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Abstract— This report details the design and implementation
of a CAD modeled cryogenic camera mount assembly to be
used in a dual-phase xenon time projection model. In this
experiment, the necessary constraints were taken into account
during the conceptual design phase, while the final design
was then modeled and assembled using SolidWorks, a CAD
modelling software. Finally, work was completed in setting up
the necessary equipment to run a trial for the camera and
camera mount assembly in order to determine various logistics,
such as the true camera image resolution, maximum viewing
angle, and performance within the true cryogenic conditions
within the chamber.

I. INTRODUCTION

In past research, cryogenic cameras assemblies have been
considered as a way to better monitor equipment mal-
functions and other such anomalies within Dark Matter
experiments involving cryogenic detection chambers. One
such study was conducted for a time-projection chamber
that utilises liquid Argon [1], in which tests were conducted
to determine the optimum CMOS camera for resolution,
performance, and durability. Results concluded that rear-
view CMOS cameras used for cars performed best under
the cryogenic conditions of liquid Argon, leading to the
ideation that these types of cameras could also withstand the
cryogenic conditions for the dual-phase Xenon detector used
for the XENON1T Dark Matter Experiment run by Nevis
laboratories at Columbia University. Ideally, the implemented
camera module would sit in between the PMT’s located in
the bottom PMT array of the XENON1T chamber, shown
by Fig. 1.

The implementation of a camera system within the
XENON1T detection chamber would allow for one to locate
and find any possible damage to the wires, shown in Figure 2.
Furthermore, the implemented camera system would enable
interior visualization for the chamber as experiments are run.

As discussed in past research done for the XENON1T
Dark Matter experiment, liquid Xenon must be cooled to a
temperature of approximately −98◦ C inside the detection
chamber [3] where a potential camera would be placed.
To maintain this temperature, the chamber must then be
properly insulated from the environmental heat transfer. Once
a camera suited for this extreme temperature condition has
been chosen, it would then need to be placed at a height
such that the viewing angle and resolution is optimal. The
camera would be placed behind a borosilicate or quartz
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Fig. 1. Schematic of XENON1T as modified from [2]

Fig. 2. Image of the bottom PMT’s with wires to be imaged by the
implemented camera system inside the XENON1T detector [2]

viewing port, and would thus need to transmit through the
quartz glass, as well as the liquid Xenon, which is known
to have a high index of refraction. The cooling chamber
design and effective cooling techniques are further discussed
in past research conducted to optimize the cooling of the
liquid Xenon for both the chamber model at Columbia
University and the larger version found in Gran Sasso [3][2],
however, tests will be run to determine the cooling power of
the smaller model chamber located at Columbia University.
From these techniques and results, calculations and work can
be done to estimate possible heights and necessary insulation
thicknesses to use for the first trial runs and implementation
of a cryogenic camera within the model and, in the future,
the larger experiment chamber in Italy.

Following the dimensions and constraints discussed in pre-
vious research done for the construction of the XENON100
and XENON1T experiments [3], a CAD assembly containing
the necessary parts will be completed and modeled via
SolidWorks. The CAD designed model would minimize the



need to hand manufacture parts and would use simplified
models of available equipment from industrial manufacturers
and already owned equipment found within the lab. Once
completed, the model will then serve as a type of simulation
for the true experimental model and can be modified and
adjusted as needed to determine the necessary parts and
equipment. It will also serve as documentation for the final
design once successful trials have been conducted and will
help track the various inner components of the model cham-
ber without the task of opening and closing the chamber.
Work will then be completed in the laboratory located at
Columbia University to run trials with the implemented
camera assembly within the smaller model of the XENON1T
cooling chamber, before a camera assembly can be imple-
mented in the larger model located in Gran Sasso, Italy. From
these test trials, various logistics regarding the camera will
be determined and adjustments to the CAD design can be
made to further optimize the camera mount assembly. This
project will accomplish a working CAD model that will help
track the inner components of the camera assembly. The
project will also allow for trials to be run using the built
experimental assembly in order to test the chosen camera’s
capabilities and limits within the environmental constraints
of the chamber. Finally, successful trials using the smaller
model chamber and camera assembly will allow for further
work to be done towards implementing a camera system
within the larger chamber located in Grand Sasso, which will
then allow for better interior visualization and the ability to
quickly and efficiently locate any broken wires or equipment
failures within the chamber.

