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Introduction of detector development
for X-ray astronomy




XRPIX for Future X-ray astronomy

- Future satellite missions for wideband (1-79 keV) and low-background X-ray observation
In Japan
— FORCE Satellite Mission (Early 2030s)

* FORCE : Focusing on Relativistic universe and Cosmic Evolution

- The performance requirements for silicon detectors are... FORCE Satellite

— Energy resolution (AE): <300 eV @ 6 keV (requirements)
— Time resolution: < 10 us <20 keV > 20 keV

— Spatial resolution: < 100 um .E .E '
<l X A0
- Current candidates — SOl pixel detector (SOIPIX) E = 06((\\;’( <
- Developed “Event-driven type SOIPIX” capable of outputting SOIPIX - Qo°
timing and position information at the time of event detection dTe-strio
— XRPIX Series

Wideband Hybrid  Active Shield
X-ray Imager (WHXI)
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SOl Pixel Detector (SOIPIX)

- A monolithic pixel detector with silicon-on-insulator (SOIl) CMOS technology
— 0.2 um fully-depleted (FD) - SOI pixel process by LAPIS Semi. Co., Ltd.

+ Recently, Pinned-depleted Diode (PDD) structures with fixed potential layers introduced
at the interface of buried oxide layers have been applied.

, 1 Pixel , 1 Pixel , 1 Pixel ,
i€ > >i< >
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XRPIX series




History of XRPIX Series
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First Model Trigger Output
(Event-driven readout)

Charge-sensitive
Amplifier

6.0 mm 6.0 mm 6.0 m _
2018 2021 ]

2015

XRPIX7 = | — XRPIX-X |
608 x 384 pixels | [l ee— —

608 x 368 pixels

i 36 pm sq. pixel
R ; B | _ Built-in ADC
LI — “445 mm D-so1 Il e ————
Structure S - < >
53 mm T samm o PoD S ved oo R
signal response

XRPIX5
608 x 384 pixels
36 um sq. pixel

24.6 mm

6.0 mm Structure




Pixel Circuit
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Event-driven Readout

XRPIX . Board. . Flow of Event drlven readout mode ‘
COL ADDR ; ; ,; 1. When X-ray is injected, X-ray signal |s
ROW ADDR DAQ-PC detected by a pixel. :
HIT COL ADDR ; E t 2. If the X-ray signal exceeds a threshold §
e — A : 4
PATTERN PROCESSOR MI FLAG / LT FLAG | | voltage, trigger signals are transferred to .
— — TRIG OUT FPGA ' row and column direction. ’
iliier ‘; i t( ) HIT ROW ADDR ! L 1’ _______ § 3. The trigger signal is generated.
attern Register |—h"> u ”
. . ; ! 4. By receiving the signal of “TRIG_OUT”, §
% B Rl I —Ethernet| §  “MI_FLAG”, and “LI_FLAG”, the FPGA }
a = H - . — ’ -
S (9] & | determines which events should be {
a 510 2 - readout. |
. c 1", |
'é‘ § iy (23 = t . If the event is to be readout, the FPGA
. ‘:’r a| o E- {  obtains and specifies the hit address. _
a N
2 A1 o } 6. The FPGA reads out the analog voltage }
~ W/
~olumh ADDR. DECODER 7] : of the signal and pedestal levels through § '
v ANALOG_OUT E - i ne ADC |
Column Amp. /OUTBUF |===========-= '_""'j """" 9‘ ADC - S S
Analog Pulse Height The pattern processor is a key component !
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on-chip pattern processing
for background rejection purpose




Expected pattern of particle-induced events

-+ Images actually obtained by CCD detectors in space are good references in designing the concept of
pattern processing in XRPIX.

(a) / u (B) . '_.l .
X-ray-induced

. . i 1 1
event ‘\\ — v ™
O [ B !
!.-'.. ' _l'i'll. —.I
Particle-induced Y
event .
10-pixel width 10-pixel width

<> '

- Two CCD images obtained by Soft X-ray Imager (SXI) aboard Hitomi which is the Japanese X-ray astronomy
satellite. (a) shows a close-up view of an image; (b) shows a larger view of a different image.

* A horizontal black line in (b) indicates a charge injection row, which is an instrumental effect.

-+ The close-up view in (a) includes isolated one- or two-pixel long islands and an island that is more than 10
pixels long. The former and the latter are typical examples of X-ray- and particle-induced events, respectively.

- In fact, low-energy particles can result in the former pattern, but X-ray events never produce the latter pattern.
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Design concept of the pattern processor

The following concept might be one of the most appropriate and practical ones.
The pattern processor to be implemented in XRPIX should send out two types of flags, the multi-island (MI) flag and
long-island (LI) flag.
— MI flag : The triggering exposure contains multiple islands
— LI flag : The length of a given island is longer than the user-specified threshold length
* We defined the “island length” of a given island as the sum of its projected RA and CA lengths.

