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ABSTRACT

Context. Precision measurements of the Sunyaev-Zel’dovich effect in clusters of galaxies require excellent rejection of common-mode
signals and wide frequency coverage.

Aims. We describe an imaging, efficient, differential Fourier transform spectrometer (FTS), optimized for measurements of faint
brightness gradients at millimeter wavelengths.

Methods. Our instrument is based on a Martin-Puplett interferometer (MPI) configuration. We combined two MPIs working syn-
chronously to use the whole input power. In our implementation the observed sky field is divided into two halves along the meridian,
and each half-field corresponds to one of the two input ports of the MPL. In this way, each detector in the FTS focal planes measures
the difference in brightness between two sky pixels, symmetrically located with respect to the meridian. Exploiting the high common-
mode rejection of the MPI, we can measure low sky brightness gradients over a high isotropic background.

Results. The instrument works in the range ~1-20 cm™' (30—600 GHz), has a maximum spectral resolution 1/(2 OPD) = 0.063 cm™!
(1.9 GHz), and an unvignetted throughput of 2.3 cm?sr. It occupies a volume of 0.7 x 0.7 x 0.33 m® and has a weight of 70 kg. This de-
sign can be implemented as a cryogenic unit to be used in space, as well as a room-temperature unit working at the focus of suborbital
and ground-based mm-wave telescopes. The first in-flight test of the instrument is with the OLIMPO experiment on a stratospheric
balloon; a larger implementation is being prepared for the Sardinia radio telescope.
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1. Introduction

About 1% of the photons of the cosmic microwave background
(CMB) that cross a rich cluster of galaxies undergo inverse
Compton scattering against the hot electrons of the intraclus-
ter plasma. This phenomenon is called the thermal Sunyaev-
Zel’dovich effect (SZE) and is a powerful tool for astrophysi-
cal and cosmological investigation (Sunyaev & Zeldovich 1970,
1972; Rephaeli 1995; Birkinshaw 1999; Carlstrom et al. 2002).

Most of the power of the thermal SZE is due to its very char-
acteristic spectrum: in the direction of a cluster of galaxies, the
SZE induces a decrease of the brightness of the CMB at fre-
quencies below 217 GHz, and an increase of the brightness of
the CMB at frequencies above 217 GHz. In the nonrelativis-
tic limit, the spectrum of the SZE can be computed from the
Kompaneets equation (Kompaneets 1957) and only depends on
the Comptonization Parameter y,

kgTe
y=fnm 2 de, (1)
mecC
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where the integral is along the line of sight. Using the y parame-
ter, the brightness variation Al, with respect to the average cos-
mic microwave brightness / can be expressed as

Al xter
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Typical values of y are 1074~107>, so the SZE signal Al, is much
weaker than the average brightness I of the CMB. However,
the SZE spectrum does not depend on the distance (redshift)
of the cluster of galaxies, so clusters become important cosmo-
logical probes. Moreover, the SZE spectrum depends linearly
on both the temperature and density of the intracluster plasma.
Information from the SZE significantly complements informa-
tion obtained from X-ray brightness (proportional to the density
squared) in investigating the physics of the clusters. The thermal
SZE is only the most evident interaction between the CMB and
the plasma of the cluster. The peculiar motion of the cluster in-
duces the kinematic SZE, and the nonthermal component of the
plasma produces additional distortions (Wright 1979).

Our ability of measuring the SZE has recently reached matu-
rity with the surveys of large, dedicated ground-based telescopes
(see e.g. Reichardt et al. 2013; Hasselfield et al. 2013, and refer-
ences therein) at low frequencies, and with the space-based sur-
vey of the Planck satellite (see Planck collaboration XXIX 2014
and references therein), which covers the whole spectral range
where the SZE is present.

All these are multiband photometric measurements. The
number of independent bands useful to this purpose is limited
to a few for ground-based observations, and was 6—7 in the case
of the Planck satellite. The parameters that describe the cluster
and the foregrounds can be more than seven: in principle, more
bands and/or complementary observations in other spectral re-
gions are needed.
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Fig. 1. Bottom: thermal (continuous line) and kinematic (dashed line)
SZE for y = 5 X 1074, v, = 1000 kms™ and 7. = 8.2 keV, in
Mly/sr. Top: residual atmospheric emission at stratospheric balloon al-
titude (continuous line, in MJy/sr as well). Four sub-bands (see text)
suitable for balloon-borne observations of the SZE are also plotted in
the same panel (dashed lines).

Spectroscopic measurements can help very much in this sit-
uation. They allow us to extract the weak SZE signal even in the
presence of important foreground emission, and to estimate the
parameters of the cluster by removing the degeneracy of photo-
metric measurements (see de Bernardis et al. 2012 and Sect. 2
for a specific discussion).

Here we present an instrument optimized for spectroscopic
measurements of the SZE. Owing to the continuous nature of the
spectrum (see Fig. 1), high spectral resolution is not a design-
driver. A coarse spectral resolution (~0.5 cm™') is more than
enough to provide a sufficient number of independent spectral
data. Better resolution could be useful to assess whether there is
contamination from molecular lines, but this is important only
for low galactic latitudes. Instead, the instrument is required to
be imaging (feeding a detector array in its focal plane), to have
a wide frequency coverage (almost two decades at mm/submm
wavelengths), and to be differential, that is, to measure the dif-
ference in brightness between the cluster direction and the sur-
rounding directions, rejecting the bright isotropic background
from the CMB. The class of the Fourier transform spectrome-
ters (FTSs), and in particular the Martin-Puplett interferometer
(MPI, Martin & Puplett 1970), fulfills all these requirements.

Fourier transform spectrometers are imaging instruments
with high spectral resolution and efficiency in the IR, with a va-
riety of applications in chemistry, remote sensing, atmospheric
studies, planetary exploration and IR astronomy. Notable space-
borne implementations of differential FTSs for astrophysics and
cosmology are the Far InfraRed Absolute Spectrometer (FIRAS)
on-board of the COBE satellite (Mather et al. 1990; Fixsen
et al. 1994) and the Spectral and Photometric Imaging Receiver
(SPIRE) FTS on-board of the Herschel satellite (Griffin et al.
2010). These two compare the brightness of the sky with the
brightness produced by an internal blackbody reference.

