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Outline

e HAWC+ upgrade program and team
* elements of HAWC

e project schedule

* initial astrophysics programs

HAWC: High-resolution Airborne Wideband
Camera, built by U. Chicago, P.I. Al Harper

HAWC+: upgrade program, 2013-2016, led by JPL

The completed instrument will fly as “HAWC”,
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log(F,) (arb. units)

Far-IR Polarimetry: Dust & Magnetic Fields

A =30-1000 um continuum primarily dust emission, so far-IR
polarimetry is an indispensible probe of magnetic fields in neutral ISM.

— Even molecular clouds are mostly transparent at A = 100 um.
Multiple bands distinguish components with different temperatures.
— Far-IR polarization spectrum also shows effects of grain emissivities.

0 typical spectral energy distribution of spiral galaxy

The Orion Nebula

Spitzer / Herschel

05 F ‘warm’dust
heated by local
- star formation

HAWC BLAST
synch.

1 10 100 1000 10000
A (um)
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HAWC+ Upgrade Program

April 2012: initial selection by NASA of HAWC
upgrade investigations (JPL/Dowell & Goddard/
Staguhn)

July 2012: HAWC (U. Chicago) passes Pre-Ship
Review

October 2012: final selection and approval of
merged upgrade investigation

February — May 2013: co-investigators/
contractors begin funded upgrade work, toward
commissioning in 2015
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HAWC+ Builds on HA

HAWC 2012 Data Viewer

Options: AOR List Data \ Pipeli Help / Manual
Selection: Info: Image Tools:
Flight : [ 120426 15 Object:Setup NOD Mouse X/Y:  Zoom 7]
AOR | HAWC-120426-210-nod ‘& gam‘!.'ﬁ;mduzteh'm 164/ 142 3x el
0 = upil: 3 Value Scal
File 120426 _000 00HA215.nod A Date: 2012-04-26 097219 2 L;u -
Pipe Step : | Merged . Time: 18:44:49.404 unMax
Display : | PRIMARY HEADER B Observatory: lab Color:
Obs RA: -250 Rainbow 64
B0 Obs Dec: -500 Statistics:
Y ~ N Median: 8.7632e-3
Min: -1.0960  Average: 1.7456e-3
Max; 057121  StdDev: 0.22151
Unpacking Image - Done
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HAWC at Yerkes Observatory (U. Chicago)
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HAWC leaves Yerkes — June 3, 2013

TETS

Renieen

SOFIA Tele-Talk / HAWC
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HAWC arrives at JPL—June 5, 2013

e
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S
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System Tests at JPL




HAWC+ schematic optical path

Opto-Mechanical

HAWC+ detector System SOFIA telescope
filter/lens wheels
—
N
\\
\\ J
N 5 e N\
AN
T /‘ chopping
stepped secondary
polarizer half-wave plate
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HAWC(1G) detector: 12X 32

.......

2014 Aug 6 SOFIA Tele-Talk / HAWC
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HAWC+ on SOFIA: 64 X40 (design;
requirement is 32 X40)

2014 Aug 6 SOFIA Tele-Talk / HAWC
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Goddard/NIST Detector Team

Detector requirements, packaging, testing: J.
Staguhn, S. Banks, D. Benford, E. Buchanan, H.
Moseley, E. Sharp, E. Wollack

Detector design, fab, assembly: C. Jhabvala, T.
Miller, R. Brekosky, M.-P. Chang, J. Chervenak,
N. Costen, A. Datesman, E. Leong

SQUID Multiplexer: G. Hilton
Detector subsystem management: L. Sparr



detector electromagnetic design:
Backshort-Under-Grid architecture

Detector Grid

/ Suspended
Bolometer w/
absorbing film
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detector electrical design

e Superconducting

Transition Edge Sensor

(TES) bolometer

* Superconducting

Quantum Interference

Device (SQUID) readout

®
B

ﬂ
o
» Feedback Flux =

I|| ®<  SQUID Bias & Output

2014 Aug 6
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2014 Aug 6

Pixel Layout

SOFIA Tele-Talk / HAWC

1.135mm pitch

Fabricated on 1.46um single
crystal silicon

Figure Color Legend:

