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Overview

 Introduction to the Astro-H satellite
e Instrumentation — SXS
» Motivation for the search of a line signal
e Error report of the satellite
» Observation: Perseus cluster
* Mode of observation
o Resuits
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Astro-H:

16. June 2016

International X-ray satellite:

JAXA/NASA mission
oo G = &1

... and many more.

Astro series: 6th X-ray satellite

Launch: 17. Feb. 2016, JAXA H-lIA
rocket, Tanegashima Space Center

Orbit: 575 km, cricular, 31° incl., 96 min.
Length: 14m; mass: 2.7 t, power: 3500 W
Mission life: > 3 years — 38d

Energy resolution: <5 eV @ 6 keV

Wide energy range: 0.3-600 keV

Diverse science: large scale structure,
matter in strong gravitational fields, CR
acceleration, dark matter

N Focusing optics for soft
A and hard X-rays

Four types of detectors
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SXT-1 + 8XI
HXT + HXI (two mirros)
SGD (compton mode)

Effective Area (cm?)

10
Energy (keV)

. SGD SGD
Properties
(photo-abs) (Compton)
Effective area 214/360 300 150 20
(cmz) (@0 5/6 keV) (@30 keV) (@30 keV) (@100 keV)

Energy range (keV) 0 4-12.0 5 80 10 600 40 600
Angular resolution
in HPD (arcmin)
Field of view 3333 (<150 keV) | 33,33 (<150 keV)
38x38 9x9 600x600 600x600
(arcmin?) (>150 keV) (>150 keV)
Energy resolution 150 < 2000 2000 4000
in FWHM (eV) (@6 keV) (@60 keV) (@40 keV) (@40 keV)

6x107%/2x10™ . -
Instrumental background 0.1/0.1 (@10/50 keV)* 1x10*/1x10

g g (@100/600
keV/FoV 0.5/6 keV 2X103/4X105
(/s/keV/FoV) (@0.5/6 keV) (@10/50 keV) keV)
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NuSTAR : "
Chandra (ACIS-S) SXT—I : SxI
-+
HXT + HXI (two mirros)
SGD (compton mode)

Effective Area (cm?)

10
Energy (keV)

. SGD SGD
Properties
(photo-abs) (Compton)
Effective area 214/360 300 150 20
(cmz) (@0 5/6 keV) (@30 keV) (@30 keV) (@100 keV)

Energy range (keV) 0 4-12.0 5 80 10 600 40 600
Angular resolution
in HPD (arcmin)
Field of view 3333 (<150 keV) | 33,33 (<150 keV)
38x38 9x9 600x600 600x600
(arcmin?) (>150 keV) (>150 keV)
Energy resolution 150 < 2000 2000 4000
in FWHM (eV) (@6 keV) (@60 keV) (@40 keV) (@40 keV)

6x107%/2x10™ . -
Instrumental background 0.1/0.1 (@10/50 keV)* 1x10*/1x10

g g (@100/600
keV/FoV 0.5/6 keV 2X103/4X105
(/s/keV/FoV) (@0.5/6 keV) (@10/50 keV) keV)
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NuSTAR : i : —
Chandra (ACIS-S) ol ‘S)‘(I » (with CI )
-+
HXT + HXI (two mirros)

SGD (compton mode)
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10
Energy (keV)

Fe-55 . SGD SGD
Properties
(photo-abs) (Compton)
Effective area 214/360 300 150 20
(cmz) (@0 5/6 keV) (@30 keV) (@30 keV) (@100 keV)

Energy range (keV) 0 4-12.0 5 80 10 600 40 600
Angular resolution
gap ~40.. in HPD (arcmin)
Field of view s 33"320(; ;(; keV) 393 (<150 V)
' X. X X
4 SAS (arcmin?) (>150 keV) (>150 keV)
| Energy resolution < 2000 2000 4000
in FWHM (eV) (@6 keV) (@60 keV) (@40 keV) (@40 keV)

& 6x1073/2x10™ ) .
Instrumental background 0.1/0.1 (@10/50 keV)! 15(@1)%@&%5
Fe-55 (/s/keV/FoV) (@0.5/6 keV) 2x1073/4x10°

(@10/50 keV? =
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NuSTAR : s e
Chandra (ACIS-S) iy wSXI  {with CBF)
-l +
HXT + HXI (two mirros)

SGD (compton mode)
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Energy (keV)

Fe-55 . SGD SGD
Properties
photo abs) (Compton)
Effective area 214/360
(cmz) (@0 5/6 keV) (@30 keV) (@30 keV) (@100 keV)

