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Abstract

The High-Luminosity Large Hadron Collider upgrade will expose vacuum systems to radiation levels ten times
higher than current operations. Commercially available radiation-hard sensors cost approximately 2500 CHF
per channel, making large-scale deployment prohibitively expensive. This study evaluates low-cost thermopile-
based Pirani gauges as alternatives for vacuum monitoring in radiation environments. A test setup was con-
structed with dual-pump vacuum system, custom feedthrough connections, and differential voltage readout for
sensors operating from 10% to 102 mbar. Individual sensor characterization revealed significant unit-to-unit
variability, requiring separate baseline establishment. Radiation exposure testing at CERN’s CHARM facility
covered three dose levels: 38 Gy, 551 Gy, and 1500 Gy. Post-irradiation evaluation of the first two batches
demonstrated remarkable radiation tolerance, with drift effects remaining well within the manufacturer’s repro-
ducibility specification. Observed drift magnitudes were minimal and need to be confirmed at higher radiation
exposure. These results indicate that low-cost thermopile sensors represent a promising cost-effective solution
for HL-LHC vacuum monitoring, enabling higher granularity monitoring and improved redundancy.
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I Introduction

The High-Luminosity Large Hadron Collider (HL-
LHC) upgrade will expose vacuum systems to radi-
ation levels ten times higher than current operations
[1]. This increase necessitates radiation-tolerant vac-
uum sensors for reliable detector performance. How-
ever, commercially available radiation-hard sensors
cost approximately 2500 CHF per channel including
readout electronics [2], making large-scale deployment
prohibitively expensive. Previous cost-reduction ef-
forts involved relocating readout electronics to low-
radiation areas while keeping sensor heads in the vac-
uum system [3]. Although this approach reduced radi-
ation damage to electronics, it required extensive man-
ual labor and offered limited cost savings.

Recently, low-cost Pirani gauges without integrated
electronics have become available at a fraction of the
cost. While manual labor is still required to estab-
lish the readout system, sensors can be easily swapped
without modifications once the system is integrated.
Unlike traditional Pirani sensors that rely on pressure-
dependent resistance, these new sensors use multiple
thermocouples that generate pressure-dependent volt-
ages within the vacuum environment.

Although this price reduction would enable higher
granularity monitoring and improved redundancy, the
radiation tolerance of these sensors remains unchar-

acterized. The project addresses this knowledge gap
through systematic testing: constructing a calibrated
test setup, establishing baseline sensor performance,
exposing sensors to controlled radiation doses, and
evaluating post-irradiation characteristics.

II Test Setup

To characterize the sensors, a precise test setup is
needed. Building this test setup was an iterative pro-
cess and included a vacuum system and the corre-
sponding readout to the sensors.

A Vacuum Setup

The vacuum system was designed to achieve high vac-
uum levels with precise pressure control and repro-
ducible pumping rates. The system architecture en-
ables systematic characterization of multiple sensors
under identical conditions.

The pumping configuration consists of a dual-pump
unit that provides the primary vacuum generation ca-
pability. Pressure regulation is achieved through two
valves arranged in series, allowing precise adjustment
of pressure levels and controlled modification of pump-
ing rates during operation. To maintain stable pres-
sure distribution throughout the system, a gas volume



was inserted to balance pressure fluctuations across all
measurement points.

The sensor mounting arrangement utilizes a man-
ifold with additional crosses to accommodate simul-
taneous testing of six Pirani sensors. Three refer-
ence sensors provide precise, unified pressure measure-
ments that serve as calibration standards for compar-
ison with test sensors. This configuration ensures sta-
tistical reliability while maintaining measurement ac-
curacy across the entire pressure range. Figure[T]shows
the schematic of the vacuum setup.
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Figure 1: Complete vacuum setup configuration show-
ing the interconnection of pumping, regulation, and
measurement components.

