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The Temperature Stabilization
System of CUORICINO:

An Array of Macro Bolometers
C. Arnaboldi, C. Bucci, S. Capelli, P. Gorla, E. Guardincerri, A. Nucciotti, G. Pessina, S. Pirro, and M. Sisti

Abstract—We present our circuit solution for the implementa-
tion of a very simple temperature stabilization system of an array
of 62 large mass bolometric detectors, CUORICINO. The imple-
mented instrument exploits one of the front-end channels to close
the feedback loop between a thermistor and a heather, both of them
located on the detector holder in the refrigerating system. A very
compact layout was developed that avoids any possible presence of
EMI interference, which would otherwise be introduced if a com-
mercial instrument were adopted. The stabilized temperature is
obtained exploiting the offset correcting circuit of the remotely pro-
grammable front-end channel to autogenerate the reference oper-
ating point for the feedback loop. Thanks to the adopted configu-
ration, the instability of the cryogenic apparatus, which induced a
drift corresponding to about 50 keV/day, was reduced to less than
about 0.5 keV/day. To model the system behavior, we have refor-
mulated the bolometer theory of operation using the concept of a
feedback network. The obtained results will be shown.

Index Terms—Bolometers, closed-loop systems, cryogenic elec-
tronics, cryogenics, proportional control, stability criteria.

I. INTRODUCTION

EXPERIMENTS in high energy physics that must run for
a long time always need a stabilization system that as-

sures the constancy of the energy conversion gain. The simplest
way to maintain a constant gain with high accuracy is to lo-
cate a known source of particles close to the detector, allowing
a continuous calibration. Unfortunately, often it is not possible
to easily tag every signal induced by the calibrating source. This
effect may degrade the accuracy in the study of the process
under investigation by adding spurious events to the final en-
ergy spectrum.

An experiment performed with an array of bolometers is not
an exception to this problem. CUORICINO [1] is an array com-
posed of 62 bolometric crystals, featuring 42 kg of total
mass. Its aim is to study the Double beta decay, , of .
Every detector of the array is composed of a crystal with
volume either (790 g) or (340 g), de-
pending on the location within the array. On every crystal a Ge
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NTD [2] thermistor is glued down, that converts the temperature
increase following the absorption of an impinging particle into
an electrical signal. An adequate signal to noise ratio requires
very small operating temperatures, close to 10 mK.

The is a very rare process. Its study requires very
long measurement times and a very low level of radioactive
background. Therefore, a very accurate stabilization system
that does not add background is a stringent requirement. The
procedure presently adopted to stabilize CUORICINO is as
follows. On a periodic basis, usually once per month, a source
of energetic particles is put close to the detector to perform an
absolute calibration of the energy scale. Between these periodic
calibrations, the monitoring of the baseline of every bolometer
permits accounting for the temperature of the detector itself
and its sensitivity. This condition is met if the front-end does
not add drift, as is the case for CUORICINO [3]. In addition to
the baseline monitoring, we inject a voltage which develops a
power pulse across a special heater [4] glued on every crystal
in a proper location, far from the thermistor. The heating pulse
simulates the signal generated by an incoming particle. A very
stable multi-output pulse generator is used to perform this task
[5]. The periodic illumination of the detector array with a particle
source together with the baseline monitoring and the pulse
calibration has given CUORICINO a very good temperature
stabilization [6].

To further improve the stability, we have verified that the
detector array needs a very high precision temperature stabi-
lization. For this reason a Proportional, Integrative, Derivative
(PID) instrument should be used to stabilize the detector holder
temperature, inside the refrigerator system. A standard, com-
mercial, solution might be adopted. Some drawbacks of such
an arrangement are to be considered. We need to stabilize the
temperature around 10 mK using a thermometer with the same
level of sensitivity as the Ge NTD thermistors we use, having
hundreds of resistance value. The standard procedure to
stabilize temperature consists on balancing an AC resistance
bridge cascaded with a PID controller that closes the loop on
a heater. These devices are, in general, range limited to few

, due to the presence of stray shunting capacitances. In
addition, the usual frequency range of this AC bias (tens of
Hz) is larger than the bandwidth of our detector signals.

