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Abstract—CASIMIR, the Caltech Airborne Submillimeter In-

terstellar Medium Investigations Receiver, is a far-infrared and

submillimeter heterodyne spectrometer’ being deve|0ped for the Species Transition Frequency L'L:\._._, Atmospheric |\l"izl\:-!tl':lr\‘§1.’|ll
Stratospheric Observatory For Infrared Astronomy, SOFIA. los e
CASIMIR will use newly developed superconducting-insulating- | cu Pi— Dy J=3/2- — /2% 536.76 0.0 0% 97 %
superconducting (SIS) mixers. Combined with the 2.5 m mirror | 'L."0 i e B g Sae
of SOFIA, these detectors will allow observations with high | i, 8 i o ot
sensitivity to be made in the frequency range from 500 GHz | ~u N=1—0 J=2-1 97448 0.0 0% 9 o
up to 1.4 THz. Initially, at least 5 frequency bands in this | 0" b G e s N Sl
range are planned, each with a 4-8 GHz IF passband. Up to | g o 1999.48 by 0 o o
4 frequency bands will be available on each ight and bands | #:D* L= Oy L370.00 10 0% 94 ¥
may be swapped readily between ights. The local oscillators |3, ., G7/707° 0 (e o g o
for all bands are synthesized and tuner-less, using solid state | ¢ ipy_ap—1/r 190054 0.0 pi b
multipliers. CASIMIR also uses a novel, commercial, eld- tci: e i = :: 4

programmable gate array (FPGA) based, fast Fourier transform
spectrometer, with extremely high resolution, 22000 (268 kHz
at 6 GHz), yielding a system resolution> 10°. CASIMIR is

extremely well suited to observe the warm¥, 100K, interstellar Fig. 1. Comparison of atmospheric transparency for a setedfisigni cant

medium, particularly hydrides and water lines, in both galactic  astronomical lines between good conditions on Mauna Kea atidnvthe
and extragalactic sources. We present an overview of the in- stratosphere

strument, its capabilities and systems. We also describe recent

progress in development of the local oscillators and present our

rst astronomical observations obtained with the new type of

spectrometer.

Initially, CASIMIR will cover a frequency range from

500 GHz up to 1.4 THz. The frequency coverage may eventu-
ally be expanded up to 2 THz. It will be capable of covering
this range at a resolution of 10°.

. INTRODUCTION The FIR/submm is extremely important for the investigation
CASIMIR[1], the Caltech Airborne Submillimeter Interstel of both the galactic and extragalactic warm»(I00 K),
lar Medium Investigations Receiver, is a far-infrared (FIRinterstellar medium. This material is heated by shock waves
and submillimeter, very high-resolution, heterodyne s@ee- or UV radiation, phenomena that are often associated with
eter. It is being developed as a rst generation, Principatar formation or other high energy events, e.g. supernovae
Investigator class instrument for the Stratospheric Qfadery active galactic nuclei. This excited material then re-sraither
For Infrared Astronomy, SOFIA [2]-[4]. Observations withas dust continuum radiation or gas line emission. CASIMIR
CASIMIR on SOFIA are expected to begin in 2013 and theill be able to utilize recent advances in the sensitivitysof
instrument should be available to guest investigators sften perconducting mixers to study the fundamental rotatioraad-t
It is anticipated SOFIA will eventually achieve a ight raté sitions of many astronomically signi cant molecules, wihic
up to 160 ights per year, with a lifetime of 20 years. cannot be observed with ground based telescopes, see Eigure
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Fig. 3. The Optics Box. The cryostats are bolted directhhtolid of this box,

which has been removed for this image. The elliptical mirrors med on

the base of the cryostats protrude trough an aperture indtentl are located
in the plane of the telescope beam. The two elliptical mirrorsone of the