05 7

04 +

03 1+

02 1

017

0ot

Ny o

Gray: Silicon membrane and
frame

White : Mo/Nb electrical
leads

Pink/Red: TES and NMBs
Green: Palladium

Black: Etched void (This layer
etches the legs)

HAWC+
20140305-06 (0, -2)

=g Resistance (Q)

0298 0299 03 0301 0302 0303 0304 0305 0306 0307 0308 0309
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Flux-Switched Time-Domain Multiplexer

e Row Select switches Column 1 Column 2
current into switch Output FB Detbias  Output FB Det bias
i e [l _siift=—ifes===i] i
inductor Row1 o
Select o—t % )
. . . . . bohd
Switch critical cgrrent is j g § phe
large when flux is zero, }
hence is in ’(3} 2

YATATA
=
S
e
Roias

V\VAA

superconducting state
and shorts out SQUIDs

—> channel off Row2 o 5
* Switch critical current i ) Es | i ) Yes |

near zero at some 4

applied flux (¢0/2) and & —% ‘é% (YD( } é%

acts like a resistor | |

(ohms), biasing SQUIDs — i I = ) ¥

—> channel on

* Switching set by * 40 rows total
geometry of inductance

2014 Aug 6 SOFIA Tele-Talk / HAWC 18



Flux-Switched Time-Domain Multiplexer

e Row Select switches
current into switch
inductor

Det bias

eQ

 Switch critical current is
large when flux is zero,
hence is in

superconducting state
and shorts out SQUIDs

Ruiss
VAA A

- channel off T
*  Switch critical current . | —
near zero at some L.
applied flux (¢0/2) and ry = 7.
(

acts like a resistor
(ohms), biasing SQUIDs
- channel on

* Switching set by * 40 rows tc

geometry of inductance
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Through-Wafer Via
TES routed to SQUID by Through-Waver Via

el (€ ALDTIN pad
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Array Hybridization: Bump Bonding

E ]
\ {
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HAWC+ Detector Packaging

2014 Aug 6

focal plane array (0.1 K)

SOFIA Tele-Talk / HAWC
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HAWC+ Detector Packaging

focal plane array (0.1 K)

2014 Aug 6 SOFIA Tele-Talk / HAWC

SQUID Series Array amplifiers (l?i K)



room-temp. readout electronics: MCEs

 SQUIDs are operated, and TESs biased, with
Multi-Channel Electronics from U. British
Columbia (originally designed for SCUBA2)

* 4 crates, each supporting 32x40 detectors

* Also shown: wiring feedthrough and conduit,

DC-DC converters
2014 Aug 6 SOFIA Tele-Talk / HAWC 24
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detector specifications

Performance Parameter Design Value Comments

array format

quantum efficiency

TES transition temperature
operating temperature
thermal conductance
saturation power

electrical NEP

time constant (natural)
time constant (effective)

2014 Aug 6

32x40 elements,
1.135 mm pitch

50%

300 mK

130 mK

1.5 pW/mK

140 pW

7.5x10-7 W Hz 12

1.7 ms
~200 us

SOFIA Tele-Talk / HAWC

2 arrays, each with design
supporting 64x40

for 1 mm? area

at transition temperature
>300K load in all bands

referred to absorbed power;
photon: = 2x10-16 W Hz1/2

CIG
with feedback

25



HAWC+ Thermal Block Diagram

Qopt'ical ~5uW
Quptical ~ S U Direction of power flow
during steady-state —>
operation
Detector Module
|
T, ~130mK, Strong thermal weak
Prux™10UW, To, 120 mK Weak thermal link
I Pupport ™ > UW IPWifiHQN 1.3 uW l Glink' PIink l Glinkl PIink
Pparasitic~31 uw
3 : J=5/2, N=1.9 mol
::_2\ mus Bmag=3'75 T, Tmag=1 Pof‘f ~4 uW Eoff
& ® K, Eremag=12.6J, — ZLuW
c T, ~0.1K .
% s op 3He switch
g g
~ T ..~1K a3 ol
T I:)suspension 7 uW 1 Epot 40 | S S
cooling—
LHe Plate
T~4.2K

