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ABSTRACT

Transition-edge sensors (TESs) have the potential to perform electron spectroscopic measurements with far greater measurement rates and
efficiencies than can be achieved using existing electron spectrometers. Existing spectrometers filter electrons by energy before detecting a
narrow energy band at a time, discarding the vast majority of electrons available for measurement. In contrast, TESs have intrinsic energy
sensitivity and so do not require prior filtering to perform energy-resolved measurements. Despite this fundamental advantage, TES electron
spectroscopy has not, to our knowledge, previously been reported in the literature. We present the results of a set of proof-of-principle
experiments demonstrating TES electron spectroscopy experiments using Mo/Au TESs repurposed for electron calorimetry. Using these
detectors, we successfully measured the electron spectrum generated by an electron beam striking a graphite target with energies between
750 and 2000 eV, at a noise-limited energy resolution of 4 eV. Based on the findings of these experiments, we suggest improvements that
could be made to TES design to enhance their electron detection capabilities through the use of a dedicated electron absorber in the device

with integrated electron optics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206487

I. INTRODUCTION

Transition-edge sensors (TESs) are thin-film superconducting
devices capable of high-sensitivity, energy-resolved photon mea-
surement. Over the last 30 years, TESs have found applications
across an increasing range of fields from astronomic observations
to dark matter searches.'”” However, one area of TES research
that has received little attention is massive particle spectroscopy,
encompassing molecular, ion-beam, and electron measurement
techniques. The lack of research into TES electron spectroscopy is
of particular note; the widespread usage of electron spectroscopic
techniques and the potential advantages offered by TESs over
conventional electron spectrometers makes this aspect of TES
research one of great potential impact. To our knowledge, this
paper reports the first experimental investigation into electron
spectroscopy using TESs.

All modern commercial electron spectrometers follow the
same fundamental operating principle where electrons are collected,
dispersed by energy, and then counted using energy-insensitive

detectors. For example, the concentric hemispherical analyzer
(CHA), the analyzer of choice for x-ray photoelectron spectroscopy
(XPS) measurements, uses the electric field between two concentric
hemispheres of differing electric potentials to disperse electrons in
space depending on their energy. This arrangement sets up an
energy filter where only electrons within a narrow energy band,
defined by the hemisphere potentials, can pass through the hemi-
spheres to the particle-counting microchannel plate.

The inefficiency in this form of measurement lies in the fact
that only a narrow electron energy band, approximately 1-10 eV in
width, can be measured at a time. To perform a wide spectrum
measurement, this narrow band must be swept across the entire
spectral range and so, at every individual moment in time, the vast
majority of electrons emitted from the sample and collected by the
instrument cannot be measured. If an energy range of 1keV is to
be measured, a CHA measuring a window of 1eV would have at
best a measurement efficiency of 0.1% across the measurement.
The effect of this inefficiency can be mitigated by increasing the
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number of electrons collected, either by emitting more electrons
from the sample or widening the solid angle of collection; however,
these measures cannot address the underlying inefficiency within
the operating principle of the spectrometer itself.

An alternate approach is time-of-flight electron spectrome-
try.'” In this case, a pulsed x-ray source is required and this is only
achievable with specialized and expensive equipment, such as an
X-ray Free Electron Laser (XFEL). The operation requires fast
detection electronics and the electron time-of-flight can be con-
verted into kinetic energy, which scales as the inverse square of
the flight time. In principle, all emitted electrons entering the
analyzer can be detected, but with variable energy resolution,
which depends upon the pulse width of the x-ray source, the
detector electronics, and the time of flight. Only low-energy elec-
trons are detected with good energy resolution, and thus, the elec-
trons are typically retarded using an electric field prior to
entering the analyzer. For practical purposes, the efficiency,
resulting from the duty cycle of x rays and the necessity to collect
multiple Kinetic energy regions, is low.

