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| nt roductil on

My Ph.D. thesis investigat esort ihgibmgdpdgwecl aobpieldi
for astrophysics ,dnmd Easmbl ohbpemvastilasapium popfs e
Ph.D. thesis is to devbelsoepd a0 nsulpgearncsandsuwant i( NTE S e
and to characterize its structural and sufperco
borne i nwsittrhume nftuisrt her possibitthdifBacsedvadletartctes

satellite remotheaseserdnsr ogmanatdabpaor applications

Superconducting detdgeotechepleggntncenergy

with the ability to count i-ndygi Gdunal gammaonmnsayf
infrared (0.1 eV), and phohoNof$s$e@xEfquiowmalTéddat t B
aVMHE3, 53This would enable the construction of

of molecules to detect trace gases, offering ur
analTlymaisr. applications in atmosphbasedsobsprceEgat
transforming our ability to monitor and unders
chall enges associat ed wiatghe sc royfo gseurpiea coopnedruacttii onng,

i ndeinsspabl e tools for advancing vi ematiromanle asmdc
anmdodemmustry.

Il n fact, preseneéer mojpaheicg sg-socnd, loel,alr@glegat mos p her
needs to combine heterogeneous modern technol o
have deesemgned for space missions to observe thi
orders of magnitude higher than those currentl
into heat, which is why theysohavagsa BWVoad Rs pes

Y



mi crowaves. They have the ability to detect thi
powers ( NEPWs.20f about

Therefore, cryogenic instruments have alyeen
astrophysics -EAAHESA) pandepghysical cosmol ogy of
radi ation -ASSPENPBNP)j etThe great esrenasitlavgeéeypand
spectrum, can make a significant contribution t

to the sear cht Feo rmeadifasrgiicdmisait a rod .

Chall enges and | mportance of

The challenges in atmospheric research and
advanced technol ogi es t o moni tor J[&dnKorunidregtsd ma
t hceompl exity of at mospheric chemistry, particu
detecting and analysing trace gases anddiaeriosot
effects on the c¢climate, such as cooling or war
inter@ctilfToommonihtese intricate processes, WwWe neeo}¢
t i me datsa.pelrdceoanldluyca ri en gs Wiett elclteorcsandi dates for t
sensitivityl 3@nBly rleswdruagiomg their ability to di
gases, superconducting detectors can offer crit
climate models and | hpr@vwanpoaMorsaon d er s tad hrd ignugael dif
moni ttoad i mmgot ect public health and the environme
detecti on Neagwdmer aotgiiers .det ectors would therefor
and quantify pollutants wi-tihmexmempiti omiahg aacf uh a
Superconducting detectors, whiechwiedxtchelo fi nt hree soobl
spectrum, could be usedoft oobgsreeravta taidovra.nt age f or

Whil e emepercoginadaualtn lrogi es hold transfor mat
complex challenges, their practical I mplement at
barriers, sgtlababi mghiegpngduci bilityogpearat isocna:
requirements (e.g., extreme environment al cond,i
systematic devel opment of robust, scal abl e fran
prot oitrytpe sr e lwioablde, s orl eudt &i nbpannsd.s Tahdivsanci ng i nterd

0]
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egrating insights from perodiurcd @ roinmdp,ir mihat @il iz

rcome barriers to stability, and reproduci bi

My PhD work is thus focused on bupdgcogdutuabi
ector system that prdammnguregpsxz e d ulTehitrloiuligihi yay , s yrset

rbaskmhabeari als science, el ectrical and mech
ked on delivering demonstration model eafdya ¢
i Tcheiss. hvaosr kc o nttrurbnutgerdoumdbr eaki ng science int
|l d probl ems

main arguments of my work are presented in
Il n Chapthearvel di YbackgaddaBcutentedrtchdeosnaembsp

kpegtr oscotpa csgtagdeynhaswi st he mot i v aRh pornosj e cotr. t

Chapttems2tshtes wofr ki ng principles of the cryoc

e Sensor (TES3l omgrackadioefi meitteersat ure revi ew

|l n Chaipst edri s3cuss@d ot kes deffaatdhreidcdastiadgny pr ob | e
utions and fti hdesikre citnopract on t he

Chapttemtai he rembesatnmechani cal donnwe sftargadh amac

as prepared detector from an application pc
uctural modal SM 1 and gl uef oerv aslpuaactei. oanp pfloirc ai
Il n Chapherc®rrent work is summarized and di
cussed.
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FiguBpade Ther ©r@enhouse gasésSOCBATervsangl SATels
| aunched jointly by the Ministry of the Envi
Exploration Agency (JAXA), and the National I
GOSAT platform i s equipped with a bFsoceurvieesr cTarrab
di oxi gge aln@O megg hanhbe(CWo most i mportant anthrorg

withvalCBo serving as a pr@cursor of tro
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Chapter 1

Ear Ahmmesphere and

spectroscopy

During the | ast five decades the technol ogy
The space based advanceednalpleedrosuobpemamohhtat i

across flhe pl anet

The initiecalradithedphef e wesat hemi fedetasting u
relying on met eByl 8 F/iOdeggw caaM e iswad = 1 dfi taetsmospheri c i
the | aNnmbusof groddroaBeadc klIsycatt er Ul traviol et Spe
|l nterferometer Spectrometer (I'RI'S) , andi nQat e
measurements of ozone col5tmnTsodaryd waltvemcedpom
moni toring of smaencd e wautaerwietayt cheetr| ifapaxitea € h @ s ear t h ¢
atmosphere needs to be monitored for any chang
compowwiitihoran anohed othagndmptlhhecati ons of pweat bel afj
t hgel obal pvMaenmo mdgnmoae ,i s of k e eenx p Inopbe M eendcpet & ok 0 r
techndlhageesapabl e onmfgodndgegeé $ ngs t wel | as identi
are catalysiegr #&th®e cthlaenrgee.s i n

Z
Il



From a technol ogi cal standpoint such detectors
atmospheric gases including critical pollutant:
across wide range ofoetectyomadeesiandpacdrenl p
to maintai nedrmthtdhesd @exreegian n contr ol armrdeevre rcslei nia
i mbal ance of pol lomt amfy a gcaesde s s p @ ontt reaysr dadetil ene t e «
moint or e algnolesgieas iias . This combination emablpes
devi gm ttipemati on of atmokwWhereen poédtutiantshe bac
earthés at mospher e taon dundesr sctlainmda tti hce dtyencahmmi oclso g i

from a spectroscopic approach.

1 . BEArt hds at mosphere

Qur planet, Eart h, is the only known pl anet
attributed to its ideal di stance from the sun,

and abawelnlced at mospherleememttsailni hg wastsemt anad

bi ol ogical existence. The continuation of [|ife
of sever al crucial factor s, particularly i¢s at
conditions witkhilmnellt@vedsi rlse¢ p[iba koedt Tohse rseufrofraec, e st
monitoring the atmosphere is vital to understan
pl anet .

As mentioned, the Earthdés atmosphere is a ca
each with wunique properties, compositions, and

A

the planetds temperaturneg, saonldars hriaedlidaitnigoni.t Tfor o

aspects of at mospheric study, i toés i mportant
at mosphere 1is categorized into five primary |
variatiponsphehe,tsbratosphere, mesosphere, thet

| .Troposphere:
The troposphere is the atmospherebds | owest | ay
about 8 to 15 kilometres (5 to 98mthl es)t hét &t mo
tot al mass. Wi thinutdef dlrlopoapheaelre,taoeempienatea:

N O



for every kilometre (3.5AF per 1,000 feet). Thi
rain, snow, storms, and clouds, take place. Cort
and creating turbulEBarctth@snds wi hacpatwkirals.allder
source of heat for the troposphere. The tropop.
it from the | ayer above, the stratosphere.

i LAYERS OF ATMOSPHERE

EXOSPHERE

>700-100000 km

THERMOSPHERE

>80-700 km

MESOSPHERE

>50-80 km

STRATOSPHERE

>12-50 km

TROPOSPHERE

>0-12 km

SURFACE OF EARTH

Figure.1.1 The five main | ayers of ez

Weat her vs. Climate
Weat her r etfeerrms attomosshpohretr i ¢ conditions typically few hours
and wind. 1t is highly variable and | ocalized.
Climateor@afiegrs patterns and averages of weather over dec
theset elromgpoatterns, such as rising global temperatures ol
Common Misconception: People often conflate weather and
not negate the eal ity

of gl obal -twearrmmitnrge nfdesltinmabtkeu)s. b oGltiine

N I



I 1 Stratosphere:
Located above the troposphere, th%i k0 met dep ladroa
5&i |l oment radd i tude. I n contrast to the troposphe
This is because the ozone | ayer resides here, e
absorption not only waalmsy threotséctag olsipfheren bl a.
radiation. The stratosphere is chnmaakaicntgeriitz etdh eby
altitude for commer ci al air travel. The strat ¢

bordering the mesosphere.

| I Mesosphere:
The mesosphere stkielt @amedsk & & cotme tarbdosel t &EBAOt d. Te mp
this |l ayerthgedci ¢ease, wirttlrching the coldest poin
Q9Q0AC30AFItds within the mesosphere that meteo

creating the sta$ehdkosdticaafrgsioi.g MAtl tkhmoawrh t he air i s
strong winds and atmospheric waves. Direcrnafstt uc
and too | ow for orbiting satellites. The mesorf

thermosphere.

I vTher mosphere:
Extendi ng fkiolno naebtorii®io 8 beelttrietsud e, the ther mosphe

temperatures that increase significantly with
Despite these high temperatures, the air densi
t menosphere houses the i onosphere, a region fil
waves, enadibdt amgcé oongmmuni cation, and is where a

are generated when sol as mpagnetcilesfialteér aStat
|l nternati onal Space Station (1SS), or bit wi t hi

boundary, dividing it from the exosphere.

v.Exosphere:
The exosphere represents the outer moksitl olngestér2e so f
mil es) and extendkiing nieftw2edsdd smit loed)D, ®00mor e. I n

gradually thins out and merges with outer space
NP



and helium mol ecul es. Satellites and spacecraf
Earthoés gravity into space due to the weak pull
at mosphere and the vacpuluam eotfd ss pianctee, r aicntfiloune nwciitnh

Key atmospheric features include the ozone |
radi p5;p ptnhe i onosphere (part of the thermosphe!
waves for cl[omanu rhiec ggtrieemhouse effect, occurring
|l i ke carbon dioxide trap heat to regulate Earth

solar particles intefr@kting with the magnetic f

Understandi ng t haet nfolsmcdeseireorns arfd tthreeseexchang

crucial for knowing where to gather specific at
dynamics and chemistry of each | ayer is essent.i
|l agsrcomposition (e.g., Vvibrational Spg CtHp O s c 0 |
are present due to their mini mal di porliet trmeoremet xs

a éfrioverview of Earthés atmospheric dynamics t

and compatibility.
12Dynamic Processes in the At
The atmosphereds chemistry is highly dynami
affect climate change, air quality, and the hea
i's I n constant moti on, gor iaman tgrei nkaarritlhyd sbyr o @l
dynami c [BrPo®celslseecsti vely, these processes highl:i
at mospheric dynamics, which are essential for
Adi scuss,edEaarbtonvbes at mosphere is a compl-ex, d
supporting conditions. A key condition S a
Temperatures falling below OAC caniaagusdAIC fcar
l et hal . Mai ntaining thio:mn ttémp eartantousrpeh ely a Ica nccoemp

mi xture of various gases and particulate matter
The main components are:

N2



Nitrogen M Vvides stability and dilutes oxygen.
Oxygen: (r%ci al for respiration and combusti on
Argon ( AvAn: inex¥xyxt%gas contributing to atmospher
Carbon Dipxi deAfBOY greenhouse gas, vital for
regul ati on.

Trace Gases: I ncludes helium, methane, o0ozone, &
Water Ma@por Hi(d#ghl VAWMt agbl a 60gni ficant role in

the greenhouse effect.

Aerosols: Tiny solid or |iquid particles (Ilike

|l tds notable that the primary components, n
vol ume) , play a mini mal role in temperature r
fundament al i n absorbing solrarc evrmermgy garnd ac qimter

13 The Gr eenhaonuds et heef fcelcitmat e c

The greenhouse effect is a natur al and esse
di oxi de (nMxAQ hwaneandCHwai09r tvamporhe@H within the
mai ntain an average 9288 akKWi t empéer athuse nat uamobu
temperature wo2b56, Krreonpd etro ngbdwte pl [adlehte | parrigned ry
mechanism involves the absorption of infrared
vapox) (Hcarbon) di amd dle.z ¢Tahee s(eO gases prevent son
escaping into space, t her ebyr amagremi nWjattelhe v@lpan
significant contributor to this primary effect,
i ncrease attri but ¢d5.8]@&a0t choeu ngtrse efnchro uasbeo wetf fR cK, w
an®O Ncontributing around 1 K.

The issue ari ses,swltédn atsurmam na mtgi v iotsise d fuel
i ndustri arlel peracscee sesxecsessi ve amounts of greenhous
enhanced gr egelnbhjdhs s afmpecth i cati on of the natur
climate change. Whil e the nat ur ada ugsreede n(haorutsher oe

enhancement presents considerabl e r i skrseenlhha uss ¢

NT



effect, i's primarilyy dgHanmad ionbeeageceimndvatse gl
revolution (arahrmndckd@frkeetlhhopudei ven by higher
gases, also adversely aff[eldtls ozone | evels in t

S Iimportant to distinguish between the gr
nment al I ssues occurring i n di fferent é
uences. The gr eenhousOel 5e fkfne catl th a pupdeen)s, 1w

D
=
<
-
o o o

N @ R )]
< @®© @® »w o

to gl obal war mi ng. Ozone depi5et ikom aolctciutr
chemicals | ike chl or of | 4o rnooclaercbuolness .( CIFhd ss
|l aygr 6o badpadki har mf ul ultraviolet (UV) r
teml dhmagh. di stinct, these two phenomena
als |like CFCs. Rel eased CFCs rise to the

3(/)3

potent gr eemheuse gaosnad iibma ttirhneg gttroodSpgd o Wwh i
es heat retention and the other i nvol ve

jab)

c > (@) > O
—
QD

o)) < (7)) (@) (7))

rmored gheeehbase effect can indirectly

Q

er atmospheric circulation and temperatures

overy. |l nternati onal efforts ICFICe emhass Monsy

(7))
c
O O

ce

(7]

sfully addressed ozone depletion and, to
interconnectedness of [th2]se environmental <chall

The physical and chemical properties that me
erstanding their climatic influence. A cruc
orb infrarei®5r &dni amaiveeg eeintya hbEfadct i vely trap

o u o

ites the vibrational modes of the £ddaasn dmonli etcri
i d®) (Nave strong absor ptifoor baxamplie, tah sso rrhas
ae pédak of Earthoés black body emi §4B8én, makin

>S5 O o 9 C
® X X T S

Anot her wvital property is the atmospherime |
war ming i mpact. Gases wand 4 CHacgarmull iaft @t iomeg, tli
greater cumulcat.i v@emecvliail maptre nmeafrfied y occurs throug
hydr oxyl radical s, OH) in the troposphere or

processes vary by gas, affecting The @leolzalst wa

NY



potenti al (GWP) is used to compare t hevweammheg
rel atoi eBWP=1). GWP accounts for absorption str
(CH, for instance, has a GWP of 28 over 2400r yec¢
t hat period. This metric helps quantify the rel

14Vi brati onal Spectroscopy at

Trace Gases

|
Vi brati onal spectroscopy is a key technique fo

thoseO imr,,HCOan be visualized as spri[nlghs] At hwatt ev
mol ecul e, for i nstance, exhibits three main v
stretching, and bending. These vibrations occur
are determined byankheimsl eauvuli edsasment u€Edemu gamy t en

l i near mol ecul e, the number of vi brati onal mo d e

Numberof vibrationalmo d e s = 3 N1 6 equationl.1

whereN = total number of atoms in the molecule.

