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ABSTRACT. Double-Fourier interferometry (DFI) from a space-based platform provides a path to
achieve broadband imaging spectroscopy in the far infrared with sub-arcsecond
angular resolution. To provide further study of the technique and improve its tech-
nology readiness, we have constructed a laboratory-based DFI testbed. This instru-
ment is coupled to a custom array of 25 feedback-controlled transition-edge sensor
(TES) bolometers. We present the results of characterization experiments to opti-
mize the detector system for laboratory-based experiments involving the DFI
testbed. We demonstrate that tuning the proportional-integral-derivative (PID) feed-
back control loops of the detectors and the timing of the multiplexed measurement
process can modify the detector array’s noise performance and speed of response
to optical modulation for this purpose. From these, we have determined a set of
optimized detector settings that reduce spectral noise in the spatial-spectral inter-
ferometer by 37% to 75%. In addition, we present a further thermal characterization
of the detector array.
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1 Introduction

Approximately half of the total energy density of electromagnetic radiation emitted by stars and
accreting objects in the universe throughout cosmic time, with the exception of the sun, is
observed in the far-infrared (far-IR) regime (loosely defined as encompassing ~30 to
1000 um or 10 to 0.3 THz)."> Because much of this spectral regime is largely inaccessible
to ground-based observatories, the angular resolution of observations in the far-IR lags behind
what has become readily available at other wavelengths ranging from radio to X-ray. The devel-
opment of a far-IR double-Fourier interferometer (DFI) from a space-based platform has been
identified by the astronomical community as having substantial potential to open up the far-IR to
sub-arcsec imaging spectroscopy and has led to several mission proposals.*™'°

*Address all correspondence to Chris S. Benson, BensonC @cardiff.ac.uk
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Fig. 1 Photograph of the DFI testbed and the associated detector array on the optical bench.

To progress toward a future far-IR DFI from a spaced-based platform, ground-based labo-
ratory testbeds have been developed.''~"* Building on this heritage, we have constructed a labo-
ratory DFI operating within a spectral band of 200 to 2200 GHz to provide further study of the
double-Fourier technique and demonstrate its capabilities for wide-field imaging spectroscopy in
the terahertz regime (see Fig. 1).!*!° The DFI testbed is coupled to a unique array of feedback-
controlled transition edge sensor (TES) bolometers designed to provide a versatile detector array
for the development and testing of astronomical far-infrared instruments in a laboratory setting.
These operate without superconducting quantum interference devices (SQUIDs) while maintain-
ing sufficient sensitivity for use in room-temperature far-IR/THz instruments. In this paper, we
present and discuss the characterization of this TES array and its optimization for use as a detec-
tor system for the DFI testbed. This investigation has led to a 37% to 75% reduction in the
spectral noise of measurements made with the interferometer which has significantly reduced
the time required to obtain spatial and spectral measurements with the DFI with adequate signal
to noise.

1.1 TES Bolometer Theory
The voltage response of a bolometer to a change in optical load can be written
_ Toias0R7es(T) 1

TG, 1 +iwst,’
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where @, is the small signal oscillation in observed light, T is the temperature of the detector,
R(T) is the electrical resistance of the thermometer, Iy;,, is the bias current to the thermometer,
and 7, is the detector’s effective time constant. In Eq. (1), @« = (T/R)dR/dT is a unitless measure
of the steepness of the superconducting transition of a TES evaluated at the steady-state temper-
ature of the detector. The parameter G, = G — Prgga/T, where Prgg is the electrical power dis-
sipated in the thermometer, used in Eq. (1) is an effective thermal conductance which accounts
for electrothermal feedback.'® For TES bolometers, @ > 0 and it is possible for G, to reach zero
resulting in thermal runaway.'® For this reason, it has become common to operate the TES ther-
mometer in a constant-voltage bias such that its Joule heating decreases as its temperature (and
thereby its resistance) increases under an optical load.!”'® When operating under a constant-volt-
age bias, changes in the current through the TES are often sensed and amplified using a
SQUID.*!%!® This said, examples of constant-current biased TES bolometers can be found
in early developments of TES bolometers and constant-current biased TES’s have seen some
success using re-entrant superconductors and external feedback mechanisms.'*!

