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Abstract: The application of the Martin-Puplett type Fourier transform spectrometer to aper-
ture synthesis is considered. The con�guration of the mirrors and beam splitters and the fun-
damental mathematical elements of the system are summarized. We show that the system can
measure spectrally resolved spatial distribution of the Stokes parameters of sources as interfered
signals. An original Martin-Puplett type Fourier transform spectrometer that can be applied to
aperture synthesis in mm and sub-mm wave bands has been constructed. The preliminary results
of our laboratory experiments are reported.

1. INTRODUCTION

The application of the aperture synthesis technique to mm and sub-mm wave band obser-

vations is expected to open a new horizon in mm and sub-mm astronomy. However, the current

aperture synthesis technique cannot use the high sensitivity detectors in these wave bands, e.g.
bolometer and SIS direct detector as focal plane detectors since they require detectors that can

record the phase of the radio waves. This limits the sensitivity of the observational system.

The application of the Fourier transform spectrometer (hereafter FTS) to aperture synthesis
is attractive since the above mentioned high sensitivity detectors can be used as the focal

plane detectors of the aperture synthesis system. The application of the FTS to the aperture

synthesis was �rst independently proposed by Itoh & Ohtsuka (1986) and Mariotti & Ridgway

(1988). The system was referred to as double Fourier interferometer by these authors since the

obtained data by the system is Fourier transformation of both spectra and intensity distribution

on the sky. In this paper, we refer to this as Fourier transform imager and spectrometer

(hereafter FTiS). In the previous works, the Michelson type FTS was applied to the aperture

synthesis. Since a dielectric �lm was used as beam splitter, the wave number dependence of

the transmissivity and reectivity of the beam splitter had to be taken into account for wide

band observations, and the measurements of polarization could not be undertaken. To improve
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these two points, we considered the application of the Martin-Puplett type Fourier transform

spectrometer (hereafter MP-FTS: Martin & Puplett 1969) to the aperture synthesis system.

2. FUNDAMENTALS OF MP-FTiS

2.1 Con�guration of the Mirrors and Beam Splitters

The FTS measures the auto-correlation of the incident mm and sub-mm wave with various

time lags. According to the Wiener-Khintchine formula, the inverse Fourier transformation

of the measured auto-correlation for various time lags gives the power spectral density of the

observed object. The MP-FTS uses wire-grid (hereafter WG) as the beam splitter. Since the

transmissivity and reectivity of the WG have little frequency dependence and are 50% for un-

polarized light at wavelength longer than the interval of the wire, e.g. 25�50�m, the MP-FTS

is of great advantage to wide-band spectroscopy in the mm and sub-mm wave bands.

Figure 1 shows the sketch of the MP-FTiS. The WGs are labeled as 'wg.1,2,,,'. One of the

most important modi�cations made in MP-FTiS is the arrangement of two roof top mirrors
(hereafter RTM), which is shown by the right angle mirror. The two RTMs must face the

same direction, not in perpendicular directions as in the FTS. This modi�cation is essential for

obtaining the mutual interference of the inclined incident waves, which is essential for imaging.

The MP-FTiS has two incident windows at the top panel just above WG1 and WG2. The

WG1 and WG2 are inclined 45Æ from the vertical plane. The direction of wires of these WGs

are tilted 45Æ from the line connecting the center of the WG and the RTM when the WG is

seen from the top. The beams reected by these WGs are measured by the �rst MP-FTiS.

The transmitted beams are led to the second MP-FTiS set under the �rst MP-FTiS. We made

the 1st model of the MP-FTiS based on this design (MP-FTiS-I). MP-FTiS-I has only the �rst

MP-FTiS and observes only the reected beams by WG1 and 2.

There are two fundamental options concerning the relative direction of wires of WG1 and
WG2. When the directions of wires of these WGs are set perpendicular to each other, U and

V components of the Stokes parameters are measured. Hereafter, this case is referred to as

option one. When the directions of wires of these WGs are set to be parallel to each other, I
and Q components of the Stokes parameters are measured. Hereafter this case is referred to as

option two. In case of the option one (two), the polarization vectors of the reected beams by

WG1 and WG2 are orthogonal (parallel) to each other. These beams are reected by the RTM

twice and return to each WG. Because the polarization vector of the beams reected by the