; Energy range (keV) 0 4-12.0 10 600 40 600
R Angular resolution
& gap ~40.. in HPD (arcmin)
' Field of view 33x33 (<150 keV) | 33,33 (<150 keV)
38x38 600x600 600x600
(arcmin?) (>150 keV) (>150 keV)
Energy resolution < 2000 2000 4000
in FWHM (eV) (@6 keV) (@60 keV) (@40 keV) (@40 keV)

6x107/2x10* . i
Instrumental background 0.1/0.1 (@10/50 keV)* 1x10%/1x10°

2x10°/4x10” (@100/600

keV/FoV 0.5/6 keV
(/s/keV/FoV) (@0.5/6 keV) (@10/50 keV)? keV)
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SXT : the soft X-ray telescope

A conical approximated Wolter-1 thin-foil mirror

X-rays
focus
flat surface
paraboti¢ nyperbe
surface supe
X-rays

héat formed Al e
~ 200 ym (20 x ordinary Al foil)
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SXT : the soft X-ray telescope
 Thermal shield: T =20°C

'HII\H\IIII\H||\|I\|||\|\|\I|I\|H\II\I\I\\IHI\II\IH\IIIIHI IH\IHII

I

e Conical approximated i, | |

Wolter-1 thin-foil mirrors:

mmlll”ll| Primary mirror
ddle) | A
M
g
|
i
i
i
i

4 segments, nesting: 203
11.6cm <@ <45cm
5.6 m focus, 0.4-12 keV

Ang. res. 1.3' (Suzaku: 2/,
but in theory: > 0.2")

Assambly imprecisions

Roundness & figure errors o
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HXT : the hard X-ray telescope
e Thermal shield: T =20°C

_HII\H\IIII\H||\|I\I||\|\|\I|I\|H\II\I\I\\IHI\IIHH\IIIIHI IH\IHII

-

e Conical approximated
Wolter-1 thin-foil mirrors:

M
LA

3 segments, nesting: 213

12cm <@ <45cm

12 m focus, 4-78 keV

Ang. res. 1.9' @ 30 keV
1.5'@ 70 keV
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HXT : the hard X-ray telescope
 Thermal shield: T =20°C

Refer — Th
'HIIH\\IIII\H||\|I\|||\|\I\I|I\|H\II\I\IHI\\I\II\IH\IIIIHI |H\||\II

M HW

e Conical approximated
Wolter-1 thin-foil mirrors:

* 3 segments, nesting: 213

12cm <@ <45cm

12 m focus, 4-78 keV

Ang. res. 1.9' @ 30 keV
1.5'@ 70 keV

Pt/C depth-graded multilayer
- Bragg refl. nA = 2d sin(6)
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SXS: the soft X-ray spectrometer

* 6X6 bolometer array
» Basic definition of energy: AE=C:-AT

¢« E=6keV=10"J — AT=2410"°K
illustrative example for 1 g H,O @ 20°C
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SXS: the soft X-ray spectrometer

6x6 bolometer array

Basic definition of energy: AE=C:-AT

¢« E=6keV=10"J — AT=2410"°K
illustrative example for 1 g H,O @ 20°C

* Freeze-out: C —» 0 for T— 0 Debye model: C~ T?
HgTe pixel @ T =50 mK, — C =0.11 pJ/K
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SXS: the soft X-ray spectrometer

6x6 bolometer array

Basic definition of energy: AE=C:-AT

¢« E=6keV=10"J — AT=2410"°K
illustrative example for 1 g H,O @ 20°C

 Freeze-out: C - 0 for T— 0 Debye model: C~ T?
HgTe pixel @ T =50 mK, - C=0.11 pJ/K
+[E=6keV=103p) — AT=9mK

Astro-H SXS for 46 ng HgTe @ 50 mK
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SXS: the soft X-ray spectrometer

1) Absorber

HgTe: 814 x 814 x 8.5 ym® "
resislive
97 % absorption efficiency @ 6 ke ~ thermometer

absorber

2) Thermometer
3) Heat sink & thermal reservoir heat capacity C

temperature T
th. conductance G

thermal
conductance G

7

thermal reservoir
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SXS: the soft X-ray spectrometer

25 kQ cm

1) Absorber

HgTe: 814 x 814 x 8.5 ym®
97 % absorption efficiency @ 6 keV

2) Thermometer
thermistor = temp. dependent resistor
silicon doped with phosphorus:
just below the metal-insulator transition
very high temperature coefficient:
d(logR)/d(log T)=-7 atR=30MQ
AR =-20 MQ for AT =9 mK (E =6 keV)

drop of resistance is sampled by an external FET

Rosenbaum et al., 1983, Phy. Rev. B
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SXS: the soft X-ray spectrometer

thermal link

thermistor

‘!liiiiiiiiﬁi-tkii iiliillliliii

0.3 mm

silicon tab

Images: R. Kelley, 2007
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SXS: the soft X-ray spectrometer
1) Absorber

