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. ABSTRACT . . = F .o |
Future experiments pursuing SC|ent|f|c breakthroughs in the f|elds of astronomy, cosmology or astro- partlcle phy5|cs WI|| take advantage of t‘ne extreme sensntlvmes of cryogenlc detectors such as transition- edge sensors

(TES) [1]. . RN e T S - A - : :
A TES is a thin film of superconducting material weakly coupled to a thermal bath typlcally at T <100 mK used as a radlatlon detector by exploiting its sharp phase transntlon prowdlng unprecedented resolvmg power and
imaging capabilities. A TES micro-calorimeter can be used as a non-dispersive spectrometer, with desirable’ features such as hlgh dynamlc range and large active area. We have been developlng = m|cro -calorimeters for X-

ray spectroscopy as backup option for the Athena X-ray Integral Field Unit (X-IFU) [2], demonstrat’hg unde,r AC bias resolvmg power capabilities of E/AE ~ 3000. : . :

Performing the readout of thousands of detectors operating at sub-K temperatures represents an mstrtnental challehge. To reduce therfal.load at-cryogenic stage and W|r|ng complexity, a multiplexing scheme is typically
used. We have been developing, in the framework of X-IFU, a.frequency-domain multiplexing (FD teohnology[3] where.each TES is coupled to a superconductlng band-pass LC:resonator and AC biased at MHz frequenues
through a common readout line. The TES S|gnals are summed at the input of a superconduc g quantum mterference device (SQUID‘) performmg a first ampl|f|cat|on at cryogenlc stage. A custom analog front- end
electronics further amplifies the signals at room temperature 'A custom digital board handles the dtgltlzatton and modulation/deniodulation of the TES SEQEINERTeRJEN carriers. A ‘
Using Ti/Au TES micro-calorimeters, high-Q LC filters and analog/digital electronics developed at SRON a -noise two-stage SQUID amiplifiers from VTT Finland [4], we demonstrated using two experimental setups the
feasibility of our FDM readout technology, with the simultaneous readoeut of.31 pixels W|th an energy resolution’ of 2.14 eV and 37 p|xels with an energy resolution at of 2.23 eV at an energy of 5. 9 keV (cf with standard X-ray

detectors such as CCD which have energy resolutions of more than 100 eV). .. i A : e . . : -

Cryogenlc setup “40 plxel A” for FDM demonstrat|on . g - T ol 3 e FDM r',eadout'.s'ch'eme o - ‘. :
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Setup mounted on the m|xmg chamber of a Leiden Cryogenlcs d|lut|on cooler with T, = 50 mK :
s L|tographed LC*filters with Nb/a Si: H/Nb parallel plate capacitors and Nb gradlometrlc spiral mductors [5].
05 10 s o L : i ncfarmers. . 4 O s, °Superconductmg transformer to optimize impedance matching between TES and readout circuit.
T pres veltage ‘ ’ Gh e b Detectors: 80£tm x 13pm, i (35nm)/Au (200nm) TES ort 500nm SiN membrane coupled to 240um x 240um Au
S o absorber G =~ 65 pW/K, C =~ 0.85 pJ/K [6]:.g00d thermal crosstalk [7]; excellent magnetic field susceptlblllty [8],
it numn B h|gh aspect ratio to mitigate wedk link effect*[9], slow TES (T'=C/G) ‘to mitigate electrical crosstalk [10]. ;
. B 1 ‘ VTT SQUIDg; 6 series array @ first stage-and 184 x 4 series array.@ second stage, typical noise = 4 pA/VHz
In-house dlgltal electrenics board for system control and readout (DEMUX) AD9726 DACs, Xilinx XC7V585T Virtex.
. 7°FPGA; 20 MSPS sampling and downsamplmg to 156.25 KSPS via 4- stage digital décimation filter. -
. Base- band feedback (BBFB) uses demodulated signal, to null the S'QUID input to increase dynam|c range and
- linearity: of SQUIDs, compensatlng pha.se delaywia frmware.
A Frequency Shift, Algorlthm {PSA) -is implemented in the f|rmware to eliminate performance degradatlon in
mult|plexmg due ta mtermodulatlon diStortions [11 12}. | ;
55Fe sougce emlttmgS 9.keV photons with a 1 count- per—sec rate. e : ey :
-Pulses e-nbrgy estimated by using optimal filtering technlque [13] in frequency space Energy non-linearity
. corrected using point mfprmatlon of 0 eV, Mn=Ka (5.9 keV) and Mn-KB (6 5 keV) Ga|n drlfts corrected using TES
current baseline and pulse height infarmation. ", ;
Spectral perforrmance estlmated by flttlng the energy spectrum with the Mn-Ka line model from Holzer [14]
convolved With detector energy r.esOlutloh using the Cash statlstlcs [15] with themaX|mum likelihood method.
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Foreseen scaling up"of FDM" “EDM vs other readout technologles

Energy resolutlon at 5.9 keV W|th 37- plxel readout
37-pixel MUX

T ReqUIrement for Athena X_IFU =@= Expected MUX performance with 1-5 MHz FDM bandwidth
TCT detection, edge of array Expected MUX performance with 1-6 MHz FDM bandwidth

- Expected contribution from TES noise at setpoint
TCT detection, center Of array . -~ Expected contribution from SQUID noise at setpoint
- Expected AE degradation from ECT, 1-5 MHz band
- Expected AE degradation from ECT, 1-6 MHz band
Expected AE degradation from FSA line noise on 1 kHz grid
- Expected AE degradation from DAC noise
Experimentally demonstrated

Best fit

Mn-Ka natural line

Mn-Ka convolved with 150 eV FHWM (typical CCD resolution)
Measured data
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