The ideal solution is to use a detector that is intrinsically
able to resolve the energy of an incident electron, removing the
need for filtering in space or time. Such a detector would be
capable of continuous measurement and the instantaneous frac-
tion of electrons emitted from the sample that can be character-
ized will scale with the number of detectors used. TESs are
near-ideal candidate, as they have high-energy sensitivities and
the technology exists to read out arrays of several thousand
devices concurrently.'' ™"

TESs perform high-resolution particle calorimetry by exploit-
ing the extremely sharp resistance-temperature dependence of
certain metals in their superconducting transition. Voltage-biasing
a TES at a point within this superconducting transition creates an
electrothermal feedback loop where changes in thermal power
received by the device are compensated for by a change in ohmic
power dissipated within the device. As a result, the thermal energy
received by a TES from a particle absorption event can be precisely
measured by monitoring the corresponding change in current
passing through the TES to determine the energy of the absorbed
particle.

An additional advantage of TES measurement over existing
electron analyzers is the ability of every pixel to independently
measure both electron arrival time and energy simultaneously.
This ability allows for coincidence spectroscopy measurements,
where coincident electron emission events are analyzed to probe
energy transfer mechanisms within the sample;'* these measure-
ments could be performed alongside conventional electron spec-
troscopic techniques without requiring additional, specialized
apparatus.

In a previous article, we simulated the capabilities of a TES
array measuring an x-ray photoelectron spectrum,'” the results of
which showed that small arrays of TESs, numbering tens of
devices, could be capable of comparable energy resolutions and
measurement rates to existing XPS analyzers, with a considerable
scope of improving measurement rates by increasing the array size.
Based upon these simulations, TES electron spectroscopy is a realis-
tic proposal, but experimental validation of TES electron spectro-
scopy has not previously been provided.

ARTICLE pubs.aip.org/aip/jap

Il. EXPERIMENTAL

Proof-of-principle TES electron measurements were per-
formed using Mo/Au TESs that were adapted for the purposes of
electron calorimetry. The Mo/Au TES used consisted of a square
superconducting bilayer, 70 um in length, with film thicknesses of
120nm gold atop 40 nm of molybdenum; this bilayer was sus-
pended by four 1.41 um long Si,N, legs and displayed a transition
temperature (T;) of 200 mK. Further details on the device design
and fabrication have been reported previously.'®

A SPECS EQ22 electron source was mounted on a closed-
cycle adiabatic demagnetization refrigerator in the manner shown
in Fig. 1. The electron source was used to generate electron beams
with energies ranging from 250 to 2000 eV with the position of the
beam controlled by X- and Y- electrostatic deflector plates within
the source itself. The electron beam was directed into the cryogenic
volume through two tubes mounted to the cryostat heat shields
and capped with apertures.

The TES device chip was mounted to the 100 mK stage of the
cryostat and read out with an amplifier that uses superconducting
quantum interference devices (SQUIDs). To prevent charge accu-
mulation, the TES was connected to a shared cryostat ground
through the TES bias circuit.

Two experimental configurations were tested, which will be
referred to as direct and scattered measurements. The direct mea-
surements were performed by positioning the TES module,
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FIG. 1. TES electron measurement experiment in the scattered electron
measurement beam configuration.
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containing the TES and SQUID arrays, in front of the cryostat
window, receiving the electron beam directly. The purpose of these
direct measurements was to determine beam alignment through
the cryostat windows, demonstrate TES electron detection and
characterize the response of the TES to differing electron beam
energies. For the scattered measurements, the electron beam was
aimed at a target of 0.254 mm thick graphite foil (99.8% purity),
mounted to the 4K stage, at an incidence angle of 60°, with the
TES measuring the scattered electron spectrum. The pressure
within the chamber was on the order of 1077 mbar.

A key consideration in the experimental design was mitigating
infrared blackbody radiation emitted from room-temperature com-
ponents onto the TES module. No suitable window material exists
that allows unobstructed electron passage through it while filtering
infrared radiation at the electron energies being tested, a free space
path was used from the source to the TES. Infrared loading was
reduced along this path using a combination of four approaches.

First, the electron beam was deflected off-axis into the cryo-
stat, as shown in Fig. 1; this deflection removed line-of-sight from
the high-temperature electron source filament into the cryostat.

