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Abstract

Abstract

Cadmium Zinc Telluride (CdZnTe, CZT) detector is an excellent room-
temperature semiconductor detector, which have broad prospects to be applied in the
field of nuclear detection. HoweVer, when the CdZnTe detector is used to detect the
gamma ray with high energy, there is a low-energy tail at the left of full-energy peak,
which restricts the energy spectrum performance of the CdZnTe detector to have further
improvement. To solve this problem, this dissertation undergoes the research on key
techniques of three-dimension position sensitivity and unipolarity based on quasi-
hemisphere and pixelated CdZnTe detectors. which includes unipolar charge sensitive
technology, depth sensitive and energy spectrum correction technology and sub-pixel
resolution technology, and verified in energy spectrum measurement and nuclear
imaging applications. The main contents of the dissertation include:

(1) Based on the simulation with Monte Carlo method and finite element method,
the characteristics of internal physical field distribution of CdZnTe detector under
unipolar electrode design were studied. The results showed that under the design of
unipolar electrode structures, the internal weighting potential of the CdZnTe detector
had a gentle change in most of the volume, and only sharp near the anode.

(2) Depth sensitive and energy spectrum correction technology were studied based
on pixelated CdZnTe detector by methods of C/A and electron drift time. Two methods
had good linearity in calibration of depth. The C/A method achieVed a depth resolution
of 0.5 mm, and the electron drift time method achieVed a depth resolution of 1.0 mm.
Based on the acquired depth information, the energy spectrum correction technique was
verified, the low-energy tail has improved and the energy resolution of the detector for
gamma ray with 662 keV was increased from 4.1% to 1.3%.

(3) Sub-pixel resolution technology was studied based on pixelated CdZnTe
detectors by method of reading out the signals from the adjacent pixels. On a CdZnTe
detector with a pixel pitch of 2 mm, the pixel segmentation was successfully completed.
And uncollimated gamma ray transmission imaging on steel drill with a width of 2 mm,
1.5 mm, 1 mm, and 0.8 mm was conducted. The results showed that the detector can
distinguish drills with different diameters and achieVed double fine sampling.

(4) Based on a quasi-hemisphere CdZnTe detector and a low-noise charge-



Abstract

sensitive preamplifier, a low noise and high-count-stability spectrometer has been
deVeloped, whose energy resolution was 7.6%@59.6 keV, and relative standard
counting deViation was less than 0.05%@5 X 107. At the same time, a coded aperture
camera based on a CdZnTe detector with 121 pixels and a 128-channel ASIC readout
chip was built for gamma ray imaging application research. The camera had an energy
resolution of less than 1.5%@662 keV, and the angular resolutions in the X and Y
directions reached 3.31<and 3.68 < respectively. At the same time, it could be mounted

on the UAV platform to perform hovering radioactive source imaging.

Key Words: CdzZnTe Detector, Depth Sensitive, Sub-pixel Resolution, Energy
Spectrum Correction
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Table 1.1 characteristic parameters of semiconductors co mmonly used as nuclear

radiation detection material

Atomic Density Band gap lonization Dielectric
Semiconductor Number (9/cm™3) (eV) energy constant
2 (eV/e-h pair) (es/€p)
Si 14 2.33 1.12 3.61 11.9
Ge 32 5.33 0.68 2.98 16
GaAs 31/33 5.32 1.42 4.2 13.1
CdTe 48/52 6.06 1.52 4.43 10.36
CdgoZng,Te 48/30/52 6.0 1.60 4.64 10.63
Hgle- 80/53 6.4 2.13 4.3 8.8




Fl1w 9E
Intrinsic Electron Hole Electron Hole lifetime
Semiconductor resistivity mobility mobility lifetime (s)
(Qcm) (cm?/ (cm?/(V - (s)
(V-s)) s))

Si >5x10* 1500 450 103 >103
Ge 47 3900 1900 103 >103
GaAs 108 >8000 400 109-108 10°-108
CdTe 10° 1050 100 3x10°6 2x10°6

