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Abstract:

We have developed preamplifier configuratioised toreadout resistive bolometessich
as those based on Neutron Transmieded Germanium thermometdeo called NTD
Ge thermometers)[1] or NbSi thin film thermometgts 3]. Weintroduce the impedance
regulating preamplifieconfiguration. This configuration, is compared to previously
proposed readout configurations with feedbackh@nbolometef4]. It is shownthat the
impedance regulating preamplifier achieves Extreme Electrothermal Feediiackit
using transition edge thermometer and SQUiEadout. Thughe detector and readout
electronics arestraightforwardly calibrated and can handle much larger evetés.
Looped configurations simplify the design and improve performance of deteatibnas
bandwidth. Finally, weanalyse the impedance regulating amplifieise contributions,

with JFETs as front end device, relative to other configurations.



l. Introduction:

Over the last teryears, lowtemperature detectors hawendergone extensive
development. Thenddresdetectionproblemsthat requirehigh sensitivity, high-energy
resolution and/or low thresholds such as X-ray and far infrared spectroscopy, luktable
decay and Dark Matter searches. Their performance critically depends on the quality of the
thermometer used, and on the readout electronics and wirthg apparatus. Thipaper
describes some dhe electronicseadouts we have developéat the EDELWEISS [5]
and Planck Surveyor [6] collaborations.

We assume in the followinthat the thermometerssedareresistive, ofthe order

of 1 MQ resistancepr more. The temperature increase of the bolometer induces a

variation of the thermometer impedance.tiis context, JFETsre used as front-end
transistors toachieve low noise performance. Wentroduce anew preamplifier
configuration: the impedance regulating preamplifier ahdcuss the properties of
previously proposegreamplifier configurations with feedback tre bolometef4] and

of the classical unlooped voltage amplifier readout [7]. Preamplifiers have been developed
or areunder tesfor each of theseonfigurations. First wavill use asimple adiabatic
model of bolometer with standard parameterisation to contpatbolometer'sthermal
behaviour. It is showrhat feedback on bolometeyselds significant changes in the
detection behaviousuch as shortetisetime and calibration of theetector.Thus, the
impedance-regulating amplifier simplifies readaelectronics, avoidingthe complex
additional circuits otherwise needed to achieve the same behaviour. The effect on signal to
noise ratio is computed. Wewill summarise and compare the merits of the different
readout configurations in thealiscussion. Detailed explanation of designs and

performances of this electronic will be published later.

II. Thermal behaviour of a bolometer: the adiabatic approximation.
Figure 1 shows a simplified schematictioé thermabtructure of a bolometer, useful for

computations. In this well know approximation [8], the bolometer is characterised by few



parameters: its heat capacity @ thermal conductivity to the cryostag=dR/dT and the

thermometer resistance dependence on tempergj(ife R
Py is thesum of R from Jouleeffect of the currenflowing through the resistive

thermometer, pnh power of physicalinterest to bemeasured. Wewill use the

T dRp

dimensionless slope of the thermometetefined asa(T)= Rp dT

The thermal behaviour of the bolometer is described by the thermal differential equation:

dT AP,
Citgr =P.—a(T-To) + Foh with g, = A_Tt , T, being the temperature of

the cryostat cold plate.

In the limit of small temperature changes, we get:

dAT
Ci—gi = APe- gAT + APph Equation (1).

d(AP
with g :ﬁ

The physical quantity computed from these parameters is the thermal relaxation time:
Tth= G/g when R=0.
In an unbiased detector, wherparticle interacts, releasing power Ed(t) (d(t) being

Dirac's function) the change of the thermometer's resistance is expressed by:

Rpa E
ARp =T e/t 6(t) Equation (2).

For order of magnitude estimates, we will use the following typical values:
Ct = 2 1011 JK1, Pe = B = 2 1010 W, T= 0.3 K,a=-4, g= 3.3 109 WK-1,
Rp=5 10 Q, Cs= 100pF,Rf= 108 Q, where G is the stray capacitance of the

bolometer's wiringand theJFET. R is the feedbackesistor inthe configurationghat

will be discussed later. Under these conditioghs 6 ms,wth=1/tth = 165 rad 3.



