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The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is an astronomical mission opti-
mized for mid- and far-infrared astronomy, envisioned for launch in the 2020s. The Mid-infrared Camera
and Spectrometer (MCS) is a model instrument that covers the 5–38�m wavelength range and enables
imaging and spectroscopic observations via four modules named WFC-S, WFC-L, HRS, and MRS. Both of
the wide ¯eld camera (WFC) modules have a 5-arcmin square ¯eld of view (FOV) but cover di®erent
wavelength ranges; WFC for the short wavelength region (WFC-S) covers 5 to 24�m, whereas WFC for
the long wavelength region (WFC-L) covers 18 to 38�m. The High Resolution Spectrometer (HRS) covers
the 12–18�m range with a resolving power of 22,000–30,000, and the Mid Resolution Spectrometer (MRS)
performs integral ¯led units spectroscopy with a 12 00 by 8 00 FOV. MRS simultaneously covers the 12–38�m
range with a moderate resolving power of 720–2000. Here, we report sensitivity estimates from a detailed
modeling process involving the instrument itself, the telescope, environmental conditions, and the system
error budgets. We show that the WFC-S and HRS modules require an adaptive system to correct for
telescope pointing error. In particular, band pass ¯lters (BPFs) longer than 26�m should be developed.
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1. Introduction

The fundamental themes of modern astronomy are
galactic evolution, the metal enrichment history of
the inter-stellar medium (ISM) which is linked to
nucleosynthesis, and the formation of stars and
planetary systems. These themes are investigated in
the mid- to far-infrared wavelength region because
gas and dust exhibits rich lines and band features in
this region. A large cooled orbiting telescope will
enlarge the sensitivity in the mid- to far-infrared
region. Space Infrared Telescope for Cosmology and
Astrophysics (SPICA) (Nakagawa et al., 2012) is a
mission optimized for observation in these wave-
length regions and is envisioned for launch in the
2020s. SPICA will investigate three major scienti¯c
goals: \the drama of galaxy formation (Resolution
of Birth and Evolution of Galaxies)," \the recipe for
planetary systems (Thorough Understanding of
Planetary System Formation)," and \the Life Cycle
of Dust in the Universe." It has a 3m class telescope
cooled to very low temperature (approximately 6K)
so that its background thermal emission is negligi-
bly small compared to the natural background from
zodiacal emissions. The SPICA instrument suite
will consist of two science instruments. The Mid-
infrared Camera and Spectrometer (MCS) will
provide imaging and spectroscopic observing capa-
bilities in the mid-infrared wavelength region (5–
38�m), whereas the SPICA FAR-infrared Instru-
ment (SAFARI) (Roelfsema et al., 2012) will cover
the 35–210�m wavelength region with a 2� 2 arc-
min ¯eld of view (FOV). The SAFARI instrument
will provide imaging and imaging-Fourier spectro-
scopic capabilities.

The MCS instrument, with a total wavelength
coverage of 5–38�m, comprises four modules with
imaging and spectroscopic observing capabilities,
namely WFC-S, WFC-L, HRS, and MRS. Both the
wide ¯eld cameras (WFCs) have a 5-arcmin square
FOV, whereas the WFC module for the short
wavelength region (WFC-S) covers the 5–24�m re-
gion, and the WFC module for the long wavelength
region (WFC-L) covers the 18–38�m region. The
High-Resolution Spectrometer (HRS) covers the 12–
18�m region with a resolving power of 22,000–
30,000. The Mid-Resolution Spectrometer (MRS)
performs integral ¯led-units spectroscopy with a 12 00
by 8 00 FOV. This module covers a wide range (12–
38�m) with moderate resolving power (720–2000).

MCS is designed to achieve SPICA's above-
mentioned goals. For instance, by exploiting the

wide ¯eld imaging capability and high mapping
speed of WFC, we can unveil the birth and evolu-
tion of galaxies in the early universe. Moreover, the
medium resolution spectrographic capability of the
MRS module will provide a wide variety of spectral
features, from which we can investigate the life
cycle of matter in its various physical phases.
Meanwhile, the high-resolution spectroscopic capa-
bility of the HRS module will reveal the formation
mechanism of gaseous giant planets and the initial
conditions of terrestrial planet formation.

MCS is a model instrument designed for inves-
tigating the performance of the SPICA mission in
the mid-infrared region, understanding the required
system resources (including developmental resour-
ces) of SPICA, and mitigating technical risks. The
MCS performances are determined by the telescope
parameters, optical design of the instrument, de-
tector performances, performance degradation
caused by optical defects, and the pointing stability
limits. The system design should consider the sci-
enti¯c merit, estimate the performances of the in-
strument, and assess the total costs. In this paper,
we estimate the sensitivity of MCS based on its
design and the estimated errors in the system. Using
the values obtained by state-of-the-art technologies,
we estimate the errors that can be realized within
our expected cost limits. Then, we discuss key items
to improve the MCS performances.

2. Overview of the MCS Instrument

MCS occupies two areas in SPICA's focal plane
(Fig. 1), one covering short wavelengths and the
other covering longer wavelengths. The image on the
short wavelength part is relayed and re-focused by a
fore-optics module installed with a ¯lter/shutter
wheel and an optional tip-tilt mirror (TTM). The
output image of the fore-optics is divided into two
¯elds, one relayed to WFC-S and the other to HRS.
The image on the long wavelength part is relayed
and re-focused by another fore-optics module with a
¯lter/shutter wheel, and subsequently divided into
¯elds sent to WFC-L and MRS. Each WFC-S and
WFC-L has an individual 5 arcmin square FOV. The
edge of the FOV is equippedwith short slits, allowing
optional grism spectroscopy. HRS and MRS occupy
individual FOVs near those of WFC-S and WFC-L,
respectively. WFC-S and HRS are installed with a
2k� 2k Si:As detector, whereas WFC-L has a 1k�
1k Si:Sb detector. MRS is installed with both the
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detectors. A total of six detectors are adopted in all
the modules.