In our instrument the two input ports instead collect radia-
tion from two independent sky fields, so that each detector in the
focal plane of the spectrometer measures the brightness differ-
ence between two. In this way the common-mode signals from
the instrument, the residual atmosphere and the isotropic CMB
component, are all rejected, and only brightness gradients are
measured. For this reason we use the achronym DFTS (differen-
tial FTS) for our instrument. A previous implementation of this
configuration at shorter wavelengths is the Bear interferometer at
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the Canada France Hawaii Telescope (CFHT) (see e.g. Maillard
1995).

First light for our DFTS will be on a stratospheric balloon
flight of the OLIMPO experiment (Masi et al. 2003); additional
configurations have been studied for the Spectroscopic Active
Galaxies And Clusters Explorer (SAGACE) satellite proposal
(de Bernardis et al. 2010), for the millimetron satellite mission
(Smirnov et al. 2012), and for the Sardinia radio telescope (SRT,
Grueff et al. 2004).

The paper is organized as follows: in Sect. 2 we show that
adding spectral measurements of the SZE to photometric mea-
surements results in a significant enhancement of the ability
to separate degenerate parameters that describe the SZE and
foreground contamination. In Sect. 3 we quantitatively describe
the operation of the DFTS and demostrate its efficiency. In
Sect. 4 we describe the optical design strategy for the instru-
ment. In Sect. 5 we describe the optical optimization and the
opto-mechanical design. Then (Sect. 6) we discuss the most crit-
ical problems related to this configuration. In Sect. 7 we describe
the test and commissioning of the instrument. We conclude in
Sect. 8.

2. SZE photometry and spectrometry

There are many parameters that describe the SZE signal from a
cluster of galaxies and the foreground emission along the same
line of sight. The optical depth 77 and the temperature 7, of the
plasma provide a good description of the thermal SZE. But other
parameters must be considered. The cluster velocity component
along the line of sight v os produces the kinematic SZE and in-
cludes any intrinsic CMB anisotropy in the same direction (the
sum of the two effects can be described by a single parameter
ATcnp). At least three parameters describe the nonthermal pop-
ulation of electrons in the cluster plasma, which is responsible
for the nonthermal SZE: its optical depth 7y, the spectral index
of the power-law spectrum of the energy of the electrons «, and
their minimum momentum p;. At least three more parameters
are needed to describe the emission of interstellar dust along the
line of sight in our galaxy and in the cluster. This can be min-
imally modeled as a thermal spectrum with optical depth 7p,
temperature 7, and spectral index of emissivity 8. In addition,
free-free and synchrotron emission from the diffuse medium in
our Galaxy and in the galaxies in the cluster must be accounted
for, and one needs at least one amplitude parameter for each of
them (Alg, Algy).

Given this situation, it is evident that photometry cannot be
sufficient to constrain all these independent parameters, and even
to separate the contribution from the thermal SZE from the oth-
ers. The approach of current experiments is to use etherogeneous
ancillary measurements (X-ray surveys, far-IR surveys, optical
surveys) to estimate some of the parameters. A direct measure-
ment would certainly be less prone to systematic effects.

As discussed in de Bernardis et al. (2012), low-resolution
spectroscopy of the SZE can improve the situation significantly,
providing a sufficient number of degrees of freedom to fit sev-
eral of the parameters above. The price to pay for spectroscopic
measurements is that the sensitivity of the measurement is lower
than photometric measurements taken in the same conditions.

This is expecially true in the case of FTSs, where radiation
from the whole measured frequency range is continuosly de-
tected during the scan of the interferogram. A good trade-off can
be obtained in two ways.

First, the instrument should operate from a space-based plat-
form (stratospheric balloon or satellite) so that only the natural
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Table 1. Radiative background and photon noise from instrument, at-
mosphere, and astrophysical background in several sub-bands suitable
for SZE measurements.

Ground
Band Background Noise in 1s
(GHz) (PW) (fW/GHz)
85-110 40 55
125-175 110 110
Stratospheric balloon
Band Background Noise in 1s
(GHz) (PW) (fW/GHz)
125-175 80 90
190-260 110 130
280-360 110 160
390-420 40 100
Satellite
Band Background Noise in 1s
(GHz) (PW) (fW/GHz)
100-180 7 30
180-350 10 50
350-700 16 80
700-1000 7 70

Notes. Photon noise per spectral bin is computed assuming that noise
from all the frequencies within the sub-band is contributing to the mea-
surement of the considered bin. Top: room-temperature spectrometer
on a ground-based telescope (1 mm PWV). Middle: room-temperature
spectrometer on a stratospheric balloon. Bottom: cold (2 K) spectrom-
eter on a satellite. All instruments are diffraction limited at the lowest
end of each sub-band. Turbulence and atmospheric fluctuations, which
can be relevant in the groud-based case, are not included.

(astrophysical) radiative background and the emission of the in-
strument are present. This is needed anyway, at least at frequen-
cies outside the mm atmospheric windows and above 250 GHz,
where atmospheric transmission is poor and atmospheric fluctu-
ations severely limit SZE observations.

Second, the radiative background is further reduced by
splitting the frequency coverage into a few sub-bands, using
dichroic filters, and using one array for each sub-band (see e.g.
de Bernardis et al. 2010). In this way, the high background at the
high end of the explored frequency range does not limit the per-
formance of the detector array measuring the low end. In Fig. 1
we plot a sample splitting of the 0—20 cm~! range into four sub-
bands optimized for observations of the SZE with reduced ra-
diative background at balloon altitude. Wider bands with an in-
creased coverage can be used for space missions, where there is
no atmospheric background. In that case, a cryogenic implemen-
tation of the instrument is needed to fully exploit the reduced nat-
ural (astrophysical) background. Ground-based operation at the
best sites are restricted to the 90 GHz and 140 GHz windows,
because of the high radiative background.

In Table 1 we report the typical radiative background due to
the room-temperature emissivity of mirrors (Bock et al. 1995)
and wire-grids in the spectrometer (Schillaci et al. 2013), to the
natural astrophysical background, and to residual atmosphere for
a room-temperature implementation of the instrument on a good
ground-based site and on-board of a balloon payload, and a cryo-
genic implementation on-board of a satellite.

Here we show that combining multiband photometric mea-
surements and spectroscopic measurements obtained by adding

Table 2. Cluster and foreground parameters estimated from simulated
observations of the SZE along a line of sight towards a cluster of galax-
ies, using the same bands as in Fig. 1.