[ll. Basic readout schematics and properties

Figure 2 shows theimplified schematics of thiwur preamplifiers configurations
we will discuss. We will quickly review previously proposed configuration, then develop
the impedance-regulating amplifier. tinis paper, doped configuration mearthat the
bolometer’'s thermometer is part of the feedbadp of the preamplifier. Wechoose to
discussthe interest of the impedance-regulating configuration by comparing it to the
configurations previously proposed in literature. For the first order calculations performed
in this paper, we considdahat the operational amplifier igleal, unless otherwise

specified.

A. Known configurations
1. Unlooped Voltage amplifier:

In the first configuration Fig 2a), the thermometer is biased with a constant current

source |. When a variation of Rccurs AR,), it produces a voltage signaV/ across R

givenby:%: 1 dq
d G, +C, dt

where g is the charge in the capacitora@d G. C,

is the parasitic capacitor in parallel with the thermometer.

This signal is low-pass filtered by thg (R, +C) network andhen applied to the
input of the amplifier.
For anideal operationalamplifier, the responsewill follow variations of | with

amplification coefficient 1+(R2/R1). Solving this classical differential equation leads to:

_ RO O -~t 0
AV, =1 AR,§+— XpP
; REPRE )b
In the frequency domain we get:

1A .
AVow = 17 jw&(%b ¥C) E% +1E Equation. (3)

Schematic ofsuch a low noise preamplifier, agll as adiscussion ofthe necessary

compromises withthe very low temperature cryogenic requirements are presented in

reference [7].



2. Looped current amplifier
In the looped current amplifier (Fig 2c¢) the thermometer is biagida constantoltage

V,. The ideal operational amplifier actively regulates the voltages atverted input to

ground. C does not charge. A variation tifermometer resistandeR, induces a current

variationAl = - V, (AR/R/?) that flows through RC, network, and thus ithe frequency

domain:

_y MR R .
AVor =V, R 1+ jaRC, Equation (4)

This was firstdeveloped to handle higtate microcalorimeter$4] and then to study
physics of ballistic phonons in large bolometers [2].

3. Looped voltage amplifier

The voltage amplifie(Fig 2b) is avariation of the current amplifienvhere the
position of the feedbackresistor andthe thermometer arenverted. The operational
amplifier actively regulates the inverting inputgmound. Thughe parasitic capacitorC
does not charge. The thermometer is biased with a constant currgR,|akd weget in
the frequency domain:

Y/
AV AR

= _Ep @+ jRC) Equation (5)

B. Impedance regulating amplifier
1. Introduction
The impedance-regulating amplifiétig 2d) is more difficult to understand.
Assumingthe circuit is to be buildround andeal operational amplifieand neglecting
stray and parasitic capacitotee conditionfor the output not to be saturatedtiat the

non-inverting input of the amplifier be kept to ground. Then

% = (\3%3 where G isthe ratio between )/, and V, in the impedance

regulating amplifierconfiguration, immediately to the DC equilibrium criteria: |
grounded or

Rp=Rf/G.



The equilibrium output voltage is no longer computable frometeetric circuitonly. The
system reaches equilibrium becatise thermometer resistance changben heated by

an electric bias power. Let us assume, at stattigpthermometer is cokenough, sdhat
Rp>>Rf/G. When we powethe preamplifier, igoes to saturatio.he bolometer heats

up, and the resistance of the thermometer drops, until the equilibrium critegoR§/&,

is satisfied. Then the output voltagg, \dropsand stabilises to the equilibrium valug,V
necessary to kegpe temperature and resistance of the thermometer at their equilibrium
values. We notice that if = V., is a stable state then, due to the central symmetry of |-V
characteristic of bolometers, ;\s another. In this readout configuratite preamplifier

acts as a temperature regulator of the bolometer, and the feedélackrahermal

Let us define B the electrigpower dissipatedhto the thermometer at equilibrium

v
b= ool

GeRf . If the bolometer iheated, (by avariation of the incomingoower, or a

particle interaction), the output voltage witlrop so as tkeep the totapower on the

bolometer constant. Then in the small signal approximation:

V. .
AP, = -AP,= -2 %Avout. Equation (6)

We notice thatmeasuring the output voltage of the preamplifiey ®nd AV, we

out?

measure, without the need of external calibration, the physigabwerincoming on the
bolometer (or energy of an event by integration), independently threrbolometer inner

properties. The detector and readout electronics are naturally calibrated.