Another approach is based on the lock-in technique [7], [8],
that, as for the AC resistance bridge, needs an alternate signal
to be applied to the thermistor. As a consequence, the lock-in
technique is very efficient with bolometers having small value
resistances, too.
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Fig. 1. Simplified thermal model of a bolometer.

To overcome the above limitations to large value thermistors,
we have designed and built a very simple circuit able to stabilize
the temperaturebysimplyexploitingonechannelof the front-end
itself to close the loop between the thermometer and the heating
resistors. The very important result obtained is that EMI interfer-
ences are not injected. In addition the thermometer is operated in
the same way as any detector of the array, biased at DC. The oper-
ating point is chosen by simply trimming the offset of the channel
that, in this circumstance, becomes the reference voltage of the
error correcting loop. The set point is easily obtained thanks to
the remote programmability of any channel of the set [9].

In the next sections a description of the theory of operation of
the stabilization system of the cryogenic array, the complete cir-
cuit solution and the experimental results will be shown in detail.

II. THEORY OF OPERATION OF THE STABILIZATION SYSTEM

A. Principle of Operation of a Bolometer

A bolometer is composed of an absorbing crystal to which a
thermistor resistor is attached. At very low temperatures the heat
capacity of the absorbing crystal becomes vanishing, according
to the Debye law. The thermistor is constructed in order to have
high sensitivity. We use Ge NTD thermistors in our experiments,
that are well modeled by the function [10], [11]:

(1)

Our devices have of the order of a few and of about 3 K.
Using these two values in (1), the thermistor operating points are
found around 100 for temperatures between 5 mK and 10
mK. A very simplified thermal model of a bolometric detector
is shown in Fig. 1.

In Fig. 2 a simulation, performed with Simulink1 of the char-
acteristics of a bolometer read by a Ge NTD thermistor is shown
for different base temperatures, from 5 mK to 10 mK. The shape
of the I–V curves depends on the value of the thermal conduc-
tance toward the heat sink. In Fig. 2 the thermal conductance
was supposed mainly due to the gold wires bonded on the ther-
mistor and to the bonds themselves. Their resulting temperature
dependence follows the law:

(2)

1Simulink is a trademark of The MathWorks, Inc.

Fig. 2. I–V characteristics at different temperatures of a Ge NTD thermistor
havingT = 3:3K,R = 1:15
, a thermal conductance toward the heat sink
of 40T �K=W, and a background power of 400 pW.

Fig. 3. I–V characteristics for different values of the parameter K of (2) for
a Ge NTD thermistor having To = 3:3 K,Ro = 1:15 
, a background power
of 400 pW, and at a heat sink temperature of 6 mK.

where equals 2.4 [12] and P(T) is the dissipated power. The
background power can rarely be neglected in these applications.
In the simulation shown it was assumed equal to 400 pW.

The larger the thermal conductance, the more the I–V char-
acteristics are expected to be linear over a larger voltage range.
This is visible in Fig. 3 where the simulations have of (2) as
the parameter of the I–V curves. Both the behaviors in Fig. 2 and
Fig. 3 are a consequence of electrothermal feedback [13]–[16].
When a bias is applied, a power flows in the thermal conduc-
tance, which raises the bolometer temperature. The tempera-
ture increase changes the thermistor characteristics that, in turn,
modify the dissipated power itself, closing the feedback loop.

