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ABSTRACT

We present a concept for BLISS, a sensitive far-IR-submillimeter spectrograph for SPICA. SPICA is a JAXA-led
mission featuring a 3.5-meter telescope actively cooled to below 5K, envisioned for launch in 2017. The low-
background platform is especially compelling for moderate-resolution survey spectroscopy, for which BLISS is
designed. The BLISS / SPICA combination will offer line sensitivities below 10−20 W m−2 in modest integra-
tions, enabling rapid survey spectroscopy of galaxies out to redshift 5. The far-IR fine-structure and molecular
transitions which BLISS / SPICA will measure are immune to dust extinction, and will unambiguously reveal
these galaxies’ redshifts, stellar and AGN contents, gas properties, and heavy-element abundances. Taken to-
gether, such spectra will reveal the history of galaxies from 1 GY after the Big Bang to the present day. BLISS
is comprised of five sub-bands, each with two R ∼ 700 grating spectrometer modules. The modules are con-
figured with polarizing and dichroic splitters to provide complete instantaneous spectral coverage in two sky
positions. To approach background-limited performance, BLISS detectors must have sensitivities at or below
5 × 10−20 W Hz−1/2, and the format is 10 arrays of several hundred pixels each. It is anticipated that these
requirements can be met on SPICA’s timescale with leg-isolated superconducting (TES) bolometers cooled with
a 50 mK magnetic refrigerator.
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1. INTRODUCTION

We are developing concepts for a sensitive far-IR spectrograph called BLISS which could be contributed by the
US to the SPICA. The SPICA (Space Infrared Telescope for Cosmology and Astrophysics) mission is a 3.5-
meter telescope actively cooled to below 5 K, and is planned for launch to an Earth-Sun L2-point orbit in 2017.
SPICA is led by JAXA, but a substantial contribution from ESA is under study. SPICA and its instruments are
described in SPIE conference 7010, co-extant with this conference.1–3 The BLISS (Background-Limited Infrared-
Submillimeter Spectrometer) instrument is a broadband grating spectrometer coupled to sensitive bolometers.
The wavelength range of BLISS is under study but currently baselined as 38 to 430 µm, the range for which
SPICA can be a powerful complement to the other facilities, particularly JWST & ALMA. Sensitive far-IR
spectroscopy from space remains a true frontier in astrophysics. The combination of BLISS with the cold SPICA
telescope can offer 4–5 orders of magnitude sensitivity improvement in over the currently-planned facilities in
this wavelength range, bringing it on par with the optical/near-IR and radio spectral ranges. We provide here
an update on the previous SPIE proceeding on BLISS.4 In the last two years, the science case has sharpened, the
technology has matured, and the BLISS instrument concept has been refined in light of the resources available
on SPICA. We revisit the scientific case, outline the BLISS instrument and system considerations, and present
progress on the key technology: the ultrasensitive TES bolometers.

2. SCIENTIFIC MOTIVATION

After the Cosmic Microwave Background (CMB) is accounted for, the remaining cosmic background light is the
integrated emission from all stars and galaxies since they began forming. The spectrum of this cosmic background

Send correspondence to CMB: e-mail: matt.bradford@jpl.nasa.gov, phone: 818 393 7499
BLISS Study Team: authors above plus P. Day, H. Nguyen, M. Werner, R. Cofield, C. Paine, JPL; K. Irwin, NIST; M.
Harwit, G. Stacey, Cornell U.; G. Helou, L. Armus, Caltech; J.D. Smith, U. Toledo; S. Chapman, Cambridge; G. Rieke
U. Arizona; D. Lester, U. Texas; ; T. Nakagawa, H. Matsuhara, ISAS / JAXA; T. Onaka, U. Tokyo; H. Shibai, Nagoya
U.; M. Tamura, NAOJ

Invited Paper

Millimeter and Submillimeter Detectors and Instrumentation for Astronomy IV
edited by William D. Duncan, Wayne S. Holland, Stafford Withington, Jonas Zmuidzinas
Proc. of SPIE Vol. 7020, 70201O, (2008) · 0277-786X/08/$18 · doi: 10.1117/12.790156

Proc. of SPIE Vol. 7020  70201O-1



JJ9AG LCq2pJg2 5 3 fflG92flLGq 0fJJ f p L9qJo\ob
fJJG 91121A6L 110 V 29fflbJ6 0 fJJG 2flfflffl 9J9XTl
fl11GL0 fJJG 29ffl6 G11GLk L6J6926 plafOLik 92 fJJG
bottkCqcij ll11G2fLflCfflLG fL91121f 10112 0 [aTII] [off
IPC llL2f fflG92flLGfflG11f 2 fJJ9f 2bGCfLO2COIIK HkTf

5T E9L-ITS 2bGcL02c0b 9

JJpf-JJmJfCq L9fT11 2bCcfLoi9bp 2flC 92 BFI2
bC9jc 9CfTATfk T11 9J9XTG2 fO 2 IPT2 T2 oufk
Bf 9 combjGf C plafoLik o qflaf-opacnLCq CuCL2
9J9XTC2 MOlt 2bTfSCL 911q 20011 HCL2CPCJ JATJJ C11