Wat eiO, (N=3) 6ha&s 33 (v3)br ati onal modesnodecauhewn |i Kk
have more modes, resulting in more complex spe
with other molecules can slightly alter these

because any mol ecul @ bwiatthe ,c onvaaklienngt ibto nsdus twaibllle W

i k:®, BRCOand 8Bblwever, i onic compounds (li ke NaCcC
prdauce vi brational spectra.
/‘J /‘J \/‘ 4
~ N N J
symmetric stretching  asymmetric stretching bending

Figure 1.2: Water (H O) has three norn
N ®



15Mol|l ecul ar Spve dtrrad 3 o@y

Vi brati onal spectroscopy fundamentally stud
absorption of i[nX.4]aBrye dne(alsRi)r irnagd ihaotwi ano | ecwkes a
can i dent isfpyectthrea |l uon ifg negneorl perciunitasr vi brati ons, me

for molecul ar analysi s.

For gases, the process involves exciting the
These bonds vibrate in specific ways (sxdrébchi
example, symmetric stretch, asymmetric stretch,

Whenr addRi md s vest fhgearsougmo |l ecul es absorb photons mas

their bonds to vibrate more energetically.
The -Bambert | aw is often used to quantify gaea
is directly proportional to the concentration

travels through the samelcér ufnalyoiwsg rteseaabée

gases {olri;khe a&CHd determine their concentrations.

Vi brational spectra arise when mol ecules ab
transitions between vibrational energy | evel s.

frequencies, creating a uniequ®e&osheé ddifnrda BiNefanegdn at L

spect riossxtoeprnysi vely wused in atmospheric science
ot her trace gases, supplying essenti.al data for

Before diving into superconducting detector
fundamental physics of electromagnetic radiati

The basics of photon energydasdustseddategtti on

1 . BBhergy of photons

Whil e the visi7b0l0e nsnp)e citsr uam |(yd 0a0 s mal | porti
spectrunvi stihbel enornegi ons (i-naAyaredfcm)canbwavepns

Il
<



photon carries an energpPprprogersebympabpropoax)t,s ohe

descri bed by Pl anhea&&/6s equation: E = h

Here, E is photon energy3d.hs)i,s amlda ncc kidss tchoen s
relationship means shorter wavelengths (li ke ga
(l'i ke radi o waves) have | ower energy.

I n applications such as photovoltaics, Spe
dictates how itdowhmeteharct 6t wekbhi tm@s telectrons
mol ecul ar vibrations. Foi3.eXamphe, poiwser bpkotogh

hig@mer gyay X phot ons (keV to Me V) can penetrat e
crystallography. Therefore, understanding photo

environment al science.

Energy of one photon (electron volt)

1 1 | ] 1 1 1 1 I 1 l 1
I I I I I I 1 1 T
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Figur@Typical EM radiation spectrum with ener

indicated by the bar on top.
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pabl e

at mosp

Unt i | recentl vy, much research focused o
mid infrared regions. Modern detectors <ca
explorationi ef bltene p arotns of t &eei nEgM ssuppeecrtcrounnd. u ¢
technol ogies that <can read faint signal s i
detection of wvital mol ecul ar vibr §tli7vdoMans ivbH iec IE |
radi atiah i8 spactroscopy, at mospherld c«cloeanpiagte
phot ons/riisn bnhen EM regions and respective
Wavel en _
EM Reg Photon Energy At mospheric Stud
Range
Ultrav _
10400 nHi emeriggy24( V) Detects O |, N O
(UV)
_ Tracks greenhous
I nfrar{700 iT@amnMi-dner gyil(@. @8 ) ) _
H O) wvia vibratd.i
Measures rotatiag
Mi crowl mm mjLownergy i1@l122ipolar mol ecul es
weat her/ cl i mat e
Detects interste
Ter ahe .
OJL mm [0.i40 meV at mospheric #0l €
(THz) )
(absorption ab2oV
_ Used in NMR (nug
Radio [ 1 m Ul tlroaw ener gy )
radi o astronomy.
Tabl €. Typical EM regions and corr
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1. Plhot on detection and requit

Vi brational spectroscopy techni gluR)s,s pacthr @as
are a widely applied tool for studying mol ecul a

interact with mol ecul ar dwithbercatiingn aido | ercdid sa,r o fifr

these photons, which carry precise vibrational
bondi ng, and dynamic inter mol&]cAusl aar pionweerrfauclt i aol
vi branal Sspectr oscopdesptrrouvcitdievse dcehtaarialcetde,r i zaan i

chemi stry.

Described below are the fundament al proper
requirements for modern experiments relying on

1-Sensitivity

The sensitivity of a detonedtscer riag i de t(eSINRi)n e dd
of the signal power to the noise power. A fund
( NEP) , which representsi nt Watitrsgi demngtui apetdi ctaol pp
equal to the detector's noise | evigh, (W ezt hk)

integration time).
000 — Equation 2.1

Wher ei,s Vmoi se voltage spec¢hi?rahdd®&nsist  hex pnreaas U«

expressed in V/W Specific detectivity, D*, 1is
2 =2 :
$ — Equation 2.2
where A is the Detector's active area (cm]J) anc
By normalizing for both detector area and b
di fferent detector technologies. As shown in Fi

across waveleng#4d®s mepy)t os2Enmmoni@@. €domppbebeé r an;
mol ecul ar vi brati onal frequenci es. Thi s spect |
efficiency and noise reduction in spectroscopi
O



22System detection e ciency (SDE)

Theystem detectiquaetifrcesnthe( &DE) al | pr oba
a sample or |ight source wild/@l be succeismstfar gl
ef fi caibesnocryp,t i on eddplciegagcyeffoonbDEssed naernal e
absorption efficiency I coupling efficiency.

Thient er nal ( cefftfeenci ealclyed quantum efficiency)
absorbed photon wil/ generate a measurable sig
exciting charge carriers esi aat isveeni fcroamsicttioon ic
det ectaobrs.o rTphtei oche £d rfiilte € ntclye probabil ity that a
detectordés active material, which depends on
t hceoumlg efdeccoemicy for the fraction of emitted

optical al i gnment , collection geometry (e.g.

reflections or scattering.

While detectors in idealized setups (e.g.,
SDEs 1nOeOa%,warelad spectroscopic applications ofter
optical components | ikeat@emrati nfghsu,s, f iolpttarms,zi emg
consideration of al/l three factors, internal p

maxi mi ze senssdttarvvad axp erhiomemt s
3Noi se
A-Noi se from Background and dark counts.

Il n spmgten detection systems, it i's cruci a
background count s, as they originate from fund
ideally shielded detectors anpdsstbmas$sr amer matk
semiconductors (e.llgal,e spainrt aghemairsa teilerctirmnav al &
tunnelling in superconducting nanowires. These
noi se fclomaeamr.astn background counts resul'tt from
all owing external perturbations, such as stray

spurious signal s. This di stiomet, i omheales ad aa kp Iciue

n



and background current comes from external sou
sensitivity | imit, whil e background counts <can
Proper characterizationt ef ddetog dit iiosn e sns efnit e lad s

spectroscopy,htajthtalgowmg

B-Noi se from detector

Detector noi se i-inncd eupdeernsd e Im ¢-t Bgreghhdogt hoont acro mp o n
semi conduwicnfimagr-en®)d( dhedect or s, dar k current noi
generation, i's often the domi namndg asposu,r cceo mpTlahreast

thermal energy at r oanmiatte n8p0edr akt)u,r ema(kei .ngg. ,t hkeTna 2p]
t hermal noise. To suppress this effect, they ar

t he dar k aswsrorce ratt eadnd oi s e .

| n conttreanspte,r dtowmr e superconductdfag et ewt bhe
temperature), exhibit negligible dark counts an
such as from readout circuitry, external amplif
det ecft @armareace. Howdwenon idreteictlrea, these contri
counting discrete detection events i nsmietaidg atfi m

many sources of electronic noise.
CPhoton (shot) noi se

Even in the case of negligible detector nois

arises from the discrete nature of counting p

probability to obtain k IkyuatRoiduugomgditdter ith urte
standard deviation, N:
GEA'I'(N)TG’{% Equation 2.3
Especially when the number of total count s
approxi mated by a nor mal di stribution with the
practical conditions the noissd si i aeno diyatNed Tw
determined by both signal and background count ¢

Il
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For | argel pc,ouPbDs$ s § d\n di stribution approxin
me aNm n d standa nd diehwisgt i iom mo st practi cal sce

det edphoagons iM8. glihent dtyal not lsse gdiexp eanidds boanc kbgor!
(NBB count s

0€Qi Q0 0 Equation 2. 4

Accordingly, the SNR is given by:

YO Y ——— Equation 2.5

Background photons, which result from therm
of the detector or even from the detleatidredi thoa
dominated by background ¢gMeantEhanidhkedd SHRdIENGg
shot noise arising from the et eNateed tshiagtn ad h catni

al ways be reduced with increased WMomtegration ti

The NEP of-lamshedopmoieny detector at wavelengt

000 — Equation 2.6

here=s oNits the sum of the background and dar |
dark counts must be minimized to det e'otr sbnealolw,
which can easily occur when studying vibration
note that the calculation of the NEP in equatio
of the photons nenstyesrtienng. thhieghd eS®Est i @are t hus de
increase the SNR.

4-Ti ming jitter

Jitter refers to the tempor al uncertainty
fluctuations in the detectordés electrical Signe
time resolution, t hus mod recturl airnipnrgo ctelses etsi mesad a

Il
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vi brational radiative | ifetimes are typically

occur much faster, demanding |l ow jitter, potent
5Stabil ity

Detectors use signal amplification (gain), \
variations in temperature, bias voltage, or cur
sensitivity experi merntismerse o thioruirmsg ,| osruge hi matse garsat
Sinmgdleecul e spectroscopy.
6-Maxi mum count rate ( MCR)

After detecting a photon, mo st detectors ha
event . This Iimits the detectords maxi mum coun

where the detector output tsphotbonffkeuxpr Aploowi

achievable SNR for a given integration time or

18Chall enges with Current Det

Current vibrational spectroscopy applicatior
have poor tempor al resolution, l ow efficiency,
materials i mpose fundamentals!| dmiet atoi drhion i e
operating requirements. Traditionally, the fiel
creati rogf fa btertawdeeen opti mal spectral [rlebsiplowse e ean
newengerati oinnfafar- &Y (hetdector s utilizing i nter

superconducting materials operates on entirely

Whil e wvibrational spectroscopy is powerful,

telluri de, MCT) hinder its full potential . Thes
T Fundament al i mi t s: | mposed by materi al ban
spectral studies.

T S ow tempor al resolution: Limits the abilit

reactiohbBmein real



T Low detection efficiency: Necessitates high

T High thermal noise: Particularly probl ematic

signal s

19How Superconducting Detect

Il nitially wused for shorter wavelengt hs, Sup -
i mproved sensliRivangei@up htomi@ Om), opehil.BH ne
These devel opments show promise for applicatio

at mospheresmol aaodl si mgteoscopy.

T Emerging superconducting detectors overcome

phenomenacamduwsatperrs.i Mhisahghenern | icsGapabive t g

detecting extremely faint signals (e.g., froc«
T Ultrafast tempor al resolution (picosecond sc¢
T Low noise: Operation at cryogenic temperatur

Superconducting detectors might -pbonhnomatehedt
|l osganding benchmark in physical chemistry. Th

technology, revolutioni Ziengl.experimental methoc

Il
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< 2.5 um-25 pm >
ol

O o8 |
. ‘ ‘~Z~ SIS C¢° |

‘UV VISIBLE (0.4 um -0.7um) {INFRARED (0.7um-1mm) MICROWAVE l

PHOTOELECTRIC EFFECT (PMT)

SEMICONDUCTORS (InSb / HgCdTe)
< SUPERCONDUCTORS (TES, MKID) >
Fi gud eOverview of the typical spectral range C
photoelectric effect, semiconducctoolroduac readzd ng wap e

The wavelength corr espothammer atourteh es lemesrr o/n dyua@!
scale shown -dhckege .sdmanrss t( DBESs) span the entir
by the green baers.t ,Thbee trnweegenno(nh iosf h&mndt hre2r®ed i n gr
spectrmalwhlemai most fundamental vibrational fre
frequencies are also indicated:edgRMTB:e npshoat; o NMK

mi crowave kineti ¢lirhductance detect
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Chapter 2
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onden
hase
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i amag
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pnerconductomng de

orati onal spectr

erconductivity occurs when |l attice Vvibr:
ction bet ween el ectrons t hat overcomes
onductor s, this process skhegitrss tvhhee ns ua r ma
e, creating a | ocalized region of positi
te momentum and spin, forming a 2c00Mhels &t
behasetas baesops with zero net €£pinst eldh
sation into a macroscopic dJuadhemsspareo
is maintained only when three key t)hr esh
al tpempandt cret (da). mlgiheticondemrs ed (Ht a
netism (the Meissner effect) and zero el
essentgadupemrconadud tail niitny. The phenomenon
ters (current, temperature, or magnetic f
to a noThal BaOedegsmihirviee fteat ¢ .BCS) theory
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estimating the energy required 2®]Abrcowaldi angCd @mp d
the energy ogmm@ K& 2dpwieme hyhe2 criti dls ttehnep eBroalttuz
constant . For example, a photon with a waveleng
carries enough energy to potentially disrupt s
around 4 nKr aMedvhpltdht carse, 100 to 1000 ti me-s mor
wavelengtinhr §f ad or mi crowave) phot ons, oan h
superconducting states. This increased energy n

interactions and supeapphdoationgsqubit decoher ¢

A second i mportant factor in superconducting
noi se -teefmpleovat ure superconducting materi al s. Th
count rates, whi ch cont roiilset €d otod am arettiefcit ®ir &
highly beneficial for applications requiring I

i nformation processing.
There has been significant recent activity in t

l1.SuperconductingPNanowi Det &c¢ tKontogk i rS NtSHPeDisr) :ap p

i n diagdeced infrared fluorescence, SNSPDs sh
and quantum optics applications.