2) ThermOmeter Life time (mech. cooler, liquide He)
i} ) Redundancy
3) Heat sink & thermal reservoir —» rower management (540 w)

B 4 Signal decay Stability of operation: 90h / 32h
A Count rate capability: 150 cnt/s

1es

Thermal coupling

300K 100K Shield

Signal from a 20K Shield

single 5.9 keV 5K Shield
- 1.2K Shield

x-ray photon ek

15K 4.5K B (HS4) (HS3) — (HS2) , o (HS1)p ooy

’:" ’:‘ Crly::;:at .:Q ’:‘ I Detector
GGHS | GGHS GGHS GGHS

.M-
E
e
e
=
v}
[
[t
@
o
o
b_
14

25T

ADR ADR ADR
1 (s3)| (GLF) (s2)| (GLF) (CPA) |(s1)
0.0 0.02 0.03 0.04 150g, 3T 150g, 3T 300g 2T
Time (s
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SXS: the soft X-ray spectrometer

1) Absorber

2) Thermometer Life time (mech. cooler, liquide He)

_ S 4 Redundancy
3) Heat Slnk & thermal reservolir ?k Power management (540 W)

__w~ Signal decay Stability of operation: 90h / 32h

Thermal couplin
J A Count rate capability: 150 cnt/s
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SXS: the soft X-ray spectrometer

1) Absorber
2) Thermometer

3) Heat sink & thermal reservoir
Temperature Stability

Ground tests: ~0.4 uK rms In orbit: ~2 pK rms
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SXS: performance

Experiment: 15-11-10.19.19.41Z V)
: : Dixreshi ; T=1 ke - 7

Fit wave name: pixreshist12_fit lon therm’c_l_‘ mQtLOD Q\I J Kev) _ o

. _lon e

FWHM: 436 +0.06 eV

E_shift: -0.15 +0.023 eV

Amplitude: 1193.2 + 1e+01 counts

Counts: 25829

y0: -3.5 £ 0.7 counts

x %154

Algorithm: add 1 to data
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m”%w*w+++#H#HHﬂﬂWHHHHHHﬂw*“*mw*

5880 5890 5900 5910eV
Energy [eV]

i

Residual

_ - =7 T AE e

Si S Ar Ca

Energy (keV)

Spectroscopic resolution: Unique spectroscopic
4.36 eV @ 5.9 keV capability in X-ray astronomy:
- High energy resolution
- High quantum efficiency
- Imaging
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SXS: in-flight performance

natural line shape
FWHM = 4.94 eV

Lo

2
£

-
>
@
2]
i
L =
-
Q
Q
¢

o
—
—_
v

5 ]
resolution (FWHM) [eV]

Spectroscopic resolution: Two pixel show a slightly
4,94 eV @ 5.9 keV worse performance compared
to laboratory measurements
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SXI: the soft X-ray imager

e Frame-store CCD camera 0.4-12 keV:

« 4 CCD chips each 31 x 31 mm?

- 1280 x 1280 pixel
- 640 x 640 pixel (2x2 on-chip binning)
 P-channel, back-illuminated

e 200 um Si

e Frametime 4 s

e T=-120°C
 Wide FoV: 38' x 38’
41 kg

« SCI: spaced-row-charge
injection: CTl = 10
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SXI: performance

 Reduced low energy tail

 Fully depleted substrate + thin entrance window
— good response at low energies

AE =160 eV @ 5.9 keV QE=77% @ 10 keV
o Mk, wE -
10;— o - 1k AlK
>>Mn Kg ] 5

10° | .

i o
100 | Si esc : e

|
g E i

0 2 4 : E [keV] 0.2 0.5 1 2 5
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~3 cm

HXI: the hard X-ray imager

A Si-CdTe detector stack 4-78 keV

e 4 x500 um Si +
e Low background: BGO shield + APDs

w BGO

Side BGO

16. June 2016 Daniel Maier — Chalonge-de Vega Meudon Workshop 2016 , Paris
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~3 cm

