19" International Symposium on Space Terahertz TedgyolGroningen, 28-30 April 2008

CASIMIR — Caltech Airborne Submillimeter

Interstellar Medium |

nvestigations Receiver

David Miller’, Michael L. Edgar, Alexandre Karpov, Sean Lin, 8ind. E. Radford,
Frank Rice, Jonas Zmuidzirtaand Andrew I. Harrfs

! california Institute of Technology, Pasadena, CA25, USA
University of Maryland, College Park, MD 20742, USA

* Contact: davem@submm.caltech.edu, phone(626)395-3

Abstract— CASIMIR, the Caltech Airborne Submillimeter

Interstellar Medium Investigations Receiver, is a raltiband,

far-infared and submillimeter, high resolution, heterodyne
spectrometer under development for SOFIA. It is afirst

generation, Pl class instrument, designed for detid, high
sensitivity observations of warm (100 K) interstelir gas, both in
galactic sources, including molecular clouds, cirqustellar
envelopes and protostellar cores and in external ¢mies.
Combining the 2.5-meter SOFIA mirror with state of the art
superconducting mixers will give CASIMIR unprecederted
sensitivity. Initially, CASIMIR will have two band s, at 1000 and
1250 GHz, and a further three bands, 550, 750, 14@Hz, will

be added soon after. Up to four bands will be avigible on each
flight, contributing to efficient use of observing time. For
example, searches for weak lines from rare species bright

sources can be carried out on the same flight witbbservations
of abundant species in faint or distant objects.

I.  INTRODUCTION

CASIMIR, the Caltech Airborne Submillimeter Intexar
Medium Investigations Receiver, is a far-infrarédR) and
submillimeter, very high-resolution, heterodyne cdpameter.
It is being developed as a first generation, Ppali
Investigator (Pl) class instrument for the Stratesfc
Observatory For Infrared Astronomy, SOFIA [1],

begin in mid-2010 and the instrument should belalbks to
guest investigators soon after. It is anticipa®FIA will

eventually achieve a flight rate of up to 160 fliglper year,
with a lifetime of 20 years. During the initialights,
CASIMIR will have two bands available, 1.0 and 1.29z.

Three additional bands will
instrument development, providing frequency coverigm

500 GHz up to 1.4 THz. The frequency coverage ipay
expanded up to 2 THz later. It will be capablecoYering

this frequency range with a resolution of £.10

[2].
Observations with CASIMIR on SOFIA are expected t(

be added with ongoing

668

material then re-emits either as dust continuuniatich or
gas line emission. CASIMIR will be able to utilizecent
advances in the sensitivity of superconducting msixeo
study the fundamental rotational transitions of wnan
astronomically significant hydride molecules. Evext
excellent ground sites, such as Mauna Kea or thyh hi
Chilean Andes, the atmosphere is opaque to moshasfe
lines. Observations of these species can provitleat tests
of our understanding of interstellar chemical netwoand
reactions.

Il. SCIENTIFIC OBJECTIVES

A selection of significant spectral lines obsereablith
CASIMIR is shown in Table I. It is expected thaitial
observations will concentrate on lines from ths. liMost of
these lines are completely unobservable from theurgy.
The atmospheric transmissions shown are for tyfSeiFIA
operating altitudes, ~ 40,000 ft or 12 km. At thalt€ch
Submillimeter Observatory (CSO), on the summit aiuva
Kea, at 4.1 km altitude, only two of the linesdidthave an

TABLE |
OBSERVING LIST OF SIGNIFICANT SPECTRAL LINES FOR GMIR

The FIR/submm is extraordinarily important for the

investigation of both the galactic and extragakaaetiarm
(T ~ 100 K), interstellar medium. This material eslbed by

shock waves or UV radiation, phenomena that arenoft

associated with star formation or other high energgnts,
e. g., supernovae or active galactic nuclei. Témnsited

Band Species Line Atm. Trans.
[GHZ] [GHZ] [%]
CH 532, 537 98, 97
H,°0 547 81
2= NH, 572 94
CO 576 80
750 H,°0 745 82
HaO+ 985 65
CH, 946 99
1000 NH 975 96
H,°0 995 73
CO 1037 94
H,%0 1137,1181 | 70,75
1200 1189,1199 | 87,81
HF 1232 30
H.D+ 1371 94
1400 N+ 1461 92
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atmospheric transmittance more than 0%: CH (1%)G@Hg B. H,D" and N

