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Detector for X-ray Astronomy

Standard imaging spectrometer of modern X-ray astronomical satellites ...

-> X-ray CCD : Wide and fine imaging with the sensor size of ~20 — 30 mm, pixel size
of ~30 um sqg. Fano limited spectroscopy with the readout noise ~3 e (rms).

PIXEL2016 @ Sestri Levante, Italy - A. Takeda - 8th Sep. 2016 3



Detector for X-ray Astronomy

Standard imaging spectrometer of modern X-ray astronomical satellites ...

-> X-ray CCD : Wide and fine imaging with the sensor size of ~20 — 30 mm, pixel size
of ~30 um sqg. Fano limited spectroscopy with the readout noise ~3 e (rms).

However ...
-> Non X-ray background (NXB) above 10 keV is too high to study faint sources.

-> The timing resolution is too poor (~sec) to make fast timing observation of
time variable source.
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XRPIX for Future X-ray Astronomy

' The performance required of

_Is the following ...

a future X-ray astronomical satellite

~

X-ray SOIPIX with Active Shield
X-ray

y Cosmic Ray

Hard Soft

l Field of View bt (Non-Xray-BG)

Target Specification
(1) FWHM <140 eV at 6 keV

nasm
----------
.........
. .
. .
o - ‘e

I .

3

3

®. *

Readout Noise :
req. < 10 e/ goal < 3 e
(2) <100 um pitch pixel
(3) ~10 us per event readout
(Trigger, Direct Pixel Access)
(4) Wide energy range : 0.3- 40 keV
(Thick Depletion Stacks)

!

we have been developing X-ray

SOI Pixel Detector (XRPIX).

XRPIX has self-trigger function !
-> Realization of event-driven

\_

é . . - . )
In order to achieve specification,

J

Onboard Processor
- Anti-coincidence (NXB rejection)
- Hit-pattern Selection (NXB rejection)
* Direct Pixel Access (X-ray Readout)
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SOl Pixel Detector

- A monolithic pixel detector with silicon-on-insulator (SOI)

CMOS Technology -> 0.2 um fully-depleted (ED) - SOI pixel process
- SOI Pixel Detector (SOIPIX) : Processed by LAPIS Semi. Co., Ltd.

SOIPIX Advantages Basic Components

- No mechanical bump bonding Circuit Layer : ~40 nm

-> High Density, Low Parasitic Capacitance, | Buried Oxide (BOX) : 200 nm
High Sensitivity Sensor Layer : 100 - 725 um

- Standard CMQOS circuit can be built

- Based on industrial standard technology

SQI_EiXﬂI—Ems.S + Bias Ring : Peripheral Circuit: Pixel Array
New Process to make pixel y um? [\ cwoscreiayer

. - . ' ' _1_'E ' PMOSTI-FNMOSF
detector with SOI technology joint 200 nm;;gg;_* Sox ed oxide) | —

: - | / \
development with LAPIS Semi. Co., Ltd. n+ / sense-node 3 p+
- 50 ~ BPW (Buried p-Well) (++ + L

Our group presentations: 725 pm 4 —
Ms. Y. Yoshihara (poster, 8th Sep. 11:00 -, 16:55 -) g ey \ \
Dr. R. Hashimoto (next talk, 8th Sep. 12:05 - ) v O TR SR n-
Ms. S.Bugiel (8th Sep. 17:40 -) X-rays
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History of XRPIX Series

1.0 mm
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XRPIX3

First Model ; 5 |~ =g
Trigger Output — < = =4l Charge Sensitive

(Event-driven readout)
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History of XRPIX Series

1.0 mm
GH"

XRPIX3
pT—

First Model
Trigger Output
(Event-driven readout)

Charge Sensitive
Amplifier

2014 2015 ——

608 x 384 pixels
36 um sq. pixel

XRPIX4

XRPIX6h
XRPIX6e

XRPIX6D <, o

Pixel Structure

6




Design Specification of XRPIX5

> Our first prototype for a large-area device

Components

- Chip size : 24.6 mm x 15.3 mm

DEC%DER
TRIGGER PROCESSOR

(Effective area : 21.9 mm x 13.8 mm)
- Pixel size : 36 um sq.
- # of pixel : 608 x 384 (= ~233k)
- Thickness of sensor layer : 310 um (CZ wafer)

| 500 um (FZ wafer)
608 x 384 pixel array |
1 Pixel : 36 pm sq. | Q_t.h.e.l:

Programmable Gain Amplifier (PGA) circuit
for column line.