1.2 Feedback-Controlled TES Bolometers

The 5 X 5 TES detector array that is coupled to the DFI instrument is a custom system developed
by QMC instruments (Cardiff, Wales) and operates with detectors in an approximately constant-
current biased state, contrary to the usual constant-voltage biased operation. These detectors do
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not employ electrothermal feedback to maintain the operation of the bolometers about the super-
conducting transition of the thermometer. Instead, detectors in the QMC TES array make use of
an actively controlled heating element and a proportional-integral-derivative (PID) feedback loop
to maintain the thermal operating point of the detector within a carefully timed multiplexing loop.
The operation of the detectors is read out and maintained by a national instruments field pro-
grammable gate array (FPGA) that multiplexes four simultaneous channels (A to D) switching
through seven rows in time (0 to 6); see Fig. 2. Each detector is composed of a niobium TES
thermometer, a gold heating element, and a 5-nm-thick gold absorber.

Thermal and electrical diagrams of a single detector in the array are shown in Fig. 3.
Operation about the set temperature on the superconducting transition of the TES is achieved
by balancing the thermal conduction to the surrounding environment of the cryostat, the optical
loading on the detector, the Joule heating from the bias circuitry of the TES, with the feedback-
controlled heating element. Under an increase in incident optical power, there is a change in the
TES temperature state that is measured by the voltage across the TES (Vrgg). In response, the
PID feedback loop calculates the necessary reduction in heater power to maintain the setpoint at
the specified time within the multiplexing cycle. In this way, the heater power provides a measure
reciprocal to the optical loading on the TES detector. The steady-state power balance of a detector
follows that of a typical bolometer with the addition of the heater power

= Pejec + Popl + Pheat — Prath [W]’ @

Fig. 2 Left panel shows a photograph of the array of TES detectors. The right panel shows a
photograph of a single detector in the array. The circular heater and TES thermometer are marked.
The order in which detectors are multiplexed by the FPGA readout system is outlined in the inset
panel.

MUX o1l
{PID;
Wmeas Vheaty
Ibias Rleads% %
— RrEes —

Fig. 3 Simplified thermal (left) and electrical (right) diagram of a single feedback-controlled TES
bolometer in the array. The multiplexing (MUX), PID control, and detector bias are achieved
through a combination of warm electronics and an FPGA.
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where C,, is the lumped heat capacity of the detector and each P-term is the power provided or
dissipated by the electrical bias to the thermometer, the optical loading on the detector, the heat-
ing element, and thermal conduction to the cryogenic environment. In addition, due to this oper-
ation, the response of a given detector [i.e., Eq. (1)] is modified by the transfer function of the
PID controller.

This configuration allows these detectors to operate effectively under the load of a room-
temperature optical system over a broadband (~200 to 2200 GHz) within a ~4 K environment
(which can be easily achieved with a pulse-tube cryocooler). The detectors also make use of
traditional amplifiers (Texas Instruments, INA103) rather than a SQUID-based readout, dramati-
cally reducing the cost. In addition, this operation is highly customizable providing a versatile
detector system that can be optimized for specific use cases and instruments. Despite these desir-
able advantages, the optically measured noise equivalent powers (NEPs) of the detectors are

~5 % 1072W /+/Hz, which is not sufficiently sensitive for astronomical purposes in which
detector NEPs of ~5 x 1071 W/y/Hz are required for background-limited observation for

ground-based measurements and ~5 x 10720 W/+/Hz for space-based.*** As the QMC TES
array operates about the critical temperature of Nb (~8 to 9 K) to facilitate the advantages out-
lined above, it is not capable of achieving these NEPs. Instead, the detector array has been
designed for the development and testing of astronomical far-IR instruments in a laboratory set-
ting and not to compete with the sensitivities of more traditional SQUID-based TES arrays.

The detector system has been successfully commissioned and integrated into the DFI testbed
and can be more fully tested within the context of the DFL'*!*> Through the tuning of the detec-
tors’ feedback operation, the array can also be further optimized to reduce the detectors’ NEPs
and thereby reduce the time required to acquire high SNR spatial-spectral measurements of the
DFI testbed.

1.3 Detector Operation and Adjustable Parameters

Owing to the timing of the multiplexing and feedback processes involved in a detector meas-
urement, the detectors under study do not maintain constant operation on their superconducting
transition. Instead, a detector’s thermal state switches between superconducting and normal con-
ducting states throughout a single measurement and remains within its superconducting state
while other detectors in the array are measured. The result is that the time-division multiplexing
(TDM) is cyclically pulsing a detector’s state into operation at the desired transition region. The
exact timing of the measurement process and the response of a given detector are governed by a
set of user-adjustable parameters.