Fig. 2. The CASIMIR instrument. The instrument is mounted totéescope cryostats are shown in the left part of the image. The telesteam enters
via the round ange at extreme left of the gure. This ange fos the pressure from the front of the gure. In this image, the rotating mirrat, the center of
interface between the telescope cavity and the aircradtsrc The portion of the gure, directs the telescope beam to the optical bohesigt the far right
the instrument shown is located in the cabin, with the obserehe telescope rear corner. The calibration chopper wheel and the two I@adsshown in

beam enters the instrument through the center of this roundeaabout 150 the rear of the gure. The box forms part of the pressure iatfbetween
mm below the bases of the cryostats. The instrument structureristructed the aircraft cabin and the exterior, i.e. the box interioekposed directly to
almost exclusively of aluminum. It is approximately 1.5 m longlby square. the telescope cavity, so that at altitude, the pressureernisi» 200 Tr. The

It weighs approximately 550 kg, including 150 kg of electaamounted in  wall thickness varies between 0.5 and 0.75 in.

the racks, at the right of the gure. Approximately 150 kg mofeaacillary

electronics are located elsewhere in the aircraft cabin.

plane. Therefore, we have included an optical boresight-cam
era, inside the Optics Box, for alignment and beam nding.
The boresight can also be used as a pupil imager by moving

The general layout of the CASIMIR instrument is shown 2 biconcave lens into the optical path. The camera has a 6'x6

. . . eld of view and uses a 1024x1024 pixel, optical wavelength

Figure 2. Two cryostats are mounted side by side on top ofc% . . :
. g : . D. The rotating mirror also selects this camera.

box, which contains the relay optics, see Section II-A. Stepper motors are used to move all the optical components

Two 19-inch racks are mounted directly behind this bo PP P P '

All the critical electronics components are mounted in mez\lia?:fo:\rlfcjleegqroetr?\r;e{?revg(;lé?tt\/(\a/gr:anil%eerg]grgggfs Bo?:Tand
racks, eg. the LO drive electronics and the microwave sp Tk y i y

trometers. This ensures very short cable runs to the cnyojrﬁaed;hrr?iugr?n”;?l;ntigrm tnethsmers of trhebe)r(]’ derth?:ur: ainy
and prevents any differential rotation. All electronic t&yss echanical motions through the pressure boundary. Fiysica

for the instrument are packaged as 19-inch bins, which WEFCGSS fo the Optics Box will not be required at any time

allow easy replacement of any unit and recon guration of th uring the ight
electronics.

II. INSTRUMENT CONFIGURATION AND STRUCTURE

B. Cryostats

A. Optics Box The cryostats are of conventional design with,Lahd LHe
Figure 3 shows a 3D model of the Optics Box, which is theeservoirs, see Figure 4. For frequencies below 1 THz, the
mount for the cryostats and contains all the optics commanixers will operate a» 4 K. At higher frequencies, we will
to all frequency bands. The central feature is a plane mirrgump on the LHe reservoir to operate the receivers 26 K.
which can be commanded to rotate through +/°180 the There will be two cryostats per ight and up to two
plane of the telescope and up to /- tilt. This rotating frequency bands in each cryostat, so there will be up to four
mirror directs the telescope beam to one of the four eligdticbands available per ight. Observations can be made with
mirrors mounted on the two cryostats, selecting the frequenonly one band at a time. Any one of the four bands can
band. be selected at anytime during the ight. This selection is
The calibration system consists of a chopper wheel @atade by software alone, and does not require caging of the
ambient temperature plus hot and ambient temperature.loagdescope, any mechanical adjustment or physical accekes to
Moving the rotating mirror by» 18(°, allows any of the instrument.
frequency bands to be rst illuminated with the sky signatlan As shown in Figures 4 and 5, all the components speci c
then the signal from a known temperature calibration load.to an individual frequency band are integrated directlyoont
CASIMIR will use the fully re ective tertiary mirror on the cryostat, eg. the LOs, IF systems and relay optics. All
SOFIAs telescope. As a result, none of the observatorysystems mounted elsewhere on the instrument are used for all
guiding cameras will be able to image the telescope's focal the bands. Therefore, the selection of the four bandshwhic
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Fig. 4. The CASIMIR Cryostat. The cryostat contains 5 litemch of F ' p
LNz and LHe and has a 250 mm diameter cold-work-surface. This is the *°°[ v E
maximum, practical diameter for cryostats that can be used irsiteby- r . 1
side con guration for SOFIA. It is 600 mm high and weighs40 kg. The r fne=10,, ]
LOs, IF system, receiver and LO bias electronics are mountedttji to the o o Window ]
side of the cryostat. The electronics for the cryogenic aepliias and mixer 100 —mdmm e o Rad Shield .
electromagnet current are also mounted on the cryostat butoarghown in Eom ‘ B I A Beam Woist ]
this view. The two elliptical mirrors of the relay optics, maed on the base E oo, | fo=Toj  Beomspliter 1 o ]
of the cryostat, can be seen at the extreme bottom of the image. R I i\ﬁ\i ERE o ]
r ) : [ ]
oF | ltnlas | ==/ EMI .
Eo i fno=4.5 ]
are to be used on a given ight is determined by the choice [ iLO Wmdowiwd Filter ]
. . . L I 4
of cryostats. Swapping of cryostats could easily be carrledwOo . ‘ : ]
. . — FUTIS  FT HS U S W T A W S H  AOS T AT S S
out between ights. Also, any upgrades and improvements to _., 200 100 0 100 500 200