5 parameters Input  Bestfit(S)  Best fit (S+P)
10077 1.70  1.76 £ 0.32 1.76 £ 0.29
kT.(keV) 9.5 95+ 1.7 9.6 +1.7
10%7p 1.85 1.85+0.22 1.85+0.17
10*AT cvp 3.1 3.04+126 3.07+0.11
10%7y 1.0 0.95=+2.13 1.00 £ 0.11
x*/d.o.f. - 35.8/36 39.4/40

6 parameters Input  Best fit (S)  Best fit (S+P)
10077 1.70 1.78 £ 0.42 1.74 £ 0.29
kT.(keV) 9.5 9.6 +1.8 9.6+ 1.6
10%7p 1.85 194 +0.13 1.82 +0.23
10*AT cvp 3.1 307154 3.05+0.11
10%7y 1.0 038+6.07 0.88+0.86
p 1.0 5+26 32+6.1
x?/d.of. - 35.8/35 42.1/39

Notes. S refers to spectroscopic observations (4 h), S+P refers to spec-
troscopic observations for 4 h, and photometric observations for 4 addi-
tional hours.

a DFTS in front of the same photometer is a very effective ap-
proach. In practice, photometric measurements provide high S/N
ratio broad-band measurements of the SZE, while spectroscopic
measurements provide the required additional degrees of free-
dom to distinguish the parameters to be measured.

To investigate this, we reproduced the analysis in
de Bernardis et al. (2012) assuming to perform spectroscopic
measurements for half of the observation time, and photometric
measurements in the same bands for the rest of the observation
time, assuming that in both cases the measurements are limited
by the noise of the background photons. We also fitted the sim-
ulated data with the sum of emission from all the sources along
the line of sight, described by the parameters listed above. To
estimate the best fit, we minimized the y? obtained by adding
the y? of the spectroscopic measurements and the y? of the pho-
tometric measurements. The results of this procedure are sum-
marized in Table 2 for a four-band photometer and spectrometer
with bands similar to those of Fig. 1. As a photometer alone, the
instrument cannot measure more than four parameters (or inde-
pendent combinations). In Table 2 we demonstrate the power
of using the instrument as a spectrometer and as a spectrom-
eter and photometer: five or six parameters can be measured,
with improved performance for combined measurements. This
demonstrates the synergy of photometric and spectroscopic ob-
servations. As described below, our instrument is implementd
so that both spectroscopic and photometric observations can be
performed in sequence. In Fig. 2 we compare data and best fit
for the observation simulated in Table 2, which corresponds to
four hours of integration on a typical cluster with the OLIMPO
experiment.

3. Efficient differential MPI

In practice (see Fig. 3), the first component of our spectrome-
ter is a wedge mirror placed in the focal plane of the telescope,
which has an alt-az mount. The wedge is aligned with the ele-
vation direction. In this way, radiation from the left half of the
focal plane is reflected into input port 1 of the DFTS, and radia-
tion from the right half of the focal plane is reflected into input
port 2 of the DFTS. This effectively divides the telescope field
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Fig. 2. Simulated spectroscopic (fop) and photometric (bottom) mea-
surements of the SZE towards the center of a typical cluster of galax-
ies (see Table 2 for the parameters of the cluster). The lines in the
top panel represent simulated spectra of thermal SZE (dotted line),
kinematic SZE + CMB anisotropy (long dashed line), nonthermal SZE
(short dashed line), interstellar dust (dot-dashed line), and the best fit
to the simulated data using the sum of all the components (continuous
line). The data points with their error bars are computed from the sam-
ple observation described in the text for a single bolometer of the array
observing the center of the cluster. The integration time for spectro-
scopic measurements is 4 h. In the lower panel, simulated photometric
measurements are shown, represented by x symbols. The (very small)
error bars represent estimates of the 1-o- error for an integration time of
4 h. The bandwidth-integrated power detected in these measurements
has been divided by the bandwidth and by the throughput to obtain an
effective brightness. The detectors are diffraction limited at the low-
frequency edge of the band. Different lines refer to the contribution to
effective brightness from different sources (same line-styles as above).
The horizontal widths refer to the FWHM photometric bandwidth.

of view in two. For SZE observations one of the two half-fields
is centered on the galaxy cluster, and the other is centered on a
neighboring reference region.

After the constant common mode signal is removed from the
interferogram, each detector in the focal plane of the spectrome-
ter measures the brightness difference between two independent
sky pixels symmetrically placed with respect to the elevation di-
rection through the boresight. The center of the target field is
compared with the center of the reference field; a pixel east of
the center of the target field is compared with a pixel west of
the center of the reference field; a pixel west of the center of the
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Fig. 3. Block diagram of the efficient differential MPI.

target field is compared with a pixel east of the center of the
reference field, and so on.

All our implementations of the spectrometer have the same
optical configuration as sketched in Fig. 3: a wedge mirror splits
the telescope focal plane in two, as described above, and two
collimators redirect the two beams on opposite sides of the input
polarizer WG;,,. This device is the input polarizer for two MPIs,
one for the radiation reflected and one for the radiation transmit-
ted. The two MPIs also share the output polarizer WGy, and
the detector arrays, while the beamsplitter polarizers (WG
and WGy r) and the delay lines (6) with the roof mirrors are
replicated. Metallic wire grid polarizers are used, which provide
excellent efficiency over the wide frequency range of interest.

We demonstrate that our optical configuration is efficient
with the Jones calculus. In this formalism and following the
sketch in Fig. 3 we can write the electrical fields for the two
orthogonal polarizations coming from the two sources A and B
as

Ac). ,_ | B
A_(Ay)’ B_(By)'
Here the reference system is right-handed and comoving, follow-
ing the propagation of the electromagentic wave, with the z axis
antiparallel to the wavevector k, and the x axis in the plane of

the drawing in Fig. 3.
The matrix describing a polarizer is :

T - cos2(6)  cos(d) sin(0)
=\ cos(d)sin(@)  sin*(0)

when the polarizer transmits radiation and

sin?(6)

R, = — cos(0) sin(6)
97\ cos() sin(8)

—cos?(0)

when it reflects radiation.

Here 6 is the angle between the principal axis of the polar-
izer and the y direction (orthogonal to the plane of the draw-
ing in Fig. 3, and projected in the xy plane). The matrix for
the ideal roof-mirror (sequencing two metal reflections) is the
Identity Matrix 7.
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The phase shift ¢ introduced by the optical path difference
and common to both polarizations is described by the matrix

e 0
A5:( 0 ei&)’

where ¢ is 4nxo, with x the mechanical path difference in the
case of a single moving mirror, and o~ the wavenumber (in cm™!).
In our implementation of the spectrometer, both delay lines have
moving mirrors (moving in opposite directions), so we gain a
factor two in the introduced phase-shift for a given mechanical
displacement of each mirror.