The electrons passed through two tubes mounted to the 45
and 4K stages, respectively, before entering the cryostat chamber.
These tubes were painted black with colloidal graphite paint to
absorb infrared radiation while providing an electrically grounded
surface to prevent charge accumulation.

The third modification was to place the TES chip in a light-
tight box with apertures on the front face (200 um diameter), the
4K tube (3 mm diameter for direct measurements, 1 mm diameter
for scattered measurements), and the 45K tube (5 x 3 mm slotted
aperture), to block stray infrared photons reaching the detector
while allowing electrons through.

The final infrared mitigation was the use of a mesh grid across
the 45 K aperture to diffract and screen incident radiation. A mesh
grid was also used on the 4 K aperture for the direct measurements.
The meshes consisted of 1500 lines per inch copper grids with 55%
open area and approximately 10 um hole width. The presence of
the mesh grids was a compromise between greatly reducing infrared
loading and blocking or scattering a portion of the electron beam
entering the cryostat.

The experiment was designed to measure electrons with ener-
gies from 0 to 2000 eV; this energy range of electrons was chosen as
it encompasses the range used in conventional XPS and Auger elec-
tron spectroscopy measurements. A factor to consider at the tested
electron energies is at these energies, electrons are highly susceptible
to deflection by the Earth’s magnetic field. To reduce the impact of
this deflection on the measurements, the electron source was
shielded with a mu-metal and a Metglas 2705M magnetic shielding
foil was wrapped around the electron source vacuum chamber and
infrared tubes. The aperture on the 45K tube was not circular but
horizontally slotted with dimensions of 5 x 3 mm? to compensate
for magnetic beam deflection prior to entering the cryostat.

lll. RESULTS

A. Direct measurements

The response of a TES to an incident particle is an exponen-
tially decaying pulse in current whose area directly relates to the
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energy absorbed by the device. Figure 2 shows a time series TES
measurement of a 2keV electron beam aimed at the TES module
in which a series of such pulses were observed.

Measurements, such as that shown in Fig. 2, were analyzed to
determine the energy spectrum of observed electron events. The
analysis software used to identify, extract, and calculate the energies
of individual TES events was adapted from a previous work simu-
lating TES electron spectroscopy.'” The energies of TES calorimetry
peaks would typically be determined by comparison to a known
energy standard, such as x-ray emission lines in the case of TES
x-ray calorimetry. For these electron measurements, in the absence
of such a calibration standard, the absorbed particle energies Etgs
have been calculated by'”

3
Ergs = J —Altgs(t) Vrgs dt, (1)

31

where #; and ¢, are the start and end times of the electron absorp-
tion event, Vg is the TES bias voltage, and Irgs is the change in
TES current from equilibrium. The calculated energy corresponds
to the integrated change in the Joule heating within the TES due to
an electron absorption event. This energy is equivalent to energy
absorbed by the TES, E,, in the limit of strong electrothermal
feedback where all of the received energy is compensated for elec-
trically; in practice, a portion of the received thermal energy
instead diffuses to the bath. The energy difference can be approxi-
mated by'®

Ergs = 7= Eabs (2)
(1-7)+2

where T}, is the bath temperature, n is a device parameter with a
value between 2 and 4 that is characteristic of the thermal link
between the TES and surrounding thermal bath, and o is a
measure of the sharpness of the TES superconducting transition at
the device temperature. For example, a device with o = 30, n = 2,
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FIG. 2. Time series TES measurement of a 2 keV electron beam. The inset
shows a measurement event with estimated 190 eV energy.
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Ty, = 130 mK, and T, = 200 mK would lose 10% of the received
energy by thermal diffusion. It should be noted that « is a function
of temperature and will vary within a pulse as the TES temperature
moves within the superconducting transition, which further com-
plicates the calculation. The presence of this energy underestimate
is not significant for the purposes of these proof-of-principle exper-
iments because it is systematic to all electron observations and is
caused by the analysis method used rather than the intrinsic behav-
ior of the device. It is possible to calibrate the TES given electrons
of a precisely known energy, either from a calibrated electron
source or using known photoelectron emission peaks, to remove
this systematic error.