(13%). _ _ _ A 1.4 THz band is expected to be available sooeraft
Oxygen is the third most abundant element, yet ii§ASIMIR begins observations on SOFIA. This band wi
chemistry m_mterstellar clouds is _poorly unde_mto The  concentrate on the B 1370 GHz ground state line. The
atmosphere is opaque to many of its key specie$ &8 O, H,D* jon is of particular interest, as it is the deated
Oz H,O, HO+ and OH, limiting detailed ground yersion of H*, which is believed to be responsible for
observations, but are prime candidates for invattg using driving much of the chemistry of molecular cloudze
CASIMIR. Also, the highJ lines of CO will be observed 372 GHz line of HD" now has been observed in several
with CASIMIR. 'I_'hese Iines_typicall_y trace sho_ckmis gnd molecular clouds with the CSO [4nd the APEX
have been studied extensively with the Kuiper AiMg tejescope [5] on the Chajnantor plateau in Chilewkler,

Observatory  (KAO) with high-resolution, heterodyneyjs js an excited transition that traces hot, degss, which

spectroscopy. has more complicated chemistry. In addition, theralance
of the species is low. The ground state line §118Hz will

A. Water be a better choice for studying the overall distiitn of this

. . important molecule. To date, there has been onlg on
As can be seen from Table |, CASIMIR is exceptignal antative detection of the 1371 GHz line in Orioithathe
well suited to investigate the abundance and ei@itaof A [6].
interstellar water, using a number of transitiorisHg'®0. Another transition of major importance is the 1488z
Water vapor plays an important role in the enerahaibce of transition of the nitrogen ion, N+, which traceg tarm,
molecular clouds by mediating radiative heating aadiing ;5nized interstellar medium. COBE has shown thaara

through its rotational transitions in the far ind and ¢ the 1900 GHz C+ line. the two fine-structure khes
submillimeter [3]. Figure 1 shows the rotationalesgy '

levels for H¥O,
excitation level transitions visible to CASIMIR. ny two
relatively high energy transitions can be obserfredh the

are the brightest emitted by our Galaxy.

indicating the large number of low

SgrB2 Radiative Transfer Model
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Fig. 1. The coverage by CASIMIR of the rotationalersgy levels of the
H,' %0 molecule. Four of the CASIMIR bands will be abdeobserve 9 of
these transitions, including several low tempegatines

CASIMIR embodies a versatile and modular desigte ab

to incorporate future major advances in detectd, &nd
spectrometer technology. It mounts on the SOFIA
telescope flange. The entire instrument is abobitri long
and 1 m diameter, and weighs about 550 kg. Twarse@
cryostats each can hold two mixers — thus up to foxers
are available on each flight. The optics box suipg the
cryostats is open to the telescope cavity and owitdhe
relay optics and calibration systems. Besides ctyostat

Sl
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windows, all the optics are reflective and can awcmdate
the entire 8 telescope field of view. Bias eleadics and
warm |F amplifiers are mounted on the cryostatsjlevh
independent electronics racks contain backend speeters,
control electronics, and power supplies.

The general layout of the CASIMIR instrument is \who
in Figure 3. Two cryostats are mounted side bg sid top
of a box, which contains the relay optics. Twaderd 19-
inch racks are mounted directly behind this boxll the
critical electronics components are mounted in éhexks,

such as the LO drive electronics and the microwave

spectrometers. This ensures very short cable ranghe
cryostats and prevents any differential rotatiod &misting
of the cables. All electronic systems for the rimstent are
packaged as 19-inch bins, which will allow easyaepment
of any unit.

Fig. 3. The CASIMIR instrument. The instrument isounted to the

telescope via the round flange at extreme lefthef figure. This flange

forms the pressure interface between the telescapiéy and the aircraft's

cabin. The portion of the instrument shown is ledain the cabin with the
observers. The telescope beam enters the instrumentgh the center of
this round flange. The instrument structure is troiesed almost exclusively
of aluminum. It is approximately 1.5 m long by 1 sguare. It weighs

approximately 550 kg, including 150 kg of electesmimounted in the racks,
at the right of the figure. Approximately 150 kg re@f ancillary electronics
are located nearbv in the aircraft c¢

