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Abstract. We have developed a setup that offers a vacuum compatible, vibration-free experimental space

with active thermal stabilization around room temperature, suitable for high sensitivity measurements.

In this paper we describe the experimental setup from the thermal viewpoint and the design and imple-

mentation of the thermal control. Then we characterize the long-term performances of the control loop by

using experimental data collected over 1 month: we show that our control is effective in reducing room

temperature variations by a factor 100 over a few weeks, even in presence of an internal dc heat source of

2W.

1 Introduction

To carry out a precise/high sensitivity physics measure-
ment it is often required to operate in a very quiet and
thermally controlled environment. Often this means: to
house the apparatus in vacuum; to reduce mechanical vi-
brations transmitted by the pavement; to stabilize actively

the temperature while minimizing touching the appara-
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tus. For instance, to measure the thermal noise induced
vibration fluctuations of kg-scale, low-loss mechanical os-
cillators resonating at 1-2 kHz, we need to provide: (i) a
reduction by at least a factor 10° of mechanical noise at
the oscillator input and around their working frequency
and (ii) a reduction of the temperature changes of the
oscillators down to a level which depends on both loss
magnitude and measurement time scale. The first require-

ment is determined by the need to suppress ambient noise
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and the second requirement comes from the need to per-
form measurements at constant oscillator characteristics

and noise.

Electronic temperature controllers have been described
by numerous authors in the past mainly with focus on
achieving a very high temperature stability in the sys-
tem being controlled either at room or cryogenic temper-
ature [1]. At the same time, there has been a lot of work
on the development of mechanical suspensions for different
payload masses and working frequencies [2]. However to
our knowledge there is no description for a complete and
versatile setup that addresses both the issues of vibration
reduction and thermal control. We also note that these two
features tends to contrast each other: the thermal control
requires good thermal coupling between the controlled sys-
tem and the thermal actuator, usually satisfied by using
large cross-sections pieces, while the vibration reduction
requires the system to have minimal mechanical coupling

with the outer environment.

Our scientific goal is to measure the vibration fluctu-
ations of low-loss mechanical oscillators when subjected
to non-equilibrium steady-states due to thermal gradi-
ents [3]. We have already described the mechanical setup
we developed to provide our oscillators with the required
suspension in a vacuum environment [4] so to measure
their mechanical thermal noise. In this paper we describe
the thermal control of the payload: main requirements are
not to spoil the mechanical attenuation provided by the
suspension, to control the oscillator temperature within

0.1 K and to be able to setup a constant temperature

difference across the oscillator of <15 K while not touch-
ing the oscillator itself. Since to fulfill our goal we need
to populate the low-probability tails of the displacement
noise statistical distribution, we need to run our experi-
ment continuously for long periods (weeks): thus the above
figures should be maintained for correspondingly long pe-
riods.

Our design can be easily reproduced whenever a quiet
environment (for what regards both vibration and temper-
ature) with a volume of a few (eg 1-3) liters is needed. As
an added benefit, thanks to the simplicity of our mechan-
ical design, we were able to develop the thermal model
using the simple thermal-electrical analog thus avoiding
to use commercial, finite elements simulation software.

In this paper we describe the design and implementa-
tion of the thermal control on the basis of the mechanical
design described in ref. [4]. We also describe the experi-
mental measurements we made to characterize the perfor-

mance of the thermal control.

2 The experimental setup

The mechanical setup was mainly described in ref. [4] (see
also fig. 1). It consists of an aluminum, cylindrical vacuum
chamber on top of a commercial research grade optical
table. The table legs constitute a low frequency stage of
mechanical suspension, being themselves pneumatic isola-
tors. The vacuum chamber is pumped by a vibration-free
ion pump and hosts a 3 stage mechanical suspension. The
stages are mounted one on top of the other: hence, at the

final top stage the mechanical noise is minimum. Each sus-
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pension stage consists of 3 C-shaped, Al7075 - T6 springs
connected in parallel to a single, annular stainless steel
(AISI 304) load mass: the load masses of the two bottom
single stages are identical and we named them shape A
load masses. The load mass of the top stage is different
from the lower two since it must support the payload: we
named it shape B load mass. The payload consists of an
A15056 flange which houses the amplifier of the oscillator
capacitive readout and the oscillator, bolted to the flange.
The oscillator occupies the free space left by the central
hole of the annular masses (see fig. 1). The three stages of
the suspension are assembled together using Cu threaded
rods. The setup provides for a mechanical suspension able
to reduce by 180 dB the mechanical noise at the oscillator
input at about 1.5 kHz while being effective in the fre-
quency range 0.2-2 kHz. The same setup can be used to
suspend with similar performance any payload of a few

liters in volume, up to ~7 kg in mass.