Following Fig. 3, radiation from source A is processed by
the left FTS after being transmitted by the input wire grid. The
processed wave at the left detector array can be written as the
sum of the contributions of two beams, traveling in the two arms
of the left FTS,

Eyy = R0T45A5IR_45 ToA + R0R45A_§IT_45 ToA. (3)

Analogously we find, for the radiation of source B processed by
the left FTS

E1p = RoT45As TR _45RoB + RoRysA 51T 45RoB. 4

After simple algebra we derive:

Ei, 0
Ey, )~ \ B,cos(d) + 1A, sin(o) |*

For the right FTS, Egs. (3) and (4) become

Ena = ToT_45A 5T R4sRoA + ToR _45As I T45RoA )
and
Eng = ToT_45A_sIR4sToB + ToR_45A: 1 T45ToB. (6)

Likewise, for the right FTS,

Eny \ _ [ Bxcos(6) + 1A, sin(6)
E[]y - 0 ’

The output signal detected by the left-side detector is the sum of
the signals from the two MPIs:

E.\ _ [ Bccos(d) +iA, sin(6)
E, |\ B,cos(6) +iA,sin(d) |°

This means for the intensity
I = |Ex + |E, )

1 1
I = E(Ia +1,) + E(Ia = 1;) cos(0), (®)

where the common mode and the modulated terms in the in-
terferogram can easily be recognized. This is twice the inten-
sity detected in a standard MPI (see e.g. Carli and Mencaraglia
1981a, 1981b). A complementary expression is found for the
right-side detector array:

1 1
I = 5L+ Ip) = 5 (s = Iy) cos(6). ®)
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Fig. 4. Propagation of rays in the spectrometer. Top: rays coming from
the sky. Bottom: rays coming from the aperture pupil.

4. Optical design

Observations of clusters of galaxies require an angular resolu-
tion @ ~ 1’. At the center frequency of the range of interest here
(350 GHz) the size of the entrance pupil of the telescope should
be D ~ 1.221/6 ~ 3.5 m. A detector array should be placed in
the focal plane of the telescope for fast mapping, covering the
entire field of view of the instrument. This should be ® ~ 15’
wide to obtain complete images of the cluster and the surround-
ing reference areas. To limit the physical size of the detector ar-
ray, which has to be cooled inside a cryostat for high sensitivity,
the output focal ratio fi of the telescope should not be too slow.
Assuming a diameter of the detector array d ~ 50 mm we derive
a focal length F = d/6 ~ 11.5 m, so that fz = F/D ~ 3.3. This
will be the entrance fi for our spectrometer, which is to be in-
serted between the focal plane of the telescope and the detectors
array.

In Fig. 4 we show the path of the radiation inside the spec-
trometer from two points of view: in the upper diagram we
show the path of rays coming from the sky, while in the bot-
tom diagram we show the path of rays coming from the aperture
pupil. In this sketch collimators are represented by lenses for
simplicity.

Following the upper diagram, the feed optics (the telescope)
focuses the image of the sky at the entrance of the FTS. This, in
turn, produces an exit beam with the same fx. In this way, the
FTS can be removed to return to photometric measurements.

In the spectrometer we need to control the divergency of the
beam, which is directly related to the dimensions of the optical
components.

Moreover, when we move the roof mirrors to change the op-
tical path difference, the optical configuration can change. To
mitigate this problem we need to keep the beam collimated at the
level of the roof mirrors. For this reason we need two interme-
diate focalizations in correspondence to the two beam-splitting
wire grids (WGgs).

In the bottom diagram of Fig. 4 we show the positions of the
intermediate images of the aperture pupil (the telescope aper-
ture): these correspond to positions where the rays from the sky
are collimated. This optical scheme requires three intermediate
images: two at the WG;, and WG, and a third one at the mov-
able roof mirror. In this way, the effect of optical pickup or mod-
ulation is minimized when moving the mirror.

The considerations above have driven the optical design of
the instrument.
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Fig. 5. Top: location of the interferometer between the secondary mir-
ror and the focal plane inside the cryostat (fop); ray-tracing with the in-
terferometer excluded (bottom). Bottom left: general ray-tracing in the
interferometer. Bottom right: ray-tracing of a single field in one FTS.
Radiation coming from the telescope is reflected by the 45° folding
mirror towards the wedge mirror. A first collimator (Coll I) reflects it
towards the input Wire Grid (WG in) that splits the polarizations to-
wards the two inteferometers. In each FTS radiation from this first WG
proceeds towards a second collimator (Coll II) that focuses it on the
beam splitter (WG BS). Both the reflected and transmitted components
are collimated by collimator mirrors (Coll RM) on the Roof Mirrors
(RM) of the delay lines. The roof mirrors rotate the polarization by 90°
so that the beams proceed towards the output section, where Coll I1I col-
limates the beam on the output wire grid (WG Out). Radiation is finally
collimated by Coll Out and reflected by the rear face of the 45° folding
mirror so that the exit is aligned with the optical axis of the telescope.
A HDPE lens adapts its divergency to the initial one.

5. Opto-mechanical implementation
5.1. Optics optimization

The initial optical design of the efficient DFTS was developed
using ZEMAX in sequential mode. We modeled the optical sys-
tem that feeds the spectrometer as a classical Cassengrain tele-
scope, feeding a focal plane 50 mm in diameter, with a focal
ratio f/3.3. We need to insert the input ports of our DFTS in this
beam, between the rear side of the primary mirror and the tele-
scope focal plane, and produce an identical beam at the exit, so
that the insertion of the DFTS does not require any change in the
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detector system (see Fig. 4). In this way, the telescope can carry
out photometric measurements when the DFTS is excluded from
the system, and spectroscopic measurements when the DFTS is
included. In the following we describe the optimization process
for the different sections of the instrument.

5.2. Input section

Radiation coming from the Cassengrain secondary mirror is de-
flected towards the input port of the DFTS by a flat folding-
mirror at 45°. To better fit the available room between the rear
side of the primary mirror of the telescope and the cryostat of
the detectors, the optical system of the DFTS is developed in a
plane orthogonal to the optical axis of the telescope (see Fig. 7).

The input section of the DFTS is shown in Fig. 6. In the lo-
cation of the deflected focal plane we place our image divider. A
wedge mirror, with vertex in the focal plane, splits the image of
the sky in two (see Fig. 6). The two halves are reflected towards
two independent collimators (Colly), symmetrically located with
respect to the focal plane.