the bands could be accomplished independently of the rest
of the instrument. This will allow continuous upgrades te th
frequency bands, throughout the life of the instrument. ~ Fig- 5. CASIMIR Relay and LO Injection Optics. The top imagewsh the
location of the elliptical mirrors mounted on the cryostateTiottom part of
the image shows a schematic of the optics. In the lower imageyghdown
C OptiCS orientation is reversed and the units on the scale are mm, hétlotigin at
’ the center of EM1, the elliptical mirror mounted on the crybstald-work
Figure 5 shows a schematic of the relay optics, which usgsface. EM2 is the elliptical mirror mounted below the bas¢hefcryostat,

two off-axis, elliptical mirrors to match the incoming tetmpe Visible in the upper image. EM2 is in the plane of the telescbpam, it
’ converts the incoming, diverging ##0 telescope beam into an intermediate

beam to the output beam of the mixer. Including the thrg,, 10 beam and re ects it through 90through a window in the base of the
telescope mirrors, there are ve mirrors at ambient temfoea cryostat. LOM is the LO elliptical mirror, which matches the loDtput beam

; i i i to the incoming intermediate beam. EM1 converts the intermediaam to
and one .CryOgetnlcally cooled mirror, EMl’.m the optlcalrtra a converging» f/#4.5 beam, which matches the output beam of the mixer.
The window in the base of the cryostat is the only pressure
boundary in the optical path from the telescope. Therefore,

this window and a lens in the mixer assembly are the only
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o B Vertical 1248 GHz withS1 %y Fig. 7. Omnisys FPGA based FFT microwave spectrometer. In thég)é,
= 4 the rack bin is only half populated, with two 4 GHz IF modules, two sets
e anaee of three cards, giving a total IF coverage of 8 GHz. The cecded in each set
-16 % =r=Bnsnatal LLAR G with 51 of three, is the IF processor. The cards have a single heigittcBrd format
—®—Horizontal 1248 GHz with 51 and are mounted in a 4U, 19” rack bin. As displayed, the systesigts
-18 ’ t ’ 12.5 kg and dissipates less than 200 W. During initial ights SOFIA, only
3 2 1 0 1 2 3 a single module would be used. If both halves of the rack wepilated, a

single unit could cover an IF passband of 16 GHz. Therefoepedding on
the number of installed modules, this single rack bin can bailseeon gured
to cover an IF range of 4, 8, 12 or 16 GHz.

Angle (deg.)