92fL0110fflCL2 JJ9AC qCACJobCq 9L-Jff f00J2 911q fl2(

9LC qCLJACq ffilf p fC 2bCcfLomCfCL2 011 fC 91L
92 11J922C2 911q bpkaTc9J C011Jf 10112 L0ffl JApTCf
llCflfL9J 9fornJc 911q rnoJCcflJ9L V4C92flLCfflCIIf

0JjCL2 9 LTCp aflTf C 0 f00J2 Tmmfl11C fO fl2f CXfTU
IPC JCC7 fO afcJqArn fJJC2C 9J9XTC2 "111 C a

fJC9J ojjoit-cib 9JJ L6C6JJfJ7 JAJfJJ f6 abTfscL j
ca HkJJJCJJ 11 bLJucJbJc 9L6 2flJj6L A6L7 JJffJc LcqapJl

)bfJc9JJ7-a6J6cf6q bobflJ9fJoua IPGLG 2 JJJOfflJf
[jjj] auq ECH] DTq fP6 qflafk 9J9XJ62 JtkJC bi
Bnaa ° 2LICV "111 Jmm6qJ9f6J7 bLoAJqc 9L6 I

P I/\J9CP1HG

a tt PTPJTPf 20mG OJ f p626 c9b9pJJJf 162
boaaipjc JAJf p J9LG 9cfJAGJ7-cooJGq fGJGacobG
bLoqflcf Toll LGdrnLGa 9L-Jg abGcfLoacob7 fLOfl

JpJG ifiN- fO 9L-Jff 2bGCfLO2CObk o piJp 9J9xJc
Gq fJJGJJJ fO LGAG9J fJJG bLocGaaGa rnaTq am9jj p
OLJJG opaGLA9foLJGa 9JJ fJJG JJJL9LG ab9cG Qp

JflJJJTLJO2TfTG2 2fGJJ9L bobflJ9fJoua 9uq 2f9L IOLI
o fJJG2G 92-bp92G 9JJ aopq-af9fG G9fflLG2 bu
Cf 011 fJJ9f bLopc 9JJ bp9aGa o fJJG TllfGL2fGJJ9J. UI
bGcfLoacob7 9f Joll-JA9AGJGllf p IPG L62f L9JJ

It 

(eoo Is e if oo 

(OO is te 
rcoec 

I I I I I I 
e.c c e.s 

9Io1vB1i1u o oib 
9VBfJ 5II-IBI 9[J 

21 291XBIB bflB 21 
lB bb95I moi 

(OO .I bL 
D5IIJU bflB D511 

DimaoD SF{J bsll 
JJ3f{J JDJ3I sr{T .j 

no ansm 
bswisns isvs 

lo ioJair{ sislqi 
J3ffi HID sifi SD 

asiiroa Jab ii 
aD5HJ) asixjlj 

sr{J III Jiaonimu 
ailirfabsi J asix 

5II-1-oJ-bim Si 
bsinoi :muibsi 

aJ1ir{absi asbivc 
asiioiair{ noiJni 

(O2I) UI0JJ3V1s 
diJ3sn lo ljjlbru 

.1 
— 

oJ a' 
lo smisi sr{J r{ 

-lJ3DJ3ib0 bn 

sr{J iv ailirfabsi 
HID sifi bsDubo 
JJ3f{J sDflsbiVs gi 
.athd noiiDslsa-J1 

llimi2 

o T 2 92 f6 flJJC O f6 (IAIB T2 L62OJA6 P4° TP
9L-JJ{ p6 JJ6Xf 6116L9f1011 O COJJfJ11flflffl 2flLA6

9JJ flpJJ{Q2): A6L7 boitcqcq 9J9x162 20 PTPP c
qJacoAcLcq 9bb691. fO JJ9A6 bLobcLf162 2JmJJ9L fO f]

pc q1J4,GLduf LOffl fJJO26 f9f bLoqflcc f p6 obpc
2f6JJ9L JJflCJ6O22JJf p6212 9JJ 9J9X2 6AOJflf 1011 911
p7 2f9L2 9JJ pj9cjc-poj6 9CCL6fIOJJ IPT2 qcJ2f-611
9A6L96 J11 f p6 flJJ1A6L26 111f6L2f6JJ9J. fl2f 92 9]
f p6 6116L2 T11 f PT2 fl2f combou6uf T2 combj
J11JL9L6 9CJL0fl11 (crnY 2 bLoqflc6q p7 qfl24
2po1A2 f1A0 pLo9q b69jc2 0116 9f T 911q 0116 S

COJJfLIpnfIOJJ fO {JJG fOf9J IJJp9Lcq J[JJJJIJJO2I{2 qGJJBIO\

Cf Bf (5oo) LLC G0HSJGS Cf Bf (5002) F6
soo) JJP6 Jfl6 bOiJJf 2 LGJDLG2GJJf bLC-\uou-abifsCL q

FspeoLpCq p2 qrJe hell: JJP6 iJJp9L6q JHJJJIJJO2If2

combBLBpJC 6JJ6L2 qcJJeif2v IP!2 imbpCe f9f p9J C
AAUALTLTT1TTO TCHTTTTIC(T TTflTTT flflTL LI UT (nnn\ T Ti