The adjustable parameters that modify detector behavior can be divided into two categories:
parameters that adjust the timing of the multiplexing process and parameters that tune the PID
control of a single detector. Detector timing parameters can be used to adjust (1) the length of a
measurement pulse, (2) the duty cycle of the heater within a measurement pulse, and (3) when
within a measurement pulse the TES state is measured for use in the PID feedback. A meas-
urement pulse is divided into “loop counts” that correspond to a counter which increments when
a measurement of the TES state or another operation can be completed by the FPGA. The time at
which the heater switches off (having switched on at the start of a detector measurement) and the
time when a TES measurement is used in PID feedback are set to occur on a given loop count.
In the example shown in Fig. 4, the heater is chosen to switch off on a loop count of 4 (marked by
the orange star), the TES state is measured for use in the PID on a loop count of 10 (marked by
the black diamond), and the detector is inactive from loop count 11 onward (i.e., the pulse width
is 11 loop counts). As these timing parameters define the TDM process, they are ubiquitous
across every detector in the array. When the multiplexing cycle is turned off, the measurement
cycle remains on a single row (i.e., the row counter in Fig. 4 does not increment). When in
nominal operation, the sampling of the detector state is faster than the detector’s effective time
constant [see Eq. (1)]. It should be noted that while this assists in maintaining the PID feedback
of the multiplexing cycle, these measurements do not necessarily represent statistically indepen-
dent samples of a detector’s thermal state. Rather, the response time of the detector to an optical
signal is governed by the thermal properties of the bolometer and the multiplexed readout process
(as discussed in Sec. 2).
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Fig. 4 Example of a single detector measurement pulse within the multiplexing cycle. When the
row of the detector (N) is switched to, the TES heater becomes active for 6.5 us at the start of the
measurement pulse, the TES state is measured for use in the PID 16.25 us after the start of
the pulse, and the detector is inactive and no longer biased after 18.03 us having completed a
full detector measurement pulse. The cycle then switches to another detector row (N+1). The
PID setpoint has been marked by the horizontal line. The heater switch-off point is marked by
a star while the TES state measurement for PID calculations is marked by a diamond.

TES State Read
For PID

Each detector is read out and maintained by a dedicated PID calculation
! d
u(t) = Kpe(t) +K,/ e(t')dt’ —I—KDEe(t) [a.d.u], 3
0

where u(?) is the output signal from the PID calculation and e(t) represents an error signal from
the desired state or setpoint. The proportional, integral, and derivative terms of Eq. (3) all have an
associated gain or weighting factor, K, K;, and K p, respectively. The PID setpoint, which rep-
resents the desired operational state on the superconducting transition of a given detector, and
associated gains can be adjusted on a per-detector basis (i.e., each detector has dedicated PID
control).

As demonstrated in Fig. 4, the pulsed TDM operation typically involves bringing the TES
state out of superconductivity through/past the setpoint and then allowing the TES state to relax
through the setpoint back down to superconductivity. The PID controller modulates the heater
power such that the TES state reaches the desired setpoint at the user-selected read index.

1.4 Detector Performance

We simulated the operation of a single feedback-controlled TES detector operating in this pulsed
multiplexing scheme in LabVIEW software. These results are shown in Fig. 5 for a TES detector
with a heat capacity of 0.4 nJ/K and an average thermal conductance of 4.0 W /K. The TES in
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Fig. 5 Simulated response of a feedback-controlled TES and the PID error signal to a ramping
optical signal (left). The linearity of the response of the detector signal (heater power) is also shown

(right).
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Fig. 6 Example spectral measurement made by the central detector of the TES array in the DFI
testbed while viewing a 1100 00BOC blackbody source in raw detector units. An atmospheric
model representative of the laboratory environment is also shown in black.

the simulation was set to transition at 9 K, following a sigmoidal curve to its normal-state re-
sistance (200 data units) over 10 mK, and has been coupled to a 4 K thermal bath in the model.
Under PID control set to the midpoint on the transition and operating with a 1/3 heater duty cycle,
the TES detector responds well to the ramped optical signal and has excellent linearity to within
5 uW (~1.4% at expected optical loads). We have also simulated these results at different biases
on the superconducting transition and a variety of transition slopes following values that can
reasonably be fabricated, all showing similar performance.

