 0.04 degrees

which is less than the 0.1 degree requirement for the optics.

The positions of the optics are controlled using dowel pins to align the mounts

on the optics plate. The positions of the dowel pin holes were specified with a high

precision to the manufacturers. Cut outs on the plate were added for the coaxial

cables and the wiring of the detector arrays. Figure 14 shows the CAD model and the

final image of the optics components installed in the TolTEC cryostat.
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Figure 14. Top image shows the final CAD model of the cold optics mounts. Bottom
image shows the cold optics installed at the site.
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Table 6. Masses of the Warm Optics Before and After Light-weighting.

Mirror Initial Mass (kg) Final Mass (kg) Reduction
M4 103.31 21.75 79%
M5 38.55 9.12 76%
M6 47.98 11.17 77%

2.5 Warm Optics Components

TolTEC’s warm optics consist of the three mirrors that direct the light from the

telescope into the cryostat. The first step in designing these mirrors is to import

the Zemax optics model into Solidworks to create a CAD model. This model shows

the correct sizes, curvatures, and placements of the mirror surfaces to build designs

around. The largest of these mirrors has a diameter of approximately 1 m. Since

these aluminum mirrors are large, they would end up being heavy and hard to mount

in the telescope. To reduce the weight a hexagonal pattern was cut into the back of

the mirror to significantly reduce the mass while maintaining the rigidity. Figure 15

shows the transition from a solid mirror to a light-weighted mirror. With this method,

M4 went from an initial mass of 103.31 kg to a final mass of 21.75 kg. This is a

mass reduction of 79%. The other warm mirrors experienced similar mass reductions

using this light-weighting method. Table 6 shows the mass reductions for each of the

mirrors. All mirror designs include 10 mm x 10 mm tabs on the top, bottom and both

sides of the mirrors shown in Figure 16. These tabs create a flat plane at the front of

the mirror that can be used as a reference for measurements. Each mirror is mounted

with three bolts in a triangle formation on the back of the mirror. The three points of

contact constrain the mirror to prevent translational and rotational movement of the

mirror (Lunde et al. 2020).

After finalizing the mirror designs, the CAD model of the optics was added to a
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Figure 15. CAD drawings of M4. Shows the transition from solid to light-weighted
mirror.(Lunde et al. 2020)

CAD model of the LMT receiver cabin by lining up the center of M3 from the optics

file with the center of tertiary mirror in the LMT model. A welded structure was

then designed to hold the mirrors at the correct positions inside the receiver cabin.

The length and height of the welded structure are determined by the locations of

the mirrors. The locations of possible structural beams are constrained by the optics

beams and the walls in the LMT cabin. The beams can be seen in Figure 5. The

following sections describe the static and vibration analyses performed to determine

the optimal support structure for the warm optics and their adjustment mechanism

(Lunde et al. 2020).
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Figure 16. CAD drawing of M5. Shows the four tabs for mirror alignment in pink.

2.5.1 Tip-tilt mechanism

Since the warm mirrors are larger and outside of the cryostat, an adjuster could

be designed to correct the angular positions of the mirrors around two axes. This

mechanism should change the mirror angle by ±3 degrees with an accuracy of 0.1 de-

grees to achieve the desired angular tolerance. Figure 17 shows the first iteration of

the tip-tilt mechanism that was installed on the mirrors. The tip-tilt consists of three

plates, two perpendicular axes of rotation, and two adjusters. The L-shaped, center

plate sets the distance the adjuster is from the rotational axis to provide the desired

adjustment accuracy. With this mechanism, the x and y rotations are independent of

each other. The ball-joint end rods used in the adjuster have a pitch of 0.8 mm which

provides a 0.1 degree change per quarter turn. A tip-tilt was mounted to the back

of each warm mirror using the three bolt holes on the back of the mirror shown in

Figure 15. The triangular plates provide easy axis to the mounting points.
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Figure 17. The left image is a side view of the original tip-tilt mechanism (Lunde
et al. 2020). The right image is an isotropic view that shows the shape of the plates.

Unfortunately during the assembly of the warm optics at the LMT, there were

significant vibrations in the mirrors. This was most noticeable in the largest mirror,

M4. These vibrations were due to small gaps that are designed into the bearings to

allow them to rotate. To reduce the vibrations, a second adjuster mechanism was

added to act as a clamp for each pair of plates. Figure 18 shows the final tip-tilt

design currently being used at the LMT. To change the angle of the plates, the two

adjusters must be turned in opposite directions by the same amount. This must be

done in small steps to avoid binding the threads and flexing the plates. Foam was

also added between the plates after the mirrors were aligned to dampen any residual

vibration modes.

2.5.2 Static deflection analysis

The angular misalignment of the optics was determined by performing a static

analysis to determine how much a component bends under gravity. The static analysis

was done using the Solidworks simulation tool. Figure 19 shows the simulation results
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Figure 18. The left image is a side view of the final tip-tilt mechanism (Lunde
et al. 2022). The right image is an isotropic view that shows the shape of the plates.

for the M4/M6 mount and the M5 mount. The simulation shows the magnitude, in

millimeters, and direction of the mount deflection. The maximum angular deflection

can be determined by fixing the base of the mount and calculating the angle using

equation 2.7 as previously done. For the M4/M6 mount, the max deflection of

0.079 mm occurs at the height of the M4 mirror. Using the mirror height of 1620 mm,

the angular deflection is only 0.003 degrees. For the M5 mount, the max deflection is

0.0094 mm. With a height of 530 mm, the angular deflection is 0.001 degrees. These

deflections are within the 0.1 degree requirement for the warm optics mounts.

2.5.3 Resonance frequency analysis

Every structure vibrates in the presence of external forces or vibrations. The

frequency a structure vibrates at is referred to as its natural frequency. The primary

mirror of the LMT moves and causes vibrations in the receiver cabin. If these vibrations

match the optics mount’s natural frequency, the structure will resonate causing large

deflections. The dominant resonant frequency of the LMT is between 3-5 Hz. All
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Figure 19. The left image shows the static analysis results for the M4/M6 mount.
The right image shows the result for the M5 mount.

the mounts must have their first mode natural frequency greater than 20 Hz, to have

more than an order of magnitude reduction to any mechanically coupled vibrations in

the optics. This analysis was also completed for the cold optics mounts. Since each of

the cold optics mounts are small, all of the primary frequency modes were above 100

Hz. This meant no additional changes needed to be made to the cold optics mount

designs.

The Solidworks vibrational analysis tool calculates the natural frequency modes

of a model. Figure 20 shows the applied loads and fixed points for the analysis of

the two mounting structures. The red arrow represents the direction of gravity. The

green and orange arrows at the bottom of the mount show the reaction forces on the

surfaces of the mount that are fixed to the table. Since the tip-tilt mechanism and

light-weighted mirror are complex structures attached to the mount, the mesh used

in the calculations is too complicated to run. I simplified the analysis by calculating

the moment of inertia and center of mass of the mirror relative to a common axis
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Figure 20. These CAD models show the loads and fixtures for the vibration analysis
of the M5 mount (left) and the M4/M6 mount (right).

located at the top corner of the mounts. This can be applied as an external load in

the vibration analysis. The pink dot represents the center of mass of the mirror that

is coupled to the mount.

Since the warm optics mounts are designed to hold large mirrors high above the

ground, these mounts were more complicated to design. The resonant frequencies of

structures are affected by mass, height, and moment of inertia. Figure 21 shows a

cantilever beam with a mass concentrated at one end to represent a simplified model

of a mirror mount used to convey general ideas about how different parameters affect

the resonant frequencies of structures. The resonant frequency of this system can be
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Table 7. First Five Resonant Frequency Modes for the Final TolTEC Warm Optics
Designs.

Object Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
(Hz) (Hz) (Hz) (Hz) (Hz)

M4 101.8 102.2 176.1 182.1 226.1
M5 222.2 222.7 326.1 331.8 524.2
M6 160.6 237.0 305.2 319.2 403.9

M5 Mount 69.92 85.59 112.6 182.6 208.4
M4/M6 Mount 17.37 21.52 27.89 30.48 32.62

estimated using the following equation from ToolBox 2017:

f =
1

2π

√
3EI

ML3
(2.8)

where M is the weight of the mirror, L is the height of the mount, E is the elastic

modulus of the mount material, and I is the area moment of inertia. The natural

frequency is increased by decreasing the height, decreasing the weights, and increasing

the moment of inertia. The mass of the warm mirrors has already been reduced. The

height of the mirrors is defined by the optical path. This leaves increasing the moment

of inertia as the only option. The moment of inertia increase can be achieved by

changing the cross-sectional shape of the steel tubing or by adding a structural beams

that work designed to cancel out certain resonance modes. For example, the original

frequency mode of M5 was approximately 20 Hz. By adding a beam across the top

of the mount, I was able to increase the frequency to 27 Hz. Then by increasing

the size of the steel tubing to 3.5x3.5 inch squares, I increased the frequency to 70

Hz. The M5 mount was completed after three design iterations. Figure 22 shows the

vibration analysis results for the final M5 mount design. Exaggerated deflections show

the shape of the first 5 resonance modes. The displacement results are normalized to

show the resultant amplitude (AMPRES) (Kurowski 2022b).

However, the combined M4/M6 mount was more challenging. The bottom CAD
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Figure 21. The mirror mount can be simplified as a cantilever beam with a mass
concentrated at the end.

models in figure 23 show the simulation result for the final M4/M6 mount. Again,

exaggerated deflections show the shape of the first 5 resonance modes in units of

AMPRES. The lowest mode resonance is a rocking motion of the position of M4. After

many different design attempts, the maximum resonant frequency reached for this

mount is 17 Hz. This was determined to be good enough because it gives a factor of

safety of 3.5 above the vibrations in the telescope.

The vibration analysis was also completed for each of the warm mirrors separately

to ensure the rigidity of the mirrors. Since the large mirrors are held near their centers,

there is the possibility of vibration modes around the mounting point. Figure 24

shows the vibration analysis for the warm mirrors. The green arrows show the fixed

mounting points of the mirrors. These are the three points near the center where

the mirrors are bolted to the three mirrors. The orange arrows show the direction of

gravity, which changes depending on the angle at which each mirror is held. Table

7 lists the resonance frequencies of the first 5 modes for the warm optics mounts

and mirrors. All but the first mode resonance of the M4/M6 mount meet the design

requirement of 20 Hz.