COJJ8fJf[JGJJf 2OflLCG8

'4JJ qJ2COAGL fGJJ2 O fJJOfl89ll2 O 2JfflJJ9L 9J9
)2CflLG f9f fJJc7 GJJJJf fflOLG fJJ9IJ 8O o fJJGJL JI

jJO8G O fJJG JOC9J J[JUJJJJ0[J8 9JJ [JJfL9J[JUJHJO[J2 JJ{

cj \ JJG9L-JJ{ 1P6 IIL8f pJp-LcqapJ
fJJGLG J2 GIJGJJCG fJJ9f fJJG 9J9XJG2 JAJJJCJJ bLoqil

pocqcq combouduf fflfl{ pc rncjcqcq OL 9 COJI
paopcq 9uq LdL9qJ9fdq JJ9J O fJJd fOf9J GIIGLA
3Jd fO fJJ9f T11 fJJd ObfJC9J \ ud9L-Jg comboucuf

pc9cq p7 JJG9LpK 8f9L8 OL 9CCLGfJOJJ bpcuomcm

'f T2O IPd JoJTh-IA9AdJdufJJ combouduf C

T 92 &fGLJJJHJG p2 F6 LJOCP Cf
LJOCP Cf 9J (5002) JJPC 9JJ2 IHIC9f C fJJC fOf9J F
9f 9 JJPC bifSCL-p92Cq 9f 9 IJJCJIJqC L62[JJf 2 JLom JI{6
qCJJ2If2 92 9 JJJJCfIOJJ O LC2JJf fO S 32 (f9jcCu

fJJC CHCL2 LCJC92C fJJLOHJJO[Jf fJJC pi2foL2 O 2f 9
IL I AAfl HLUTJO flTTL ITT ITTL nhiir UT\ TTCcIl—TTI UTT(T flTTL ITT1flflOJOiJ(21Jc LtUJLJJJ4O9 1LJJJJ JJ-JO °b- '1 OUU2) WV

L!HLG F FELl: QpBGLAOIç100JOTJ COJJBfL0010Jf 2 OH fJJG II

M2AGTGURW [liar]
o.T T-o 10•0 TOOO

obbIx&L 2L11x61 PObIXOL

121110 NIH 0111,2
HOTUJ 0h' 1900UJ

011b1X61 100
abovç 1211W

[cH]

4-'-' 41'' ''4-'J \'-1b '-"-]
LJfGu2if2 o fG coXmic plXcJcSiornJq L1qi1fiou pom u

10000 0 02 J 2 S

yEJIIVO

)0 i5O0h

103

Proc. of SPIE Vol. 7020  70201O-2



5
50 60 70 80 90 100

< 100 110 120 130 140

140 150 iSO 110 180 190

Wavelenglh (pm)

At
L-

P
'n.m ! .m—,n

0 tOO 121)

•1 V-[fl (,rn.a.).-'---- %-,.

140 160 ISO

Figure 2. Far-IR spectra of nearby dusty galaxies obtained with the long-wavelength spectrometer (LWS) on board the
Infrared Space Observatory. Left is the spectrum of the starburst galaxy M82 reprinted from Colber et al.,5 and at right
is the spectrum of the oft-studied ULIRG Arp 220 reprinted from Gonzalez-Alfonso et al.6 Both emit the vast majority
of their energy in the far-IR, and the variation between the two spectra is indicative of the wide range of properties in
dusty galaxies. In M82, the fine-structure transitions are the primary coolants of the interstellar gas, and are among the
most powerful spectral lines emitted by the galaxy. The suite of lines probes the conditions of the starburst, including
the masses of the most massive stars. In Arp 220, the spectrum is dominated by absorption lines tracing the massive
molecular reservoir which powers the star formation – in this case the OH absorption lines are among the most powerful
spectral features. These galaxies are among only a handful of nearby galaxies which were accessible to the LWS; The
spectrometers on Herschel will offer sensitivity to these lines in galaxies throughout the local universe to redshift of ∼0.5.
But it is only with a cold telescope and a sensitive grating spectrometer such as BLISS that these types of measurements
can be made on galaxies throughout their history.

the Spitzer 24-µm-selected sources confirm a dramatic decrease in luminosity from redshift 1 to the present:
LeFloch et al.10 infer a shift in characteristic luminosity L* at a rate of (1 + z)4.0±0.5, shown in Figure 1. Both
the rapid evolution recently, and the potential peak between z ∼2–3 suggest that the far-IR-seletected dusty-
galaxy populations may have had a different history from the optically-selected populations, which appear to
have experienced a more constant rate of energy release with cosmic time.11

The BLISS-SPICA sensitivity of below 10−20 W m−2 will enable follow-up of the LIRG- and ULIRG-class
galaxies at redshifts 0.5–5 which likely produced the CIB in their dominant gas coolants: the powerful [OI],
[OIII] and [CII] fine-structure transitions. These lines are the dominant coolants of the neutral ISM gas and HII
regions, and each can carry to 1% of a galaxy’s luminosity. The spectral coverage of BLISS ensures that at least
two and generally more of these lines will fall in the band for all redshifts. The frequency ratio immediately
identifies the lines and fixes the redshift for each galaxy. The survey sample could easily consist of a few thousand
high-z galaxies, thus providing a statistically significant measure of properties when binned in both cosmic time
(log(1 + z): e.g.∼15 bins) and galaxy power (log L: e.g. ∼6 bins). Based on the sensitivity estimated in
Section 3.1, it is clear that survey will require less than one hour per galaxy on average, and if the initial redshift
indications described above are appropriate, then BLISS-SPICA will access the vast bulk of the CIB populations.