2.Mi crowave Kinetic | ndud&tnanoer Dehteeicrt oirnsh e(rMKnltl
excellent multiplexingseciapadiflonrilasr genadeé hegc

3.Transition Edg&n®dmsorts e(i TMEiSPHea mtyi areaslo!l ut i o
widely used in applications requiring preci ¢

2.Sluperconduct i nghantacmro wd & tee i
( SNSPDs)

SNSPDs offer an effeactoirve | vagpye dit ® ningpleenrhe mtg , t
in the -UNfrarmidd( MlI) spectru-masAacho Spic®bDs saper d
system detection efficienki evpuanft vpgttec &%l atw I

ON



negligible readout noi s e, and cdluntThetteypiexale

resolution is around 100 ps, although in except
been acRPevegadrlystalline SNSPDs have shown i mpr
jitter, while amorphous SNSPDs are still in ear
being |imited to wavel engt hsxpstcdretde rt ot tbaen olvle r @)
future. Given their current perfor mance, amor [

requiredffh@aert st ateared emi ssion experiments.

2 .M crowave Kinetic I nduct an
Kinetic inductance describes the inertial r e
hi4hequency electric fields. 1t is inversely pr

modi fying the geomet rlyy oift -st-ghliee andgmtnoawnti iree ,i m aa t mea

A Microwave Kinetic Inductance Detector ( MK
nanoWwiympe cally made of mat er iadlusni(nAllum & imba dide ch

mi crowave LC rz%nmdeortiterceaesongnt frequency

i nductance (L) and capacitance (C), any change
absorption, alters the kinetic inductangeand@hi
phase, whi chdedercueonasighal . The primary adva
mul tiplexing capability. Each pixel can be desi

detectors to be capacitively coupiaed tbeafsikng
the readout | ine, one can sequexnddlad | gr nayterwio

wiring.

This feature is especially beneficial in cr
contributes to the ther mal |l oad. Arrays of ove;
grodbmded astronomrdiBc alMKil Dst rhimamentseeln wi despread
spectral ranges from ntheramwed rfaMiiRbe&endd UWa R) o h
Edge Sensors (TESrsegsolMKil Dg detee @etheprnhgy otnhvEwgys itsta:
beelemmonstrated only from the UV uptd-ofnéghim auvmed . 1

@)
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Some | imitations of MKI Ds -iowl|l opder athiemg temmuern
bel ow 100 mK), which -pased applileageendg.or They
dynamic count rate range (Itoywpeeirc aglulayn tairmo uenfdf i i k

compl exempemat ure readout electronics.

2. Ty ansition edge sensors (TI

Il n recent years, supmer csemdéwatsi dgr EtSrsg n diatvieo 1y
as exceptionally sensitive detectors, capabl e

from t-ihref neragd t o gamma gr &yas ,nta mdmod v avnabu elteeetsg tiahi

[ 24]At their core, TES devices function as the
changes in the resistance of a superconducting
nor mal states. This uni dqwe agrho rparet ye xd mamlreads nTag §
resolution. While small TES arrays have already

is focused &nl 9a@aplramdg ,upatvong the way fore adve

physics, and materials science.

The foundation of TES technology I|ies in th
by Hei ke Kamer |l | B9 hwhCnnm ehse ionb sle9rlvied t hat mer cur
abruptly to zero at a temperature of 4. 2 K. T
superconductivity at | ow temperatur es.s Tihdee aslh afr
use asemsitriave t her mometers. l ndeed, the temper
gr ecattehan that of conventional semiconductor th
measur ¢ 2aHtTSES consists of a thin film of supe

transition point bet ween superconducting and |
resi stance changes steeply with a empleanetuere, ( nae
continuous power input) or a calorimeter (measu

TES doetsectto respond rapidly, handl e significant

i npwtfd eri ng substanti al a d v abnat saegde s d eotveecrt otrsa d i
steepness of the transition also introduces cha
require careful design amanbieasing to ensure o0f

(0J0)



The ear |l y de vbeolloopeetnatrs ol a[dXBItwdh eln9 Ah dr ews anc
demonstrated the first TES bol ometer wusing a t:
I n 1949, they created the first TES calori metert

hitting mitmmiiodbei ust ri p at 15 K. Despite these
underutilized for decades ddewt mnodisfef il ®ewletl ise swi
amplaitfiiom technol ogies of the ti me. Early work
coupling, and | ong meandered superconducting ps:

The field saw a major breakthrough with t

interference devices (SQUIDs) as current ampl.

mpedance characteristics of TE®&atdebheogorissaed

previously l' i mited performance. Mor eover, SQU
simultaneous operation of | arareu clTiEaSI afraraymi nMini
l oads in cryogeniescalet dmBS. aTodyy, alrergedgei ne
research, i ncluding cosmier amgi carsotwaovneo nbyg c kagnrdo ugnt

nvestigations

Il n summary, TES detectors harness the shar
unmatched sensitivity and precision in detectdi
propell ed by advances in cryogepgia$| ystuper daan
SQUIbased readout systems. As research continue:

are poised to drive new discoveries and expand

2. 13Nor ki ng principles

The idea of wusing a superconducting thin fil
date back to the 1940s, wh2bh fior wiasf paopdsreadibyg
principle relies on the filmbs steep change in

enables it to detect energy @aGaeposiltued RPRaY eidn ¢ eami

on



(Photon)

in |

Working Point

FigurWor2ki2nng principle ofA dara@amansi onokEkdfegSelas
small temperature changes caused by incident
superconducting and nor mal st at eet etachnepreernarteusri es
Absorption of energy slightly heats the TES,

A Transition Edge Sensor (TES) can be model
thermally linked topa@ah B8sel Vvaos23raWedempe€&nangwuris
onto the fil m, ei ther from incident radi ati on

di ssipated to the reservoW.r with a characteri st

Applying energy <conservation yields the fo
evolution of the fil m:

~

0 0 4M #— Equation 2.7
Her e:

T Pexits t he external power deposited by the inc

T PrRi' s the power dissipated to the reservoir

the temperature differencerbetween the film
Thus, the equation becomes:
0 "4 4 #— Equation 2.8

oP



Her e:

T G is the ther mal amamadassamed -oorbdnesrh aanptpir okxii rnsat

«—>

s ['hermometer
yd

G

[
Figux(@tf@i mipked t her mody na m(ircg)inthoedrenha |o fr2eds| pToenSs. e
This differential equation has useful analyti cé
1.Constant Poawdr | nput P
The systesnt e zdywhetsatatehe temperature increase |
4 4 — Equation 2.9
2.Small Signal Modul ati on
For avatriymeng e xUPeg(tiNlaé tpomwgper ature response in
14 5 f Equation 2.10
whelW=e-is the thermal time constant.
Foan instantaneoopustbeergytidaposemp€&rature ri
Qr = Equation 2.11
This is felpoweadtdfynltahdee ctaeymper at ure with tin

.

-= Equation 2.12

oz



This ther mal rel axati on behaviour can be ex

measuring continuous power input, or as a cal or
Ther mal Properties

The sensiti viEtdyg eofSea sTorransliEtSi)on s strongly i1
mechani sms between iIits various components when
operate witthiassthal qdB8Pfumieaa@ai nggitmei [ physica
| arger than bot he)t ha&ndetr me evlaa t)ieanogithdealle dtrreen 9.¢
ondi tions, the electron energy di s tDiirbauct ifounn ccte
n de rtnha | t r a nnsopdoerktk ectalna shsei cal [ 2h]lar gy TEIST f U hieont
iased near i-t@aosmpertondeacting temperature, s
nor mal met al . I n this regi me, t her mielliezca triomr
catterimgygli €Chelromth i nteracti8fts @heiedbBeettromr

w 99 T 9 O

—+

hermali zation | ength under mhes oI fehmedsltli owisndg

assume a uniform edcercdg o nti lcette@mipier @t tulrer Mmi s

Il n contrast, the thermal (gasnduempeld&Et Wrimeusa hTS
| ower t han t he critical temperature), S exnp
superconduct3h.g RParecawsye g@poper pairs do not car
(qguasiparticle) el ectrons drops exponentially
di mini shes rapidly. I n the |l inear alspomdec@aampad

be expr[e3s2sjed as

1 1 y .
B P O— — A Equation 2.13

9 Ofpis thestnaotrenatither mal conductance

T i s the superconducting energy gap
T kei s the Bolt.zmann constant

T Tei s the electronic temperature.

oT



One of the key thermalization channeilphohon <c

scattering. I n a c | epahno nnoonr ntaol u pmeitnag [, 84 h eb ee | deecst cr
O  t64 4 Equation 2. 14

wher e:

T Bis theipdbeonreowupling constant,

9V is the volume of the fil m,

T Toi s the phonon temperatur e,

9 nd5 though it can be lower (e.g. n=4.6) in d
and type.

Il n the super conitpbuhcotniomng tshteartnea,l iezlaetcitornon s al so
the energy gap. The pplwemorexichmtasemrgaedt ivora ied etch &

phiNS Qi ven by:

y

0 00 yRA Equation 2.15
This suppressbehawifogm® rwiatl h ctomealucti vity in
to the reducedadensi eyenxti sangbes at | ow tempe:]
energy with the |l attice via phonon scat tnetrumg,
conserval3pPon | aws |

Calorimetric Operation

Calorimetric operation refers to tnoedechasseed wl

00 %70 O Equation 2. 16
This represents an | nsatantjiademalished spycdietm o fe
we consider a small fluctuation in the impingi:H
104 2@ Equation 2.17

oy



which is treated as one freftugncHPotompgnent |

the equation becomes:
10Ag0 704 14 14 Equation 2.18

Rearranging:

10Age W# ' fl "4 Equation 2.19

10ag06' p flNd p — Equation 2.20

fo'on
wher e:
9 flis the.loop gain
1 U=C/IG is the thermal time constant
7 UsU1#4lis the effective time constant under e

The Electrother mal Feedback (ETF) ef fect can
voltage and measuring the current with an ampl
affecting the power di ssi ptahtaitonc aann db ec reciatth enrg ¢
depending on the bias conditions. This feedba:

t hermal time constant and speeds up the syst emi

From Ohmdés Law anddepheredieerSc t emper atur e

) 6°A2
] 26A4

14 f|,§]4 Equation 2.21

The responsivity S, defined as théePghamsggiive

by:
3 L —%LﬂspL Equat 2on 2.2
This is tHepdmeagmutentyansfer function of a
feedback, and it all ows predicvaowni g dptei csay ¢
decomposing it into Fourier components.

oo



Speci al Cases:

l1.Lodwvrequency (sl ow) signal s:

WhewyL—anfil 1, the responsivity simplifies to:

36 - EquatiBdon 2.2

This resul t i s consistent with the di scussion

depends mainly on the bias voltage.
2.l mpul se response:

For an instant agpeadurse ecnuerrrgeyn td erpgossdicdn st pfomlelnda w s

o
) 4 —ﬁﬁﬂ’f—'ﬂ"ﬁ"ﬁ Equati4on 2.2
I n the | imifll pff strong ETF
O
) 4 — Qtann Equatbon 2.2

Since the resulting TESucwalrlewtbetswegmstt@d ary
amplification is required. The most common solu
(SQUI D), whicieacti s-neaesahowl tAe sStQUa nNDp lainfpilerf.i er
an ideal transi mpee&eaemrwme ianrpplti fi impre:d aintc eh as dn énd rg |
it to couple almost all the TES current ibhtgeit

signal, enablnisegqgsimpecandecgi-tdhalegdGabhveraen D
SQUI D Signal Readout

A SQUID (Superconducting Quantum Interferen:
often called,icmtQUIulptwasthegr one or tw8QWEBK t he
|l oop contains a sing$@UIWR akoti anikns wthvea.e a®h eas eDC
form of SuipaescudapectcohUuUSY of uncti oilMor nthepal cor
Superconductor (SNS) juncti &@&bs, or Dayem bri dge

R
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Fi g24 e Schematics off 3®]SQUI D ampl i fie

A schemati canopfl igi BQWIWN24 n WRegurae bBii asapgpl ir a
t he SQUI D, wvariat itocnosu pilne dt hteo ntahgen ewaisch efrl urxesul t
j unc.tTihorss vol tage i s pdruixwidt it ai pariredpequal ot
qguant um:

B — PP T OO Equatiéon 2.2

Thtr ans chaurace eogfiisdei. QU Me rel ati onshapdbet

the voltage V ,aesbtoasisnididdesufVuacit s osntseepest when t
B —B Equativon 2. 2

At this point, the SQUID's regsifianise dpp rsomxail ne
linear, -he@dlthgeftouansf@ IM sombkTomi epder ¥t e a SQL

amplifier, a working point is established near
T Applying a static flux bias through a fl ux

T Coupling thetyspiigecnaall yc ufrrroermtantdet ebteoSQUI Pe va
coupl dd Itmiimput coi l

This principle is extended in SQUID array amp

in series and parallel to optimize the overall
provide higher gain, berttdceynamiicer gpregd,ormeakicreg
sensitivity applicati oh88l]like cryogenic detect
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2. Ddetector arrays and camer a:

Combining the previously discuossed wimgpmess oot
arrrapgemonly referred to as focatlepémcmentar maysu
Where, i1t is possible to read out the signal f
widely wused in infrared icnacreudaisn gf oas tvraornioomys, aj
t hermographic i maging, 3@HAnorhee kéemappl debeic
where FPAs allow the simultaneous detectitom of

noi se ratio (SNR) compared to scanning monochr

A prominent example is the echelle spectrogrt
positions on the detector array and.7]iDsetceocninoornle
with -photgore sensitivity, when combined with e
opportunities for physical chemistry exp[es2Z]ment
Additionally, combi n[lihghmueftfi @dtei Weeltyecitmar @pa xe |
especyauseful when the fabrication of highly ef

constraints.