Figure 2 shows the spectroscopic resolving
power at di®erent wavelength coverage of MCS.
WFC-S and WFC-L have a wide-¯eld imaging ca-
pability. The imaging bandwidths of WFC-S and
WFC-L are roughly selected as Rð¼ �=��Þ ¼ 5 and
10, respectively. Optional low resolution (R ¼ 50)
spectroscopy would be enabled by installing a grism

in the ¯lter wheels. Such an optional mode, which is
not accommodated in our present optical design,
would achieve wide-FOV objective spectroscopy
and short-slit spectroscopy. MRS simultaneously
covers a wide wavelength range (12–38�m) because
of a dichroic ¯lter placed between its two channels
(MRS-S and MRS-L). The integral ¯eld unit of each
channel is an image slicer sharing a common 12 00 �
8 00 FOV (Sakon et al., 2013a, 2014). HRS achieves
its high resolving power by an immersion grating
and optical lens design, which con¯nes its observa-
tional capacity within a limited volume.
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MRS-S  R=1900
MRS-L  R=900

HRS

SG1 SG2 LG1 LG2

R=22000

Wavelength

S
pe

ct
ra

l r
es

ol
ut

io
n

Wavelength coverage vs Spectral resolution of MCS

Fig. 2. Wavelength coverage vs. resolving power of MCS.
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TTM A tip-tilt mirror
FS2 Fore optics relay optics with 6 FSMs
FSFW Filter wheel
FS3 Fore optics camera with 2 FSMs and a flat folding mirror
CSFS WFC-S input focal plane
FS4 Fore optics f-conversion conic mirror for HRS
HFS HRS input slit
FL1 Fore optics collimator with 3 FSMs and a pick off flat mirror
FLFW Filter wheel
FL2 Fore optics camera with 3 FSMs and a flat folding mirror
CLFS WFC-L input focal plane
FL3 Fore optics f-conversion conic mirror for MRS
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CS1 WFC-S collimator with 2 FMSs and a flat mirror
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CL1 WFC-L collimator with 2 FMSs and a flat mirror
CLFW WFC-L tandem filter wheels
CL2 WFC-L camera with 4 FMSs
CLDet WFC-L Detector, Si:Sb 1k × 1k

H1 HRS f-conversion optics with 4 FSMs, 2
flat mirrors, and a order sorter filter

H2 CdTe-KBr-KBr-CdTe collimator lens
HEG Immersion echelle grating
H3 CdTe-KBr-KBr-CdTe collimator lens
HCG Cross dispersion grating
H4 CdTe-KBr-CdTe-ZnSe camera lens
HDet HRS detector, Si:As 2k × 2k

M1 f-conversion with 2 FSMs
BS Dichroic beam splitter, reflect for MRS-S
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SSlice, LSlice Image slicing unit with 3 reflection mirrors
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MSCG, MLCG Cross dispersion grating
MSEG, MLEG Echelle grating
MS3, ML3 Camera with 3 FMSs
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Fig. 3. Optics of the MCS instrument.

Fore-Opt-S

WFC-S WFC-L

HRS MRS

Fore-Opt-L

WFC-L

MRS

WFC-S

HRS

Sub modules of MCS

FOVs of MCS
Telescope Focal Plane

Fig. 1. Overall structure of MCS. The upper and lower parts
show the FOV of MCS (not to scale) and the optical modules of
MCS, respectively.
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Figure 3 is an optical diagram of MCS. All the
optics (the fore-optics, WFC-S/L, and MRS-S/L),
excluding the grisms in WFC, employ re°ective
mirrors. Re°ective mirror optics introduce no
chromatic aberration and ensure high system
transmission (re°ectance) throughout the infrared
wavelength region. Our free surface mirror (FSM)
optics are designed based on the theory by Araki
(2005) (Fujishiro et al., 2012).

3. Model of the System

3.1. The SPICA telescope

The optical parameters (Castel et al., 2012) and
transmission characteristics of the SPICA telescope
are presented in Tables 1 and 2, respectively.
Transmission is de¯ned at intermediate values be-
tween clean and dusty (5000 ppm) data collected by
the Herschel Space Observatory (HSO). Transmis-
sion estimates are linear interpolations between
de¯ned points at di®erent wavelengths.

3.2. WFC

The design parameters of WFC-S/L are listed in
Table 3. WFC-S contains 12 mirrors; one telescope
tertiary mirror in the fore-optics, two folding mir-
rors between the fore-optics and the camera, and six
mirrors in the camera. WFC-L contains seven mir-
rors in the fore optics, two mirrors between the fore
optics and the camera, and six mirrors in the cam-
era. All the optics (excluding the ¯lters and grisms)

are re°ective optics with a gold re°ection coating.
The re°ectance of gold is assumed to be constant
over the entire wavelength coverage of MCS (Ben-
nett & Ashley, 1965).

Our design adopts 10-position tandem ¯lter
wheels, yielding 20 positions in total. Two positions
should be reserved for clear apertures and another
position reserved as a blind mask. Thus, 17 ¯lters
and grisms are allocated to both of the WFC-S and
WFC-L modules. Ten ¯lters and two grisms begin-
ning with S or U in Tables 4 and 5 are candidates for
WFC-S, whereas those beginning with L are can-
didates for WFC-L.

The ¯lter and grism candidates were selected
from the scienti¯c requirements as follows (Sakon
et al., 2013b). Extragalactic science requires both
constant spectral resolving power and continuous
spectral coverage to estimate the redshifts from
polycyclic aromatic hydrocarbon (PAH) and silicate
features. The resolving power R of WFC-S and
WFC-R was selected to be 5 and 10, respectively,
based on the number of available ¯lter positions.
The interstellar medium and planet formation sci-
ences require that the ¯lter set discriminates the
emission and absorption features of numerous dust
species such as amorphous silicate, crystalline sili-
cate, and astronomical PAHs. Some extragalactic
studies further rely on low-resolution spectroscopy
of sparsely distributed point sources and high speed
multi-object surveying. For this purpose, we
installed a selectable grism as an optional compo-
nent in the camera.

Thin-¯lm multi-layer interference band pass
¯lters (BPFs) covering mid-infrared wavelength
regions have been reported. Hawkins & Sherwood
(2008) reported the transmissions of MIRI/JWST
¯lters (Wright et al., 2004). Longer wavelength BPFs
require a thicker layer, which is di±cult to fabricate
given the limited availability of the materials. Very
few ¯lters have been fabricated for bandwidths
longer than 27�m (Seeley et al., 1981). On the basis
of the above-mentioned reports, we assumed BPF
transmissions of 80%, 70%, and 30% in the wave-
length regions �c < 17�m, 17�m � �c < 26�m and
26�m � �c, respectively. Here, �c denotes the
wavelength at the center of a ¯lter band.