2014 Aug 6 SOFIA Tele-Talk / HAWC 26




HA

C+ Thermal Block Diagram

Qopt'ical ~5uW

Qoptical ~5u

Detector Module

Direction of power flow
during steady-state
operation

Toe~130mK, Strong thermal weak

Pux~10UW, T, ~120 mK

MN SS.I:NJ,Joddnsd

2014 Aug 6

Magnet Current (A}

Psupport ~5uW tpwiring ~1.3 UW

Weak thermal link

Glinl(l PlinI(

100 mK Magnet Ramps, 0&50 uW
T

0.8

......... LR L 2 P [ e e (i
T1: 0.0879000

P1: 3.02500e-05

1x10* 2x10% 3x10* 4x10*

SOFIA Tele-Talk / HAWC
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Cross-Section of Focal Plane Assembly

To pupil

'_1.1 ] ;.l | a—T—

== i mhIm-lur

R-pol Baffle Lens/Filter Assy

R-pol Detector

Module
1 K shield 1 Kmount
R-Pol Detector Polarizer
Mount
4 K mount
T-pol Detector (titanium)
Module
ADR cold finger Folding flat
mirror
T-Pol Detector
Mount 4 K plate
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Cold Plate Arrangement

R-pol Detec T~ ° 4 K Mount
ADR Cold Fi 1 K Mount
1 K Sorption Polarizer
cooler

\\ Carbon Fiber

1K-to-sub-K blade trusses

Heat switch

4K-to-1K
Heat switch

4x CEB modules

2x RS&HK Pass-thru

2014 Aug 6 SOFIA Tele-Talk / HAWC 29



Magnetic Shielding
 Mag shielding plan employs multiple layers of
superconducting and high-mu materials.

2-piece superconducting
/ shield around helium tank SSA SQUIDs on CEB

and on top of cold plate inside Nb tubes with
< multi-layer Metglas

= wrap. (Not visible.)

1100 Aluminum box
around detectors at 1 K

ADR
magnet

Amuneal A4K high-

u shield around 4 K
space.

Detectors and 1°t

stage SQUID stage in
No shielding FPA packages

2014 Aug saround magnet SOFIA Tele-Talk / HAWC 30



Mag Shield Model Performance

Max field strength at initiation of temperature control (0.5 T field at magnet
bore): ignoring Earth’s field.

Have to model each cutout in SC shield separately.

Light entrance to SC shield ADR penetration to SC shield
Slice: log10(normB_emnc* 1E4) Max: 4.00 Slice: log10(normB_emnc* 1E4) Max: 4.00

N ' N 3 0 0
N & &0 EN @ N -

-1
2
3

-4
5
6

-7

Min-: -7.00 Min: -7.00

Field strength at DSS SQUIDs from ADR at initiation of temperature

control is well below 0.345 G requirement.
2014 Aug 6 SOFIA Tele-Talk / HAWC 31



HAWC Optics

Pupil Assembly/Polarimeter

LHe / ADR

2014 Aug 6

Detectors  Filter/Lens Assembly

SOFIA Tele-Talk / HAWC

Foreoptics
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Polarimeter Mechanisms

e Carousel rotates to select one of four half-wave plates, imaging aperture, or one
of three offset apertures.

* Each rotating half-wave plate is suspended with a grooved disc and three Vespel
wheels. Each of the wheels is held with ball bearings on its axis, and one wheel
is mounted with a flexure which displaces in the plane of the wheels.

* The half-wave plate disc is magnetically coupled to a drive disc, which is edge
driven by the "'mouse  motor, through a gear coupling.

magnetic coupling ==

mouse motor

slotted optical disc and

rooved discs .
quadrature encoder J half-wave plate  Pupil aperture Vespel wheel
2014 Aug 6 SOFIA Tele-Talk / HAWC 33



HAWC & Polarimeter Testing (JuIy 2014)

1400 140707_000_00HA030.chop.fla fits - Detector7-7 Shown is the S|gnal
for one detector as

“°°'f\ ‘ half-wave plate is

1000 rotated, observing

a highly polarized

source, in 62 um
600 ] band.

« >85% polarization

800

I R modulation
200 v efficiency in each
X of the 5 bands.
% 100 200 300 400 500 600

Sample number

1.0 § Band 1.5, media‘n error = 0.04% '
Instrumental N [
(false) o

polarization is
on average low,
<0.5%, in each
band.