2. Electronic response
Let us now compute in more details the behaviour of the impedance-regulating

configuration. In this paragraph we assurie preamplifier iscomposed of an

operational amplifier of finite gain Ag), and input errorvoltage £(jw). Using

conservation of charge in circittd, andeliminating in the currerflowing through G in

the equations we get :



Vg“ =0 where Z is the

V. +Z| Z +1Ds—o and &+2Z1+
oul el ™ (e — b
t %

impedance of the capacitor. C

Eliminating | in these equations and using the relatigifjw) = A(j w) &) @), we get :

Z(1/G+1/A
Z = | ] equation (7)

[Z;
1- 161/ A
A

where Z and Z are the impedances of the thermometer and feedback resistor.

In the limit of A large enough, this simplifies tg@w)= Zf(jw)/ G(jw). To ensure

this equilibrium condition at non-zerrequencies, Cwill have to be adjusted to

R

¢ = ECb. The preamplifier will have to be tuned to a specific bolometer.

We now wish tocompute the behaviour of the configuratiamhen the
thermometer resistanahangesWriting the three equations of charge conservation in

figure 2d) andeliminating the currenflowing through C in two of them, weget:

| = —% +8Di

Oc 0Oz~

Z Vout + 8)
s . Equation(6) showsthat

Injecting | in the thirdequation, we find:Z, =
- Z +1 &

VOUt

from an electric point of view Adoes not depend on,Y We then differentiate the above

equation with respect © keeping V,, constant. After Taylor expansion to fistder, of

numerator and denominator, we find :

o = % +10+ Z, [ . wheree, is the value of at equilibrium.
. = Dveq it +1rg,
Z
Now using the relatioV,,(jw) = A(jw) €] &), and in the limit of A large we get :
AV, :
dv, . = = dz, Equation (8)

out D DZ D |:|
Z, L+ +Z.0
oz, 8 g
In the limit of G=C=C,=0, equation (8) simplifies to:
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AV,

av. =—=3 d Equation (8bis

IV. Dynamic performance

Let usnow compute the behaviour (reaction and effecthermal bandwidth) of

the different readoutonfigurations. Aheatsignal is modelled by power Rnr=E d(t).

This produces a decreasetbé thermometer impedance according to equd@yn The
observedelaxationtime at theoutput of a biased bolometdoes notmatch the thermal
relaxationtime of adiabatiomodel. This is due t¢he so-called electrothermal feedback
effect.

We then solve equation (1), for the four different biasing conditions we are studying. We

E t
obtain:AT= G exp-a ), Equation (9)

where Tethy IS the electrothermal relaxationme, which depends orthe readout
configuration. Let us definethern{jw), H.(jw) and H, (jw) as

H.. Forall thereadout

therm

HiperrJ W)= ARb/APph, Heldjw)= AV /AR, and H (jw) = H

configurations, we can write :

. 1
chern‘(.l(*)) = G TRC]: .
C s+l/1,

and Heldjw) have been computetbr all the configurations in thebasics readout

properties paragraph. Fromddjw), we can compute the effective detectlmmdwidth
of the readout configuration.

A. Known configurations
1. Unlooped voltage amplifier
Using an unloopedroltage configuratiorfor a large thermometer impedance, the

signal is low-passed, due to tharasitic capacitance of the readout conneciwh JFET

input. Ry=107 Q and G of theorder of 100 pFare typical of a readout connection in

cryogenic environment. Then the time constant of electronic reaction is limited to:
8



6=2.2 R (Cs+Cp) = 2.2 ms.

Due to biasing with a constant currente=P Rp 12 From equation (1) we get :

C " .
Tethm ItD o Metal to Insulator Transition thermometers hamegativeslope (<0),

_ €

T

thusTeth= 3.3 ms<t,. Biasing the thermometer shortens the bolometer relaxation time.

2. Looped voltage amplifier

From equation 5 we find that the signal is low-pass filtered with time conga@hR

The electronic reaction time constan#s2.2 RC,. NTD-like thermometers have of the

order of 20 pFRparasitic capacitanc&@husthe expecte® is 44Qus, five time faster than

the unlooped voltage readowbnfiguration, but muchslower than using the looped
current amplifier configuration(see below), unlesshe parasitic capacitance of the
bolometer can be madery small.Since the thermometer is bias#diough a constant

current, we get :

Teth= G o and Teth= 3.3 MS<Tih
o

3. Looped current amplifier

From equation 4, we find that the signal is low-passed théhcutting angular frequency

wf. Resistors of higlohmic value, stable at a temperature of 20 mK with parasitic
capacitance of 0.2 pF are availabletbemarket. Using 10 I® resistorsthe electronic

reaction time constant of this detection configuration beceh?eps. Howeversince the

- V2 :
bolometer is biasethrough a constantoltage voltage, R= Rp - Computation of the

electrothermal relaxation time gives:

C
Teth— T Pa and Teth= 32 MS > Tth.