HXI: the hard X-ray imager

A Si-CdTe detector stack 4-78 keV

e 4 x500 um Si +
e Low background: BGO shield + APDs

16. June 2016

Daniel Maier — Chalonge-de Vega Meudon Workshop 2016 , Paris

Bottom BGO




HXI: performance

HXI2 ’ 50.5 keV/ 1st Layer Si P-side

BE = il ra 2" Layer S‘i P-s..ide
A  esc. esc. ¥ 3rd Layer Si P-side
; | 4th Layer Si P-side

—20TC
Si: 250V
CdTe: 350V

NS

Countrate (/sec)

15t Layer Si N-side
2nd Layer Si N-side
3rd Layer Si N-side

3 .-r:l:‘"'.l P _.F".‘ /r.__-';-”"'---.. -_:i‘ h : e
FWHM oy AW\ YAYA N4 4™ Layer Si N. .sude
2.0 keV /) WY\ S L
(CdTe-DSD) [ty ot

Energy (ke\)

Sato et al., 2014
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SGD: the soft gamma-ray detector

A multilayer Si-CdTe Compton telescope 60-600 keV
e Collimator + active shield (BGO+APDs) + Compton
Kinematics

- Reduced background ~100 times less than HXD on Suzaku
- 10x higher sensitivity
- Narrow FoV 0.6° (FWHM)
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SGD: performance

« Broad band imaging spectrometer 1¥7Cs | before rejection
with low noise (< 2%) and low _ ‘/
background . | Wi s -

g N N after rejection

- Efficiency: 15% and 3% for o f % N

100 keV and 511 keV I~ a8<6.1°

e Spec.res.. 1-2keV @ 60keV
1.6-2.5 keV @ 122 keV
Compt. mode: 6.3 keV @ 356 keV Y ey

before rejection
En

6.3 keV(FWHM)
@356 keV \

i after rejection
¢ by gamma-ray
| direction

¥ AB<8.4°

E
9,
]
1
=L
o
=
8
=
1]

0.2 03 04

Energy[MeV]

50 60 70 100 200 300 400 500
Initial Energy[keV]

Fukazawa et al., 2014
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Astro-H: instrumentation summary

SXS: X-ray bolometer - RESOLUTION

. CCD —

. focusing hard X-rays —

—>

SGD: narrow field Compton camera
low background — SENSITIVITY
stacked detector - POLARIMETRY
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A spectroscopic search for dark matter

o Sterile neutrino is one candidate to look for

« Decay with a very long lifetime
— (weak) X-ray emission line
centroid energy E
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A spectroscopic search for dark matter

o Sterile neutrino is one candidate to look for

« Decay with a very long lifetime
— (weak) X-ray emission line
centroid energy E

| - Zam Kitayama et al. 2014
41(1 + 2)3 My

1 1 2 dm r Mdm -1

33x 10 em 2 g 1 g _cdm 0~ 0 Tdm
933 107em =SS T8 1M po? 10%sT  kev

24m Mass column density
Mgy Mass of dm particle

B decay rate
z redshift
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A spectroscopic search for dark matter

o Sterile neutrino is one candidate to look for

« Decay with a very long lifetime
— (weak) X-ray emission line
centroid energy E

| - Zgm [ Kitayama et al. 2014

41(1 + 2)3 Mgm
1 de I Mdm =1

3% 107 5cm 2 g1 g Mdm
933 107em =SS T8 1M po? 10%sT  kev

AEo=79ev —odn__ Edll*2)

1000km/s  keV 24m Mass column density
AE = AEq * AEget myy, Mass of dm particle
B decay rate
z redshift

Ogm Velocity dispersion
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A spectroscopic search for dark matter

o Sterile neutrino is one candidate to look for

« Decay with a very long lifetime
— (weak) X-ray emission line
centroid energy E

| - Zgm I Kitayama et al. 2014

41(1 + 2)° Mgm
1 de r Mdm -1

3% 107 5em 2 g1 g Mdm
93x 0 Pem =SS TTo8 1M po? 10 %s T kev

AEo=79ev —odn__ Edll*2)

1000km/s  keV 24m Mass column density
AE = AEq * AEget myy, Mass of dm particle
B decay rate
— E: Eo = 0.5 Myn & Z redshift

Ogm Velocity dispersion

E =Eo/(z+1)
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+ 'strong’ decay signal

+ moderate velocity
dispersion

- high absorption
colum density

- bright background
X-ray emission
near GC

- uncertainty in the
dark matter mass
profile towards the
GC

Astro-H PV phase:
- GC

16. June 2016

C

M search: sources

(nearby)
Galaxy

+ 'strong’ decay signal

+ better knowledge of
mass profile

+ lower absorption
colum densities

+ test different
redshifts

o large velocity
disperisions

- bright thermal
X-ray emission from
Intracluster plasma

Astro-H PV phase:
- Perseus

- Coma

- Virgo
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+ 'strong’ decay signal