After the optics were installed at the LMT, the vibrations of M4, M5 and M6 were
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Figure 22. Vibration analysis for the mount that holds M5. Shows the shape of the
first 5 resonance modes.
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Figure 23. Vibration analysis for the mount that holds M4 and M6. Shows the shape
of the first 5 resonance modes. The deflection is exaggerated to show the shape of the
primary resonant mode.
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Figure 24. Vibration analysis for all three warm mirrors. Shows the first resonant
modes for each of the mirrors. From left to right: M4, M5, M6.

measured using an MPU6500 accelerometer. This 14 bit ADC has a range of ±2g.

Where g is the acceleration due to Earth’s gravity, 9.81m/s2. With an accelerometer

attached to each mirror, a 200 second timestream of data was taken. I divided the

timestream into 5 second samples and performed a Fast Fourier Transform (FFT) to

get the power spectra of the data. These samples were then averaged to reduce the

noise. Figure 25 shows the results of this analysis. M4 has peaks around 56 Hz. M5

has peaks at 24 Hz and 120 Hz. While M6 appears to have no major peaks. All of

these frequencies are higher than the design goal of 20 Hz.

With the warm optics mounts and tip-tilt were finalized, the warm optics were

connected to a table structure. This allows the warm optics to be aligned before being

mounted in the telescope. Figure 26 shows the completed CAD design and an image

of the optics installed in the receiver cabin at the telescope.
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Figure 25. This plot shows the vibration measurements of the mirrors at the LMT.
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Figure 26. Left image shows the final CAD model of the warm optics. Right image shows the warm optics at the LMT.
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Chapter 3

OPTICAL ALIGNMENT AND CHARACTERIZATION OF TOLTEC

3.1 Trips to the LMT

My first trip to the LMT was for the initial installation of TolTEC in November

of 2021. This included assembling the TolTEC cryostat, mounting the cold optics

and detectors on the 4 K plate, and mounting the warm optics in the LMT receiver

cabin. The cold optics were successfully installed. The alignment of the cold optics

system once bolted to the cold optics plate was verified in the lab at the University

of Massachusetts before shipping TolTEC to Mexico. During the assembly of the

warm optics, there were significant vibrations in the mirrors caused by the tip-tilt

mechanism. Therefore, before significant work could be done on alignment, the tip-tilt

had to be modified.

May of 2022 marked my second trip to the LMT to install the new tip-tilt

mechanism and begin the optical alignment of the warm optics. The first step was

to measure the mirror positions with the laser theodolite and adjust the angles to

match the solidworks model. Then a laser was traced through the warm optics from

the cryostat window. Minor adjustments were made to the mirrors to center the laser

on each of the mirrors.

During some on sky measurements in the summer, one of the tip-tilt adjusters

was broken. It was a simple fix, since replacement parts could be salvaged from the

original tip-tilt. This began the planning of my final trip to the LMT in November of

2022 to ensure that the optics were still aligned and take measurements of the optics
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beam for characterization. Timestreams of a liquid nitrogen source were used to align

the optics and a modulated infrared (IR) source attached to a robot arm (Wyatt) was

used to map the beam.

3.2 Optics Zemax Analysis

Zemax was used in both the design and characterization of the TolTEC optics.

One of the requirements for the TolTEC camera was to have a Strehl ratio greater

than 0.9 over the full field at all wavelengths. The Strehl ratio measures the effect

wavefront aberrations from atmosphere or optics aberrations have on image quality. It

is calculated in Zemax by dividing the peak intensity of the diffraction point spread

function (PSF) by the peak intensity of the diffraction PSF if there were no aberrations

(Zemax 2011). This gives a measure of optical image quality if the TolTEC camera

was diffraction limited. Figure 27 shows the Strehl ratio over the full field for the

1.1 mm band. Figure 28 shows the Strehl ratio for the 1.4 mm and 2.0 mm bands.

The contours on the plots are drawn with one percent intervals and the axis units

are in degrees. The purple circles show the 4 arcminute field of view of the arrays.

The minimum Strehl ratio value within the circle is 0.95 for all three frequency bands.

This is greater than the design requirement of 0.9.

Footprint diagrams show the footprint of the beam on any surface defined in

the Zemax model. I used footprint diagrams to check the surface apertures of the

optical components and illumination overlap on the primary mirror. The illumination

overlap requirement is 90%. I interpreted this as the percentage of the area each

beam should overlap the other beams. Footprint diagrams are created through the

Zemax ray tracing procedure which calculates how bundles of rays move through
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Figure 27. Strehl ratio plot over the full field for the 1.1 mm band. The circle shows
the approximate diameter of the array that covers about 4 arcminutes.
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Figure 28. Strehl ratio plot over the full field for the 1.4 mm and 2.0 mm bands. The
circle shows the approximate diameter of the array that covers about 4 arcminutes.
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the optical system and are affected by each optical component. Figure 29 shows the

beam footprint on the primary mirror of the LMT. The aperture (black circle) has a

50000 mm diameter. This is the diameter of the primary mirror. The colorful circles

show the footprints of each set of rays. The outer diameter of this bundle of circles

is 47460 mm and the inner diameter is 43680 mm. I then calculated the ratio of the

area (A) of circles with these diameters to determine the what percent of the overlap

occurs using the following equation:

AreaRatio =
Ainside

Aoutside

=
(Dinside)

2

(Doutside)2
(3.1)

To have 90% beam overlap, the outside and inside areas should be within 90% of the

average area. The following statements must be true:

Aavg > 0.9Aoutside (3.2)

Ainside > 0.9Aavg (3.3)

Combining equations 3.2 and 3.3 by substituting for the average area gives the following

requirement:

Ainside > 0.81Aoutside →
(Dinside)

2

(Doutside)2
> 0.81 (3.4)

The ratio of the inner and outer diameter areas for the bundle of rays should be

greater than 81% to meet the illumination overlap requirement. This ratio for TolTEC

is 85% which meets this requirement.

I also used footprint diagrams to ensure the clear aperture diameters of the silicon

lenses were less than 30 cm. As a default in Zemax, if no aperture is defined at a

surface, the footprint diagram will draw a circular aperture with a diameter equal to

its radial clear aperture value (Zemax 2011). Figure 30 shows the footprint diagrams of

the five cold lenses. L4 and L5 are identical lenses with identical footprints, therefore,
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Figure 29. Zemax beam footprint with overlapping beams on the primary mirror of
the LMT.
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Figure 30. Zemax beam footprints for each of the cold lenses: L1, L2, L3 and L4/L5.

the last plot represents both these lenses. The aperture diameters shown for the top

footprints (L1 and L2) are the clear aperture value since no aperture was defined.

The bottom footprints had apertures defined. In all cases, the beam footprints shown

do not exceed an aperture of 300 mm.

Spot diagrams are another method to evaluate image quality of an optical system.

Zemax creates spot diagrams by ray tracing bundles of rays from the object (a spot of

light) through the optical components to the detector plane. This is done for objects
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at the center and around the edges of the field of view. The image is compared to the

radius of the first dark ring of the Airy disk, which is the diffraction pattern for the

circular, uniformly illuminated primary mirror assuming perfect optics. A diffraction

limited system has all the rays within the Airy disk. Zemax calculates both a RMS

spot radius and a GEO spot radius. RMS spot radius is the root-mean-square distance

between each ray and the central reference point, giving an idea of the spread of the

rays. The GEO spot radius is the geometric measurement of the distance between

the central reference point and the ray farthest from the center (Zemax 2011). Spot

diagrams should be used alongside other optical analyses to characterize the system.

Figure 31 shows the spot diagram results for the 1.1 mm band. The Airy disk

radius is 3449 µm and all the spots fall within the shown circle. Figure 32 shows

the spot diagram results for the 1.4 mm and 2.0 mm bands. The Airy disk radius is

4202 µm. All of the spots are smaller than the Airy disk but a few lie on the edge.

Looking at the RMS spot radius, the rays on average fall within the Airy disk.

The Zemax beam field analysis was done on a reversed field model of the TolTEC

optics. The Zemax beams at defined surfaces were calculated using the Zemax physical

optics propagation tool. The time-reversed model was used since I had a Gaussian

beam with parameters calculated from the detector feed-horn design (Austermann

et al. 2018). The physical optics analysis propagates the initial Gaussian beam

starting at the detector location up to the primary mirror. The analysis outputs the

calculations for each defined surface in the optics model. The model looks at the

1.1 mm wavelength band since I performed all liquid nitrogen and Wyatt map tests

using data from the 1.1 mm detector array. This tool propagates the electric fields

through free space using diffraction calculations of the wavefront surface by surface
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Figure 31. Zemax spot diagram for the 1.1 mm band for fields at the center and
edges of the field of view.

through the system. The physical optics tool is sensitive to the Fresnel propagation

process.

Figure 33 shows the simulated Zemax beams at the three different locations along

the optical axis where I collected data from the TolTEC system at the LMT. The first

beam was at a surface 640 mm in front of M4. This beam has a distinct annular shape

with the inner bright ring having a diameter of about 50 mm. The second surface was

between M3 and the Cassegrain focus at a distance of approximately 900 mm in front

of the Cassegrain focus. This beam has a circular shape with a diameter of about
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Figure 32. Zemax spot diagram for the 1.4 mm and 2.0 mm bands for fields at the
center and edges of the field of view.

40 mm. The third surface was directly on the surface of M3. This circular beam has

a multiple ring diffraction pattern with an outer diameter of about 200 mm.

Since I was unsure of the exact location along the beam that I measured the beam

with the IR source, I measured the beam in Zemax at multiple locations between the

Cassegrain focus and M3. Figure 34 shows the radial profiles at the different locations

around 900 mm from the Cassegrain focus which is my estimated location of the

IR beam. As the surface moves closer to the Cassegrain focus, the beam diameter

is reduced and the center of the beam gets brighter as the beams converge at this

location.
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Figure 33. Zemax physical optics simulations for beams at different locations along
the optical axis: near M4 (top left), near the Cassegrain focus (top right), and near
M3 (bottom).
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Figure 34. Radial profiles of the beam at locations near the Cassegrain focus.