3.3. MRS

The design parameters of the MRS-S and -L mod-
ules are listed in Tables 6 and 7, respectively.
In addition to the dichroic beam splitter in the

Table 1. The SPICA telescope parameters.

Entrance pupil diameter [mm] 3000
Telescope focal length [mm] 16,200
Central obscuration diameter [mm] 600
Total obscuration fraction 0.125

Table 2. SPICA telescope trans-
mission [%].

Wavelength [�m] Transmission

3.5 90.0
5 92.5
15 96.0
30 98.0
110 99.2
210 99.4

H. Kataza et al.
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fore-optics, each module is installed with 24 mirrors,
two gratings (a cross disperser and an echelle grat-
ing), and a BPF. All mirrors are assumed to have
the same re°ectance with that assumed in WFC.

The throughput of the beam splitter combined with
the order-sorting BPF is assumed based on the same
assumption for WFC. The wavelength �slit de¯nes
the wavelength at which the di®raction limit scale

Table 3. Optical parameters of WFC.

WFC-S WFC-L

Mirror re°ectance 0.994 0.994
Pixel FoV [arcsec/pix]a 0.1465 0.4125
Nyquist sampling wavelength [�m]a 4.26 12.00
E®ective F-number at the detector 11.73 3.0
Detector full FoV [arcsec]a 300:1� 300:1 422:4� 422:4
FOV de¯ned by ¯eld stop [arcsec] 300� 293 300� 293
Number of mirrors 20 15
Transmittance excluding ¯ltersa 0.887 0.914

aThese values are derived from other values.

Table 4. WFC ¯lter candidates (all wavelengths are in �m).

Name Center wavelength Shortest wavelength Longest wavelength Bandwidth Transmission

S4.4a 4.388 3.949 4.827 0.878 0.8
S5.4 5.363 4.827 5.899 1.073 0.8
S6.6 6.555 5.899 7.210 1.311 0.8
S8.0 8.011 7.210 8.812 1.602 0.8
S9.8 9.791 8.812 10.77 1.958 0.8
S12.0 11.97 10.77 13.16 2.393 0.8
S14.6 14.63 13.16 16.09 2.925 0.8
S17.9 17.88 16.09 19.66 3.575 0.7
S21.8 21.85 19.66 24.03 4.370 0.7
U11.2 11.20 11.00 11.40 0.400 0.8
L18.9 18.92 18.0 19.9 1.89 0.7
L20.8 20.81 19.8 21.9 2.08 0.7
L22.9 22.89 21.8 24.0 2.29 0.7
L25.2 25.18 23.9 26.4 2.52 0.7
L27.7 27.70 26.3 29.1 2.77 0.3
L30.5 30.47 29.0 32.0 3.05 0.3
L33.5 33.52 31.8 35.2 3.35 0.3
L36.9 36.87 35.0 38.7 3.69 0.3
L27W 27.00 24.0 30.0 6.0 0.3
L34W 33.75 30.0 37.5 7.5 0.3

aThis is an optional ¯lter outside of the main wavelength coverage of WFC.

Table 5. Candidates of WFC grisms (all wavelength are in �m).

Name
Shortest

wavelength
Longest

wavelength
Resolving
power Material

Pitch
[lines/mm]

Prism
angle [�] Transmission

SG1 5 9 50 CdTe 0.320 0.7 NA
SG2 8 15 50 CdTe 0.320 1.0 NA
LG3 14 26 50 KRS5 0.320 2.5 NA
LG4 24 39 50 KRS5 0.320 4.4 NA

Performance Estimation of Mid-Infrared Camera and Spectrometer on Board SPICA
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equals the slit width (w ¼ �slit=D). This di®raction
limit scale is smaller than the Airy disk ¯rst null
radius (1:22�=D). To avoid stray light introduced by
the di®raction e®ect of the slit, �slit should approxi-
mate the longest wavelength covered by the module.

Using the scalar approximation, the dispersion
of the output light of a grating at far ¯eld is given by
(Schroeder, 2000)

Ið�outÞ ¼
sinðubÞ

u

� �
2

� sinðNdvÞ
sinðdvÞ

� �
2

; ð1Þ

u � �
sinð�out � �Þ þ sinð�in � �Þ

� cos�
; and ð2Þ

v � �
sin �out þ sin �in

�
: ð3Þ

Here, �in and �out are the incident and output
angles, respectively, N is the number of grooves in a
beam, � is the blaze angle, d is the groove spacing,
and b is the e®ective groove spacing obtained by
subtracting the non-available area from d. The ¯rst
and second terms of Eq. (1) are called the blaze

function (BF) and the interference function (IF),
respectively.

Let �m be the output angle satisfying the mth
order interference condition. We assume that IF is
non-zero only within a narrow area around �m, and
that BF is approximately constant in this area.
Then, the integral of IF around �m is approximately
the same for all possible orders, and the grating
e±ciency is computed as

Tm ¼ sinðumbÞ
um

� �
2. X

k

sinðukbÞ
uk

� �
2

; ð4Þ

where

um ¼ �
sinð�m � �Þ þ sinð�in � �Þ

� cos�
; ð5Þ

and

m� ¼ dðsinð�inÞ þ sinð�mÞÞ: ð6Þ
The e±ciency of the MRS-S gratings was esti-

mated in two ways. First, we applied the above-
mentioned scalar approximation. We calculated the
e±ciencies of the cross disperser and the echelle
grating by Eq. (1) and normalized them by the sum
of contributions from all possible orders. Second, we
conducted an electromagnetic wave analysis. In this
case, we calculated the e±ciencies of the transverse
magnetic (TM) mode for the cross grating and
transverse electric (TE) mode for the echelle grating
and computed the products of the TM (TE) mode
e±ciencies and the TE (TM) mode e±ciencies. The
mean values of these two modes were then accepted
as the total e±ciencies of the gratings. Because
these values are smaller than those calculated from

Table 6. MRS optical parameters.

MRS-S MRS-L

Pixel scale [arcsec/pix] 0.40 0.48
Slit width (w) [arcsec] 1.60 2.67
Slit length [arcsec] 12.0 12.0
Number of slits in IFU 5 3
Shortest wavelength [�m] 12.2 23.0
Longest wavelength [�m] 23.5 37.8
Wavelength corresponding to the slit width (�slit=D ¼ w)a 23.27 38.83
Number of mirrors 24 24
Dichroic beam splitterþ filter throughput 0.7 0.3
Transmittance excluding gratings, slit and ¯ltersa 0.866 0.866

Adjustment factor of total grating e±ciency from scalar approx.b 0.5 0.5

aThese values are derived from other values.
bSee main text for details.

