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Abstract Micro-X is a sounding rocket borne X-ray telescope that wsésnsition edge
sensor microcalorimeter array to provide high energy teg&wl spectroscopy. Micro-X is a
versatile instrument with plans to observe the Puppis A sup& remnant during its first
flight, as well as future observations of the Milky Way to safor X-ray signals from
decaying dark matter. Commissioning and functionalityimgsare complete and the ther-
mal performance of the system has been validated. We arentiyrevaluating the detector
performance in the flight cryostat with the flight multiplegielectronics. Operating in this
setup has allowed us to characterize sources of detectoreaddut noise, as well as to
implement mitigation techniques to improve performancariticipation of the upcoming
flight. We present an overview of important noise considenatin addition to an update on
latest detector performance.
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1 Introduction

Micro-X is an instrument that will use transition edge ses4d ESs) to perform high reso-
lution microcalorimetry on astrophysical X-rays from asding rocket platform [1, 2]. The
Micro-X array consists of 128 pixels arranged in a quasitdar arrangement, to provide
an 11.8 arcminute field-of-view. The absorbers are compo&&8d# um of bismuth with a
0.6 um layer of gold, 59Qum per side, and the TESs are molybdenum/gold bilayers with a
transition temperature of 120 mK [3]. Combined with the mw® of the X-ray mirror and
the infrared blocking filters along the beam path, the basslpathe instrument is between
0.1 and 2.5 keV [1]. The detector readout is achieved with &INBQUID time division
multiplexing circuit with 8 columns consisting of 16 rowscdd4]. The readout is split into
two fully independent science chains with 4 columns eachngdailures during flight will
still leave half of the array operational.
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The 75 mK operating temperature of the detectors is achieitbdan adiabatic demag-
netization refrigerator, with a hold time at 75 mK of 9 hous$. [This cryostat has passed
vibration testing and is well suited for carrying the deteston the sounding rocket platform
[6]. That rocket provides an apogee of 270 km with 300 s ab&@kin for the observation.

The first flight of Micro-X will observe the Bright Eastern Knof the Puppis A super-
nova remnant. The combination of high energy resolutiomfroicrocalorimeter detectors
and an imaging mirror will allow us to provide a significantgrovement on the measured
spectra in the soft X-ray band. For extended sources their@its to the energy resolution
achievable with grating spectrometers that do not apply itravalorimeters because the
spatial extent of the target blurs out the spectral inforomain gratings instruments whereas
microcalorimeters measure the energy independently o§patjal information. As a bright
target it is suitable for observation with a single soundiogket flight, which makes it an
ideal target for observation with Micro-X. The Micro-X sgram will allow us to character-
ize the ionization states inside the target region, whidhprdvide a definitive measurement
to verify if charge exchange is occurring in this knot and teét the proposal of this region
as a site for particle acceleration that results in cosmis.rAn alternate target (based on
launch window availability) is Cassiopiea A, which sharesilar characteristics. Future
flights will search for unidentified lines coming from the MilWay halo, such as would be
expected from decays of a dark matter particle [7, 8].

2 Detector Resolution
2.1 Current Performance

The inherent resolution of the Micro-X TESs is 4.5 eV, whicaswmeasured at the NASA
Goddard Space Flight Center (GSFC) in a mature, ground bagesdtat that did not con-
tribute additional noise to the system (Fig 1 Left). Aftestalling the detectors into the flight
cryostat, we then began the process of improving the reddrdivare which involved re-
designing significant components of the flight electrona$otver the noise to functional
levels [9]. After these improvements, the energy resofutias measured to be 10 eV (Fig
1 Right). An increase in noise greater than what was expdobed the addition of multi-
plexed readout was observed, leading to the worsened tiggolihe difference in energy
resolution was driven by excess low-frequency noise seamwlie TESs were biased in the
transition. This hints at the noise being coupled to the TES bince excess noise passing
through the SQUID biases would be seen independent of tteeaftthe detector. This noise
could be from the flight electronics or from the susceptipilo environmental noise pass-
ing through the feedthroughs into the cryostat. The desighase subsystems were made
with operating under the stresses of a rocket flight in minedhat introduced new design
elements that needed to be vetted through testing with theladetectors.

The difference in energy resolution manifested in two waye first was that measuring
the average detector noise and average pulse height teageagerojected energy resolution
from the integrated noise equivalent power (NEP) gave adigfi7 eV (Fig 2). Addition-
ally, measuring the full width at half maximum (FWHM) of thellpe height from noise
traces gave 7 eV resolution, which is consistent with thajgation. However, collecting
pulses from an emission line to measure the FWHM energyutisnlgave a resolution of
10 eV, which shows an added degradation. One contributittetavorsened resolution were
sudden shifts in the gain within long exposure measurentbatsvere difficult to properly
correct for. These gain shifts were due to sudden changé®ibaseline value of the first
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stage SQUID feedback, which were caused by relocking of theldicked loop on a single
SQUID. When the relocking behaves correctly, it shouldmeto the initial baseline value
but in some cases it would lock at a different value, moving fiux quantum in the SQUID
away from the original lockpoint. This led to the baselineafirother detectors that are mul-
tiplexed over the same SQUID feedback line having a smatggan their own lockpoint,
which produced a small change in gain from the new positiothnSQUID V& curve.
By tuning the unlocked value of the SQUID feedback to be vesgrrio the lockpoint, the
locking software is able to reliably choose the same loakipevery time eliminating these
jumps and improving the energy resolution. Another contidn to the worsened resolution
appears from a 60 Hz tone, derived from the mains electipatyering the electronics in the
laboratory. This produces a dependence of the measuregl peitght on the phase of 60 Hz
noise that is present in the baseline data when the pulsesirtimproved filtering in the
data processing to eliminate this dependence is expectiedtbe@r improve the measured
resolution closer to the NEP.
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Fig. 1 Left: Measurement of the energy resolution of the Micro-Xedéors in a laboratory cryostat at GSFC
observing the Mn Ka line. Right: Measurement of the energy resolution in thehfligryostat after initial
modifications to mitigate noise observing the KcKline. (Color figure online.)