Fig. 2 and fig. 3 show respectively the 3-dimensional
drawing of our oscillator assembly and one photograph of
it. The oscillator consists schematically in a rod which is
kept in the vertical position and whose top end is fixed,
being anchored to the top annular steel mass; the rod bot-
tom end is loaded with a mass (~0.2 kg) and is free to vi-
brate. The oscillator is made of commercial aluminum al-
loy (namely A16082) except for the sample (vertical darker
element in the photograph) which is a single-crystal sili-
con rod. The rod is 5 mm in diameter and 100 mm in
total length: it is glued at both ends (we used Stycast

FT2850 with hardener 24LV) to the aluminum pieces and

Polystyrene box

Anodized Peltier cells
plate Amplifier housing
Oscillator Flange
support Shape B

Oscillator beam| load mass

Shape A

Oscillating
load mass

mass
Spring Vacuum pipe
Vacuum
chamber
support

Vacuum
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Fig. 1. Drawing (not to scale) of the cross-section of the exper-
imental apparatus with indication of the components involved
in the thermal control. Location of thermometers sensing oscil-
lator base temperature 77 and oscillator end mass temperature
T are also shown and labeled as their corresponding temper-

ature.

Heater
support

Thermopile

[ Graphite
Y  coated plate

Oscillating mass
Electrode

Fig. 2. Two views of the 3-dimensional drawing of the oscil-

lator assembly with indications of main parts.

the emerging part is 85 mm in length. The bottom surface
of the oscillating mass is faced to an aluminum plate (elec-
trode, see fig. 2) to realize a capacitive sensing of the mass
oscillations. The electrode is supported by two arms at the
sides of the mass and it is electrically insulated from them
by a 50 pum thick teflon spacer (see fig. 3) which realizes
the capacitor gap. A similar oscillator assembly, but with

an aluminum rod, is described in ref. [3].
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Fig. 3. Photograph of the oscillator assembly: the oscillator
is supported by a frame resting on 4 legs. The vertical, silicon
rod glued at top and bottom end is shown. One of the two
opposite graphite coated areas is also shown. It is faced by
the thermopile supported by a metal bridge connecting the
electrode supports. At a corner of the coated area the Pt100
thermometer is visible, glued to a copper strip. At the rod top
the copper plate can be seen that supports the NTC thermistor
for 77 measurements. The top, black plate in the photograph
is the anodized plate that comes at the top of the suspension
and which realizes the radiative coupling to the vacuum box
top. The flat plate under the oscillating mass is the capacitor
electrode: in the picture the 50 pum thick teflon spacers can also

be appreciated.

Once able to perform the (equilibrium) thermal noise
measurements, as stated, our main goal [3] is to measure
the oscillator vibrations in non-equilibrium steady states
due to a temperature difference AT = T5 — T; across the

oscillator. We indicate T7 the temperature of the oscillator

base (ie at the top of the vertical rod) and T the tem-
perature of the oscillating mass (ie at the bottom end of
the Silicon rod), as shown in fig. 1. Thus, as part of the
non-equilibrium measurement, we had to develop a ther-
mal control so to: 1) stabilize the temperature 77 within
0.1 K for weeks and 2) apply a controlled temperature
difference (7o — Ty order of 15 K) across the oscillator.
Given our oscillator figures and the silicon thermal con-
ductivity (see also tab. 1 and tab. 2), to set a temperature
difference of 15 K we need to put about 0.5 W through
the rod. The above two requirements need to be satisfied
without touching the oscillator nor spoiling the mechani-

cal suspension nor introducing noise.