CdgoZng , Te 101 1350 120 106 5x108
Hgl- 103 100 4 >106 >10-6
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Figure 1.2 The variation curve of linear attenuation coefficient of co mmon semiconductors

for ga mma rays with different energy
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(b)CdTe
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Figure 1.4 ¥7Cs energy spectrum measured with the first CdZnTe detector by J.F.Butler et
al.
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Figure 1.5 Four typical unipolar electrode designs for CdZnTe detector
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Figure 1.7 The hybrid imaging device with Compton camera and coded aperture camera

developed by He Zhong research group in University of Michigan, USA.
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Figure 2.6  Typical circuit schematic of charge sensitive preamplifier
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Figure 3.2 The flow diagram of CdZnTe detector simulation
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Figure 3.5 The electric potential distribution in planar CdZnTe detector
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Figure 3.6 The electric field distribution in planar CdZnTe detector
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Figure 3.7 The weighting potential distribution of anode in planar CdZnTe detector
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Figure 3.8 The weighting potential distribution of cathode in planar CdZnTe detector

MEL L 6 R A B 4G T LA T 2 A B AR R 25 P50 F A 23 A A Y
BH AR A = 35 43 A BAT A 5] (AR s AN AR ) B AR e AR Ak o G rh BRI AR A 34T
PAELRPERRAR, BIARAL EE AR 2 M T iR 3950 20 A1 (1 3% 208 100 - T B e 4
PRI 302 S5 f 3 o 32 T LASRARID, BRI A~ T 28 i 4 PR ) 52 BH S A it
IR S5 AT A AR — AT AR LA 25

FE T - T B e 4 R DU 45 [ BR AR B AF WSCBR A A A o, AR T LA
FRARAESRR, BAALRKWAGIERE, HE—RNE, HTIHTERER
TR, FREAMNEE B FRIEEEN1350 cm?/(V-s), ZREBRERA

34



O 3 & AR AL RO ST

120 cm?/(V- s)PU. ERSHORE G, WATGE] 7 200 ns f5 B AR A A UL S ke
A EAE A, Gl 3.9, 18 3.10 Fra, BRI Al OB TR R D4 SE
B 3.9 Ko FEAR (1 g SRR 70 A, e as by ¢ =& 505l PR HE
ERLLROLE S & NP VAIE N o Ve SOV G R VO L)
3.10 R AR A s AT AR R A, 5 3.9 BEE AR, R AW koA

o
(a)

] 1 s
sy !
2
15
o4
a
s
v [

B39 P ZmE R RIS R AR RS : (2 BT (b)) &)X (o) BT

Figure 3.9 The distribution of CCE for anode in planar CdZnTe detector: (a) electron
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Figure 3.10 The distribution of CCE for cathode in planar CdZnTe detector: (a) electron
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Figure 3.11 The **!Am and **Ba energy spectrum measured by planar CdZnTe detector

with 2 mm thickness
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Figure 3.12 Typical structure of the Frisch-grid CdZnTe detector
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Figure 3.13 The distribution of weighting potential for anode in Frisch-grid CdZnTe

detector
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Figure 3.14 The distribution of weighting potential for cathode in Frisch-grid CdZnTe

detector
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Figure 3.15 The distribution of weighting potential for anode in Frisch-grid CdzZnTe

detector with an improved design
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Figure 3.16 The distribution curve of weighting potential for anodes in Frisch-grid
CdZnTe detectors with two different designs
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Figure 3.17 The geometry model and electric field distribution of traditional hemisphere-

electrode semiconductor detector
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Figure 3.18 The distribution of weighting potential for anode in quasi-hemisphere CdZnTe

detector
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Figure 3.19 The distribution curve of weighting potential for anode at different depth from

cathode to anode
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Figure 3.20 The distribution of weighting potential for anode in coplanar-grid CdZnTe

detector
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Figure 3.21 The distribution of weighting potential for anode and electric field in coplanar-
grid CdZnTe detector
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Figure 3.22 The distribution of weighting potential for collecting and non-collecting

electrodes in coplanar-grid CdZnTe detector
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Figure 3.23 The distribution of weighting potential for central pixel in pixelated CdZnTe
detector
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Figure 3.24 The distribution curve of weighting potential in different depth for central

pixel in pixelated CdZnTe detector
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Figure 3.25 The distribution of CCE across the central vertical plane when the radius of

