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INSTRUMENT OVERVIEW

Cryogenic Balloon-Borne Instrument:

ABSTRACT

The EXperiment for Cryogenic Large-Aperture Intensity Mapping (EXCLAIM) is a
high-altitude balloon spectrometer designed to deepen our understanding of star 3500 |

formation in a cosmological context. Rather than identifying individual objects, as in a Bucket
Dewar

» 3500 liters of liquid helium gives ~24 hrs of operation at 1.7 K at float altitude.

» 4-stage Continuous Adiabatic Demagnetization Refrigerator (CADR) provides 10 W
cooling at 100 mK with 4.3 K (ground) to 1.7 K (float) bath temperature.

38 km elevation at float on a 34 mcf balloon; 36 km is assumed.

galaxy redshift survey, EXCLAIM will be a pathfinder to demonstrate an intensity
mapping (IM) approach. EXCLAIM will operate at 421 — 540 GHz with a spectral
resolution of R=512 to measure the integrated line emission from galaxies and the

Dewar cap

intergalactic medium (IGM). The instrument is ideal for observing CO and [CII] line Superfluid He pumps distribute the liquid He to cool the optics

Star
_C_amera

emissions from the nearby universe out to redshifts of z~3.5. CO and [CII] line emissions o L
Y The pointing elevation is fixed at 50°.

We sample the beam in FWHM /3 pixels, at an azimuthal rate of < 2°/sec
Elevation dip is achieved with a cantilevered mass. The gondola co-moves with the

are key tracers of the gas phases in the interstellar medium involved in star-formation

processes. EXCLAIM will shed light on questions such as why the star formation rate

VYV VYV YV

declines and breaks away from the cosmological evolution of dark matter at redshifts

of z~2. The instrument will employ an array of six superconducting integrated grating- ’relescope to limit Spi” modulation
analog spectrometers (U-Spec) with superconducting microwave kinetic inductance BN Elsctronlcs > )

detectors (KIDs) in an all-cryogenic telescope (1.5 K) to achieve near background- Pointing: reconstruction only, star camera + gyro, magnetometer, filt.

cip 7
magnetometer

» Heritage: Primordial Inflation Polarization ExploreR (PIPER). Uses gondolg,

limited sensitivity. Here, we present an overview of the EXCLAIM instrument and status.

2 meters housekeeping electronics, software, and CADR designs.
I NT E N S I TY MA P P I N G ( IM) EXCLAIM Spectrometer & MKID Parameters
EXCLAIM Instrument & Telescope Parameters
Spectrometer Design M-Spec, antenna-coupled diffraction-grating analog, Rowland configuration
Rather than detect individual galaxies, IR UGG Number of spectrometers 6
EXCLAIM will measure the statistics of : ' g 248 1 Spectral Range 421-540 GHz
brightness fluctuations of redshifted, ‘ - [elemEly [Ee 2740 Lgplae Spectrometer Grating Order 2 (operates over a single order)
cumulative line emission. \ DI el e 9 MB/s Resolving Power, R = A/AA 512
Figure: A simulation of an EXCLAIM sub-region. Most _ Gondola Power 600 W Spectrometer Efficiency ~40% (from Si lens input to the MKIDs)
individual galaxi int t lved, but th :
IS:rUIZ;U:: O?Gt::::s(riircee\:ezo;: 2:;;2:1 r::ol;/fge sZalez | p7 Reoidou’r Eover =<550W Spectrometer materials Nb planar transmission line, single-crystal Si dielectric
Typical small area surveys (HIGH and LOW density | ' Projected aperture 74 cm MKIDs per spectrometer 355
regions here) may not take a fair sample of galaxies. : .
: Physical aperture 90 cm MKID materials 20 nm thick Al microstrip, single-crystal Si dielectric, ground plane Nb

Why Intensﬂy Magplngz : Angular resolution 3.5 FWHM
» Aperture: Pushing to higher flux sensitivity and lower confusion Edge Taper 9 dB MKID Readout Banc 2 2.0 GHz

drives large apertures. Instead, IM measures surface brightness NEP < 3x the photon background limit at the spectrometer input