-+ The hit-pattern data are projected and stored in the pattern register. This information can be used to
discriminate detected particles.

oo - Dl gl g el > ) RO TR o g - T c h Dok
5 C > el o - >

(b) MI flag [LOW] (c) Ml flag [LOW]

Pattern Examples  (a) Ml flag [LOW] (d) MI flag [HIGH]

LI flag [LOW] LI flag [HICH] LI flag [HICH] LI flag [HICH]
PIXEEL ARRAY

PIXEL

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

PIXEL ARRAY

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

['In this example, the]
| user-specified LI flag}

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

' threshold length was i
| tentatively setto 3. |

CA
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Obtaining hit-pattern addresses

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)

The position and size of the detected event can be determined simply by obtaining the address (“Low
Edge” and “High Edge”).

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

2 -‘ > " - s" IR TS S C TR TTNTLY L -.' et o -.' Iasha i s osh 5 - Bt _ -.' DaEidy
> - © 5 S o o o > . - . .. ° S >

Obtaln addresses from both edges of a “HIGH”
bit-string.

'-.' s E MR gt 4 I o8 ) > ,__- tm oo
> ..-_A--v' ‘r‘-' N P . T _,, . . .

A pattern scan functlon IS |mplemented to obtaln addresses even when
multiple islands are detected.

* Low-edge
Address

* High-edge
Address

______________________________________________________________________________________________
...................................................................

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

PIXEL ARRAY

High Bit

PIXEL ARRAY

Pattern Register

Low- High- Address No. 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
edge edge Pattern Reglster H w u
J 4

. High-edge Address
ENCODER [LOW EDGE] Low-edge Address Address to Encode 22 24 e 28 29 € 3333
skip skip
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Verification of the pattern-processing function

- Example of event acquisition using XRPIX.

- 8x8

55Fe
[5.9 keV]

QOSr

A Sgl ; i DA e i ok AL 5 i DA T e o § o=
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(a) MI flag[LOW]

LI flag[LOW]

RA
33 6
32 .
31 .
30

---------------------------------- 3
29
28 2
27 1
26 0

29 30 31 32 33 34 35 36 CA

(d) MI flag[LOW]

A LI flag[HIGH] keV

27
26
25
24
23
22
21
20

8 9 10 11 12 13 14 15 CA
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(b) MI flag[LOW]

LI flag[LOW
RA g ]

28

4
27
26 3
25
24 2

23
22
21

30 31 32 33 34 35 36 37 CA

(e) MI flag[HicH]

A LI flag[HIGH] eV

36
35
34
33
32
31
30
29

9 10 11 12 13 14 15 16 CA

pixels analog signal is read out based on the event center information.
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(c) MI flag[LOW]

o LI flag[HIGH] -

20
19
18
17
16
15
14
13

22 23 24 25 26 27 28 29 CA

(£) MI flag[H1GH]

A LI flag[HIGH] kev

34
33
32
31
30
29
28
27

19 20 21 22 23 24 25 26 CA

| Pixel size: 36 um sq.

: X : event center address
| Red: High-edge address
| Blue: Low-edge address

| Red & Blue: High- & Low- |
i edge addresses are the same |

Events from other sources were
similarly examined to verify that
the pattern processor works as
designed.
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Pattern length distribution

We investigated the projected island length distribution |
of events with Ml flag “LOW” |

The distribution of the X-ray events is within the range ‘
of 2 x 2 pixels, while that of beta-ray events extends
significantly beyond this range. i

The plot shows the fraction of events as a
function of the island length, i.e., the sum
of the projected RA and CA lengths.

We can reject the remaining 83% of the
beta-ray events without discarding the
most of X-ray events when adopting

It is possible to distinguish between X-ray and beta-ray
LENGTH_TH = 3 in this case.

events by considering the island length.
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Improved spectroscopic performance
by PDD structure




Signal Degradation by Event-driven mode (~2015)

We had a critical issue in event-driven mode...

(not use trigger) (use trigger) 3
241Am 13.9 keV 241 Am 13.9 keV Somm
m _l 1 | 1 1 1 | N | | I 1 | 1 1 1 | I |_ ﬂ ]400 _—
- - XRPIX3b - - XRPIX3b
— 180 - =
S - 13 I
(@) B ] 1200
S 160} : O i
140 - — 1000 |-
- . I 17.8 keV
120 |- 17.8 keV - - 11.4 keV 8 eFWHM
- 300 |-
100f  FWHM | = " 9.7keV '
400 eV |5 : - ~ 1.3 keV
30 - e _ 600 [~
- 11.4 keV - .
60 9.7 keV _ -
: v l : 400 - 20.8 keV
40 20.8 keV ] i \l,
- \1, - 200 |
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Frame readout mode

The analog signal is degraded...