2.2 The Far-IR Spectroscopic Toolbox

Even for the subset of dusty galaxies for which optical counterparts can be identified and optical spectra obtained,
the high obscuration ensures that the optical spectra do not probe the bulk activity in these galaxies. It has
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Figure 3. Hubble Ultra Deep Field with ISO Long Wavelength Spectrometer (LWS) spectra of nearby galaxies (Fischer
et al., 1999). The spectra extend from 48 to 200 microns, a subset of the BLISS wavelength range for redshifts 0 to 3 (at
higher redshifts, the longest wavelengths will be shifted into the ground-based submillimeter windows.) BLISS on SPICA
will readily obtain spectra similiar to these but at higher spectral resolution galaxies and redshifted to as far as z∼5. The
circles show the BLISS-SPICA beamsize at 180 µm.

been shown that luminosities based on UV/blue fluxes and colors underestimate the total luminosities of a
sample of LIRGs and ULIRGS by factors of 3–75, and that the UV/optical light often comes from regions
hundreds of parsecs from the true luminosity sources.12 Far-IR– submillimeter spectroscopy is the natural probe
of astrophysics in dusty galaxies because it is immune to dust extinction, and therefore probes the entire galaxy.
Unlike the mm-wave tracers available from the ground at longer wavelengths, the far-IR–submm transitions
access all important components of interstellar gasmolecular, neutral atomic, and ionized. In this section we
briefly ouline the wealth of astrophysical information available with the lines traced with SPICA in the far-IR.

Photo-dissociation Regions The UV radiation from newly-formed high-mass stars within molecular clouds
strongly affects the natal molecular ISM. Within the immediate vicinity hydrogen is fully ionized forming an HII
region whose size is set by cloud density and the number of H ionizing (Lyman continuum) photons that are
available. Just beyond the HII region, far-UV (6 eV < hν < 13.6 eV) photons penetrate the neutral gas where
they photoionize atoms and photo-dissociate molecules with ionization or dissociation potentials less than 13.6
eV forming photodissociation regions (PDRs). The depth of the PDR is determined by the extinction of far-UV
photons by dust. Halfway through the PDR column, the far-UV field strength G is reduced to the extent that H2

becomes selfshielding, and from this point further into the cloud, hydrogen is in molecular form. The heating of
the gas in PDRs is primarily through the photo-electric ejection of energetic electrons from grains, with typical
efficiency 1%. Most of the remaining stellar energy goes into heating the grains, which re-emit the energy in
the far-IR continuum.13 PDRs are an important ISM component–typically 10% by mass in normal Milky-Way-
like galaxies, and up to 50% in starburst nuclei and low-metallicity dwarfs. The primary coolants of these dense
PDRs, as well as moderate density atomic clouds are the [CII] 158 µm and [OI] 63 µm fine-structure lines. These
lines are often the brightest single lines from star forming galaxies, each line can carry up to 1% of the total
far-IR luminosity. Observing both lines together with the far-IR continuum constrains the physical conditions
of the gas (temperature, density, mass), the area filling factor of the emitting gas region and the strength of
the far-UV radiation field. The ionized gas close to the stars can be probed with line pairs (e.g. those of [NII],
[SIII], [OIII]). These pairs directly measure density and thereby distinguish between between low-density HII
regions associated with aging stellar populations, and the dense HII regions characteristic of young starbursts.
Lines from different ionization states within an element (e.g. [OIII] & [OIV]; [NII] & [NIII]; [NeII], [NeIII], &
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[NeV]) yield the hardness of the stellar radiation fields, hence identifying the masses of associated main-sequence
stars. This is a measure of the age of the starburst, or its initial mass function. In addition, lines from different
elements within a given ionization zone (e.g. [OIII] and [NIII]) yield relative elemental abundances, hence the
history of stellar processing (e.g. Lester et al. 1987). An excellent example of the utility of the far-IR lines
is that of Colbert et al.5 shown in Figure 2. In this analysis the line fluxes are used to probe the starforming
ISM and constrain the stellar populations in M82. The best fit is a 3–5 Myr burst with a 100 M� cutoff, and
the line intensities require that half the total mass in the central few hundred pc is involved in the starburst.
BLISS-SPICA will the wavelength coverage and sensitivity to make these kind of measurements on LIRG-class
galaxies from redshift of 3, when the universe was 1/6 its current age, to the present day.