On every I–V curve of Fig. 2 or Fig. 3 the current and the
voltage are temperature dependent and correlated to the thermal
conductance K(T). The electrothermal feedback imposes a bal-
ance between the temperature and the dissipated power. At any
point on any I–V curve of Fig. 2 the thermistor voltage, ,
the thermistor current , the dissipated power , and
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the temperature T must be related. Exploiting (2), we can deter-
mine the relation between the thermistor operating point and its
dynamic characteristics:

(3)

For a semiconductor thermistor it can be written:

(4)
Using (4) and the relation in (3) it results that:

(5)

Z being the differential impedance on the I-V curve. Since from
the first law of thermodynamic K(T) must be positive, it follows
that, under any conditions, must be always satisfied. In
addition, if the thermal conductance is large, or there is a good
thermal contact, then Z tends to be close to R, and the I-V curves
become straight lines.

Equation (5) sets a relation between the thermistor current
and its static, small signal (differential) characteristics.

A scheme for the small signal model of the electrothermal
effect is shown in Fig. 4 [16]–[18]. We first consider the feed-
back effect suppressed by connecting the (not actually present)
virtual switch SW to the heat sink. We would expect that, as a
response to a small input power , an open loop change of
the temperature , , results in:

(6)

and, consequently, a change is also induced for the thermistor
resistance R(T), . The electrical power under-
goes a change proportional to that, in turn, is proportional
to . When SW is connected to the
heat sink this quantity is proportional to the loop gain, ,
therefore:

(7)

By considering the virtual switch SW connected to the node at
the temperature , the overall transfer function becomes:

(8)
As it is known for a feedback system having a dominant pole,
the open loop time constant, for the present case,
is reduced by a factor proportional to the value of

.
The term A in (7) can be extracted from the electrical mesh of

Fig. 4 (it has to be remarked that, when does not change,
the operating point jumps from one curve to another in response
to in Fig. 2):

(9)

Fig. 4. Electrothermal model of a bolometer.

It is interesting to observe that the feedback can be positive
and the detector may break into oscillation at any frequency for
which is less than R. Or, the system transfer function may
have two or more poles if is complex, i.e., as a typical case

, where may be a parasitic shunting capaci-
tance.

Merging together (5) through (9), we obtain:

(10)

The feedback has the effect to speed up the recovery of the de-
tector to its stationary condition. The larger the bias current, the
larger the applied feedback and the smaller the resulted recovery
time.

If we calculate from the output mesh of Fig. 4, remem-
bering constant, we obtain the voltage developed across
the thermistor:

(11)

We can also evaluate the expected dependence of Z on
frequency, . If we apply a high frequency excitation to
the bolometer, the heat capacity will respond with a thermal
short circuit to the heat sink. Hence and,
since , is expected to increase with
frequency, showing an inductive behavior. The mathematical
interpretation of this can be made considering a small variation
of the bias voltage , , in Fig. 4. From the output
mesh we found:

(12)

The electrical power is now given by the sum of two
terms:

(13)

where the first term is , see (9), while the second is the
input power of (8).
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Considering the dependence of on and that
, from (5), (8), (12), and (13), after a

few calculations we obtain:

(14)

B. Principle of Operation of the Stabilization

So far we have described the characteristics of a bolometer.
Now we apply the analyzed theory to the stabilization of a com-
plex system such as the frame of an array of large mass bolome-
ters, CUORICINO. The 62 detector channels of CUORICINO
are mounted inside an oxygen free copper frame having a mass
of about 12 Kg. At very low temperatures the heat capacity of
copper, a metal, is proportional to the temperature, while that of
the , a dielectric and diamagnetic material, is proportional
to the third power of temperature. As a consequence the overall
heat capacity of the 62 detectors is negligible in comparison to
that of the metallic frame. The frame is thermally connected to
the heat sink with 2 copper strips 40 mm long, 12 mm wide, and
50 thick [19]. Both the heat capacity and the thermal con-
ductance of the frame are relatively large.