The two sides of the mirror are 40 mm x40 mm, and they are
tilted £36° with respect to the optical axis. The two Coll; have a
biconic surface, optimized to reproduce the aperture pupil at the
input wire grid WG;, position.

Below we consider the center of the field of view of the sin-
gle half of the wedge as our optical axis. On WG;, we have the
image of the secondary mirror of the telescope, that is, the aper-
ture stop of the optical system (see Fig. 4). The wire grid di-
ameter required to avoid vignetting of the beam is 130 mm. The
two output beams from WG;, are fully polarized; both contain
radiation from the two input sources and are processed by two
symmetrical MPIs. In the next subsection we follow the radia-
tion path that propagates and interferes inside the two MPIs.
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Fig.7. Orthogonal views of the two MPIs. The optical axis of the
Cassegrain telescope is marked for reference. The moving roof mirrors
of the 4 delay lines are marked by double arrows.

5.3. Interferometer section

The optical design of the MPIs is shown in Fig. 7. Undesired
rotation of the polarization orientation is avoided by developing
the two MPIs along two slanted planes. These are tilted with
respect to a plane normal to the telescope optical axis by +16°.
As evident from Fig. 7, we also need to preserve a volume along
the telescope optical axis for the folding mirror that intercepts
the telescope beam. This limits the available space for the delay
lines that have to be folded up to avoid vignetting.

The two MPIs are completely symmetric. The outgoing
beam from WG;, is collimated and directed towards the beam-
splitter wire grid (BS) and the delay lines. Owing to its diver-
gency, we need to use two additional aspheric collimators that
minimize the dimensions of the optical system and the aberra-
tions and limit the effect of the retro-reflector motion. A sec-
ond biconic collimator (Colly) focuses radiation onto the BS; a
parabolic collimator (Collgy) produces the parallel beam to illu-
minate the two roof mirrors (RM) retro-reflectors of each MPI.
The optimization performed allows us to limit the diameter of
the BS wire grid to 50 mm. The room available for the delay
lines allows a 40 mm mechanical travel for each RM. The oppo-
site motions of the two RMs in the same MPI double the optical
path difference, so that we reach a maximum spectral resolution
of 1.9 GHz per spectral element.

In the RMs the polarization axis of the incident beam is ro-
tated by 90°, so that, after reflection on the RM, the beam that
had been reflected by the BS is sent back to the BS, which will
transmit it, while the beam that had been transmitted by the BS
will be reflected. Both beams are directed towards the output po-
larizer (WGgy) by means of a third biconic collimator mirror
(Collyyy). This has the same optical parameters as Colly, but a
wider size to avoid vignetting. Consequently, WG, has a diam-
eter of 180 mm. This last wire grid combines the power from the

Folder
Mirror

Lens |

\

Focal Plane

Plane /

Mirror

Coll_out /

Fig. 8. Output section of the DFTS.

two MPIs. With this configuration the power at the two output
ports of the DFTS is close to 100% of the input power.

In the next subsection we describe the output section of the
DFTS.

5.4. Output section

The output of WG, contains power from the two input sources
(the two halves of the sky field of view split by the wedge mirror)
and from the two MPIs. Each of the two outputs contains 50%
of the incident radiation collected by the telescope.

We used only one of the two output beams and focused it to
produce the original output focal ratio of the telescope (f/3.3).
This was obtained by means of an aspherical mirror (Collyy,) and
a flat mirror, redirecting the beam onto the rear face of the same
45° folding mirror we used to intercept the beam from the tele-
scope (see Fig. 8). Colly, has a biconic profile with very large
radii to optimize the final focalization of the beam. This is com-
pleted by a plano-convex lens (made of high-density polyethy-
lene) that corrects aberrations and reproduces the original focal
ratio of the telescope.

5.5. Imaging performance

The DFTS was designed to have imaging capabilities. The FOV
of the instrument is defined by the fraction of the focal plane cov-
ered by the wedge mirror at the entrance of the DFTS. In Fig. 9
(right) we can compare the configuration of the input fields on
the wedge mirror level to the configuration of the same fields on
the detectors focal plane. The two center ray-traced fields come
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Fig. 9. Combination of pixel pairs from the right and left half of the
telescope focal plane (where the wedge mirror is located, top right di-
agram) into single pixels in the detector focal plane (bottom right dia-
gram). Images of the ray-tracing near the wedge mirror (fop left) and
near the detectors focal plane (bottom left) are also shown.

from the centers of the two faces of the wedge, and, after being
processed by the DFTS, are focused on the center of the detector
focal plane. The rectangular area represents the surface of the
wedge and the colored spots are the field arranged in a pattern
that covers a sky area of 0.22° x 0.11°. The image of the sky is
split along the red dotted line, and in the focal plane we have a
differential spectral image, where each spot represents the differ-
ence between mirrored sky positions.

Our optical optimization preserves the initial optical quality,
as evident from the spot diagrams in Fig. 10: both at the wedge
mirror and at the final focal plane all the fields spots are well
inside the Airy disk, for a frequency up of 600 GHz.

5.6. Plug-in module

Our instrument has been designed as a plug-in optical processing
module for the existing OLIMPO instrument. For this reason, the
optical elements assembly including the 45° folding flat mirror
and the output lens can be inserted into or removed from the op-
tical path between the telescope and the detector cryostat. When
the assembly is inserted, the front surface of the folding mirror
reflects the beam coming from the telescope into the spectrome-
ter, and its rear surface reflects the spectrometer-processed beam
towards the lens and the detector cryostat. When the assembly is
removed, the spectrometer is excluded, and the OLIMPO instru-
ment works as a four-band photometer array. The folding mir-
ror/lens assembly is mounted on a trolley on rails (SKF model
LWRM/V) that is moved orthogonally to the beam by a linear
actuator, on command. The mechanical system provides a po-
sition repeatibility of a few microns when inserting the folding
mirror in the optical path.

