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CCAT instrumentation studies




A 25 m submm telescope that will operate at wavelength
as short as 200 um

 Why 25 m?
Matches ALMA continuum sensitivity in short submm

Significantly breaks confusion limit of smaller apertures

High altitude, smooth surface, large aperture = > 10 times
more sensitive than current single dish facilities

Located in the Atacama desert in northern Chile at very
high elevation - 5600 m

« — much of the time has PWV < 0.5 mm

Its location enables maximal synergy with ALMA
» | ocates sources for ALMA follow-up

Takes advantage of rapid growth in submm detector
technology to map large regions at high angular
resolution




¢ Priman/science
o Exploration ofithe Kuiper Belt
o Star and planetary system ienrmation
o Sunyaeyv-Zeldovich Efiect

o SuUrveys of star forming galaxiesiin the earnly
Universe

¢ [hese science topics empnhasize Wide=field
Imaging — hence our st lightinstiuments will
Include cameras

¢ Studies of primordialigalaxies requines redshiits
— We also Include direct detection SPECIIOMELESS
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s [lhree Primany Scienceinstruments
o Submillimeter wave camera
e Near millimeter wave camera

o VIUlti-olject direct detection spectrometer;
Z-SPEeC
LEUS/ZEUS-2

o [ransferred, and future instrumentation

Full' FeV: cameras
Heterodyne spectrometers/arrays




s Ve envision a > 90,000 pixelstubmm camerarat
firstlight

o Primany bandiis 350 um ~40,000/pixelst="5"EoV.
o Eilter wheel'teraccess 450, 620; (200) um
¢ Dichroic splitsiofiialong wavelengirco0 umvand

* Or perhaps more likely:we will'have an
(Indepenaent) mm wave camera ior 740 wmiand
longer wavelengtis

e At least 10,000 pixelsiatlonger wavelengtins
¢ Advanced Technology: Array: Camera
ATACamera




¢ Iihe telescope deliversiup tordS E@V = why arerwe
designing te:a 5" EOV?2.
o Science; Initial'science deliverable with' o E@\V: cameras

e Image Scale: One can noet couple the entire 15 EeVinte a
packground limited 'camera — smaller sub=systems

» Technology: Current technology suggests 40,000 pixelsiis
a reasonable goal — this delivers Nyguist: sampled Iimages
overa s x o FOV at 350 um

tiling a 30" FOV requires one million pixels;at S50 un;
-- extremely expensive using today s technoelegies

Future developments will'greatly reduce: the —
therefore mega pixel’cameras are postponed




¢ Allfrefiective design
o Viaximizes throughput
o Minimizes emissivity.
» Off-axis approach leads to BlG (3=4' miclass) optics —
pbut 5° FoV: design not teebad:.:

¢ lransmissive design withfieldilens
o System Is remarkably more compact
* [hroughput and emissivity quite geoa
¢ Directimaging
» Would be fine at 200 um, over-sampled at longer;
wavelengths
* Problems with stray light...




¢ Cornell'= Caltechi= Eoloradorcollaboenation
¢ Eirstlight camera composed Bl SUb=Camenas
Pichreic 5 field efiview: on' CCAI)
» 40,000 pixel at 350 umrand 10,000 pixels at o0 um

EoV. brokeniinto'3 — 3« “sub™ fields (128%428): minimizing
poth aberrations and WIRAOW, Size

60K box




¢ Spot sizes quite goed = circlesrare Al disk

¢ Sub-camerasihave Strehlatios > 905 everneanyentine
OV (centered atangle 617 0.07+)
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¢ Our preliminany designibase=inediiES senseds@Uip
multiplexed arrays: as in SCUBA=2

¢ \Workable, withinftbudgetsiion40,000 pixelicamera
¢ Submm VKIDidevices arne now the prefened eplion

» Considerablyless complex: architecture thatissmore
readily: scalable to large arrays

o Considerably less complex read-out eleCIiONICS as
well.