3.3 Laser Theodolite Measurements

The mirror positions were measured with a laser theodolite after the warm optics

were re-mounted in the receiver cabin. A theodolite is a precision instrument used to

measure the x, y, and z positions of targets in reference to a zero point. The receiver

cabin has a reference point on the floor directly under the center of M3. All the

theodolite measurements were made relative to this point and then compared to the

3D CAD model of the warm optics. Each of the warm mirrors has four tabs around

the perimeter. These tabs form a planar surface for the reflective theodolite targets

to be attached. Figure 35 shows the locations of these targets on the mirrors. To be

in view of the theodolite, the M5 targets were placed on the mirror tabs.

First, the tab locations of the mirrors in the CAD model were measured. Then

the theodolite was used to measure the x, y, and z locations of the tabs in the receiver

cabin. Using these locations, I calculated the angles of the mirror using equations 3.5
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Figure 35. Locations of the laser theodolite targets on each of the warm mirrors
(Lunde et al. 2022).

and 3.6 (Lunde et al. 2022). Theta is the angle about the horizontal axis and phi is

the angle about the vertical axis. These are the angles that can be changed using the

tip-tilt mechanism.

θ = arctan
Xtop −Xbottom

Ztop − Zbottom

(3.5)

ϕ = arctan
Xleft −Xright

Yleft − Yright

(3.6)

I calculated the angles for both the CAD model and the warm optics. Table 8

compares the Solidworks angles with the first and final measurements of the warm

optics at the telescope. By finding the difference between the model angle and the

real angle, I determined how much each of the mirrors needed to be adjusted. Using

the tip-tilt, the vertical and horizontal angles were adjusted. These measurements

and adjustments were repeated until the mirror angles were about 0.1 degrees of the

model. Other methods were used to more accurately align the system since there are
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Table 8. Laser Theodolite Measurements of Mirror Angles Compared to Solidworks.

Mirror Direction Solidworks First Measurement Final Measurement
(Degrees) (Degrees) (Degrees)

M4 Vertical -20.29 -20.32 -20.32
- Horizontal 0.00 -0.30 0.02

M5 Vertical -20.00 -18.71 -19.94
- Horizontal 0.00 -0.36 -0.11

M6 Vertical 0.00 0.35 0.01
- Horizontal -45.34 -45.38 -45.39

small changes between the CAD model and the installed system due to manufacturing

precision and changes made to the LMT receiver cabin.

3.4 Laser Alignment Plate

The next step in optical alignment was to use the laser alignment plate (LAP).

The LAP holds a laser at the center point of the cryostat window where the center

of the beam is located. Figure 36 shows the LAP mounted on the window of the

cryostat. Since the cold optics are aligned with the window, this method was used to

align the cryostat with the warm optics. The laser should reflect off the center of each

mirror. The laser hit the center of M6 without having to adjust the cryostat position.

M6 was adjusted to point the laser at the center of M5. This flat mirror was then

adjusted to point at the center of M4. M4 was also adjusted to center the laser of M3,

however, the laser was very faint at that long distance from the cryostat. Therefore, a

different method was needed to align the warm optics with the telescope.
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Figure 36. Laser Alignment Plate (LAP) mounted on the window of the cryostat
(Lunde et al. 2022).

3.5 Liquid Nitrogen Beam Maps

To determine where the center of the beam is located, I used a set of liquid nitrogen

tests. Figure 37 shows the wooden wand with black foam that was dipped in liquid

nitrogen. This acts as a black body with a temperature of 77 K. When the wand was

placed in front of the cryostat window, the temperature change from room temperature

(3̃00 K) to 77 K produces a signal for the detectors to see. Figure 37 also shows the

two strings tied to the tabs of M4 that mark the physical center of the mirror. By

running the wand across the M4 surface while monitoring a live timestream of the

central detector, I marked the approximate center of the mirror.

The timestreams show a vertical cross-section of the beam. All timestreams show

data from detector 375, which was a detector near the center of the array. To more

accurately measure this cross-section, the timestamps were added to the timestream.
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Figure 37. Liquid Nitrogen test set up. Top left shows the tape used to mark the
center of the M3 bearing. Top right shows the string used to mark the center of M4.
Bottom shows the black body wand used.
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The person with the wand quickly swiped the wand down through the center of the

mirror to mark the start time and a second person started a timer. The first person

then slowly moved the wand back up the center of the mirror calling out when the

wand crossed marked positions on the mirror. The second person noted the time of

each call. Figure 38 shows the resulting timestreams for two tests at M4. The red line

shows the position of the starting swipe. The black line marks the center of the beam

that I had approximated before. The blue line marks the string center of the mirror.

No adjustments to the mirror positions were made between these two tests. These

results show the repeatability of this method since the dot is approximately in the

center of each of the two beams.

The next set of timestreams was done at the aperture of the bearing that holds

M3. The center of the bearing was measured using tape stretched across the center

shown in Figure 37. Three equally-spaced dots were marked on the piece of tape that

ran vertically through the center of the bearing. These marks were referred to as

“top,” “center,” and “bottom” to differentiate their timestamps. Following the same

measurement procedure as M4, Figure 39 shows the results. The first plot shows the

first measurement. The center of the beam does not line up with the center of the

bearing. With two points now, a line could be drawn between the beam centers at M4

and the M3 bearing. The goal was for the beam to pass through the center of the the

bearing while being parallel to the floor. Adjusting the flat M5 mirror, changes both

the location and angle of the beam hitting M4. M5 was adjusted to center the beam

on the bearing center. The second plot in Figure 39 shows the beam cross-section

after the mirror was adjusted. The center of the beam now lines up with the center of

the M3 bearing.

The final set of timestreams was done at the surface of the tertiary mirror. Figure
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Figure 38. Liquid nitrogen test measurements just in front of the M4 surface. No
changes between tests.

40 shows the results. The first plot shows the beam slice following the same procedure

as before with a new wand. The new aluminum wand was longer to make it easier to

reach the mirror. It also had a smaller piece of foam on the end to hopefully allow

smaller features of the beam to be measured. This result has a symmetrical beam

with a central peak centered on M3. However, the signal to noise was significantly

worse. Since aluminum is a metal, the rod was also emitting the 77K signal causing

this increase in noise. The second plot shows the result after switching back to the

original wand. The noise is reduced and the beam is still centered on M3.
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Figure 39. Liquid nitrogen test measurements at the M3 bearing. Top shows before
M4 was adjusted. Bottom shows after M4 was adjusted.

3.6 Wyatt Beam Maps

After the optics were aligned, they were characterized by mapping the beam at

two locations along the optical axis. The beam mapping observations were collected

by measuring the detector response of a pulsable Hawkeye Technologies IR-75 source

operating at 973.15 K. While the source brightness in the TolTEC frequency bands

is not known, these maps show the size and shape of the beam which can then

be compared to the optical model to diagnose any defects or misalignment. The

IR-75 source brightness was modulated at a frequency of 10 Hz to make the source
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Figure 40. Liquid nitrogen test measurements just at the M3 surface. Top shows first
measurement with small wand. Bottom shows the same measurement with the larger
wand.

more easily observed relative to the background, by calculating the power spectral

distribution (PSD) in a window around the pulsing frequency.

The source is held and moved by a computer-guided robot arm system, referred to

as Wyatt, with a relative positional accuracy of 2 mm. The limbs of the robot arm

are constructed from 12.5 mm diameter carbon fiber rods, with both the shoulder and

elbow joints being driven by a NEMA 23 servo motor. The former is direct driven and

counter-weighted, while the latter is driven with a toothed belt with a 1:1 ratio. As a

result, this system can be programmed to move the source in a user-defined pattern,

such as a grid of points, in the plane perpendicular to the cryostat window within a
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Figure 41. Example of the Wyatt robot grid configuration (green points), alongside
the two robot arm limbs (blue lines), and the outline of the on the plane that the arm
can reach (red line) (Lunde et al. 2020).

circular diameter of slightly more than 2 meters (Lunde et al. 2020). This region and

an example grid of points are illustrated in Figure 41. For these maps, the Wyatt arm

was originally set to hold the source at the height of the beam center shown in Figure

42.

Due to altitude brain fog, I forgot to measure the exact distance at which Wyatt

was positioned from M4 along the optical axis. The first Wyatt map was located

around 600 mm in front of the M4 surface as it was mounted on the M4 mount

structure at a distance where the arm would not hit the top of M4. The Wyatt robot

moved the source in a square pattern around the center of the beam with each step

being 10 mm of movement. The second Wyatt map was located around 900 mm in

front of the Cassegrain focus as it was mounted on between TolTEC’s Cassegrain
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Figure 42. Wyatt robot arm mounted in front of M4. The source on the end of arm is
approximately lined up with the center of the mirror.

focus and the M3 bearing. For this map where the beam is smaller, the Wyatt robot

moved the source in a square pattern with each step being 5 mm of movement. Figure

43 shows the approximate positions of the planes for the two Wyatt beam maps.

To reduce the noise and make any beam features more noticeable, I stacked multiple

detector’s maps together which is what TolTEC can do with actual measurements.

However, since the measurements were taken in close range to the detectors, not all of

the detectors were able to see the Wyatt source. Since detector 375 was determined

to be a detector close to the center of the array, I started my search with nearby

detectors. The first selection was done based on the timestream results for the liquid
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Figure 43. Approximate positions of the Wyatt robot plane for the beam maps.

nitrogen tests. Figure 44 shows a sample of the I’s and Q’s for 10 detectors. The red,

dashed line shows detectors that I did not select since they did not see the signal. I

repeated this process looking at 10 timestreams at a time for 100 of the 4̃000 detectors

of the 1.1 mm array.

I looked at the Wyatt beam map for the selected detectors and made more cuts

depending on what the beam map looked like. Figure 45 shows examples of detectors

that I rejected. Detectors were rejected if there was no signal, if they were too noisy, if

most of the beam was cut off, and if they had double beams as shown in the examples.

These detectors are ones that are not in the center of the detector array and therefore

they did not accurately measure the beam. For each of the beam maps I made, I used

6 central detectors. Figures 46 and 47 show the beam maps of the detectors I selected

for stacking.