X 9 I;) 4 b 4 ! ) b ack 9 q Telescope f/# 1.3 (Photon NEP ~ 6 x 10'%? W /\Hz in the darkest atmospheric channels)
with sensitivity limite etector noise or photon background. :
- o Y T YIM P " 9 Detector spacing 2.2 f A Operating temperature 100 mK
umulative emission: is sensitive to the ftfaintest sources )
Instantaneous FOV 12.5 LNA Noise Temperature <5K

(good! — blind complete census) but also all other radiation
(bad! — but spectral differences can be used to reject continuum

emission). OBSERVING STRATEGY

Volume: IM provides efficient access to large cosmological EXCLAIM galactic
o o o o 5 10! 4 Phot h |, at lenslet Photon background limit (eff=40%)
volumes and redshifts, reducing cosmic variance. o | B PR — .
Environments: Lines and ionization states trace different ot I B '
=
environments. 5 WGy , Galactlc Plane | 8100 E:
: - . . i 4 B e Il | s = 10774
Hosts: IM measures the relative clustering of galaxies with g o] g 3
bright | ission, which provides insight into the hal s
ght line emission, which provides insight into the halos masses BOSS-South ;ma-u 8 e
Q E 100-: %
that host star formation. - 5
. , , , .. o | i I .
Systematics: No selection function (i.e. no dust extinction or EXCLAIM extragalactic . - _
. . . . . . . . 430 432 434 436 438 10-1+ . . . . i
issues such as fiber collisions from nearby galaxies). *We cross-correlate with the Baryon Oscillation M T R i i co - O I
S o S B OSS S o 8 2 'F _____ ’;;’g I((A;Tca.ma) = 2:;;2 Ea”g . Eriq:Jency (G/:\It_'Z) A — Cryogenic telescope CO5-4 x LOWZ C0O6-5 x LOWZ
pecll- roscop IC U rvey ( ) Trl pe o r —== SPIDER window R=128 band —_ Aaniga]ent Telescop§+ Atmosp:ere o é(r)n:_lsr;téillisscsope CO5-4 x MAIN 083 X MAIN

SCIENCE primary science — a reference survey is shown

*The spacing between bright atmospheric emission lines is ~5 GHz. Pressure

' above.
EXCL'.A\I.M will .m<.:|p Th: lonized intergalactic medium broadens these lines, following the relation ~10 MHz/Torr. Thus, to observe
subml.lllme’rer SMmIssion . © SCRSIISRIG RESHE Une *‘Large area: Cross-correlation can go wide petween these lines requires < 10 Torr, or >100000 ft altitude. EXCLAIM will
redshifted  carbon  monoxide H, Cold molecular gas (more isotropic volume); in contrast, auto-power  fly gt >120,000 ft (36 km).
(CO) and singly-ionized carbon Star formation ims for SNR~1 d ’ 500 GH
1 aims for per mode. . : _ : Z _

([CI]) lines in  windows &5 IR cix . . e To resolve these windows at ~500 GHz requires R > ————= 100. The
comprising 0 < z < 3.5. These NIT Access linear scales up to k~1 hMpc'. EXCLAIM goal is R=512.
lines trace star formation and its K_,‘" *Plan for a conventional flight from Texas or *We truncate at 540 GHz to avoid the bright ortho-H,O line at 557 GHz.
precursors, but have only - HII New Mexico, as it is well matched to the BOSS-

.. o e : : " *A factor of 10 in photon background is a factor of 100 in time. An 8 hour
preliminary characterization North/South region, and has simple logistics,

flight conventional flight with a cryogenic telescope thus is comparable to a 33 day

beyond the nearby universe. high recovery rate, and frequent

" flight with a warm telescope.
opportunities.

EXCLAIM’s Primary Science Questions:

1. What factors led to the dramatic decline in star formation since

OPTICS AND RECEIVER 4 ..

z ~ 2 in contrast to dark matter evolution?