+ moderate velocity
dispersion

- high absorption
colum density

- bright background
X-ray emission
near GC

- uncertainty in the
dark matter mass
profile towards the
GC

Astro-H PV phase:
-GC

16. June 2016

DM search: sources

Dwarf spheroidal sattelite
galaxies of the MW

+ low velocity dispersion

+ no background plasma
emission

- weak decay signal

.
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101 10#
Radius [arcmin|

Kitayama et al. 2014

(nearby)
Galaxy

+ 'strong’ decay signal

+ better knowledge of
mass profile

+ lower absorption
colum densities

+ test different
redshifts

o large velocity
disperisions

- bright thermal
X-ray emission from
Intracluster plasma

Astro-H PV phase:
- Perseus

- Coma

- Virgo
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DM search: simulations

Perseus cluster (z=0.0178) Typical local dwarf spheroidal

I
>
0]
4
I
%)
2]
Z
=]
=1
Q
o

counts s~! keV™!

1073

34 3.6
Energy (keV)
Energy (keV)

Simulation: Kitayama et al. 2014 Simulation: Kitayama et al. 2014
1 Ms exposure SXS 1 Ms exposure SXS
Ey = 3.55 keV with Eo=4 / 8 /10 keV with
F = 3*10-° ph/s/cm? F=0.04/0.65/1.6 *10° ph/s/cm?
o = 1300 km/s — AEj; = 35 eV o =20 km/s - AEy=1eV
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Status: Astro-H -> Hitomi

 Launch: 17. Feb. 2016, Tanegashima Space Center

i

ol J

Y
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Status: Astro-H -> Hitomi

e Launch: 17. Feb. 2016

« 3 months check out
e 6 months PV + 12 months GO

SXI first light:
extend EOB Perseus

CAMS on
pointing to Perseus

SXS @ 50mK > dE=4.7eV

test ADR
test attitude control

starting cooling SXS
test SXS electronics
start bus & power
system, telemetry

orbit reached
solar arrays
deployed emergency

launch mode

0 1 2 0 N1 19
17.02.2016
09:45 18.02 19.02 27.02 28.02 7.03
11:00 2-6.03 8-14.03 15.03 16-24.03
SX1 HXI opening valve  SGD

03.03 of SXS dewar
observed
Perseus

CHECK OUT PHASE PV PHASE GO PHASE

3 months 6 months 12 months
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Hitomi: failure scenario

 What happend?

Rotation anomaly caused the
separation of the Solar Array

Paddles and Extendable Optical
Bench
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Hitomi: failure scenario

 What happend?

Rotation anomaly caused the
separation of the Solar Array
Paddles and Extendable Optical
Bench

» Why? Attitude Control System error

* Incorrect determination of the attitude (~20°/h)
— correction (reaction wheels) caused actual rotation

« Safe mode: ACS sets inappropriate truster commands
— rotation accelerates until separation of SAP and EOB
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Perseus observation:

e 4 times during calibration phase of Astro-H:

* Obs 1: missalignment
e Obs2+3: SXS pointings
- 236 ks in total

- 60 ks effective @ 3.5 keV
because of closed gate
valve

« Obs 4:70ks (18 ks effective)

Chandra image
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Perseus observation:
we are looking through the gate valve!

« Gate valve

* Protecting the cold inner parts of the
SXS from condensation of out-
gasing material at the beginning
of the mission.

 New model using Crab + G21.5 observations:
300 um — 270 um thick Be window

2 3 4 5 6 7 8 9 10 11 12 13 ElkeV]
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Summary

» All instruments were working very well during the
check out phase of ASTRO-H

e ASTRO-H cannot be recovered
* There are ~60 ks of Perseus data
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Additional informations:

e |nstruments:

ASTRO-H Soft X-ray Telescope (SXT), Soong et al., 2014, SPIE
ASTRO-H Hard X-ray Telescope (HXT), Awaki et al., 2014, SPIE

Soft x-ray Spectrometer (SXS): the high-resolution cryogenic
spectrometer onboard ASRTO-H, Mitsuda et al., 2014, SPIE

Soft X-ray Imager (SXI) onboard ASTRO-H, Hayashida et al., 2014, SPIE
The Hard X-ray Imager (HXI) for the ASTRO-H mission, Sato et al., 2014, SPIE
Soft Gamma-ray Detector (SGD) onboard ASTRO-H, Fukazawa et al., 2014, SPIE

e Science:

16 Astro-H white papers:
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