RTM rotates by 90Æ from its original polarization, the beams coming back from RTM transmit

the WG1 and WG2 perfectly. These beams are combined at the third WG, WG3, that stands

vertically. Following con�gurations are di�erent in each option. In the case of option one, the

direction of the wires of the WG3 must be tilted 45Æ from the vertical axis to reect the beam
coming from the WG on this side (WG1) and to transmit the beam coming from the WG on

the other side (WG2), perfectly. The combined beam is focused by an o�-axis parabolic mirror

onto the detectors. Since the polarization vectors of the two beams combined at the third WG

are orthogonal to each other, the projection of the polarization of the combined beam in the

vertical or horizontal directions must be taken before measurement to get interference signal

of the two beams. For this purpose, the fourth WG is set before the detector. The direction

of the wires of the fourth WG must be vertical or horizontal. Two detectors are mounted in

the focal plane to measure both the transmitted and reected beams by the fourth WG. By

subtracting the signal obtained by measuring the reected beam from the signal obtained by
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measuring the transmitted beam, the DC component is removed and only the interferogram

of the two beams remains. The noise appeared in DC level due to sky uctuation could be

removed perfectly by this procedure. In case of the option two, the direction of the wires of

third WG must be vertical or horizontal; otherwise no mutual interference signal is detected.

Each beam coming from each RTM is divided into reected and transmitted beams by this

third WG. To obtain the mutual interference signal, one more WG in front of the detectors

is necessary for each combined beam. Both beams reected and transmitted by this WG are

measured and subtraction of each signal is performed. Finally, the subtracted signals of the

two combined beams are summed.

The second MP-FTiS performs measurements complementary to the �rst MP-FTiS. The

wires of WG5 and WG6 must be perpendicular to those of WG1 and WG2 respectively, to

reect all the beams transmitted through the �rst MP-FTiS. In case of the option one, the

direction of wires of WG7 must be 90Æ to that of WG3. Con�guration of other equipments in

the second MP-FTiS must be the replica of the �rst MP-FTiS.

One of the RTMs is moved to change the path length di�erence of the two beams. The

direction of the motion is assigned as x axis where the direction toward the WG is speci�ed as

the positive direction. The origin of the x axis is arranged at the position where the distance
between the WG and the RTM becomes the same as that of the �xed RTM. The moving RTM

moves periodically from �X to X or in reverse, at constant speed.

A division of wave-front is performed by two telescopes mounted above the MP-FTiS. The

two telescope must be pointed to the same direction. The optical system of telescopes must

be arranged so as to guide the on-axis beams to each incident window along the vertical axis.

The path length di�erence between these two on-axis beams must be zero just in front of the

incident windows of the MP-FTiS.

2.2 Formulation

In the following discussion, the coordinate system is de�ned as follows. The coordinates are

�xed in the object plane on the sky. The origin of the coordinate system is de�ned to some

reference point on the object plane that must always coincide with the center of the FOV. The

image position on the sky relative to the reference point is de�ned as (�x; �y). The position

vector connecting the centers of two telescopes is called the baseline vector, and is de�ned as

(bx; by). Because of the earth's rotation, the baseline vector rotates.

Suppose the electric �eld of the light beam from the object at the sky position ~� and

frequency � at the observer's position can be written as ~E(�; ~�; t) = (E1; E2) where E1 and E2

are orthogonal transversal components of the electric �eld. We can then write,

E1 = �1(�; ~�)cos(2��t+ Æ1);

E2 = �2(�; ~�)cos(2��t+ Æ2): (1)

Without loss of generality we can set the coordinate system such that the direction 1 (2) is

in the plane made by the wave-vector and the wire of the WG1 (WG2 in the option one and

WG1 in the option 2) in the �rst MP-FTiS. When the variation of the spectral energy density

within the sampling frequency is negligible, that is 10 � 1000Hz in the case of bolometer, the
�nal data after the subtraction explained in the last sub-section, can be written as

FI1(bx; by; x) =
1

2

Z


d�xd�y

Z
d� 0A�0(~�)

�
U(� 0; ~�)cos(2�

� 0

c
(~b � ~� + 2x))
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Fig. 1: The sketch of the MP-FTiS. Top view of the MP-FTiS is shown. Each beam collected by the
two telescopes (P1 and P2) is lead into windows above WG1 and WG2 of the �rst MP-FTiS.
The second MP-FTiS is set under the �rst MP-FTiS so as to get the beam transmitted through
WG1 by WG5 and through WG2 by WG6. In case of the option two, two additional detectors
are necessary for each �rst and second MP-FTiS.
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�
; (2)
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where 
 is the solid angle subtended by the source, I = �21+�
2
2; Q = �21��22; U = 2�1�2cosÆ; V =