+ e
J T




The higher is thelectricalpower R delivered to theébolometer,the slower the thermal

relaxation time is. Since<0, in this configurationieth becomes infinitdor Pe = -gT/a,
leading to thermal instability of the bolometer preamplifier chain.

B. Impedance regulating amplifier.
1. Electronic reaction

From equation 8, assuming, {S much larger than Cand G (experimentafact), we

AR,

AV.
get: dV,, = —= :
R, 1+G+]juRC,

. This would imply a rise time of B/(1+G), but due to

the large value of A, the preamplifier output enters saturation regime in ashader
time scale and the thermal equilibrium is restored faster. Let us estinsaime constant

by computing theime neededfor the system toreach equilibriumwhen a step power

functionAP, enters thebolometer.The preamplifierstops rising whetthe input voltage

GR

reaches to the value: = WAPph. We integrateover time Al due toAP
eq

o @ssuming

constant charging rate for,@nd using the definition af. We get an order ahagnitude

of the corresponding time const&nt

6= RfCS E
Aa P

e

~1us, Equation (10)

From this weconclude thattime constant introduced by input strayapacitance is
relatively short for this preamplifier configuration.
2. Electrothermal relaxation time

We now can compute the behaviour of the impedance-regulating amplifier to a

physicsevent Ed(t), assuming no stray @rarasitic capacitors. Aarge energyevent

would induce saturation of the preamplifier at zero output for a short time, proportional to

its energy, until the thermometer cools enough and the output voltage becomes non zero:

E Rp
Atsat~v—b2 ~ 0.8us, assuming E=1 keV event, ang-R 10"°W.

10



Then the thermometer impedance isery close to equilibrium value.

V. V. V. V2(1/ G +1/ A)?
Vb:—;eq £ = ﬁ—;eq_']'hus ) = eq( ) .
G G A R,

Differentiating R with R, and V,, and usingequation(8bis) to replace dy,/V,, in

eq’

pO2A _jOAR
*G+1 R

equation, we getdP, =

Using the definition obr this equation transforms @R, = DG— —180(

Ct
an2A 0
+P— -1
g ‘TG+1 0

Replacing Pin equation lleads to,, =

If we define = g%’ (the order of unity) and we assume A/(Gidrge compared to 1,

G+1
2A0p3

we finally get:teth= Tth

= 0.8us, assuming A~1%) G=20, and the numerical values above.

This shows that when using animpedance-regulating amplifier, bolometers
become relatively fast detectors, able to handle counting rates of the order of magnitude of
semiconductor diodes. Another readout system aiming at this property, using an unlooped
voltage preamplifier and a long AC coupled feedback chasbeen recently published
[9].

However,the adiabatic thermal model of bolometeririsomplete. At very low
temperatures (less than 200 mK), the electrons of the thermometerlyargeakly linked
to the phonons [10]. Figure 3 shows a more realistic thermal model of a bolometer at low
temperatures. The electrons of the thermometer are weakly thermalipbdrmyns of the
crystal lattice. This is quantified by @&ffective heat conductivitygn The thermometer
impedance is a function of its electron temperature. The impedance-regalafitifier
effectively regulates the temperature of thermometer's electrondVhen an event
happens inthe absorber,the maximumpower flux induced on the thermometer is

:L, (G, is the heat capacity of ttebsorber).The relaxationtime becomes

max
geph ph

11



Co/9en (Where G, is the heat capacity of thebsorber and welefine G as the
thermometer heat capacity dominated by #bectrons), preventing saturation of the
preamplifier andslowing downthe relaxatiortime. Onthe otherhand, to beable to
achieve microseconds relaxation time the bolometer will have to be desigmeditoise

Qe This can be achieved, as described in [3].