To complete both tasks while working around room
temperature, we decided to control 77 by radiative cool-
ing and Ty by radiative heating. Fig. 1 provides insight
on our thermal control strategy: we place Peltier cells on
top of the vacuum box, in air, and cool radiatively the
oscillator base. Thus we add a radiative heat exchange
in parallel to the heat conduction through the vacuum
box and suspension. To improve radiative heat exchange
between the vacuum box top and the top of the suspen-
sion (both realized in aluminum) we subjected the facing
surfaces to hard anodization [5]: thus their emissivity in-
creases to more than 0.9 (forA > 6 um) from about 0.2
for oxidized aluminum. A similar strategy we adopted to
heat one end of the aluminum oscillator by facing it to an
infrared heater. Since we need to guarantee good coupling
even below 6 um to cover the emission spectrum of the

source, in this case we used a different surface treatment
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and sprayed a graphite black-coating [6,7] on the portion
of the oscillator surface facing the source.

To shield against ambient temperature changes we pla-
ced the whole setup in a box made of a passive insulator,
namely Polystyrene (see fig. 1). The heat sink on top of
the Peltier cells, the vacuum pipe and the 3 glass fibre re-
inforced plastic spacers that support the vacuum chamber

are the only parts emerging from the Polystyrene box.

2.1 Instrumentation

To realize the thermal stabilization and to be able to add a
temperature difference across the oscillator rod, we made
use of different types of sensors and actuators. Wherever
there was no major concern of adding mechanical losses,
we used NTC thermistors to measure the temperature:
this choice is justified by their large availability, low cost,
small size, high sensitivity and even good long-term sta-
bility. In our application the latter feature is particularly
important for the case of the oscillator base and mass tem-
peratures, T7 and T5, since our experiment needs to run
for long times (order of several weeks) with constant tem-
perature difference around a constant temperature. Thus
to measure T} we use a miniature bead-in-glass thermis-
tor with dimension order of 1.5 mm; the quoted long-term
stability is a maximum 0.02 % change per year in the re-
sistance value at 105°C. The resistance value at 25 °C is
about 2.5 k(2. The thermistor is glued to a rectangular
copper plate fixed close to the top end of the oscillator
rod (see also fig.3). Since the length of wires necessary to

connect the probe to the measuring devices is a couple of

meters, and in order to avoid errors due to wire resistance
changes, we adopted a 4-wire configuration strategy to
measure of T7. Less performing thermistors and a simpler
2-wire scheme are adopted to measure the temperature
of the room hosting the apparatus (which we call "labo-
ratory temperature’ in the following), the temperature of

the vacuum box top and the temperature of the heat sink.

To measure the temperature T5 of the oscillating mass
we adopted a non contact device, namely a thermopile
(model A2TPMI 334-L5.5 OAA060 by PerkinElmer): the
sensor incorporates a pre-amplification and ambient tem-
perature compensation in a compact TO-39 housings (di-
ameter: 9.3 mm max). It provides for two calibrated volt-
age output: one is the object temperature, ie the temper-
ature of the facing surface, ie T5 in our case, and the other
is the sensor case temperature. During the experimental
run reported in this paper we did not acquire the ther-
mopile signal measuring the case temperature. The sensor
posses an integrated Si lens, 5.5 mm focal length and the
field of view is 7°; it is supported by an aluminum bridge
that is fixed to the supports of the electrode, at the sides
of the oscillating mass (see also fig. 3). Given a distance of
about 2 mm between the sensor and the facing surface of
the oscillating mass, the sensed area is about 0,05mm?. In
order to reduce the contribution to the measurement com-
ing from radiation emitted from other surfaces, we treated
the sensed surface of the oscillating mass with the same
graphite spray as for the area facing the IR heater: thus

the contribution of the sensed area is increased by a factor
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equal to the emissivity ratio of the graphite vs aluminum,

which is about a factor 10.

For the experimental run reported in this paper we also
fixed a miniature (size approx 2 mm), platinum resistance
thermometer Pt100 on the oscillating mass: we glued it to
a copper strip which then we screwed to the mass. This
was done to check if the thermopile was working properly
because we did not find reports about its operation at
low pressures. The thermopile is manufactory sealed in a
dry nitrogen atmosphere. Thus, for the data reported in
this paper we have two independent measurement of the
oscillator mass: T5 7 provided by the thermopile and T p;

given by the Pt100.