25L SPEATEHENA 0 ect s

Despite not being originally developed for astronomical purposes, Transition Edge Sensor (TES)
microcalorimeters have found a wide range of applications in astrqnioomy high-energy X-ray
astronomy to cosmological studies at extremely low energies, such as the investigation of polarization
modes of the Cosmic Microwave Background (CMB). Their broad spectral bandwidth and excellent
energy resolution make TESs highly promising detedtmrsiumerous applications. Moreover, TESs
can be optimized for singighoton sensitivity across a wide spectral range and can also function as
bolometers (when coupled with lenses, feedhorns, or antennas) fentrgy detection. In next section,
two of the most prominent astronomical applications of TES technology to which our lab has contributed

extensivelyand further research is being carried. out

4
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25. LSPE

The LESacragee Pol ari zation ExplobernéL8RBEriI smemt
measuring CMB anisotropd4dfBhenlL SRE giels oaangeb bnlif sosa |
schedul ed fR2®r2téHpa wnelcti ms funded by I NFN and ASI
in partnership with NASA. LSPE includes two i ns:s

T SWI PEShort Wavel ength I nstrument for the Po
featuri ngwaavecoplldathealnfiodul at or and t womdade al
Spiderweb TES bol ometers opetlating at 140, ¢

9 STRI(BBurvey Tenerife Polarimeter), -fleequgeerdy
pol arized radiation at 44 and 90 GHz, domi n
detection system based on oretlhecocmortognl t t ansds!
(HEMT) amgRifiers

Figad EES bol omet elrT M elveed sowpae d a't

The TES bol ometers wsabde i ma&aVvl &fE, Tis/eku f i wiutr ke
of 500 mK and a saturation power of 10 pW. The\
no



(NEP) below 1 T 10 ¥ W/ dHz, ensuring that the
The spiderweb absorber is 8 mm in diameter and
on top. The TES is the small rectangl €l hshgenianrge
TES bol ometer with spiderweb absorber mounted c

to telescope,aeambwigtuln ehoRn$é

Fi g2 e Wi nsthom nf pedt ot ype for use in SW PE. On
t he irshgehtt op of the wavegui de ¢tshpalti twierl be

25 2 At hdéema X

The Advanced Té&hesgypdAsftoompHyghcs (Abhesrd)
X-ray observatory being developed by the Europe
t heilR. XeV enfedJ]y trsamge mary scient-érfercgyni astiromp

phenomena. Key research areas include examinin
pl asmas within galaxy c¢clusters, st unddysi nagr otuhned db
hol es, amddedmdluetdi observations of exoplanet s,
At hena wi || of fer an angular resolution of 5 a

Field [l4dahgedrmg Xntegr all FFA.2]JAG Wmiet of Xt he t wo p
aboard t hreayAtdbesear WXatyor yn,t etghreall KUF)i eil sd ddnsitg(eXd t
resol wtaiyomspXctroscopy across the 0.2 to 12 keV

Devel oped wunder the European Space Agency’' ¢
scheduled fomr2@®a0adhHFtUhewiXHe operate as a cryoge
spectral resolution of approxi mately 4-1 €U as
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supported by the @&royionAcd d(eGrcyeo gdeentiecc tAonrt)i, whi ch
cosmi-icndwgyed baclogqirdtheedsetveonsEdgeaSesbbdowg(ileES)
2.,7ensuring optimalf pientf oa sarmazye hsyisg nokeltsect i ng

The devel opment of the CryoAC involves a <co
ch contributi nd NsAgre dieaaldisz etdh ee xopveerrtailsle -ldeeweell o

sks such as detector integration, character.i

—+

erfacd FWi tflto ctaHl e pXtanal ac selmdby . a centircalc arsoel,
ducting simulations, and I mplTémewtiiverisadclhkg
i Ge)utceossntirtisb expert,sapernomdacofaagr i esvbheimpaeg
ract droicauastiingnson the-bpsedudtitert of PES&St ot y |

o =] =)

rication processes, and Q@NRfFNr Romee i wa lhiedasti |

t he devmbdehknntgheendCr yo AC readout el ectroni

alysipeonfonmaseet hésgetillmst i tuti ons ensure t he

- o —~ 0
5 5 5 9 T C 0O 5 o o

tegration of a highly sensi tliFvUe sa nstciiceonitnicfiidce r

My research wor k abiomen t irportodj@wcd smgi myoPhD | |
all the experiment al | ab wegr kUnatv elLrosw (t /e noffe § Gaet nuo
|l ab has extensive exper i erdedcétvoildheed rsiccogptei nogf |sot
ma dsep an sftrrounct ur al investigati onm et udwy &€& engp e me {
behavi bhemsuwfti | ayer met al s tbBatdet euwltfdorr b epeaw imng dcs
applications.

Keeping in view the expertaseumghemnedf bpr ojhec
assigned to our | ab for research and devel opme
projects currenttloyhewhiecal iazraet idoend iocfatseudber conduc
on fabricating tfhudtl yc avoarfkg| npgu dadteivateceent year s ou
key scientthecdaewaelgporperwernoctu sd fyt wion tprroodjueccet<&c ai Teh e
Pol ar Exaltiooer 06 (LSPE) and oOTHhEn eArdgvya nAcsetdr oTpeHh yessica
The ongoing work on the devel oopnkeeay bFUaoWwot kien
mi ssi on has proved t o be a steppdimgh nawihaonjee f c

superconductBHdngge TSeamssart i ChES) detector s-baveeek I
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cosmic microwave background (€MB) polosméersy atgi cmN

equal potepteal sfom $dageéllite monitoring of at
application requiresotbmpldexeormg@nenth| efildetaeizio®,
FeriBBar ussfoor mer doctor al candidate at LTD | ab:c

Demonstration Model (DM) Lo0OntodelGrigho A€3 E€h oo
figureTRi 3 ewmcerdk tche way for the demonstration o
modi ficationst hre efdaebd i c atwhoinc hofprewemhmt d ewiadad seng

operation of detector devices made as such.

|

T
EDE e i .
-

Charged particle ® # X-ray Photon
e

TES Array

GYINE & Phonons

Figart €@y oAC demonstration model (DM) 1.0, me
dowwor king princi.ple of the CryoAC
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The key features of the as fabricated DM co

si ze, s us p emndleodn gpmafioader s1 1 i con bridges etched

cm silicon chip, representing one pixel of the
connect ededtgreansseintsioorns ( TES) , each measuricnhg. 500C
The ®G®@ick silicon absorber also served as the

Ther mahorainng to the cryosplaat evda ss ialciha enw edi m,i aw

platinum (Pt) heaters, one per suspensi on br i
incorporated niobium/silicon oxsi,dedmgiorbe airme d Ntb¢
magnetic interference to below 1 OT at a 1 mm ¢
and replicable working device both from the the
of applicdtaiboorsatoutysi demnging from astronomical
is inevitable to simplify the geometry of the a
to gain a precise controll iduyiofg falbiralklae i oeap am

compl exi ohs oadiddthulseem made to develop a single

geometric parameters of the detector.

26Key Charadther Demons t@Nh tli.oOn

The DemonstratiorModel DM 1.0 CryoAC was initially developed as a netwak96 TES
connected in seriespecifically optimized for athermal phonon detection. This design approach was
driven by the critical need for extremely fast signal response times and highly efficient background
rejection capabilities in the demanding environment of spased Xray asronomy. The detector's key
features included an array of 96 individual TES units distributed across a duspendedilicon
absorber, maximizing the collection efficiency of athermal phonons generated by particle impacts. To
accommodate this complex seor ar r ay, the design incorporate
which enabled the necessary higdgnsityline connectionsut simultaneously introduced significant
fabrication complexity. The athermal phonon detection mechanism provided exceptional speed, with
event tagging capabilities in tHew tens ofmicrosecondps), making it ideally suited for the rapid

vetoing of cosmic ray eveni46].

nT



While the DM 1.0 successfully demonstrated the fundamental anticoincidence functionality
required for the AthenX-IFU instrument several important limitations became apparent during testing
and evaluation. The manufacturing process proved particularly challenging, as HEeSO@rray
demanded extremely precise alignment and complex 4haykr wiring, significantly increasing
production risks and potential failure points. Additionally,gheximity of multiple TES units introduced
the possibility of themal crosstalk, which could lead to signal interference and reduced detection
accuracy resulting in the need of reduced number of TE&haps most significantly, the advanced
athermal phonon detection capability, whitery goodin terms of speed, represented a case of-over
engineering for the detector's actual requirements. Since the anticoincidence system's primary function
is event vetoing rather than higésolution energy measurement, thgh speed and complexity of the
athermal approach were notrisly necessary for mission success. These identified limitations,
particularly the excessive manufacturing complexity relative to the actual performance requirements,
prompted a comprehensive-ggaluation of the design philosophy. This critical assessmémately
led to the development of the more streamlined and puqqasaized DM 1.1 prototype, which sought
to maintain essential functionality while dramatically improving reliability and manufacturability.

27Transi tDeoma mgtMv @@ Mo . 1

The Demonstration ModeDM 1.1 redesign was fundamentally motivated by the imperative to
achieve greater simplification, enhanced robustness, and strict compliance with mission constraints, all
while preserving the detector's essential performance capabilitiésl Aspect of this redesign was the
strategic shift from athermal to thermal detection principles. This transition involved replacing the
complex 96TES array of DM 1.0 with a single, larger TES unit (200 x 100 um), dramatically reducing
fabrication complexityoy eliminating the need for intricate wiring networks. While thermal equilibrium
response is inherently slower than athermal detection, extensive testing with the DM#127 pj4&ptype
confirmedthat this approach provides more than adequate performance for anticoincidence vetoing
purposesoupled with an efficient triggeaalgorithm [62] Moreover, the reduction in component count
significantly decreases potential failure modes, particularly crucial for ensuring reliable operation in the

extreme cryogenic conditiord space.
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Adopting to this simplified detection approach, the DM 1.1 incorporates several key mechanical
and thermal enhancements. The silicon suspension bridges were widened to 300 pm, a design
modification that substantially improves mechanical stability durirgititense vibrations of launch
while retaining the required thermal conductance of approximately 75 @atVIK0 mK The wiring
architecture was similarly optimized, with parallel Nb wiring replacing the more complex superimposed
Nb/ Si O / Nb <= tpreviopsldesigre sesulting in tbdth simplified fabrication processes and
improved overall reliabilityThe TES has been positioned in the zone where it is expected the maximum
homogeneity in the Ifilm deposition.These collective improvements represent a thoughtful balance

between performance optimization and practical engineering considerations, ensuring the detector meets

its stringent mission requirements while maximizing reliability and manufacturability

28Sci enti fic and Operational

The transition to the DM 1.1 design significantly enhances mission reliability through several key
improvements. By reducing the number of TES units and simplifying the wiring architecture, the detector
substantially lowers the probability of manufacturidgfects, thereby increasing overall system
robustness. The implementation of wider silicon bridges provides crucial mechanical reinforcement,
effectively mitigating risks of crack propagation during the extreme stresses of launch and ensuring
greater sunvability in the space environment. Importantly, these reliability enhancements do not come
at the expense of critical performance metfiogensive Monte Carlo simulations have been performed
using the Geantdoftware to assess thelkU background level for different geometrical figurations
[47]. Beyond its primary anticoincidence function, the DM 1.1 architecture offers valuable future
flexibility. Its thermal response characteristics open possibilities for secondary use in dnayd X
spectroscopy whin the 1020 keV energy range, potentially expanding the instrument's scientific
capabilities. The simplified design also presents opportunities for adaptation to future missions, such as
Lynx or other advanced cryogenic detector systems, demonstitaingrsatility and scalability of this
optimized architecture. These combined advantages position the Dbbrcgéptas both a reliable

solution for Athena's immediate needs and a flexible platform for future astrophysical instrumentation.
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29Pr esent CryoAC Concept

The DM 1.1 is a singkpixel demonstrator designed to validate the CryoAC concept. The flight
model of the detector will feature a hexagonal layout segmented into four pixisigeometry has been
selected to align with the hexagonal configuration of thepikel array used in the main-)kU detector,
optimizing coverage wi t hlingectibne, aidetasldd studypnenrhe fnge f i
element analysis (FEA) dfexagonalflight modal is reportedThe current CryoAC 50 mK assembly
desgn, shown in Figure.8, consists of a copper structure onto which the detector chip is glued and
mounted using flexures, allowing for mechanical compliance and accommodating thermal contractions
during cooldown. These flexures accommodate the differential thermal contractioaterials with
varying coefficients of thermal expansion (CTE) as the system cools from room temperature to cryogenic
conditions. Additionally, the assembly includes a printed circuit board (PCB) housing th&rGotd
End Electronics (CFEE)which comprses SQUIDs (Superconducting Quantum Interference Devices),

a temperature sensor, and a rifjek interconnect for electrical connectionall of which are

mechanically secured to the structure.

Superconductive

rigid flex SQuID
N =

Silicon chip

Heater and signal pads I

Copper flexure

FPA interface hole

| Temperature sensor I

Fi g2 r @yoAC 50 mK assembly concept.
PM
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Chapter 3

Produand oSht ructur a
Char azat ®mdrvl . 1

Di scussed maenxutf aicsseu tuipe gl wd riodnfi alerdi ctaot i ng t he
demonstrati omdumodagl mYyMMPh.BL trlreesseiag ch activity wa
Temperature Detect or sUnLiavbeorrsaittoyT hoef( ®ddn dvase.d ) das
detector r equi rfeadb rvi aclaihddaotoi popnr snC p a b & ofaed re f es akcehy st
the fabrication process to obtain a final func:

characterizati on.