anode is 0.2 mm: (a) electron (b) hole (c) electron+hole
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Figure 3.26 The time curve of CCE for different depths: (a) electron (b) hole (c) electron +

hole
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Figure 3.27 The ideal distribution of weighting potential in CdZnTe detector
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Figure 3.28 The depth response curves for physical field in different radii of anode: (a)

electric potential (b) electric field (c) weighting potential
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Figure 3.29 The depth response curves for CCE in different radii of anode: (a) electron (b)
hole (c) electrom + hole
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Figure 3.30 The time curve of eCCE at 0.1 mm depth under different pixel gaps
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Figure 3.31 The distribution curve of weighting potential for anode with different pixel
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Figure 3.32 The distribution of CCE for central pixel: (a) electron (b) hole (c) electron +
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Figure 3.33 The transverse distribution curve of CCE at 2.5 mm depth when pixel size is

0.8 mm
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Figure 3.35 The distribution of electric field in pixelated CdZnTe detector when pixel size

is 0.8 mm
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Figure 4.2 The distribution of electric field at different depth for pixelated CdZnTe

detector in experiment

Kl 4.3 ZJFFZ79 5 mm A1 15 mm [R5 ER BR800 2500 & 17Cs HUR R 1
JEARBETE 1, 7T LATE 21 2 1 BE 50 3R B 07T A% G0 DA MR AR 300 25 M1 T 28 s
RN AS, B/ 662 keV Axfel PR E A W] 1Y e T i R AN A 1 08 Jje LU 2501
5 mm S RAEIE R ELL 16 mm FEHIE, REENHBEIEZT 156 mm,

—— SR R8T SR K Cs137RE
0. 006 15mm A 487 515 K Cs 137HE W

0. 005

0. 004

0. 003

counts

0. 002

0.001

0. 000 J L :

0 500 1000 1500 2000
channel

B 43 AREFEHENBUER °'Cs BL KRB KBRS PH@662 keV: 2.29%/15 mm
4.1%/5 mm
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Figure 4.4 The distribution of weighting potential across central vertical plane in detector
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Figure 4.5 The distribution of weighting potential for anode and cathode along the path

that electron drifts
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Figure 4.7 The distribution of electric field in pixelated CdZnTe detector used in

experiment
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Figure 4.8 Typical preamplifier’s signal from cathode and anode when full energy is

deposited
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Figure 4.9 The schematic diagram of CSA we used in experiment
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Figure 4.10 The schematic diagram of signal filtering and shaping circuit we used in

experiment

69



Tl B 4 R 5% — 4R B R AR R B BT T

|1 : H1
LT

B 411 C/A B H HE PCB i)

Figure 4.11 The PCB board of readout circuit for C/A method

— Va (VATA450.3i%t)

g o
CZT@

——— Vo (BMRBERLER)
HEE (0.2mm)

B 412 CIA BREFRNERIARALRE T

Figure 4.12 The design and setup of depth sensitive experiment with method of C/A
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Figure 4.13 The relative position of pixel 65 used to obtain depth information by C/A
method
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Figure 4.14 The statistical distribution of ratio of C/A at different depths
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Figure 4.15 The linear calibration between ratio of C/A and depth
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Figure 4.18 The simulation of signal from anode and cathode when different energy is
deposit at same depth: (a) cathode (b) anode
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Figure 4.19 The energy spectrum of ¥’Cs measured by pixel 65 in CdZnTe detector

—— with events filtering
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Figure 4.20 The energy spectrum of 3’Cs after doing eVent filtering based depth

information
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HE 4.19 (1 40.7%.
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o2, (Ef3RE 0 HE R PE AT 4.1%5 = 2 PkIE S5 1 1.3%.
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Figure 5.1 The introduction of components of gamma spectrometer system
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Figure 5.2 The appearance and inner structure of CdZnTe detector in spectrometer
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B 53 ARSI

Figure 5.3 The picture of energy spectrometer system
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Figure 5.4 The noise measurement of preamplifier without calibration of energy
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Figure 5.5 The energy spectrum with low noise measured by our energy spectrometer
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Figure 5.6 The performance of our energy spectrometer on energy spectrum mesurement