To heat the oscillating mass and thus increase T5 we
use a non-coherent, thermal source (model IR-12K man-
ufactured by Scitec Instruments) which works by heat-
ing electrically an element so that it emits in the infrared
range. The heater faces the oscillating mass being fixed to
an aluminum support attached to the oscillator base (see
also fig. 2). The active area of the source is 3.5 mmx 3.5 mm
and the emissivity is 0.8: thus the spectral radiance output
is (80% of) that of a black body at a temperature depend-
ing on the fed current, in the 1 pm to 22 pm range. From
an electrical view point the source can be operated up
to 10.8 W (1.8 A, 6 V) at which the active area reaches
a maximum temperature of 1248 K in air. The source is
coupled to an elliptical reflector (25.4 mm diameter) so
that the majority of optical output is concentrated within
an approx 8 mm circle, 12 mm from reflector. Using the

black-body radiation formula corrected by the emissivity,

integrating over a solid angle of 27 sr, and between 1 pym
and 22 pm, we find that the IR-12K source needs to be
heated up to 560 K to radiate 0.52 W as required for a
15 K difference across the silicon rod. From the source
data sheet, this would correspond to feeding about an
electrical power of 3 W. A temperature increase of the
source filament is expected due to our operation in vac-
uum, with respect to the in-air calibration produced by
the manufacturer. In fact, by operating in vacuum, for
a given current the source filament gets hotter and thus
less electrical power is needed to achieve a given source

temperature and thus a given temperature difference.

On top of the vacuum box top we placed side by side, 4
Peltier cells (20.9 W max power, 2.2 A max current) which
we connected in series: on their top we placed a heat sink
(thermal resistance 0.33°C/W, 250 mm x 200 mm x40 mm).
A cut on the top side of the Polystyrene box allows for the
heat sink to emerge and thus exchange heat with the room.
To increase further the heat exchange with the laboratory
room, on the lab floor, close to the table, we had a fan cir-
culating air on top of the sink. In such conditions with an
(electrical) cooling power of 34 W to the Peltier cells, we
lowered T; by 9 K with respect to the laboratory temper-
ature: this corresponds to a gain of 0.26 K/W. The time
scale to reach a steady-state is order of tens of hours. This
is due to the large masses and thermal resistances involved

in the system.

Actually, to get an idea of the critical components we
developed a model with lumped elements of the appara-

tus following the well known analogy between the equa-
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tions governing heat flows and those for electrical current
flows. According to the electrical analogy, temperatures
are represented by voltages, and heat fluxes by currents.
Each mechanical piece is represented as a combination of
thermal resistors and capacitor as shown in fig. 4. The re-
sistance represents the thermal impedance: we distinguish
between conduction R, and radiative R, resistances, de-
pending on the mechanism involved in the heat exchange.
Thermal resistances are computed according to:

L 1

Fe=jx o Fesoam W

kA
where L is the estimated shortest path heat can follow, A
the mass cross section with respect to the thermal path L,
k the thermal conductivity, € the surface emissivity and Tj
the temperature of the radiant surface. Here we consider
small temperature differences between radiative surfaces
with respect to their temperature which we then equate to
Ty. Heat capacities of mechanical pieces are represented

by capacitors and are computed according to:
C=pVe (2)

where p is material density, V' is the mass volume and ¢
is the specific heat. Table 1 lists the thermal-mechanical
properties of the materials used in the apparatus and ta-
ble 2 lists the resistance and capacitance computed for
each mechanical piece: time constants R.C' of the order
of 8-10 hours are characteristic of the vacuum chamber
top and steel masses, which explains the above mentioned
time scale to reach the steady state.

For the data acquisition and temperature control we

used commercial PXI instrumentation. The PXI instru-

R /2 R /2

Ty

C

%

Fig. 4. Electrical lumped element circuit representing a mass
subject to a temperature difference T, —Ty. For R and C values
see discussion in the text. In the electric model, T, and T}

represent the voltages at the extreme of the circuit.

Table 1. Density (p), thermal conductivity (k) and specific

heat (c) of the materials employed in our apparatus.

Material p[29] k(2] o]

Steel AISI 304 7800 15 503
Al alloys 2760 130 915
Polystyrene 35 0.033 1400
Copper 8200 400 385
Teflon 2150 0.2453 1047
Silicon 2330 149 705

mentation includes a programmable dc power supply which

we use for powering the Peltier cells.
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Part c [%] Rc [%]
Springs (parallel of 3) 50 5.2
Shape A load mass 8700 1.4
Shape B load mass 6900 4.5
Copper screws 27 0.74
Flange 2700 0.01
Oscillator - Support 3690 | 0.00077
Oscillator - Beam 0.001 29
Oscillator - End Mass 200 0.15
Vacuum chamber - Top 12500 2.5
Vacuum chamber - Tube 8000 230
Vacuum chamber - Base 21800 4.3
Polystyrene box (6 faces) 2860 0.47

Table 2. Heat capacities C' and conduction resistances R. of

different mechanical parts. Part notation is as in fig. 1.