To get a stacked beam, I located the center of the each individual beam. I selected

the pixel near the center of the beam (marked with the red line) and lined up all
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Figure 44. A selection of 10 detector’s Is and Qs from the LN2 timestreams. Red
dashed line shows detectors I did not select based on timestreams.
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Figure 45. Examples of detectors I rejected because of abnormal shapes.

six beams. Then I averaged the pixels together. None of the beams were directly

in the center of their beam map. Therefore, each pixel in the final map was created

using a different number of detector pixels. For example, the central part of the beam

overlaps, so in the stacked image six pixels were averaged to get the pixel in the

final image. However, around the edge of the stacked beam, 2-3 detector pixels were

averaged. Figure 48 shows the resulting beams. These results can be compared to the

Zemax beams shown previously in Figure 33. The beam map near M4 has a diameter

of about 50 mm and a annular shape. This appears to match the shape and size of

the Zemax beam. The beam map near the Cassegrain focus has a diameter of about

40 mm and also has a annular shape. This appears to match the shape and size of

the Zemax beam near the Cassegrain focus.
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Figure 46. These are the detectors selected and used for the Wyatt beam map near
the M4 surface. Red lines mark the pixel used to line up the images.
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Figure 47. These are the detectors selected and used for the Wyatt beam map near
the Cassegrain focus. Red lines mark the pixel used to line up the images.
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Figure 48. Wyatt beam maps at two different locations along the optical axis: near
M4 (top) and near the Cassegrain focus (bottom).
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3.7 Radial Profiles

Radial profiles offer a quantitative way of comparing the Wyatt beam map results

with the Zemax models. I used the python photometry package, Photutils (Bradley

et al. 2023). The procedure was completed for both the Zemax and Wyatt beams.

First, I determined the coordinates of the beam centers. Then, I created circular ring

apertures centered on the central point with a specified thickness. For the Zemax

beams, I used a thickness of 2 pixels. For the Wyatt beams, I used a thickness of one

pixel since these images have fewer pixels available. The mean and standard deviation

were calculated for each annular aperture. Since the Wyatt IR source has an unknown

brightness at TolTEC wavelengths, the radial profiles were normalized by dividing

the values by the maximum radial intensity. The error bars for the Zemax beams

are the standard deviations from the aperture measurements. The error bars for the

Wyatt beams are the standard deviations from the aperture measurements plus an

additional error from noise in the beam maps. This noise was measured by calculating

the standard deviation of sections of the stacked Wyatt map that do not contain the

beam. These were calculated using a weighted average method, since each pixel was

stacked using a different number of images.

Figure 49 shows the radial profile results for the beams at a surface a distance

of 640 mm in front of the M4 surface. The Wyatt beam and Zemax beam have the

same annular shape. There is a low spot in the center of the beam. Both beams peak

around 15 mm and then fall off to zero at the similar rates. This shows that the beam

diameters of the both the Zemax model and the TolTEC result are the same size. The

size and shape of the Wyatt beam match the predicted beam from the Zemax model.

Figure 50 shows the radial profile results for the beams at a surface a distance
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Figure 49. Radial profiles of the Zemax beam and the Wyatt beam near the M4
surface.

Figure 50. Radial profiles of the Zemax beam and the Wyatt beam near the
Cassegrain focus.
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of about 900 mm in front of the Cassegrain focus. The Zemax model and TolTEC

results again fall off at a similar rate showing the beams to be close to the same size.

However, where the Wyatt beam drops to nearly zero in the center, the Zemax model

only has a slight dip in intensity. This difference is most likely caused by a phase

difference between the model and reality. Also, I did not measure the exact distance

between M4 and where the Wyatt robot was set up. Using different distances between

the model surface and Wyatt positions could result in a phase change.

Figure 51 shows the radial profile result of the Zemax beam at the M3 surface and

the liquid nitrogen timestream collected using the small aluminum wand for higher

resolution. Since the liquid nitrogen timestream had a lot of noise, I filtered the data

with a low pass filter to reduce the amplitude of the noise. The timestream does not

allow me to measure the diameter of the beam. However, the shape of the Wyatt

beam at the M3 surface is similar to the Zemax model. There is a peak at the center

and two smaller peaks that show a multiple rings in the beam.

3.8 On-Sky Alignment

The LMT provides methods of adjusting the focus, correcting for astigmatism,

and removing beam offsets. For these measurements, TolTEC looked at BL Lac,

which is a radio-bright active galactic nucleus that was visible from the LMT site.

The first beam maps of BL Lac showed an extended, elliptical image. The focus was

corrected by adjusting the position of the secondary mirror along the optical axis.

The optimal position was found by taking measurements of BL Lac with different

offsets of M2. Figure 52 shows a plot of fitted flux vs M2 offset with the beam maps

of each measurement to show how the shape of the beam changes with the focus. 7
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Figure 51. Radial profile of the Zemax beam at the M3 surface (top). Filtered
timestream of beam at the surface of M3 for shape comparison (bottom)
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Figure 52. Focus observations on BL Lac. Plot from Grant Wilson (Lunde
et al. 2022).

beam maps were collected starting with an offset of 1 mm and increasing in steps of

0.5 mm. The optimal offset along the optical axis was 3.06 mm.

A similar method was used to determine the optimal astigmatism correction. Since

the LMT primary mirror has an active surface, the shape of the primary mirror can

be adjusted for astigmatism corrections. Optical aberrations, like astigmatism, can be

modeled using Zernike polynomials. All of the Zernike patterns are pre-programmed

into the primary mirror. By using the approximately 750 actuators on the primary

mirror segments, the shape of the primary is changed to correct these errors. The

Figure 53 shows a plot of fitted flux vs Zernike polynomial coefficients. The beam

maps of each measurement show how the shape of the beam changes with astigmatism

corrections. 5 beam maps were collected starting with a coefficient of -200 mm
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Figure 53. Astigmatism observations on BL Lac. Plot from Grant Wilson (Lunde
et al. 2022).

increasing to 200 mm with steps of 100 mm. The optimal zeroth order coefficient for

the Zernike polynomial is 133.67 mm.

3.9 Preliminary Commissioning Results

Commissioning is an on-going task for TolTEC that began in June 2022, continued

in December 2022 after the cryostat was opened for repairs, and currently waiting

for power to be returned to the LMT site. Figure 54 shows results from TolTEC

commissioning done during the winter. The top row of plots show the positions of

working detectors in the arrays, from left to right: the 1.1 mm array, the 1.4 mm array,

and the 2.0 mm array. The detectors are colored to represent the different electronic

readout chains. The three detector arrays contain different numbers of detectors: 4000
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Figure 54. TolTEC beams from on-sky commissioning. Columns of plots from left to
right show the 1.1 mm, 1.4 mm, and 2.0 mm detector arrays. Plot from Grant Wilson.

detectors for the 1.1 mm array, 2500 for the 1.4 mm array, and 1200 for the 2.0 mm

array. However, not every detector was working during this measurement. There is

a missing section of detectors in the 1.1 mm array and another in the 1.4 mm array

because two of the readout chains are not working properly. Sometimes detectors get

missed because of noise. For this measurement, 47% of the detectors were working

in the 1.1 mm array, 41% in the 1.4 mm array, and 53% in the 2.0 mm array. These

detector yields will be improved during future commissioning runs. I will also note

that since each TolTEC pixel has two detectors to look at polarization, having only

half the detectors show up for each of the arrays could have something to do with

polarization either in the map-making code or the light.

The bottom row histograms show the full-width-half-maximum (FWHM) of beams
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Table 9. Angular Resolution of the TolTEC Optics

λ x-FWHM y-FWHM Average D50 D47

1.1 mm 6.375± 0.012” 5.75± 0.010” 6.06± 0.011” 5.5” 5.9”
1.4 mm 8.0± 0.013” 7.0± 0.013” 7.50± 0.013” 7.0” 7.5”
2.0 mm 11.375± 0.021” 10.125± 0.021” 10.75± 0.021” 10.1” 10.7”

Note: This table compares the measured FWHM of the beam to the Rayleigh
criterion resolution calculated for a 50 m primary aperture and a 47 m primary
aperture.

fitted to each detector beam in the x and y directions. This shows the size in arcseconds

of the beams on the sky while observing. Table 9 lists the mean values of the beam

FWHM and compares them to the angular resolution calculated using the Rayleigh

criterion shown in equation 3.7 (Rayleigh 1879).

θ ≈ 1.22
λ

D

(
180◦

π

)(
3600”

1◦

)
(3.7)

where λ is the wavelength and D is the diameter of the primary mirror. I calculated

the angular resolution using two different diameters. The first Rayleigh calculation

uses the full 50 m diameter of the LMT primary mirror. However, with the Lyot stop,

the beam illuminates slightly less than the full 50 m primary mirror. The Lyot stop

reduces it to a primary aperture diameter of 47 m. For all three wavelengths, the

beam appears slightly elongated along the x-axis. This could be caused by error in the

focus and astigmatism. I also calculated the average FWHM of the beam by taking

the average of the x and y values. This gives a beam size of 6.06” for the 1.1 mm

band, 7.50 for the 1.4 mm band, and 10.75” for the 2.0 mm band. These values are

consistent with the Rayleigh criterion for an optical system with a aperture diameter

of 47 m.
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Chapter 4

CRYOGENICS AND DETECTOR TESTING

4.1 Cryostat Redesign

Baby Beluga is the millikelvin cryostat in the lab shown in Figure 55. This cryostat

uses a pulse tube cryocooler to reach a temperature of 4 Kelvin. Mounted on the

4K-plate, is a Helium-3 sorption fridge. The sorption fridge uses evaporative cooling

of Helium-4 to cool to 1 K combined with evaporative cooling of Helium-3 to cool

to 250 mK. The Baby Beluga cryostat needed to be updated to test the prototype

microwave kinetic inductance detectors (MKIDs) for TolTEC. Alternating current

(AC) and direct current (DC) cabling was needed for the millikelvin stages. Heat

straps between the millikelvin and cold heads were needed to improve the thermal

connections. New temperature sensors were calibrated. And a new cryostat mount

was designed to reduce the risk of helium leakage in the system.