Dense Molecular Gas: Rotational Transitions of Hydrides and High-Excitation CO The far-IR
and submillimeter is also the waveband which carries the dominant coolants of the molecular gas. In the Milky
Way and nearby galaxies, UV-shielded molecular gas accounts for about half of the interstellar medium by
mass. Since it is the birthplace of stars, understanding the heating and cooling of molecular gas constrains
theories of star formation. For typical molecular material, CO is regarded as the most important coolant, and
J = 1 → 0, J = 2 → 1, and J = 3 → 2 transitions have been the standard measure of molecular gas mass due to
their accessibility. However, observations up to J = 7 → 6 the highest-frequency transition accessible from the
ground now show that much of the molecular gas in starburst galaxies is heated to 100 K or more by stellar UV,
turbulence, or cosmic rays.14,15 This implies that the J ≤ 7 lines alone are insufficient probes of the temperature,
energetics, or mass of the molecular gas in these cases. The mid-J (J=8–15) far-IR CO transitions accessible to
BLISS at low to moderate redshift are a critical complement to the ground-based observations to reveal the full
molecular gas energy budget. For even more extreme molecular material such as that associated with protostellar
condensations, shock-excited gas, and AGN tori, the dominant coolants are the light hydrides: OH, CH, and
H2O, and high-J CO. The hydrides have rotational fundamentals in the far-IR, and rapid radiative rates. In
the dustiest of galaxies in the local universe, these lines are often seen in absorption, providing a direct measure
of column densities and abundances of optically thin species, as shown for Arp 2206 in Figure 2. In particular
for the torus around an AGN, the high-J CO lines are expected to be very important coolants due to the high
density (107 cm−3) and temperature (∼1000 K). Krolik and Lepp16 estimate that in these extreme regions, a
single CO line (e.g. J=40→39) at 70 µm can have up to 1% of the input X-ray flux, making it detectable with
BLISS-SPICA at redshift 2 for a luminous AGN.

2.3 Interstellar Medium Conditions at z∼1–5

At high redshift, the process of star formation and perhaps the conditions around massive black holes are likely
to be modified by the lower metallicity of the interstellar medium, as well as potential differences in the structure
of typical galaxies. For example, the dust to gas ratio decreases with decreasing metal content.17,18 and this
trend has been invoked to explain differences in the global infrared SEDs of ULIRGs at z∼2.19 In addition,
the morphologies of high-redshift infrared galaxies indicate that many of them are not major mergers (as are
most local ULIRGs) but appear to be only modestly disturbed spirals.20,21 These observations suggest that
local analogs do not represent well the conditions in the dominant IR galaxy population at high redshift. There
are no local low-metallicity ULIRGs and the great majority of local star-forming ULIRGs are dominated by
nuclear-concentrated regions of extremely high optical depth in dust. The conditions in the ISM not only affect
the observed properties of galaxies, they also strongly influence the processes that lead to star formation. Optical
spectroscopy (probing the rest frame UV) is so strongly affected by extinction that it cannot give a representative
view of a high-redshift ISM, while sensitivity limitations make detailed observations in the near-IR (rest optical)
impossible. The strong, extinction-free, and highly diagnostic complex of lines accessible in the far-IR are the
best observables to support astrophysical analyses of the conditions in the interstellar gas in these galaxies.

2.4 Source Confusion for Far-IR Spectroscopy with BLISS / SPICA

Source confusion has been a major limitation in traditional direct broadband imaging and highredshift source
extraction at the long far-IR wavelengths. However, simple arguments show that the spectroscopic observations
that we envision for BLISS on SPICA will not be limited in the same way. The key difference is that unlike a
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Table 1. BLISS Instrument Bands, Modules Sizes, and Detector Formats

Band λmin λmax L W H Ndet Spat. Pitch Spec. Pitch
µm µm cm cm cm µm µm

Cross-dispersed echelle modules
1 38 67 10.3 6.6 6.0 960 ×2 306 193
2 67 116 18.0 11.5 11.0 960 ×2 535 337

WaFIRS modules
3 116 180 14.9 14.9 3 768 ×2 873 140
4 180 280 23.1 23.1 4 768 ×2 1353 216
5 280 433 35.9 35.9 4 768 ×2 2097 336

Total Envelope, both beams
38 433 50 50 50 4224

continuum flux, the spectral information produces a meaningful signal when differenced from a nearby reference
position. Our survey does not require sources to be extracted based on their brightness relative to the aggregate
background, but instead to follow up known sources with positions determined by other means. The sources will
be based on shorter-wavelengths images. In practical terms the space density of BLISS sources will be similar
to the space density of sources in the surveys which are resolving the bulk of the galaxy populations. A prime
example is the Spitzer 24- µm populations. The source density is on order 15 per square arcminute.22,23 This
means that there will be on average 0.5 sources per 200 µm BLISS-SPICA beam. This density is too high for
this source to produce a signal in a continuum map, because the broadband flux in the target beam is nearly
indistinguishable from the flux in adjacent beams. However, because the spectral lines will vary from beam to
beam, a source density of order unity will be adequate to ensure that the spectral information gathered belongs
with the intended 24 µm source. A sanity check is Figure 3 which shows a Hubble Deep Field image with
appropriately-sized BLISS beams overlaid. Even in this very deep optical image, it is clear that with careful
sample selection, it will be possible to follow-up many galaxies unambiguously.