C. Validation using P SPICE simulator

To demonstrate the validity and the limitations of the above computations and
better understand the behaviour of the impedance-regulating preamplifier, we
implemented a computer simulatiosing Pspice simulator. We&mulated the dynamical
non-linear thermabehaviour of thédolometer, according tthe ‘realistic’ thermal model
plotted at figure 3 and experimentidta onNbSi thin film thermometef2,3]. In the
numerical example, we assuméhe bolometer is made of a&apphire wafer
7x12x0.6 mm. TheNbSi thermometer is &x5mnt square,10-nanometethick, thin
film whose resistance versus temperature law and electron-phonon coupling

parameterisations have been fitted on data [11]. We used:

R(T) = Roexp%blﬁg 0 Equation (11)

and R,= q V, (T>"- T,°) ~ g,, AT in the limit of small temperature

differences, where R 1900Q, delta = 7.72 Kelvin. B, is thepower flowing from the

electron to the phonon bath, expressed in Watts the thermometer volume in &mand

g. =280 W cn? K’ is a constant of th&lbSi materialused. T is the thermometer
electron temperature and, Tis theabsorber phonon temperature. We assuthedheat
leak between thé&apphireplate and the reference temperatuneas Kapitza thermal

resistance dominated [12]:
P = 0¢(Tyh = Ty) ~ Go(T,, —T,) in the limit of small signals, where
P is thepower flowing throughhe Kapitza resistance ivatt, g= 10° W K*

and T, is the reference temperature of théigerator. Heatapacity of the electron bath

and phonon bath where computed according to the formulae:

12



CiT)=1¢c, V. T, KY), and G(T )= ¢, T° (JK?)
where ¢= 6 10° J K’m® and ¢,= 10° J K*.
Finally, we modelled the preamplifier as an operational amplifier of irgitget

V., an open loop gain pof 10°, and a single pole with Gain Bandwidth Product of

2 GHz and we used G20. We used amiter to prevent the output of the preamplifier
from dropping to zero voltage, which happened to be an uninsitdde state of this
preamplifier

1. Simulation output
Figure 4 showghe Pspiceschematic waused tomodel the thermabehaviour of the
bolometer and thelectronics. Figure 5 displaythe outputvoltage, the electron and
phonon bathtemperature as a function tine as calculated blspice.The thermometer
resistance is directly related to the thermometer electron temperature (through equation 11)
and is omitted on the plots for clariythen the amplifier ipowered(figure 5a), itfirst
goes tosaturation at y,=+3 Volt. The electron temperature quickhcreases, followed
by the phonon bathAfter few millisecondsthe electron anghonontemperatures reach
the equilibriumvalue, 428.a6milliKelvin. The preamplifier output voltage then relaxes to
its equilibrium value0.173 V. Figure 5b showsystemreaction to a physicavent. At
time .5 milliseconds the simulatoputs al0 keV heatpulse inthe phonon bathThis
warms upthe electron’s batlthrough electron-phonon coupling, atfie preamplifier
output drops untithe electron temperatutand thermometer resistance) is restored to its

equilibrium value. The simulated risetimdéts the order of magnitudecalculation of

equation 10 and takdsssthan 10us. The pulse time duration is dominated by the

thermal transfer time from the phonon to electpath. The phonon’stemperature relaxes

through the electron-phononthermal impedancewith expected time constant:

C/9epi=4 Us. Recovery of the equilibrium state takes overallfieas 30us. The value

of the offset voltage does not qualitatively change the behaviour of the system.

2. Stability

We notice that thé€>ain Bandwidth Product ahe above simulated preamplifier is
very high, close to thebest performanceachievablewith discretecomponents. The

reason is to prevent rigging betwepreamplifier output and electron temperature. As
13



intuition tellsus, toachievefast smoothrelaxation of thebolometer,the preamplifier's
dominant pole has to be at higher frequency than the fastest rdlestanalfrequency of
the bolometer: ¢g,,=7 10" s. Wealso want to have A/EL00 to minimise errors.
These requirements led us to choose such auailgle for the Gain BandwidthProduct.
This is alimitation of this configuration: some bolometarsy turn out to beextremely
difficult to readout. If g, were 50times larger, the bolometerwould work in the

adiabatic regime, and a pole preamplifier of lower frequency would do the job very well.

These simulations show that such a preamplifier is a valid configuration to readout
a bolometer. Furthermore this system is a very tiEsperatureegulator, provided we
can achievegood thermal coupling between the thermomeserd the object to be

regulated.