Polarization (¢
o <

0.0
0

50 100 150 200 250 300 350 400
Pixel Number
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HAWC+ Bands

0.8

Transmission
(@)
o))
|

o
N
I

| atmc'>sphere from SOFIA smoothed ———

¥

k

1G bands
new 62 um ———

0
30

2014 Aug 6

50

70

100

200 300
Wavelength (um)
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HAWC Observing Modes

* polarimetry:

— Traditional chopping and
nodding

— combined with stepped
rotation of half-wave plate

(possibly slow rotation in B o—
future) | &S
— Gives (1,Q,U) Stokes | ‘é‘o%
parameters | §:,o
* imaging only: |

— Preference is to use a cross- —
linked scan (without chopping)
for best sensitivity and fidelity.

— Used efficiently on CSO and
elsewhere.




HAWC Data Acquisition Software

| £:) Hawe Control Desktop - ENGINEERING

File Edit Panels Visualizations
Object: Andromeda

A Iafam S RA: 00h 00m 00.0s

Dec: +00° 00" 00.0"

0 0 Rot Angle: 123.4°

UHS 0 0 Track Time: 0h 00m 00s

ACR | O 0 Water vapor: 252
DATA L O 0

MCS| 0l O

oBs| ol o

MAS [0 [0 H t
e Objec

[  Refresh ai

Chop Freq: 15 Object: Andromeda Altitude: 42520 Clients Data Switches
Rotation: 0 Time Left: 0 Azimuth: 122.4 HAWC_IRC@HAWC g
Amplitude: 1.45 Type: Nod Airmsss: 0.798 S V' Sky Mapped
Beam: Left Dsata File: ned.012 Temperature: -52.2°C Flat Field
Bad Pixels
Subtract Sky
— e ———
[ i 12
Observation e Commaior| S A )1z e
Connected

Parameters

P=mE
‘C'

& e

ADR Control | Config Cycle | He Level | HK Control

B

HK / ADR
Control

 GetHe Level §

Dsta | JFETs | Phagel Chop

’*Qﬁ;ﬁ1 at a -
E& tronics
“Control

Chopper | PRL | Periscope | Camera

;;F oreOptics
.. Col troalm

Normal | Advanced

Filter
\7@;7\/79”7\ Band1... «

Position
Unknown

c:;\:i B.ZOMS L sas.)
Control

-

\7775% || C:\MyEchpse\testworkspace\HAWC \data
Comment
Observer Lab Data =
File Name 1
Timed 20 secs _ Include AC all
Archiver
Select Archivers:

 We are adding new upgrade features into HAWC(1G) Java-
based Control and Data Handling software (related to IRC).

2014 Aug 6

SOFIA Tele-Talk / HAWC

37



HAWC Data Acqui

{14

CIE[X)

Object: Anc
Time Left: 0

LA AR

Type: Noc
Data File: ned

sition Software

LO HAWC Simulator Example

NIRRT

50,000.0- i
70,000.0- =
= || MCE Low Level Commands
AL = MCE Parameters
EIrar-r-r-ar- L_— 2,000.0~ | series Array [ sQ2| 5Q1 | TES Bias | Misc | Archive| i
5Q1 Feedback
o 4 ) I 1,000.0- (@ Constant FB (0) () PID Controller F8 (3) Seg"’ Mode:
i Constant Mode Feedback Ramp
i 0.0~ Value Min  Max  Step
H 2191 [ramp [8.191F] [-2.500[F] | 200}
§ -1’000'0_ 3191 = 0y, 0= 0434y, 8191 = 096V
:
1
(RGN &
, Ramping: undef Min: undef Max:undef Step:undef 152:48.065
Value
8 5
Columns (e.g., "1,2,4-8", blank=all) 5 7
2 4 i 4 -d l. E 22 S40) ._
alues B 2
25] | -48,867| -43,730| 46,355.3| 5,137 860.274 R 2 3l
AC [3,26] -42,028( -37,015| -39,456.7 5,013| 849.296 5 3
AC[3,27] -42,749( -37,455| -40,057.1 5,294| 845.585 6 -3
AC[3,28] | -41,969] -36,965|-39,450.6 5,004| 835.383 2 -12
4
AC[3,29] | -39,051| -34,098|-36,635.6 4,953| 844.91 ra d e fe'—-——— :
= : 1 2
AC[3,30] | -56,255| -50,882|-53,702.4|  5,373| 854.636 . [ Use firmware ramping | Stop Server : =
AC [3,31] -53,762| -48,356| -51,030.9 5,406 854.74 | H a n d I I | -
2014 Aug 6 SOFIA Tele-Talk / HAWC 38