B Cables and Connectors

Custom cables and corresponding connections were
manufactured for the test setup. The custom cables
from the readout system to the feedthrough connec-
tion were manufactured by the Detector Interface (DI)
Workshop. For the feedthrough, a hole was drilled into
a KF16 blind flange made of aluminum, and the cor-
responding connectors for the sensors were purchased
and assembled by the Engineering Facilities (EF) sec-
tion. To facilitate easier switching between sensors,
pin headers were soldered onto the connectors facing
the vacuum side. Cables with polyimide coating were
used to minimize outgassing.

C Readout System

The readout system exploits the thermoelectric effect
in thermopile sensors, where temperature differences
generate measurable voltages proportional to the vac-
uum pressure. The thermopile sensors require a 1.2 V
excitation voltage supplied to a resistive heater that el-
evates the temperature of the thermocouples. This re-
sistive heater dissipates power, with heat loss through
gas conduction being directly proportional to pressure.

Figure 2: Assembled feedthrough connection for the
test sensors. The modified blind flange is still wrapped
in Aluminium foil to preserve the cleanliness.

The measurement principle relies on the ther-
mopile’s ability to detect temperature differences be-
tween the heated membrane and the cold substrate
using the Seebeck effect. The output voltage is propor-
tional to this temperature differential, which increases
at lower pressures due to reduced heat loss, resulting
in a characteristic nonlinear S-shaped response curve

[El.

Hardware implementation centers on the NI 9205
data acquisition module operating in differential mode
for analog voltage acquisition. Supply voltages are
provided separately for both reference and test sen-
sors to ensure measurement independence. Since the
excitation voltage directly influences the thermopile’s
voltage output, continuous monitoring and storage of
supply voltage values is essential for accurate pressure
conversion.

The data acquisition system employs a custom Lab-
VIEW program that handles real-time channel selec-
tion, differential voltage measurement, and system pa-
rameter monitoring. A Python integration module
performs voltage-to-pressure conversion based on man-
ufacturer calibration data [5] and generates live pres-
sure displays. The system continuously logs all rele-
vant parameters including timestamps, channel iden-
tifiers, measured voltages, calculated pressures, stan-
dard deviations, and supply voltages to a database file
for subsequent analysis.

IIT Characterisation of Test

Sensor

The test sensor is designed to operate effectively within
low to mid-vacuum levels and has a pressure range



from 10% to 1073 mbar. Achieving accurate char-
acterization across this entire range was critical to
validate sensor performance. The reference sensors,
which combine multiple vacuum measurement princi-
ples, provide precise measurements from 103 to 108
mbar, serving as reliable calibration standards. During
test runs, defined valve positions were experimentally
determined and adjusted to ensure smooth pumping
operation while maintaining consistent environmental
parameters, such as temperature. To enhance confi-
dence in the measurement results, the functionality of
the sensors was verified through multiple test runs.
Each test run involved slowly pumping the system
down to 1073 mbar across nine distinct valve positions,
followed by controlled venting. To eliminate potential
influences from slight pressure variations within the
setup, the sensor positions were fixed and documented.
Figure |3 illustrates the time-pressure profile of a sin-
gle test run, with the reference sensors demonstrat-
ing close agreement (within 5% difference), confirm-
ing their factory-calibrated accuracy. Notably, the test
sensor exhibited significant variability in its response.
Since the Sensors share the same supply voltage and
identical cable lengths, this variability is attributed to
the sensor itself rather than external factors.
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Figure 3: Pressure over time for one test round, which
includes pumping the system down and venting it
again. The voltage-pressure conversion of the test sen-
sors (CH1-CHS6) is based on the manufacturer calibra-
tion data.