3. BLISS APPROACH, ARCHITECTURE

3.1 Fundamental limits to far-IR observations

Substantial gains are still possible in the far-IR because existing far-IR spectroscopy platforms operate far from
the ultimate sensitivity limitation: photon noise from the diffuse astrophysical background. The background is
produced by interplanetary and interstellar dust, the cosmic far-IR background and the CMB. Careful analysis
of COBE DIRBE data24,25 has revealed the components, and it is straightforward to calculate the resulting
sensitivities. As Figure 4 shows, in regions of low zodiacal light , the photon noise on a cold telescope can be four
orders of magnitude lower than that produced by a passively-cooled (∼80 K) telescope. A cryogenic 3-meter class
telescope with a dispersive BLISS spectrometer is capable of probing ULIRG-type sources out to redshifts of 5,
and the sensitivity increase translates into factors of more than 106 speed improvement in obtaining a complete
spectrum for a distant galaxy.

3.2 BLISS Technical Approach

The philosophy of BLISS is based on the aims of the scientific investigation outlined above: broadband follow-up
spectroscopy of unresolved sources with known positions. The instrument therefore aims to provide maximum
sensitivity at moderate resolving power with complete instantaneous spectral coverage. Spatial multiplexing
(imaging/mapping) is a secondary goal. Heterodyne spectrometers are not well-suited to cold space telescopes
because they suffer from quantum noise—a term that is factors of 100–1000 times greater than the photon noise
from the natural backgrounds. Moreover, the heterodyne backend bandwidths are insufficient for effective spectral
surveying. Direct-detection spectrometers are the natural choice, and the broad bandwidth requirement permits
two basic options: diffraction gratings and Fourier-transform spectrometers (FTS). With suitable detectors, the
grating spectrometer is more sensitive for observations of a single point source. BLISS is therefore a broadband
grating, optimized in this way. The sensitive spectroscopic capability is complementary with the 2-D survey
capability of SAFARI, the FTS under study by the European consortium.3
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Figure 4. RIGHT: Sensitivity of far-IR spectroscopy platforms. Values for SOFIA, Herschel, Spitzer, and ALMA are
taken from the instrument web pages. For ALMA, we assume a 300 km/s linewidth. The blue CCAT curves represent the
background-limited R=1000 spectrometers on the proposed 25-m Cornell-Caltech Atacama Telescope at a high site. The
SPICA-SAFARI curves are taken from the SAFARI literature. The red SPICA-BLISS curves are calculated assuming
a 3.5-meter telescope with 75% aperture efficiency and 25% total instrument transmission in a single polarization, and
assume that the source is compared with a reference as required with bolometers. Sky backgrounds are average values
appropriate for the North Ecliptic Pole. The light dashed curved at bottom shows the photon background limit, the
heavy curve above it assumes a detector noise-equivalent power (NEP) of 5× 10−20 W Hz−1/2, achievable with transition-
edge superconducting bolometers, and the upper red curve shows the performance possible with semiconducting (NTD
Germanium)-sensed bolometers which could achieve an NEP of 3 × 1019 W Hz−1/2. As a guide to the astronomical
capability, overplotted are spectral line intensities from ULIRG at various redshifts assuming a fractional line intensity
of 10−3, and the current cosmology (Ωvac = 0.73, Ωmat = 0.27, H0 = 71). LEFT: Detector requirements for far-IR
platforms. The grating spectrometer requires detectors with NEPs well below anything built to date.

A single grating spectrometer only efficiency couples a single octave of bandwidth, so the full BLISS instru-
ment is actually a series of spectrometer modules presented in Table 1. The original BLISS concept was R∼1000
in six bands, extending to 670 µm the current working concept for BLISS is now reduced given the stringent
mass limitations on SPICA. BLISS is now five bands at R∼700, extending to 433 µm. We have eliminated the
longest-wavelength band (λ = 430–720 µm), and have reduced the resolving power to R=700. The loss of the
submillimeter band is reasonable given the capabilities of the ground-based facilities shown in Figure 4. The
reduction of the resolving power will have a small impact on the scientific performance, but since the linear
dimension is reduced by 70%, the volume and mass are reduced by at least a factor of 2, a substantial savings.
The total estimated mass of the cold BLISS instrument, including the spectrometer modules, refrigerator, and
associated shields and supports is 50 kg.

BLISS will employ two types of broadband grating spectrometer. The WaFIRS system demonstrated at
λ = 1 mm will be used for the longer wavelengths. WaFIRS is a 2-D system which uses a custom-machined curved
grating in parallel plate waveguide – its principal advantage is the compact size. For the shorter wavelengths,
BLISS will employ a cross-dispersed echelle grating modules, similar to those employed for the high-resolution
modules of the Spitzer IRS, using an ultra-compact design. Both are shown in Figure 5, and described more
fully in the previous SPIE paper.4 The trade between the two approaches is essentially that the waveguide
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and by the backgrounds at L2 and are independent of the telescope aperture. For continuum imaging for
Fourier-transform-type spectroscopy, the required NEP is on the order of 10−19 W Hz−1/2 and is comparable to
ground-based submillimeter and millimeter-wave spectrometers (Z- Spec, SPIFI, ZEUS, FIBRE) and the 70 µm
array in Spitzer MIPS. Achieving the ultimate capability of BLISS-SPICA and SAFIR/CALISTO, however,
requires dispersive spectroscopy, for which the photon-limited NEP is a few times 10−20 W Hz−1/2.