Fig. 6. Measurements of the output beam pro le of the 1.2 THzemiXhe
image consists of 6 curves overlaid on each other. These camneevertical

and horizontal scans through the output beam after the desdtyptical mirror, 2 and an integrated IF downconverter and processor card,
EM2 in Figure 5. These scans were taken at three separateefreigs across which uses IQ mixers to distribute the 4-8 GHz IF
the 1.2 THz band. passband to the two digitizer cards.

There is some overlap in the outputs from the digitizer cards
transmissive elements in the entire optical train from thend the total useful IF bandwidth of the spectrometer has bee
telescope to the receiver. measured to be 3.8 GHz. Efforts are underway to reduce this

The optical designs for all bands have an edge taper @ferlap and to recover the full 4 GHz IF coverage.
10 dB. Aperture and main beam ef ciencies are calculated to The frequency resolution has been measured to be 268 KHz,
be 0.71 and 0.77, respectively. The largest beam size is 068 over 14,000 usable channels. At 1 THz, this corresponds
arcmin, at 550 GHz. to a resolution greater tha®£ 10°, or 800 m/s.
Figure 6 shows measurements of the mixer beam after the
second elliptical mirror. There is little evidence of digion or A, Tests at CSO
chroma.tlc ab grratlon. The ”.‘ef"‘sured f/#?'SS' as opposed_to In October, 2009, the spectrometer was used to carry
the.deS|gr! point of 20.7. This is the rst iteration of our fBIX 5ut observations at the Caltech Submillimeter Observatory
optics. This faster bea"? wou.Id reduce our gperture ef oen CS0), using the 230 GHz wide band receiver, aka Frank's
on the _telesgope, but is swtable_for continued lab testi eceiver[8]. During these observations, we used two of the
F_urther |ter_at|ons .ShOUId remec_ly this. These me_asureraemtsdigitizer correlator cards and an external IF processorciwhi
discussed in detail elsewhere in these proceedings[5]. yielded a IF bandpass of 4-8 GHz. Figures 8 and 9 show
_ examples of the spectra obtained during this run.
D. Mixers We expect to take a spectrometer with 8 GHz of IF coverage
The mixers for all 5 bands will be Nb/AIN/NDBTIN, to the CSO in the middle of this year.
guasi-optically coupled, superconducting-insulating-
superconducting (SIS), twin-slot mixers. The developnudnt IV. LOCAL OSCILLATORS AND FREQUENCYBANDS
these mixers is discussed elsewhere in these proceedings[6 The Local Oscillators (LOs) for all bands are tunerless and
use solid state devices exclusively. LOs for the lower fezmy
I1l. M ICROWAVE BACK END SPECTROMETER bands, below 900 GHz, have been acquired from Virginia
We have acquired a eld-programmable gate array (FPGAYiodes Inc. (VDI)[9]. LOs for the higher frequency bands
based, fast Fourier transform (FFT), microwave backend-spgvere developed at JPL for CASIMIR. The development of the
trometer from Omnisys Instruments[7], see Figure 7. Thesp& Os at JPL is discussed elsewhere in these proceedings[10].
trometer consists of a variable number of modules covenng a As shown in Figure 4, up to two LOs can be mounted
IF band of 4 GHz each. directly to the side of the cryostat. The LO output is via
Each of these modules consists of three cards; a feedhorn. The output divergent beam is re ected through
= two FPGA digitizer and correlator cards, each with 80° and converted into a f/#10 converging beam, by an off-
2 GHz bandwidth, axis, elliptical mirror, mounted directly below the feedhp
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Fig. 8. Spectrum of the Galactic Center, centered on 221 GHhis.spectrum
displays the full usable 3.8 GHz IF bandwidth of the specttemd his data
was obtained with position switching under marginal cooditi, ¢, = 0:18.
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Fig. 10. The LO Drive Unit (LDU). This unit contains a singleéC/ Filter

and power amp. It is located immediately adjacent to the micrevirguency
synthesizer. The LO drive signals for all four frequency dmnon a given
ight, will be routed through this unit. This is a lab protgig, completely
lling a 4U 19” rack bin. Signi cant effort will be required @ produce a
lighter, more compact ight unit.
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Fig. 9. Spectrum of M82 observed in t#&CO 2-1 line. The line width is .
approximately 400 km/s. Note the extremely at continuum.