Table 7. MRS grating parameters.

MRS-S MRS-L

Cross Main Cross Main

Groove spacing d [�m] 50.0 110.0 75.0 380.0
Incident angle �in [�] 10.5 11.1 11.6 11.9
Blazed output angle [�] 10.5 50.0 11.6 47.5
Blaze angle � [�]a 10.5 30.6 11.6 29.7
Order 1 5–8 1 10–15

aThese values are derived from other values.
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the scalar wave approximation, we adopted the
adjustment factor listed in Table 7. Figure 4 plots
the e±ciencies calculated by the scalar wave ap-
proximation multiplied by the adjustment factor
along with the e±ciencies obtained by vector anal-
ysis. The adjustment factor is selected to ensure the
same mean e±ciency for both the approximations.
According to Fig. 4, the wavelength dependences of
the e±ciencies obtained by the adjusted scalar ap-
proximation and vector electromagnetic analysis
closely agree (see Sec. 5 for further discussion). The
same adjustment factor was applied to MRS-L.

Figure 5 shows the total e±ciencies of the cross
and echelle gratings in the MRS-S and -L modules
obtained by the scalar approximation with the ad-
justment factor. The resolving power depends on

the slit width and the grating resolution. The former
dependency arises from the uncertainty of the cen-
ter position of a point source within a slit, whereas
the latter is governed by �=D and the dispersion of
the grating at wavelength �. In Fig. 5, the resolving
power is the square root of the sum of the squares of
the slit width and �=D. At some wavelength, signals
of the same wavelength are detected in two neigh-
boring orders. In this case, if a high signal-to-noise
(S/N) ratio is expected, the two signals should be
summed. In other words, if the e±ciencies of an
order and its neighboring order are e1 and e2, re-
spectively, at some wavelength, e®ective e±ciency
of summed data is calculated as ðe1þ e2Þ= ffiffiffi

2
p

as-
suming that the same noise is present in both the
orders. In the case that this e±ciency is higher than
e1 or e2 alone, we use this e®ective e±ciency to
evaluate sensitivities.

3.4. HRS

The design parameters of the HRS module are listed
in Tables 8 and 9. In contrast to MRS, HRS com-
bines lens optics with an immersion grating to
achieve very high wavelength resolving power
within a conservative optical volume. We measured
the transparency of an anti-re°ection coated KBr
test piece (Fig. 6) and assume the parameters listed
in Table 8 for the surface re°ection loss of each lens.

Similar to the MRS modules, we estimated the
wavelength dependence of the HRS grating e±-
ciency by the scalar approximation. The resolving
power is the square root of the sum of the squares of
the slit width and �=D. The estimated e±ciency
of the gratings was multiplied by the adjustment

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 10  12  14  16  18  20  22  24  26  28

E
ffi

ci
en

cy

Wavelength (µm)

Echelle+Cross disperser

Scalar
Vector

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 10  12  14  16  18  20  22  24  26  28

E
ffi

ci
en

cy

Wavelength (µm)

Echelle+Cross disperser from vector analysis

TM-cross x TE-echelle
TE-cross x TM-echelle

Fig. 4. E±ciency of cross and echelle gratings in MRS-S. The e±ciencies in the left panel have been adjusted by the factor given in
Table 7. The dashed line is the mean e±ciency of both the modes. The right panel shows the e±ciencies of each mode. The
continuous lines plot the TM mode products for the cross disperser and the TE mode products for the echelle grating. The dashed
lines are the products of TE-cross and TM-echelle.

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 10  15  20  25  30  35  40
 0

 500

 1000

 1500

 2000

E
ffi

ci
en

cy
 

R
es

ol
vi

ng
 p

ow
er

Wavelength (µm)

MRS Efficiency and Resolving power

MRS-S Efficiency

MRS-L Efficiency

MRS-S Power

MRS-L Power

Fig. 5. Total e±ciencies (left vertical axis) and resolving
power (right vertical axis) of cross and echelle gratings of MRS-
S/L. The resolving power is the square root of the sum of the
squares of slit width and �=D.

Performance Estimation of Mid-Infrared Camera and Spectrometer on Board SPICA

1550001-7

J.
 A

st
ro

n.
 I

ns
tr

um
. 2

01
5.

04
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
K

Y
O

 o
n 

02
/0

1/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



factor given in Table 8, and is plotted as a function
of wavelength in Fig. 7. Note that the transmission
of the immersion grating is excluded in this plot. To
calculate the overall sensitivity, the grating e±-
ciency must be multiplied by the transmission.

3.5. Detector performances

The parameters and performances of the detectors
are listed in Table 10. We provide the state-of-the-
art performance (SOAP) and goal performance
(GOAL), but hereafter use the SOAP values unless
otherwise stated.

3.6. Cosmic ray environment
and exposure time

The longest exposure time is de¯ned such that the
mean number of pixels intercepted by cosmic ray
remnants during an exposure does not exceed the
critical value. The assumed values and calculated
maximum exposure time are shown in Table 11. The
cosmic ray hit event rate at L2 was extracted from
Swinyard et al. (2004).

3.7. Detector operation scheme

The detector readout operation scheme is shown in
Fig. 8. In this scheme, the array maintains the same
frame readout operation at a ¯xed frame sampling
rate. The ¯rst frame (the reset frame) is followed
by N/2 frames for measuring the voltage at the start
of the exposure. The ¯nal N/2 frames are used to

Table 8. Optical parameters of HRS.

Pixel scale [arcsec/pix] 0.48
Slit width (w) [arcsec] 1.2
Slit length [arcsec] 6.0
Shortest wavelength 11.94
Longest wavelength 18.07
Wavelength corresponding to the slit width �slit=D ¼ wð Þa 17.45
Number of mirrors 20

Transmission of mirrorsa;b 0.887

Number of lens surfaces 32
Transmission of a lens surface 0.97
Transmission of all lensesa 0.377
BPF e±ciency 0.8
Immersion grating transmissionc 0.8
Adjustment factor of total grating e±ciency from scalar approx. 0.5

aThese values are derived from other values.
bThe transmission arises from the fore-optics part and folding mirrors.
cTransparent surface loss and mean material transmission within the
grating are included. Grating di®raction e±ciency is excluded.

Table 9. Grating parameters of HRS.