A. Cryostats

The cryostats are of conventional design with, Lanhd
LHe reservoirs. For frequencies below 1 THz, thizens
will operate at ~ 4 K. At higher frequencies, thele
reservoirs will be pumped to operate the receiaers 2.5 K.
There will be two cryostats per flight and up tootw
frequency bands in each cryostat, thus four bandisbe
available per flight. Observations can be madé witly one
band at a time, but any one of the four bands easeltected
at anytime during the flight. This selection is deaby
software alone, and does not require caging ofelescope,
any mechanical adjustment or physical access to
instrument.
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Fig. 4. The CASIMIR Cryostat. The cryostat contain$ters each of L¥
and LHe and has a 250 mm diameter cold-work-surfades is the
maximum, practical diameter for cryostats that banused in the side-by-
side configuration for SOFIA. It is 60 cm high andighs ~40 kg. The LOs,
IF system, receiver and bias electronics are mduditectly to the sides of
the cryostat. The rather impressive array of plumgbixtures on the top of
the cryostat prevents the formation of ice plugstiw rupture of the
cryogenic reservoirs. This design was required ltaio airworthiness
certification by the Federal Aviation Administratio The two elliptical
mirrors of the relay optics, mounted on the basthefcryostat, can be seen
at the bottom of the image.

Fig. 5. Receiver bias electronics developed irabolration with CSO.
These circuit boards are for biasing the low-naiswlifier (LNA) on the
cold LHe work surface of the receivers. These tedaics are fully

tautomated and controlled via computer interfacej afso have the

capability for manual control, allowing them to lmsed during mixer
development
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As shown in Figure 4, all of the components spetd an
individual frequency band are integrated directiytoo the
cryostat, i. e., the LOs, IF systems, relay optasd bias
electronics (see Figure 5). All systems mountsdwhere on
the instrument are common to all of the bands. rdfoee,
changing the selection of the four bands which tarebe
available on a given flight only requires swappirgostats,
which would be a straight-forward task betweenhfigg In
addition, this modular approach allows future upgsaand 200
improvements to the bands to be incorporated cdelgle 100
independent of the rest of the instrument. Thif aliow 0
continuous enhancements to the frequency bandsghout e
the life of the instrument.
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Fig. 7. Noise temperature results for 1.2 THz SiSem The receiver noise
is uncorrected for beamsplitter and cryostat windosses. With these
corrections, the noise temperatures would fallppreximately & /kg

B. Mixers

All of the receivers for the five bands of CASIMIRp to
1.4 THz, use advanced Superconductor-Insulatc
Superconductor (SIS) mixers fabricated with Nb/AIRTIN
junctions in the JPL Micro Devices Lab. These ptanrange will allow observation of the broad lines nfro

mixers are quasi-optically coupled with twin slattennas,
and silicon hyperhemisphere lenses
antireflection coatings. These mixers and theiretigpment
are discussed in detail elsewhere [7]. Simulatigimow this
mixer technology is usable up to 1.6 THz. With oing
development, DSB noise temperatures oh /l& at
frequencies below 1 THz (see Figure 6), ahd/l& above
1 THz (see Figure 7) are expected.

extragalactic sources.

with  Parylene The low noise amplifier in all bands is a Chalmg8$

design. It is a two-stage amplifier using InP siators, with
minimum gain of 27 dB and a nominal noise tempemtf
3 K. Itis mounted on the cold work surface of tingostat at
LHe temperature, and is connected to the mixeavassive
Microwave Technologies (Pamtech) [9] cryogenic asof,
which reduces ripple in the IF due to impedancemaishes.

The room temperature IF electronics consist of@a@Hz
amplifier module. The bandwidth defined by thisituis

| | shown in Figure 8. This is an integrated unit dewed

raw data

AOO—u | |
I

e w 5-pt ad]. avg 1/15/2008 under contract by CTT Inc. [10], containing a lowise
300 ‘N smoothed wi 2pt. 2d) avg N amplifier, a voltage variable attenuator (VVA), badefining
300 | filter, power amplifier, a directional coupler fononitoring
250 \ | I 1y
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Fig. 6. Noise temperature results for the full Z3F band using an old-
style quasi-optical SIS mixer with NbTiN/AMNDTIN junctions at LO
frequency of 540 GHz. Input optics consisted of anydeamsplitter, mylar
pressure window, Zitex IR filters, HDPE focusingnde and silicon
hyperhemisphere lens. The IF output included crymgisolator, Chalmers
LNA, and room-temperature IF amplifier module.