4.1.1 Replacing AC and DC wiring

To reduce the thermal load on the millikelvin stage, the original solid copper wires

were replaced with cryogenic cable. The cryogenic wire has a smaller cross-sectional

area than solid copper wires to reduce the thermal conduction between the millikelvin

stages and the 4 kelvin stage though the DC wiring. Aluminum tape was used to

thoroughly heat sink the cryogenic wire to the 4 K and the 350 mK to ensure the wire

reached those temperatures before moving to the 250 mK stage.
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Figure 55. Baby Beluga cryostat on its original rotating cart mount.

New coaxial cables were made to readout the AC signal from the detectors on

the millikelvin stages. Stainless steel cables were used between each of the different

temperature stages in the cryostat. Since stainless steel has low thermal conductance,

these cables reduce the thermal loading of the lower temperature stages. Figure 56

shows the coax cables between the 350 mK and 250 mK stages. Each cable was

bent to contain a single loop. This loop absorbs the thermal expansion movement

of the cable to prevent the rigid cable from being damaged from stresses caused by
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Figure 56. Coax Cables in Baby Beluga.

movement. Copper coax cables were used provide extra flexibility for attaching the

cables in the small gap between the two millikelvin stages.

4.1.2 Improving thermal connections

New copper heat straps were designed to connect the millikelvin plates to the cold

heads of the helium sorption fridge. Figure 57 shows the new heat straps. These heat

straps were cut from a 0.05 inch copper sheet. The width of the straps allows for

contact with the entire surface area of both the ultra head and the inter head. The

length gives around 2 inches of contact with the copper stages. The heat straps were

bent around a 0.75 inch diameter cylindrical object and are bent to avoid possible

contact with the 4 K shell. With no sharp curves, the tensile forces applied to the

cold head though the strap are minimal. The straps were bolted to the cold heads and
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Figure 57. These images show the copper heat straps designed to connect the
millikelvin plates to the cold heads.

the stages using conical spring washers designed to maintain contact through thermal

expansion.

4.1.3 Calibrating temperature sensors

One of the goals with the MKID testing was to measure the thermal response of

the detectors. The plan was for each detector array to have a separate temperature

sensor attached directly to its packaging. To do this, I had to calibrate the two

millikelvin-rated Cernox temperature sensors from room temperature (300 K) to the

lowest temperature Baby Beluga can achieve. The helium sorption fridge has a built-in

temperature sensor on the ultra head that is calibrated for low temperatures between

0.1-4 K. I found a third diode temperature sensor that was calibrated from 1-300 K.

Figure 58 shows where I attached the three temperature sensors directly to the 250 mK

ultra head. Then I closed up Baby Beluga and started a cool down.
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I collected the temperature output from the ultra head and diode sensors and

the resistance measurement from the two Cernox temperature sensors. I cycled the

millikelvin fridge multiple times to get multiple data points. For each temperature

value, I averaged the resistance outputs from the new temperature sensors. The

resulting temperature curves are shown in Figure 59. The LakeShore temperature

monitor stores 200 data points for each calibration file. I selected 200 temperature

points between between 4-300 K and another 200 points for 250 mK-4 K to create

two temperature curves. This gave the Cernox sensors a more accurate curve for

sub-kelvin temperatures where detector testing occurs.

4.1.4 Designing cryostat mount

The original Baby Beluga mount was a triangular cart that allowed the cryostat to

be rotated 180 degrees from its operating position to its open position where it had to

be taken off of the cart and set on the ground. While its opened position allowed for

easy access to the low temperature stages, the rotation required the helium lines shown

in Figure 60 to be disconnected every time the cryostat was opened up. Helium lines

are not designed to be repeatedly connected and disconnected for long periods of time.

Over many cycles, the threads on the connections start to wear and the self-sealing

mechanism begins to fail. The self-sealing mechanism keeps large amounts of helium

from escaping while also preventing outside air from contaminating the system. When

these couplings begin to fail, helium begins to escape during the process of connecting

and disconnecting the threads. While opening up Baby Beluga after a cool down,

I noticed the coupling failure signs and determined that a new mount was needed.
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Figure 58. Temperature sensors mounted directly on the cold head for temperature
calibration run.
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Figure 59. Temperature sensor calibration plot: temperature vs resistance.

A mount that allowed the helium lines to remain connected throughout the entire

opening and closing processes.

The first step in designing was to determine the requirements the new mount must

have. The weight of Baby Beluga was measured with a scale from the machine shop.

The cryostat weighed 350 pounds (160 kg). This was the weight the mount must be

able to support without deformations that cause strain in the helium lines. To avoid

removing the helium lines, the cryostat must be held in its operating orientation at a

height that allows the 300 K shell to be removed. The mount must also fit into the

cryostat room and maintain a safe distance from the ceiling.

Using the solidworks model of the cryostat and the room shown in Figure 61, a

structure was designed. The new mount is bolted to the wall between the sink and

shelves to clear a central walkway through the room. The pump is held to the side of

the mount to avoid bending the helium lines. The mount is high enough to remove

the cryostat shell (shown as the transparent structure underneath the blue cryostat).
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Figure 60. Helium line connections that needed to be connected and disconnected
every time the cryostat was opened.

There is space between the cryostat shell and the ground for the fork lift to to raise

and lower the shell.

Figure 62 shows the static and vibration analysis done for the cryostat mount

design. The model was simplified by applying the cryostat weight as a remote mass

to the top beams of the structure. The fixed surface of the simulation was the bottom

beams where the mount touches the ground. I left out the points where the mount is

bolted to the wall to see how the structure performs without the extra support. The

maximum static deflection under gravity was 0.45 mm. This distance is small enough
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Figure 61. CAD model of the new Baby Beluga mount inside the lab room to show
that it fits.

Figure 62. Static (left) and vibration (right) analysis for the Baby Beluga mount.
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Figure 63. Image of Baby Beluga without its 300 K shell installed on its new mount
in the lab.
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to not cause any strain in the helium lines. The first resonant frequency mode occurs

at 12.5 Hz in a shape that is suppressed by fixing the mount to the wall. The first 3

resonances can be shifted to higher frequencies simply by fixing the mount to the wall.

Since the design met all of the requirements, the mount was constructed. Figure 63

shows Baby Beluga installed on its new mount in the lab.

4.2 Microwave Kinetic Inductance Detectors

Figure 64 shows an image and model of prototype MKIDs designed by NIST-

Boulder for use in TolTEC (Austermann et al. 2018). Each TolTEC pixel contains

two lumped-element MKIDs that measure perpendicular linear polarization directions.

Light is absorbed by the inductors which are the vertical and horizontal bars inside

the circular portion of the detector. The inductor strips are made of TiN/Ti layers

and each inductive component is made to be identical. The resonator capacitor is

trimmed to have a unique capacitance for each detector. This specifies the unique

resonant frequency of each detector.

Each resonator is then capacitively coupled to to the transmission line (feedline)

to be read out simultaneously. Mauskopf 2018 provides a description of the microwave

response for capacitively coupled lumped-element MKIDs. Figure 65 shows a schematic

of a lumped-element MKID. The resonant frequency of an MKID is describe by equation

4.1.

ω0 = 2πf0 =
1√

Lr(Cc + Cr)
(4.1)

Where Lr is the resonator inductance which combines the standard inductance of the

detector plus the kinetic inductance which is affected by the absorbed light. Cr is
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Figure 64. Left: Image of a prototype array. Right: Model shows a single pair of
TolTEC detectors. Light is detected on the vertical and horizontal bars inside the
circle. Images from Austermann et al. 2018

Figure 65. Schematic of a simple capacitively coupled kinetic inductance detector.

the resonator capacitance that is tuned to give each resonator a different resonance

frequency. Cc is the capacitance used to couple the resonator to the transmission line.

Kinetic inductance occurs in superconductors as a result of a material’s inertia in

the presence of an electromotive force, since all particles want to move at a constant
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velocity unless acted upon by an outside force. As an example, the kinetic inductance

through a length (l) of wire with a cross-sectional area, A, can be calculated. The

current through a wire is:

I = nqνA (4.2)

where n is the number of charged particles, q is their charge, and ν is their velocity.

Solve 4.2 for the velocity and take the derivative with respect to time:

ν =
1

nqA
I (4.3)

dν

dt
=

1

nqA

dI

dt
(4.4)

Using Newtonian physics and the Lorentz force of a charged particle moving through

an electric field (E) gives:

F = ma = qE =
qV

l
(4.5)

where V is the voltage. Solve for the voltage and use the definition of acceleration:

V =
mla

q
=

ml

q

dν

dt
(4.6)

Substitute equation 4.4 into equation 4.6:

V =
ml

nq2A

dI

dt
(4.7)

The relationship between voltage, current and inductance is:

V = L
dI

dt
(4.8)

Finally a description of kinetic inductance Lk can be found by substituting equation

4.8 into equation 4.7.

Lk =
ml

nq2A
(4.9)
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For kinetic inductance detectors, the number of superconducting charges, n, decreases

when electromagnetic radiation is absorbed as described by Mattis and Bardeen 1958.

Increasing the inductance, the absorption of light causes the resonant frequency to

shift to a lower frequency. By monitoring the resonant frequencies, instruments can

then use MKIDs to detect light. Input powers and operating temperature can also

cause shifts in the resonant frequencies. It is important to characterize the shifts

caused by non-light sources to ensure light detections can be identified.

4.3 Cryostat Testing of MKIDs

I was interested in looking at the response of kinetic inductance detectors to

different temperatures and input powers. To use these devices, I needed to cool the

MKIDs to their sub-kelvin operating temperature. The prototype TolTEC MKID

devices were mounted on the mK-stage of the Baby Beluga cryostat shown in Figure

66. Each detector casing had its own temperature sensor and a heater to adjust the

temperature. The heater is a resistor stuck to a copper strip with epoxy and bolted to

the top of the device. A copper base was machined for each of the devices since the

mounting bolt pattern of the device did not match the bolt pattern on the mK-plate.

The aluminum devices are bolted to the copper base and the copper base was bolted

to the plate.

Figure 67 shows the AC wiring diagram for the readout chains in the cryostat.