2.2 Noise Modeling

To understand the difference in performance between trexties in the laboratory set-up
and the flight set-up, we modeled the detectors using a steexipackage for modeling
microcalorimeters in the IGOR programming language deeddy members of the GSFC
and Northwestern groups to try and generate the measurse spéctrum [10]. The inher-
ent device parameters (conductance, heat capacity, squplilg, steepness of transition,
etc.) were measured in the flight system when possible andetsign values were used for
the other variables. By fitting the average pulse shape megsguthe flight system to deter-
mine the bias point and steepness of the transition, the Ipodiected a much lower noise
spectrum than what we measured, where the modeled noigsponded to the design res-
olution of 4.5 eV. By artificially increasing the amplitudé the phonon noise component
but making no changes to the phonon noise shape, we werecafiléhte measured noise
spectrum over most frequencies, resulting in an NEP thathmeatthe 7 eV measurement
(Fig 2). This demonstrates that the component limiting thergy resolution generates a
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phonon-like noise spectrum, which is a further hint thatatigles into the TES directly
through the bias current.
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Fig. 2 Noise spectrum of a representative Micro-X pixel, priortie modifications described in section 3.
(Color figure online.)

Other differences between the modeled and measured nasgapere the behavior
at high frequencies and various lines at intermediate #Rrqies. There are a variety of
sources for these lines, but are generally either genelstede control electronics or are
pickup from the environment. With the exception of the 60 lérsa, all of these lines are
very sharp and have little impact on the achievable energglugon and can be ignored.
Even so, the sources of many of the lines were identified andrelted so that the system
would be as clean as possible [9]. The 60 Hz noise is not agmolh and of itself, since
the rocket will have its own independent power in flight, @zt of relying on electronics
that are being powered by the 60 Hz AC mains electricity. Harethe susceptibility to it
suggests a possible explanation for other noise sources.

3 Noise Sources
3.1 Radio Frequency Pickup

In order to improve the performance of the Micro-X detectans necessary to identify the
source of the phonon-like noise. The extent of the noiseesdrom pixel to pixel, but does
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not do so with any discernible pattern meaning that ther@isarrelation between pixels

that share a detector bias and summing SQUID, nor betweetspixat share a common
lead for their first stage SQUID, nor for physical positiorthin the array. Shot noise from

an infrared light leak was proposed, but the performancaefietectors in the most recent
run featuring an infrared filter on the detector box and théopmance in the preceding run

with a tightly sealed mylar sheet around the box opening sidawinimal differences.

The leading explanation for the noise is pickup of radio Giertry radiation from outside
of the cryostat that is making its way into the cryostat. Tihat cryostat is susceptible to
radiation was shown by operating an antenna radiating atH0@ the vicinity of the
cryostat. When the antenna was activated, the detectoe masld increase and it would
have a spectral response with the same shape as the phkaamise. The particular size
of the response was inconsistent from day to day, but by vinggthe results on a live FFT
generated by the readout software, we saw that the strefigile cesponse would depend
on which electrical connections were made to the feedttim®ughere signals enter into the
cryostat. Those connections are filtered, but the mechatdsagn does not eliminate all
seams that might provide a path for radiation to enter ingartkerior. Applying metal foils
over those openings as well as using metal tapes to provittductance across those seams
had minimal impact on the pickup from the antenna, howevdingdmetal gaskets to the
connectors did reduce the pickup. We expect that instatlteggaskets on all connectors
will lead to a reduction in the phonon-like noise during nafroperation.

3.2 Downsampling of Digital Data

An additional component of the noise came about from therdéog of digitized data in
the readout electronics. After the data is digitized, itosvdsampled by a factor of three so
that the data rates for the entire system will be manageabtéé flash memory being used.
While the true sampling rate is well matched to the analo@gbas filters on that circuit so
that no aliased noise enters into the control loop for the BXQWix locking, the effective
sampling rate for the recorded data was lower which led thdrigrequency noise being
folded into lower part of the noise spectrum. By adding adinmibpulse response digital
filter into the firmware prior to downsampling, we were ableliminate the high frequency
information, uncovering the true noise response withinrderded bandwidth. This im-
proved performance by eliminating the mischaracterizegh fiiequency noise so that the
signal to noise ratio was improved, but it also allows useiadrease the proportional term
in the PI feedback loop to allow it to quickly cancel out theoersignals and maintain a
more stable lock after a photon is absorbed, without praduan apparent increase in the
noise at high frequencies. With this upgrade, as well asmigry improvements to the
shielding, we were able to measure a baseline resolutioe\A(€ig 3).

4 Conclusion

The Micro-X detectors are currently performing at a levaliill improve upon the energy
resolution for imaging observations over existing X-rag@tvatories, but there is still room
for improving the overall system’s energy resolution. &tigtg the conductive gaskets into
all connectors on the cryostat and external electronicspralvide better shielding against
pickup of radio frequency radiation, which should redueeghonon-like noise which is the
main driver of the baseline energy resolution. Other impnognts, including the addition of
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Fig. 3 Noise spectrum of a Micro-X pixel, after the addition of arialfas filter and improvements in the
electrical shielding described in section 3. (Color figunére.)

digital antialias filtering prior to signal decimation anadifications to the tuning procedure
to improve stability of the flux locked loop should lead tother improvements in the total
detector performance. The energy resolution after theaagds will be measured in an
upcoming run, working towards the launch of the experimerd18.
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