Cross Main

Groove spacing d [�m] 25.0 281.2
Incident angle �in [�] 20.0 75.0
Blazed output angle [�] 19.9 75.0
Blaze angle � [�]a 19.9 75.0
Order 1 80–121
Blaze wavelength �B [�m]a 17.060
Groove e®ective width b [�m]a 22.097 18.837
Immersion material — CdZnTe

aThese values are derived from other values.
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measure the end point of the exposure. This sam-
pling strategy is called Fowler-N sampling. We set
the number of Fowler samplings to 16, ensuring that
the total exposure time does not exceed the maxi-
mum exposure time stated in Table 12.

4. Sensitivity Estimation

4.1. Method to estimate the sensitivity

The number of electrons generated from a point
source emitting a °ux F�½W=m2=�m� is

Sp ¼ ip � t

¼
Z
��

d� � F� �
hc

�

� ��1

� A � Tsys;p � � � t: ð7Þ

Here, ip½electrons=s� is the total signal photo
current emitted by the point source within the area
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Table 10. Performances of detectors.

Si:Asa Si:Sbb

Number of pixels 2048� 2048 1024� 1024
Pixel size [�m] 25 18
Dark current (SOAP) [electrons/s/pix] 0.2 2.0
Dark current (GOAL) [electrons/s/pix] 0.03 0.4
Available well depth (SOAP) [electrons] 2.5e+05 1.0e+05
Available well depth (GOAL) [electrons] 2.5e+05 1.0e+05
Read noise/sampling (SOAP) [electrons/sample] 40 100
Read noise/sampling (GOAL) [electrons/sample] 30 100
Read out pixel rate per one array [MHz] 1 1
Detective quantum e±ciency Fig. 2 in RCL2008 Fig. 7 in KH2012

aThe SOAP data are measured typical values and the GOAL data are the measured best
values for the JWST/MIRI array. These data are obtained from Love et al. (2006) and
Ressler et al. (2008) (RCL2008 in the table).
bThe SOAP dark current is scaled by size using the measured value in Van Cleve et al. (1995)
for the Spitzer Si:Sb array, and the read noise is obtained from Mainzer et al. (2008) for the
WISE detector which adopts the same read-out IC. Detective quantum e±ciencies are taken
fromKhalap &Hogue (2012) (KH2012 in this table and hereafter). The GOAL dark current is
estimated as the sum of the measured dark current of the detector test device reported by
KH201 and the possible dark current from the readout IC (private communication).

Table 11. Cosmic ray environment and maximum exposure time.

Acceptable fraction of hit pixel in an exposure 0.04

Cosmic ray hit event rate at L2 [events/m2/s] 5e+4

Number of pixels a®ected by a single hit event 4
Maximum exposure time for Si:Asa 320.00
Maximum exposure time for Si:Sba 617.28

aThese values are derived from other values.
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of aperture photometry, and t[s] is the net integra-
tion time. �� is the wavelength bandwidth, A½m2�
is the e®ective area of the telescope, � is the quan-
tum e±ciency of the detector, and Tsys;p is the sys-
tem throughput of the point source. Tsys;p should
include the energy fraction within the measurement
area.

During imaging, the signal from a point source
is evaluated by assuming an aperture photometry
with radius rap ¼ 1:22�=D. On the other hand, in
slit spectroscopy, we assume a rectangular area on
the slit plane with a height of 2� 1:22�=D and a
width de¯ned by the slit. Tsys;p should include the
energy fraction of the point source intercepting
the circle (rectangle area) on the detector plane
of the imaging (slit spectroscopy). The former is
called the encircled energy ratio, and the latter
de¯nes the slit e±ciency for a point source.

The end-to-end system throughput consists of
the telescope transmission (Ttel), e±ciency of ¯lter
transmission and/or gratings (Tf), encircled energy
ratio within the aperture photometry of interest

(Tap), and transmission by other optical components
in module x (Tx). Here, x is one of WFC-S/L, MRS-
S/L, and HRS. For a point source, because the
optical quality of the system is nearly di®raction-
limited, we only consider the Strehl ratio Sr, which
includes the wavefront error (WFE) of the tele-
scope, imperfections in the instruments and their
alignment, and the end-to-end optical aberration in
the design. The pointing error should also be con-
sidered. For simplicity, we incorporate the pointing
error e®ect into Tap. The total throughput then
becomes

Tsys;p ¼ Ttel � Tx � Tf � Sr � Tap: ð8Þ
We calculated the sensitivities for various

sources assuming that �F� is constant across the
wavelength region. This convention has been
adopted by other satellites, namely, IRAS, COBE,
ISO, Spitzer/IRAC, and AKARI IRC. The photo
current in Eq. (7) is now calculated as

ip ¼
�cF�c

hc
�A �

Z �l

�s

d� � Tsys;pð�Þ � �ð�Þ: ð9Þ

Here, �c, �s, and �l denote the central, shortest, and
longest wavelengths in the band, respectively. For
simplicity, we assume that Sr and Tap are indepen-
dent of wavelength; that is

ip ¼
�cF�c

hc
� A � Srð�cÞ � Tapð�cÞ

�
Z �l

�s

d� � Ttelð�Þ � Txð�Þ � Tfð�Þ � �ð�Þ: ð10Þ
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Fig. 8. Detector operation.

Table 12. Parameters of detector operation.

Si:As Si:Sb

Number of frame cycles for long exposure 72 571
Total exposure time [s]a 301.99 598.74
Number of Fowler sampling 16 16
E®ective exposure time for long exposure [s]a 264.24 589.30
Frame sampling time (shortest exposure) [s]a 4.19 1.05

aThese values are derived from other values.
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The number of noise electrons Np for a point
source is given by

N 2
p ¼ ðip þ ibg � nþ idet � nÞ � tþN 2

read � n� nframe: ð11Þ
Here, ibg½electrons=s� is the photo current per

pixel generated by the background radiation, n is
the number of pixels used in the photometry, idet
½electrons=s� is the detector dark current per pixel,
Nread is the readout noise per pixel in each frame,
and nframe is the number of frames within the net
integration time t.

Let tobs, tf , and te be the observing, frame, and
e®ective exposure times, respectively, for a given
frame. Then we have

nframe ¼
tobs
tf

¼ t

te
: ð12Þ

The S/N ratio for a point source is de¯ned as
SNR ¼ Sp=Np. We estimate system sensitivity to a
source °ux with SNR ¼ 5 over tobs ¼ 3600 s (time
integration of 1 hr).