II. METHODS

A. Heat Transfer Calculations

1) Insulation Radius Estimation: To determine the neces-
sary insulation thickness for the chamber, the following heat
transfer calculation was conducted using an equivalent heat
resistance circuit analysis. In this case, the cooling chamber
was treated as a solid stainless steel rod at a set temperature
of −98◦. The surrounding air temperature was assumed to be
approximately 20◦ C, at an approximate pressure of 2 atm.
Thermal constants for air was then determined using Cool-
Prop, a python package, and the insulation thermal constant
was determined via the given equation from the ArmaFlex
Specifications sheet [4]. These constants and known values
are summarized by Table I. To simplify the given problem,
the following assumptions were allowed without significant
deviation from a true estimate.

1) Steady-State conditions
2) Negligible radiation between the cooling chamber and

surroundings
3) Constant thermal properties for stainless steel, insula-

tion, and surrounding air
4) 1-Dimensional Heat Transfer in the radial direction

only
5) Negligible contact resistance between stainless steel

chamber and insulation

6) No internal heat generation
Figure 3 shows a simplified schematic of the cooling cham-
ber and insulation as viewed from the top down. From this
schematic, an equivalent thermal resistance circuit could be
drawn, in order to determine the total thermal resistance
of the cooling chamber/Insulation system. From this, the
following analysis was then conducted:

Fig. 3. Top View Schematic of cooling chamber and insulation
Starting with the heat equation in cylindrical coordinates,

given by Eq. 1:
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By assumptions 1, 4, and 6, Eq. 1 can be simplified to Eq.
2:
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The second, third and fourth terms on the right side of Eq. 1
will go to 0 due to heat being transferred only in the radial(r)
direction and the assumption that there is no internal heat
generation, q̇ = 0. The left side of the equation goes to 0,
since ∂T

∂t = 0 under steady-state conditions. By applying
the necessary boundary conditions and integrating, Eq. 2
becomes a form of Fourier’s law for conduction, as given
by Eq. 3:

qcond =
2πLkr(T∞ − Ti)

ln( rri )
(3)

where L is the length of the cooling chamber. Convection
from the surrounding air to the cooling chamber can be
expressed using Newton’s law of cooling, given by Eq. 4

qconv = haAL(T∞ − Ti) (4)

Where A is the surface area of the cooling chamber given
as A = 2πrL

Given Eq.’s 3 and 4, it can be shown that the cooling
chamber insulation system can be represented as a thermal
resistance circuit dominated by only the convection and
conduction terms given assumption 2. Fig. 4 shows the
representative resistance circuit for the cooling chamber



and insulation, where Rcond and Rconv are the respecitve
conduction and convection resistances and can be found by
taking the inverse of qcond and qconv , as shown by Eq. 5

Fig. 4. Schematic of the equivalent thermal resistance circuit for Heat
transfer analysis

qtot =
∆T

Rtot
(5)

where qtot is the total rate of heat transfer and Rtot is the
total thermal resistance as found by the sum of Rcond and
Rconv .

The final expression for the total rate of heat transfer per
unit length, L, can be determined via substitutions and is
expressed by Eq. 6.

q(r) =
(T∞ − Ti)

Rtot
=

(T∞ − Ti)
ln(r/ri)
2πki

+ 1
ha2πr

(6)

where Ti is represented by TXefrom Table I. To further anal-
yse Eq. 6 and determine the necessary insulation thickness,
a python program was written in which plots of the thermal
resistance and the resulting rate of heat transfer per unit
length, L, were outputted for thicknesses ranging from 1”
to 3”, shown by Fig. 6 in the Results section.