T O |

T




Polarimetry, Level O to 1.5

- - . Raw Level 0 data, 100-1000 Hz sample rate
(Level 0) : ,. : ,:. : - |

. _Demodulate

Demodulated

Chops ( Level 1)

| Flatfield / Clean / Hv Gain b T R o ﬁ
Flatfielded
Chops
Data cube: N, x N, x N,,% 2
Split, Calculate H-V, H+V
l,— H ~\|
1 Split Nods: N !
I chop I
o i N, xN, x XN, . x4
. ol < « » Combine : 1
1 such sets nod \
for each < ’
HWP poistic‘n :
| = : Average chops in nods: :
- 5 . ~~ Nod Subtract : N N N 4 :
X X X
- - Subtracted Nods l\~ X y nods _/'

. Calculate Stok
| Calculate Stokes Subtract nods & Average:

- - Stokes Parameters ( Level 1.5) Nx X Ny X Nstokes
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HAWC Predicted Performance

HAWC+ predicted performance for continuum imaging and polarimetry.
Instrument nstrument Farameter Band A | BandB | BandC Band D Band E

wavelength (um) 53 62 89 155 216

HAWC and HAWC+ angular resolution (arcsec FWHM) 5.4 6.4 9.0 16 22
imaging NEFD? (Jy/beam s1/2) 0.93 0.80 0.79 0.64 0.55
field of view (square arcmin) 4.6 11 11 33 59

HAWC+ m?b(falgr);]t):lensity“ fors(P)<0.3%inlhr| 107 9.2 9.1 7.3 6.3

min. surface brightness® in 1 beam for s
(P) < 0.3% in 1 hgr (MJy/sr) 13,500 8200 4100 1090 480

aNojse Equivalent Flux Density_gives the flux density detectable with signal-to-noise=1 in a 1 second integration time. Signal-to-noise
ealoe S X Y. . ! - J

bAssumes 60% observing efficiency and an instrument such as HAWC+ which simultaneously detects two polarization states. The quantity
of(P) refers to the uncertainty in the measured degree of polarization, expressed as a percentage.
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HAWC Project Dates

2014 January 10-11: Critical Design Review
2014 May-July: polarimetry with 12x32 array

2015 March: new detector arrays integrated into
HAWC,; final system test runs

2015 August: HAWC delivered to Palmdale AOF

2015 October: first commissioning campaign on
SOFIA

2015 December: second commissioning
campaign; first science campaign



HAWC/SOFIA Science Goals

Qrion Molecular Cloud, Kuiper Airborne Obs.
o |

(©) g_% !
O pol. E vec.
N
o]
0
|

61950
—5°25'00"

Compared tq previous facilities (e.g., KAO resolution! e,

polarimetry): () KAO 100 um 'S 7,

— 8x more sensitive to extended emission (can \ o HAWC+ 89 um Hi= 1“4
reach A, = 1) | ° HAWC+ 53 um

— 50x more sensitive to point sources 5"33M00° Oigs0 40

100um Flux Density (Jy/10" beam)

(@]
N

S

— 10x better areal resolution
— 20x as many imaging elements
— 5 wavelength bands instead of 1

* tests of (ordered) magnetic field models

* statistical estimation of field strength
(Chadrasekhar-Fermi, structure function)

e tests of grain alignment theory (Radiative
2014 Aug 6 Aligning Torques) 42




~ The Sickle
~ Greyscale: 6 cm continuum
~ Contours: CS 3-2 emission

- B-vectors (60 um)

<

Galactic
Center

The Circumnuclear Disk

5\ [\ v FORCAST/SOFIA 20,32,37 um [

Ll N\ | B-vectors (100 um)
| HAWC+ | 2 »-\cn'- HAWC+. | ™ .
Beam Size | # Beam Size