A thermistor similar to those used for the readout of the
crystals and a Si resistor heater of good stability [4] are

well attached to the frame at opposite locations. To stabilize the
frame temperature we use the circuit diagram shown in Fig. 5.
The readout of the thermistor is done by exploiting the same
front-end chain used for any detector of the array [20], [21]. It
consists of a pair of large value load resistors, (27 ),
a multistage programmable amplifier (PGA) and the offset
adjustment circuit, all of them located at room temperature. To
this standard system we add a transconductance amplifier, ,
to close the feedback loop on the heater resistor, .

The system of Fig. 5 is again a feedback loop. Neglecting the
effect on the frame temperature of the very small power dissi-
pated in the thermistor, (3) assumes now the form:

(15)

is the voltage gain of the PGA amplifier, and and
are the thermistor dynamic and static impedances, respectively.
The other parameters of (15) are indicated in Fig. 5. From (1)
the sensitivity is:

(16)

In our experiment the operating temperature is about 9.7 mK,
starting from an heat sink temperature of about 7 mK, the bias
current is 20 pA, and is about 100 . is
7500 V/V, 4 , and 50 . The sensitivity reaches
about , while the thermal conductance
is 14 ( for the copper
strips used in CUORICINO [19]). The quantity in (15)

Fig. 5. Simplified schematic of the temperature stabilization system. The load
resistors R , the amplifier PGA, and the current generators V and g are
all located at room temperature.

Fig. 6. I-V curves of the system of Fig. 5 at different heat sink temperatures,
left and bottom axis. The ratio Z =R for the temperature of 7 mK is
represented on the right and upper axis.

is about 80 nV. This means that the bias of the thermistor
is forced to be very close to , the chosen set point, apart
the coefficient . Both and are not indepen-
dent. The reason is evident from the graphs of Fig. 2 and Fig. 3
where is seen to become negligible when approaches
constant value, as it happens in (15). In the simulations of Fig. 6
it is shown how the ratio assumes small values when
the feedback effect takes place. The ratio is slightly larger than
0.0092 at the operating point. It is possible to see that the I-V
curves show a linear behavior until the set point , of about
2.2 mV, is reached. This happens because if the current given to
the thermistor develops a voltage smaller than , the feed-
back would try, unrealistically, to lower the temperature of the
heat sink. The consequence is that the loop opens, the frame
temperature does not change with respect to the thermistor bias,
and the thermistor has the constant value it should have at that
heat sink temperature.

The above described operation is allowed by the block of
Fig. 5, whose circuit diagram is shown in Fig. 7. Two current
generators and convert the differential input voltage,
amplified a factor 2, in a current given to the heater . Resistor

and are equal. As a consequence the value of
equals , where has been chosen to be
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Fig. 7. Expansion of the block element g of Fig. 5.

. The circuit has been designed such that the current can be
given to the heater only in one sense. This prevents any positive
feedback effect that can take place when a too small value of bias
current is given to the thermistor, or the thermistor operating
point is in the linear region of Fig. 6. Diode and resistor

are added to limit a possible large negative excursion of the
input of .

The inclusion of the comparator “Com” was found to be very
useful. Sometimes it happens that when the loop is closed the
first time, a transient may be set and a large value of current is
given to . This can heat the system too much, with a conse-
quent long recovery time. “Com” short circuits if the input
to reaches large values, limiting the operating range to a
safe region of operation.

The circuit that generates is the only part of the feedback
added to the configuration of a standard front-end circuit used
in CUORICINO. It has to be remarked that the operating point
of thermistor can be chosen by simply exploiting the offset
correcting circuit that equips any other channel. The correction
is remotely made and a binary code is stored. This way if, for
any reason, the system must be restarted, the offset binary code
can be reused, allowing the same final stabilized temperature for
the frame and the detectors.