The measurement in Fig. 2 was repeated across multiple beam
energies ranging from 250 to 2000 eV; the resulting measured elec-
tron energy distributions are shown in Fig. 3(a). Several common
features are seen across all energies: a high-energy peak that tracks
the beam energy, a fixed low-energy peak at 20 eV, and a flat back-
ground of events. The high-energy peak very likely corresponds to
primary electrons from the electron source, with the low-energy
events being secondary electrons emitted from the meshes used to
reduce thermal loading or other surfaces between the electron
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FIG. 3. (a) Measured electron spectra taken at beam energies spanning 300—
2000 eV. The spectra have been normalized by total area, and energy bin
widths of 2 eV have been used. (b) Ratio between measured energy of the high-
energy peak and the applied beam energy plotted on the left axis. The mea-
sured peak energy was calculated by applying a Gaussian fit. Full-width at half
maximum of the fitted high-energy peak plotted against beam energy on the
right axis.
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source and the TES itself. The low-level background of events is
likely a result of inelastic scattering during flight or upon striking
the TES. In either case, this scattering would result in partial
energy absorption by the TES. A small number of events with ener-
gies in excess of the beam energy were observed; these result when
two or more electrons are detected near simultaneously and are
resolved by the analysis software as a single event, with energy
equal to the sum of their individual energies. This effect, termed
pileup, is common to other detectors.

The primary electron peaks were fitted with Gaussian distribu-
tions to identify the peak location relative to the beam energy
and the peak full-width at half maximum (FWHM) [Fig. 3(b)].
The ratio of central peak energy to beam energy is approximately
0.9 up to 1000eV and then falls at greater beam energies.
This trend is consistent with the expected bias from the energy
analysis method. The energy received by electron absorption briefly
increases the TES temperature before being compensated for by the
electrothermal feedback loop. For high-energy particles, the TES
temperature can rise through a significant portion of its supercon-
ducting transition or be driven into its normal state. As the TES
reaches the upper region of its transition, ¢ falls in value, reducing
the effectiveness of the electrothermal feedback loop and increasing
the energy underestimate.

The broad FWHM of the primary electron peak is primarily
due to the energy resolution of the TES. A disadvantage of the
direct beam configuration is infrared loading from the room-
temperature apparatus onto the TESs with the corresponding
photon noise significantly degrading energy sensitivity. This deg-
radation is shown by the current-noise spectral density measure-
ments in Fig. 4. This figure shows the frequency distribution of
the TES current noise measured in the absence of electron illumi-
nation. The noise observed in these measurements can be used to
approximate the TES FWHM energy resolution by’

AEps = 24/2log(2) NEP(0)/Zefs, 3)
1078 . . v
Scattered
Direct
< 10°
T
=
<
__Z
< 10710}
10 - - :
10° 10" 102 10° 10*

f (Hz)

FIG. 4. TES current-noise spectral densities for direct beam and scattered
measurements.
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where NEP(0) is the zero-frequency noise-equivalent power and
Tefr is the TES effective response time. NEP(0) can be calculated
using the zero-frequency TES responsivity s;(0), following'’

Aln(0)
s1(0)

NEP(0) = , (4)

where Aly is the current-noise spectral density. With
Teff = 1.1 ms and s;(0) = 17 and 21 uA/pW for the direct and
scattered measurements, respectively, the predicted resolutions
are calculated as 20 eV for the direct measurements compared to
4 eV for the scattered measurements using the same device; this
change in resolution can be attributed to a reduction in thermal
loading and corresponding photon noise in the scattered
measurements.