Figure 6 shows a spectral measurement from the central detector of the TES array made with
the DFI while viewing a heated blackbody source (see Benson®?). A model spectrum from the
open-air environment of the DFI optics was simulated using the atmospheric modeling software
am® for comparison. The results shown in Fig. 6 demonstrate that TES detectors operating
through PID feedback and with this multiplexing arrangement are capable of spectral measure-
ments within the DFI testbed. Measurements of the heater power and the TES state, both
operating under a constant-current bias, are made through voltage measurement with an
analog-to-digital converter. The raw detector signal, being the heater power, is presented in units
of squared volts (being proportional to optical power), and the TES temperature is represented in
units of volts (assuming an ohmic device). We give a complete discussion of the optical per-
formance and calibration of the detector array to optical units in Benson et al."” and
Benson,”> whereas in this work, we focus on improvements to raw detector performance through
the tuning of user-adjustable parameters.

2 Detector Optimization

The QMC TES array was initially provided a set of general operational parameter settings by the
manufacturer to achieve stable detector operation observing optical signals modulated up to
1 kHz with the intention of improving upon these for operation in the DFI instrument once
it has been integrated into the optical assembly. We have performed investigations of the detector
array’s thermal behavior, noise performance, and response speed to determine a set of better-
optimized parameters for measuring the interference signals from the DFIL

2.1 Thermal Characterization

The sensitivity of the PID feedback for a detector is increased by choosing a setpoint that occurs
on the steepest part of the transitions (i.e., where « is at its maximum). As such, we expect that
choosing the PID setpoint accordingly will improve detector performance. We measured the
superconducting transitions of the detectors in situ by monitoring the TES voltage, where the
cryostat was allowed to warm to a point at which all detectors had passed through their tran-
sitions. As these measurements were made in sifu, the measured voltage includes impedance
from the lines as in Fig. 4. A mirror was placed at the input to the detector cryostat effectively
reducing the optical loading on the detectors (i.e., the detectors see themselves at ~8 K with
minimal emission from the reflective room-temperature mirror; the mirror being thermally stable
in the laboratory environment for timescales much longer than the time required for the TESs to
transition). The temperature of the cryostat environment was monitored using a diode thermom-
eter located on the detector block. These transitions are shown for the entire detector array in

J. Astron. Telesc. Instrum. Syst. 016002-6 Jan-Mar 2025 e Vol. 11(1)



Benson et al.: Characterization of a proportional-integrafl-derivative feedbaqk-controlled. i

,
b
b

i
y

i

141 (a)

=
o
33
-]

o
Y
L]
o

Vres (V)

141 (©) - (@

0.7 1

8.3 8.325 8.350 8.3 8.325 8.350
Block Temperature (+0.5) (K)

Fig. 7 Superconducting transitions of each active detector in the array separated by a multiplexing
channel. Each curve is finely sampled, marked by the line. To help distinguish between each row in
the multiplexing process, a large marker has been placed on each curve at a large interval and
different colors are used. That is, the large markers do not show the actual sampling of these data.

Fig. 7. The calibration of the diode thermometer is such that there was a £0.5 K uncertainty in
the absolute temperature of the cryostat environment. The statistical uncertainty in temperature
measurements was estimated to be £30 mK from repeated measurements while the cryostat
warmed from 6 to ~11 K.

As each TES operates under a constant current bias, @ can be measured through the deriva-
tive of the TES voltage measurements of the superconducting transition [see Eq. (1)]. Due to
noise in measurements of the TES state (having a 2.8-mV standard deviation), the derivative of
the superconducting transition was determined from a smoothed spline fit to the curve. This is
shown for the central detector in the left panel of Fig. 8 showing a maximum value a = 687 + 5
at a TES voltage of ~0.722 V. Maximum « values range from 565 to 1305 across the detector
array with occurring at a TES bias of 0.722 to 0.752 V.
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Fig. 8 Steepness of the superconducting transition of the central detector determined from a cubic
spline fit of the measured curve is shown in the left panel. The right panel demonstrates the
dynamic thermal conductance determined for the central detector.
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Throughout these measurements, we noted that operating the detector array without multi-
plexing showed a much steeper transition than when measured in standard multiplexing mode.
We attribute this to the self-heating of the detectors from the bias circuitry resulting in poor
thermalization between an individual detector and the detector block (see Benson??). We note
that the superconducting transition of the central detector that we measured and presented in
Spencer et al.>* did suffer from self-heating. The results presented here provide a more accurate
measurement. Though we have not been able to provide a full thermal characterization of the
detectors through in situ measurements with our current test equipment, we have obtained a
measurement of the dynamic thermal conductance, G = dP/dT, for each detector. We have
employed a technique similar to Karwan et al.”* in which a small change in heater power and
the corresponding change in TES temperature is monitored. In this way, G is measured directly as
G = APy, /AT. For our system, the change in detector temperature is controlled by changing
the setpoint of the PID and the heater power required to maintain the setpoint is monitored.