Differential output of signal and pedestal level.

Bias Gen. | We considered more suitable architect

constitution for event-driven readout.
v > 8 x 8 pixel readout per unit.

ww 9% ¢

3  DECODER & TRIGGER
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Pixel and Analog Signhal Readout Circuit

R i
1
1
1

TRIG_COL (SR)

- - - [ TRIG_ROW (SR) :
Pixel Circuit ’ Al :
------------------------------------------- o TRIG_OUT (OR) !
A BAD PIXEL MASK T Wy rmmeneTosoeoeneneie
F : ;”;i ......................... N ......................... (SR Latch) : Trlgger Info. Output
Ll i 8 S = :
w| + 38 rstcompr & RST_cOMP2: S '
Q. % : W— :
EIRERE TRIGGER L
) 1 p——
» — 1 - —r ]
Ol o] L
: RST SR Latch .
M L OND e s
A\ ‘VDD18 o '
' VB_SF | SE ROW_READ
VB_CSA : L
t : 3 New Intra-chip Readout Circuit
©] = : PGA : x1, x4, x19 XRPIX4~
O} I 2 ._d HLRREEE EEEEEEEEE R .
ol ! g Lo SOL AMP.: each column line
— : |_ 1 1 H
© : Sense-node 9 E : 8 sets
C : PD—|< T II 1 H
©1 S :
: GND : i <
\ 72 CSA - ' 1”  OUT BUF !
.................................................................. : R ) 1 : ! :
Previous Readout Circuit; - ! ,.@"—D SIG
~XRPIX3b "—I—-.\ : 5 :
COL AMP. i M R ; a—-n PED
w/o CDS ' ' 9 5 : '
: O, : i .
OUT BUF oo T< Differentia
I S/H Cap. ® " Output
AOUT q >
| Readout Circuit
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Event-driven Readout

XRPIX

: >
(VI) COL_ADDR 2 DAQ-PC
(vi) ROW_ADDR L Y
(v) HIT_ROW_ADDR (viii)
Column ADDR. ENCODER . 7>
— (iii) TRIG_ouT: | FPGA AL
Trigger Detection (OR) —p
. s
PATTERN PROCESSOR (iv) HIT_INFO, :
\ 4 —? 7
, : . XRPIX , 2
o I I I I I . 7> Ethernet
Af-racfimmr b m10| 8| & [(v)HIT_COL_ADDRL—
[ il N0 - -
8 : g i[5 8 E O
Y/ 1 1 Q = . — . -
a : 10[%5|& |8 Hitlnformation
a) : I s < - multi hit ?
D . . E b @) E = . r?
< : 14| 8] < : ‘® - multli pattern
> | =23 a
2 cremre-d 1 E |2 Hit P
| Column ADDR. DECODER output the address
: value by encoder
v (vii) ANALOG_OUT
Column Amp. / SH / OUTBUF  [-=======s=memmmcncecmananananaaiyl  ADC
Analog Signal :
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DAQ Setup for XRPIX5

Soi EvAluation Board with Sitcp (SEABAS) : General data readout board for SOIPIX.

Back llluminated Front IIIunated
7(—~ray,s Specification of SEABAS
® o i~

Power Supply : £5 V
Clock : 50 MHz

Network : TOOM bps
ADC x 1ch, DAC x 4ch,
NIM IN x 2, NIM OUT x 2

SEABAS

-

Boar

[

~ '"iv.
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e |
XRPIX COM Sub
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et e _
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Acrylic board for chip & wire protection 348 mm
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Counts

Spectroscopic Performance

- We show the spectrum of X-ray from an 24'Am radioisotope

by frame mode (not event-driven).
-> XRPIX5’s first light I

*We use only single pixel event for this spectrum. measured position |
13.9 keV 241Am Spectrum Energy Calibration
[ 7 " ] © 1 ot D 1200_| L L I BB B I d
o~ | 12 | Gain:184 /e :
- | = 1000 ]
200l 17.7 keV 32 ]
I . 1 L soo- .
B Readout Noise : 48 e (rms) | o i 1
300— * Our best record is | % i i
“4.1% 35 e (rms) of XRPIX3b. 1 O goo |
- >||€ i u B
(580 eV Temp : -60 °C : - ]
2OHAFWHM) VBB : 100 V 1 400l -
1001— 20.8 keV | ! ]
[ 200 —
[ 59.51keV . .
i y 1, 26.3 keV N A P A _
1 R W , | 55Fq | | | | .
00 500 400 800 800 1000 1200 o L1 |10| L1 |2O| L1 |3O| L1 |4O| L1 |50| L1 |6O| |
Pulse Height (ADU) Energy (keV)
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Plan for Light Dark Matter Search

Direct detection of dark matter (DM)

Nuclel recoiled by Weakly Interacting Massive Particles
(WIMPs) cause ionization.