; i d
: : et : The telescope is an open Dragone configuration with P e
2. What is the typical abundance, excitation and evolution of the pe 15 @h open Lrad SO 5 S lerees ere @i A 17K
hich f 2 @0 cm parabolic primary mirror and 10 cm ellipsoidal . .
molecular gas which forms stars® q . oth o of alum reflection coated with —
Il d CO HY i laxies? secondary mirror, both machined of aluminum. ) , -
3. How well does race in galaxies@ P e T} .4}0‘
4. |s intensity mapping a viable approach to probe high redshiftse The F/1.3 reflectors feed a single Si lens through a .y e N
This Si | les liah h hi e The superfluid-tight ,
C0)=a3 x MAIN, 7001 & puler 2013 stop. Is Jl lens couples light onto the on-chip . .
Lines & Levels: | ‘e 200 A Pullen 2013 (B) spectrometers. vacuom .wm ow B
CO: EXCLAIM  will cross- COJ=5-4 x MAIN, z=0-0.2 ;if;?g;és o < . y quartz with a PTFE
: . | tm e ea e ol e stop controls illumination of the primary an . : :
correlate  with  speciroscopic CO J=5-4 x LOWZ, 2=0.2-0.4 ° E"’;pilr‘zozl"lm ’rerminq’rZs stray light onto blackened coldpbqfﬂ:s anti-reflection coating. Pewar inner diameter: 152 cm ey roneter focal plane
galaxy redshift catalogs | & "« e i’e 7 19 : ak 10 mE.
(shown right) to constrain the €O J=6-5 x LOWZ, 2=0.2-0.4

total molecular CO gas | ] = ve “'SPEC & READOUT

CO )J=6-5 x CMASS, z=0.4-0.6

abundance from 0 < z < 0.7 | = oo o A

Silicon Lens & Phase Delay  Emitters Sidewall  Receivers MKID . . . .
and potentially out to z=3.5 & st0 100 1500 2000 2500 S e ik, 3 Aosorber \De‘e“‘\‘"fs A\ LNA * We wuses superconducting Microwave Kinetic Inductance
with extended BOSS survey ol,1CO] [)y/sr] Y oI — Detectors (MKIDs) for easy multiplexing and to reach ultra-low
Fig.: CO total abundance from cumulative luminosity. L e . Mi oge. e . . . . . . _
eleenes EXCLAIM “sensitivity  (black line) is compared to ¢ n Primary Mo sensitivity. We implement thin film Al in a microstrip half-wave
existing models [6-10]. Here J is the transition, b is the 1 = seam . Feediine resonator design with a Nb ground plane.
Cll: EXCLAIM will Cross- clustering bias of the emitters and [, is the intensity. Order-Choosing 1A
. Filter
o 107 Gongl2 GHz , - T
correlate with the BOSS QSO Gongi2 mode 2-D Parallel Plate Waveguide Region (3)readout ST
Survey fl’om 2.5 < z < 3.5 to Silval5L s one \\
, L 10° — Vuels * U-Spec integrates all the elements of a grating spectrometer - _
provide a definitive test of ClI —— Popping16 . . . : .
, — the dispersive element, filters, and detectors - on a single chip.
abundance (shown right) and &
probe the Cll and the star = * Phase delay is introduced by a synthetic grating made of ¢ Heritage: R=64 [-Spec prototype demonstration [2].
formation rate (SFR) relation ;5104' superconducting Nb microstrip lines patterned on both sides of Demonstration of Coplanar Waveguide (CPW) resonators of
[12] determining whether it a single-crystal Si substrate (450 nm thick) [1]. The high index 10-25 nm thick Al with Q,,21x10° [3] and Nb with
1034
follows local relations or of refraction of Si allows us to do so in a compact space. Q,,=5x10° [4].
o 5 | === Pullen 2018 (95% c.l.) . . . .
suggests T'frong ell‘/o";\':\'ozl of the M | * A 2-D parallel plate waveguide region in a Rowland circle  « Readout: EXCLAIM will use a Reconfigurable Open
average Interstellar Medium. 1520 25 30 35 40 45 50 : : ; . : .
9 ? architecture serves as a spatial beam combiner and focal Architecture Computing Hardware (ROACH)-derived readout

Fig.: ClI 'ro.'ral abundance froTn .cumuld'rive luminosity vs. redshi.f'r..EXCLAIM sensitivity plqne (WhiCh Nyquis’r-sqmples ’rhe SpGCiTCIl response). Sysfem developed by ASU [5], WhiCh is ’rhe most mafure MKlD

(red star) is compared to existing models [7,13-15] and preliminary measurements

[11]. Here b is the clustering bias of the emitters and [, is the intensity. e For EXCLA]M, an order-choosing filter selects the design order. readout Sys’rem for balloon pla’rforms.
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