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ABSTRACT. This paper describes the impact of the Planck Low Frequéamtyument front end
physical temperature fluctuations on the output signal. drrggn of thermal instabilities in the
instrument are discussed, and an analytical model of thepggation and impact on the receivers
signal is described. The experimental test setup dedidatealuate these effects during the
instrument ground calibration is reported together wittadaalysis methods. Finally, main results
obtained are discussed and compared to the requirements.
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1 Introduction

Planck is an ESA mission designed to map with high precisienangular distribution of the
Cosmic Microwave Background (CMB). The Planck observatiare expected to produce major
steps forward for precision cosmology as well as for Gataatid extragalactic millimeter-wave
astrophysicsq].

The Planck measurements will span over a wide range of frasg® by means of the two
instruments on board: the Low Frequency Instrument (LB), fanging from 30 to 70 GHz, and
the High Frequency Instrument (HFE]], from 100 to 850 GHz.

LFI is an array of 22 pseudo-correlation radiometers (twoefach feed horn,1]), whose
core elements are HEMT-based low noise amplifiers locatederFront End Modules (FEMS).
Radiometers are labelled as Main and Side arms for each dRald@meter Chain Assemblies
(RCAs) fed by one horn. The signal coming from the sky is cammg@ontinously to the emission
of the 4 K reference load (4K RL1B]), consisting of small blackbodies connected to the High
Frequency Instrument shield at a temperature of about 4 K.

The ambitious Planck scientific goal to finely map sky tempeeadifferences at level giK
requires a strict control of time variations in the signat ¢ environmental systematic effects such
as thermal or electrical instabilities.

In this paper the susceptibility of the radiometers to terapee fluctuations is studied.

The presence of active coolers, mainly the 20 K sorptionardél, in the satellite cryogenic
chain produces temperature instabilities in differengastaof the instruments.



The two sorption cooler cold ends give the reference tenperdo the LFI focal plane and
main frame and serve as precooling stage for the 4 K cooldreofif-I.

Fluctuations generated in the sorption cooler are thusoresple for temperature oscillations
both in the LFI amplifiers, located on the focal plane, anchmm4K Reference Load, mounted on
the HFI outer shield.

These temperature fluctuations produce a signal variatiwohamimics the observed CMB
temperature anisotropies. The accurate knowledge of tphadtrof physical temperature fluctu-
ations on output antenna temperature fluctuations is twerdtindamental to estimate the error
induced by this systematic effect on the LFI observations.

In this paper we focus on the effect of temperature fluctaatio the instrument front end.
They have been modeled and subsequently measured durimgstwonent ground test campaigns:

e the Radiometer Chain Assembly (RCA) level tef][ where each single radiometer chain
associated to the same sky horn was tested indipendently

e the Radiometer Array Assembly (RAA) level te§],[where all the RCAs were integrated
together and the whole Low Frequency Instrument was tested

The theoretical fundamentals of LFI radiometer suscdityittio thermal effects are outlined in
section 2.

In section 3, we discuss in detail the susceptibility measents, describing the experimental
setup and data analysis methods and summarizing the othtagelts.

Finally in section 4, the main conclusions are drawn.

2 Effect of focal plane thermal fluctuations on LFI radiometeas signal

2.1 The thermal systematic effects

The active elements of the Planck LFI radiometers are Idcat¢he Front End Modules (FEMSs)
and Back End Modules (BEMS).

Fluctuations in the physical temperature of these modufestahe basic properties of the low
noise amplifiers, such as noise temperature and gain, cgasiarrelated fluctuation in the output
signal.

An analytical expression for the measured radiometer aufRL, can be expressed as a func-
tion of the sky and reference load input signals, and of patars which are temperature depen-
dent, such as amplifiers’ gain and noise temperature, whielindicate here generically &§,
Pout = Pout(Ts, Tak, Ki) (see B] for details).

The sky signal fluctuation Ts, equivalent to the systematic effect induced by thermatdtuc
ation, dTphys, can then be evaluated from:

ap ap
T 9T.=—"_ 5T 2.1
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so that we can define a radiometric transfer function for jglay$emperature fluctuation:

—_Pphys (2.2)



where the indexd identifies the different temperature stages whose flucsihiave an impact on
the signal output, FEM, BEM, 4 K RL being the most relevant.

Generally the dependence jf,: on temperature is not explicit, but embedded in the temper-
ature dependence of the various instrument paramkterso that we have:

0p _ Z 0pout. 0KI

(2.3)

Once the transfer functiof; is defined, we can characterize how temperature changes in th
instrument impact on the signal by means of the relation:

5TS - Tf . 6Tphys (2.4)

As thermal instabilities mimic signal variations in a direcay, in defining the requirement
levels for this kind of systematic effect, we have to treaef@aly the spin synchronous fluctuations
which would be undistinguishable from the sky signal.