3.Flabrication Process

As di scussed in previous chapter theichhAnges
in the fabri cTahtsiionng | per eltEeSsnsannedb b on o f superi mpos
requihraensges i n the wiring step theart-dwmbtye phiempaltiifc
representation of the fabTheatw®onppnmelcesisn itsheh
a) fabrication steps of DM 1.0 sdbivwri . dn srlhedgwint .an

Il n the panel a) fol]lowihigzedepsewareusll yufsor at &Lk
1.1r/ Au bil ayer deposition on a silicon substr
(PLDYystem and Au | addepooint itwmp via eBeam

2.l r/ Au TES patterning by positive photolithorct
P=



.Pt heaters patterning by .negative |itho and
.Au thermal rim patterning by negative | itho
.Nb wilroiwreg <tartitpriniimeg by gmagatiRiFv e pph dtealiintgh a
Si i coinnOxli altele pgsi ayen by ther mal evaporator
.Nb wiurpipreg <tartitpriniimeg by gmag@ahtRiFve ppuh dtealiintgh a

0o N oo o1 b W

.Si etching by DBI EuBpsgold pheced®sorber.
n the Panel b) followihpgpzetieperafabrl tast ont et

1.1r/ Au bil ayer deposition on a silicon substr

(PLD) system and Audepaoyseirt ioonn t op via eBeam

2.1l r/ Au TES patterning by positive photolithoct
3.Pt heaters patterning by .negative |litho and
4 Au thermal rim patterning by negative | itho
5

.Nb wipraitntgernnipnagr al | elbyc omrefgiad u nga& tai@hrgRtFo Isiptuhta et
deposition
6.Si etching by DBI EuBpeaold pheca®sorber.

a) b)
1 2 1 2
3 4 3 4
. = N - g - o
5 6 5 [ 6 :|

Figur@omparison of fabricati ofrheprnoecove sDsM al). 1DM t 1 .|
niobium | ines thus eliminating the need for <ca

ni obium strip |ines as shown in the
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I n f i guwr es hlowat etrttreonne ¢ tusuwteiviaicaeudn fcor bif ladby € rt ¢
deposi tPitomhe@ad srntsd oMi wi riofg. ceitamdlers, s tssenvneercatle
pur pbousiel d h smbegrus pped witédmaoebrmtitpbpedr ansdwehr th
chambers dur iTnhge tshueb pcrhoacnrebsesr.s are i sol ated fro
indicated as GV1 for vac | ock chamber, GV2 for
for eBeam chamber. The vacuum itwu rmai Tohuempszaad Ivo
chambreovi des accessanpdrret ot o hempacuumheystem th

via motorceaedrolkematm for further processing.

eBeam
chamber

Vac-lock

chamber

Sputtering PLD

chamber chamber

Figurlent3er2Zcvmceautmea | uster for PLD, eBeam evapo
upgrade of LTD | abs

3.2 Fabrication Steps

As discussed in previous chapter the changes |

in the fabrication process too. The eliminati o
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the wiring step there by sidnpgsltiefpy isncgh etnhaet ifca brreip

the fabrication process is show in figure 3.1.
I .Si licon substrate prepar at
The silicomiaghewictalyes(tla@0) crystall ographic o

16.6 1 260/ Mmghy resi&@Po&ntYyi tsic Si wafers froc
performed by the Bruno Kessler Foundation (FBK
However, to remove any cont ansi nvaertys sfemsm blhee tco
contaminants,i g£d guwinri edy tpa oxresisr e good adhesion
deposit8dbdedqumasnt |y Btandanpdrapopemedume der t o |

organic and inorganic, including metal, cont ami

000,00

Figur@omparison (ofeafrith)e@rfbitegflidrageni ng of the silico

under the microscope.

The cleaning process consists of t-hoeezwdshB
water with Extran AP acid debobeigendt wal@rmitmout e 9
residue 3. Washing in @cien oeatehgdrn®l mi h@utris)uties)
wi ehhanehedandi th nitrogen. Then, Il eft to dried

This proedssaanofmgplies preparatory for the follo

maj ority of wunattached organics contaminants.
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1 1l.r/ Au fi1 Il m deposi:tion by P

The cleanedssbijeaepdokes si g for obtasemnsgr ar
The process starts by the deposition of iridiun
by a deposition of gold | ayer on top via ebeam

Ssize is etched vqgup stptuayt rea tpedtsciziiiinmgge tpehcohtnoil i t hog

Wit hr adheent odipgrepodsi ti on facility at LTD | abs |
sys{emguwiet Bty oduci ng the sample,to.eehewundbdbomwnt

t hveacywm | e movi ng pet pbeusceh trmuld étrispHee cl ust er

The first | ayer of iridium is dep(oRLdyesd eom sTih

PLD is a physical vapour deposition teshbbBguati
Duritmg@ deposition in such a process the temper
role. The as deposited films are compromised in

is not | ow keansoeu gphr, € sdoetrald el Kyvinid sreo,d xiiddnepgur i t i es whi
t he wor ki ng aocsf efxipreali echegidc Eurre vfiiolumsdl nadrpe-h dud it o sai
vacuuthmi s weohlave achi éV¥ e dumbdiegrin iug i rrinataacnudoient gve e n
10t0o0 200 nm BSbcokdkegsthe dépoapgeitobtemtepramdiss mn
characteristic of the subFsotrr atthee asnidl itchoen nseutbaslt rl
are best adhesive to the surfacikba8{emW ]t he t empe

OQumhiglbwer Nd: YAG -dlopeead y¥i turmi uGau met ) i ndfrar e
wavel engt.h altO6M0 nHhhz repetition rate and fpulmse
Spectragf hosi £st his condition by heatingdg hups,t he
substrate becoming sumntabid ePf Bsrhsoyvent 3¢, & ri Qaug es s i

of i ridium thin films via pulsed | aser abl ation
| aser beam, which results in the |l ocalized vap
excited el etcitae,nst ios ¢ per wiskdihs pl ume | mpl ant s t
from the ablated target thus initiatTihreg rtehseul 4y
pl asma plume spatial distributifoacdependasden,t R
and | aseln potsesedngaser deposition (PLD), the sy
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i s basceods-i mme @& npiaststieornn, wher e the i ntedysaltat i(ve

the target's nor mal (perpendicular) direction i
0O— ™0 equaili on
Wh e:r e
T lo= Maximum intensity (ad omgOAhe normal direc

T d=Angl e from the nor mal

T n=Cosine expondrhdeg n e tetrfad npi | nugme

In prihnicgihpelre vaceoam§@acldas ery i ncr eadm toHe tdaesipn
concentrat.Trhg st lex pplineeme i s tvypEfcfaelcltyi vreanfgilnmg gfr
when -ehniegrhgy i ridium atoms from the plume bombar

sputtered sublsk gaarteer goyarpliwcrhee sat oms pr ormntde vtel &
robiursitdi um silicide inte@dBace when deposited on

Fi g3irRBLD process, plasma plume during
We incorporated a mechanical system to rota
the | aser spot on the target scans it unifor ml

efficiency and pl asma plrumed edpiosstirtiibount.i oThhitso PelL
precise, contamination free iridium film growt!

requiring.high stability
PT



The as debbkbsditpmesiehins a super cofmgudctlilmg mkKr
This critical temperature can increase up to 2
during the deposition process. Tomhk, hwleiveh af d o
hi gh seanshitliayiedry,syst édm ecxmplme te mgjiébpdel@xedni ty ef

The critical temperature (Tc) of a suHpéemconc
Mei ssner proximity effect, which arises when a
nor mal, nretrani ng a. Wh e hsaugpeerr csoynisdhuecchoonrt aicst wi t h a n

el ectronic properties of both malthdarsi glhse niomfelnuwent
due to the differing el ectrionenc tdoen fsiugpuerractoinodnusc
forCmopert hpaoiurgsh t he QBEB&r-Gheefdamir s ef f[BwHhihleoriyn t
or mal met al, electrons occupy states up to the
olnoc al nature of el ectrons prevents Andradewp

refl enedi abhes t hesicrogilveer sl ent rodns from the me t

superconductor, and vice versa, effectfhbpelThisu)|
scattermngmmleeadds to a gradual decay of the su
overall critical temperature of the hybrid syst

By depogdltd nQAoum) tloapyrearfdi am (1 r) superconduct
effemesci ntloovpelTgdyo bay desiretiO@aiHée et bbkRnass o
nor mal met al |l ayer play a cruci al role in dete

contr ol over the shuyeadjondtuicntg ntgh e rraelsattiMeen t hi

deposited a number of | ra/nAdu alrirliavyeedr sato f1 Ovla rnyKi nt ¢
with 150 nm iridium and 50 nm of gold deposit ec
For goflid m hdiebphoes istainopnl,e i s transferred to int

breaking tahe swsuem. cOnt ai nBse aam) gdalceuautnr ocnh abmbaem
pressclferkWwOich utilizes thermionic emission f
gener at & ealmelchterscen el ect r on $6 akr\e ealceccetlreirca tfeide |bdy
target materi al in crucible to evaporate it.

el ect r onfalgencettiiocn dsey st e m, ensuring focused bomba
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Upon 1 mpact, the kinetic energy of the electro

heating that exceeds the evaporation temperatur

A critical aspect of this deposition proces:s
prevent dropl et formati OQuspeatdemnseocer garlant esor
mi crobal ance with-tO.nle jt hriecskonl eustsi omo nfiotro rrienad , al
deposition rate below the 4 /s threshold. Thi
as eesxsci ve evaporation rates can | ead to undesirtr

A sample of as deposited.br/ Au bil ayer i s showr

FigBrme sample of as delposrnved uUumddmu rmiidrays

A.Structural)CsRu,diFRESEMT / Au

During the deposition of Il r/ Au biblawemrintfiid anl
t empefcatnadr eni cr otsh e ufitduemes eodhiptirlees , I r bare film cr
was measured at 130 mK degppommtaefdf boe rptorientti meg il

ot her sampl es shadwed ttirmerss itthieonmeid kd @ prdisdiituend by
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|l aser-4dspmt oBf centre the iridium target. To i n\
di fference in the critriecpdaxttednze vat st e uacft ug wad h
[5LThe thickness of the as depositedprfoiflinh onaaastd ecr
with a Field Emission Scanning El ectron Microsc
system. For this purpose, Cross sections were
investigate with FESEM with secondary el ectron.
Ger malnhye) .structur al -rmBiafsfum & oneimders Nalthy Mietaim pr odu
copper cat hode (Bruker D4 oEMd elebn0dré)r o m&Wai n ¢ u
souFoél owing gold metallization, variations 1in
proximity effect, resulting in two distinct sa
bare iridiumgfalsmupexbobducting tr alndsa mii loyn" at W&
the second <cluster t r alndsa mii Bymm)F.iag G rl&l 0l umK r 6t b s
classificalTmgmimhystpltdtet ilmd Agu d&ma sk ir raldgesi dom g llwe st ha nt
red dots r elpyaemsmpings.ng | ow
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0 = High Tc family

160 4 ® Low Tc family)
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Ir/Au

Fi g3r@As ideaoki mi egweffamtl oeas, high Tgudraems | vy
while | ow Tc fanhiokyg indicated by r

Structural raryaldydifsg acita oXx ( XRD)rirg8weali sd sthw
a typical XRD s prefcatmiulny f(olrr /tAlue fhilgdhs on ( $00)s ub
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substrate pereakl atbingssderom (111), (11Qun11)3anby
Au( 222) peaks. A dRr22)nptakhipots ietsipewche tlor si | i c
pealk highlight8dommarfFigamel 8i gBbM 1T0& amwl eh( ®@MI @
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To investigate this behaviowreyriffiilerd-eanisa&Iaigtoy i

scanning electron m@Mscrshoswogdy nmF E 5 b &k eadom€ar snuarl el nt
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i ndufcreadm sampl € 400)t pehe w8s used as Tas amef erse
exhibited a sy(sltleima(tadmc® )sihpeak soft oward | ower di f

with higherThtiesn srielper osdturcaibn e shi ft, obslexfveld8 0 x
mK, i s quantitatid.e§ whicomp(aaea)s i snhi€8 (g Dedoed ienr setn cte
peak These structural di fferences underscore t|
properties in the two families.

The iridium silicate formatgoowmnsoml alyscaonmn
FESEM awatydose, Fgs BsPBewebgh inckeébayler STcaampi gé (3
nm) verTssuamd(lde®s. 8 nm) . This thicker silicate | a

with greater KRDIREWR )s MAinfdt dTih(glhréer ndi ngs est abl |

bet ween str ugtthurcakln esstsr,aiamn,d Isruier conducting pro

}'11"“ EHT=2000KV StagemT=540°  PhotoNo = 15845 SignalA=riens Time 101739

Map = 1000 00 K X WD=49mm  TitAngie= 360°On  System Vacuum = 7.54e.007 Torr Dato 119 Sep 2023

LUCA

Fiug e FESEM for the evaluation of the 1 rSi thick

sampl e

The Wi l-Halalms$)o Wmet hod was used to evaluate t
tensile) in each sample an)Whiulaemtt fiiys t het moc r & s
l ine broadening (uniform padk ewitdemisng an@an @s s a
cause variatiAhls I m XRRABkpeakis hwe-ker éntzednusodg

Full Pro XRD analiHsiegusadfitomare. The W

M
Il



bc afsKa/D +& id n equat2 on 3.

rel ates crystallit@)Xsaye wéDpl®nngirimaCwgl s cad rc e()
anf(FwWHM at Brd)y ahlmtamigmggdsdihhe sl ope of the ||
yiel.ds

Mi cro3¢tr Liomrkeil@lisiaompl es (180 mK) showed hig
(U=0. 00mMBar ed cstaomplloev® . QI0i36Ri,ng i ncreasBdessilkaeéen

Strain: The piHsiptliovtes scloonpfei rofedWt ensil e strain
mi smatch between the I tayyermfandetdhduund@h®yDn
Structural chamagcdefifzacitoonnbyeXXealed a correl:

val ue, zcer yasndalTcs.i The results are raprfddR@INLI e

analyses such as SHahér met handd . Willtl iamsdmearl y e\

size and microstrain correspond to a higher | ri

Samples Fa|[Shift (AvelAverage Grl{Mi cr os(tAvaeir
(rr(21121), 1(=/ m)

Hi gh Tc 0.06 27 0.0046

Low Tc 0.01 24 0.0036

Tabl €oBr ébat weRh shi ft, grai mfsihighand mndr ¢ ®
I 1 F.l m patterning by positiVve
etching

After the 1 r/ Au bilayer film is successively
' ithogr apbypméetkon t hesulkEsSe gearstolry paanr yanaut a
to etch out the unwantedThPRrafl ®6i sndh20 ®.IREMr ¢ di o
pur ppeei,tive | ithography iperémpmeyed hat ekxlpiosus
aligner4wbtmm368 WwWavehenbaher steps nietgatsaniemplor

to mention that the final working of the devic

20



critical parts of the TES device are fabricate

over it and understanding of the | ithography me

aPhotolithography

Currently, pihsottohe t mogt apviydel y used techniqu
sil-basead device manufacturing, enabling the pr
scale features on silicepmewafsely. cDhitg oil hedl sé

coating, |light exposure under a mask, chemical

The resolution of this patterning is fundamen
R =NMNR equat33 on 3.

where short evpnwaVvhea lgehregt msumer i cal apertures

Typically, the photolithography process begi
an dlhtirma | aysensoft ilvieghpthot oresi st , typically PN

resists containing phot saoind generators for ent

To begin, t-bearedisb aspsepcime bdafiacrkea egesnt(lu)

to remove solvents. I n the exposure stage, ul t
phot omask, chemically aectiesriionng t he resist patte

After exposure, developer is used to devel oj
by hard baking the resist to stabilize it. The

etching away wunprotect eydermat ebreifaolr eo rf i dieap d syi tsitnr
unveil the as crafted microscopic structures. E

be perfectly tuned to create the nanoscale feat

Photolithography can be performed by two dif
negative phadg oil lilt hokgm afphgyt @ @ t he

21



NEGATIVE RESIST POSITIVE RESIST

E—— — s — MASK
[ | I I —, RESIST
— METAL LAYER
— Si WAFER
EXPOSED REGIONS EXPOSED REGIONS
BECOME INSOLUBLE BECOME SOLUBLE
AFTER DEVELOPMENT AFTER DEVELOPMENT
|| =
AFTER ETCHING AFTER ETCHING
| [ [ ] ---- FINAL SHAPE
OF TOP METAL LAYER
AFTER RESIST REMOVAL
RESIST REMOVED RESIST REMOVED
Figur€o®pari son of negative | ithography (1 e

bPosipthiovteol i t hogr aphy

Positive photolithography is ut i loif z dgdeqitsd t & & |
photoresi st. I n positive photolithography, t he

become soluble in a developer solution, while

The process begins with substrate cleaning ar
the process, UV Iight exposure transfers the ct
tone PMMA), the exposedtheeasl ehast bdevekbopelt u
process flow involves: (1) inititcalatmatge roifalp hddr
processing through the | ithography sequenicael, ( ¢

surface, and (5) final solvent washitt d era¢gdmo\es .