A Voltage-Pressure Conversion

A central objective of sensor characterization was to
reconstruct and validate the voltage-pressure relation-
ship specified in the datasheet. As noted in Figure
the thermopile sensors exhibit significant variations in
pressure readings despite identical conversion meth-
ods and consistent environmental parameters. These
differences stem from distinct voltage outputs of in-
dividual thermopiles. Figure [4] illustrates the voltage
output of the test sensors plotted against the pres-
sure values from the reference sensors, with data points
aligned by timestamps. This graph confirms that each
sensor produces a unique response, necessitating in-
dividual characterization for precise results. For post-

irradiation evaluation, it is critical that each sensor de-
livers accurate and reproducible measurements. Fig-
ure [b| demonstrates that this requirement is satisfied,
showing consistent sensor performance across multiple
test runs.
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Figure 4: Voltage output of test sensors versus pres-
sure values from reference sensors for a single test run,
with data aligned by timestamps.
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Figure 5: Repeatability measurements showing sensor
stability over multiple test rounds. Nearby datapoints
of the same test run were filtered out in order to in-
crease the visibility.

B Baseline Creation

The final step in sensor characterization involves es-
tablishing normal operational parameters for each in-
dividual sensor. Building upon insights from the
voltage-pressure relationship analysis, a baseline was
created to define acceptable performance boundaries
for post-irradiation comparison. The baseline uses a
pressure-binning approach to handle the wide mea-
surement range effectively. The analysis creates a
logarithmically-spaced pressure grid from 102 to 103
mbar with a total of 1073 bins. This provides uni-
form resolution across the log scale, which is essential
given the sensors’ nonlinear response characteristics.
Data from at least four separate test rounds ensures



statistical reliability. Each voltage-pressure measure-
ment pair gets assigned to the appropriate pressure
bin based on its reference pressure value. For each
bin containing data, the analysis calculates the mean
voltage, standard deviation, and counts the number of
data points. Missing values in pressure bins without
direct measurements are interpolated linearly between
neighboring bins with data. This creates smooth base-
line curves across the entire measurement range while
preserving the statistical integrity of the actual mea-
surements. The resulting baseline provides a robust
reference for detecting radiation-induced changes dur-
ing post-irradiation evaluation.

IV Radiation Exposure

Radiation exposure testing was performed at CERN’s
CHARM (CERN High energy AcceleRator Mixed
field) facility [7]. The facility operates by directing
a high-energy proton beam onto a target, which gen-
erates mixed radiation fields that accurately reproduce
the conditions expected in the HL-LHC environment.
The CHARM facility was selected for this study be-
cause it provides the precise radiation control required
for systematic sensor evaluation under realistic opera-
tional conditions.

The experimental approach involved organizing sen-
sors into batches to assess performance across differ-
ent radiation levels. Three batches were prepared,
each containing six well-characterized thermopile sen-
sors. This number of sensors per batch was chosen
to provide sufficient data for statistical analysis while
accounting for manufacturing variations between indi-
vidual units. The batch structure also allows for direct
comparison of radiation effects at different dose levels.

The three batches were exposed to progressively
higher radiation levels to cover dose ranges relevant
to various LHC locations. This approach allows con-
struction of dose-response curves and identification of
performance degradation thresholds. Table [1| presents
the detailed exposure parameters for each batch, in-
cluding the total ionizing dose (TID) and neutron flu-
ence equivalent values.

Table 1: Radiation exposure batches with correspond-
ing dose levels and exposure durations

Batch  Sensors Duration Radiation Level

1 6 1 week 38 Gy,

8.5E11 1MeVegN /cm?
2 6 1 week 551 Gy,

4.2E12 1MeVeqN/cm?
3 6 3 weeks 1500 Gy,

8.1E12 1MeVeqN/cm?

The current exposure program represents the ini-
tial phase of the radiation tolerance evaluation. Addi-
tional batches are planned for exposure to even higher
radiation doses, which will extend the characterization
range and determine the ultimate operational limits of

these sensors.

V  Evaluation

Radiation damage effects in vacuum sensors are diffi-
cult to predict due to the complex interaction between
radiation and sensor materials. The sensors could
experience various types of performance changes, in-
cluding voltage drift, noise increases, or shifts in their
operational range. To detect these potential changes
systematically, the evaluation analyzes different types
of performance variations across the full measurement
spectrum.