51 LREFHLBGHNESFHMEM DS LR P

Table 5.1 The energy resolution of characteristic energy of ga mma ray emit by

radionuclides co mmonly seen in laboratory

[ZES fin-Eh 5 £ e F/ keV P Al keV REE I 1%
511 10.38 2.0
22Na 12745 18.05 1.4
57Co 122.1 5.17 4.2
136.5 5.09 37
%Co 11732 16.36 14
13325 21.79 16
133Ba 81.0 5.10 6.3
276.4 7.16 2.6
302.9 7.14 2.4
356.0 8.47 2.4
383.8 8.20 2.1
B1Cs 662 1251 19
241Am 59.6 451 7.6
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i 7 M S0 TR OR A A PR B R R, (B IR AR IR D s I E S AR TR A B IR
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Figure 5.7 The design and setup of count stability experiment
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—u— relative standard deviation of our spectrometer
—e— relative standard deviation from radioactive decay
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Figure 5.8 The relationship between average total transmitted count in energy window and

its relative standard deViation
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Beer—Lambert &£
I, = Iye #1% = [ e~ HmpPd (5.2)
T g, o 3 T FE PR I B2 1 R 0 R O o B S e R 2. eI R T 5 R A&
MEAERRZWERIN, SHE&RERR. p, dBIIME S EMERE, Sei b2
B AL 085 5 A0 J5 T e AR S B A e vl b A e ) T R U RE B S it i
DT I T, DRI A e T AR 2 )0 A B2 e T R 85 0 RS E e
SO TR A R, T SR R TR 8 D B FE S S T O AR E K
e G0 b 3% R PR 0 ) SR 2N 45 2 TR O o A R 5 01 R 1 G
(PMT) = ' HL A 1 45 (SIPM) B TR BRAA R I 4% . JFLREE D HFA R, EHRGE 5
SR BRI FE e O 105) KRR bt B AN S B S e o AT U R e M
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Figure 5.9 The schematic diagram of the longitudinal section of the sample
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I = [2e~Hd-Hada (5.5)
X pt, pl RFFRRL a BASXTBE R E, EME TR R, p?, pd R RRR R a Al
W RE R E, M2 TR R M, JE T A0 5.4 A1 5.5 HEAT LM [ 9 4047 B ) 45 31 45
AR a BEdM Al JZEEdy, .
SEEG R EY 133Ba U K H 1K) 81 keV AT 356 keV HiFhRE R AT4R, o LAbRHEL
o T T o i T R 03 ST S R 4 SR E Z RO 3R, SR G T b Ip 1 56
FRIMERFA R a FIER 2R EITARER, IR ERNE 10 R, &
VO 3 238 LAV B B A 1K) 38 S 40k s P A 45 S IR 52
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Figure 5.10 The setup of experiment for measuring thickness of sample
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F£52 HFWtHE a JEE 10 IKIRESER

Table 5.2 The calibration result of thickness of material marked as a

FEdh TS MEta 8 Meta PHE Mk a BEMY M e ERER

JE/ mm JE/ mm i %% KA 7%
6-1 0.309 0.307+0.001 -0.69% +0.29% -1.22%
5-1 0.396 0.386 +0.002  —2.53% +0.47% -2.99%
4-1 0.472 0.481 +0.001 1.95% +0.30% 2.27T%
3-1 0.597 0.610 +0.002 2.21% £+0.36% 2.84%
2-1 0.717 0.714+0.002 -0.42%+0.32% -0.82%
1-1 0.813 0.806+0.001 -0.86%+0.15% -1.09%

53 WBEEE 10 KiresdsR

Table 5.3 The calibration result of thickness of Al material

P TS WMELANEE] WMETFYEE BEREEMS R 52 EE R K
mm mm %% T 7 %
6-1 0.436 0.435+0.003  —0.34% +0.79% -1.42%
5-1 0.524 0.534+0.004  1.85% +0.80% 3.36%
4-1 0.68 0.661+0.006  —2.85% +0.96% -3.83%
3-1 0.82 0.819 4£0.006  —0.13% +0.69% 1.19%
2-1 0.918 0.953 4£0.005  3.82%+0.59% 4.91%
1-1 1.094 1.07140.003  -2.07%+0.27% -2.52%