The maximum allowable spurious signal caused by focal ptaeemal fluctuations must be
lower than 1uK (0.9 uK for a generic periodic fluctuation and 0.4& for a spin synchronous
fluctuation, [L]).

As explained in the following and finally discussed in the kexction, different properties of
the instrument have to be taken into account, in order torately control this systematic effect
and verify the compliance with requirements.

2.1.1 The source of front end thermal instability: the hydragen sorption cooler

The LFI first stage of signal amplification is located in the&d’lane Unit (FPU) of the instrument,
cooled at 20 K by the hydrogen sorption coolé}. [

The cooler consists of six compressor elements absorbidglasorbing hydrogen gas in a
sequential way to create liquid in its cold ends (liquid-eapheat exchangers, LVHXSs) through a
JT expansion. The temperature at the cooler cold ends flestaathe level of 400 mK peak to
peak, with a spectrum dominated by two main frequenciescahgressor element cycle, typically
in the range 600-1000 s, and at the period of the whole cagletimes longer than the previous
one.

In order to significantly reduce undesired fluctuations, etive temperature control stage,
the Thermal Stabilization Assembly (TSA), based on a Pllgm was inserted between the
LVHX2 and the LFI main frame.

Typical sorption cooler temperature fluctuations are showfigure 1, which displays two
timestreams: the black line corresponds to the cold endeesyre and the red line corresponds
to the temperature downstream of the TSA, whose effect istosdise the peak-to-peak amplitude
to below 100 mK; in particular, it is effective in the loweeffuencies part of the spectrum and the
two main periods of the cooler are strongly reduced.

Temperature fluctuations propagate through the LFI mechhsiructure and are damped by
the LFI front end thermal mass, which acts as a low pass filtbis effect was first studied by
means of a dedicated thermal model of the instrument andrtezsured during instrument level
ground test (se€lfl] for details).
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Figure 1. A typical temperature curve of the LVHX2 sorption cooletccend (black line) during ground
tests. The temperature after thermal stabilization is st&wvn (red line).

2.2 Transfer function between front end temperature variatons and the radiometer signal

If 5T ;4" is the temperature fluctuation at the level of the front-erutine, then the systematic

variation induced in antenna temperature output is given by

OTs=TF™M. T !

The main contributions to the radiometer output equatiaming from the instrument 20 K
stage are given by the amplifiers gain and noise temperatmc the attenuation of the signal
coming from the sky, the feed horns and OMT insertion losaad, from the reference load, by
the reference horn loss. The properties related to thereféctactive devices are known to be
affected at a significant and measurable level by fluctuatadithe order of a few K, while passive
losses, which depend on geometrical and material propegie considered constant in the typical
temperature range where the fluctuations occurred.

Applying eq. @.2) to the radiometer differenced output expression (regdari¢he appendix,
eg. A.1)), an analytical expression for the transfer function caridund as:
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where:

e L; are insertion losses either for the feed horn-OMT systenoiothfe 4K horn antenna; in
our analysis we assume their values estimated from meaeuatsrat room temperature;



e 1 is thegain modulation factoused to balance the sky and reference output signals; ite val
is evaluated from the ratio of sky to reference channel meétage values;

e Gp; are the front end amplifier gains, whose typical value is 886WB;
e T,ri are the front end amplifier noise temperatures, evaluated ffedicated tests.

The insertion losses, noise temperatures and gains ameagsti from dedicated ground mea-
surements, while the physical temperatures, sky temperaand ther parameter are quantities
measurable in flight, it is thus apparent from the above esgiwa that our ability to predict the

transfer function and thermal susceptibility in flight dege fundamentally on our knowledge of

0Gg 0ThE
T and 5ty

A requirement of our analysis is then to estimate these itapbparameters.

3 Thermal susceptibility test

During the flight model ground test campaign, the thermatepibility of front end modules to
temperature fluctuations was measured both at the leveigiesRCAs and at the level of integrated
instrument in the RAA cryogenic facility.

The RCA tests were performed with environmental and boyndanditions under a better
control because of smaller dimensions involved and a marerate monitoring was achieved due
to dedicated temperature sensors in a smaller number oBrelenterfaces; reference results are
then taken from these.

In figure 2, a schematic view of a single RCA integrated in the test clearfild] is shown.