5.7. Mechanical structure

The main problem in the mechanical design of a balloon-borne
instrument is to create a light-weight structure stiff enough to
maintain the alignment of the instrument despite the orientation
with respect to the gravity vector and the considerable tempera-
ture change (~+30 C on the ground, ~—40 C at float). Our con-
straint was to keep the weight of the spectrometer below 3% of
the total weight of the payload (i.e., 70 kg). Due to the through-
put of the OLIMPO instrument, the necessary volume is large
(about 150 liters). The frame supporting all the optical elements
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Fig. 10. Spot diagrams at the input and output of the DFTS. The disper-
sion of the points is due to the geometrical aberrations resulting from
the sum of all the mirrors in the telescope (fop panel) and in the DFTS
(bottom panel). The circles represent the Airy disk at a frequency of
600 GHz. The nine fields in each panel refer to positions in the sky cov-
ering a rectangular area of 26,4 X 13,2 arcmin, that is, the FOV of the
instrument.

can be up to 0.7 m in size in two dimensions and needs to be
squeezed to 0.3 m in the third dimension to fit the available room
between the rear side of the primary mirror and the window of
the detectors cryostat. We used rectified Al alloy (Mic6) flanges
to build the frame. In this way, the frame and mirrors share the
same thermal expansion coefficients (0.0234 mm/m/C). Even if
this is about a factor 2 larger than that for a steel structure, it
matches the thermal expansion of the telescope, whose struc-
ture and mirrors are made of Al alloys as well. All flanges are
mounted together using M5 screws and pins. Careful finite el-
ements analysis optimization results in a relatively light-weight
frame (60 kg).

We exploit the symmetry properties of our design by mount-
ing the four beamsplitters (WGin, WGout, WG bs 1, WG per) On
two crossed flanges, and all the mirror support plates near the
corners of the frame. The bottom flange (10 mm thick, with large
sections reduced to 3 mm) is an optical bench on which the col-
limator supports and the delay lines are mounted on a side; this
acts as the mechanical interface to the telescope frame on the
other side. The top beams only contribute to the general stiff-
ness of the frame and support light-weight closure sheets. The
frame includes rails and linear bearings to move the folding mir-
ror in and out of the OLIMPO optical path. All the frame parts
were machined to H7 tolerance. The resulting frame is shown


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423631&pdf_id=9
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423631&pdf_id=10

A. Schillaci et al.: Efficient DFTS for precision SZ effect measurements

Fig. 11. Top: 3D drawing of the structure supporting the 4 polarizers of
the instrument (WGi,, WGy, WGhs ., WG r). Bottom: the frame inte-
grated with all the optical components. The volume of the main body is
70 x 70 x 33 cm?. The protruding beam supports the linear motor that
moves the folding-flat/lens assembly to exclude or include the MPI in
the optical path of the OLIMPO instrument.

in Fig. 11. The maximum deflection of the loaded optical bench
under the effect of gravity (any direction) is below 0.01 mm over
70 cm. To avoid internal reflections and to reduce straylight, all
the internal walls of the DFTS are covered with ECCOSORB®.
Internal shields and the input hood additionally reduce the stray-
light level.

5.8. Delay lines and their fine tuning

The delay lines are the main active components in the FTS. The
delay introduced must be controlled with high precision (see
Sect. 6) and must not introduce other biases in the measure-
ment. In our optical configuration both arms of each interfer-
ometer have moving roof mirrors. One arm is shortened while
the other is elongated by the same amount. In this way, we dou-
ble the optical path difference and the spectral resolution while
keeping the instrument size constant. The motion of the two lin-
ear stages of the same interferometer has to be synchronized so
that exactly opposite delays are introduced. We used two linear

Fig. 12. 3D drawing of the delay lines assembly, showing the two roof
mirrors (one for the left interferometer and one for the right interfer-
ometer), the linear stage PLS85 that control the introduced delay (this
is inserted between the delay line assembly and the optical bench), and
the tuning stage APT38 (located below the right roof mirror).

Fig. 13. Left: 3D drawing of the rear side of the collimators, showing
the flat interface to the optical bench. Right: picture of the polished front
surfaces.

motion stages model PLS-85 from MICOS, adapted for vacuum
and low-temperature operation. Each linear stage moves an as-
sembly of two roof mirrors, one for each interferometer. The
relative position of the two mirrors moved by the same stage can
be tuned by means of an additional linear stage (APT38 from
MICOS), which allows for fine adjustment of the distance be-
tween the two mirrors. In this way, we can finely match the op-
tical path differences introduced by the two interferometers. The
resulting moving assemblies are shown in Fig. 12. With this ar-
rangement, the delays in the two interferometers can be equal-
ized to better than 0.5 um, as checked by maximizing the zero
optical path difference peak in wide-band interferograms.

5.9. Collimator and roof mirrors

All mirrors were machined from Al alloys (AA2024 for the flat
mirrors; AA6082T6 for the curved mirrors) using CAM milling,
with 0.1 mm machining steps. These materials were selected to
optimize the quality of polishing and the thermal stability. The
mirror surface was obtained from a solid block including the bot-
tom flat interface to the optical bench, as visible in Fig. 13. In
ideal conditions, the flat surface matches the optical bench, with
pins aligning the mirror in the nominal position. If this position-
ing would need to be modified for improved alignement, this is
possible by removing the pins and using push screws. We hand
polished the surface with a cloth using polishing pastes with dia-
mond dust grains progressively smaller (15 ym, 9 ym, 3 ym, and
1 um). After each polishing step the mirror was ultrasonically
cleaned in ethanol. The final polishing was made using a small
drill rotating a cloth dipped in 1 ym diamond dust (see Fig. 13).
The deviation from the ideal mirror profile, as measured using a
Mitutoyo long-stroke linear gage touch probe on a micrometric
linear stage, is lower than 3 ym rms for all mirrors.
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Fig. 14. Estimated efficiency reduction versus misalignment of the wire
grid wires with respect to the optimal orientation.

5.10. Polarizers

We used high-efficiency wire-grid polarizers, made of parallel
tungsten wires, 10um in diameter, and spaced by 25 um for the
WGgs and 20 pm for the WG, and WG, , stretched across a
steel support ring. This combination is suitable for large temper-
ature excursions (is used even in cryogenic systems). The polar-
izers where provided by QMC instruments and feature an effi-
ciency very close to 100% for both transmission and reflection,
and a cross-polarization better than —40 dB. The correct posi-
tioning of the wire grids is achieved by means of support rings
with mating pins, so that the orientation of the wires is precise
to better than 0.1°. The effect of an incorrect orientation of the
beam-splitter wires is a modest reduction of the efficiency, as
shown in Fig. 14. The reduction is totally negligible for a 0.1°
misalignment.

6. Random errors and systematic effects

An important problem in FTS interferometry is the accuracy and
the precision of the delay line motorized stages. For a double
MPI this problem can be critical, because the positioning and
motion of the four roof mirrors has to be perfectly synchronous
to avoid loss of signal and distortions of the interferogram. For
this system we can imagine two types of error: the first is due
to random positioning errors of the roof mirrors with variance
o ; the second one is produced by a sytematic mismatch of the
delays of the two interferometers. Very precise, tunable and re-
producible mechanical actuators are needed for the delay lines.
The PLS-85 motorized linear stage provides 50 mm of mechan-
ical travel and a nominal positioning precision of <1 um rms.
The APT38 equalization stages provides a resolution better than
2 pum. In the following we describe the results of simulations that
computed the errors introduced in the spectra by nonidealities in
the delay lines.