For the detector to maintain a set temperature in the steady state, it is required that Eq. (2)
holds for input and output sources of thermal power in a sufficiently long time average. Provided
that the time average of optical loading and electrical bias is constant, the change in the power-
loading of the detector is given by AP = APy 4. Because the heater is only active for the
specified duty cycle, whereas conduction occurs continuously, G = 0.4APy, /AT for a detector
operating with a pulse width of 10 loop counts, a blanking time of four loop counts, and without
multiplexing.

Figure 8 shows thermal conduction measurements for the central detector. During this meas-
urement, the heaters corresponding to each of the other detectors have been manually switched
off and the detectors are not multiplexed to avoid deleterious thermal and electrical cross-talk.?
To minimize changes in the optical load throughout measurements, a mirror was placed at the
cryostat window. In the more sensitive lower region of the transition, the dynamic thermal con-
duction of the central detector remains at a constant value of 0.22 4+ 0.01 xW /K. We found the
repeatability in measurements of the superconducting transition to be the dominant source of
uncertainty in our conduction measurements (see also Benson??).

Successful detector operation requires that the thermal conduction of a detector to the sur-
rounding environment exceeds self-heating from the detector bias current so that a reduction in
heater power (in response to an increase in optical load) can maintain a bias on the supercon-
ducting transition. This balance has been tuned with the current supply to the TES such that we
have achieved successful operation with TES setpoints ranging the full transition.

2.2 Detector Timing
To characterize detector performance as a consequence of changes to the multiplexed measure-
ment timing process, a mirror was again used to cover the detector window. Figure 9 demon-
strates these measurements for the selection of heater activity times and TES state read delays. In
general, we have found that if the heater activity time is too short (i.e., the dark purple curves in
Fig. 9), the detector has poor performance and in many cases can be unstable. A heater activity
time that becomes too great results in an increase in high-frequency noise. When the delay
between the heater switch-off and TES state read (i.e., the “spacing” between these two param-
eters) is sufficiently small, measurements of the TES state occur on the rising edge of the TES
state profile as the TES heats up. When a small spacing is coupled with a short heater time (purple
curve in the upper left panel), a substantial amount of power is required to reach the setpoint often
pushing the TES fully through its transition even after the PID measurement is made. Increasing
the spacing between the heater switch-off and read index such that the TES state is measured for
the PID on the falling edge (i.e., as the TES cools down through its transition) results in the
narrowest distribution of detector signal. In addition, this results in low noise and a relatively
flat white-noise level with a reasonable signal band. A spacing that is too large (i.e., the bottom
row of Fig. 9) results in increased detector noise in general. In addition, these show deviations
from a Gaussian distribution. As these timing settings are not suitable for low-noise measure-
ments with the detector array, they are not further examined in this work. Further discussion on
non-Gaussian noise in the system’s detector signal is discussed in Benson.?

To provide a rapid estimate of optimal detector performance in the parameter space, the
distribution of the detector output signal while viewing a static optical load was fit with a
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Fig. 9 Central detector performance for a selection of timing parameters while viewing a static
optical load. The left column demonstrates the detector state throughout a single detector meas-
urement pulse. The curves shown are the average profile of thousands of measurement pulses
with varying heater activity times. The distribution of heater power values calculated by the PID
loop is shown for each of these cases in the center column as is their respective noise power
spectra in the right column. The chosen timing parameters show delays between the heater
switch-off and TES state read that are two (top), six (middle), and 40 (bottom) loop counts
(3.3, 9.9, and 66 us, respectively). The heater switch-off and TES read index are marked in the
TES state pulses as in Fig. 4 for each measurement curve. The longest heater durations are not
shown for the bottom row as this would require increasing the detector measurement pulse width
thereby changing the detector activity duty cycle relative to the other measurements.