‘\E'asﬂiscaﬁe’}'

WIMPs

Cross section of WIMP-nucleon scattering is very small.
-> around 1040 cm? or smaller

Low threshold is more important for light WIMPs (~10 GeV).

Nucleus

Ionizah

cross section = 1041 cm?

WIMP mass
— 10 GeV
— 100 GeV

Q

counts/day/kg/keV]

10°
104 -

10°

1 0—6 1 1 |

Il Il Il Il Il Il
0 20 40 60 100

80
Visible Energy[keVee]

Recoil energy spectrum of Si

from N.Oka et al., SOIPIX 2015
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Plan for Light Dark Matter Search

Direct detection of dark matter (DM)

Nuclel recoiled by Weakly Interacting Massive Particles
(WIMPs) cause ionization.

‘\E'asﬂiscaﬁe’}'

WIMPs

Cross section of WIMP-nucleon scattering is very small.
-> around 1040 cm? or smaller

Low threshold is more important for light WIMPs (~10 GeV).

Previous research with CCD -> DAMIC experiment

DAMIC experiment has the lowest threshold (0.05 ke Vee)
among direct DM search experiments.

Cryocooler

Nucleus

Ionizah

e

cross section = 1041 cm?

WIMP mass
— 10 GeV
— 100 GeV

Q

unts/day/kg/keV]

[ X- ray’M 8
n,WIMP? 1

D|ffu5|on .
e limited g
104;—
o Back -

50
CCD package 8] 10°E
(-150C) -

10—6 1 1 1 1 1 1 1 1 | | | |
0 20 40 60 80 100
Visible Energy[keVee]

o Recoil energy spectrum of Si
6’ Lead shield 5 10 15 20 25 30

trom Phys. Lett. BT11 264 from arxividor 0347 from N.Oka et al., SOIPIX 2015
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Plan for Light Dark Matter Search

Advantage of XRPIX N.Oka et al., arXiv:1507.06987

We are planning a light dark matter search using XRPIX.
- Low energy threshold

- BG rejection by anti-coincidence (CCD can not)
-> External and internal BG can be reduced.

- X-ray will be the ultimate BG.
l Cosmic-ray U

Extey,

wA

| 1

Shield (Lead, Cu, Water) 101 .
[ 1

I 1

DAMIC [Si 1g]

102 [
' (upper limit)

Radiation from internal Rl !
103 |

SOIPIX-DM [Si 1kg]
15 e (th 300 eV)

104 |

105 | SOIPIX-DM =~~~

WIMP-nucleon scattering cross section (pb)

L [Si Tkg]
| 3 e (th 60 eV)
106 ' | XENON100
' [Xe 100kg]
107 ' M Aupper limit)
1 10 100

Schematic view of our future detector.
from N.Oka et al., SOIPIX 2015
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- We have been developing an event-driven SOIPIX sensor, “XRPIX7,
for future X-ray astronomical satellite mission.

- We realize the event-driven readout mode and very low non-X-ray
background by the function of the trigger signal output.

- We designed the first prototype, “XRPIX5" to achieve a large-area
device for satellite loading.

-> chip size: 24.6 mm x 15.3 mm, pixel size: 36 um sq.,
number of pixel: 608 x 384 (= ~233k)

-> readout noise: 48 e (rms), 580eV (4.1%) @ 13.95 keV (FWHM)

- We will optimize operation and evaluate characteristics uniformity
of XRPIXb.