6.1. Positioning errors

We simulated interferograms measured during observations of
an SZ spectrum, with random deviations from the nominal posi-
tions x;. The deviations are Gaussian distributed, with a standard
deviation o, ranging from 1 to 5 um. The simulated spectra,
assuming a negligible contribution from the fluctuations of the
common mode, are shown in Fig. 15. The PLS-85 motorized
stages used in our interferometer have a positioning accuracy
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Fig. 15. Simulated spectra of the SZE estimated from interferograms
with random positioning errors o, = (0, 1, 5) um. Even for o, = 5 um
the systematic effect is much smaller than the random measurement
erros (cf. Fig. 2).
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Fig. 16. Simulated spectra of the SZE estimated from interferograms
with an error in the delay line equalization of (0, 1,5) um. Again, even
for o, = 5 um the systematic effect is much smaller than the random
measurement errors (cf. Fig. 2).

o, < 1 um rms: from the results of the simulation it is evident
that this does not degrade the quality of the measurements at all.

We have also measured the total travel resulting from the
sum of a large number of steps to see whether there is a measur-
able effect due to a possible miscalibration of the step size. For
both stages the step size is accurate to 0.01%, so any shift of the
frequency scale in the measured spectrum will be <0.01%. Given
the medium resolution of this instrument, this is negligible.

6.2. Tuning of the delay line lenghts

The two interferometers should process radiation by introducing
exactly the same delay. For this reason, as explained in Sect. 5.8,
we added a tuning stage APT38 to match the delays in the two
interferometers. A balloon-borne instrument changes its temper-
ature by a significant amount, from about +30 C before launch
and in the laboratory to ~—40 C at float. The resulting change
in all dimensions of the FTS could produce a shift of the de-
lay lines positions with respect to the laboratory ones. For this
reason, the APT38 can be moved remotely, during the flight, by
means of telemetry commands. We performed a simulation to
estimate the effect of a mismatch of the two delay lines ranging
from 1 to 5 um for SZ observations, as in Sect. 6.1. The results
are shown in Fig. 16. With 1-2 ym of mismatch, achievable with
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Fig.17. Spectra of Gunn diode emission obtained for different max-
imum optical path differences. Since the Gunn diode is effectively
monochromatic, the measured widths represent direct measurements of
the spectral resolution of the DFTS.

the APT38, the effect is a very slight deformation at the high-
frequency end of the measured spectrum, much smaller than the
expected random errors due to photon and detector noise (cf.
Fig. 2). Using the same parameter extraction procedure as de-
scribed in Sect. 2, we verified that the shift in the best-fit values
of the parameters induced by this effect is smaller than their 1o
error.

The tuning lines can be operated by telecommand during the
flight of the instrument. For an accurate equalization of the two
FTSs, several interferograms with different equalization delays
will be taken while observing a planet, for example, Mars. The
signal-to-noise ratio in this case is very high (thousands of times
higher than for SZ signals, with the OLIMPO telescope) so that
in less than one hour of measurements the equalization settings
that maximize the amplitude of the interferograms can be found.

7. Tests and commissioning
7.1. Alignment

With all mirrors in their nominal positions, the wire grids were
replaced by semi-reflective optical glasses (3 mm thick), which
provide beam-splitting of visible light from an expanded laser
placed at the input port of the spectrometer. A target cross-wire is
present in the optical glasses, so that collimators for each beam-
splitter can be adjusted to center the laser beam. We are able to
trace the whole optical path of the MPI checking the output po-
sitions of all the fields. The required mechanichal adjustments
were minimal, confirming the machining accuracy. After optical
alignment, we started to measure interferograms of mm/submm
sources.

7.2. Monochromatic measurements using a Gunn diode

A 140 GHz Gunn diode with a power of a 20-30 mW was
used with a Golay cell room-temperature detector to measure
the commissioning interferograms. The diode output is basi-
cally monochromatic (the first harmonic is down by a factor
~20 and we used a low-pass filter with cut-off at 220 GHz to
further reject the harmonics) and was coupled to the interfer-
ometer using a single-mode feedhorn and two high-density poli-
ethilene lenses, to match the input f/# of the DFTS. In Fig. 17
we present the interferogram obtained moving one roof mirror
up to the maximum stroke of +2 cm from the zero path differ-
ence (ZPD), and the other symmetrically to a maximum offset

-0.5 0.0 Q0.5 1.0
Optical Path Difference (cm)
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Fig. 18. Top: interferograms measured with an Hg discharge lamp and
a room-temperature blackbody, band-pass filtered at 375 GHz. In the
continuous interferogram, the Hg lamp is placed in the center of port A,
while the center of port B is filled with the room-temperature black-
body. In the dashed interferogram the positions of the two sources are
switched. Bottom: spectra obtained from the two interferograms above;
the second spectrum has been multiplied by —1 to facilitate the compar-
ison with the first one.

—2 cm from the ZPD, producing a maximum optical path dif-
ference (OPD) of 8 cm, and spectra obtained for different max-
imum optical path differences. For the largest possible optical
path difference introduced by our DFTS (8 cm) the width of
the 140 GHz line is 1.87 GHz, consistent with the expectation
Ao ~ 1/(2 OPDy,yx) (the interferogram was apodized with a
triangular window). Decreasing the OPD, the spectral resolu-
tion decreases as expected, while the signal-to-noise ratio for the
measurement of continuum sources improves as 1/Ac.

7.3. Continuum measurements

To test the performance at higher frequency, we coupled the
DFTS to a thermal source, an Hg lamp (Philips 125W) produc-
ing a ~5000 K gray body, and filtered the emission using differ-
ent mesh filters. The source was coupled to the interferometer
by means of a two-lenses system, to reproduce the same f/# and
beam as the OLIMPO telescope.