TABLE I
PROPERTY VALUES

Constants/Given Values Definitions
T∞ = 20◦C Temperature of surrounding air

TXe = −98◦C
Temperature of Xenon inside
cooling chamber

ha = 4.19W/m2 ·K
Enthalpy of air as found through
CoolProp at T=20◦C
and a pressure of 2 atm

ki = 0.039W/m ·K Thermal conductivity of Armaflex
as found from Eq.7

ri = 2” = 0.0508m Inner radius of cooling chamber

r
Outer radius that varies with
insulation thickness
given as t = r − ri

As noted,the following equation was used to determine
the thermal conductivity of ArmaFlex, the chosen insulation
material.

ki = 0.04028 + 1.25 × 10−4(Tave) + 8 × 10−7(Tave − 30)2

(7)
where Tave is the average temperature at which the insulation
material will be at in degrees Celsius.

2) Cooling Chamber Surface Temperature Estimation:
Once a range of insulation thicknesses had been determined,
it was also pertinent to estimate the expected surface tem-
perature of the chamber with the various thicknesses. In this

way, a reasonable insulation thickness can be found, since
Eq. 6 cannot be analytically optimized as indicated by the
plots shown by Fig. 6 in the results section.

By conservation of energy, it can be stated that the heat
leaving the environment via convection must be the same
as the heat taken in by the cooling system, given the same
assumptions listed in the previous section. In this way, Eq. 6
must be equated to Newton’s law of Cooling to account for
the heat loss due to convection from the environment. The
result is given by Eq. 8.

ha2πr(T∞ − Ts) =
(Ts − TXe)

ln(r/ri)
2πki

+ 1
ha2πr

(8)

where it is noted that T∞ on the right side of the equation
must now become the surface temperature of the cooling
chamber. The unit length, L, is constant on both sides, and
thus can be divided out. By rearranging Eq. 8, an expression
for Ts can be found as a function of the insulation radius, r,
as given by Eq. 9.

Ts(r) =
harT∞ + [ ln(r/ri)ki

+ 1
har

]−1TXe

[ ln(r/ri)ki
+ 1

har
]−1 + har

(9)

To further analyse and determine the range of surface
temperature values given various insulation thicknesses, a
python program was written in which the plot of the surface
temperature vs insulation radius is outputted along with an
array of the surface temperature values shown in the results
section.

B. Camera Height Estimation

The next step towards the design and implementation of
a cryogenic camera was to determine an estimated height in
which the viewing angle of the camera would be optimal.
Due to the nature of this experiment, it is difficult to
determine or estimate an exact value for this height and some
trials with varying heights will be required in the future
to further optimize this value. The following calculations,
however, can be used as a basis or starting point range for
these trials. As Fig. 5 shows, the camera view must pass
through the quartz glass view-port window, as well as the the
liquid Xenon to image the test wires placed at the bottom of
the cooling chamber.

The angles of refraction, θ2 and θ3 as defined by Fig 5
can be determined for both the quartz glass and the liquid
Xenon by rearranging Snell’s Law, as shown by Eq. 10:

nisinθi = nrsinθrθr = sin−1(
ni
nr
sinθi) (10)

where θi and θr are the incident and refraction angles
respectively and ni and nr are the respective initial and final
indices of refraction for the given mediums and are assumed
to be constants. Once the necessary angles of refraction
for each medium has been determined as functions of the
incident angle, a formula for the horizontal distance at which
the camera viewing angle would theoretically reach can be



Fig. 5. Simplified side view schematic of Camera module assembly

determined as a function of both height, h, and the incident
angle, θi, as given by Eq. 11

∆x = a+ a2 = hglasssinθ2 +
ni
n3
hsinθi (11)

where ni and n3 are the respective indices of refraction for
the initial medium and liquid Xenon and a and a2 are defined
by Fig 5 To determine a potential basis height, boundary
conditions with given assumptions can be applied to Eq. 11
as is done in the results section.