3 Implementation of the thermal control

A rough estimation of the feasibility of our cooling strat-
egy and of required power can be achieved with a back-of-
the envelope calculation as follow: let us consider a silicon
rod, L = 0.085 m in length, 5 mm diameter, that we want
to subject to a temperature difference AT=15 K. Then,
as stated, we need to flow a power W ~0.52 W. Let the
rod be attached to a cylindrical mass, 0.2 m in diameter
(hence section A=0.0314 m?) which is kept at a temper-
ature Ty =303 K. Then we need to remove the power W
from the cylindrical mass: if this is to be done radiatively
(here we consider only the radiation exchanged by one
of the flat surfaces of the cylindrical mass, meaning that

the other flat surface is occupied by the oscillator and the

curved surface is small), the surface which the mass is
faced to needs to be at a temperature lower by at least:
W/ (4T3 Ac)=2.6 K where o is the Stefan-Boltzmann con-
stant. With the above estimated gain, this would require
an electric power to the cells of about 10 W. These num-
bers seemed feasible thus we proceeded in implementing
the temperature control.

To stabilize the oscillator base temperature 77 we de-
cided to implement a PID feedback control: the loop con-
sists of the oscillator end mass, the NTC thermistor mea-
suring 77, the PXI data acquisition and signal processing
unit, the programmable power supply and the Peltier cells.
We developed a C# code in Visual Studio: the program
samples simultaneously all thermometers, typically at a
rate of 0.1 Hz, computes the current to be fed to the cells
according to a given algorithm, pilots the programmable
power supply so that it gives the required power and ap-
pends thermometer readings in a file for postprocessing.
The output signal out is updated at the same rate the ther-
mometers are sampled. At the i-th iteration with i=1,2...,
the implemented algorithm computes the following output

signal:

(errTi] — errT[i — 1])
t; —ti1

K
outli) = K-errTli]+— L+ K-1p-
I

(3)

where the integral I; is:
I, = GTTT[i] (ti — tifl) + 1,1 (4)

and errT[i] = Tset — Ti[i] is the error signal, T [i] being
the i-th reading of the thermistor measuring 77 and Ty

being the set point for the control loop of T7. 77 and 7p are
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the parameters that scale the integral and derivative con-
troller, respectively. We also implemented an antiwindup
scheme in the algorithm to limit the integral control within

a lower and an upper bound.

We used the Ziegler-Nichols closed-loop tuning method
for determining the optimal PID parameters: we closed
the loop with only the proportional control on and found
the minimum proportional gain which causes sustained
oscillation of T;. This turned out to be K,, = 0.8 A/K and
the period of these oscillations is P, = 90 ks = 25 h. Thus
the optimal PID parameter are: K = 0.6x K, = 0.48 A/K,
71 = P,/2 =45000 s and 7p = P,/8 = 11250 s. These
are also the PID parameters that we used in the algorithm

to control T7.

We decided not to activate a feedback loop to control
Ty and hence the temperature difference across the oscil-
lator. In fact no temperature disturbances are produced
inside the vacuum box, apart the effect of the IR heater
and of the power (~0.1 W) consumed by the oscillator
amplifier which we leave switched on: on the other hand,
any change in the laboratory temperature would enter as
a disturb into the system, firstly affecting the vacuum box
and then propagating to the oscillator base and finally to
the oscillator end mass. Thus our strategy is: to control T3
for reducing the effect of the noise and fixing the working
temperature of the oscillator and to feed a constant cur-
rent to the heater for setting the temperature difference,
which depends only on the thermal resistance of the rod.
So the heater current sets the temperature difference while

the system set-point (ie T7) is determined by the interplay

AT [K]

0.5 1,0 15 2,0
Power [W]

T T T T T T
0 200 400 600 800 1000 1200

Time [hours]

Fig. 5. Measurements of the temperature difference AT across
the oscillator as function of time while 7 was stabilized and
while feeding constant power to the IR source in 4 steps. The
inset shows the temperature difference as function of the elec-

tric power to the source.

of heater and Peltier actuators but depends mainly on the

Peltier actuator.