2P



photolithography process has been employed to

materi al s hauwadsom aflreprweaferre sever al critical

can affect the outcome, these parameters typice
par ameters, UV exposure dose, and devel opmdnt
temperature also play a vital role in obtaining
Al | the | i twkekogr aphy mitzegs For mMabP-$2 &vlachiama@g dp o ¢
anopti mipaend r eci ptke pvasisliasyted . trdefstiesrt tihse coat ed on
|l eft for 5 minutes to relax. After relaxation t
90 and olmolld tnbiankaeb @ svi sually obsebubtdbifongpt ey
abnor malei tays. prepared sample is exposed under a

clean devel ommemtel df.t er war ds

Fi gBr:®i cr osntaogpel cofi TES afteal iegrecme mtg pamwmlkesar e
across chip

The TES sensor fabricpbsbhi pe op bteos opidnttvtioa ryre stp I
film, with a masKkDrdye feitncibnign & ehaec tgi evoemel thmmyg .cErni csha mgy
empl oyed instead of chemiec ali retcd h igngolt ogptecsititsdp s
underlying structures i.e. TES and alignment
wi abhbetone to obtain eaetaclhaarmg DPERS asnde e®RBUmPOWeKey

22



and temperature which must besttaepfat dwiht g ha rcall
cause cracks imegirsotwnddgrl asgt iaonnd, whi chFicpwid a
3.4hows the as etched TES (shown enl ar gdeedf iimed,hn
and edges are clean with no distortions or O0Ve¢

process for this step.

| vPt heaters patterning by n
deposition

The DM 1.1 incorporates four platinum leaat er s
boamelat er sedepteicinioz performance by minimizing
temper@ahesesheaters oarl i beatwitoni tedt $ornclude
conductance of the system and characterizing t
regi mes. This capability ensures consistent an
al owingti meradgegast ments and verTof idepasoint oFt chrei
Ssubstrate negative I|ithographyand eBebmze@posi
depositing Pt heaters.

c Negapheoetolithography

Negative photolithography, as opposed to posi
insoluble when exposed to wultraviolet (uUVv) I i
photolithography when -dgperbeegdieodn.s lonf tthhies pphrootcoers
' inking and remain on the substrate after devel
solution resulting in a pattern which is typiceé
oo the wafer film to form gePmeltongisngutclhe ade ¢

enhances the clarity and definition of the sid

all ows for sharper edges and a more distinct se
where theroeseictgs the surface. This controll ed
profil es. However, excessetvehidreggebbpmaéaet reansit
protective function. Therefor e, omaniemt aitninmeg i sst

achieving opti malderfeaeldt §,eadmugersi whiwel Iprevent
ST



Negati ve mbhod\No@arsesuisseed for negative photo | it
sample was transferreedposi eBeam Thambeirstf the a

a 15 nm Titanium adhesion | ayer was depoZX.itz2d |

ar al hfeomat er s deposited simultaneously as indicat

\iﬁ

Fi g3r®2nage of t he Ptunhdeat enmiad rtacss coodpsge 0 vietdi o |
2KAU t her mal rim patterning

eBeam deposition on rim

After heater deposition, in the next step gol
The thermalizing frame is deposited B8silBg tmeg
patt eesfeidltm after devel opmenTharse addeyp ofslo atyeapro | gadoal st
thickness of apwrtox iamnma t2iéhl dye m2 Qsiit mr@ncienyfmrg st tdeposi
ensure strong agsol goladd heexshiolmi t s podfteirdepodion
substrate igolcdovernwddf owi tlhi ft off it iI's submerge

deposited rim with good adBedgBon iIis obtained a:c
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Fig3r¥3 eft) After devel omxmergrodgtb I rdi nRl1avff tl @ rt hdoe
vi Nb wiring patterning by ne
RF sputtering deposition

For electrical connections of TES and Pt hea
parall el Esn faibd u sdtiingn.rel i able electrical conn
yet this step presantodbi siimg rdiefpiocsarnti ooh alnldeerr g enso
presented | oss of super conductance, so it is ¢
final deposition of the i abeisum fliil me si.sv &dbeupaotsé dt
by measuring its superconducting transition in
repeated, unt i | optimum <conditions ar e reache
reproduceabl e transiteensnl yNiobtbe mmubstadher wi t
mi nor defects such as voids or discontinuities
failure. Thus, strict process contr olSbiwn @ as d mt
figluriled sample after deposition of Ni wiring.
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Fi g3r:24Nb wbhséemged after deposition

viiSi etch by DRIE Bosch proc

The |l ast step in the fabrication process i s t
silicon substrate where suspended part i shatt a
thermal kcoenethémowmal conductance "T&'i sofi s haec hciha

deep reacti DRI B)onatetXxthd nl§, (which removes 500 O

whil e preserving its mechanical and ther mal [
compl exion in theaepvafdiucmaoh ips ofma werl ma dudnag aan
mask. This is chosen for the reason that deposi
if the two are not properly insulated by depos
removal of har detmaftsikn gvi @r ecsheemti caailgni fi cant han
geomatryhis stage. Hence, for this step a se¢si ¢
and evenly distributed mask for <c¢clean wall et c
soft mask requireddiopttn imb ktand dooellvearrelsyos wi mask and
Written next are some issues faced during the ¢

™™



During the spin coating process, the photore:
behaviour at the edges due to the interplay of
the wafer spins at adsglbuswaeds, foheni ngsiast hspr

t he s urHoaweey er , as the resist reaches the wafer
surface tension causes it to accumul atse asn i"gehddl
bead". Once spinning slows or stops, the resisi
tension pulls some of the excess materi al back

nouwmni form thickness.

FigB3r:e5Sample after spinning showing thick edg
|l ayer and uneven devel opnRitE avatse&kr feoxp d duwsr e.e o(r

covering edge areas)

TN



This reflow is influenced by factors such ac
and the waferds surface properties. While the g
it often necessitatas acdmotviadnd EBR)epo-plerlc@sedy
' ithography. We i mpl ement edbealdstalt tirsu sehpg mrgo & woh
effective as the edgesDucrao unlgd nodptt ibmei zbartu sohne dpa lionci ef
probl ems such as resist bubbling and resist su
3..16 We focused to optimize the spinning recei
rpm gave the resist time to spread evenly and

humi dity and t emper atluwroe bien sviidea |t haes fraecsiilsitt yi sc &

to regul ate these factors too

Fi gBr:e6Exampl es of samples that experienced

_|
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Fi g3re7TExammbpsi mfpZzemd coated sample after

To i mprove the quality of final devel opment
pl asma uieénlpy oyed to get rid of residues remaini
pattern3.18 sSughran example where (Il effthe patelsern
burti sky eptéepndi hg thetdéearopmént esi doausts riins kc ars
the pattern can be over etched tAsusaxnammpebimgaer
3.LBight) can be seen thectkaanngorners after

Fi g3r:e8Examples of before (left) and after (ri
TO



I n order tthe pgE&Ss dmrwean pdises iphalta eaxi daantdi ocnl e ar
devel owede din0e mMmhlawyeed oxygen ptaamaosteani sgver
|l ithodhaphgye of Oxygen plasma in our fabricati
when Tk&kSnfoitl ekiproesaetdlgye o at Imfo slpenfetr euncl ean t hese
chall enges to etch clear side wall s, i n several
RI'E proceesthg dhadowing affect caused by the r
Si can significantly affect the el ect3rild®als hamwd
examples of such cases where residues were obse

behind after pattern devel opment

Fi g3r®9: U reesti adlueeds i n ¢ oDRnl eEr sp roobcseesrsviendg a f |
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Fi g3r®M IT.eladPRIfEOrprocessing

The f3i.d0reesent s anoéptit mimaes &R Ir @ ym@nyoTdhaeesaicrt g .v e
i oent ching process emp| oayss sthhoew nB,oisac hit i gelicihen é-3jauel e
based pl as maFspd shii nagt iammmd. CDur iepd atshmea eétsohirme i gl
silicon, while the passivation phase deposits
SubsequpelnatsnsaF cycl es, enhanced by inductively <c

pol ymer from the trench base, enabling anisotr
mask
Si C4Fs C,Fg
2- . 4- I 1 I
6
SFe SFg  SF,

FigBr®sdihenaatti @ DRI E Process

TP



Typichild yecydl e repkemwaéprunpehet uaHaowev eirs, ascehvi
chall enges emerge as, thecletadaiumatddibiynddiifdier eag
at materiodl tihret evraff@w @ atntde csaelrd cetri 5voiOmy hat saenpt
subjected tpatliefrrmbomoepbhy si de apphd r gl c@adr bar .t hie
i mportance to degas the glue at this stage as
pressure and i nDRickE pcrrodcddesi sgign gt.u Si€ T QWA QIiIis us e
as a gl whmghadpertoomes | ess viscous at temperatu
pl atébagbue is transferred to the gluipgobpgt uc
and sagasnder vacuum foriospetei oh wmasumade VDS
evenly spread glue Thedewat é&re isBRIfBE cperocdaliecsewsd friegp . n
room temperature and transferred to process <ch
reduce temperatunestmerd ofmiSnut s 10e5 agad final

arrivinghatbRQtEhe@r ocess is initiated.

Fi g3r®M lo.blseffven banlkhesi dné cr,DBIc ojois eff ivefat ¥ op
under miafridmsircEo pper o c e s s .

A Bosch recei,phiwapropesmi pptii mi zati on addr ¢
di stortion. The i #trgaducdtuiram go fpasxsygernt i (0@ i mpr
T



reducing | ater al etching. Additionally, di vi di
chamber heating, preserving trench geometry. A
introduced to deioni zeacovmad®rc luil gped otno ca btawde 4
of and the wafer is withdrawn from.Atl ttrlais® Ng tca ¢
suspended absorber i s Fibguwr e eldl., 2 20nkilb alfied et odrp 1 <
backusdde microscope .Blidg efri DRIl IEz pd odetsesc thgr str
absorber connected®60byOni owirdtshi)é ivciotara lbrrédadrd ¢ wa ITIhsS

design satisfies the dual requirements of mech:z

TT



Chap4 er

El ect r MecaH a minada |
Charazat mdn DM 1. 1

4 . LITD | abs measurement setup

In the Genoa LTD lab, there are three dilution cryostats, including the Kelvinox 25 from Oxford
Instruments, which is primarily used for studying superconducting transitions. A dilution cryostat
operates based on the properties of a heBuand helium4 mixture. Below 0.87 K, the mixture separates
into two distinct liquid phases: a lighter phase rich in helgjrand a heavier phase richer in hekdm
This separation occurs in the mixing chamber, which is at the heart of the cooling phkscasswn in
Figure 4.1, the cryostat includes a-thaped pipe containing the helium mixture. A pumping system
lowers the pressure on the diluted phase, causing hé&litomevaporate. To maintain concentration
equilibrium, helium3 flows from the concentrated phase into thetdilphase, absorbingeat and

producing cooling. The cooling power is described by the equation:
Q=4 (95T ) équatiah 4.1
whereT (S the temperature of the mixing chambeér)lis\the temperature of the last heat

exchanger before the mixing chamber,dnd i s t he fI-8w rate of helium
TY
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FigarelLilde’e phase diagram as function of

To run the cryostat, a liquid heliudh bath at 4.2 K is used. This bath is isolated from room
temperature using an Outer Vacuum Chamber (OVC) to minimize heat leaks. Inside it, the Inner Vacuum
Chamber (IVC) houses the dilution unit with its three mairingastages. Initially, a heat exchange gas
(often helium3) is added to the IVC to improve thermal contact during the initiat@¢ooh. Though
the system is designed for helitinexchange gas, heliuBis preferred in experiments involving

bolometers omicrocalorimeters to avoid interference from superfluid helium films.

Once the system reaches 4 K, the exchange gas is pumped out, and cooling below 4 K begins.
The helium3/helium4 gas mixture is liquefied through filters at 77 K and 4 K, thercpmded in the 1
K pot stage using heat exchangers. The cold liquid mixhee flows into the mixing chamber, where

phase separation occurs and the dilution proces:s

A copper cold finger, referred to as the "block”, is mounted on the mixing chamber to stabilize
temperature fluctuations and allow precise control of the sample tempgesigieown in figure 4.2
Samples are thermally coupled to the block using a thin bonding layer (typically GE7031 varihish, 10
100 pm thick) and are mechanically fixed in place with a spring or screws to ensure good thermal contact.
In the Kelvinox 25, which lacks a thermal shidddtween the 4 K walls and the sample space, it is

T®



especially important to shield samples from external radiation. Temperature control is achieved using a

Germanium thermometer and heater, with stability better than 10 pK.