2�1�2sinÆ are Stokes parameters (Æ = Æ1� Æ2), FI1(2) and SI1(2) are the signals by the �rst and
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second MP-FTiS for option one (two) respectively. A�(~�) is the window function at the central

frequency � toward the direction of ~� which expresses the FOV of a focal plane detector for

each frequency. For each combination of (bx; by), the data for various values of x from �X to

X must be taken. The inverse Fourier transformation of Eq.(2) in time-lag 2x
c
gives

gXIn(bx; by; �) =
1

�
Re
hZ +1

�1
d

�
4�X

c
� 00
�
sin4�X

c
(� � � 00)

4�X
c
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�
Z


d�xd�yA�00(~�)Xn(� 00; ~�)e�2�i

�00

c
(bx�x+by�y)

i
; (6)

where Xn = (U � iV )=2 for n = 1 and �(+) sign is taken for X = F (S), and Xn = (I �Q)=2
for n = 2 and +(�) sign is taken for X = F (S), respectively. Because of the behavior of the
sinc function, the main contribution to the integral comes from the � 00 in the range of

j� 00 � �j � c

4X
; (7)

where c is speed of light. This limits the spectral resolution of the FTS to 2 � c
4X . The

maximum amplitude of the moving RTM of our MP-FTiS-I is X � 1:5cm. Therefore, the

spectral resolution of the MP-FTiS-I is 10GHz. The incident beam can then be decomposed

into quasi-monochromatic beams with arbitrary central frequency of � and the band-width of

2� c
4X . For the decomposed quasi-monochromatic beam to be partially coherent, the time-lag

due to path length di�erence of two beams must be much less than the coherent time(Born &

Wolf 1980). This provides

1

c
jbx�x + by�yj � (2� c

4X
)�1: (8)

This limits the �eld of view as a function of the maximum base-line length.

Now the common notations of interferometry can be introduced, that is

u =
bx
�
;

v =
by
�
; (9)

where � = c=�. Using these notations, Eq.(6) can be written as

gXIn(u; v; �) = Re
hZ



d�xd�yA�(~�)Xn(�; �x; �y)e

�2�i(u�x+v�y)
i
: (10)

3. THE APPLICATION TO ASTRONOMICAL OBSERVATIONS

Firstly, the application to the measurement of the temperature uctuation of the cosmic

microwave background (CMB) is considered. The Fourier transformation on the sky of the
intensity of the CMB temperature uctuation, ~I(u; v; �) is obtained by fFI2 + fSI2. The mea-
surement of C` for the CMB temperature uctuation is performed by taking an ensemble

average of ~I obtained by observations of di�erent portion of the sky for the (u; v) combinations
which gives the �xed value of

p
u2 + v2. The C` for the CMB polarization is obtained by taking

the similar ensemble average of fFI2 � fSI2; fFI1 + fSI1 and fFI1 � fSI1.
When one would like to perform the spatially dependent spectroscopy, the data for as many

as possible combinations of (bx; by) should be taken. The inverse Fourier transformation ofgXIn(u; v; �) in the uv-plane provides I(�; ~�); Q(�; ~�); U(�; ~�); V (�; ~�).
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Finally, if the functional form of the source spectrum is known and it does not depend on

the position in the source, that is Xn(�; ~�) = Xnim(~�)Xnsp(�), the following eÆcient method
can be applied. One of the important example of this type is the Sunyaev-Zel'dovich e�ect

due to cluster of galaxies (hereafter SZE; Sunyaev & Zel'dovich 1980) as long as the relativistic

e�ect is negligible. Suppose the data in the frequency range of �1 < � < �2 are taken where

the band-width is larger than the spectral resolution of the MP-FTiS. By some treatment, the

FOV window function for all frequencies can be set to be identical to that of �1. Since the data
for di�erent � do not have to be treated as individual data in this case, the observation with

one combination of (bx; by) is equivalent to the (�2 � �1)=�� times individual combinations of
(u; v) in the range from �1

c
(bx; by) to

�2
c
(bx; by). When the data with the baseline vectors on

a circle of radius b on the baseline vector plane is sampled uniformly, a ring region between a

circle of radius �1
c
b and of radius �2

c
b in uv-plane with an interval of ��

c
b is �lled. If �1 � 0 and

�2 � 1, the image of the source is obtained by

Xnim(~�) =
1
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�
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c
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Re
hZ 1
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gXIn(
�
c
bcos�; �

c
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e2�i

b
c
�(�xcos�+�ysin�)

i
:

(11)

It is worth noting the following things. Since the SZE appears as the ux decrement in the
Rayleigh-Jeans part and as ux increment in the Wien part contrast to the back ground, if

one tries to observe the SZE over the frequency ranging from the RJ part to the Wien part by

a single detector simultaneously, the ux would be zero. However, this kind of observation is

possible using FTiS, since the FTiS measures the spectroscopically resolved image.