% 5.2 MR 5.3 [RBARHE BRI i 72 B fs K Am 22 4 3 T HLBOR A, A5
ME a B AIEE] T -2.53%M-2.99%, #H2EEHRAEE T 3.82%F1 4.91%,
Wi BT — SR S AR e FE AR AR . T 5.11 A1 5.12 RILUR I, X T
— A ZUBRE N AR ZE B IIREh, FARR IR 8 IR ZE (B 3 IE B f, X 13
WA SR B (K 42 SR FE A HERf . 205 SR S i SR Rva il UESE T AT 2
Bre RILAb 45 SR RESEbR b IR 1A fhid 2 B AR 2 B B IR P 2 JELRE, i Si
B AL RETE AT A8 (12 (B 328 S XA 9 1) T2 SR, 3 AN R T S A g AR TR o

ok, fE3R 5.2 £ 53 H, WATELH T 10 KR E MR R ZRIbRMEZE, #F
MAHELa v, ZAER KN 0.47%, fHEH, ZEN 0.96%, UiWIZAEEAE 10 X
b R LA R A PR3 S R e 1 o DRI RAN 1A B E A T SR b ) 44 SO B
W UERf, bR AR i AR 25 B 2 A, R R R i SOZEAT ARl A ) a JELRE
R FE T DAL B R 1 2% LA

86



555 & eIk R AR R SR A RORE DR N

material a —=—1-1
0.03 - —e— 2-1
] —A— 3-1
—v—4-1
0.029 T - \ AT 5-1
. ' <« 61
T 001
1e]
©
& 0.00 1
o -
o = e ~ <
= <
% -0.01- 4 ‘\'/4\\://;\"\\1
©
-0.02 -
-0.03 -
T T T T T T T T T T
0 2 4 6 8 10

calibration serial number

B 5.11 FRRIATEL 10 KRARER 2B B X2 AT

Figure 5.11 The distribution of relative deviation in thickness calibration of the material

. —a— 1-1
Al material 2.1
0.06 - -
—Aa— 3-1
—v—4-1
0.04 - 5-1
<+— 6-1
R
C
LS 002+
G
>
(0]
©
_g 0.00
© ]
£ A /\4
-0.02 + < LS < .
v \ L
4 / \
0.04 T —
T T T T T T T T T T
0 2 4 6 8 10

calibration serial number

B 512 %82 10 RiveR 2K EEAENRED 1R
Figure 5.12 The distribution of relative deviation in thickness calibration of the

Al material
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Figure 5.13 The structure of Perspex arrangement in sample rod for testing
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Figure 5.14 The setup of experiment for measurement of gap length
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Kl 5.15 R RARENRIEEOL TS SR B HIN KR, Bt
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Figure 5.15 The transmitted count distribution along sample rod

R 5.4 it LR rh A i 1 06 B8 AT T4, 18] 5.16 A2l AT LI R AL
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Table 5.4 The result of transmitted count of gap with different thickness

R EE mm I 55/ mm T4
0.69 45 49
0.91 4 775
0.5 55 41
0.41 3 255
1.34 5 128.5
1.12 45 110
1.48 45 139
189.83 185.5 18280
170.01 165.5 14425
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®  gamma rays counts in position of gap
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Figure 5.16 The calibration between length of Perspex and transmitted count
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FER i ZE 7E 38K, DRI P LA ABUAS [R] A7 5 11475 L3800 [ A 2 DA [ T 23 A 17
IX AR 22 RO B S TR, AT 45 e T ORI L3 B A B I M 6 &
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Table 5.5 The measurement of average speed to judge if the platform moves with a