C. CAD Model Concepts and Constraints

Once the necessary calculations detailed in the previous
sections had been completed, a CAD model was designed
and assembled using the software, SolidWorks. This model
serves as a way to modify and adjust components as needed
for future trials to better optimize the implementation of
a cryogenic model in the XENON Dark Matter detection
chamber. The CAD model also serves as a way to document
the various constraints in which the experimental model
faces in regards to dimensions, as well as materials that
can be used. To minimize machining time, the model uses
simplified models of the readily available equipment found
from various industrial manufacturers and only requires a few
hand-designed parts that require individual machining. The
material for the camera module and base chamber was set as
316L stainless steel to satisfy the material constraints for the
camera module and cooling chamber. A mock wire model
was then designed via SolidWorks to be included in the final
assembly, while a stand made of PEEK, commercially known
as Teflon, was designed to be machined in the lab for the
first trial of the camera. In this way, the CAD model can
now be used as a fairly accurate representation of the true
set-up within the lab, and can then be modified and adjusted

to simulate the addition of potential parts without having to
continuously make the adjustments in the experimental set-
up.

D. Experimental Procedure

Once an experimental model has been assembled, prelim-
inary trials must be conducted to determine the true cooling
power to ensure that the model chamber will become cold
enough. For these first trial tests, as well as the first trial tests
with the added camera assembly, Liquid Nitrogen will be the
main coolant used for the chamber in order to condense the
gaseous Xenon for filling the test chamber. To ensure that
there are no electrical failures within the camera’s wiring,
the camera’s functionality will be tested at various intervals
of assembly. A final test will then be run to determine the
camera’s performance under cryogenic conditions created
from the first trials using the assemble test chamber.

III. RESULTS

A. Heat Transfer Calculation Results

The resulting estimations for the rate of heat transfer
as outputted from the python program are summarized by
Table II. Using these calculations, Figure 6 was created

TABLE II
RATE OF HEAT LOSS ESTIMATIONS

r [m]
Total Thermal
Resistance/L
[K* m/W]

Rate of Heat Loss/ L
[W/m]

0.0762 2.1519 54.8338
0.1143 3.6409 32.4100
0.1524 4.7320 24.9368

and outputted from the same python program. As expected
from the calculations, there is no true optimum value for the
insulation thickness, as the thermal resistance values follow
a fairly linear increasing trend. Since the rate of heat loss is
inversely proportional to the thermal resistance values, it is
expected that these values will decrease with the increasing
thermal resistance values, as is demonstrated in Figure 6.

Fig. 6. Total Thermal Resistance vs r and corresponding Rate of Heat
Loss vs r python plots

Since there is no obvious minimum to be found on Fig 6,
the necessary insulation thickness must be chosen according
to the desired surface temperature estimations.

Table III summarizes the outputted values from the python
program written to analyze the surface temperature of the
cooling chamber as was previously discussed in the Methods
section.

Figure 7 shows the resulting plot of the varying surface
temperatures according to the varying insulation thicknesses,
as generated from the python program analysis. It can be seen



TABLE III
SURFACE TEMPERATURE ESTIMATES FOR VARYING INSULATION RADII

r [m] Surface Temperature of Cooling Chamber [C◦]
0.0762 -2.30
0.1143 10.00
0.1524 13.96

Fig. 7. Surface Temperature vs r python plot

from Fig. 7, that as r increases, the surface temperature of the
cooling chamber will also increase. In this way, using both
Table III and Fig. 7, a reasonable insulation thickness can
be chosen given the desired or acceptable cooling chamber
surface temperature.

B. Camera Module Height Basis Range

To determine a basis range for the camera height, Eq. 11
was set equal to 2”, since the base chamber’s inner diameter
was measured to be approximately 4”, and by the geometry
shown in Fig. 5, a + a2 in Eq. 11 is half the width of the
chamber. Following similar geometry, it can be assumed that
the chosen camera’s initial viewing angle is approximately
170◦, as is stated in the specifications sheet. Once these
conditions were applied, Eq. 11 was solved for h, which was
found to be approximately 2.86” or 72.6 mm. For security,
the chosen camera height was set to approximately 60 mm
to ensure visibility of the chamber sides.