4 Experimental results

We started an experimental run to test both the control of
T and the setting of the temperature difference 7o — T7.
The gas pressure inside the chamber (as measured at the
pump head) never exceeded 10~° mbar. We first stabilized
the base temperature T7 to T;=297.0 K and then fed
constant power to the heater in 4 steps and measured
the corresponding difference AT = Ty — T;. The data are
summarized in fig. 5.

Thus we are able to set temperature differences as high
as 15 K which is within our requirements; the correspond-

ing electrical power which we need to feed to the IR source
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T T T T
400 600 800 1000
Time [hours]

T T T
400 600 800 1000
Time [hours]

Fig. 6. (a) Behavior of 71 while the PID control loop was ac-
tive. (b) Behavior of laboratory temperature during the same
period. The plotted time span corresponds to 33 days of con-

tinuous operation.

is about 2 W, thus less than the predicted 3W estimated
in sec. 2.1, as anticipated.

Fig. 6 shows the measurements of T and of the lab-
oratory temperature data after the maximum tempera-
ture difference was set: the plotted time span is more than
1 month long. The data show that T} never exceeded from
within a band of 0.138 K during the plotted 800 hours.
In the meantime the laboratory temperature shown in
fig. 6 - (b) changed by up to 10 K: thus the control loop is
effective in reducing the temperature changes by a fac-
tor 70 as sensed at the oscillator base. We stress that
these data were collected while feeding maximum power
(namely 2.74 V, 0.749 A) to the heater.

Fig. 7 is the histogram of the 77 measurements shown
in fig. 6 - (a). From it we compute that 72 % of the T}
measurements lay within the interval (297.00£0.025) K
and almost 96 % of the T measurements lay within the

interval (297.00£0.05) K during the 33 days period ana-

10000 T T T T

1000 4 4

100 4 E

Counts

T T
297,00 297,04

T, K]

T T
296,92 296,96

Fig. 7. Histogram of the 71 measurements shown in fig. 6 - (a)

and collected in 33 days.

lyzed: within this limit our control loop reduces by a factor
100 the changes of the room temperature.

Fig. 8 - (a) shows the measurements of T, performed
using the thermopile (top, black curve: T5 ) and the Pt100
(bottom curve: T p;). The difference in the measurements
is due to a systematic, calibration error: here and for all
other thermometers we decided not to correct the calibra-
tion errors since they do not affect our results. It appears
evident that the thermopile, which has in-built electronics,
is much noisier than the Pt100 readings; a sudden voltage
drop occurred on the T5 7 data, which does not correspond
to a real temperature change and is in fact absent form the
T py data. Fig. 8 - (b) shows the computed temperature
difference AT = T5 py — T': the scatter of the measure-
ments is due to the T p; data. A positive time derivative
of AT is evident, in spite of a constant electric power to
the heater: this is likely due to a slow change of heater
performance in the vacuum environment. To the purpose
of setting a constant temperature difference across the os-

cillator, this drift does not actually require an automatic
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2
=
@
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<
g
2 (a)
a
© 314 ; : ‘ :
400 600 800 1000
Time [hours]
15,80 T T
15,75
M 15,70
=
< 15,65

15,60

400 6(‘)0T - [hours]sbo 1000

Fig. 8. Behavior of (a) the oscillating mass temperature as
read by the thermopile (ie 12,7, top curve) and by the Pt100
thermometer (ie T, p¢, bottom curve) and (b) of the thermal
difference AT = T5 p; — T during the same 33 day long time

span shown also in fig. 6.

control loop but can be removed by a manual change of

the electric power to the heater, once in a few days.

5 Conclusions

We have developed an experimental setup which can host
a payload <6.6 kg in mass, up a few liters in volume, in a
vacuum environment, with reduced mechanical noise and
with an active thermal control. We made use of radiative
heat transfer and non-contact thermometers to minimize
interfering with the experimental apparatus. We quantify
the thermal control performance by comparing the room
temperature variations with those of the controlled quan-
tity over a period of about 1 month. We evidenced that in
the long term we can reduce the former by a factor about

100, even in presence of an internal, dc heat source of 2W.
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