The RAA thermal susceptibility tests have been performeatder to check consistency with
the RCA results. Unfortunately, they were performed in @&l conditions so that a straight
comparison with RCA tests is actually quite poor.

3.1 Test methods and procedures

The test philosphy and, accordingly, its procedure are ganple. The test was performed by
changing the temperature of a single FEM (RCA test), or ofithele Focal Plane Unit (RAA test),
and by measuring the radiometer output during the subségtesady state period; the number of
the steps was chosen in order to scan a temperature rangeudf5b around the nominal value.
Typical temperature curves and voltage output obtainethgURCA tests are shown in figue

In order to disentangle variations in the signal due to ckaraj FPU temperature from other
sources of instability, the temperatures of all the maitgpairthe cryogenic chamber, in particular
sky and reference loads, are monitored and their stalslitpntrolled at the level of few mK.

3.2 Experimental setup

The RCA and RAA cryogenic chambers are described @ &nd [7], respectively.
The chamber thermal environment reproduces accuratelgdiual flight environment, with
the exception of the sky and reference loads temperatures.
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Figure 2. A schematic view of the 30 and 44 GHz RCA thermal setup irisgtin the cryogenic chamber
(from [10Q]). The feed horn receives the signal from the sky simulatdrant of it; the signal is mixed in the
FEM with the signal coming from the reference load and angalifiThe long waveguides finally transmit
the signal to the BEM detectors. In the thermal suscepibidists, the temperature of the FEM is varied
while reference and sky load temperatures are kept constant
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Figure 3. An example of THF test. Data are taken from RCA22 test, onb@f70 GHz radiometers. In
(a) temperature data for FEM (red), ref (green), sky badklalue) and absorber (light blue) are shown: as
evident here the FEM temperature has to change significavitile reference and sky loads have to be kept
at a temperature as stable as possible. Correspondindatetatputs are displayed in (b): sky is in red and
ref in green.

However, the most important test feature is the temperataglity of the two loads, which
are kept within an optimal level, so that the test resultsaioled in an optimized and controlled en-
vironment, can be easily extrapolated to the flight condgior his is also true for the test described



Figure 4. In the 30/44 GHz setup the heater and the sensor dedicatteel tontrol of the FEM temperature
are located on a flange directly screwed to the front end.

FPU_1

FPU 2

Figure 5. Main frame and FPU setup for the thermal vacuum tests. Nalnaimd redundant sensor dedicated
to the control of the FPU temperature are shown, while heater fixed by Aluminum tape.

here.

The temperature control for the FEM thermal susceptibtkists (THF tests) is implemented
through heaters, mounted on the interface between the drahtind the flanges connected to the
chamber reference cold end at 20 K, and temperature sensad,to control the heaters and to
monitor the FPU temperatures.

In the case of the RCA tests, a single FEM is connected to aftwdr with a copper flange
where one heater and one sensor are mounted (fyure

At instrument level, the heater and corresponding senganmaunted on a large copper flange,
which mimics the sorption cooler cold end interface to thé irfain frame (figureb). The corre-
sponding temperature at the level of single FEMs is chogan tme of the sensors, whose detailed
positions are shown in figu@
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Figure 6. Sensors location in the LFI FPU and main frame. High sefitsitensors are marked with circles.

3.3 Data analysis

For each value of the front-end temperatt]’r[ﬁf,s, we measured the receiver response (see figjure
and then calculated the average receiver differentialududdan;, using the same value of the gain
modulation factorr, that was calculated in nominal front-end temperature itiomdg.

It is then possible to produce a plot 8fant vs. 3T s WheredT e = Thr — Tive nominal
(see figurer).

From eq. 2.4), the transfer function is the slope of the curve obtainedifmar fitting the
points in the plot.

As explained above, the main unknown susceptibility patarsen eq. 2.5) are the amplifier
noise temperature and gain variations with temperature.

In order to estimate them, their values is varied in the aitallyexpression of eq2(5), so
to obtain a value consistent with the measured one. Thegteedpoints and curve are in blue in
figure7.

The RaNA data analysis tool1®]) for the RCA tests has a built-in THF module in order to
automatically select useful data for this kind of test, gkte the fitted and measured values, and
write a report of the test with table of results, best fit pagters and plots (figur@).

These results are our best guesses for the intrinsic prepeftthe LFI amplifiers affected by
the temperature fluctuations. The analytical values obthassume a symmetric behaviour of the
amplifiers corresponding to the two legs of the radiometalyaed.

4 Results and discussion

The RCA calibration tests produced the most accurate sedudt to a dedicated test setup.