C. CAD Model and Assembly

Work was then completed to create a simplified CAD
version of the camera module and chamber assembly via
SolidWorks. Fig. 8 shows the final CAD assembly of the
camera module and cooling chamber to be built for the first
trial stages of the cryogenic camera implementation into the
XENON Dark Matter experiment’s detection chambers.

This model not only contains the experimental compo-
nents, such as the view-port, camera module chamber, and
base chamber, but it also shows the camera module stand and
camera holder which was hand-machined from PEEK tubes.
Fig. 9 depicts the CAD assembly with a list of labeled parts
for documentation purposes.

Note that the assembly is portrayed in the opposite orien-
tation in Fig. 9 as the experimental due to the initial design

Fig. 8. Exploded CAD Assembly of Camera module and Cooling Chamber

Fig. 9. Simplified Engineering Drawing of CAD camera mount assembly
and chamber

direction, but does not have any significance to the design
itself. The correct orientation can be seen from Fig 8. Fig.’s
10 and 11 give the following dimensions and geometries of
the hand-machined camera holder and camera module mount
made from PEEK tubes. Note that all dimensions shown are
in millimeters.

While the CAD assembly encompasses the majority of
inner components needed for the camera, it omits the tem-
perature sensor added to track the true experimental chamber
temperature as the first trial runs are conducted, as well as
the the LED strip needed for visibility purposes, as shown
by Fig 12. As can be seen by Fig 12, a hand-cut piece
of perf board was used to hold three ultra bright LEDs
soldered to a 1K resistor. The configuration of both the LED
strip and the temperature sensor was not deemed significant
and thus, were thus documented separately from the CAD
model. Fig. 13 shows the final experimental model chamber
that was used to run a trial implementation of a camera to
determine the visibility and resolution that can be attained



Fig. 10. Schematic of Camera Holder dimensions and geometry

Fig. 11. Schematic of Camera module Stand dimensions and geometry

within the given constraints and environment of the model
detection chamber. Fig. 14 shows the inner assembly of the
camera module and the hand-machined PEEK components.
Trials were run to determine the cooling power of the model
chamber, before the addition of the approximately the 4”
layer of ArmaFlex insulation around the chamber. With the
added insulation, an initial trial was then run to determine
the camera capabilities and limits. The camera was tested
at various assembly intervals to ensure that there would be
no electrical failures pertaining to the camera wiring once
added to the chamber.

D. Initial Experimental Trial Results

Before implementing the model camera assembly, the
following preliminary tests were completed to determine the
cooling power needed for the assembly, as was previously
discussed during the Experimental Procedure section. This
test also served as a check for any issues with the outer
equipment, such as vacuum leaks between the various gasket
connections. Upon the first trial, it was determined that the
cooling power determined from the current test differed sig-
nificantly from the previously quoted cooling power. Results
from the current cooling power test are shown by Fig. 15.

To reduce noise and gain a more accurate understanding
of the cooling power needed for the model, a second cooling

Fig. 12. Image of the LED strip used inside chamber to enhance camera
visibility

Fig. 13. Picture of assembled and insulated cooling chamber model to be
used for the first implementation stages of a cryogenic camera

power test was run and a similar analysis was conducted as
summarized by Fig. 16. In this test, a temperature sensor was
added to the copper cooling rod itself, and the temperature
of the rod was hand-recorded at two-minute intervals. The
recorded data was then inputted and plotted using python
and can be shown by Fig. 17. From Figs. 16 and 17, there
is much less noise found in the heater power vs time plot,
and the cold finger temperature vs time curve is significantly
smoother than the first trial.