4.2. Errors a®ecting the throughput and
sensitivity

Within the total error budget, we consider two
sources of WFEs and the e®ect of pointing error.
First, we consider the e®ect of the WFEs on the
point spread function (PSF), and then calculate the
e®ect of the pointing error.

4.2.1. E®ect of WFEs on PSF

The PSF is assumed to be sourced from (1) dif-
fraction limited PSF with central obscuration, and
(2) a widespread component. It is formulated as

PSFðr; �Þ ¼ Sr � jJ1ð�rÞ=2r� d � J1ð�rdÞ=2rj2
�=4ð1� d2Þ

þ ð1� SrÞ � P ðr; �Þwidespread: ð13Þ
Here, Sr is the Strehl ratio, r and � are the polar

coordinates in the focal plane normalized by �=D, d
is the radius ratio of the central obscuration to the
entrance pupil diameter (EPD), and J1 is the Bessel
function. The total energy, obtained by integrating
the PSF over r and �, is normalized to 1. The Strehl
ratio is de¯ned as the peak intensity of a point
source over the di®raction-limited intensity im-
posed by the system's entrance aperture. De¯ned in
this manner, the Strehl ratio is not reduced by
central obscuration.

The second term ð1� SrÞ � Pwidespread reduces
the energy given by the ¯rst term when Sr < 1. We
assume that MCS/SPICA is nearly di®raction-lim-
ited and that the WFEs are not concentrated at the
few lowest spatial frequencies. Under these condi-
tions, the energy from the point source distributes
more widely, over the ¯rst null ring (r ¼ 1:22�=D)
of the di®raction-limited PSF of a circular entrance
aperture. Thus, the second term is negligible (rela-
tive to the ¯rst term) within an area of radius
1:22�=D, the area of the aperture photometry. The
Strehl ratio Sr in Eq. (8), will be introduced to the
total throughput later. The WFEs then enter the
estimation of Sr and the e®ect of pointing error is
estimated from the di®raction-limited PSF.

The ¯rst of the WFE sources is the SPICA
telescope assembly (STA) error, which includes the
errors in manufacturing, assembly and integration,
cool-down, and distortion at launch and in space.
The STA error excludes optical aberration in the
telescope optical design. Because the FOV of MCS
is wide and distant from the optical center of the
telescope, large optical aberration is unavoidable.
This aberration should be partially compensated by
the optical design of the focal plane instrument
(FPI) such as MCS. The remaining aberration
should be included in the WFE of FPI optics. Along
with the FPI, the second component of the WFE
contains the errors at the STA-FPI interface. This
component embodies the designed total optical ab-
erration, imperfections in the FPI optics (intro-
duced by manufacturing, assembly, integration, and
other factors), co-focal misalignment of the FPIs,
and misalignment of the optical reference between
the STA and FPIs; although this last factor will be
alleviated by secondary adjustment mechanism on
the telescope.

According to the preliminary studies of STA
conducted by industrial institutes, the WFE in STA
is approximately 240 nm. Here, we conservatively
allocate 250 nm to the WFE of STA. In our prelimi-
nary design and tolerance analysis ofMCS, the worst-
case Strehl ratio was approximately 0.8 at 5�m.
Therefore, in the worst-case scenario, the second
WFE in the above-mentioned allocation is approxi-
mately 350 nm. The reducing factor introduced by
pointing instability is allocated as 0.9, giving the
same e®ect as theWFE of STA at 5�m. As discussed
in a later section, the reducing factor induced by
pointing instability and the estimated RMS in the
pointing angle error require adjustment by an adap-
tive system with a TTM at short wavelengths.
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The WFE in the Strehl ratio (�WFE) is com-
puted using the Marechal formula

Sr ¼ 1� 2�
�WFE

�

� �
2
; ð14Þ

where

�2
WFE ¼ �2

STA þ �2
FPI: ð15Þ

The Strehl ratio calculated by the Marechal
approximation is recognized to be slightly worse
than the true ratio (Mahajan, 1983).

4.2.2. E®ects of the pointing error

In an analysis of SPICA's pointing control system
(Mitani et al., 2014), two potential noise sources
were identi¯ed in the pointing error. The ¯rst is
vibrations at mid-frequencies (between 0.03 and
�1Hz). Below 0.03Hz, i.e. within the bandwidth
of the attitude control system, the pointing is
controllable. Higher frequency vibrations (above
�1Hz) are measurable and controllable and do not
a®ect the pointing, as a result of spacecraft model
analysis. The mid-frequency region is problematic
because the pointing system is exposed to vibrations
without active control. Any unexpected resonances
and vibration distributions in this frequency region
must therefore be attenuated. As a conservative
estimate, we assume the error as the limit of vi-
bration measurements on the ground. The second
potential noise, attitude disturbance, was observed
in a previous mission called HINODE. From the
dynamics and attitude control model of SPICA, we
derived the power spectrum density (PSD) of the
angular error. The PSD of the pointing angle error is
plotted in Fig. 9.

To estimate the reducing factor associated with
the pointing error, we require the pointing angle
distribution function rather than the PSD. We as-
sume that a su±cient number of independent noise
sources contribute to the PSD. From the central
limit theorem, the pointing angle distribution
function is then expressed in a Gaussian form. If the
pointed angle rotates around the target point, the

pointing error is largest for a particular distribution
of pointing angles. In this case, the pointing dis-
persion at each frequency is given as the amplitudeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSDðfÞ � �f

p
. Thus, the distribution function is

assumed as

P ðx; yÞ ¼ 1

2��2
p

exp � x2 þ y2

2�2
p

� �
; ð16Þ

where

�2
p ¼

Z
PSDðfÞdf: ð17Þ

The adopted value of �p is given in Table 13.
In the absence of pointing error, the encircled

energy ratio gives the throughput of the imaging as

Tap;0 ¼ EcðrapÞ

¼
Z rap

0

2�rPSFðrÞdr: ð18Þ

Note that the PSF de¯ned by Eq. (13) gives
Ecð1Þ ¼ 1. Introducing an instantaneous pointing
error 	 into the energy ratio, we obtain

Ecðrap; 	Þ ¼
Z j~xj�rap

PSFðx� 	; yÞdxdy: ð19Þ
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Fig. 9. Estimated PSD of the pointing error. The measure-
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Table 13. Allocated WFEs, reducing factor introduced by pointing error and Strehl ratio.