Gaussian function to approximate broadband noise, shown in Fig. 10. Uncertainty in the fitted
Gaussian width provides a measure of how well matched the noise profile is to a Gaussian dis-
tribution (shown by the error bars in Fig. 10). These measurements show that there are substantial
improvements to performance by increasing heater activity time greater up six loop counts. For
these heater activity times, a spacing of five to six loop counts between the heater switch-off and
TES read index provides the best performance by these metrics.

Because the goal of the detector system is to measure optical modulation from the DFI (see
Sec. 2.4), we have also studied the effects of changes to the timing of the detector measurements
on the effective time constant of the central detector. A Toptica TERASCAN 1550 continuous
wave photomixer was used as a THz source with a mechanical chopper to measure the response
of the detectors to modulation up to ~1 kHz.*® These results are shown in Fig. 11. Increasing the
time that the heater remains active results in a change in the power required to maintain the PID
feedback causing a natural offset in the response curves shown in Fig. 11. Increasing the total
time required to measure a detector allows for greater durations of heater activity and longer TES
state read delays to be accommodated resulting in a slower detector response. This is expected as
increasing the total measurement time also increases the time required to complete an iteration of
the PID process. To accommodate full Nyquist sampling of measurements over the full spectral
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Fig. 10 Detector signal distribution widths for various blanking times and spacings (in loop counts)
between the heater switch-off and the TES read index are shown in the top panel. Detector signal
distributions at three selected blanking times (denoted by vertical lines at blanking times of 4, 8,
and 18 in the upper panel) are also shown in the center row and the respective noise power spec-
tral densities are shown in the final row.

band of the DFI, a total detector measurement time of less than 12.9 us (12 loop counts) is
needed. With this total measurement time, a heater activity time of 6.4 us (six loop counts) and
a TES read delay of 11.8 us (11 loop counts) can be accommodated to reduce detector noise.

2.3 PID Tuning

Improper PID tuning can result in a variety of fail states in which a detector is unable to stabilize
to a particular bias on the superconducting transition. The detector then oscillates between super-
conducting and normal conducting states. This often occurs when the action on the error signal in
the PID loop is weighted too heavily causing the PID to consistently overshoot or undershoot the
setpoint. Because the TES is not an effective temperature sensor either above or below its tran-
sition, it is possible for a detector to continue heating or cooling its thermal state without any
change to the error signal in the PID when operating in temperature regimes outside of the
transition.
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Fig. 11 Frequency response of the central detector operating with a variety of detector timing
parameters. The dashed vertical lines indicate the —3 dB frequency cutoff of each response curve.
The color shows the number of loop counts between the heater switch-off and the read index
(spacing), whereas different markers indicate the blanking time. Each measurement was made
with a pulse width set to be one greater than the read index such that the read index is the last
loop count of a measurement pulse.

Provided the detector is properly stabilized, both the response speed and noise properties of
each detector can be optimized for use with the DFI through further PID tuning. These effects are
shown for the central detector while viewing a blackbody source chopped at 30 Hz placed in front
of the detector window. The signal is averaged over several thousand periods of the chopped
source in Fig. 12. It is evident that over this parameter range, increasing the proportional-term
(P-gain) has a slight effect on the amplitude decreasing by 5.8% at the highest P-gain of 3000
data units. In addition, the integral gain (/-gain) has a dramatic effect on the ability of the detector
to respond to optical modulation with a gain of 100 data units being near the limit of sufficient
response at 30 Hz. Varying the derivative gain appears to have little effect on the output signal in
the observed cases. These coupled with further measurements of a static optical load, suggest that
the inclusion of the derivative term of the PID loop degrades detector performance.