see Figure 5. The beam passes through a window in

cryostat wall to a mylar beamsplitter mounted directly be
the receiver elliptical mirror, EM1. The beamsplitter dite a
portion of the LO signal power towards the cryostat cold w
surface, combining it with the incoming, astronomical sig

Normalized Receiver
Bandpass Response, dBm

—— with YIG filter
no YIG filter

A. LO Drive System -5, 4 s s 7 & 9
1) LO Drive Signals and Conditioning.All bands are freq., GHz
driven from a single, commercial, microwave synthesizar
Anritsu MG3694[11], at a frequency in the range 26-40 GHz. c . - f SIS mixer driven kxoid
; ; ; ; .11, omparison of the IF output from an SIS mixer driven
Immediately after the synthesizer, the LO drive signals aggte 500 GHz LO, with and without the LDU. The same LO drivenalg

conditioned via the LO Drive Unit (LDU), containing a singlefrom the microwave frequency synthesizer, was used for bathes. The
YiG Iter and power ampli er, see Figure 10. lighter line does not use the YiG Iter and the dark line does.

Figure 11 compares the IF output from a mixer pumped by
the same LO, with and without the LDU. The artifacts from
the microwave frequency synthesizer are completely rechove 2) The First Stage of the LO Chain®n the aircraft, the
by the YiG lter. rst stage will be the same for each LO multiplier chain. One

Figure 12 compares the mixer noise temperature of a mixsirthese rst stages will be dedicated to each chain. This rs
pumped by a synthesized, solid state, tunerless LO and a Gdsige will have an output of 78-120 GHz and consists of;
Diode based LO. With the YiG Itering on the synthesizer 1) a VDI tripler
output, we obtain equivalent performance for these twogype 1pler,

2) a W10 isolator,

of LOs. 3) a W10 Spacek ampli er

The output from the LDU will be used to drive all the four 4; ZWlO ich))Iator piLer,
LO chains, on any given ight. Only one chain will be driven '
at any given time. Any one of four bands can be selectedAt present, each of our existing LO chains uses this rst
completely via software at anytime during the ight, withou stage, except the 750 GHz LO, see Section IV-C. Figure 13
any mechanical adjustment. shows an example of a full LO multiplier chain.
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C. 750 GHz

We have acquired a 750 GHz LO from VDI. Figure 14
shows the the output power spectrum and the LO itself. The
750 GHz LO is intended to cover the 690 to 840 GHz fre-
guency range. The coverage of this large fractional banttvid
» 20%, requires two parallel chains, for the low and high
frequency parts of the band. The input from these chains is
fed into a common, nal multiplier, via a microwave switch.
This arrangement provides good power levels across the band
of interest, with up to» 80 * W at the most interesting line,
H,O'® at 745 GHz.

D. 1THz

Figure 15 shows the output power and multiplier chains
for the LOs covering the 1 THz band. These LOs were
manufactured at JPL for CASIMIR.

The frequency range for this band covers 800 to 1050 GHz.
Such a large fractional bandwidth, 27%, cannot be covered by

Fo 12, © ] i ) ot wre fromSa ik a single multiplier chain. So the band must be split into two
pumped by a synthesized, solid-state LO and a Gunn diode hagedne SUD-DaNds, nominally 900 GHz and 1 THz, with a separate
increase in noise at the high frequency end of the bandpasthef solid state Mmultiplier chain for each of them.

L_O, is not due to the_x L_O drive signgl. It is due to bandpass é&tions on the The lines of most astronomical interest, e.g. -CH
high frequency multiplier, see Section IV-B. (946 GHz), NH (975 GHz), KO* (985 GHz), I-i018
(995 GHz) and CO (1037 GHz) are all located located in the
upper sub-band. The 1 THz LO has good coveragép* W

for most of these lines.