=> Considerably less cost




¢ Ehoelen detecions
Neorpeatedintora
SUpenconducting
[esenatoer cireut

Photenraksoerpion
causes the frequency and

Ine-width o the resenator;
e change

Erequency,domain
multiplexingrachievedioy,
designing resenaters with
slightly differentresenant
frequencies and usingia
proadband IewW NoeISe
mICrewave amplifierto
read out the array.




Lumped-element 350 um direct

absorber and an inter-digitated
capacitor
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Demonstration of TiN far-IR MKID device at
200 um illustrating the inductive (frequency
shift) and dissipative (resonance width)

response to temperature (Peter Day et al. )
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Can detect Milky Way at z ~ 1 to 2!




Confosionlimit (CL.) is 10 beams/sonrce

¢ 4 hours/pixel, 2000 hour survey: — 14 survey in 2
years

Approeaches half:a million sources/year;




¢ LLow wavelengthrCamernaior CEAN)

¢ Antenna-coupled arrays o belomEeELens
e Can't do 50,000 feed-horns

o Single polarization;antenna coupled designieads o
a simple way: tocover multiple bands with varying

pIXel sizes
* Nb slot antenna and microstrip: Imits shertest A 1o >
740 um (405 GHz)
¢ Beam definition achieved with phased arniay.
antenna

¢ Signal detection with either MKIDS o TIES
devices




Pixel Numerology

» Design driven by desire to keep detector counts reasonable,
yet gain substantially in mapping speed over SCUBA-2/MUSIC generation.

» Could increase 740 um, 870 um pixel counts by ~x4 more if readouts capable

20 arcmin

L = low-resolution tile
H = high-resolution tile

Band Av Pl_xel Number of Spatial
GHz | GHp | SZ° Pixels
(nm) £
150 30 | 1.15 |16 tiles x 256 = 4096
(2000)
220 . ~
(1400) 40 16 | 16 tiles x 256 = 4096
275 - _
(100) 50 2.1 | 16 tiles x 256 = 4096
350 40 0.7 | 4 tiles x 4096 — 16384
(870) 2.8 | 12 tiles x 256 = 3072
405 20 0.8 |4 tiles x 4096 = 16384
(740) 32 | 12 tiles x 256 = 3072
Total 51,200 detectors

At 1/2, 1 tile is approximately 74 mm across,
a good fit for 4” wafer processing. Focal plane
is 30 cm across, a “reasonable” size.

Sunil Golwala

20




detection SPECIrOMELENS ane theInStiUMENLS O CHEICE:

o [Detectors are not'subjecttorthe quantummoerselimizandiare
NoOwW: suificiently sensitive torensure backgroundlimited
perermance at high reselving pPewers

» \ery large bandwidths Ay~ v:are pessible
¢ Need to consider 3 types o direct deteclion SPECIOMELESS
» Fourier liransiorm spectrometers: naturally breadhanad
o Fabry-Perot interferometers: highrsensitvity; butmustiscan
o Grating spectrometers: spectralmultiplexingiImonocChemeter

Free space spectrometers
VVaveguide spectrometers

» Niche for all'systems: here we focus on grating
spectrometers since we are interested in maximizing
poINt source sensitivity 21




Ultra-compact approach: WaFIRS spectrometer

grating in parallel plate wavequide

receiving bolometer array e
np

Stigmatic Freq. # 1

Focal Curve

\ Stgmatic
\Freq. #2

radiating
horn

Rowland Circle

parallel plates

\ Grating Arc

Propagation confined in parallel-plate waveguide
= 2-D Geometry
= Stray light eliminated
Curved grating diffracts and focuses
= Efficient use of space
= No additional optical elements

Custom “stigmatic” grating design possible at long

wavelengths H.A. Rowland, 1883, Phil. Mag 16
K.A. McGreer, 1996, IEEE Phot. Tech. 8

CCAT View of the Universe 13 Nov 2010 Matt Bradford 5




True broadband spectroscopy in the submillimeter:
Z-Spec, a 1st order grating covering 190-305 GHz.

1111 ) J]'l
i' sll l;{‘['"d“"éulally mounted

o SiN bolometers

Focal ARC

1 Ll 3 QJ

i ‘ﬂ"‘b‘ \1

CSO Mauna Keaq

“ — d'_ .