The difference in the observed resolution in Fig. 3 and the
20 eV prediction is likely due to inefficiencies in the data analysis
method but also incomplete electron energy absorption by TES
broadening the distribution of observed energies within the high-
energy peak. In these devices, which were not designed for electron
detection, the electrons were absorbed directly in the Mo/Au TES.
The gold surface of the device will have emitted a significant
number of secondary electrons. Based on previous measurements,”’
we estimate a secondary electron yield of 1.4 from the gold film per
primary electron at 1keV beam energy with the vast majority of
secondary electrons with energies between 0 and 20eV. These
emitted electrons will have carried a proportion of the primary
electron’s energy away from the detector, thereby broadening the
observed elastic peak. In a device designed specifically for electron
detection, this effect can be greatly mitigated by using a separate
absorber made from a more favorable material, such as carbon.

B. Scattered measurements

The scattered electron measurements show the use of a TES in
a spectroscopic role measuring the scattered electron spectrum
emitted from a graphite target. The form of this spectrum can be
predicted using the measurements by Goto and Takeichi’' where
such an electron spectrum was generated by a 1keV beam and
measured using a cylindrical mirror analyzer [Fig. 5(a)]. The TES
measured electron spectra are shown in Figs. 5(b)-5(f) at beam
energies from 750 to 2000 eV. These measurements agree well with
the comparison spectrum in Fig. 5(a), showing a sharp secondary
electron peak below 50 eV and a background of inelastically back-
scattered electrons extending up to, but not exceeding the beam
energy. It is important to highlight that the spectra in Figs. 3(a)
and 5 were constructed by aggregating the energies of individual
electron detection events. As such, the low-level fluctuations in the
observed spectra reflect the number of electrons observed in the rel-
evant energy bin and are not background noise.

The main difference between the shape of the spectra in
Fig. 5(a) and the rest of Fig. 5 is the absence of the elastic peak.
The absence of this peak is likely due to a combination of factors
beginning with the small proportion of high-energy electrons being
observed in Fig. 5. The majority of events observed in Fig. 5 were
secondary electrons, emitted from the graphite itself or from sur-
faces between the graphite and the TES, with the remainder of
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FIG. 5. Measured electron energy spectra generated by electron impact on a
graphite target with a 1 eV bin width. The incident electron beam energy on the
target is shown by the vertical line. The predicted spectrum in (a) has been
reproduced from measurements by Goto and Takeichi’' for comparison to
observed TES spectra.

events being backscattered and elastic electrons. Of the elastic elec-
trons that reached the detector, the response would have been
broadened by at least 4 eV, based on the resolution limit calculated
from Fig. 3. The limitations of the energy analysis method used
and the electron absorption inefficiencies in the device would
further broaden any existing elastic peak into the background.

The TES response to electron events of different energies is
shown in Fig. 6 where TES pulse shapes have been grouped and
averaged by energy. The figure clearly demonstrates the progression
of the TES response into saturation as electron energy increases.
The TES is said to saturate when the absorbed energy drives the
device into its normal state where the devices lose sensitivity to
additional energy input and the TES response plateaus. This effect
can be seen at electron energies at 1400 eV and above. While the
TES loses sensitivity to additional energy input under these condi-
tions, the electrothermal feedback loop continues to compensate
for the thermal energy within the device leading to a lengthened
TES response and the particle energy can still be estimated, as dem-
onstrated in Fig. 5(f). The predicted heat capacity of the TES used
is 33 f]/K, which corresponds to a saturation energy of 1400 eV at a
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FIG. 6. Average TES responses based on calculated event energy. Each
plotted response has been averaged from observed responses within 5eV of
the nominal event energies. Responses between 200 and 1800 eV event ener-
gies have been plotted at 100 eV intervals; the legend only shows events in this
range at 200 eV intervals for concision.

value of a = 30, following Eq; =~ CT./a where C is the device heat
capacity.””

IV. DISCUSSION

The measurements in Fig. 5 experimentally demonstrate the
principle of TES electron spectroscopy and highlight the most
important areas of development required to improve detector per-
formance. The advantage of TES electron spectroscopy over exist-
ing methods is potential orders of magnitude improvement to
electron measurement efficiency. However, to be of practical use,
the TES must provide energy resolutions within the ranges achiev-
able by existing electron spectrometers.

