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CCD-based X-ray Detectors
Kazuki ITO and Yoshiyuki AMEMIYA
Institute of Materials Science, Univ. of Tsukuba and
Graduate School of Frontier Sciences, The Univ. of Tokyo

We have developed two types of CCD (charge-coupled device)-based X-ray detectors for time-resolved
and real-time experiments with use of synchrotron radiation; one consists of a beryllium-windowed X-ray
image-intensifier (Be-XRII) and a CCD. It has an extremely high detective quantum efficiency (DQE) and
is optimized for time-resolved diffraction/scattering experiments. The other is composed of 3 X 6 arrayed
CCD modules, each of which consists of a phosphor, a fiber optic-taper (FOT), and a CCD. It allows us to
measure successive static X-ray diffraction patterns without intermission for the CCD readout, and is op-
timized for automated macromolecular crystallography. These detectors have image distortions and non-
uniformity of response. However, these problems can be successfully resolved by the software which we
have developed.

In this issue, first, the designs and perfomance characteristics of the CCD-based X-ray detectors will be
shown. Secondly, the correction method for image distortions and non-uniformity of response will be
shown and discussed. Finally, some applications of these detectors will be shown.

. FLC&®IZ

1980EMREIE M DA A=YV 77—t (Imaging
Plate, IP) 23S % BV 7c X EFERICFIA I S
E51kx b, BETHELHWLGN TS, IP3ES
O X FEHEBTH D, KEED XBAFICH LT
& LOMBER, T2, BRE, KER, BwXAF
Ry VY, BOBCOBREIRYE, BhicH#EEET
AR TH S, L L, BEENICT 4 IVAETHY, ¥
AV IR G BREORE LY ET 5720, G ERESLSE
REREIEICIEE LTy, SO XD BREETRT 55K
Hi#t ) 1T, CCD (Charge Coupled Device) ZI X fpt i
BRI N, TP SREE LT HIBAERTIP KR T
BbA5 & LTWA, BIC, VN7 ERKRBERITT
i3, TR E 2 VR B ORI RE ORI A
W, THIECBEME] KT 5ERPH®M %D, CCD A
X e+ AR K E W,

ZDETREOL L, FATIP LRASTEWVEEY
BHL, o, D ERIECERHBE ST R TT
X B BORRELT- T, B ERERICHR
L7z A7 A, 20keV T ChEBWREZET HNY
U ABRXBA A=A VTV T 74— BeR
X#HBI) L&£@ECCD %Y V-V ATRAED R THEH
TXABHBY AT ATH A, ERFEETREL Y AT A
i, U B REERTERBICHZL/CLOT, &
Yetk, #EANEINT 5 4 /38— (Fiber-Optic Taper, FOT),
BEIT CCD A& by/-22y FEKEBILOI-DIZ
BEEMET VA RICERIZVATLTH S,

ABTIE, ChbH28EOXA 70 CCD # X
BOEE LRI OWTIRNE, X TRITFEOXA T
X B I-CCD #itiss, BEDOX A 7% FOT-CCD %
R LIZT B, EBHDF 47D CCD E X i
IZEWTh, BIEIhERICIEGREA & REDORE—

YRR RERFER LR AR E TEER
TEL: 03-5841-6825 FAX: 03-5841-6949 E-mail:

T113-8656 B FERSCHRR A 7-3-1
amemiya@kohsai.t.u-tokyo.ac.jp

(C) 2000 The Japanese Society for Synchrotron Radiation Research



e HI13EFESS  (20004F)

MWORIBENEES, - T, XBOAHME & ZDBED
BEAYNELTAXBEEH « #ELERICICHE T 5720I1C
i3, CNOOMBEREIET AV 7 by o 7 H#HRET HNE
BPHB, COMERITOWVTHERL, BEIC, Thoo
CCD # X {8 B DI A B % #85T 5,

2. CCD zRHL\? X ffHHizs
2.1 CCD DENFRE & 144k

TEEBORGBETH, CVavi b OBEEERRGE
P OEGEREZETOCCD LB EBmH LI iz, M
I UMERER R E L7z, CCD BREBICHNTENTH S
MRENL, XA FI v 7 VVIYBIE GHTD, BEOBERE
BBV, BEREEADT, BREOH—WURRY, FHTRK
BORELZT I, OETH 5,

CCD BHF A A— FaRITHICES Li-EEERER
FC, KBASH LB ET « ERARNEL S, £U7k
BT« FASEBoOBEZICER R, #I7HE, BHRICERS
N, 12o0HD» 0 1 KTORRIUES & L TitAHIh
%5, CCORBI7V—A S5V ATy— (FT) e M X
—54y (L) #MREBZ, ThZhOBEELFHEAB LT
ROBEAK % Fig. 11TRT, FT BI3E nRMTITL100%
THHOIH LT, ILBE A VF v IV X 8RR
THHORRT0BEBETH S, T/, FTRIFAL LI
TN T ADERD LA, ILHTIBERL L LY G
) BOBS N TWADTENX EFAH LaRBFICTS
CEMTRETH B, EENZEIEFTEAE CCD I FT &
T, EFEYA X310~20 um A, EFEHE1000 x 100048
B, E2@EEIZ10~20mm AEETH 5, CCDITX#
IR LTLREZET50, 2ZEN 3 um BEY Uik
Wiz, 10keVEED X FITH T A RREIZHBD TEY,
22 ZJEH350 um DL EOEERHE X 47 CCD & kE TIik
EINTWAPEDEBEIS/ DS W7, EHT « BELERIC
FHWONTWRW, T, KICEEEOK E 7% CCD
PHEINIELTh, BWFAFI v 7 LY VRBLI-
DT X o — BRI AR L C CCD IS4 505