—— —

He RADIATION m :
SHIELD Z—Spec Team

Bradford, Bock, Nguyen,

Naylor, Zmuidzinas (JPL &
| Caltsch)

Glenn, L. Eatle, P. Maloney
(CASA, University of Colorado)
Aguirre, Scott, Lupu (U.. Penn)
Matsuhara (ISAS 7 JAXA)

CCAT View of the Universe 13 Nov 2010 T Braqrora
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» Source size breaks T / n degeneracy, requires
1>50 K

» CO cooling / far-IR exceeds local starbursts &
ULIRGS by 2-5.

» X-rays may be heating the gas.

* Plenty of energy, easy to get high gas line /
dust luminosity with X-rays (e.g. Maloney et al.)
» Bulk heating like X-rays (or cosmic rays)
Increases minimum temp to which gas cools,

L (= S =y i W S S SR B B L T
4 T e

Venturini and Solomon, 2003, using PdB data _
Intrinsic source is 650 by 560 pc disk, m=11 thus increases the stellar IMF.

CCAT View of the Universe 13 Nov 2010 Matt Bradford
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Fig. 1.— The Z-Spec spectra of four submillimeter bright H-ATLAS galaxies. The fit to the A'\/ — 1 1 5 G HZ/( 1 +Z)

continuum and CO lines at the measured redshift is overplotted in red, and the positions
of the strongest lines falling in the Z-Spec bandpass are indicated by the vertical blue lines.

The line indicated in red in the spectrum of SDP.130 is unidentified.

Lupu et al. 2010
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CCAT Survey Spectroscopy

L=2.0e+12, z= 4.40
L=2.0e+12, z= 8.40

10h, 10, 400um water

~ Band 2

| Band 3

1
Nb cutoff :

500
Frequency [GHZ]

EFar-IRIESHIRES
MUCHI MoeNRe
lUmineus than ©®

¢ Redshiftengine

¢ DIagneslics o}
physical conditions
effgas and radiation
fields

Could cover
submmi = mm
WIRGAOWS WIth S Z=
SPEC lIke devices

Simultaneous with
dichreIc GPUES



The Redshift () A5\,
and =anly f ‘
niverse

pPEectremeter:

“Free-Space” submm (650 and 850 GHz) grating spectrometer
OR = AMAA ~ 1000 () BW ~ 20 GHz () Tr. . .(SSB) < 40/ K
ZEUS on CSO for several years — single beam on the sky
Upgrade to ZEUS-2 a
5 color (200, 230, 350, 450, 610 um bands);
() 40 GHz Bandwidth () 10, 9, & 5/ beam system
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Choose R = VAN ~ 1000

Atmospheric Transmission: Mauno Kea

optimized for detection of; ——T
extragalactic lines L 800700 600 500 400
® Near diffraction limit: \ ) Wavelength (um)
* Maximizes sensitivity. |
o point sources
* Minimizes grating size
for a given R

ZEUS Windows

(=)}
Q

Transmission (%)

-+
Lom ]
)

& Long slitin ZEUS-2
* Spatial multiplexing

e (Correlated noise
removal for point . .
sources Frequency (GHz)

& Choose to operate in n =
2.3 4.5 9 orders which ZEUS spectral coverage superposed on

covers the 890. 610 Mauna Kea windows on an excellent night

450, 350 and 200 um
windows respectively

N
o
|




158 um [ClI] line is dominant
coolant of neutral ISIVI

ZEUS can detect [Cll] at z ~
1 to 2 characterizing star
formation in galaxies at the
historic peak of: star;
formation in the Universe

ZEUS provides a unique
opportunity to explore this
epoch through the [CII] line

Approximately 40% of the
submm galaxy population
has redshifts such that the
[ClI] line falls in the 350 (z ~
1) or 450 (z~2) um windows

v
¢
AL
s punm

I zZEUS1 [ ] ZEUS2

ZEUS [CII]
Windows

With ZEUS-2 on CSO and APEX we can
extend these studies from z >4 to 0.25 --
tracing the history of star formation from
12 Gyr ago, through its peak 10 Gyr ago
to the present epoch




