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Outline

- Introduction for X-ray Astronomy
- XRPIX Series

- Improvement of energy resolution for event-driven mode
-> XRPIX6D / XRPIX6E

- Summary
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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 ym sq.
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

. . A X-ray SOIPIX with Active Shield

The performance required of a future

X-ray astronomical satellite is the following ...
- ly J g X-ray Cosmic B

- - Hard Soft OSmIC Ray

Target Specrﬁcathh ‘ Fleld Of VIeW\ e — (NOn'Xray'BG)

(1) FWHM <140 eV at 6 keV | |

Readout Noise : req. <10 e/ goal <3 e XRPIX

(4) Wide energy range : 0.3— 40 keV (Thick Depletion Stacks)

!

(2) <100 um pitch pixel \ |
(3) ~10 us per event readout (Trigger, Direct Pixel Access)

fln order to achieve specification, we have been \ / I
developing X-ray SOI Pixel Detector (XRPIX). Onboard Processor
XRPIX has self-trigger function ! - Anti-coincidence (NXB rejection)

-> Realization of event-driven
-> Improve observation efficiency by reducing high-energy
electrons generated by charged particles and gamma rays.

- 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.

 Bias Ring ' Peripheral Circuit: Pixel Array
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X-rays
Both high X-ray sensitivity and advanced signal processing are compatible!
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History of XRPIX Series

2010 2011
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Signal Deterioration by Event-driven mode

We had a critical issue in event-driven mode... The signal is degraded...

Frame readout mode Event-driven readout mode
(not use trigger) (use trigger)
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Improvement for interference issue

- We understood that the signal degradation was caused by

Circuit layer i interference of digital signal in the pixel.
SiO | i;ﬂ ;‘pac.'t

200 nm § SI0z / cross';keeup*mg - The digital signal transmits a signal change of the comparator
sensing node inversion to the analog signal via the parasitic capacitance.
Sensor layer -> |t Is Important to suppress capacitive coupling

* Takeda+2014, Ohmura+2016
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new approach to suppress capacitive coupling

Ve Vepw Viepw
middle Si layer
BOX1 I_/ 200 nm Box-l- ]-_
500 nm middle Si -w
BOX?2 /r
ﬁ Fixed potential layer /
sensing node sensing node
Double SOI (D-SOI) structure Pinned Depleted Diode (PDD) structure
-> XRPIX6D -> XRPIX6E
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XRPIX6 Design Specification

We aim to improve spectroscopic performance
by developing advanced sensor structure. 4.45 mm
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Components

1 Pixel : 36 pm sq. |

- Chip size : 4.45 mm x 4.45 mm \ 1N
(Effective area : 1.7 mm x 1.7 mm) a

- Pixel size : 36 ym sq. ||| 48 x4spixelarray || 3
3

- # of pixel : 48 x 48 (= ~2.3K)

- Thickness of sensor layer
-> 300 ym (CZ wafer / FZ wafer) \

|
Other S/
- Programmable Gain Amplifier (PGA) circuit for column line. ou
- Differential output of signal and pedestal level. —

- We considered more suitable architect constitution for event-driven readout.
-> 8 X 8 pixel readout per unit.
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Pixel Circuit

' TRIG_COL (OR)
|

|PiXEI CiI‘CUit\ ___________________________________________ ] o 7rIG_ROW (OR) |

' H ..................... N BAD PIXEL MASK
= : (SR Latch)
©| & &
ol 8 S S |—=m SET_MASK
: o. o.
=1 = < : QR [—® RST_MASK
N O O 5 i)
O : TRIGGER
oo . SQ
: : L/H OUT
: IR
5 RST D SR Latch
......... VDS
' VB_SF —_—
' VB_CSA
: RST_PDE&_ ‘ -
; STORE CDS Ca
: o
o |
St d ;
' ense-node Feedback Cap. Q
ol { s n
' PD -
e)] I 3 9 )
ol : = = -
I : a = n
(4] . - 4] (a'd
- : ° 2 v 8
Tl 9 -
: 2 =
: GND — Z
VCDS  VTH S

Trigger Output

Pixel Circuit consists of ...