To estimate the signal-to-noise ratio (SNR) of the detector, we measured the effects of P- and
Iterm weighting the PID feedback of the central detector while viewing a 90 °C blackbody
modulated by a chopper at 40 Hz. Figure 13 demonstrates these results for a range of P- and
I-term gains. The SNR of the detector with respect to broadband detector noise has been esti-
mated by comparing the amplitude of the average chopped profile from several hundred periods
of the chopper to the residual of the average profile on a per-chopper period basis. Detector SNR
from this metric is shown in the left panel of Fig. 13. These coupled with the noise measurements
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Fig. 12 Average central detector output signal while viewing a chopped blackbody source under a
variety of PID conditions.
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Fig. 13 Effect of varying proportional and integral-term gains on the SNR of central detector mea-
surements of a 90 °C blackbody source chopped at 40 Hz. The left panel shows SNR measure-
ments that compare the amplitude of the average chopped signal profile to noise measured in the
full detector frequency band (average profile SNR). The right panel demonstrates similar measure-
ments in which SNR has been estimated comparing the spectral peak corresponding to the modu-
lated optical load to noise within the same frequency band (spectral band SNR).

of a static optical load suggest that broadband noise is reduced at low P- and I-term gains as the
detector is less responsive to high-frequency noise. This represents a factor of ~3 improvement in
broadband SNR over the PID parameters that were set for the detector array without consider-
ations for the DFI.

We expect broad-banded noise measurements shown in the left panel of Fig. 13 to be biased
by the changing detector time constant (effectively rejecting more high-frequency noise with a
lower time constant, see Fig. 14). To estimate the SNR of the central detector in a frequency band
local to the chopped signal from the blackbody, we considered the power spectral density of the
detector timeline over the peak modulation frequency with and without the chopped source.
These measurements are shown in the right panel of Fig. 13. There is a localized range of
P- and I-term gains for which the SNR in a frequency regime local to the signal from the chopped
blackbody is improved by a factor of ~2.6 over the initial parameters determined without con-
siderations for the DFIL

Figure 12 has demonstrated that PID tuning can have a dramatic effect on the response of a
detector and that the weight of the /-term plays a dominant role in this. To study the effects of PID
tuning on detector response, we have measured the central detector response under a variety of
PID conditions. Figure 14 shows a summary of P-term and /-term tuning on the effective time
constant of the central detector. We have obtained these through a least-squares fit following the
form of Eq. (1) to the detector’s response while viewing the photomixer source with a chopper.

10*

7 (ms)

100

10 119 228 337 446 10 119 228 337 446
I-gain (a.d.u.) I-gain (a.d.u.)

Fig. 14 Effective time constant (upper-left) and associated uncertainty (upper-right) of the central
detector under different P and | term weighting in its PID control. Each time constant value is deter-
mined from a least-squares fit to the response of the detector to a photomixer source that has been
modulated with a chopper wheel. Example cases that demonstrate irregular detector response
profiles and examples of more typical behavior are outlined by a colored square. Their response
profiles are shown in Fig. 15.
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Fig. 15 Response of the central detector corresponding to particular P and / gain conditions of
interest denoted in Fig. 14. Response measurements with an / gain of 10 (right panel) show non-
linear behavior prior to the high-frequency cutoff. These are shown in the right panel, whereas
more typical responses are shown in the left.

These demonstrate that detector response speed is improved by a high weighting of the 7 term
coupled with a low weighting of the P term.

In all cases explored, an I-term gain of 10 data units results in high uncertainty in the fitted
detector time constant, as the PID control of the detector results in deviations from the response
profile of a more typical bolometer (shown in the right panel of Fig. 15) despite good PID sta-
bility under these settings, e.g., the error signal stabilizes to random variations to within 1%
between optical chops at 30 Hz for Kp = 200K; = 200. These PID settings, which would intro-
duce broad spectral artifacts, are not suitable for measuring the broad spectral band encoded in
DFI interferograms. The error in the fitted time constant also provides a useful goodness-of-fit
metric having a good correlation with suitable values of y2,.

2.4 Low-Frequency Detector Noise
A DFI instrument produces time-varying interference signals that encode the spatial and spectral
information of a source. The fastest varying modulation of light is a consequence of spectral
interference and follows that of a standard FTS.?”?° Thus, in spectral measurements of the
DFI, the measured optical modulation can be chosen to occur over a signal band for which the
detectors experience less noise by choosing an appropriate speed of travel for the moving mirror.
We have found that the detectors in the array experience a significant 1/f noise (see Figs. 9 and
10). For the useful range of detector parameter settings, the modulation signal from the DFI
should be kept above ~7 Hz to avoid the 1/f dominated signal bands in all detectors.