D. Discussion
Table 1 summarises the computations.

The most commonlysedbolometer readout configuration so far is the unlooped
voltage amplifierlts drawbacksare wellknown. Due to theinput straycapacitance and
high thermometer impedandbe signal iselectronicallylow-passedThis results in the
loss of the rise time information. Transient effectf3] in bolometers can hardly be
studied. When used inthe lock-in configuration, the parasitic capacitor limits the
modulation frequency range, and induces a phase shift.

The looped voltage amplifier configuration moderatyprtengherise time. The
limitation on it is technological. Most resistive thermometer®wattemperature arbased
on the metal tansulator transition. Close tthe transition, their dielectric constant
increases. It turns out that unless thin film technology is available [2], it is very difficult to
achieve thermometers with stray capacitance much lower than f.20hus, wesxpect
a risetime shortened by a factor $or the looped voltageonfiguration, with respect to
unlooped configuration.

The looped current amplifier readout configuration solves the problem of rise time.

Low temperature resistors of stregpacitanc®.2 pFare available on thearket.Using

14



10 MQ resistor, weexpect arise time of 4.4 ps, independent of the thermometer

impedanceMuch shorter transient effectsan then bestudied.When used in alock-in
amplifier loop, with square wave Aias, the preamplifieprovides adetectedsquare
wave withminimal distortion, (noamplitudeloss, and a minutephase shift (delay) not
dependent on thesensor impedance)Compensation of thephase shiftmay be
unnecessary. If implemented, the adjustment is fixed, no tuning is necessargemken
impedance changes. In case of spurious noise, the modulation frequency can be chosen in
a much wider frequency range, without requiring a new calibration of the apparatus.

In practice, the looped current amplifier allows much flexibility of diesign.The looped
voltage amplifier configuratiordoes notallow the best rise times, andince the
preamplifierhas avoltage gain of 1, requireslaw noise secondtagepostamplifier to

avoid performance'slegradation of the electronahain. Thisproblem can be overcome

by adding a gain divider of 1/ C at the output of the operational amplifier and then closing
the loop onthe bolometer.The preamplifier output is then before the divider and the
voltage gain becomes C. The drawback is that the dynamic range is then reduced.

It is to be pointed outhat electrothermal relaxation sower usingthe looped current
amplifier configuration than the looped voltage amplifiear experiments aiming at
measuring high rate particle interactions, this is a drawback of the looped eungifier
configuration.

The impedance-regulating amplifier combines the advantagestafisetime and
shortensrelaxationtime. The advantage ofast risetime has been discussed at the
previous paragrapfi.he new feature is thatlue to extremeslectrothermal feedback the
electrothermal relaxation time is dramatically reduced. This allowmsgbeofconventional
bolometers, tdhandle particle detection ratepproching those of semiconductbodes.
Saturation of the output can be troublesome to measure the event thneugyanalog

filtering. Fast sampling of signal should allow recovering information when this happens.

Furthermore, onime scales larger thanfaw teth, the output of thempedance

regulating preamplifier directly measurttge variation of the signaower entering the
bolometer.The properties of the bolometer and preamplifier do not enter in equation 6.

This means that the bolometer with its electronic readout chairidscalibrated
15



Finally, if V, is a steady statéhen -\, is an other. If weachieve adesign to switch
from one state to the other, under the control of a ctbekthermometer becomequare
wave AC biased. Weéhen achieve the modulation and preampliBéges of arauto
biased lock-in detectioohain. The preamplifier itself replaces the commounged high-

stability biasinggenerator. This design requires fewaectronic parts and does not

require a very high stability generator @@elative stability in amplitude on tane scale
of 1 second in previous design configurations).
The maindrawback ofthe impedance-regulating amplifier is that thesign requires
understanding of the thermal behaviour of the bolometer teliable (choosingthe bias
point, main pole of the preamplifier and prevent ringing).

If noise is not anatter ofconcern, wecannow choosehe best configuration for
the planned measurement, given the bolometer available. Bolorheweeserare mostly
usedbecause of their higbensitivity, and lownoise.Then adiscussion ofthe noise is

necessary.

V. Noise modelling and computations

In the following we will assume the preamplifier is an operatiangblifier
with infinite bandwidth and an open loop gain A. [Etarity we also assuméhat there is
no parasitic capacitor in parallelith the thermometer and the feedbaekistor. As a
support for discussion, we usda@ometerrunning at atemperature o800 mK, with
parameters extracted from [13].