While there are several promising new technologies under development, the most suitable approach given
SPICA’s timescale is to array superconducting transition-edge-sensed bolometers with a SQUID based multi-
plexing readout (MUX). This technology has seen significant progress in the last few years; current and future
deployment of arrays of 1000’s of membrane-isolated TESs are underway, and it is straightforward to build ef-
ficient wire-grid absorber-coupled TESs from 40 µm to 600 µm. However, to reach an extremely low NEP
of a few×10−20 W Hz−1/2, one must reduce the fundamental intrinsic temperature-fluctuation noise due to
phonon fluctuations between the absorber of the bolometer and the substrate. The expression for this noise
is: NEPphonon =

√
γ4kT2G, where G is the thermal conductance between the absorber and the substrate, T is

the bolometer temperature, and γ is a factor of order unity. As discussed in Section 5, our group is developing a
cooler based on an ADR which can provide lift at 50 mK. At this base temperature, one must reduce G to ∼10
fW/K to obtain the required NEP of ∼few×10−20 WHz−1/2.

While achieving such low NEP is challenging, our group has built single-pixel TESs and shown that they
are sensitive and fast enough for BLISS.26 In particular, we have built TESs consisting of a superconducting
thermistor patterned onto a suspended, thermally isolated absorber that is connected to the substrate through
four SixNy support beams (see Figure 6, top). By making the aspect ratio of the length-to-cross-sectional area
of the support beams very large, we have shown that G can be lowered to about 10 fW/K (Figure 6, bottom),
as required for BLISS. This is roughly 1000 times lower than the G needed for all astrophysics applications to
date which use bolometers for observations in the far-IR/submm/mm.

One may be concerned that ultra-sensitive TESs may be too slow for practical use because the response time
is given by the ratio of the heat capacity C to the G, T ∼ C/G. However, we have measured the response, and
showed that by reducing the thermal mass of the absorber and relying on electrothermal feedback, TESs can be
made fast enough for BLISS. We measured the effective response time τ of a low-G island (without a TES) (see
Fig 6). We performed the measurement by coupling optical pulses from an LED through an optical fiber into
the sample box of the TES. The natural response time of these devices is less than 1 second, and this should be
reduced by a factor of at least 10 with a voltage-biased TES thermistor. This is suitable for BLISS. Since BLISS
will operate in a simple spatial chopping mode, the detector speed requirement is determined only by the need
to avoid low-frequency noise. This will of course depend on the details of the environment on board SPICA, and
its interaction with the TESes, but we anticipate that a 100-ms time constant should be suitable. We note that
the measured heat capacity is much larger than predicted with simple Debye-type lattice models and electronic
contributions. We are currently investigating the device heat capacity and studying ways to reduce it further.

5. BLISS SUB-K COOLING, THERMAL ARCHITECTURE

In light of the very low NEP detectors required for BLISS (∼ 5 × 10−20 W Hz−1/2), and the corresponding very
low optical loading (∼ 10−18 W) on the detector, all of the BLISS focal plane modules will have to be cooled
to T∼50 mK. This is a challenge, especially given the heat lift limitation of SPICA (5 mW at 1.7 K). The
current state-of-the-art sub-Kelvin flight coolers is limited to 3He sorption coolers on IRTS and Herschel/SPIRE
(> 280 mK in a single shot mode), the Planck open-cycle dilution refrigerator (100 mK, <200 nW, 2.5 year life
due to expendables), and the ASTRO-E Adiabatic Demagnetization Refrigerator (ADR) (60mK, single shot).
All cooled cold stages with mass <2 kg, much smaller than BLISS. Thus there are no proven coolers capable of
meeting the requirements for BLISS. The 3He sorption systems are not cold enough, and the open cycle dilution
fridge cannot approach the 5-year life in any practical configuration. A scaled version of the ASTRO-E ADR
appropriate for BLISS would exceed SPICA’s heat lift capability.

A major improvement to any 50 mK ADR system staging from T > 1K is to include an intercept stage
at T∼500 mK. Such a dual-stage system could cool a smaller version of BLISS in single-shot mode, with a
reasonable mass (∼8 kg). However, the duty cycle of a single-shot system is limited; for this cooler, the duty

Proc. of SPIE Vol. 7020  70201O-10



F H K9f9S9 H Ji0C9J bjw
IS]

joqa O J622 fJJ9JJ TO o fJJG JJOfflJJJ9J b9L9aJfJca I
fOf9J b9L9aJfJc + OJJfflJC JJG9f joq Vf G9CJJ fGffl
T K JJG JJ9AG obfimiscq fpc 2JSG OJJJG ffl9JJGf
fJJGJJ JJiJJIC afibc/LcouqficfJu pcjoit g K
C9LL7 fib fO (12 vmba iwi p92GJJJJE 9bbLo9cp c
T K COOJGL 1P6 Of JJE/L 2K2fGJJJ-JGAGJ b9L9aJfJca I
9JJ Pf 2111fCP JJ9AG jC 9JJ fJJE

iw OfiL bjjja 9JJ ffl9JJGf 2 (c9cp HkJf fflfijfj-J9?
pc fflfiCJJ pJpcL J ilOf OL fJJG JJJfGLCGbf 2f9G 9f (
f P6 fJf9uJfiUJ 2fi2b6JJ2JOJJ fif JMf p 9 COUf Lipfif JOT]