(b) Interline-type
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Figure 1. Schematic drawing of CCD readout: (a) Full-frame
transfer, (b) Interline transfer.
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Figure 2. Configuration of an XII-CCD detector. The detector
consists of (i) an X-ray image-intensifier (XII) which has a berylli-
um entrance window (150 or 230 mm in diameter), (ii) an optical
lens coupling, (iii) a CCD as an image sensor, (iv) a computer as a
data acquisition system. An X-ray image impinging on the x-ray im-
age-intensifier is intensified, demagnified, and focused on the CCD.
The CCD has 1000 (H) % 1008 (V) pixels with a 12 4m X 12 um size.
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Table 1. Lineup of beryllium-windowed X-ray image-intensifiers
at Photon Factory
6-inch ?;:;1‘%) - 9-inch
Window material b(elrsrféllinug b(ef%r)n : bgg;‘ff
Active area size 150 mm¢ 150 mm¢ 230 mm*
: _Csl: Na Csl: Na Csl: Na
Input phosphor | (oIS mm) | (.15 mm) | (0:15mm?)
Photo cathode RbCsSb RbCsSb RbCsSb
; L P20 P-43: P-20:
Output phosphor| (7, “cq)s: Ag |Gd,0,S: Tb| (Zn, CA)S: Ag
e 150:15 150:13 230:25
Reduction ratio | 77y | (M=0.087)| (M=0.11)
Contrast ratio 20:1 20:1 16.3:1 -
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Figure 3. Detailed structure of a beryllium window, CsI:Na phos-
phor, and a photocathode of the X-ray image-intensifier. The CsI:-
Na phosphor crystals are made with columnar shapes so that un-
desired scattering in the phosphor is minimized. Beryllium thick-
ness: 1 mm, CsI:Na thickness: 150 um.
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Table 2. Lineup of CCD’s coupled with Be-XRII

Cooled CCD

High speed CCD

- NTSC-mode CCD

~ cCD chip

. TC-215 (TI)

ICX-061 (SONY)

~ ICX-074 (SONY)

. Readout mechanism

Fréme fria‘hsfér-type ;

Interlinetype |

Interline-type

 Pixel format

12 ym % 12ym
10001018

6.7umx6.7um
1280x1024

9.9 um$< 9.9 um
656 X 494

- Active area size .

12.0mmx12.2mm

8.58 mm X 6.86 mm

6.49 mm X 4.89 mm

Readout noise

10e ms@250 kHz

. 48e 1ms@10 MHz

Berms

- Dark current

0,06 ¢ /pixel s@-40°C

10 e~ /pixel/s@25°C

. Cooling o

o ,Pelticirf device Not support Not support
" Dynanic fei’nlge Coex10t X1 56 dB
~ Full-well capacity 60,000 13,000 30,000-50,000
~ Readout speed 4 sec (SLOW: 14bit) | 0.077sec (no binning) ~ NTSCmode -

0.14 sec (FAST: 10 bit)

0.004 sec (64 binning)
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Figure 4. Schematic drawing of an arrayed CCD-based X-ray de-
tector (in the case of 3 X 6 modules).
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Figure 6. Photograph of the 3 X 6 arrayed CCD-based X-ray detec-
tor in the BL-6A.
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Figure 7. Comparison of the DQE’s between three different x-ray
area detectors, 9-inch beryllium-windowed x-ray image-intensifier
which is coupled cooled CCD (XRII-CCD), fiber-optic taper which
is coupled S5466 cooled CCD (FOT-CCD), and BAS III (IP)
which is read by Fuji Film BAS2000 imaging plate reader.
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Image distortion Non-uniformity
correction correction
Grid mask measurement Flood-field measurement
Distortion calculation
at each peak position
J
Interpolation of the distortion —=Rebinning of the pixel intensity
Co-ordination matching between grid
mask pattern and flood field pattern (IP)
Comparison of each pixel value of CCD
with corresponding pixel value of IP
Calculation of correction table
Figure 8. Procedure of the image and non-uniformity correction

of the CCD-based X-ray detector.
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Figure 9. Grid mask pattern taken by the CCD-based X-ray detec-
tor.
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Figure 10. Results of image distortion calibration, (a) without cor-
rection, and (b) with correction. These histograms are calculated
from distances between neighboring peaks of the grid mask image.
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Figure 11. Example of the projection from a distorted image to an
undistorted image. When a pixel in a distorted image is mapped to a
rectangular pixel in the undistorted image, a small rebinning error
will be made in assigning its intensity to the correct pixel in the un-
distorted image because the sides of the mapped pixel should actual-
ly be curved line segments.
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Figure 12. Method to correct the contrast reduction of the Be-
XRII by using a fan shape mask (see text).



Figure 13. X-ray diffraction patterns of frog muscle taken by the
XII-CCD X-ray detector with a time resolution of 30 ms.
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Figure 14. Solution scattering patterns from GroEL taken by the
CCD (170s) and PSPC (800s).

Figure 15. Diffraction pattern from a protein crystal (sample-de-
tector length is 270 mm, wavelength is 1 A, exposure time is 200 s).

Figure 16, Electron density map of a protein crystal with a resolu-
tion of 2 A.
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