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Self Introduction £

. Takeshi Go TSURU (& [l / VL #7)
. Cosmic Ray Group, Physics, Kyoto University ((R&#X%F BEFER YI8)
. X-ray Astronomy. Observational Study on High Energy Objects
- Developments of X-ray Detectors and X-ray Satellites
. http://www-cr.scphys.kyoto-u.ac.jp/member/tsuru/index.html
 tsuru@cr.scphys.kyoto-u.ac.jp 075-753-3868
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Major X-ray Astronomical Satellites 3

Uhuru HEAO-1 RXTE NuSTAR
us. = R
A 5
Y Einstein Chandra
Ariel-V/VI Mir-Iﬁvant Granat BeppoSAX
ANS EXOSAT ROSAT XMM-Newton Athena
Hakuchosyr Ginga >
Japan %.\ . _ . \g > %‘&
wTenma ARGk Suzaku Hitomi /| XARM
€ JEDI/Chronos
1970 1980 1990 2000 2010 2020 2030
High Speed
Gas Imager CCD Imager
g 9" ccob, APs

CdTe/GZT



X-ray Imaging System
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Detection of Visible light and X-rat photon S5

* Both visible light and X-rays can be detected by silicon image
Sensors.

» However, there are differences.

Visible light: one visible
* One visible light photon = one e-h pair. ot '°“°*°"—>=€,

X-ray photon:
* One X-ray photon = multiple e-h pairs.

* The number of e-h pairs « X-ray energy one
(3.65 eV / 1 e-h pair). X-ray phwé:?
* By measuring the signal charge, we can

measure Its energy.



Energy-resolved X-ray photon-counting

@ @ @
O ® ® °
Expos.1| | Expos.2| | Expos.3| |Expos.4

* Detect an X-ray photon as one-by-one event.

* Measure position, energy and time of each X-ray event.
* Typical observing time per object is one day.

* Make exposures of ~1074 times.

http://chandra.harvard.edu/photo/2013/sn1006/

Map of the number of X-ray events

Hlstogram of energy (electron number) of X-ray events
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Sof tX-ray Imager/ASTRO-H to Xtend/XRISM 2kx4k CCD for Subaru Hyper Supurime-Cam
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Limitation due to low time resolution of CCD (~1sec) | !4

» Unable to take advantage of the performance of the latest X-ray telescope that
provide large X-ray collecting area and high angular resolution.
* Event pileup occurs due to slow readout. Energy-resolved photon counting is
impossible.

focal plane

detector
* itical axis \ I -

e Unable to resolve fast variability of compact objects such as blackholes and
neutron stars, which requires better than 30usec (=10km/c).

* Unable to apply anti-coincidence technigue using anti-counter

 Unable to make use of the excellent performance of Si in the band above
10 keV due to the high detector background

* The technique requires time resolution better than 10usec.

High time resolution better than 10pusec is Key
to open the next generation of X-ray Astronomy



X-ray SOIPIX - “XRPIX”

Developed in collaboration with
16 universities and organizations

Kyoto University,

University of Miyazaki,

Tokyo University of Science,
Hiroshima University,

Konan University,

Kindai University,

Nara University of Education,
Osaka University,

ISAS/JAXA,

Kanto Gakuin University,
University of Tokyo,
KEK,

lbaraki University,
Sendai College,
Shizuoka University,
D&S Incorporated

K ONAN
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Trigger Output Event-Driven Readout 16

Conventional type of Trigger output Event Driven readout
CCD and CMOS (X-ray SOIPIX)

Column readout (1kpixel) output

trigger signal
and hit address

! B »[FPGA|
v

Il read out the
| X-ray energy

SATATA AVAVAAAYAY —b>

time resolution 1msec. dose not meet. « read out X-ray hit pixels only

only a few pixels have X-ray events  « time resolution better than 10usec
almost all the pixels are empty

However, must read out all the pixels

data rate = pixel readout rate * data rate = X-ray event rate
= reaches 1GHz = 1kHz at the maximum

In-pixel trigger
circuit

e Power consumption at post-stage date processing < data rate
* Event Driven readout reduces power cost



SOI-CMOS image sensor (SOIPIX) “

Fast CMOS
(IOW p Sl) \~8 pm
Insulator |_ 20"
(Si02)
Sensor 72 um
highp,

depleted Si)