A Method

The evaluation of irradiated sensors repeats the same
baseline creation method used for pre-radiation char-
acterization. Post-radiation baseline data was col-
lected using identical test procedures, measurement
parameters, and statistical analysis methods. This
approach ensures direct comparability between pre-
and post-radiation performance. With both baselines
established, systematic comparison of sensor perfor-
mance becomes possible. The analysis focuses on iden-
tifying specific types of radiation damage and quanti-
fying their magnitude relative to the sensors’ specified
accuracy tolerances. The difference analysis processes
pre- and post-irradiation datasets using identical pres-
sure grids, enabling direct comparison at matching
pressure points. For each pressure bin, the analysis
calculates the percentage differences of the mean val-
ues relative to the pre-irradiation baseline. Further-
more, the uncertainty propagation combines uncer-
tainties from both datasets using standard error prop-
agation methods. The combined uncertainty equals
the square root of the sum of squared uncertainties
from pre- and post-irradiation measurements.

B Results

The current evaluation covers Batch 1 (38 Gy,
8.5E11 1MeVeqN/cm?) and Batch 2 (551 Gy, 4.2E12
1MeVeqN/cm?), both of which have completed post-
radiation testing. Batch 3, exposed to 1500 Gy and
8.1E12 1MeVegN/cm?, remains scheduled for evalua-
tion following completion of the extended three-week
exposure period. The results in Figure [6] show the
comparison of a sensor response before and after 38
Gy radiation exposure across the complete operational
range. Figure[7]combines the difference plots of multi-
ple sensors from this batch, the average of these differ-
ences is calculated and displayed at the bottom (blue
chart). The 551 Gy exposure results are presented in
Figure [§] Figure [J] also displays multiple difference
plots of this batch, with the resulting average shown
in blue at the bottom.
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Figure 6: Pre- and post-irradiation response of a sen-
sor after 38 Gy exposure across the operational range
including the relative difference in Percentage.
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Figure 7: Difference plots of multiple sensors from
the 38 Gy exposure batch and the resulting average
in blue.
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Figure 8: Pre- and post-irradiation response of a sen-
sor after 551 Gy exposure across the operational range
including the relative difference in Percentage.
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Figure 9: Difference plots of multiple sensors from the
551 Gy exposure batch and the resulting average in
blue.

VI Conclusion

Analysis of the evaluated batches reveals that the ther-
mopile sensors show remarkable radiation tolerance
at the tested dose levels. Both the 38 Gy and 551
Gy batches show minimal deviation from their pre-
radiation performance characteristics, with no clear
evidence of systematic radiation-induced degradation.

A noticeable increase in noise appears for pressure
values above 100 mbar, but this is likely attributed
to the reference sensors rather than radiation effects.
While the reference sensor’s upper limit is set at 103
mbar, its 5% reproducibility specification only extends
to 100 mbar. The datasheet provides no reproducibil-
ity values for the remaining range [6].

The difference plots from the 551 Gy exposure in
Figure [0] suggest possible minor non-linear drift ef-
fects. The average difference plot shows a pressure-
dependent drift of approximately 0.7% across the low-
noise measurement range (1072 to 10 mbar). However,
these potential changes remain well within the repro-
ducibility specification provided in the manufacturer’s
datasheet. Additionally, this effect could be partially
attributed to analog-to-digital conversion limitations.
The 30 pV resolution contributes approximately 0.03%
uncertainty at the lower voltage range (0.12 V) and
0.01% at the higher range (0.22 V). Since the test sen-
sors rely on the Seebeck effect, even small temperature
changes in the environment could further effect the re-
sults.

The data shows no signs of noise increase or changes
in the operating range due to radiation exposure. This
makes the sensors suitable for applications like leak de-
tection, where only relative changes need to be mea-
sured. For applications requiring high-precision vac-
uum measurements, the non-linear drift needs confir-
mation through higher radiation dose testing. The
magnitude of any drift must then be evaluated individ-
ually for each application to determine if it falls within
acceptable tolerances.
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