There were two TolTEC devices, I focused on the device labeled TolTEC 2 for my

measurements. On the input line, there was 30 dB of attenuation inside the cryostat to

reduce the input signal from the Vector Network Analyzer (VNA) and prevent detector

saturation. A DC block between the 4 K-stage and the 350mK-stage prevented any
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Figure 66. The two prototype TolTEC MKID arrays mounted on the mK-stage of
Baby Beluga.

DC signals from reaching the detectors and helped reduce the thermal conduction

along the input coaxial cable line. The detector box was mounted to the 250 mK-stage.

On the output line, another DC block reduced the thermal conduction along the

output line. A 4 K low noise amplifier (LNA) amplified the output signal from the

detectors to increase the signal-to-noise ratio (SNR).

To test the MKIDs, I used a VNA to measure the s-parameters of the devices.

The VNA uses two test ports to measure the scattering parameters of the network to

show how a signal travels through it. Scattering parameters represent how waves are

transmitted and reflected off of the different ports. For a two port system there are
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Figure 67. AC Wiring Diagram of Baby Beluga for the Testing of the Prototype TolTEC MKID Detectors.
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4 s-parameters shown in equation 4.10 (Pozar 2011). S21 refers to the transmission

from port 1 to port 2. Similarly, S12 is the transmission from port 2 to port 1. While

S11 and S22 refer to the signals reflection off of ports 1 and 2 respectively.

S =

∣∣∣∣∣∣∣
S11 S12

S21 S22

∣∣∣∣∣∣∣ (4.10)

Figure 68 shows the s-parameters of the MKID array zoomed in on a single

resonator. The S21 curve shows the transmission from the input to the output of the

cryostat. The dip in the center occurs at the resonant frequency of the MKID. The

MKID network is dependent on the direction because of the LNA on the output line.

The amplifier increases the signal-to-noise on the output, allowing the resonance to

be seen. The S12 curve shows the transmission from the output of the cryostat to the

input. This curve is very noisy because very little signal is being transmitted in this

direction.

The first set of tests measured the MKID’s response to different readout powers

or biases. Increasing the readout power will cause the resonant frequency to shift to

lower frequencies and decrease the depth of the resonance. At high readout powers,

the KIDs can be saturated causing the detectors to bifurcate. Bifurcation means the

detector has two possible responses at the same readout frequency. If light absorption

causes the detectors to switch between the different responses the system would need

to be rebiased (Mauskopf 2018). KIDs should be biased with a readout power below

the bifurcation point.

Figure 69 shows the transmission through an MKID resonator with different

readout powers. I selected a single detector that had a deep resonance at my starting

power of -20 dBm. Then I measured the same detector with lower powers. At

-45 dBm, the signal started to become noisy. Then I increased the power. As the
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Figure 68. This plot shows the S-parameters of a single MKID resonator.

power increased, the resonance shifted to lower frequencies, the depth of the resonance

decreased, and the shape of the resonator became less symmetrical. This reduction in

symmetry showed that the detector was reaching the point of saturation.

The second set of tests measured the MKID’s response to different detector

temperatures. Changes in the resonant frequency and depth happen because of

changes in quasiparticle density of the superconductor. These detectors are completely

enclosed in their aluminum casing. They are considered dark detectors since no light

is being detected. This means that the quasiparticle density is made of thermally

generated quasiparticles (Mauskopf 2018). Higher temperature should equate to more

quasiparticles. Resonances should shift to lower frequencies and decrease in depth as

the temperature increases.

Figure 70 shows the transmission through the MKID resonator with different
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Figure 69. Transmission through an MKID resonator with different drive powers.

Figure 70. Transmission through an MKID resonator at different temperatures.
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Figure 71. Frequency shift of the resonator versus temperature. This plot compares
the frequency shifts measured in the lab with multiple fits of the model.

detector temperatures. These measurements were taken with a different resonator

from the power measurements. The initial measurement was taken once the cryostat

had cooled and stabilized at its operating temperature. For this cooldown, the mK-

stage reached a temp of 266 mK. I then applied a small DC current to the heater

attached to the detector. I monitored the temperature sensor until it stabilized at

a new temperature. The temperature sensors stabilized to a temperature measured

with an uncertainty of 20 mK. Then I measured the s-parameters of the network

again. I repeated this process, increasing the DC current to collect data at 10

different temperatures. As predicted, the resonance shifts to lower frequencies when

the temperature is increased. The depth of the resonance also decreases as the

temperature increases.

The thermal response of MKIDs can be derived from expressions of the Mattis-

Bardeen theory to predict the frequency shift in MKIDs at different temperatures

(Mattis and Bardeen 1958). The following equation from Mauskopf 2018 can be
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integrated with respect to temperature to show the temperature, T , dependence of

resonant frequency, fres:

dfres
dT

=
αf0e

−∆0/kT

T

√
2πkT

∆0

(
1

2
+

∆0

kT

)(
1 +

√
2∆0

πkT
e−ξI0(ξ)

)
(4.11)

where k is the Boltzmann constant, ℏ is Planck’s constant, I0 is a Bessel function, and

ξ is calculated with the following equation:

ξ =
ℏω
2kT

(4.12)

The kinetic inductance fraction, α, is the ratio of the kinetic inductance to the total

inductance of the resonator. For the TiN/Ti inductors used in TolTEC this value is

approximately 1.

α =
LK

Ltot

(4.13)

∆0 is the superconducting energy gap. This is a material property that I do not know

for TiN/Ti resonators. I used this variable as a fit value in my analysis. Figure 71

compares the measured results with four different ∆0 values between 360-390 µeV. The

horizontal error bars on the measured values show the level of instability in holding

the detectors at specific temperatures in the cryostat. The measured values follow the

same trends as the different models.
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Chapter 5

MEASURING THE SUNYAEV-ZEL’DOVICH EFFECT WITH THE ATACAMA

COSMOLOGY TELESCOPE

5.1 Sunyaev-Zel’dovich Effect and Galaxies

The Sunyaev-Zel’dovich effect occurs wherever there is hot ionized gas, such as in

galaxies or galaxy clusters. For this project, I am mostly interested in measuring the

SZ effect around galaxies. With this measurement, I can estimate the thermal energy

in the gas around the galaxies and determine if that energy comes from a combination

of gravitational heating and shock heating from AGN feedback. Spacek et al. (2016)

worked out models of gas heating with and without AGN feedback. The model for

thermal energy of a galaxy which does not include AGN feedback is given by the

following equation

Etherm,gravity = 5.4+5.4
−2.9 × 1060 erg

Mstellar

1011M⊙
(1 + z)−3/2. (5.1)

An estimate of the AGN feedback heating can be made using the model described in

Scannapieco and Oh (2004). The energy is characterized as the heating of gas by a

fraction ϵk of the total bolometric luminosity of the AGN. This gives the following

equation for the thermal energy that includes AGN feedback

Etherm,feedback = 4.1× 1060 erg ϵk,0.05
Mstellar

1011M⊙
(1 + z)−3/2, (5.2)

For this project, I follow the procedure described in Spacek et al. (2017). I adopt

a ΛCDM model from Planck Collaboration et al. (2016). The Hubble constant is

h = 0.68 with units of 100 km/s/Mpc. The total matter, vacuum, and baryonic

99



densities are Ω0 = 0.31, ΩΛ = 0.69, and Ωb = 0.049, respectively in units of critical

density.

The structure of this chapter is as follows: in Section 2, I discuss the data that

will be used to make the tSZ measurements. In Section 3, I explain how I find the

galaxies in the ACT CMB maps. In Section 4, I discuss how I filter the ACT images.

In Section 5, I explain the stacking procedure. In Section 6, I remove dust from the

148 GHz stacks. In Section 7, I discuss the implications for AGN feedback.

5.2 Data

I need a large number of galaxies for the stacking analysis. Therefore this analysis

will focus on the Stripe-82 region, which has been imaged in multiple wavelengths by

many telescope surveys, including the Sloan Digital Sky Survey (SDSS), the Wide-field

Infrared Survey Explorer (WISE), the Dark Energy Survey (DES) and the ACT. This

area of the sky has data available in ultraviolet, visible, infrared, and microwave bands

of light, giving a lot of information about the galaxies in Stripe-82. The Stripe-82

region runs from -1.25 deg. to 1.25 deg. declination and -65 deg. to 60 deg. right

ascension, with an area of 312 square degrees.

I received a new catalog containing 5726 sources that was created using data from

DES and WISE. Galaxies best suited for the tSZ measurements are massive elliptical

galaxies with redshifts 0.5 ≤ z ≤ 1.5. These galaxies were selected from the WISE

catalog with over 500 million sources with a signal-to-noise ratio greater than 5.

Table 10 shows the average values of some of the relevant galaxy parameters. I am

focused on measuring the tSZ signature around massive quiescent elliptical galaxies.

The selected galaxies are older than 1 Gyr and have specific star formation rates
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Figure 72. Redshift distributions of the galaxies selected for this analysis. Blue lines
represent the 3527 low-redshift galaxies (0.5 ≤ z ≤ 1.1) and orange lines represent the
2199 high-redshift galaxies (1.1 ≤ z ≤ 1.5).

Table 10. Mean Values of Parameters for the Galaxies Used in This Analysis.

Cut z range Number z Mass (M⊙) Age (Gyr) lang (Gpc)
ALL 0.5–1.5 5726 1.08 5.00x1011 2.65 1.706
Low 0.5–1.1 3527 0.97 4.45x1011 2.61 1.677
High 1.1–1.5 2199 1.24 6.02x1011 2.71 1.754

≤ 0.01Gyr−1. This gives galaxies that are not actively forming stars. Figures 72, 73

and 74 show the redshift, mass and age distributions of the selected galaxies.

The 6 m Atacama Cosmology Telescope is located on Cerro Toco in Chile. The

data used in this analysis was taken with the Millimeter Bolometric Array Camera

(MBAC). The data that covers the equatorial Stripe-82 region is from ACT seasons

3 and 4 using the 148 and 220 GHz bands of light.2 I will use the “src_free” data,

2https://lambda.gsfc.nasa.gov/product/act/act_maps2013_get.cfm
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Figure 73. Mass distributions of the galaxies selected for this analysis. Blue lines
represent the 3527 low-redshift galaxies (0.5 ≤ z ≤ 1.1) and orange lines represent the
2199 high-redshift galaxies (1.1 ≤ z ≤ 1.5).

where the point sources have been removed, and the “1way” labeled maps made from

the entire subset of data, since I am not doing power spectrum analysis.