- Charge-sensitive amplifier (CSA)

- Correlated Double Sampling (CDS)
- Inverter-chopper type comparator

- SR Latch for bad pixel mask
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Analog Readout Circuit
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Readout Pixel Unit : 8 x 8 pixels

S/H Cap. : 8 sets

8 pixels scan/line x 8 lines This configuration is more suitable for event-driven mode.
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Event-driven Readout Mode
XRPIX

(vi) COL_ADDR , DAQ-PC
i) ROW_ADDR Y
(vi) _ |
(v) HIT_ROW_ADDR Vit
Column ADDR. ENCODER 7> (viii)
. . — (iii) TRIG_ouT: | FPGA AL
Trigger Detection (OR) —>|
PATTERN PROCESSOR r- (iv) HIT_INFO
o N _ f | Ethernet
- 4= - S| & & (v)HiT_coL_AbprL o
S HH - £/ = e f
R R Rk Fol - ke :
- L peed _ 1 _ 3 Of |t S Hit Information
o ! o O | x _ o
a : z|2 18 o - multi hit ?
< | & < D . "
> : = 5 3 a - multi pattern *
9 . S1E| 2
Column ADDR. DECODER Hit Pattern
\j, (vii) ANALOG_OUT output the address value
vii B ; .
Column Amp. / SH / OUTBUF \>| ADC by encoder with pattern scanner
Analog Signal :
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Spectroscopic Performance

Frame readout mode Event-driven readout mode
not use trigger use trigger
m1500_---.(---I-gg-).---_ o 2500 ——— --(-.gg--).---_
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I — ] L
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Peripheral Digital Circuit for Event-driven Readout

- XRPIX outputs the address of the place where the event is detected through the encoder circuit.
-> Independent of Row Address (RA) side and Column Address (CA)

- By switching between “Low Edge” and “High Edge” addresses, we can know the position and size
of events detected by only two address (Low / High) conversions.

- The output address is shifted by the input of the scan clock signal.
> Pattern scan functlon

T T = <= ERE S ' AETT N TS -7 " R ' s s k . DA g ':-.' ’ - R~ W 2 DA G I ok IS TS AR NS R A U S s i . DA G I ok = == IR WT . DA Pl R >
> en. o s >y o . - . . .. o° > aa. -, - >y . .. 2 - A . 5. & = . - 3 N > eao. -, - >y - . 2 . N > ipe 2

Pattern Scan Example

B -> fired pixel by event detection

Address Encodlng

.................................................................................

......................................................

......................................................

N B PIXEL ARRAY .
Low Bit High Bit § -
Pattern Register | PIXEL ARRAY
Address No. 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Low High | Switch Low EdgeS|de “ A
Edge Edge |and High Edge side. {

\or,/ —
Address to encode

Hit Address |
Address Encoder switch scan switch scan switch 14
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Peripheral Digital Circuit for Event-driven Readout

- XRPIX outputs pattern information processed by peripheral digital circuits in the chip.
-> |Independent of Row Address (RA) side and Column Address (CA) side

- Pattern mformatlon IS classified as follows for ech of RA side and CA side.

‘Single Hit (SH) : one pixel inall
' Multi Hit (MH) : one continuous pattern 5
Multl Patern () multlple 00|uus patterns |
Pattern Examples | ->fired pixel by event detection
5 P'XE'-ARRAY _____________ 5l ___!?_'_KEW'-__L_A_BBAX _________________________ =| ___E!KEE._A_B.BAX _________________________ = PIXEL ARRAY
AN [ T T T O e A A A -
g g g :
= = = =
C 3 N S N S c c
g g g g
| o| o S
< <
o o
CA] CA|
Pattern Info. -> SH Pattern Info. -> MH Pattern Info. -> MH Pattern Info. > MP
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Test Results of Pattern Classification

pattern classification ._

breakdown of MH

- The difference in classification by radioactive source was tested using = SH: one pixel in al
the pattern information of XRPIX6. | MH: one continuous pattern

> front illumination (affects the size of the charge cloud) / 100k events | MP: multiple continuous patterns |
- Under the condltlon that the flrlng plxel by event detectlon |s two or Iess we have the p033|b|I|ty of X ray

IS 55Fe [X-ray]

19Cd[X-rayl  2YAm[Xray]  209Bi[pray]

1E+0
1E-1
1E-2
1E-3
1E-4

1E+0
1E-1
1E-2
1E-3
1E-4

2 pixels over 3 pixels 2 pixels over 3 pixels 2 pixels over 3 pixels 2 pixels over 3 pixels
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Summary

- We have been developing an event-driven SOIPIX sensor, “XRPIX”, 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 new prototype, “XRPIX6D” and “XRPIX6E” with the Double-SOI structure
and the PDD structure to improve spectroscopic performance.
-> chip size: 4.45 mm x 4.45 mm, pixel size: 36 ym sq., number of pixel: 48 x 48 (= ~2.3k)

- We succeeded in improving the spectroscopic performance and suppressing the electrical

crosstalk between sensing node and CMOS circuit by XRPIX6D and XRPIXG6E.
-> frame mode: 6D -> 310 eV (4.8%) @ 6.4 keV (FWHM), 6E -> 215 eV (3.4%) @ 6.4 keV (FWHM)
-> event-driven mode: 6D -> 350 eV (5.5%) @ 6.4 keV (FWHM), 220 eV (3.4%) @ 6.4 keV (FWHM)

- Peripheral digital circuits for event-driven readout work good and can help with X-ray decisions.
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