Once completed, the model chamber was then removed
and the camera module was assembled and added. The
camera was then tested for visibility of an arbitrary wire
grid that was added on the bottom in order to determine any
electrical failures, as well as if the LED strip was either too
bright or too dim. From the initial trials and interval checks
with the camera, live images and videos were achieved
successfully, as shown by Fig 18 and 19.

The model chamber with the added camera assembly was



Fig. 14. Experimental Assembly of camera module within the model
chamber

Fig. 15. Cold Finger Temperature and Heater Power vs time plots created
using gathered data from preliminary trial

then attached once again to the cooling chamber to run a
final trial to test the camera’s capabilities under the extreme
cold temperatures. Once again, live imaging was produced
from the camera, as shown by Fig. 19.

Due to the complications with the cooling power, it was
difficult to fill the chamber high enough to fully test the
camera’s capabilities when submerged in the liquid Xenon.
Thus, further work and trials must be done before work can
be made towards implementing a camera system in the larger
XENONnT chamber.

IV. DISCUSSION & CONCLUSION

A. Project Output and Final Product

Within the duration of ten weeks, a CAD model of a
potential cryogenic camera model was created via Solid-
Works and work was done to build an experimental version

Fig. 16. Cooling Power Test 2 plots showing Cold Finger Temperature
and Heater Power vs Time curves

Fig. 17. Copper Rod Temperature vs Time Plot from Second Cooling Test

for the model cooling chamber used at the laboratory lo-
cated at Columbia University to begin the first trial stages
of implementing a cryogenic camera within the XENON
Dark Matter Experiment’s detection chambers. Work was
also done in running the first few necessary tests to check
the cooling power for the model cooling chamber and the
implementation of a camera was then begun upon satis-
factory completions of the preliminary tests. Upon comple-
tion of these preliminary tests, further work must be done
to determine a significant discrepancy between the quoted
cooling power in previous research and the experimental
cooling power determined by the current tests. Trials with
the addition of the camera assembly resulted in live images
with adequate resolution and visibility and a final trial
under cooled conditions using Liquid Nitrogen demonstrated
promising results for further implementation of a cryogenic
camera in the large chamber, as well as the model. Further
work must be done to investigate how to increase the cooling
power of the model chamber such that the test chamber
can be filled enough to submerge the camera module with
liquid Xenon. However, images were were still able to be
obtained from the first trial and work will be made towards



Fig. 18. Camera image of test wires before attaching to chamber and
cooling to desired temperature

Fig. 19. Camera Image of test wires after attaching to chamber and cooling
to −40◦C

increasing the resolution. As more progress is made towards
implementation of a cryogenic camera within the model
and larger detection chambers, the outputted CAD assembly
of this project can be used not only as documentation of
the camera module being used, but also as a way to track
the various components within the cooling chamber and
camera module. In this way, the CAD model eliminates the
need to open the experimental chamber except to check for
equipment failure, as opening and closing the chamber has
proven to be a fairly cumbersome and time-consuming task.

B. Conclusion

During the ten-week duration of this program, work
was completed towards the first stages of implementing a
cryogenic camera into a model dual-phase time projection
chamber for the XENON Dark Matter Experiment at Nevis
Laboratories. The first few weeks of this project were dedi-
cated to gaining adequate knowledge and research upon the
specific cooling chamber involved, as well as completing
the necessary calculations required. Work was then done in
applying this information and knowledge into an adequate
CAD model including the various constraints in material
and dimensions. The final weeks were then used to build an
experimental model and run the necessary preliminary tests
to determine further information that could not be calculated

otherwise, such as the cooling power needed for the model
chamber involved in the first trials and implementation
stages. The final piece of this project was to implement a
working camera module and complete the first initial tests to
determine the true experimental viewing angle and resolution
that could be achieved. In this way, this project not only tied
physics but it also was able to provide a glimpse of the
engineering that goes on behind many physics experiments.
In the future, the successful implementation of a camera
with satisfactory results and resolution will then allow for
the possible implementation of a cryogenic camera module
within the larger chamber found in Gran Sasso, Italy.
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