C. Intermediate Frequency System

The intermediate frequency (IF) is the output sigrnam
the mixer. This is defined as 4 GHz bandwidth,tesad at
6 GHz, for all bands on CASIMIR. This wide freqagn

Fig. 8.IF bandwidth defined by bandpass filter within tlo®m temperatu
IF unit. At a typical operating point, with the VVAet for 10 dI
attenuation, the IF unit demonstrates excellentoumiity, < + 1 dB, acros
the entire 4 GHz bandwidth.
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the IF power level, and a switch for setting thepthwer zero
level. An integrated isolator at the input of theodule
minimizes standing wave ripples between the cryoste
amplifier module. The nominal gain of the uniék dB with
a typical noise temperature of 300 K. A diode ésmected
to the monitor port for measuring the signal sttengnd
adjusting the VVA to prevent saturating the intérimgput
amplifier stage. These units are mounted dirdctlthe side
of the cryostat and are designed for fully automafgieration.

D. Local Oscillators

The Local Oscillators (LOs) for all bands are tless and
use solid state devices exclusively. At preseB) &BHz
and 1.37 THz LOs made by Virginia Diodes [11], and

1.2 THz LO developed at JPL, based on a Herschel/HI

design [12], are used for mixer development. T5@ GHz
LO will be acquired from Virginia Diodes, while tHe0 THz
and 1.4 THz flight LOs will be developed at JPLII Bands
are driven from a single, commercial microwave kgsizer
at a frequency in the range 26—-40 GHz.

As shown previously in Figure 4, up to two LOs dan
mounted directly on the outside of the cryostathe TLO
output is via a feedhorn, with the output divergdeam
reflected through 90° and converted into #10 converging
beam by an off-axis elliptical mirror mounted dittgcdbelow
the feedhorn (see Figure 9). The beam passesgtnrau
window in the cryostat wall to a cryogenically-cedlmylar
beamsplitter mounted directly below the receivdiptital
mirror. The beamsplitter directs a fractional p@rtl0%) of
the LO signal power towards the cryostat cold waukface
and into the mixer, where it combines with the méuyg,
astronomical signal.

E. Spectrometers

CASIMIR will have a high resolution digital FFT
spectrometer developed by Omnisys [13], [14] aarakey
COTS system. This instrument consists of two Becg
modules, each with two high speed samplers andRG®BAF
engine. The spectrometer covers the entire 4 GHz
bandwidth, providing over 16 k channels and a maxm
resolution 250 kHz per channel, which corresponmsat
velocity resolution 75 m$at 1 THz observing frequency.
Lower resolution is possible by averaging channelwo
single height, 3U, correlator cards will handleqassing the
full 4 GHz IF bandwidth, at a total power consuraptiof
less than 50 W, which is a major advantage for idsoee
instrument. The spectrometer is scalable to peJil
bandwidths of 8, 12, or 16 GHz, and we plan to bke &
exploit this capability on CASIMIR in the future.

F. FIR Relay Optics

Figure 9 shows a schematic of the relay opticsclvhises
two off-axis elliptical mirrors to match the incomg
telescope beam to the output beam of the mixecluding

the telescope, there are five mirrors at ambiemiptrature
and one cryogenically cooled mirror, EM1, in theicg path.
This includes the two off-axis elliptical mirrorge rotating,
beam selecting plane mirror in the Optics Box (Segire 10)
and the fully reflective tertiary of the telescopehe window
in the base of the cryostat is the only pressunantary in
the optical path from the telescope. Thereforis Window
and a lens in the mixer assembly are the only tisgve
elements in the entire optical path from the tedpscto the
mixer.

Fig. 9. CASIMIR Relay and LO Injection Optics. Thp down orientation

is reversed, as compared to the cryostat, meahatgthe telescope beam,
which is shown coming into the cryostat from the fo this figure, and
enters the actual instrument from the bottom. Tiigswn the scale are mm,
with the origin at the center of EM1, the ellipficairror mounted on the
cryostat cold-work surface. EM2 is the ellipticairmor mounted below the
base of the cryostat. EM2 is in the plane of tHestmpe beam, and it
converts the incoming, divergirf(R0 telescope beam into an intermediate
/10 beam and reflects it through 90°, through adew in the base of the
cryostat. LOM is the LO elliptical mirror, which atches the LO output
beam to the incoming intermediate beam. EM1 cosvéire intermediate
beam to a converging 4.5 beam, which matches the output beam of the
mixer

The relay optics for all bands are designed to levedge
thper of 10 dB. This corresponds to an apertuieieficy of
0.71. Initially, SOFIA will use an oversize tergamirror,
which would reduce the aperture efficiency to Olédwever,

a smaller tertiary mirror may become available rlate
allowing for increased efficiency. All bands whiave a main
beam efficiency of 0.77. The beam size at 550 GtHe
largest beam) is 0.8 arcmin.