+ Bias Ring ! Peripheral Circuit: Pixel Array

_____

/ \ CMOS Circuit Layer

TT PMOS™L ““NMOST— T

BPW (Buried p-Well)

Si Sensor Layer

! (High Resistivity Substrate)

X-rays

* | BOX (Buried Oxide)
n+ / sense-node 3 p+
(.
+

\

+

2

e fine imaging (small pixel size ~20um, large size > 20mm)

e low noise ( < 10e rms),

 on-chip signal processing (high speed CMOS)

e wide-band, high quantum efficiency (thick depletion max
500pm, backside < 1ym)



X-ray SOIPIX - “XRPIX” 18

2010 2011 2012 2013 2014 2015 2016-2017 ~ 2018~ 2020~
: 1st Generation : 2nd Generation : 3rd Gen. : 4th Gen. : 5th Gen.
- :
XRPIX9 |
XRPIX8 ,
_. HIXRPIX12 |
|
. ! !
. IS
: | | XRPIX-X |
: | | | XRPIX11
. i 36 uml] |
LAPIS Semi. e — 608x368 | 36umc
02pm FD-SOI CMOS E | 592x368
. |

Pixel Amp. : : \___
E ource : L. - . NN

= Follower —>— Charge Sensitive Amp.

Dewce Structure . Double

== Sinale SOI —'—>'ﬁ— PDD SOI —>

M—. Analoa Output —-—-—-—)
] ] — Digital I/0 =>



Improvement of Spectral Performance in Frame Mode m

2009 § o CuK (8kev) 2010
© 700 B ]
10°* - 1200f :
Cu-K (8keV)| ¢ 1000 :
10° 500;* FWHM 1 4keV - .
400; < - 800 -
10° 200 600[- ;
) - ;
100 200; ;
1 0 — RS T, T % 1 2 3 4 5 6 7 8
e T T reehegon Energy [keV]
ENC ~600e (rms) ENC ~130e (rms) ENC ~68e (rms)
T SGE 8 Boqr Mar, #5017 Nov.  ——saeer
14001 ) . cool N 300¢
2000 Mn-Ra . N Mn-Ka _ | Mn-Ka
(5.9keV) 4001 . 229
1000~ . N (5.9keV) . FWHM (59 keV)
? = FWHM200eV - 200eV
320eV, | T} »— 1 8o =
600/ > | < . - Mn-K3 Mn-KB
ook | - Tail . 100 |
Separation of : a (6.5keV) | No Tail (6.5 keV)
' KaandKp Y | : do M\‘JU\ |
0 1 8 0 50 100 150 200 250 300 0 2 4 6 8 10

2 Esne?gy5 [kGeVi
ENC ~35e (rms)

ENC ~16e (rms)

Energy [keV]

ENC ~10e (rms)

Kamehama, Kawahito+17



Comparator Circuit

= <

Readout Circuit

XRPIX: Pixel and Readout Circuits

inverter
chopper type

Pixel Circuit

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

/. s Q Bad Pixel Mask

: TRIG_COL (OR)
« 0

RST_COMP1 RST_COMP2 | 3 EN_TRIG_OUT
14
: . : s_aps
||comp cap. 1 COMP Cap. 2 P : —R C
[ COROINOR oo | RST_TRIG SR Latch :
GND —& :
VDD18 T :
VB_SF :
VB_CSA :”:; L”: -
Trigger .
STORE CDS Cap. oF "
RST_PD_X—q RsT_PD P 4 —dl :
13 ) — .
Sense node . dt:u!kc 0 < .
ce ap. . Q - .
Q | -
PD [lesa T 4t =L :;,_“: :
— g o -
Signal -
GND - - E
- u :
VCDS VTH :
........................................................................................ |
CMOS type
reset SW

XLew MS

-] TRIG_ROW (OR)

20

Column Amp
with PGA

---------

§ Differentia

SIG

PED

S/H Cap Output
Column Output
Ovutput Buffer

Yukumoto et al., in prep. (2024)