Upgrading to (3) NISTF 2-d
TES bolometer arrays

Backshort tuned
5 lines in 4 bands

245 wm (1.5 THZ)
350 wm (850 GHz)
(

[NII]
450 um (650 GHz)

205 um
625 um (475 GHz) \ :

Imaging capability (9-10

beams)

Simultaneous detection of

[Cll] and [NIl] in z ~ 1-2

range 5 x12

First light in Januar 2012 922 WM
on CSO with 400, um S0
array. only.

APEX later in 2012

spatial

spectral




AstrophysIcs

Sjige)ple]
constraints on 1

; Stroeng
constraints on €O epacity.

Cooling or:
[CI] °P, - 3Py jonized gas, and fraction of
s [Cll] from ionized media
Viapping Advantages
Spatial registration
‘perfect”

Corrections for telluric
transmission coupled

Expected SNR for the five
(Helfer et al. 2003) lines comparanle

12CO(7-6)
13CO(6-5)

10

4709 ,_
13°30™6° 300° 54° 48° 42°  36°




o ZEUS-2 is in 5 orderat’350 um = BV =8%

s RP=1000'= 20/cm collimated heam — 0:65m
dewar:

¢ Could build a1t erderfree space grating
spectrometer — BW 160%

o RP~1000 = 60 cm collimated beam —1.51te 1565m
dewar

¢+ Advantages
» Elat focal plane
* [ransmits boeth poelarizations

» Beams dense-packed” but readily adapted to: multi=
Object Spectroscopy. 33




Eree-space spectrometers ke ZEUS=2 are tnviallyimade
nte i (e 2)= diimaging systems; sentnattrally,
becomes a multi-object Spectrometerifwecan spIpe:
the lightin;

liFconfigured inione bandi(say: 550/450 wm); thenthe
usable FoV ofi ZEUS-2 1s > 20 beams

Ji6' avoeld source confusion, could configure with ™ 0feeds

Z-Spec: s modularity: alselends itselfiwell termulti=beam
configurations through stacking efithe planar
Waveguides.




Top View

Fistaxisof —_ | o
Goldsmith
and

Seiffert

Periscope based Multi-Object Spectrometer;

¢ Useful for observations of sources Which have: allow:spatial
density on the sky.

Patrol regions over the focal plane assigned te; each recever
Low transmission IosSes since only fourrellections




CoAT

¢ LEUS Survey o124 — zZ~ 1 162 galaxies showsH EGlij/
EIR continutim; = 0.2

¢ Line/continuum: = 40
¢ CCATF confusion limit:1-mdy.
— 10 mJy inline =191 Z/4000/(4%2)

¢ An Image slicer grating (IFU) spectremeter might well
PEe quite usefuli— seurces are crowded




o CCAIrwiIllfbe the seurce finderior ALLVA
[Detect sources with CCAIF continuum
Detect sources and redshifts in spectral lines withr GEAN;

Spatially: (and spectrally) resolve lines with ALIVA
CCAT spectrometers are competitive for line seanches

 [ransparency and dish surface wins up to 2

« System temperature wins a factor. of 2 to 3

» Bandwidth: 10 settings vs. 1 setling per window
e 25 mdish vs. 12 m — wins a factor of 4

« . CCAT is equivalent to 272.5°4 = 20 antennas =
takes (64/20)% = 10 times longer: for CCAT}, but CCAT;

covers entire band —
But— CCA T will'have mulli-ob[ECL SPECIrormelers!,

37




s CCAIF s facility firstilightinstriments willlconsistiof:

o Submm camera with> 50,000 pixels CoVENng > o'
0)Y/

» Vim-wave camera with> 50,000 pixels cevenng =20
=)/

* Mulli-ebject broad band direct:aetection

Spectrometers
¢ Inaddition We expect other “contrbutions including
* [Heterodyne receivers and arnrays

o Specialize direct detection spectremeters (e.g. IEU;
EPI)

» Polarimeters