In the case of XPS measurements, the resolution of an XPS
analyzer typically lies in the range of 0.1-5eV for electrons below
1500 eV. For comparison, phonon-noise-limited TESs with a transi-
tion temperature of 200 mK are capable of energy resolutions
better than 1 eV. The noise-limited TES resolution scales with tem-
perature, with lower transition temperatures providing improved
resolution. As such, within the bounds of current cryostat capabili-
ties, a practical TES spectrometer for XPS would be operating near
its phonon-noise-limited resolution and so should be optimized for
energy resolution.

The resolution of a TES is determined by the efficiency of the
device at capturing the energy of the absorbed particle and the
ability to extract the magnitude of absorbed energy from the mea-
sured detector response. The measurements in Sec. III show no
apparent differences in the behavior of the TES after electron
absorption compared to TES behavior in photon calorimetry.
Sub-eV resolutions have been demonstrated using TES x-ray
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calorimeters occupying a similar energy range to that investigated
here,” indicating that such TES performance in electron calorime-
try is entirely reasonable. However, achieving such resolutions
would require near-ideal electron energy absorption efficiencies.

The energy resolution of a TES calorimeter can be estimated
from its physical properties by

AEubs =2 \Y 210g(2) 4kB TcEsat \/g: (5)

predicting an energy resolution of 0.75eV for a detector with
1400 eV saturation energy T, = 200 mK and n = 2. This prediction
is significantly better than the resolution estimate of 4eV from
Fig. 4 as the reported measurements were not taken with an
optimized system. The impact of infrared photon noise from
room-temperature apparatus, while mitigated in the scattered mea-
surements, was still likely to be a considerable source of noise,
contributing to the difference between the observed and theoretical
resolution. Additionally, the measurements reported here were
taken at a bias point at 25% of the TES normal state resistance.
TES resolution is dependent on the bias point chosen and so deter-
mining the optimal bias voltage for these measurements would
improve the observed resolution further. Finally, the detector was
not initially designed for calorimetric electron detection and so
there remains scope to optimize the design of these detectors with
regard to energy resolution.

These factors consider the inherent resolution of the TES to
received thermal energy, but the ability of the device to efficiently
receive electrons and thermalize their kinetic energy is also of con-
siderable importance. There is no indication in these measurements
of a systematic difference in the behavior of a TES to an electron
and an x-ray photon after absorption, but there remains the possi-
bility of a difference in behavior becoming apparent at improved
energy resolutions and with higher energy electrons. It would be
informative to measure overlapping x-ray and electron energy
ranges using the same TES to investigate differences in behavior.

A key aspect when considering TES electron thermalization is
the energy loss pathways during absorption. The main energy loss
pathways during electron absorption are backscattered electron
emission and secondary electron emission, examples of which can
be clearly seen in Fig. 5 where such electrons scattered from a
graphite surface were measured. Backscattered electrons can carry a
wide range of energies up to the primary incident electron energy,
whereas nearly all secondary electrons have energies below
50 eV.”>”” In a TES electron spectroscopy measurement, the effect
of backscattered emission is to map received electron energies
across a range of energies throughout the spectrum, distorting the
background. Secondary electrons shift observed electron energies
by relatively small amounts, distorting the characteristic spectral
peaks. In both cases, the rate of emission from the TES absorber
can be reduced by using absorbing material made of low atomic
mass materials due to their lower inelastic scattering cross sec-
tions.”® In addition, using roughened or structured (e.g., pitted)
absorber surfaces can reduce electron emission.

A promising method to greatly improve electron absorption
efficiencies is through the use of electron optics. For example,
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placing a surface above a TES (with an aperture for electron trans-
mission), biased at —20 V, would suppress the majority of second-
ary electron emitted from the TES surface. The use of electron
optics to enhance TES electron absorption raises the question of
possible electric field coupling to the TES and degradation in per-
formance. Measurements of the behavior of a TES in the presence
of DC electric fields up to 90 kV/m showed no observable impact
on TES behavior, indicating that electrostatic optics can be practi-
cally implemented in a TES electron spectrometer.”’