Allocated RMS WFE of STA [nm] �STA 250
Allocated RMS WFE of FPI and alignment between STA and FPI [nm] �FPI 350
Allocated reducing factor by pointing instability 0.90
Estimated RMS pointing angle error �p [arcsec] 0.40
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Because the distribution function is Gaussian
and PSF is rotationally symmetric, the encircled
energy ratio with pointing error becomes

hEcðrapÞi�p ¼
Z

Ecðrap; 	Þ
	

�2
p

� exp � 	2

2�2
p

� �
d	: ð20Þ

The reducing factor 
 and throughput are given by


ap ¼
hEcðrapÞi�p
Ecðr; 0Þ

ð21Þ

and

Tap ¼ hEcðrapÞi�p : ð22Þ
Figure 10 shows how the reducing factor 


depends on the pointing error �p. At wavelengths
shorter than 12.4�m and �p ¼ 0:4 arcsec, the
pointing error must be compensated by a TTM to
achieve 
 < 0:9. As shown in Fig. 3, the TTM is
installed in the fore-optics of the WFC-S and HRS
modules.

In slit spectroscopy, we consider the pointing
error in a rectangle area with height h ¼ 2�
1:22�=D and full width w, corresponding to the slit
width. In the absence of pointing error, the
throughput is given by

Tslit;0 ¼ Erðh;wÞ

¼
Z h=2

�h=2

dy

Z w=2

�w=2

dxPSFðx; yÞ: ð23Þ

Here, the slit e±ciency Tslit replaces Tap in Eq. (10).
By introducing an instantaneous pointing error 	x,

	y, the energy ratio in the rectangular area becomes

Erðh;w; 	x; 	yÞ

¼
Z h=2

�h=2

dy

Z w=2

�w=2

dxPSFðx� 	x; y� 	yÞ: ð24Þ

Then, we have

Tslit ¼ hErðh;wÞi�p
¼

Z
Erðh;w; 	x; 	yÞ

1

2��2p

� exp � 	2
x þ 	2

y

2�2
p

� �
d	xd	y: ð25Þ

Figure 11 shows the reducing factors and slit
e±ciencies of the MRS-S, MRS-L, and HRS mod-
ules. Clearly, HRS requires a compensatory TTM
system.

The temperature of the SPICA telescope is
maintained at approximately 6K by passive and
active cooling. Active cooling is performed by me-
chanical coolers with two thermal stages at base
temperatures of 4.5K and 1.7K. The FPI assembly
is maintained at about 4.5K. Thermal emissions
from the telescope and instrument are negligible at
mid-infrared wavelengths, and the instrument back-
ground is dominated by zodiacal light. This back-
ground emission ismodeled by blackbody radiation at
an equivalent temperature and a normalization factor
based on some reference wavelength. We consider
both high and low background conditions. Under

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

 0  0.1  0.2  0.3  0.4  0.5  0.6

R
ed

uc
tio

n 
fa

ct
or

(σ[arcsec]) * (D/3000[mm]) / (λ/10[µm])

Encircled energy reducing factor ζ

λ=12.4 [µm]/(σ/0.4[arcsec]) for ζ= 0.9

Fig. 10. Reduction factor vs. pointing error normalized
by �=D.

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 10  15  20  25  30  35  40

E
ffi

ci
en

cy
 o

r 
R

ed
uc

tio
n 

fa
ct

or

Wavelength(µm)

Slit efficiency ratio and reduction factor ζ

MRS-S Tslit

MRS-S ζ

MRS-L Tslit

MRS-L ζ

HRS Tslit

HRS ζ

Fig. 11. Reduction factor 
 of slit e±ciency in MRS-S, MRS-L,
and HRS under the conditions listed in Table 13. 
 for MRS-S
lie between 0.87 and 0.90, slightly beyond the requirements of
Table 13 but acceptable. On the other hand, 
 for HRS is
smaller than the allocated value and must be corrected by a
TTM system.

Performance Estimation of Mid-Infrared Camera and Spectrometer on Board SPICA

1550001-13

J.
 A

st
ro

n.
 I

ns
tr

um
. 2

01
5.

04
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
K

Y
O

 o
n 

02
/0

1/
17

. F
or

 p
er

so
na

l u
se

 o
nl

y.



high background conditions, we assume that °ux
condition at the ecliptic plane at � ¼ 0:0� and
� ¼ 60�; in the low background case, °ux condition at
the ecliptic pole at � ¼ 90�. The parameters given in
Table 14 are obtained from the observational results
of ISO and IRTS (Reach et al., 2003; Ootsubo et al.,
2000).

4.3. Sensitivities of MCS

4.3.1. Throughputs

As shown in Eq. (10), the signal current is propor-
tional to the product of several factors: Sr � Tap�
Ttel � Tx � Tf � �. In slit spectroscopy, the Tap term
denoting the encircled energy ratio within an area,
which is used in aperture photometry, is replaced by
the slit e±ciency Tslit. The e®ects of individual com-
ponents on the throughputs of WFC, MRS, and HRS
are plotted in Figs. 12–14, respectively. Figure 15
shows the total throughputs of MCS.

The encircled energy ratio within the radius
1:22�=D decreases with decreasing wavelength.

This degradation can be compensated by an adap-
tive system using TTM.

Remarkably, at long wavelengths, the
throughputs of the BPFs are low (see Sec. 3.2) and
the e±ciency of the Si:Sb detector is reduced. In the
MRS-L module, the Tf is reduced by the low
transmissions of the dichroic beam splitter and
BPF. Compared with the MRS optics transmissions
TMRS-S and TMRS-L, the HRS optics transmission
THRS is relatively low because of the lens surface
transmissions.

Table 14. Background °ux.

High background case black body temperature [K] 268.5
High background case reference wavelength [�m] 25
High background case normalization °ux [MJy/Sr] 80
Low background case black body temperature [K] 274.0
Low background case reference wavelength [�m] 25
Low background case normalization °ux [MJy/Sr] 15
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4.3.2. Noise contributions

Figures 16–18 plot the noise from the background
zodiacal emission (

ffiffiffiffiffiffiffiffiffiffiffiffi
ibg � n

p
), detector dark current

noise (
ffiffiffiffiffiffiffiffiffiffiffiffiffi
idet � n

p
), and readout noise with Fowler

sampling (Nread �
ffiffiffiffiffiffiffiffiffi
n=te

p
), respectively, as functions

of wavelength.
Noise in WFC is mainly sourced from back-

ground zodiacal emissions; the dark current and
readout noise in the detector are almost negligible.