- We are planning a light dark matter search using XRPIX.
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Smart Cut™

1_Initial silicon B u

2_Oxidation

3_Implantation

4_Cleaning and bonding

5_Splitting

CMOS (Low R)

| 6_Annealing and
CMP touch polishing

SOl wafer
\ Sensor (High R)

M
q Soitec
w

Smart Cut™

+ 7_Donor wafer becomes new wafer A



LAPIS 0.2 um FD-SOI Pixel Process

Process 0.2um Low-Leakage Fully-Depleted SOl CMOS (LAPIS)
1 Poly, 5 Metal layers, MIM Capacitor (1.5 fF/um?), DMOS
Core (1/0) Voltage = 1.8 (3.3) V

SOl wafer  |Diameter: 200 mm¢, 725 um thick

Top Si: Cz, ~18 Q-cm, p-type, ~40 nm thick

Buried Oxide: 200 nm thick

Handle wafer: Cz(n) ~700 Q-cm,

FZ(n) ~7 kQ-cm, FZ(p) ~40 kQ2-cm

Backside Mechanical Grind, Chemical Etching, Back side Implant,
Laser Annealing and Al plating

110 Circuit— —_— P—Pixel%—-l’ixel*

MOS Tr BB o l o
........... T e T e e e e e A = lafalisl SR s sl ixs/ala/ sl Aals)
Buried Oxide(200nm)
A P
Bias Ring

HV Ring

<_

50~500um

High Resistive substrate (n--)

Al(+HV) (This figure is not to scale)



Analog Signal Readout Circuit

T >
Z : _Event Center

RA (center) :::;)é
e ;
-.9. C

o L L

Nt

Shield Wire \_ FEA el G2 VYYYYVIVIVIYWYYY

col. out line[0]

col. out line[7]

Switch Matrix
CA (center) | Column Selector

S/HI0] [SIG : PED

Readout Pixel Unit : 8 x 8 pixels

S/H Cap. : 8 sets

8 pixels scan / line x 8 lines

* The hit event information is obtained from XRPIX5.

S/H[7] [SIG * PED

Sampling / Hold

Output Buffer



Design Specification of XRPIX3b

Components

- Chip Size : 2.9 mm sq. (Effective Area: 1.0 mm sq.)

- Pixel Size : 30 um saq.
- # of Pixel : 32 x 32 (= 1,024)

-> SF : 32 x 16 (Left) , CSA : 32 x 16 (Right)

2.9 mm
< >

Modification of XRPIX3 which is first | m——— i
|

o hoamr dontt Aowamnt A gmoneddd IR PS VTG T
L e S ST e SR e T =
e R

prototype of XRPIX CSA circuit. e
Comparison of SF and CSA pixel. |
(Fabricated Jun, 2014)

Column Shift Register (32 bit) |

T
(Tl
-

H““l“ f
(@)
W

Pl

Row Shift Register (32 bit)

B!
f § 32 x 32 Pixel Array _
| 2| 1Pixel : 30 pm x 30 ym

{ Column Amp. (COL_AMF s

e S i e s S e e et T . S e e < T T e
S Sainh St Do o NSRS e B Tt Sy s e i
e e s b S— — — i — ——  — —— — — ——— i

ey

T e o — — e — — — — —— e i T s e s 8
e — - — — — — e — s e




Spectra of XRPIX3b

Mn-Ka 13.95 keV
v 5.9 keV
:3 1400_I T | ' T T1 | ' T T1 | ' T T | T T ' T T1 | ' T T1 | T I_ A B |(|:S|A| | T T 1 | T 1 I‘$ |24I-iAII | ISI T |tl [ I_
. - = o rum-
S | 55Fe Spectrum _30 °C- € 180 readout noise M Spectrum,
O 1200 2 - - -30 °C 1
_ | o - 32 e- (rms) -
) - ) O 160F -
1000 . 1400 ]
- . 1 I 17.74 keV ’
- CSA Pixel N 120—_CSA Pixel ]
800 FWHM : 5.3% (320 eV) i " FWHM : 2.9 % (400 eV) ‘1' .
B D i 100= > €— .
°00r R 80~ 11.44 keV ]
: : 60:— 9.71 keV _:
400~ Mn-Kg B ¥ i
: 6.4 keV a0 20.77 keV -
200 - - g
i i 20— ]
O_I 1 11 | | | | || | [ L 111 | 111 [ Il_ 0:| [ L | L L m | I._‘I”"erl'"“[l.l | |:
o 1 2 3 4 5 6 7 8 100 200 300 400 500

Energy (keV) Pulse Height (ADU)



X-ray Mirror and Camera
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Plan for Satellite Mission

< 45mm >

T3'8S¢ WW
13.824 mm

bixe|2
€08 X 38¢
608 x 384

pixels

mrm 888.IS = 21.888 mm

o
<«

T3'8S¢ WW
13.824 mm

bixe|2
e0g x 38¢
608 x 384

pixels

45mm

mm 888.IS = 21.888 mm

a'a
«

XRPIX5 Large Size

508 » 384 pixels _ XRPIX5
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