21

PDD (Pinned Depleted Diode) Structure

Conventional Single SOI

CMOS circuit
mma - - large n-well connected to the sense node
i to collect signal charge, and
’ A to suppress the back-gate effect of Tr. against
! : the high backbias voltage.
I
: | n-well  Sensenode - a large sense node capacitance (Csense)
egg egg — not easy to achieve low readout noise
f‘ / p+S I P=| « causes capacitive coupling and interference
7 ¢ 7 ENSOTAVEL  hetween pixel circuit and sensor layer
X-ray  X-ray — degrade spectroscopy performance
Pinned Depleted Diode (Kamehama+18)
CRio @Rl s - pinned p-well is formed under the interface
i of insulator and sensor layers
| ———- 2 ! | ' - the pinned p-well suppresses
/ , \ - interference between pixel circuit
p-weII@'I \ n-well 2 and sensor layers
@8 n-well1 Sense node - dark current from the interface between
- o D-- the sensor and insulator layers
,/ Sensor layer | . gmg| sense node capacitance (Csense)

X-ray

— easier to achieve low readout noise
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Capability of event rate > 500Hz

35

Data Set # 77550
header = 43605 ,
int_time = 8.36[us)

hit_info_row 1t @, hit_addr_row_
: 9, hit_addr_col_

hit_info_col
sedian = 397.5
center_pixel PH = 238.5
Data Set # 77551
header = 43605 ,

int_time = 8.24[us)
hit_info_row : @, hit_addr_row_
®, hit_addr_col_

hit_info_col :
median = 411
center_pixel PH = 254
Data Set # 77552
header = 43605 ,
int_time = 10.04(us)
hit_info_row @
hit_info_col :
median = 411.5
center_pixel _PH = 223.5
Data Set # 77553
header = 43605 ,
int_time = 9.36(us)
hit_info_row !
hit_info_col :
median = 415.5
center_pixel PH = 253.5
Data Set # 77554
header = 43605 ,
int_time = 6[usl

evhum = 77551 ,

evhum = 77552 ,

evnum = 77553 ,

@, hit_addr_row_high :
9, hit_addr_col_

evnum = 77554 ,

9, hit_pddr_row_high :
9, hit_addr_col_

evnum = 77555 ,

BRI Lo lfil G 2iED LW D I L 2 FAEDE VT4 74T,

https://www.u-coop.net/kyodai/goods/indicate.php?mode=detail&id=27&category=6

36umo, 608x384 pixel

860 I

Hayashi+2018
NIM A

time = 777.397(s],

high 1 382
high : 13

time = 777.405(s],

high : 353
high : 89

time = 777.421(s],

436

high : 233

time = 777.436(s),

576
high : 93

time = 777.443(s),

(mowe inl0 tlmes.speed)

Trigger delay and time resolution better than |0us using laser.



Spectral Performance of Large Device E

XRPIX11 - the latest large device

T =-20°C
Ve = -300V
full depletion of 300um

= §:2: 6.4keV

U 120%— Fe-K

' AE =200 eV (FWHM)
O—>| | €
pprer ol oF ! 1keV  14.4keV
%:ﬂ/\woavoa dTHI I IX1dux® | z f‘ . 202— K7 © e\

f '1'\}\'1; [4]
i 1,1‘ 1hlh] 5 6 7 8 9 10 11 12 13 14 15

20241022 _LGX _miyazaki_fuchita.pdf
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on-chip ADC for “digital X-ray SOIPIX” 2

 Small Size: 20 um x 2 mm width/1ch
14-bit 1-stage | « Fast Conversion : 5.96 usec

Cyclic ADC e Low Current Consumption : 125 uA/ 1ADC
* Voltage Range : 0.4 - 1.5V (67 uV / LSB)

XRPIX9 equipped with on-chip ADC

X-ray spectrum with on-chip ADC

o 168"
e 16F Spectrum
- E - 5.9 keV __S5pg
T E—— 2 14 FWHM~300 eV 109
o - — Cd
O 12—
i
0.8
_ 22.1 keV
, 06 FWHM-~400 eV
3.0 keV
ADC array 04 -
2mm x 0.75mm 0.0l 6.4 keV 25 0 keV
Olt |NJ‘I-| N ﬂJ‘L oo ool M oo 0 om lhom oo gl Fad |].‘| nlrJJJ|-Ln| R R
0 5 10 15 20 25 30
Energy (keV)

* The energy resolution is almost identical to that with an external ADC.

* The on-chip ADC has sufficient performance.
 Developing new devices equipped with DACs and pattern generator.
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