4. LABORATORY EXPERIMENTS

We are now performing experiments in the laboratory aimed to verify the theory described

in the previous section, to establish the practical methodology for using MP-FTiS and to

calibrate the performance of the MP-FTiS. A brief report on the current status of our laboratory

experiments is summarized. A picture of the laboratory set-up is shown in Figure 2. The MP-

FTiS-I is the box with two circular black windows on the top panel. A mm-wave source

module HP83558A is kept on the left corner of the table of this side. The mm-wave generated

by RF plug-in HP83595A is swept by sweep oscillator HP8350B in the frequency range of 13.5-

18.5GHz with a 10msec period. The source module extends the frequency range of the source to

6 times higher frequency range. The source module cuts part of the W-band (75.0-110.0GHz).

Therefore, the frequency range of the waves used in our experiment is 81:0�110:0GHz. Finally
the waves are emitted by the source module through a horn antenna. The emitted waves are
nearly spherical. The source module is kept at the focus of the spherical mirror with o�-axis

angle of about 15Æ. The dimension of the spherical mirror are 20 � 20cm and R = 3000mm.

The beam reected by the spherical mirror becomes nearly plane wave and goes to the plane

mirror on the MP-FTiS-I. The plane mirror is inclined at � 45Æ to guide the on-axis beams to

incident windows of the MP-FTiS-I along vertical axis. The moving RTM is set for the light

path which enters the MP-FTiS-I from the left hand side entrance window. A single silicon

bolometer mounted on liquid He temperature stage is used as the focal plane detector. Only

the transmitted component through the fourth WG is observed.

Figure 3 shows the interferogram obtained by the above mentioned experiment. The data

shown in Figure 3 is average of the data obtained from 500 scans of the moving RTM. It

is clear that the interference signal of the two beams obtained by the division of the wave-
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Fig. 2: A picture of the laboratory experiment performed at astronomical institute of Tohoku university.

front, that is mutual correlation, is detected. The observed interferogram is broad, because

the band-width of the incident light beam is not so wide as compared to the central frequency,

e.g. 30GHz=96GHz � 0:3. The highest peak positions are at the sampling point 2853 for the

backward scan and at 9401 for the forward scan.

5. FUTURE

We have described the fundamentals of MP-FTiS, and briey described the current status

of our laboratory experiment. There are, of course, many themes that must be achieved

before designing a high sensitivity mm & sub-mm interferometer based on the MP-FTiS. We

are now performing image synthesis experiments taking into account the source polarization

measurements in the laboratory, and preparing for ground based astronomical observations
with FTiS-I. After these experiments, the next generation of the MP-FTiS based instrument

will be designed to perform simultaneous wide-band imaging and spectroscopy of the SZE signal

of nearby clusters, and the wide-�eld blind SZE survey of the clusters. The CMB temperature

uctuation measurements in high spatial frequency and the CMB polarization measurements

will be attacked by third generation of our instrument.
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Fig. 3: The interferogram obtained by MP-FTiS-I in our laboratory experiment. The vertical axis is
intensity of the signal in Volt. The horizontal axis is data sampling points that represent the
position of the moving RTM. The sampling is started when the moving RTM is at x = X � 1:5cm
and the moving RTM moves backwards with a constant speed of 6:0cm=sec. Continuous data
sampling is done till the moving RTM reaches x = �X which corresponds to the sampling point
� 6100. Then the RTM start to move forwards and, the data sampling start again when the
RTM reaches at x = �X and continues till the RTM arrives at x = X . Since the position of
the moving RTM is monitored by observing the interferogram of the He-Ne laser, the accuracy
is at least 10% of the wavelength of He-Ne laser. The interval of the sampling point corresponds
to the light path length increment (backward moving) or and decrement (forward moving) of 16
times the wavelength of He-Ne laser, that is 0:01012mm, and to �x = 0:00506mm.
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