Actually, some problems during instrument level verifioattests did not allowed a straight
comparison between test results. They were due to radiosettengs (non optimal bias set during
the first run) or to large thermal drifts (as occurred in theosel run).
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Figure 8. Layout of the RaNASusc module of the LIFE data analysis tool. It allows to gebauatically
voltage and temperature data useful for the estimation ettibrmal susceptibility, calculate the transfer
function and compare it to the analytical one, using defaultser-defined parameters.

Moreover, not all the radiometer amplifiers are closely rtared by thermometers (figu
and the choice of the best temperature sensor to associtite EEM under test was not always
straightforward, and finally the most accurate sensors hdimited range of calibration. Since
the temperatures reached during the instrument level tlesusceptibility test were outside this
calibration range, a number of thermometers were therefoteused for the data analysis (see
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figure9).

Figure 10 shows a comparison between the predicted transfer fursctond the ones mea-
sured during RAA tests. The predicted results come from tladytical formula2.5 using RAA
measured environmental data and radiometer intrinsicgptiels % and ‘?FTF“EFM) estimated from

RCA tests. This is reported only for those radiometer chhxmmrryectly blased during the RAA
test performed in more stable conditions.

Considering the limitations affecting the measurementatiieement is good for most of the
channels.

Detailed results from the RCA flight model test campaign eported in the appendix.

Allvalues are contained in the range{]lOO)%‘, with higher values (50 to 12@'—‘) forthe 70
GHz channels (except RCA 21 Side radiometer), so that, diépgon the radiometer, the physical
temperature fluctuations of the front end module are redbgedfactor of 10 to 1000. This effect
is actually flat in the frequency space and it is applied aetieof the path of thermal instabilities
already filtered by the thermo-mechanical structure of thefacal plane (detailed inl[1]).

Taking into account the source of temperature fluctuatioeduced by means of the active
control at the order of 100 mK peak-to-peak and considerihgha reduction factors, we can
estimate to less than 1 mK peak-to-peak in the radiomet@ubdata stream. A further reduction

—10-
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Figure 10. Comparison between predicted and measured transfeidanaaturing instrument level tests for
the channels properly biased. Radiometers Main and Sidalzeted as RO and R1, while detectors outputs
as DO and D1, for each radiometer leg. The predicted tramsfetions are obtained from the analytical
expression using radiometric parameters found in RCA sesisenvironmental parameters measured in the
RAA test itself.

of the effect at the different frequency components of tlteepof about 200 - 500 times occurs in
the map making and destriping procedures, as estimatedl. in [

The final result is that temperature fluctuations generatethé 20 K sorption cooler and
propagated through the LFI focal plane are kept at the levifleorequired error budget.

A by-product of our analysis is the information about thepenature dependance of amplifiers
noise temperature and gain, which are shown in the appealdizst The range of gain suscepti-
bility is -0.01 — —0.08"?B with some major exception for the RCA 22 and 28. The tempsezatu
variations of amplifiers noise temperatures ranges bet@geand 0.&%.

Due to dependance of the transfer functions on input tenyresand parameter (eq2(5)),
these are important sources of information allowing thereston of the impact of in-flight tem-
perature fluctuations on the measured signal and on CMB eegov
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A Radiometer output equation

The output of a LFI Back End detector can be analytically egped as:

Gr1Thrr + Ge2T, 1
vout:a-k-ﬁ-GB{ (Gr+ Gy (SRS (3 L) qs e 1)
v/ Gg1G
+ #sz (Tsky — Tref) - (1+ r)} (A.1)

where:

e ais the square law detector constant

B is the radiometer bandwidth

k is the Boltzmann constant

L; are the RF losses of the different stages of the radiometén ch

Gi andT,; are the FEM and BEM amplifiers gains and noise temperatures

Tsky and Tyt are the equivalent sky and ref antenna temperatures esftengront End.
° Tv‘f,fg is the effective waveguide temperature as integrated gjtrds route.

More details can be found ii]8]

B Thermal susceptibility detailed results

In this section a summary of the transfer function measun¢srie given. Temperature dependance
of LNAs gain and noise temperature are also estimated frerndimparison between the measured
and the analytically estimated transfer functions, in tyyadthesis of perfectly symmetrical coupled
amplifiers.