G. Optics Box

Since CASIMIR will use the fully reflective tertiamirror
on the telescope in SOFIA, none of the observasayyiding
cameras will be able to image the telescope’s foptahe.
Therefore, we have included an optical boresighhara
inside the Optics Box for alignment and beamfindinghe
boresight can also be used as a pupil imager byingoa
biconcave lens into the optical path. The camesa6' x 6'
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field of view and uses a 1024 x 1024 pixel, optical

wavelength CCD.

The rotating mirror also selediss t

camera.
Stepper motors are used to move all the optical
components. All of these motors are mounted ingide

Optics Box and are controlled remotely via software

Besides the electronic feedthroughs mounted insities of
the box, there are no mechanical motions through
pressure boundary, thus avoiding the possibilityyfiamic

motion seals failing during observations. Physmedess to

the Optics Box will not be required at any time idgrthe
flight.

Apart from providing the pressure boundary betwten
inside and outside of the aircraft and being thehaaical
mount for the two cryostats, the Optics Box alsotams all

th

of the optics that is common for all FIR/submm band

Figure 10 shows a 3D model of the interior of th@i€s Box
and these optics. Figure 11 shows the Optics Bitkx thie
flight cryostats mounted on top.

Fig. 10. The Optics Box interior. The cryostats botted directly to the lid
of this box, which has been removed for this imagee elliptical mirrors
mounted on the base of the cryostats (see Figurgratjude trough an
aperture in the lid and are located in the planéheftelescope beam. The
two elliptical mirrors for one of the cryostats atewn in the left part of the
image. The telescope beam enters from the frotiteofigure. In this image,

the rotating mirror, at the center of the figurgedts the telescope beam to

the optical boresight, at the far right rear corrigre calibration chopper
wheel and the two loads are shown in the rearefigure.

The central feature is a plane mirror, which can bg

commanded to rotate through + 180° in the planehef
telescope and up to = 5° in tilt. This rotatingnoi directs
the telescope beam to one of the four ellipticatrong
mounted on the two cryostats, selecting the frequéand.
The calibration system consists of a chopper wlael
ambient temperature plus hot and ambient temperdbads.
Moving the rotating mirror by ~ 180°, allows any tife
frequency bands to be first illuminated with they slignal

Fig. 11. The Optics Box with Cryostats Mounted. Tmngostats mount
directly to the top of the Optics Box. The OpticexBs constructed of
welded Al 6061-T6, with dimensions of approximat@lg x 0.7 x 0.3 m,

and wall thicknesses varying between approximat&yand 20 mm.

During observations, the interior of the box is esgd directly to the
pressure in the telescope cavity, approximately 80 at 12 km

altitude. The box is the pressure boundary betwikenaircraft cabin

and this exterior air pressure. The baseplatebeofwo cryostats also
form part of this pressure boundary. The telesdmzan enters from the
right of this figure, approximately 150 mm belowetlbases of the
cryostat. It is then reflected through®@®hd directed through windows
in the cryostat baseplates. This is the only prestwundary in the
entire astronomical signal beam path, i. e., betvibe aircraft exterior

pressure and the high vacuum within the cryostat.

and then the signal from a known temperature catiitm
load.

IV. CONCLUSIONS

CASIMIR is a FIR/Submm, heterodyne spectrometer
OFIA, well suited for the studies of the warm~ 100 K)
interstellar medium. Particularly suited to detegter, it
will also measure many other significant lines ws®wable
from the ground. Initially, the instrument will ver 500 to
1400 GHz. Eventually the frequency coverage may be
extended up to 2000 GHz. CASIMIR will provide
unprecedented sensitivity in this frequency regidoe to
recent advancements in SIS mixer design and |cswllator

for
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development. There will be up to 4 channels abglaper [4]
flight of the observatory. Any one of these chdsman be
selected at any time during the flight. All obdagsbands

will have an IF bandwidth of 4 GHz. A FFT digital [5]
spectrometer will provide continuous coverage @ thand
with very high resolution, up to greater than®.10The
instrument design is extremely modular and wilbwailthe [6]
continuous incorporation of new hardware, accomrtinga
future improvements in mixer, LO and microwave
spectrometer technologies, throughout the lifetinfethe il
SOFIA observatory.
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