uniform speed

Experiment 100 m 10 mm 4 mm
Number AS. R.D. AS. R.D. AS. R.D.
(mm/s) (%) (mm/s) (%) (mm/s) (%)
01 1.03 2.79 1.02 2.00 0.92 -8.46
02 1 -0.20 0.97 -3.00 0.95 -5.47
03 1 -0.20 0.98 -2.00 1.1 9.45
04 1 -0.20 1.02 2.00 0.97 -3.48
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Experiment 100 m 10 mm 4 mm
Number A.S. R.D. A.S. R.D. A.S. R.D.
('mm/s) (%) ('mm/s) (%) (mm/s) (%)
05 1 -0.20 0.97 -3.00 0.94 -6.47
06 1 -0.20 1.01 1.00 1.16 15.42
07 0.99 -1.20 0.98 -2.00 0.98 -2.49
08 1 -0.20 1.04 4.00 0.96 -4.48
09 1 -0.20 1 0.00 1.04 3.48
10 1 -0.20 1.01 1.00 1.03 2.49
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Figure 5.17 The diagram of coded-aperture imaging system
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Figure 5.18 The 11x11 MURA replicated mask used in CZT camera
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Figure 5.19 The appearance and components of code-aperture camera based on pixelated
CdznTe detector
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Figure 5.20 The performance of our coded aperture camera on energy spectrum
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Figure 5.21 The imaging result of 1mCi *¥’Cs radioactive source when distance of object is

2m and measuring time is 90s
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Figure 5.22 The angle resolution of imaging result with 3’Cs point source
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Figure 5.23 The imaging test of coded aperture gamma camera for different radioactive

source
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Figure 5.24 The setup of imaging experiment with CZT camera when it is placed on the

drone
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Figure 5.25 The imaging result of CZT camera when it is placed on the drone
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Figure 6.1 The crosswalk of weighting potential among the three neighboring pixels
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Figure 6.2 Left collecting pixel’s weighting potential distribution of different y positions

along the z-axis under the central pixel. The y position of central pixel’s center is 11 mm.
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Figure 6.3 Right collecting pixel’s weighting potential distribution of different y positions

along the z-axis under the central pixel. The y position of central pixel’s center is 11 mm.
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Figure 6.4 The relative position of pixel 62 used in sub-pixel experiment
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Figure 6.5 The design and setup of sub-pixel experiment based on ASIC readout

electronics

5 L& 3] ASIC HIENEFHBOK, 62 55 & LT A7 PUAME SR IRIE 1 KT
£ 7-8 keV, ARSI EEBUH SRAGR R W5 5 AR RN R TE R 62 SRR N
HEIBO MRS ARAE . BARORE, ¥ 62 SRR ETAANANMRE, @
L EBAH AR AR BRI A5 58 B /N e A MR R BB oA,
6.6 ffs B BIP KOy 0.2mm, HLUCREER (8]0 300s, [FIFE i B AEE HE

103



Tl B 4 R 5% = Y for B R AR P R B BRI 7T

300mV, PRUE ST ZRAE FH R FEE 5 10 A BRORN 38F 4 22 VR R 52 1)

6.6 62 SERKMERRRIGMILEZE
Figure 6.6 The algorithm we used to split the pixel 62
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Figure 6.7 The count distribution of two position which has a distance of 1mm when

gamma rays irradiate along X-axis direction
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Figure 6.8 The count distribution of two position which has a distance of 1mm when

gamma rays irradiate along Y-axis direction
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Figure 6.9 The statistical distribution of eVents from small pixel along X-axis direction
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Figure 6.10 The statistical distribution of eVents from small pixel along Y-axis direction
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Table 6.1 The FWHMSs of statistical distribution of eVents from small pixels across XY

plane

Small pixel FWHM of Gauss R? of Gauss FWHM of Gauss R? of Gauss
serial fitting along the x- fitting along fitting along the y- fitting along
number axis( mm) the x-axis axis( mm) the y-axis

1 1.1740.05 0.972 1.00+0.02 0.977

2 1.20+0.04 0.925 1.24+40.03 0.956

3 1.004+0.03 0.929 0.99+0.02 0.982

4 1.224+0.02 0.976 1.03+0.02 0.976
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Figure 6.11 The design of transmission imaging experiment
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Pixel Sub—pixel
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Figure 6.12 The detection efficiency correction for eVery pixel in detector
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Figure 6.13 The experiment schematic diagram of first group

108



5 6 5 R AR R G &% ) AR R S BRI ST

K 6.14 B AL REE

Figure 6.14 The experiment schematic diagram of second group
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Imaging result of drill with 1mm diameter
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Figure 6.15 imaging result of 1 mm diameter at different position

Imaging result of four drills
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Figure 6.16 simultaneous imaging result of the four drills with different diameter
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