Table 1. RCA18 thermal susceptibility results.
Ch S-11 S-10 M-00 M-01

96 (dB/K)  -0.05+0.005 -0.05t0.005 -0.05:0.005 -0.05+ 0.005
90 (KIK)  0424£0.02 038002  0.47£0.02  0.49+0.02
fmeas(MK/K) 77+ 3 -68+ 4 -85+ 5 91+ 4

—12 —



Table 2. RCA19 thermal susceptibility results.
Ch S-11 S-10 M-00 M-01
g-? (dB/K) -0.03+£ 0.005 -0.023+ 0.005 -0.05+ 0.005 -0.035+ 0.005
%‘ (K/K) 0.37+0.02 0.4+ 0.02 0.36+ 0.02 0.33+£ 0.02
fmeas(MK/K) -111+ 10 -120+ 9 94+ 7 -9+ 8

Table 3. RCA20 thermal susceptibility results.

Ch S-11 S-10 M-00 M-01

g-? (dB/K) -0.0394+ 0.005 -0.03£0.005 -0.049+0.005 -0.0408t 0.005
%‘ (K/K) 0.25+£0.02 0.3+ 0.02 0.25+ 0.02 0.234+ 0.02
fmeas(MK/K) 58+ 7 -59+7 -66+ 8 -57+ 8

Table 4. RCA21 thermal susceptibility results.
Ch S-11 S-10 M-00 M-01
g-? (dB/K) -0.2+0.05 -0.07£0.005 -0.07£0.005 -0.07+ 0.005
%‘ (K/K) 0.3+£0.02 0.18+0.02 0.15+ 0.02 0.15+ 0.02
fmeas(MK/K)  -9.3+0.8 -7.7£ 0.9 -30.1+£ 0.9 -18+ 1

Table 5. RCA22 thermal susceptibility results.

Ch S-11 S-10 M-00 M-01
g-? (dB/K) -0.13+£0.005 -0.175+:0.005 -0.213+0.005 -0.15£ 0.005
%‘ (K/K) 0.1 £0.02 0.1+ 0.02 0.1+ 0.02 0.1+ 0.02
fmeas(MK/K) 60.4+0.4 56.9+ 0.8 56.7+ 0.6 52.1+ 0.7

Table 6. RCA23 thermal susceptibility results.
Ch S-11 S-10 M-00 M-01
g-? (dB/K) -0.05+ 0.005 -0.05t+ 0.005 -0.03f 0.005 -0.05f 0.005
%‘ (K/K) 0.16 +£0.02 0.17+ 0.02 0.1+ 0.02 0.16+ 0.02
fmeas(MK/K) -39+ 3 414+ 4 21+ 2 -44+ 3

Table 7. RCA24 thermal susceptibility results.

Ch M-00 M-01 S-11 S-10

g—?. (dB/K) -0.08+ 0.005 -0.063+0.001 -0.08t0.005 -0.081f 0.001
%‘ (K/K) 0.4+ 0.02 0.41+ 0.02 0.43+ 0.02 0.1+ 0.02
fmeas(MK/K)  -12.14+0.1 -6.10+ 0.08 -9.6+ 0.5 -20.3£ 0.7
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Table 8. RCA25 thermal susceptibility results.

Ch S-11 S-10 M-00 M-01
g—$‘ (dB/K) -0.045+ 0.005 -0.042+ 0.005 -0.022+-0.005 -0.02+ 0.005
%‘ (K/K) 0.08 + 0.02 0.25+ 0.02 0.12+ 0.02 0.1+ 0.02
fmeas(MK/K) -22.1+ 0.7 -29+ 2 -15.1+ 0.9 -13+ 0.5
Table 9. RCA26 thermal susceptibility results.
Ch M-00 M-01 S-10 S-11
g—$‘ (dB/K) -0.01+ 0.005 -0.026+ 0.005 -0.0140.005 -0.014 0.005
%‘ (K/K) 0.7 +£0.02 0.7+ 0.02 0.47+ 0.02 0.5+ 0.02
fmeas(MK/K) -66+ 2 -64+ 2 -68+ 1 -65.6+ 0.9
Table 10. RCA27 thermal susceptibility results.
Ch M-00 M-01 S-11 S-10
g—%; (dB/K) -0.055+ 0.005 -0.05+0.005 -0.01# 0.005 -0.04+ 0.005
%‘ (K/K) 0.81+0.02 0.45+ 0.02 0.34+ 0.02 0.58+ 0.02
fmeas(MK/K) -16.8+£ 0.5 -10.5+ 0.5 -31+ 3 -36+ 2
Table 11 RCA28 thermal susceptibility results.
Ch S-10 S-11 M-00 M-01
g—%; (dB/K) -0.13+ 0.005 -0.14+ 0.005 -0.03t 0.005 -0.06A 0.005
%‘ (K/K) 0.33+£0.02 0.1+ 0.02 0.15+ 0.02 0.15+ 0.02
fmeas(MK/K) 1142 -19+ 2 -2.7+ 0.7 5.2+ 0.8
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