Many of the frequencies in the lower sub-band are observ-
able from the ground, so there may be relatively little dethan
for this sub-band on SOFIA. We intend to y the 1 THz sub-
band in the default con guration for CASIMIR. If there is a
request to observe in the 900 GHz sub-band, we would use
the same mixer, but replace the 1 THz LO with the 900 GHz
chain. At this stage, we do not intend to have both of these
sub-bands available on any one ight.

E. 1.2 THz

Fig. 13. The complete LO Chain for the 1.2 THz band. The rsgstaf the Figure 16 shows the ou_tput pc.""’er for the multiplier chain
multiplier chain occupies the right half of the diagram. Thghhfrequency fOr the 1.2 THz LO. This chain was developed at JPL.
part of the chain, i.e. frequency multiplication above 120zGid shown inthe The frequency range for this band is 1.1-1.2 THz, and it

left half of the gure and is also_ shown in Flgurg 16. This cm_m ex_pected is covered with power levels from 30-99W. The most
to be the longest used on the instrument. It will be approximateice as

long as the LO assemblies shown in Figure 4, and will exteryhtji beyond ~ Signi cant frequencies, the four #0'8 lines, are well covered
the top of the cryostat itself. with LO power levels> 60! W for all of them. The next most

interesting line, HF at 1.23 THz, may be dif cult to observe
due to the relatively low LO powerk 301 W, and the high

atmospheric absorption at that frequency.
B. 500 GHz

F 1.4 THz

The 500 GHz channel is intended to cover the 500 10 rigre 17 shows the output power for the multiplier chain
640 GHz passband. The most important line in this regiqg yne 1 4 THz LO. This chain is still under development at

: 18 1 : L
is the O™ line at 547 GHz. The other interesting lines ar"9pL. At present, the power output over the region of interest
CH (532 and 536 GHz), N§i(572 GHz) and CO (576 GH2). ig i the ranged0j 70 W. However, it is possible that this

At present, we are using a single VDI quintupler as theay improve. The most important frequency in this band is
high frequency multiplication stage. However, its outpsit ithe HbD* line at 1.37 THz, which is well covered with LO
limited to » 570 GHz. We are now investigating using gower levels> 501 W. The next most interesting line,*Nat
x2x3 combination of VDI multipliers, in order to extend thel.46 THz, lies at the extreme high frequency end of the LO's
coverage up to 640 GHz. output and probably cannot be observed.
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Fig. 14. Frequency coverage of the 750 GHz band and the mxisbmplete 750 GHz LO. The plot shows the LO output power smpased on the

atmospheric absorption at SOFIAs operating altitude. Tigai€ant astronomical, spectral lines are also shown. Tigktland dark LO output power curves,
respectively, represent the upper and lower side bandsy fyiven frequency tuning. The large black object at the Iéfthe photograph of the LO, is the
microwave switch for selecting the high or low multiplying amhaSome effort will be required to recon gure this LO for idgh

V. CONCLUSIONS Ames (software), and S. Lin, Caltech/JPL (mechanical adgsig
CASIMIR is a FIR/Submm, heterodyne spectrometer fofhe development of CASIMIR is supported by NASA/USRA

SOFIA. Itis well suited for the studies of the warmyT00K) SOFIA Instrument Development Fund.
interstellar medium, particularly water, measuring maig¢ s
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Fig. 15. Frequency coverage of the 1 THz band and the 900 a@d GMHz LOs. The format of the diagram is similar to that in Fige The high
frequency portions of the multiplier chains are shown belb@ main gure, the 900 GHZ to the left and the 1 THz on the right.
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Fig. 16. Frequency coverage of the 1.2 THz band and the heguéncy portion of the multiplier chain for the 1.2 THz LO. Tieemat of the diagram is
similar to that in Figure 14.
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Fig. 17. Frequency coverage of the 1.4 THz LO. The format ofdiagram is similar to that in Figure 14.