In bolometric detection the signal measured is the inconpiogger on the
bolometer. It is usual practice to quantify noise contribution in ternioafe Equivalent
Power (NEP). Inthe following we will computethe noise contributions othe most
fundamental noises sources:

» The well known Johnson noise of the biasing resistors and thermometer

*The thermahoise ofthe bolometer, originating fronthermal fluctuations of the
absorber, weakly linked to cold bath by the heat leak of thermal conductivity g.

* Noise ofthe coldJFET:the currentnoise of a goodold (150K) JFET isvery

low. We will use the typical value of 1&A/Hz/2. The voltagenoise @ has been

16



measured and will be takeéiar numerical computations to the value b6 nV/HZ/2,
[14,7]
* In looped readout configurationthe output voltag@oise due tahe front end
JFET noiseheats the bolometdd5]. We name thesecontributions theelectrothermal
noise powerrespectively due tdFET'sinput voltagenoise R, and input current noise
P...
Mather shows [15]taking into account thpower dissipation irthe thermometer

induced by the Johnson noise voltage #r&bias currentthe Johnson noisexduces an

NEP spectral density at the input of the bolometer given by:

212 215/2
2-:;.2| |4;gp-2/2 L+w’T] (W¥Hz), where k is the

dPy, _ g
=" [AKTR 1+ 13) a

Boltzmann constant, and T the temperature.

Mather computed also the thermal noise NEP spectral density:

2
—them —‘4szg‘ (W?/Hz). For animpedance regulating amplifieglectronic

noise contributiongre calculatedhroughthe electrothermal: aoisevoltage at the input
of the amplifier produces a Joule power variation on the thermoniétisrhappensintil
the thermometer resistance (temperatbeschanged tacancel the effect of the voltage
noise.

1. Electronic noise contributions.
Let usdefineg, the offsetvoltage at the input of the operational amplifier of fig@wt).
Using conservation of charg&liminating the currenflowing throughthe capacitor C

and then | and making a first order expansiogy/ivi

S

de,

we get:

out

Replacingr,,, by its value in the definition of . we can write:

Hyor (j0) = R(G+) _1 . Then the power necessary tofake dR is:
2AP, 1+ jwr,,
dp, = ﬂ[ﬁ T, |dR, We get the NEP for the FET voltage noise:
TR '
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dP2
of

2AP 0GC,

2
e d_er21 2
v, AT R + G (WiTHz)

In a similarway, acurrent noise establishes an offsefitage at the input of the

operational amplifier. In the limit of large A:

E: Rj
d 1+G . 0GC,
G §+JQREG+1 Cb%

From this we deduce the current noise contribution

2 2 . 2
dR; _|2ARRG 1+ jory) Do (W/HZ)
df  [(G+1)V, df

2. Discussion

For the previously introduced configurationBlEP spectral densities are classically
extractedfrom referencegl15, 16]. Figure 6displaysthe noise contributions as NEP
spectral density at the input of the bolometer forfthe configurations. For clarityonly
the dominant noise contributions are plotted.

As expected, the thermal noise spectral densities are thef@athe four readout
configurations. At frequencies withithe bandwidth ofthe bolometer,thermal noise
dominatesJFET noise contribution. Thishowsthat JFETshave the potential to read
bolometers at lower temperatures, with improved performances.

In the calculations the bolometers have been rather strongly biased. This allows us
to demonstrate thimpact of electrothermal feedback signal readoutFigure 6 shows

that the current amplifier depresses electrowise contributions: jR becomes negligible
(not shown) and &his lower by a factor 1@elative to Voltage amplifieconfigurations.
The reason ighat thepositive thermal feedback enhances the themo@e Rherm the

Johnson noiseelative to electroniceontributions. The unlooped and loopedoltage

amplifiers displayqualitatively the samebehaviour, butthe negative electrothermal

feedback effect depresses the thermal signal amplitudes relative to electronic contribution.
The impedance-regulating amplifier increases the thermal bandwidth, but enhances

the JFETSs noise contributions,,lominatesall other noise contributions, degrading the
18



resolution of the measurement. Thishe same effect assing voltageamplifiers. In the
impedance regulating configuration the negative electrothermal feedbagkresne. To
prevent resolutiohoss, we wish toeduce B, noise spectral density #te level of the
thermal noise. This requires optimisationatifthe detectiorparameters. A/(G+1) has to
be reduced to a value of the order of 100 and the bolometer impddente benatched
to the coldJFET noise resistance, thfe order of GigaOhm. This would slow down the
preamplifier reactiortime. Unless we use frorgnd transistors (devices) with noise
temperatures significantly reduced compared to today avail&llés, itseemsunlikely
we can get the full advantages of the impedance regulating amplifier witksan signal

to noise ratio. This is can be a major drawback in low noise implementations.