We have demonstrated that modifications to the PID and measurement timing parameters of
a detector can tune its noise performance (and thereby its SNR) and its response speed. Some
trade-offs between these must be considered particularly for the choice of the integral term gain
in the PID feedback. The specific requirements for detector response speed are governed by the
spectral band-pass of the DFL In Benson,'® we measured the optical band of the DFI as 250 to
2200 GHz. Thus, the moving stage of the interferometer must be scanned at least as fast as 3 mm
of optical path per second is required to avoid 1/f-dominated signal bands at the lowest spectral
band of the DFL. In addition, the detector time constants need only be as fast as 3.6 ms to fully
Nyquist sample the spectral bandpass of the interferometer at this minimum scanning speed.

2.5 Spectral Noise

Balancing the detector time constant requirements for the interferometer operating in the spectral
band and improvements to detector noise performance, we have determined a set of better-
optimized detector parameters to reduce the noise in spectral measurements of the DFI made
with the central detector of the array (see Table 1). Note that we have been conservative in our
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Table 1 Detector parameters that we have determined to provide a better-optimized central
detector for the DFI testbed are shown with the initial parameters. Selected detector performance
metrics are also shown.

Detector parameter Initial Optimized
Pulse width (loop counts) 10 12
Blanking time (loop counts) 4 6
Read index (loop counts) 9 11
Setpoint (a.d.u.) 10,000 9500
P-gain (a.d.u.) 1000 600
l-gain (a.d.u.]) 200 150
D-Gain (a.d.u.) 0 0
Detector time constant (ms) 0.96 + 0.06 1.65 = 0.01
Detector array framerate (kHz) 12.913 11.106

time constant selection to ensure that the time constant is fast enough to approximately twice-
Nquist sample the modulation signal.
The spectral NEP of the DFI can be expressed using the expression for a nominal FTS

NEPprs = ¢ ZAG W/VHz, )

Ustage

where ¢ [W/cm™!] represents spectral noise, Vgtage [CM/$] is the scanning speed of the double-
rooftop mirrors of the DFI (in units of optical path difference), and Ac [cm™'] is the spectral
resolution.’**! To determine spectral noise, we have considered 200 spectral scans of the DFI and
subtracted the average spectrum from each single-scan spectrum. Assuming that the noise ampli-
tudes of each scan are statistically independent, the total spectral noise is determined from the
quadrature sum of the noise from each scan (¢ = 1/N? YV ¢?). Figure 16 compares spectral
noise in the central detector obtained from spectral measurements (in units of raw detector signal)
of a blackbody source at 1100 °C using the initial detector parameters set by QMC Instruments
and measurements using the optimized parameters. The corresponding NEPgrg from each spec-
tral noise measurement is also shown. For details on the spectral calibration of the DFI, see
Benson et al.'> and Benson.?? The optimized detector parameters result in a 37% to 75% reduc-
tion in noise throughout the spectral band of the DFI (i.e., improving spectral noise by a factor of
1.6 to 4.8).

3 Conclusions and Future Work

The PID feedback-controlled array of TES bolometers that we have studied is a versatile system
that can be optimized through the tuning of its PID feedback loops and adjusting the timing of its
multiplexing process. Through in situ measurements of the superconducting transitions of the
detector array, we have determined the optimal operational setpoints for the PID feedback of each
detector. In addition, we have measured the dynamic thermal conductance of the central detector
to be 0.22 +£0.01 pyW/K when operating about its optimal setpoint.

By modifying the timing of the multiplexing process and the PID tuning of the central detec-
tor, we have better optimized the central detector for use in the DFI testbed. This optimization
requires the noise performance of the detector to be balanced with the speed required to effec-
tively measure interference from the DFI. Our efforts have resulted in a 37% to 79% reduction in
the noise of spectral measurements made with the DFI. This noise reduction can conceivably
reduce the time required to achieve sufficient SNR in full spatial/spectral measurements from
greater than 12 h to ~6 to 8.
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Fig. 16 Spectral noise of the central detector in the DFI testbed using initial and optimized detector
parameters shown in uncalibrated units (top) and optical NEP (center). The region gray shaded
region in the top panel marks the spectral bandpass of the DFI.

Although the focus of our efforts with the DFI testbed has been to demonstrate its capa-
bilities as a spatial and spectral interferometer, the ultimate goal is to also leverage the wide-field
capabilities of the DFI as an imaging spectrometer. In anticipation of this, the optimization of the
full detector array should be investigated. Using the methodology and informed by the measure-
ments presented here, we are extending the optimization process for the full array of 25 detectors.
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