To
pump

T Almost pure *He
3 /Vapour

 Heater

From 1.5K
Condenser

Condens: e o [ Main flow
e ¥ impedance —__¢

Still heat

Still 0.7K
exchanger

Dilute

Secondary h
phase

flow
impedance —,

st —

Heat — o
exchange

Heat
exchangers

boundary & e Mixing 0.01K
chamber

Figaar@®efPthot ograph of the interior of the I nner

cryostats in use at t2hbe, Qxxnfooar dl al bnosrtartuonmmeyn t(sKe, | w
stages h(iRjh@litgehmeetdi.c di agram of a dilution cry
of t he3/hred-fiiuommxture, including the mixing cheée

4 .C2r yostat measur ement s
4. Prbof of superconducting t

Chiplp®, as shdwhwae fegued for the proof o
ion etching (DRIE) processing. The tests measul
(V) , and resistance ( R) across a cryogenic t
superconducting transition temper 4CAr @.cAWer)e E
applied to assess stabeVtiaaOg/) wi hdi cvaotlitmag e mirreis
changeBbc nmar pnt aads i¢tdinsi se®RpBstconfirmed that
process did not degrade Taoemaupedc endabdtei nvg t
range. These results validate the surucgurtas$ sauo

for cryogenic applications.
YM
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The DM 1.1 (#1440, 4ansa ss htoewsnt eidn ffoirg usrueper condu
showed very good ¢t rTéhreslirtenceni mrobhedgdapm&K. repr e
l r/ Au bilayer film after deposition. Since the
transition is not very sharp but for TES geome

presented a good transition as required.

® DM144 Ir/Au Film, Genova University
& DM144 TES, INAF/IAPS, lexc = 3.16 pA
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4 . A hzagenh echhariaact eri zati on

During operation, the use of onboard heater s
the TES within its transition region. As more

neefled biasing.

This approach has the added benefit of decr e
reducing its power dissipation, a major compol
reduction is particul ar Imenvtasl vaanbdl & hgei wan ttihcea I mil

consumpti on.

To study this phenomenon, the absdr4lBe rankda tDhM
144 (DM 1.1) were made that revealed a rldl atsiv
i mportant to note that DM 143 is a replica chi

demonstrate reproducibility and provides an opf

For DM, in -ltahve fpiotweyi el d& =45 % .06e2M KEiathi& ea o f
exponent. 3BNWhO 4 e=fai tf ikgcie.s7TeWN KB 5ni | WAL B Y, eRhi bi
a conduc tkamnlc6e8 . @WK K5wi2tih=4. 77 N@®. Ot7he-l appowé& i t , e
k=30. 7¢6MN&f @19 t mefdft xeB8i milarly, for TESdawmorhbe
DM143 power | aw f W Khoawss . kKi6X.04d0M0e Svaki=I4&/. KBR7EN O .
Whereas, DM# 144 e x §W/ Kennsi= B.N0D-flLa B 5NO h&a7 fit,
k=15. 2sTWR&KmHA &m s fi xed at 6. These results indice
nolni near ther mal condMit4ansbowiema@avsbught wythi @I

attributed to final fabrication conditions.
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l'inearity of the response and i mpacting the ovVve
DM #143
==
— 030mK
— (E5mE
[ — OmE
— 5SmK
— J50mE
=0 — 0H5ME
— 0GOmK
— DG5mME
— O70mE
— 404 —— O7SmiC
El tB0mK
g 085mk
‘:30 090mEK
0asmK
204
104 ——
ol
0 5 100 150 200 250 300 380 400
Ibias [pA]
DM#144
50
— 50 mK
— 55 mK
— 60 mK
40 7 — 65 mK
— 70 mK
— 75 mK
— s mx
E )77' 90 mK
B / —— 95mK
20 | — 100 mK
10 4
O T T T T T T T
0 25 50 75 100 125 150 175 200
Igias [UA]
FiguaTeESl .current over the TES Bias curbé&lprtt48t d

(tgp vs

D¢ Wwadst measur o mey

I NAF

YP



Thei gurseh odw st Et8huer irveord tt B&Vg)e c(hlar act er i sti cs of |
MOM1.1), measured at a fixed bath tcaumpeBat hr e eo f
di splay the characteristic supeesosBtaotengtat e
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4 T3ha rSictur-al nmbdeél ement mo

For future space missions, the dtehvee |doepmoennstt ra
modeDM)ast ruct uf ShMgansoeddelon technol ogy validatior
previously discussed. These structur al model s

wi tfhh i gdtect or configurations pl anned for mi s ¢
devel opment, conducting comprehensive strength
performduanet i amal reliability. The extreme coni
constant exposure to ionizing radiatHowevdemahb,|
mo
pr

st intense mechanical stresses occur during |
0
success, each compdhmomemwtugmhustesanadagrdg o confirm i
u
d

pagate through the | aunch vehicle, potenti al
l aunch conditions. This systematic approach to

an preventing catastrophic failures i n space 1

The structur ali rmd celi npltahyiss gorocess, to eva
identify potential weaknesses before advancing
detector under devel opment, this invodtvesesd.esT
structur al model <chip replicates the geometric
with an active ar eaA ocfanap pSadei( MBanti eplcyt y4 akc mPpodg
develbonp t he baSsM(QsStorfuccthuirpalpb WModetomOporfating dep

connections and the final mounting bracket for

During nworPkheDd, oln devel opo c@F EaMafsiendi toen etl heemegn
par amet eSMit of muilhtes emec hani c aAl FEMas amlhley i gt i the
mo d e | i s showhmpodeahsguee 4. Bobust foundation f
ready Hliensiitgen .El ement modal for SM1 was designed
test data. The mOARI| datas Naetrthrivaendtlieevcdemt mr adher
internal Thal es AlITABAN BAT K8 a1 . s tadencdhasrugcp or t
t MSC/ Nasdlrvaear and server iThAt$e g(rTah a loens whalse mpirao vS ¢

component s i ntegratedchinpoanmndhe gimoelalas s ambluy.e
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corr &SIM@Dtreadm pr idopr, t@®ms@gpanrgafideadk ¢to enhance struc
SM1 mounting configuration.

Fi g4& eFinite aEl ameosftimbtMged st rifopuvabkbwmodel

The mesh ocfopnproxkadODy &@hldlmedn0tOs nodes, refl e
3D structure. ESQCUEEBT (ypesahedi @mides b,é tadsmdsdhed wn
figuaeddmiof ar | gl ue spots aCQUAhD)/WnT RInA f(iqouuarder i4l .alt

shefds)silicon chimnfiBEMaetemepteswrtatadopted
the suspédhdedaaereaal properties are | isted in t
Mat er Densi| Refereg Young| Poiss|Ther BaApan
(g/®cnTemper ¢ Modul Rat g)o Coef f({Uci
( K) (MP & perelkvin
Silic 2. 324 293 12090 O 0. 27 29 X 10
Coppe 8. 94 293 110500 0.43 17 ® 10
Gl ue 2. 081 293 9000 0 .53 35 ¥ 10

Tabl daistl.of materials and properties u
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4. 3/ Dbrambdes

Il n Finite EIl ement Method (FEM) analysis, a n
vi bration pattern that occurs when a structure
vi bration modes are fruwmdtaumree,t adetperomiemdad elsy oift g
characteristics, and boundary <conditions, and
examining harmonic response, the behaviour of
pekas observed correspond precisely to these nat
resonance occurs when operational vi bration fr
with the structure's oatsirad daegerowcs egsi bpatie
engineering point of view Finite Element Analy
these natur al frequencies and mode shapes thr
operavi bnati ons, and assess potenti al resonanc
particularly wvital as |l aunch environments expo
process consequently incorporatctesrfadegqoendy caeng

natural frequencies, and damping solutions to ¢

The fdi.gdubroew nat ey e phobees) at 1734 Hz, 2155
2902 HAHz,3®@Fand 52i6l01 Hzt.r ati ng the characteri st

emerge i f the structure encountered matching vi
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4. Ra@dddmbDspl acement

I n this finite el ement analysis (FEA), str
evaluated by subjecting the model tax i swdtgpst
representing the vertical da(rkicgma)n |ima diemr @ spa@arc
gRMS -meatquare acceleration assesses nominal p e

expected during approximately 68% A iopmear)a tliocand
simul ames cex,giuecihoms t hose encounwhirehd dawvdarmg <
potential vibration cases T£aseesiceyastiosct Thel d
serves to validate whether the resulting deforn
dynamic hdadiongsgcowith particular attention tc

vi bration frequencies may coincide with the str

T Had8 LU
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Fringe 01
Max 1: 1.922-005 @Nd 3108
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The results revealed critical findings, 1incl
' i mits by (@®009%8diMPja aantd 3a concerning friegglordle8hbat a

aligned with PCB natural frequencies (to be col
overall energy in the random vibration spectrur
bounds for evaluatierg warrywicrigiragderreatliicarall idon diir

Fringe Plot : Fringe 01,5C1: Random RC. 1;Dsplacment, Tz-Basic {NONAAYERED);

Fringe 01
Max 1: 1690006 @Hd 6761
M1 0. @ 7457

FigaBBracket displatemendit()B 1.7 um (1

4. I hE: Power Spectral Density

For aerospace applications, wher@x4s vibrations during launch are criticplpwer spectral
density (PSD)simulation helps identify potential resonance risks that could lead to excessive
displacements or structural fatigue.

The Power Spectral Density (PSD) response plot, as shown in4igdredentified three critical

resonant frequencies, a primary mode at 1734 Hz, and secondary modes at 2333 Hz and 3407 Hz. These

®0



peaks represent frequencies where the structure exhibits amplified displacement responses, with the 1734

Hz mode being particularly significant as it may indicasystem widgesonance.

#3: 2333 Hz
#1:1734 Hz #7: 3407 Hz
Power Spectral Density Response
1.0E-10 DISP-PSDF
E | ID 1292, Tz 1.42554E-05 ,No 1.74624E+03 |
1.0E-11g
1.0E-125
3 3
P
=4
1.0E-135
1.0E-14o
1.0E-15 T T N T T T T T 171 T T I N |
10.0 100.0 1000.0 10000
Frequency

Fi g4 4FEA Power Spectral Density Respon

The 1.44 gRMS level represents @sigma (68% probability) loading condition, seras a
baseline for nominal operational performance. However, to ensure complete reliability, the structure
should also be evaluated at more extrersegfha (99.7% probability) vibration levels. The presence of
multiple resonant peaks suggests the neegdditantial design modifications, such as structural stiffening
or damping implementation, to shift these natural frequencies away from critical operational ranges and

prevent resonance during actual service conditions.
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Finga Pht - Fengn 91.5C1 R RC1.Shwl Stressms Ve v AL 71

Broadband excitation - displacement - gRMS 1.4

1159087

J\ o | 100 1000
= % o o Frequency [Hz]

PART / MATERIAL y‘;e LOAD CASE KE* S+ Swax

[MPa] | [MPa] [MPa] MoSy
CHIP Bridges / $I|I00n BAR STR SML1 - 1.44 gRMS White 175 |1.000{1.25| 1.50[ 44.0 | 132.0 2475 -0.43
CHIP Shell / Silicon VMS 175 [1.000{1.25/1.00| 11.6 | 34.8 435 2.22

Figure4.15: 1.44 gRMS RANDOM Z SM1 Load case gRMS White noise

The results for SM1 indicate significamt st
the figure 4.15 parameters for Ilidyapme cakewiang tn
of stress considered Ilsawad caas evoind dvn tsiefsi, e SAxt laé
under auall MBaJs,ultimate tensfi atei gt e esgrubintgif mat thee
fatigue strength, Kt sMaegencohtsateéipgynwitBhbtoes
where a positive value indicates the design is
Under the 1.44 gRMS White | oad, the chip bridge
margin of (s abffe4 3y, (iModSi cating that the structur e
performs acceptably wunder this | oadit iwiafhMaS2g
this safety margin does ndtn dxtee mdrteo dtehma nhdii ghige

scenari o, both the chip bridges and chip shell
critical stress ofofB7330 &MPAd wheéhchnp Mehel | e X
MoSof0. 62, both well beyond safe | imits.
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P it g 0151 R S S Ve Mo ALLIA 144 Gs flat - RMS 44

10801 /-\

10E02

10E03

10 100 1000 10000

PART / MATERIAL Type LOAD CASE Suax | 3*Smax| Kt* Sim- Swax
[MPa] | [MPa] [MPa] MoSy
i ili BAR STR . . .50 373.0|1119.0|  2098.1 0.
CHIP Bridges / $|I|con SM1- 43.9 GRMS Mask 175 |1.000| 1.25(1.50 0.93
CHIP Shell / Silicon VMS 175 |1.000]1.25|1.00| 97.0 | 291.1 363.8 -0.62

Figure4.16: 1.44 gRMS RANDOM Z SM1 Load case gRMS Mask

These results confirm that SM1 is expected to operate above its structural failure limits, with
stress amplification particularly severe in the chip bridges. This is consistent with the observed reduction
in the principal mode to 1734 Hz. Therefore, thelSddnfiguration requires significastrengthening

especially to mitigate the critical stress concentrations and improvééaaithg capacity.

In summary, the SM1 unit should be tested at half the standard vibration level, from 1.44 gRMS
to 0.72 gRMS, corresponding to-@& dB reduction. The preferred method for this test is a white noise
characterization in the 100 to 4000 Hz frequency range, which providesad view of the unit's
dynamic response. Resonance searches must only be performed using mechanical sine wave excitatior
to avoid excessive stress on the hardwRegiarding random vibration testing, the current femd (FE)
profile is considered toaggressive and potentially damaging. To minimize risk, an incrementalstep
test approach is recommengsthrting at12 dB, then increasing t6& dB. However, based on current
expectations, a test at eithérdB or fulklevel (O dB) could result in failure, so these levels should be

approached with caution and only after lovearel testing confirms survivality.
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4 . Al ue evaluati on

The as fabricated detectors ar e mo uFrrtoend ao n

mechani cal point of view, the assembly of such
detector is dependent on tbheheéentegmpbalead torf sndie
readout system joined together. I n cases where
constraint set for electrical and magnetiod noi
i soolnatpiurFpmasesspace applications adhesive perforr
must be validated t o elnhsuusr,e wen vinrveersmd rgtada le dd u rhaeb
adhesives for cryogenic applications ibadedal
observatories, which redquwiw d® mppeeradtuirera l( ~Ht0a bmi
reearch arises f-basmed hpr umar yYfdeastiddatcomms i n t hes
bonded toackeppseratbrecxoppopseerd isnitleircfoanc e s . Charact e

candidate adhesives under pactuaul ampley at hehal me
t her mal compadtoiw itleda mpye raatt uuwletsr,a i s critical t o

success.