VI. Conclusion

We have studied the performances fuur different readout electronic
configurations forcryogenic bolometers. Wdave presented and analysed a new
preamplifier configuration, the impedance regulating amplifietJsing impedance-
regulating amplifiers, wechieve extreme electrothermal feedback electronica#iing
resistive thermometer and JFETs. Thus thermal relaxation times can be drastically reduced
allowing particle detection rates comparablesemiconductor detectorBolometer and
electronic detection chain are autocalibrated, the output vgitaygding unambiguously
the inputpower variationThe price to pay ishat thenoise contribution fronthe front-
end transistor is enhanceixperimentalconstraints willdecidewhich looped readout

configuration is the most convenient for a given apparatus and bolometer.
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Captions:

Table 1): Summary of the numerical values presented iprthgous paragraphs, for the
four readout configurations presented in tp@per, assuminghe detector parameters
extractedfrom [8]. Within the adiabatic thermal moderesentedhere, the electronics

risetime would be the risetime of a pulse induced by a particle interaction in the bolometer,

andteth, the relaxatiortime. The so-called thermddandwidth isthe effectivebandwidth

at -3dB, when measuring a varying physics pofifyi(s), as deduced fromii(s).

Figure 1):The adiabatic bolometenodel. The detector is madigom a thermometer in

perfect thermal contact with absorber at &emperature T. The total heat capacity s C

The absorber isthermalised to the cryostahrough aheat leak of dynamic thermal

conductance g=dP/dT.

Figure 2): Basic schematics of tfaur preamplifiers configurations weiscussed in this

paper.

Figure 3):Realistic thermal model of leolometer, including electron-phonon decoupling
in the thermometer [3, 5]. The thermal behaviour of the bolometer is modelled by the two
following differential equations:

dT, dT
Ced_te =P, —gW(T>7 _Tp5r;7) andC,, dsh = g V(T _T;7) g, (Tpi -TY Py

where T and T

ph

are the thermometer and electtamperatures, JTis the cryostat
temperature, and, gand g are the heat conductivities defined text. The thermal

impedance labelled “Kapitza” [12] is assumed to be negligible.

Figure 4): Pspicenodel used tosimulate the impedance-regulating amplifier. The two
first schematics simulatetthe thermalbehaviour of the bolometersing the differential
equations written at figure 3, but generalised to the non-linear cadiscassed in the
text. The third schematic is a model of a single pole operational ampilifiger, input

offset V

os!

open-loop gain Aand cutting frequency.fR,, deltaand pr parameters fit the
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thermometer resistanaeersustemperature. VY ge, and pe, parameterise the electron-
phonon thermal coupling. gk, pk parameterise the Kapitza resistance assulowtheie

the heateak. ¢ and ¢, parameterise the heat capacity of the elecaruhthermalbath.

Part =0 means that the signal energy is deposited in phonon bath only. See text for further

details.

Figure 5): Evolution withtime of the computed outputoltage, andthe electron and
phononbath temperatures. Preamplifier output voltagdrésvn as circles. Squares and
diamonds represent respectively the electron and phonon temperature evolution. Figure 5a
shows time evolution whethe preamplifier ipowered. Figure 5b showmeamplifier's

response to a particle interaction in the bolometer’s absorber.

Figure 6): Dominant noise contributions versus frequency, fture four readout
configurations studied in this paper: a) unlooped voltaggplifier readout, bthe looped
voltage amplifier, c) the looped current amplifier, d) the impedance regulating amplifier.
Noise contributionsare expressed as power noigguivalents at the input of the
bolometer. Byis the noise due to the JFET voltagsse, k, is thenoise due taJFET's
currentnoise, Bohnis thenoise contribution due tthe thermometer's Johnsamise.

Pthermis the bolometer thermal noise.
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Readout Electronic risetime Teth Thermal Bandwidth
configuration (s) ©) (Rad sb)
Unloop Voltage 22103 3.3 103 280
amplifier
Looped Voltage 4.4 104 3.3 103 300
amplifier
Looped current 4.4 106 3.2 102 31
amplifier
Impedance 106 8 107 1.25 16
regulating amplifien
Table 1)
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