In Fig. 18 we plot the interferograms obtained through a
375 GHz bandpass filter for two symmetric positions of the
source, focusing radiation from the Hg lamp on the centers of
the two input ports of the DFTS (which are the centers of the
two surfaces of the input wedge mirror). In the first interfer-
ogram (I;), the center position of port A is filled by the Hg
lamp, while the center position of port B is filled with a room-
temperature blackbody. In the second one (1), the two sources
are switched, so that the Hg lamp is located in the center posi-
tion of port B. The two measured interferograms feature a good
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Fig. 19. Interferograms measured with an Hg discharge lamp, band-pass
filtered at 600 GHz, for operation of the left FTS alone, of the right
FTS alone, and of the complete DFTS. The two FTSs contribute almost
equally to the total signal, and the DFTS is still modulating efficiently
at this high frequency.

symmetry, as expected for a truly differential instrument. We de-
rive I, ~ —1.037;. The ~3% asymmetry mainly arises because
the Hg lamp does not fill the beam, and our repositioning ac-
curacy is about 0.2 mm with a distance between the two sym-
metrical positions of 26 mm and a size of the lamp aperture of
8 mm; moreover, the gain stability of the Golay cell and of the
Hg lamp emission are at the % level, on the timescales involved
in this measurement, as checked by repeating this procedure sev-
eral times. Therefore, while confirming the differential nature
of the instrument, this result cannot be used to characterize the
common-mode rejection ratio CMRR of our DFTS. This was
measured by filling the two ports with two room-temperature
blackbodies with different temperature, measuring the resulting
interferogram [}, then switching the two blackbodies and mea-
suring the resulting interferogram I,. The simplest model for
an asymmetry in the interferometer is described by a modified

Eq. (8):

I = %(1{1 + 1) + % [I, — (1 - CMRR),] cos(5). (10)

From our measurements of /; and I, we find CMRR = (8 £ 6) X
107%, that is, we can set an upper limit CMRR < 2 x 1073 at 95%
C.L.

In Fig. 19 we compare the interferograms produced by each
of the two FTSs present in the DFTS (each obtained by blank-
ing the WGgg of the other FTS) with the interferogram obtained
from the simultaneous operation of the two FTSs. In this case, a
600 GHz band-pass filter was used to reduce the spectral width
of the source. Even at this high frequency (basically the high-
est operative frequency of the instrument), the DFTS efficiently
modulates the radiation under analysis (see Sect. 7.4). We found
that the quality of the equalization of the two interferometers is
totally dominated by the aligment of the mirrors and wire grids
in the DFTS. In the case shown in Fig. 19, the difference between
the two interferograms is mainly in the baseline level (again due
to the instability of the Golay cell and of the Hg lamp); the rest
of the difference (about 0.7%) is very well described by an over-
all constant efficiency factor. In addition to this effect, which is
corrected for by the overall in-flight calibration procedure (see
next section for a discussion), the two FTSs contribute almost
equally to the total signal.
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7.4. Efficiency of the instrument

Our instrument can be bypassed to perform photometric mea-
surements, as explained in Sect. 5.6. When inserted, it repro-
duces at the output the same beamwidth and size as the input
beam. Comparing the ZPD signal transmitted by our instrument
to the ZPD signal measured with the same detector when the
spectrometer is bypassed, we can assess the optical efficiency
of the instrument. We find that this is dominated by the align-
ment of the mirrors and wiregrids in the interferometers. After
careful alignement, we measured that for unpolarized sources
the ratio between the two signals is >90% at 150 GHz, >95%
at 220 GHz and 375 GHz, and >80% at 600 GHz. Given the
sensitivity of these numbers to alignement of the mirrors, and
the fact that when the alignment is not perfect, the efficiencies
above are all reduced by the same factor, we conclude that the
slight inefficiency is mainly due to edge rays that are lost in case
of inaccurate alignment.

In the spectroscopic configuration we compared the height
of the ZPD peak (above the baseline) with the baseline ampli-
tude to assess the interferometric modulation efficiency of the
instrument. This is 298% at 145 GHz and >80% at 600 GHz,
demonstrating that the instrument features a good efficiency in
the whole frequency range useful for SZ measurements. The re-
duction of the modulation efficiency at high frequency is prob-
ably due to same small misalignments, mispositioning, and ma-
chining imperfections of the mirrors that cause the efficiency
reduction described above. In this case a small fraction of the
beam undergoes a slightly different geometrical path that the
bulk of the rays, which generates randomly distributed phase
shifts. Constructive interference will be affected more at short
wavelengths than at long wavelengths. These effects are factor-
ized with the spectral response of the sub-band filters and of the
detectors, and must all be calibrated during the flight by observ-
ing a reference Rayleigh-Jeans source, measuring the relative
spectral response of the whole instrument.

8. Discussion and conclusion

We have developed a differential Fourier-transform spectrome-
ter optimized for low-medium-resolution spectroscopy of faint
brightness gradients. The instrument is efficient, features large
throughput (~2.3 cm?sr) and medium resolution (~1.9 GHz
FWHM, independent of frequency), in a relatively compact
setup. The instrument is suitable for suborbital operation and
will be tested in the forthcoming flight of the OLIMPO strato-
spheric balloon.

We tested several possible systematic effects. The only
one resulting in a potentially non-negligible systematics is the
CMMR, for which we set an upper limit CMMR < 0.2%. For
measurements of the SZ effect with OLIMPO, where the DFTS
works at room temperature, the common-mode background on
the detectors is due to the instrument itself (mainly the room-
temperature mirrors and the WGs), the residual atmosphere, the
CMB, and interstellar dust. The resulting common-mode bright-
ness, multiplied by our CMRR upper limit, is about (6, 20, 60,
160) MJy/sr in our four bands, to be compared to SZ signals
about (0.2, 0.2, 0.7, 0.8) MJy/sr. An offset removal observation
strategy is evidently in order. The SZ measurement will be per-
formed by subtracting from a first observation of the brightness
difference between the cluster and the reference direction, a sec-
ond observation of the brightness difference between two other
nearby blank-sky directions. With a stability of the common-
mode emissions better than 0.05%, this strategy allows good
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measurements of the SZ. We stress that what we just described
is the worst case allowed by our upper limit on the CMRR. Our
instrument model suggests a much better situation. The confir-
mation will come from in-flight measurements.

A second implementation of the DFTS was designed for op-
eration in the W-band at the Sardinia radio telescope.

With a different mechanism for the mirror motion (see e.g.
Schillaci et al. 2011 and references therein), the system can
be implemented for operation in a cryogenic environment, suit-
able for space-based operation. This is the case of the SAGACE
(de Bernardis et al. 2010) and millimetron (Smirnov et al. 2012)
missions. Here the CMRR offset due to instrument emission will
be reduced by at least a factor 100, resulting in very competitive
spectrometers for wide-band continuum measurements.
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