Similarly, the noise in the MRS-S module
chie°y comprises background zodiacal emission; on
the other hand, the MRS-L module is subject to
background emissions and the SOAP detector noise
in roughly equal quantities. The noise in the HRS

module is dominated by detector noise, even under
the GOAL detector performance.

4.3.3. Limiting point source °ux and saturation limit

Point source °uxes corresponding to SNR ¼ 5 over
1 hr observing duration are plotted in Figs. 19–21.
Figure 22 plots the line detection limit in the MRS
and HRS modules.

Figure 23 shows the point source °uxes that
saturate the WFC module within the minimum
exposure time with Fowler 1 sampling. Here,
pointing error is ignored because of the short ex-
posure time. The ratio of the saturation limit to the
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detection limit is approximately 3� 105 in both the
MRS and HRS modules, indicating saturation limits
of a few tens Jy or higher.

5. Key Factors to get High Performances

The pointing error, estimated as �p ¼ 0:4 arcsec, is
chie°y contributed by the measurement limit of the

vibrations prior to launch. Conceivably, we may
extend the measurement limit, but here we conser-
vatively assume the worst-case scenario. As shown
in Figs. 10 and 11, WFC-S and HRS require
pointing error correction at short wavelengths
(below 12.4�m). Therefore, we install a TTM in the
fore-optics of both the modules. MRS-S is more ef-
¯cient than HRS over the same wavelength range
because the slit width is wider in MRS-S than in
HRS. However, the reduction factor of MRS-S is
slightly below the requirement (see Fig. 11). To
improve the e±ciency of MRS-S, we can adopt a
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slightly wider slit but this would compromise the
resolving power.

As mentioned in Sec. 3.2, the BPFs are de¯-
cient at longer wavelengths. The BPF transmission

in the wavelength region �c 	 26�m was assumed
to be 30%. In a trial production of a dichroic beam
splitter for MRS, the transmission to MRS-L was
approximately 30%, which is the same as the above-
mentioned value. At longer wavelengths, the
thickness of each BPF layer must be increased. This
is problematic considering the very limited choice of
materials that are transparent to these wave-
lengths. Therefore, to improve the total through-
puts of WFC-L and MRS-L, we must develop
much more transparent BPFs than those currently
available.

Grating e±ciency is another cause of low
throughput. The adjustment factors in Tables 6 and
8 can be explained by the e®ect of phase shift on the
metal surface and multiple di®ractions within a
grating groove (Palner & Lebrun, 1972). Conse-
quently, the e±ciency depends not only on the
re°ecting surface of a groove but also on the non-
illuminated surface. The groove shape can be opti-
mized by electromagnetic wave analysis. Because
the gratings are manufactured by ultra-high preci-
sion cutting machines, we can fabricate the optimal

Table 15. Performances of MCS instruments.

Module WFC-S WFC-L
Wavelength [�m] 5.0–24 18–38
FoV 5 0 � 5 0 5 0 � 5 0

Array format 2k� 2k 1k� 1k
Spectral resolution 5 10
Sensitivitya

Wavelength [�m] 5.4 12 22 25 30 34
High background case (�Jy) 0.53 3.4 7.3 13 28 38
Low background case (�Jy) 0.28 1.5 3.2 5.6 13 18

Module MRS-S MRS-L
Wavelength [�m] 12–24 23–38
FoV 12 00 � 8 00 12 00 � 8 00

Array format 2k� 2k 1k� 1k
Spectral resolution 1800–1950 720–1000

Sensitivityb

Wavelength [�m] 13.8 14.8 19.0 20.5 24.7 25.2 34.1 35.1
High background case (mJy) 0.23 0.16 0.28 0.24 0.49 0.37 1.7 1.4
Low background case (mJy) 0.13 0.083 0.14 0.12 0.37 0.26 1.6 1.2

Module HRS
Wavelength [�m] 12–18
FoV 6 00 � 1:2 00

Array format 2k� 2k
Spectral resolution 22,000–30,000

Sensitivityb

Wavelength [�m] 12.50 12.54 14.96 15.01 17.49 17.57
High background case (mJy) 3.1 1.9 2.8 1.7 3.7 3.5
Low background case (mJy) 3.0 1.7 2.7 1.5 2.2 2.0

aPoint source °uxes; SNR ¼ 5, 1 hr on source, SOAP detector.
bPoint source °uxes; SNR ¼ 5, 1 hr on source, GOAL detector.
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groove shape for the wavelengths covered by the
MCS. The cost of this improvement would be small
compared to that of other developments.

As shown in Fig. 17, the dark current and
readout noise in the MRS-L is comparable to or
higher than the natural background noise. Regard-
ing the dark current, the SOAP data were based on
Spitzer Si:Sb array measurements collected by Van
Cleve et al. (1995). Khalap & Hogue (2012) repor-
ted several Si:Sb blocked impurity band (BIB) de-
tector materials, which we have subsequently
fabricated. We made a test device consisting of
single-pixel structures from the detector material to
measure dark currents. The measured dark current
is lower than the GOAL. To set the GOAL dark
current, a glow e®ect from the output FETs at the
edge of the readout IC is added. However, this glow
a®ects the dark level only near the detector edge.
The echelle format of the MRS restricts its use to
the inner part of the detector; therefore we can ex-
pect dark current somewhat smaller than the
GOAL in MRS-L. The readout noise can be reduced
by increasing the number of Fowler samples. We
assumed that the readout noise is inversely pro-
portional to the square root of NF . In practice, this
relationship depends on the frequency property of
the detectors and should be characterized using the
°ight detectors.

6. Summary

We have designed MCS as a model instrument to
investigate the performance of SPICA in the mid-
infrared region. SPICA is equipped with a 3-m
cooled telescope and four designed modules, two
wide-¯eld cameras with two independent 5� 5
arcmin FOVs (WFC-S and WFC-L), a MRS that
operates in the 12–38�m wavelength region (com-
prising MRS-S and MRS-L), and a HRS that
operates in the 12–18�m region. Instrument sensi-
tivities were estimated by state-of-the-art current
technologies. The estimated performances are sum-
marized in Table 15. A pointing correction system is
required at the shorter half of the wavelength cov-
erage. At wavelengths longer than 26�m, im-
provement in the BPFs is highly desired, and the
groove shape of the grating should be optimized to
improve the throughputs.
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