"4fP fJJG fJJGLffl9J joqa Oil fJJG cojq 2f96 G2fJTJJ9f(
pjc 9AG qcAcJobcq 2fiC 9 couccbf OL COOJJTJ1

GJGCfLJC9J boIAcL 2 L6drnL6q fJJGLG 9L6 Ho 6xb6TJq

JJJ8fL[JJJJGJJf a oupowq 2hICV 11 [oc'
EEEKEMCE2

ill fJJG CflLLGJJf 2LICV CLKOGJJJC qcaJJJ
8f9G f pc obpmiscq ffl9JJGf jc9qa bica

HkJLG2 pE4JAGGJJ G9CJJ O 2hICV fGLffl9J apicjqa f(
fJJGJJ pJJJ acthcLcouqcJcJu jG98 pcjoit 4 K fO f

)L fPT J2 fO fl86 L988 jcaqa LOffl fJJG JA9Lffl ab9cC
wdrnLcq o fpc VDJ{ 9L6 qflc fO fJJG ffl9JJGf jc9q

akafcffl GXJJ9fl2f 8 GfJAGGJJ T 9JJ 3 fflffi o boJtA
GL m9JJcf ic apicjqrn 9JOJJ JMf p fG LcdrnLcq
12 K JtkJC JJJfGLcGbfa 33 k1jJ LOffl JJJJJGL-fGfflb(

r p.om fJJG adnrna Oil fJJG GfGCfOL 2f9G IPT2 b
q fO pc T@ kVI\ bLJm9LJJ7 fpc bwr.9aific joq couq

f P Bnaa abccfLomcfcLa fO 20 JJK IP' abccii
pjca 9JJ [JO fflOAJJJ b9Lf a

LOTO (aJ2

GJJf 9qqJfJoJJ9j
) JJJJJJJJJJJG fJJE

G JJJ9JJE4 9f
CL9f fO g
[ JAJJJCJJ JJJflf
GL fO

CObbGL fL9b
EL9fflLG f9G•
)9L9Jf IC iojq
[flCfG fJJLOflJJ
UC9fJOJJ pGiu

JJJJJOJJ ouj7
. JJJflJfJbJE, 9Jf
)JGL JJJ9
JJG OpGLAJJJ

9L92IIC JoBq2
o bp9262 OJ pG
LGC2CJIJJ o
J b9L9mjjic

bqja 9JJ Pf 2HkJfCJJG2 2JJOJAJJ acJJcm9fJc9JJk J11 Ii.
abccfLoL9bp 2[JCJJ 92 BF122 C0llfJllfl0fl2 COOJJJJ
ccicck COIJfJIJ[JO[J2 VDJ{ J2 qJc oiJjk IA97 fi
ckcjc J11 00JJTJ f P6 fHJJ BFi22 JII2fLflfflGIIf Ofif

obcLBfiornq CKCJG hIdllJ: hL0f0fb6 pBLqniuc: B 21
JJGX{ JJ1pGL fGJJJbGLBfHLG 2fBG VLLOIA2 rnqicBf C born

29ff bijje 9p2oLpiJJ JJCB{ 9f ObCLBfIOJJBJ fGJJJbGLBfHLE2
L!HLC FELl: 2CP6UC O 5-2f9C COJJ{IJJJTOJT2 VD

ILlI rtr®e

JflLG 1kf T J€J69J 0L JoJJ-qnLa4Jou
cau pc acpTcAcq p.om a bLobcL couuiJLwfTou 0

0 acpTcAc LG980ll9JG flf 1k cIkcJc 11 a moqca coo
JTJJGq 90AG JA0flJ pc pcJoit 2O rnJacccbf

JJJG-2JJof (IJJT9J 2f9C 222fCJJJ fO ACLIJ 29ff JDIJJ2 9JJ b
L IJO/A 1P6 fibboL 9JJ(IJ JO/AOL L9JJJC2 LCJDLC2CJJf fJJC f/I

fJJC Lcq IJJqIC9f C JDIJJ2 /AJJICJJ 9L6 qnmbllJ JJC9f /AJJIJC

CJJAI2I0JJCq OL BF122 1W' PJ116 LCCf9JJJC2 LCJDLC2CJi

o j

i'—2OOWK _______
MVEIE

Proc. of SPIE Vol. 7020  70201O-11



2. Nakagawa, T., “SPICA mission for mid- and far-infrared astronomy,” in [Proc. SPIE ], 7010 (July 2008).
3. Swinyard, B. and Nakagawa, T., “European contribution to the SPICA mission,” in [Proc. SPIE ], 7010

(July 2008).
4. Bradford, C. M. in [Proc. SPIE ], 6265 (July 2006).
5. Colbert, J. W. and others, “ISO LWS Spectroscopy of M82: A Unified Evolutionary Model,” Astrophys.

J. 511, 721–729 (Feb. 1999).
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