For this purpose, we i nvestigated the perfo

waf exkil( Im) to copper surfaces .under extreme
Three adhesives were tested:

1 StyQ@8s5t0R®E LV
T EA 2216 B/ A
T EC 9323 B/ A

Wef ocdosne opti mi zing adhesion through surface r

integrity at both Beginning of Life (BOL) and

mechani cal resilience.
A steel brackesi |helodh talbsskampppeareeduriersdi ng a
configuratiod.dFewnhiemphgsre on interfacial ac
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SIDE VIEW: Test Specimen — [mm]

- 110 -

- 100 >

CuBracket

Figure4.17: (top) Schematics of the sample holddon) Test platform to conduct the lap shear test.

Results aim to i deunrtiinfgy cooprtbii nmaalt iaodnhse sfiowre ma i
in cryogenic environments, addressing chtaédrdmnge
durability.

BOL (Beginning of Life) Testing Protocol

The BOL testing protocol evaluates the initial mechanical performance of adhesives under controlled
curing conditions, prior tadhermal stressbecause of temperature changébree adhesivesstycast
2850FT, EA 2216 B/A andEC 9323 B/A were tested using silicon wafers 1x1.5 mm thick)

DY



bonded to copper substrates. Surface roughness optimization was performed on the copper to enhance

adhesion. For each adhesive, three samples were prepared under speciffgacanejers

T Stycast 2850FT Roomtemperature (RT) curing-22°C) with no thermalluctuations

T EA 2216 B/A Two curing methods, (1) RT curing for 7 days and (2) thermal curing at 93°C for
30 minutes.

T EC 9323 B/A Two curing methods, (1) RT curing for 14 days and (2) thermal curing at 100°C

for 15 minutes.

Postcuring, samples were mounted in a steel bracket fixturaposhear testinpASTM D1002
standard), which measures shear strength by applying uniaxial tensile force until bond failure. Critical
parameters included maximum load capacity, displacement at failure, and failure mode analysis
(cohesive, adhesive, or mixed). Data acgisisystems recorded forcksplacement curves to quantify

interfacial adhesion strength and stiffness.

EOL (End of Life) Testing Protocol

EOL testing assesses adhesive durability after simulated mission environmental stresses, specifically
thermal cycling betweefi K and 300 Ko replicate cryogenic space conditions. Samples identical to
BOL groups (same adhesives, curing methods, and substrate materials) were subjected to thermal cycling
in a cryogenic chamber. Key parameters included:

1 Thermal Cycling Profile: Repeated cycles between 4 K (cryogenic) and 300 K (ambient) with

controlled ramp rates (e.g., 2 K/min heating, 5 K/min cooling) to induce thermomechanical stress.
T Number of Cycles 6 cycles

Postcycling, samplesuinderwentap shear testingnder identical conditions to BOL to quantify
degradation in shear strength and changes in failure mddeml examinationsvere maded detect

delamination, microcracks, or interfacial debonding.



Success criteria

The success criteria for evaluating adhesives in cryogenic applications are defined by two key
requirements. Firsgll individual specimendested at both Beginning of Life (BOL) and End of Life
(EOL), must achieve a mimum shear stress @ll5 MPa This ensures baseline mechanical integrity,
and any single specimen falling below this threshold disqualifies the adivesing combination.
Second, thaging criteriormandates that the average shear stress of the EOL specimens must not deviate

by more thart20% from the BOL average.

4. 41 e preparation

The adhesive preparation followed the manuf
epoxy and catalyst, with all/l glue mi xtaseshdwnqg
figuriemmedi@dttelry mi xing to eliminate entrapped

minutes, the glue was a
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Fi gaal®e (kamp) es with the degassed epoxy ready; (R
bracket and chip

Fi gu20s&!| 4<idl cbiop on copper before testing, Top \

Foll owrmgnua elddegassing process to eliminate

to both the copper bracket aansd sshdwnc oinn Wwaid gelr a e e
of Kaptormmttapteall 14®i ckness) act as spacers to e

mm|] window is cut within the taped region to al
joined wunder moddeeantesspradbaseye ans carefully
Pol ymerization is initiated by placing the ass

me mbr ane pump t o e nCuarnecde scaumpilnedsi, ignarse gadn.@2yls t iom e
N MN



vacuum desiccator at room temperature to mitig:

testing is conducted no sooner than 24 hours af

4. Huz2face roughness

We performedofcalsibmgadtue ntgiwlki gh uiteige anlod tea mifsr
roughness-sgrwherseanépa®pdr copper bracket s /2b4o nLdve d

epoxy failed to meet the required 15 MPa shear
prepared with distinBtisarfpoagesield mdnit@ErsmBs b
angr a#dle20 grit sandpaper (4 minutes), and EDM |

measured along three axes to assess anisotropy
sandpaper produced higher rougmgessd ehbBancisng
unidirectional abrasion introduced anisotropic
under mul ti dir dateiad real ssutrrfeasssou ddioieEssy)  dRialt thg s 1 n

pass.

This comparative study evaluated surface tr
ScoBechte sponge produced mini mal roughness, ev
due to its fine grit, unexpeheedltyf aeedduc€dar el
#80) significantly increased roughlmeRa), wcohf ¢
its effectiveness for mechanical i nter | opga&kssng.
EDM yi ewledde d oluogd¢mm eRsas) (tth.axr #80 spadpgpag®d4M, awhi lee e
roughnenssRa)3 . wi th superior homoge nEeDM ye menrdg @ ¢ od s
met hod. These results highlighghthkast, whdlivancead
|l i ke EDM offer superior control over surface

Hence, we adopted copper samples cut into shape
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4. Ha3dnpl e preparati on

A total of §Duedmptesrdeng to the details st

testing.

Sr . ADHESI VE |[BOIRoom BOL OJEOL RoOoEOL O}

Temp curfcured|Temp <ccured

1 Stycast 28503 3
2 EC9323 B/ A (|3 3 3 3
3 EC2216 B/ A (|3 3 3 3

Table 4. 1: Details of the sample distrib

The 3 glues mixtures were prepared accordi ng

Sr| ADHESI |[Mi x Ratio (b|Curing 1Curin¢Curing
N o t empe.l
1 Stycast100 ¢(F2r950 8 (|[Room Ten21A C|16 hour
2850FT/ cured
2 |[EC9323 (100 (Base): Room Ten21A C|14 days
(pi nk ¢ cured
100 (Base): Oven cunfl00A (15 min
3 |[EC2216 |5 (Base): 7 |Room Ten21A C|7 days
(grey o cured
5 (Base): 7 |Oven cuf93A C|30 min

Tabl2e Betail sfafbrtilcats dmplcaB8OHdi andnEOL test

4. A her mal cycling

The ther mal cycling i nvol6vetdh egunhjed osBgiebhgeksg | |
(hiagmd5 K atl oaw)t emper altOurket msittees tr att reeiorf per form
temperature changes. Due to cryosgtraotu pssi zoef ¢60 nisn

shapne a rod attached to a motorized vertical ac
NMO



helium cryostat, transiti ontihneg ituhme m efnrpoem art wo s
was monitoiene icwmilndgalated CERbHNOXet hleRl mt G amesi s
bri,dgwi th cooling/ heatiabyIc%ittes| mMadaAgdack evitadeca
samples were dismounted and @gr @de &d fd rgausrderatg . t2H2e

cycling graphesifwoes t hr ee
STYCAST Thermal Cycles EC9323 Thermal Cycles
JO—T—T T T T T T . . : . :
350 il warmruplr ———————————
300 300 } .
Natural
280 250 :- warm-up ]
< 200 = 200 ]
= 150 = 150 H -
100 100 H -
50 50 =
(3% | R
0 1 1 1 1 0
0O 100 200 300 400 500 2 00 0 SN 400 0

time [min] t[min]

Fi g2l (1l eft) Ther mal cycling graph ,dfriB@lL )s al
Thermal cycling graph of EOL samples .

Gray Epoxy Thermal Cycles

350 — T
300 | 1 =
250 [t ﬂ \ .

200 | -

= 150 —

100 [T -

50 1 1

| 1 | 1
0 200 400 600

time [min]

Fi ga4a22 Ther mal cycling graph of EOL sampl
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4 .54 ap Sheer test results

Al | t he( B@QMp& eBI@le)d at room temperature and
samples subjected to ther mal cycling wlehree st heed re
strength is calculated as foll owing:

Sheer strength (MPa) 3 Force (N) [/ GlI

The as tested samples were anabdeglsewl: agai nst t he

Sr . JCriteri a Conditions
N o
1 Resi stance c¢c|The maxi mum shear stress f

constraint: Value 015.0 Mp

2 Ageing criterThe difference between th
value) measured on the fir

ariation of N 20

within a v
I ntegrity cr|The silicon chip remains u
4 PassB®6hi l The samples pass the BOL p
chip and the RESISTANCE (O
5 PassE®Ghli | The samples pass the EOL p
I NTEGRI TY and AGEI NG crite

Takl:8 Criteria and conditions for glu

NMP



1 Stycast 2850 FT/ 24 LV

The graph. a8pfegenes the as tested samplThee of
graph represents the force F(N) experienced by
where the max force expe.usSiaenpd &€& IH1 f ehses esca mpH e B
Sample S3 failed due to the microscopic cl eani
the edge before the t-EOHI;2;2;4t5e sdti.d Shaomp | peass sS Tt YhG:/

t hese eahei posr ok e n .

STYCAST 2850 BOL & EOL

Identificazinne nrovinn

sl - 19.09.24
— 53 -19.09.24
s2 - 19.09.24
s10 - 11.12.24
— stycast-EOL-1
stycast-EQL-2
stycast-EOL-3
stycast-EOL-4
stycast-EOQL-5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Elongation (mm)

Fi gaar23Comparison of all test BOL and EOL of sa&
24 LV
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2EC9323 B/A (Pink GIlue)

The graph.i2repfriegeme s t heofBE@328sBed §Bmpkes&l ue)

Curedo and one ALong Curedo among the sampl es

phase. All chip samples were broken during the
EC9323 BOL& EOL
4000 : ; : BOL BOL
: : ; - A |
- Identificazione provino
3000 P11S-oven_cured - 11.12.24
— P9S-oven_cured - 11.12.24
= P5S-oven_cured - 11.12.24
g . — P3-long_cured - 11.12.24
2000+ i A I‘ P4-I0ng_cured -11.12.24
P5-long_cured - 11.12.24
P2LCEOL2
§ — P6LCEQL3
=7 POCEOL1
10007 x5 ——— POCEOL2
— POCEQL3
PLC-EQOL-repeat

Elongation (mm)

FigaAaZompari son of all test BOL and EOL ¢
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SEC 2BA@BGrey gl ue)
The grapBbd.ebpfegenes the as tested samples of
EOL phases respect to the RESI STANCE and | NTEGR
(RT cured and Oven otgdpribed samp NSise p@usig don
EC 2216 B/ A Oven curaed qualified all the criter
EC2216(gray): BOL&EOL
4000
3000- — G3-long_cured - 11.12.24
G4-long_cured - 11.12.24
G2-long_cured - 11.12.24
= - —— G8S-oven_cured - 11.12.24
= 5000+ —— G7S-oven_cured - 11,12.24
G6S-oven_cured - 11.12.24
GLC-EQOL-1
—— GLC-EOL-2
GLC-EOL-3
10001 GOC-EOL-1
—— GOC-EOL-2
i GOC-EOL-3
D_
0.0
Elongation (mm)
Ll
Fiug4eS52Zompari son of all test 2RALL and EOL ¢
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Sr{ ADHESI|Curi| CurinCuril BOL max shel EOL max |[BOL vs
N o Typ(tempen tim (Average|strength vari a
1 Styca Roor 21A 16 (23.1+18 +1{(18.6+8.§ &= 1T ¢&
2850FT Te my houi MP a = 11.5 MP a @&

LV cur 41. 459

2 EC9323 Rooi 21A 14 d(26.4+19.2+|(19+5.53 & 116
(pink Te mj MP a = 8.7 M MPa ]
cur 64. 99

Ov e 100A |15 n (37+36.9+25[{(31.5+20.] a&&= 111

cur MP a = 21.5 MPa @&

135, 4

3 EC2216/ Roor 21A 7 dg(21.2+20.1+| (18+22.9 a&19.38
(grey | Temj MP a / 3= 16, e=137
cur MP a

Ov e 93A |30 n(47.9+19.3+[(27.5+29|a11.5

cur MP a 27. 4 MK e=15,

Tabd.ed The

anal ysis

o fi stuhmamag |li wee de v anl u ahtei d
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Chaph er

Conclusi on and f ut

Il n my Ph.D. thesi s, | developed the demonstr
integration at the SRON facility in the Nether
i mpact on detector perf ommarhee ivdesntddrirciagd omu ta,
manufacturing issues. The completed DM 1.1 has
with measurements performed to evalwuate its me

l enwith the performance requirements of t he AT

el ement model (FEM) of the structural model SMI
of launch conditions. Bas eao mml udced FtERVAE tmoSiM1 sah
half the standard vibration | evel, reducing exc

aggressive natureendofvitbrematad wmr emto-Lifprl kdretsahngnape
recommBhnharting at 112 dBt@anrdecguogrtelse irmigs K oofi 6s
gualification testing.

A comprehensive glue qualification campaign

—h

r bonding detector assemblies under cryogen

0
dhesives, EC2216 B/ A (grey igtal)peoasSosmhrerce eun
onditions: room temperature curing at 21 AC f
Y

emnred samples demonstrated superior resul ts,

-~ O O O

rom 28. 9 MWPPaa, ttoheZ7e.bdy meeting both the resista
riterion (15.2@mainAhl nedssetdi sampthsp integrit
ot h bediinfnei n(gBO0J i ded (&€®d) qualification phase

T O

DM 1.1 now serves as a foundaepobpeakbnpatver

enabling the exploration of the broader -baopplei c ¢
NN M



Earth observation missions. Thi sdevplr dyE-fnlgs e d e s
detectors Dbeyond astrophysical resear chbaspart i

environment al monitoring applications.

The research conducted throughout this proje

detector behaviour from both ther mal and mechsa
process have eliminated boty,l ewbdckse aodbiimede
validation and FEM simulations have all owed f
par ameter s, ensuring f dlelv e t o nsppaetdio bfii hcpatt yfttoiws/ e h d
integrated appreazclopbumpmeorntexs hinwtl ogy and provid
continued development of multilayer supercondu:
coupl ed -tshterruncatlu rnaoldel s f or applications $nobseth
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