Equation (15) accounts for the static behavior of the system.
An estimation of the dynamic performance can be evaluated.
First we have to calculate the quantity A of (7) that is:

(17)

where use has been made of (15).
Now suppose that an input disturbing power, , tries to

heat the frame. From (8) we have:

(18)

The final expression is very simple. The feedback has the ef-
fect to reduce the thermal time constant and attenuate the tem-
perature change consequent to a noisy input power by a factor
of . In the case of CUORICINO this factor was calcu-
lated in the previous section to be about 0.009. The heat capacity
of the oxygen free copper frame of CUORICINO is

, or about 1.4 mJ/K. The open loop time
constant is . The feedback time constant is
reduced to less than about 1 sec. The same applies also for the
amount of temperature change.

There is a latter important aspect concerning the adopted
system. From (15) it is possible to verify that the stabilized
temperature may drift with and/or and/or .
Nevertheless these 3 elements are of the same type of those
used to operate any detector of the array. The consequence is
that the stabilization system, on the average, compensates not
only for the drift of the heat sink temperature, but also for the
drift coming from these other possible contributing elements.

III. EXPERIMENTAL RESULTS

To reach the cryogenic temperature of about 7 mK necessary
to run CUORICINO, we use a dilution refrigerator. A gas mix-
ture composed of is forced to circulate between
room temperature and the cold finger, to which the detector
frame is thermally connected with 2 copper strips. While cir-
culating from room temperature down to the lower temperature
the mixture is cooled by thermal contact with various thermal
stages. The described process and the properties of ,
a Fermion–Boson gas, allow reach the very low expected tem-
peratures.

The first 2 stages at the higher temperatures, which are mainly
responsible for the detector drift, are the main bath and the 1 K
pot. The main bath is the Liquid He, LHe, reservoir at 4.2 K. The
1 K pot is a vessel that is filled with liquid from the main bath
and is continuously pumped such that its temperature lowers to
1.2 K. To maintain a constant level in the 1 K pot an equilibrium
must be found between the filling and the pumping efficiency.

To compensate the LHe consumption we have used 2
methods. 1) The He gas evaporated from LHe in the main bath
is driven to a liquefier to produce LHe that the liquefier itself
injects back in the main bath; 2) a periodic refilling of the main
bath is made by a human intervention. We used method 1) in
the first part of our experiment, but after some mechanical prob-
lems we decided to use method 2), so removing the liquefier.

At the beginning of the CUORICINO run the stabilizing
system was not in use. In Fig. 8 we can see the baseline
drift of 5 detector channels, chosen to represent the typical
observed behavior during a few days. Since the liquefier had
not full efficiency, the level of the main bath lowered by about
2.2%/day. As a consequence the baseline of the detectors
changes accordingly. Due to the good thermal sensitivity of our
bolometers, this drift ranges between 50 keV/day to more than
150 keV/day. In the period considered here the filling level of
the 1 K Pot was very stable, about 0.6%/day, see Fig. 9. The
conversion in keV of the baseline drift corresponds to about
300 nK/keV and about 600 nK/keV of detector temperature
change, depending on the crystal in the array ( or
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Fig. 8. Drift of 5 channels (labels indicating their convention name) of
CUORICINO before system stabilization, left axis, the minimum drift is
channel B54, 55 keV/day; maximum drift is channel B45, 173 keV/day. The
main bath level is on the right axis, �2.2%/day. An energy offset of 700 keV
has been added to the 4 upper channels to base legibility.

Fig. 9. 1 K pot level changes about �0.6%/day during the period shown in
Fig. 8.

). From Fig. 8 we have that the temperature drift
is close to 15 to 45 for the larger detectors.

Thingsbecamecompletelydifferentassoonasthestabilization
system was introduced. In Fig. 10 the drift of the same set of
detectors is shown during a similar time period. The baseline
drift is harder to detect. As an upper limit we quote it between

0.02 keV/day (6 nK/day), for the best situation, and 0.84
keV/day (250 nK/day) at worst. If we consider the fact that
in the same period the main bath level dropped-out by about

0.93%/day, the reduction of the drift was never less than a
factor of 70 and even more than a factor of 200 (2000 for the
very best case) with respect to those of the prestabilization
period.