—_ 80
Sgr B2 g
‘ &
i)
o
3

= 6o
.2
5%}
=
-]

L 40t
(o]
P~
3
&

— g 9
k:
>
3
Q

0

I — S EE— L i 1 It
0 50 100 150 200 250 300

F (Jy/SHARC beam)

Chuss et al. (2003): CSO and KAO
polarization measurements suggest
toroidal field in dense material and
poloidal in more diffuse, consistent
The blue region can be mapped in part of a single SOFIA flight, with model of Uchida et al. (1985).

resulting in ~10,000 detections of polarization.
2014 Aug 6 SOFIA Tele-Talk / HAWC 43
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Characterizing Magnetic Field Strength

Simulated Molecular Clouds o Approach based on

— P=0.1 E—— ‘ Chandrasekhar &
g Fermi (1953)
B’ 1

2 ~ 2
4po”(v) (A¢)
— with modeling by

several research

groups to account
for effects of beam

and line-of-sight
averaging
* Need velocity
dispersion from
submm/radio

: — telescope
strong field — small dispersion observations of
(Ostriker, Stone, & Gammie 2001) molecules.

2014 Aug 6 SOFIA Tele-Talk / HAWC 44



Characterizing Magnetic Field Strength

Simulated Molecular Clouds o Approach based on
— P=0.1 J | Chandrasekhar &
' " Fermi (1953)
B’ 1
~ 2
drpo’(v) (A9)
— with modeling by
several research
groups to account
for effects of beam
and line-of-sight
averaging
* Need velocity
dispersion from
submm/radio

: R— telescope
weak field — large dispersion observations of
(Ostriker, Stone, & Gammie 2001) molecules.
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Use of polarization angle structure functions to study power
spectrum of magnetized turbulence OMC-1

angle O(x) TS
AD(L) = D(x) — D(x + £) &&\% k“\
0 0 “ - *_i_ j&t

N
Distance ¢ (arcmin

1 0.2 I (0.4 g 0.5 %\/ & 4

— 6 d 2 #

. (b)
: §
N\ \/
H—N |
LY m/&? 4
O

o
o
¥
LU

Pk

| | |

Q. i
o
T

[1 = <cos(a®)>]
o
S

o
o
o

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Distance® € (arcmin®)
- magnetic field strength: ~0.8 mG

-----------------

—— power spectrum
—  power law fit ; (—

turbulent power spectrum
-_ N W B~ O,

N
ock-2.9
3 7 Arc Minutes
OF . 7
""""""""" Hildebrand et al. '09;
0.10 0.15 0.20 0.25 /
k/(2m) (arcsec) Houde et al. ’09, ‘11

- dissipation scale: ~10 mpc
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Dust Grain Alignment

*  Dust grain alignment is an unsolved problem of astrophysics. Only

 HAWC+ bands

recently has radiative alighment become favored theory over 800
paramagnetic relaxation.

*  No matter what, alignment is with respect to magnetic field: Larmor ¢
precession (t = 10° s) washes out alignment with respect to any g
other direction. (Martin 1971) =

. Radiative alignment, requiring asymmetric grains and an asymmetric ?Z
radiation field, is currently the leading theory (Dolginov & g
Mytrophanov 1976; Draine & Weingartner 1996/7; Lazarian & Hoang 2
2007). T

— Test #1: Does the degree of grain alignment depend on the .
strength of the radiation field? 030

— Test #2: Is there spectral evidence for better alignment of large
grains?

50 100 200 300 500 1000
wavelength (um)

BLASTpol

Polarization Percentage

N A |

— T T T T —
—— 3 embedded stars, ISRF, AV =28, d = 0.14 pc

3 embedded stars, ISRFx300, 4, = 50, d = 0.35 pc 1
—— Starless, ISRF, AV =28, d = 0.14 pc

2014 Aug 6 SOFIA Tele-Talk / HAWC
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HAWC Project Dates

2015 March: new detector arrays integrated
into HAWC,; final system test runs

2015 Spring: SOFIA Cycle 4 proposal call

2015 August: HAWC delivered to Palmdale
AOF

2015 October: first commissioning campaign
on SOFIA

2015 December: second commissioning
campaign; first science campaign