The use of electron optics within a TES electron spectrometer
system would also provide an effective method of separating elec-
tron and photon emission from a room-temperature source. The
charge of the electron can be exploited to deflect electrons toward a
detector array while breaking line-of-sight between the detector
and the room-temperature source. This arrangement would allow
the testing of room-temperature spectroscopic samples while mini-
mizing infrared radiation from the sample reaching the TES array
and harming the detector’s saturation and noise performance.

An additional opportunity is to integrate electron micro-optics
into the TES itself. A TES design based upon this approach is
shown in Fig. 7 using a Ti/Au bilayer superconductor and a dedi-
cated Au/Ti electron absorber, with the surface layer of the
absorber being titanium. In this design, the absorber is electrically
isolated from the TES allowing it to be biased independently;
applying a +20 V DC bias to this absorber would have an equiva-
lent effect as applying a —20V bias to an external surface as
described previously. In this way, it is possible to achieve
highly-efficient electron absorption independent of an absorber
material choice.

There also exists a range of possibilities with regard to the
manner in which a TES can be used in an electron spectrometer.
The TESs could perform the entirety of the electron energy dis-
crimination, as was the case in Fig. 5, but there may be advantages
in a hybrid approach, combining TES calorimetry with electron
energy dispersion used in existing electron spectrometers. TES
energy resolution follows AE oc \/Eg,; where Egy is the TES satura-
tion energy, and so TESs with lower saturation energy display
improved resolution. If the electrons collected by a spectrometer

B Absorber
TES

M Nb

H Al

Wi

SiN

FIG. 7. Proposed design of a bespoke electron spectroscopy TES with an inde-
pendently biased absorber.
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are spatially dispersed by energy and separated into bins, the elec-
trons can be uniformly decelerated by a known amount within
each bin independently, before reaching the TES detector array.
Controllable electron deceleration prior to detection would allow
for TESs with saturation energies far below the maximum of the
emitted electron spectrum, greatly improving the available energy
resolution and the presence of multiple bins would allow for con-
current measurement of the entire spectral range. Larger number of
bins can be used with reduced saturation energies and improved
resolutions, with the possibility of exceeding the energy resolution,
detection efficiency, and count rate capabilities of existing electron
spectrometers simultaneously.

V. CONCLUSION

Due to their fundamentally different method of performing
energy-resolved measurements, TESs offer significant benefits in
electron measurement over existing electron spectrometers. The
inherent energy sensitivity of TESs allows for orders of magnitude
improvement in electron detection efficiency, and, therefore, mea-
surement rate, over what is currently achievable. We believe that
the presented measurements experimentally demonstrate TES elec-
tron spectroscopic measurement, opening the door to further
investigation in this field. The ability to perform spectroscopic
measurements using TESs that have been adapted for electron calo-
rimetry suggests far greater performance is achievable using devices
designed specifically for electron measurement and that creating a
TES array capable of exceeding the capabilities of traditional elec-
tron spectrometers is entirely possible.

The experimental work has been performed in the context of
electron spectroscopy but applies more widely to TES massive par-
ticle spectroscopy in general, an area that has received little atten-
tion in comparison with TES photon measurement. The ability to
use TESs for the measurement of charged particles is of particular
interest as the use of electron optics allows for precise control of
the acceleration and position of these particles. Integrating electron
optical systems with TES spectrometers can allow for manipulating
the interaction between the particle and the TES, enhancing or
reducing absorption efficiency, modifying the energy of the inci-
dent particles or screening them entirely. The ability to screen
charged particles is also of interest in applications beyond massive
particle spectroscopy, such as in space-based astronomical obser-
vation where secondary electrons produced by cosmic ray strikes
can result in unwanted measurement events in the detector. An
elegant route control the interaction between TESs and charged
particles is to integrate electron optics into the detector itself. The
proposed TES electron calorimeter design uses an independently
biased absorber to enhance electron energy absorption efficiency,
but such a structure can equally be used to screen low-energy
electrons or indicating the scope of possibility in this approach to
particle detection.
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