In the ACT 148 GHz band, I should measure a significant reduction in photons

since this frequency is well below the null frequency of 217.6 GHz. At the ACT

220 GHz band I should see no results since it is very close to the null frequency where

the tSZ effect does not occur (Spacek et al. 2017).
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Figure 74. Age distributions of the galaxies selected for this analysis. Blue lines
represent the 3527 low-redshift galaxies (0.5 ≤ z ≤ 1.1) and orange lines represent the
2199 high-redshift galaxies (1.1 ≤ z ≤ 1.5).

Table 11. Values from The .fits File Header Used for Coordinate System
Transformation.

X-axis Variable Value Y-axis Variable Value
NAXIS1 38275 pix NAXIS2 611 pix
CTYPE1 RA CTYPE2 DEC
CRPIX1 7972 pix CRPIX2 292 pix
CRVAL1 0 deg CRVAL2 0 deg
CDELT1 -0.00825 deg/pix CDELT2 0.00825 deg/pix

5.3 Locating Galaxies

First, I need to be able to locate the galaxies within the ACT CMB maps. Right

ascension (RA) and declination (DEC) values can be converted into pixel values using

the information in the header shown in Table 11.
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Figure 75. Sky locations of the galaxies used to make the tSZ measurements. Note
that this image has been stretched vertically for clarity. Blue represents the 3527
low-redshift galaxies (0.5 ≤ z ≤ 1.1) and red represents the 2199 high-redshift
galaxies (1.1 ≤ z ≤ 1.5).

RA is found on the x-axis of the image while DEC is found on the y-axis. The

CDELTn values give the change in degrees of each pixel. This can be used as a slope

value. CRPIXn is the reference pixel that is mapped to the RA or DEC value shown

as CRVALn. Now the intercepts can be found, since the RA and DEC origin is located

at pixel (7972,292), by using the equation y = mx+ b. Using equations 5.3 and 5.4, I

can locate any galaxy within the CMB map.

RA = −0.00825pixel + 65.769 (5.3)

DEC = 0.00825pixel − 2.409 (5.4)

Figure 75 shows the positions of the galaxies on the sky. These positions can be

translated to the ACT CMB maps using the procedure described above.

5.4 Filtering Maps

Before I could stack the data around the selected galaxies, the primary CMB

anisotropy must be removed and the signal-to-noise ratio must be maximized. The

galaxies can be represented as a slightly extended source with an angular diameter of
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1.5 arcmin which is the size of the ACT beam. To remove the larger structures in the

CMB, I used a Gaussian with a full width half max (FWHM) more than 3 times the

size of the object that I am interested in studying. First, I filtered the image using a

Gaussian with a FWHM of 5.0 arcmin. Then I subtracted the filtered image from

the original image. This removed CMB structures larger than 5.0 arcmin, leaving me

with only smaller secondary anisotropies like the Sunyaev-Zel’dovich effect.

5.5 Stacking Galaxies

The stacking analysis results in 2 final images for each of the three cuts of galaxies.

I start by locating the selected galaxies within the filtered ACT maps for seasons

3 and 4. Then I create a 8.4 × 8.4 arcmin (17 × 17 pixel) stamp around each of

the galaxies. These individual stamps are then averaged together, resulting in two

stacked stamps for each band in each season. Finally, the stamps for each season were

averaged together. Figure 76 shows the stacking results using all 5726 galaxies from

the catalog.

Figure 76 shows a signal close to zero. There is no detection of the tSZ effect in

this stack. I expected to see a negative signal at 148 GHz since it is below the null

frequency of 217.6 GHz. Looking at the 220 GHz stack (Figure 76), I expected to

see no signal since it is very close to the null frequency. However, this stamp shows

a large positive signal. This seems to indicate that the tSZ signal is obscured by a

significant contaminating signal, most likely dust.

To estimate the uncertainty in the in my measurements, I was given 8254 points

generated from many random points in Stripe-82 on the sky. These points were

selected from the larger group of random points using the same contaminant source
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Figure 76. Season-averaged galaxy stamps for the two different frequencies: 148 GHz
(left) and 220 GHz (right). These are the stacks for all 5726 galaxies. Units are µK,
with black circles representing the 1.5 arcmin radius aperture used for the
measurements.

cuts that were applied to the galaxy catalog. I applied the same stacking method

described above to these random points on the sky. Once these season averaged stacks

were created, I calculated the root mean square (RMS) value of the image. I then

scaled this value using a ratio of the number of random points to the number of

galaxies in the catalog.

σpix =

√
N

n
RMS (5.5)

In equation 5.5, N = 8254 and n is the number of galaxies (5726 for all, 3527

for low-redshift, and 2199 for high-redshift). The results for 1.5 arcmin sums and

uncertainties are shown in Table 12. The shaded column highlights the 1.5 arcmin

radius sum values for each of the galaxy cuts. I want to make sure I measure the

whole galaxy, by increasing the radius I can estimate the size. Looking at the 220 GHz

band, the signal should increase as I increase the radius until I reach the edge of the

signal. 1.5 arcmin is the peak for the stacks of all galaxies and the low-redshift cut.
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Table 12. Season-averaged Sums Before Dust Removal Measured with Different
Radial Sizes.

Cut Band 1.0 arcmin 1.5 arcmin 2.0 arcmin
(GHz) (µKarcmin2) (µKarcmin2) (µKarcmin2)

ALL 148 0.72±0.54 0.29±0.88 0.44±1.05
Low 148 0.17±0.66 -0.29±0.21 0.37±1.29
High 148 1.60±0.85 1.22±1.09 0.55±1.66
ALL 220 4.66±0.73 5.31±1.20 4.62±1.42
Low 220 3.79±0.95 4.99±1.56 4.00±1.85
High 220 6.06±1.23 5.84±2.03 5.62±2.40

While the high-redshift cut decreases, the 1.5 arcmin signal is within the uncertainty

of the 1.0 arcmin signal.

It is clear that there contaminating signal in the measurements. This requires

separating the tSZ signal from the contaminating signal. This will be addressed in

the following section.

5.6 Removing Dust

There is significant dust contamination in the stacks that affects the tSZ measure-

ments. Even though the galaxies selected have very little dust, the stacking analysis

allows the dust to be seen. To obtain better results, I need to model and remove any

contamination due to dust.

The signal in the 220 GHz band is dominated by dust since it is near the tSZ null

frequency where not signal from the SZ should be seen. The dusty 220 GHz maps

can be scaled by the dust spectrum down to 148 GHz and subtracted from the lower

frequency maps. Dust can be modeled as a gray-body,

D(ν, T ) ∝ B(ν, T )νβ ≈ x2+β (Rayleigh− Jean′s) (5.6)
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Figure 77. 148 GHz stacks for two models of dust: β = 1.5 (left) and β = 2.0 (right).
These are the stacks for all 5726 galaxies. Units are µK, with black circles
representing the 1.5 arcmin radius aperture used for the measurements.

where β is the emissivity of the dust, B(ν, T ) is the Planck distribution for the

dust, and the Rayleigh-Jean’s limit can be applied since the dust peaks in infrared

frequencies. Since the ACT maps have units of temperature, I need a scale factor that

converts the 220 GHz temperature into a 148 GHz temperature. This scale factor is:

δTdust(ν) = δT220

(
dB220

dTCMB

)(
dTCMB

dBν

)(
xν

x220

)2+β

(5.7)

δTdust(ν) = δT220

(
x220

xν

)2−β

e(x220−xν)

(
e(xν) − 1

e(x220) − 1

)2

(5.8)

where δT220 is the temperature map at 220 GHz and x is the unit-less frequency

given in equation 1.3. This map can be scaled, using different emissivity values using

equation 5.8, to 148 GHz.

Figure 77 shows the ACT 148 GHz band stack after dust was removed for two

different values of β. Figure 77 assumes that the emissivity is β = 1.5. Figure 77

assumes that the emissivity is β = 2.0. Inside of the 1.5 arcmin aperture now appears

to be marginally negative. This is more easily seen from the aperture sums shown in

13.
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Table 13. Final Values After Dust Removal for 1.5 arcmin Sum, Angularly Integrated
Compton-y Parameter, and Thermal Energy.

Cut Beta 1.5 arcmin 1.5 Y ETherm

(µKarcmin2) (10−7Mpc2) (1060 ergs)
ALL 1.5 -1.34±0.29 1.3±0.3 4.3±0.9
ALL 2.0 -1.05±0.29 1.0±0.3 3.4±0.9
Low 1.5 -1.82±0.37 1.6±0.3 5.6±1.1
Low 2.0 -1.55±0.37 1.4±0.3 4.8±1.1
High 1.5 -0.57±0.47 0.6±0.5 1.9±1.6
High 2.0 -0.25±0.47 0.3±0.5 0.9±1.6

5.7 Results

The total tSZ signal can be characterized using the angularly integrated Compton-y

parameter, Y . This value can be obtained from the following equation from Spacek

et al. (2017):

Y = −3.2× 10−8Mpc2
(
lang
Gpc

)2 ∫ ∆T148(Ω)dΩ

µKarcmin2
(5.9)

Similarly, the total thermal energy surrounding a galaxy is characterized by the

tSZ measurement. This value can be calculated from the 148 GHz temperature

measurement using the following equation from Spacek et al. (2017):

Etherm = −1.1× 1060Mpc2
(
lang
Gpc

)2 ∫ ∆T148(Ω)dΩ

µKarcmin2
(5.10)

In both of these equations lang is the angular diameter distance and the temperature

integral is the 1.5 arcmin sum measured from the 148 GHz stacks after dust was

removed. Table 13 contains the values calculated for the angularly integrated Compton-

y parameter and the total thermal energy surrounding a galaxy.