Event-driven readout mode
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Improvement for interference issue

- We understood that the signal degradation was caused by

Circuit layer

_ parasﬂuc interference of digital signal in the pixel.
200 nm { SiO: > capacitance . . . .
/ crosstalk - The digital signal transmits a signal change of the comparator
sense-node inversion to the analog signal via the parasitic capacitance.
Sensor layer — |t is important to suppress capacitive coupling

New approach to suppress capacitive coupling

Vs; - Vepw Vepw

middle Si layer
I 200 nm § BO)I N ]-_
\ 4
/I
Fixed potential layer

sense-node sense-node

BOX1
500 nm middle Si
BOX?2

Double SOI structure Pinned Depleted Diode structure

— Current standard structure
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Improved Spectroscopic Performance

Frame readout mode Event-driven readout mode .
not use trigger use trigger i
n 1500 —— (not ¢ 199 L _ o 29000——— lusetriggen) | ' XRPIX6
c ' 57Co ﬂ 6.4 keV |[Temp. 60 °C | = ' 57Co ﬂ 6.4 keV Temp. —60 °C | o
= 12 50 _ J - - ‘ o
O - g 2000 ; |
O : I < >
1000} : O 1500 4.45 mm
D-SOI 750 FWHM -f | FWHM
e 10000 IS 3B aV (BB
500 | ~310 eV (4.8%) - | ~ 350 eV (5.5%)
5_ _5 500 |
250 | J\:J eV ja4kev | VCJ eV 144 kev
| e . A,AJ . . . . . , A . . ] ,_ - . A) . . . . A_j\ . .
c ' 57CO 6.4 keV |Temp.-60 °C| 2 8000 57, 6.4 keV |Temp.-60°C|
3 5000/ : S | -
| o i
' FWHM ' : FWHM
PDD 3000  Sle— 4000 | — | ——
| ~215eV (3.4%) | ~ 220 eV (3.4%)
2000 : _
- - 2000 | -
1000 7.1 keV 14.4 keV | 7.1 keV 14.4 keV
0 200 400 600 800 0 200 400 600 800
Pulse Height (ADU) Pulse Height (ADU)
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Room temperature spectra of small-area device “XRPIX8”

700

I 1 pixel [13.9keV “3 pixels |
' Conditions | o 5
| Device: XRPIX8 [PDD] o 17.8 keV ot
, Temperature: 25 deg. 205_ : j:: WMJ
| Radiation source: 241/Am | 00 20 i
AUV, 1 L W s S | oo, \m/“«mm "
i Back bias voltage: -300 V | ; ’ 200400 3800 800 1000 1200
| Reset Period: 100 ps ' 2 pixels 4 pixels
f Operation Mode: 4005— 805_ |
| Event-driven oo , b |
00E | WE{I\JIE 500" %'myf&ol 1200 00: - "'Ewlé'e&' m%-*-““@%' o
. . 1400§—ALL u
As a result of further optimized the PDD structure, we have - i
improved the energy resolution and charge collection efficiency. -
The change in peak position is small even across multiple pixels. ... 5
— Pixel boundary charge loss is small ! S VA Y.

0 |

1 | 1 L 1 | |
200 400 600 800 1000 1200 2 O
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Gain correction spectra

' Conditions , . Same spectral performance as at -15 deg.

| Device: XRPIX8, Temperature: 25 deg., '1 - Expect to get the same spectra on large area
i Radiation source: >’Co, Back bias voltage: -300V, | devices at room temperature!

| Reset Period: 100 ps, Operation Mode: Event-driven

Before gain correction After gain correction

x10’ x10’
-'g 1400570 l 6.4 keV "UE) 00=-57C0 | 6.4 keV
é 1200 é 7002—
10003— 600;_
200E 340 eV @ 6.4 keV S00E" 230 eV @ 6.4 keV
- . | | — 400 — || G—
600:_ 3003—
400:_ 2005—
2001 7.1 keV 14.4 keV 100F- 7.1 keV 14.4 keV
oC | .|y_~,=djl.mk.|...|...|..Jj“x..|... 05...|..|.,._J.J\.|...| J/L_l...
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 16
Energy [keV] Energy [keV]
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And then to “XRPIX-X" ...

15.3 mm . L .
0.3 Based on the results obtained in this study, we designed a large XRPIX,

named “XRPIX-X". This chip is the culmination of our analog signal output
chips.

Components
| Chip size: 24.6 mm (V) x 15.3 mm (H)
' # of pixels: 608 (V) x 368 (H)

XRP|X-X | Pixel size: 36 Um sq.
| Other
608 (V) x 368 (H) | — Reviewing the configuration of power supply
t  wiring to stabilize.

PIXEL : 36 Um sq. | - PDD structure
| — Analog signal 8ch output (previously 1ch)

i = Enhanced detection particle pattern processing 1
. circuitry.

24.6 mm

etc. .. ‘;
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Summary

- We have been developing an event-driven SOIPIX sensor, “XRPIX” series, for future X-ray
astronomical satellite mission in Japan.

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

- XRPIX has on-chip pattern processing circuitry to efficiently identify X-ray events and
eliminate charged particle background.

— The demonstration showed the possibility of discriminating X-ray “candidates".

— On-chip pattern processing may also be useful in highly constrained systems such as
small satellites.

- We have successfully improved the energy resolution and charge collection efficiency by
introducing the PDD structure.

— event-driven mode / 230 eV (3.6%) @ 6.4 keV (FWHM) / Temperature: 25 deg.
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