It has to be remarked that while stabilization was used, the
main bath level had small variations and the 1 k Pot emptied
daily, Fig. 11. This is the reason why the main bath level of
Fig. 10 is not a straight line. It underwent to small periodic
changes caused by the complete filling of the 1 k Pot. The sta-
bilization system was also able to reject this effect.

Fig. 10. Baseline of the selected channels, the labels indicate their convention
name, after stabilization. An energy offset of 300 keV has been added to the
4 upper channels to guide the eyes. The right axis is the liquid level inside the
main bath. The smaller drift is from channel B13, �0.02 keV/day, the larger
from B42, �0.84 keV/day. The main bath level drop was about �0.94%/day.

Fig. 11. 1 k Pot level. A refill was necessary about any 1.5 days in the same
period as that of Fig. 10.

A probe of the efficiency of the stabilization system is the
present situation in which there is a complete refill of the main
bath every two days. As it can be seen in Fig. 12, where another
set of detectors is shown for generality, the average drift does
not change during two successive fillings of the main bath,
with respect to the previous filling method, also in this very
extreme case. Fig. 13 shows a longer measurements period, in
which the main bath is completely filled many times. Fig. 14
shows the level of the 1 K Pot during a similar time period of
that of Fig. 13. Although it was refilled asynchronously with
respect to the main bath, no effects are visible in the baseline
shift. This result shows that there is a very high rejection of the
drift of the refrigerating system by the use of the implemented
instrument.

The large insensitivity of the detector baseline to the main
bath level is the more remarkable result obtained. It allows the
periodic complete refilling of the main bath which would other-
wise not be possible without the stabilization system.

It has to be remarked that the quoted figure is not limited by
the developed instrument, but from the sensitivity of the adopted
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Fig. 12. The residual drift of a few detector channels, the labels indicate their
convention name, without the presence of the liquefier and limited to two days,
the period between the successive refill of the he main bath. The worst drift is 0.9
keV/day. An energy offset of 500 keV has been added to the 4 upper channels
to guide the eyes.

Fig. 13. The residual drift of a few detector channels, the labels indicate their
convention name, without the presence of the liquefier and with refilling of the
he main bath any 2 days. The observed drift is similar to that shown in Fig. 12.
An energy offset of 500 keV has been added to the 4 upper channels to guide
the eyes.

Fig. 14. The 1 k Pot level during the same period of time of Fig. 13.

sensor elements. The rejection to the heat sink temperature drift
of each bolometric channel has been found proportional to the

ratio of the thermal sensitivity of the channel itself above that
of the sensor used for the feedback loop, reflecting the spread
present in the array.

Since our instrument exploits the same kind of sensor as those
of the detector array, it is able to handle cases in which more
sensitivity is provided by the detecting method.

IV. CONCLUSION

A very simple circuit solution has been developed to imple-
ment the temperature stabilization of an array of large mass
bolometric detectors. The circuit exploits the front-end to per-
form the task. Adding a very simple transconductance ampli-
fier the final drift was reduced at least a factor of 70 with re-
spect to the open loop condition. Many channels had even better
improvement, of a factor of 200 and more. The final figure of
merit is a drift better than 0.8 keV/day, or about 250 nK/day,
for a full excursion of the level of the refrigerating liquid in the
main reservoir, this figure being limited by the sensitivity of the
thermal sensor used in the array.

Since the stabilization system operation exploits the same
kind of equipment of any other detector of the array, a further
figure of merit is the rejection of the room temperature drift on
the circuit devices that compose the front-end.

Thank to the use of the front-end, the sensing element can be
chosen similar to any other bolometer of the array, obtaining the
same level of sensitivity in the temperature stabilization.

The developed instrument was introduced in the CUORI-
CINO experiment in January 2004 and has been in use since
then.

The modeling of the stabilization system has been done by
reviewing the theory of operation of a bolometric system using
the concept of a feedback network.
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