Using equation 5.1 and the redshifts and masses from Table 10, I can look at the

thermal energies in the gas around the elliptical galaxies due to gravity and AGN

feedback. The estimates for gravitational heating are Etherm,grav = 9.0+9.0
−4.8×1060erg for
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all the selected galaxies, Etherm,grav = 8.7+8.6
−4.7 × 1060erg for low-redshift galaxies, and

Etherm,grav = 9.7+9.7
−5.2 × 1060erg for high-redshift galaxies. The excess non-gravitational

thermal energy can then be estimated by subtracting the theoretical gravitational

energy from the thermal energy calculated with the tSZ measurements. The estimates

for excess non-gravitational heating are Etherm,feed,data = −4.3+9.0
−4.9 × 1060erg for all the

selected galaxies, Etherm,feed,data = −3.1+8.7
−4.8 × 1060erg for low-redshift galaxies, and

Etherm,feed,data = −7.8+9.8
−5.4 × 1060erg for high-redshift galaxies. These are the results

using the dust model with β = 1.5. All of these results are consistent with zero

detection of non-gravitational heating. These galaxies have a large variation in mass

which gives large error bars for gravitational energy estimate. A more detailed analysis

was performed by Meinke et al. 2021 that explores the relation between thermal energy

and mass by breaking a larger galaxy sample into groups by mass. The galaxy sample

for ACT was too small to break into mass groups.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Optics Characterization Summary

The TolTEC camera is currently installed at the LMT and is performing com-

missioning tasks. Using liquid nitrogen timestreams, the optical beam was centered

on the tertiary mirror of the LMT. Between M3 and M4, the light travels parallel

to the floor, along its designed optical axis. I measured the beam at two locations

using an IR source. The beam maps created were compared to the Zemax optical

model. At the two locations the beam’s shape matched the optical model. Additional

focus adjustments were done by changing the position of M2 along the optical axis.

Astigmatism corrections were made by changing the shape of the primary mirror.

Through the optical alignment process discussed in chapter 3, the TolTEC optics

appear to be aligned with the LMT.

On sky beam maps shows the beam on the sky with average angular resolution of

6.06±0.011” for the 1.1 mm band, 7.50±0.013 for the 1.4 mm band, and 10.75±0.021”

for the 2.0 mm band. However, there is still some slight ellipticity to the beam shape

with the beam being slightly wider in the x-direction. This could be the result of

astigmatism or focus errors in the optics hopefully to be resolved once commissioning

restarts.
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6.2 Optics Optimization: Future Steps

There are two main optics related tasks that should be addressed once commis-

sioning restarts. First, increasing the detector yield. The TolTEC team plans to

do noise testing to better characterize the detector readout chains. By optimizing

the signal-to-noise of the detectors, more detectors should be found. Noise testing

will hopefully allow the problem with the missing readout chains on the 1.1 mm and

1.4 mm array to be diagnosed and fixed.

Second, further on-sky beam maps should be taken to determine the cause of the

beam ellipticity. I propose looking at the FWHM of the beam in the x and y directions

as adjustments are made with M2 for focus and M1 for astigmatism. Both these

types of adjustments have reduced beam ellipticity in previous measurements. If the

ellipticity cannot be removed with this method, it could point to the cryostat position

needing to be adjusted. Further analysis can be done using Zemax to determine the

effect that the location of the Lyot stop along the optical axis has on the ellipticity of

the beam.

6.3 Galaxy Stacking with TolTEC

TolTEC is especially suited for measuring the SZ-effect. The three wavebands are

located at where different SZ-features show. The 1.4 mm band is located at the null

frequency while the 2.0 mm band should see a decrease in flux and the 1.1 mm band

should see an increase in flux. Combined with a high angular resolutions of ≈ 6− 11”,

TolTEC could get more precise measurements for the galaxy stacking project. This

112



would give a better measurement of the thermal energy in high-redshift, quiescent

galaxies to compliment the galaxy stacks I made using ACT data.
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APPENDIX A

SAMPLE OF ENGINEERING DRAWINGS FOR THE TOLTEC OPTICS
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Engineering drawings are a method of conveying information about an object to
specify tolerances, dimensions, and assembly instructions often for manufacturing
purposes. These technical drawings should have enough details to completely describe
an object without providing redundant information. Since my work involved designing
the optics and mounts for the TolTEC camera, I spent time making engineering
drawings for each individual component along with assembly drawings to dictate how
the parts are put together. I am providing a sample of the engineering drawings to
highlight some important details.

Figure 78 shows the final engineering drawing for lens 3. For the lenses it is
important to include the equation for the conic section that describes the surface of
the lens. This includes noting what the radius of curvature and the conic constant
are so the lens can be cut in the correct shape. A detailed view of the lens edge shows
the dimensions of the mounting flange. Since the each lens has AR coatings cut into
its surface, the frequencies must also be listed on the drawing to ensure the proper
cuts are made.

Figure 79 shows the engineering drawing for one part of a lens mount. Detailed
views show closer views of smaller details that were hard to call out on the full scale
view. Section views cut the parent view along the indicated line with arrows to show
which side of the cut to look at. Sections views give a look at inside details of the
part that cannot be viewed from a standard side view.

Figure 80 shows the engineering drawing for mirror 4. Just like with the lens
drawings, it is important to include the equation for the conic section that describes
the surface of the mirror. However, for mirrors, it is also important to include a surface
finish specification. The triangle symbol with a tail indicates that material removal
by a machine is required for the surface roughness to be 1.6 microns on scales smaller
than 20 mm. The curved surface accuracy is noted to be an RMS of 60 microns on
scales larger than 20 mm.

Figure 81 shows the assembly drawing for the M4/M6 mirror mount. This is a
drawing that shows how each of the cut steel tubing gets welded together. Each part
is numbered and listed in a parts table showing which drawing belongs to the part
number and the quantity of each part that needs to be cut. In total there were 40
separate drawing pages just for each individual steel beam.
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Figure 78. Lens 3 Engineering Drawing
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Figure 79. Lens Mount Engineering Drawing
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Figure 80. Mirror 4 Engineering Drawing
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Figure 81. Mirror Mount Engineering Drawing
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APPENDIX B

EXAMPLE OF LARGE MOUNT DESIGN USING SOLIDWORKS STATIC AND
RESONANCE ANALYSIS: THE BABY BELUGA MOUNT
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B.1 Setting Up Solidworks Static and Vibration Analyses

This appendix explores the Solidworks design process for the mount to hold the
Baby Beluga cryostat. As discussed in Chapter 4, the mount must be able to support
the 350 pound cryostat without deflections causing strain in the helium lines. The
cryostat must be held in its operating orientation, high enough to remove the 300 K
shell. Its resonance frequency must be higher than the 1-2 Hz frequency applied by
the pulse tube cooler by a safety factor of 10. The safety factor accounts for errors in
measuring the mass of the cryostat and makes the mount overall feel safer.

The first step to set up a FEA analysis in Solidworks is to set the material properties
of the structure. The cryostat mount is constructed from square, aluminum beams,
specifically the 6061-T6 alloy. Solidworks has an extensive materials library to select
from. After selecting a material, the connections between the beams must be defined
for the FEA solver to calculate how the loads apply to the whole structure. I used
the Solidworks component interactions tool to automatically select the surfaces where
beams interact and set these connections to be bonded since the mount is bolted
together at these locations.

Next, I set the external loads applied to the structure. Figure 82 shows the loads
for the static and vibration analyses. The mount shown here has all of the final cross
beam locations, however, the loads were applied at the same locations for all the
analyses. The first CAD image shows the external loads and reaction forces for the
static analysis. The pink arrows on the top of the structure show where the weight of
the cryostat was applied for the static analysis. The red arrow shows the direction
of gravity. The green arrows show the fixed positions where the reaction forces are
applied. The second CAD image shows the loads for the vibration analysis. I applied
the cryostat weight as a remote mass by defining the cryostat’s weight, center of mass,
and moment of inertia. The pink dot represents the center of mass and the pink lines
represent the rigid connection to the top of the mount. With the loads defined, I
created a mesh for the structure and ran the static and vibration analyses for the
cryostat mount.

B.2 Mount Design Changes from Static Analysis

Figure 83 shows the results for the static analyses done for the three different
mount designs. These figures show the resultant displacement (URES) in millimeters.
The first CAD image shows the first mount design. With only 0.65 mm deflection at
its highest point, this mount meets the requirement for not adding strain to the helium
lines. However, there is a small amount of buckling that occurs in the tall beams. To
remove some of this buckling, I added support beams across the center of the tall
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Figure 82. CAD Model That Shows the Locations of the Loads for Both the Static
and Vibration Analyses.

beams. The resulting static analysis shown in the second CAD image. This model
has a similar maximum deflection but the buckling in the tall beams was successfully
reduced. The third CAD image in this figure shows the static analysis for the final
support beam configuration. These beams were added during the vibration analysis
steps. This design shows a small increase in the maximum deflection (0.79 mm),
however, this still meets the design requirement.

B.3 Mount Design Changes from Vibration Analysis

No vibration analysis was done for the first beam configuration since the static
analysis prompted me to add the support beams across the center of the vertical
beams. Figure 84 shows the vibration analysis of the second mount design. Each
of the sub-images shows the shape of the first five resonance modes. The units of
the color bars are a normalized resonance amplitude (AMPRES). Normalized since
the deflection of the resonance depends on the driving frequency’s amplitude. After
looking at the shapes of the resonances, I added the angled beams from the ground to
the central cross beams to counter-act these shapes. Figure 85 shows the vibration
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Figure 83. Static CAD Analysis Results for the First, Second, and Third Mount
Iterations.
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Table 14. Baby Beluga Mount Mechanical Resonance Modes

Design Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
(Hz) (Hz) (Hz) (Hz) (Hz)

Second 14.11 18.65 23.67 55.06 58.31
Third 21.91 29.95 38.47 60.28 64.60

analysis of the final mount design. Again, each of the sub-images shows the shape of
the first five resonance modes. The shapes of the resonance modes have been altered.
Table 14 compares the resonances of the second and final mount designs. By adding
new cross beams, I increased the frequencies of the resonances.
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Figure 84. Resonance Analysis for the Second Baby Beluga Mount Design. Shows the
Shape of the First 5 Resonance Modes.
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Figure 85. Resonance Analysis for the Final Baby Beluga Mount Design. Shows the
Shape of the First 5 Resonance Modes.
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