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But the apparatus is made of thousands of modules! OCR Output
8. n. of sellable apparatus: 1 (may be two!!)

7. event size: 106 bytes (level 1 trigger)

6. n. of channels: 106-107

sparse readout via multiplexer (in between two pulses)
low multiplicity

5. DAQ for collider

4. Trigger

integration on VLSI (seeViking)
reasonably fast : 50 -100 ns
low noise : 200 e·

3. Electronics for m.i.p. (in 300 um ~ 70 keV energy loss)

2. Dimension: 4x (5x5 cm2) ; thickness s 500

1. p-strip silicon detector for charged particle tracking

Problems solved for HEP experiments:

OCR Outputplc:



n. of sellable apparatus: 103-106 OCR Output

event size: 1 bit - 10 bytes

n. of channels: 103-104

1 s acquisition time (duty cycle 100%)
5x104 Hz/mm? (on a 20x2O cm? 2x109 Hz)

DAQ for DR

Seb’ -Triggering

integration on VLSI
fast : 10 ns

low noise : 200 e·
Electronics for X-rays (down to 10 keV)

Dimension: 20x20 cm2 ; thickness (300 um - 3 mm)

it-strip silicon detector for X-rays

l Problems to be tackled for Imaging with X-rays (10-100 keV):D



Which is the best detector} OCR Output

I have this experiment t0 do w/ these requirements.

l have the best detector for .. what? ?

However in both cases the right approach is the same:

w/ hardware & software "mostly by experience"
Analyzed by: physicists physician

Run by: technician Aphysicists

1' - 5'Data analysis: 1 — 5 years

l' - 5'Data collection: 1 — 5 years

5’— 10'Preparation: 5 - 10 years

1 or 2Group size: 102 - 103 people

Exp in Medical PhysicsExperiment in I-IEP
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only RADIOTHERAPY

THERAPY

Cri stallography
Autoradiography

SOME BIOLOGICAL APPLICATIONS

Biomagnetism, Biolmpedance,
OTHER Techniques

contrast agentschemical forms

some molecular species andMRS Frequency shifts due to
relaxation parameters T1 and T2 content; flow concenuation of

EI Concentration of nuclides (1H,..); Anatomy of tissues; free water
NUCLEAR MAGNETIC RESONANCE

coucentranorr and ilowradiommlidesECT
Planar SClI1tl gfaphy Concenuadon of Metabolism; receptor site

NUCLEAR MEDICINE

sound velocity and auenuation characteristics; blood velocity
Acoustic impedance mismatch; Anatomy; tissue su·uctural

ULTRASOUND

materialContrast distributionDSA
Density and average Z movement of conuastX-my TCT
X—ray absoxption Anatomy; mineral content2-D Film

X-RAY RADIOLOGY

application)
(Parameters measured) (Medical(Discipline)

DIAGNOSIS

(mostly X and y ) radiations
OCR OutputDetectors for Bio-Medical Imaging w/ ionising
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some nuclei (e.g., IH, Na, P).2332
ures the chemical state and abundance of
Figure 6. Nuclear magnetic resonance meas
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d VNTdJ-NHT
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5/VR { C 5
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SCR ;\/;4<5/VT; @7...,.,é mea.}

Motz and Med. Phys. 5 (1978) 8.]
the average transmitted X·ray fluence. [Courtesy Dr. J.W.
the X-ray detection efticiency of the imaging system and N is

of 2.5% (n is the area of the spatial resolution element, ez is
ratio is taken as 5 in this example, with the visibility threshold

as a function of signal contrast ratio. Threshold signal-to-noise

Fig. 2. Number of photons detected in a given resolution area

Signal contrast rati¤,S
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]0‘| lliilziil i·¤ i··i·il 1 =\:i•l

Noi detectableE 10

E106

S: 0.025
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2 1c"
image processingimage processing
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10‘“

n ¤¤|lrH{ tininlnii I|¤1IHh| IsnI!¤'I»





6 OCR Output

cients for soft tissue and cortical bone.
Figure 2.5 Variation with energy of the linear attenuation coeffi

Energy uievi

0 50 100 150
0.1

Soft tissue

Cortinul bone

5 1 C

‘g 10

100

100 and 150 keV.
sue. Curves are shown for photon beams with energies 20, 30, 50.
Figure 2.3 Transmission of monoenergetic photons through soft tis

Tissue Thickness (cm)

10 · 15 20

20\ 30

500.05

100

0-10 JS0 keV

0.50

OCR Output1.00
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tissue. (The spectra are based on the work of Birch et al (1979).)
The spectra are shown both before and after attenuation by 5 cm
target; 30 kV constant potential with 0.03 mm molybdenum filter.
Figure 2.12 X·ray spectra for an x-ray tube with a molybdenum

Energy (keV)

0 10 20 300 10 20 30

0.2 0.2

0.L 0.L

0.6 0.6L wm D.

0.8 0.8

Exit_ Incident
1.0 1.0

(¤) tb)

Birch et al (1979).)
tissue plus 1.5 cm bone. (The spectra are based on the work of
tra are shown both before and after attenuation by 18.5 cm soft
100 kV constant potential with 2.5 mm aluminium added. The spec—
Figure 2.11 X—ray spectra for an x-ray tube with a tungsten target;

Energy (keV)

0 20 LO 60 80 100 0 20 A0 60 80 1

0.2 0.2

0.L 0.1.

0.6 0.6

0.80.8

ExitIncident
1.01.0

iu) (bl

Diagnostic radiology with x-rays
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fluorescent photons, which expose the film emulsion.
screens, and the arrows originating in the screens represent the light
top of each figure represent the incident x~rays, which interact in the
Figure 2.20 The use of double and single screens. The arrows at the

Single screenDouble screen

ScreenSCFEED

EimlsiqnElTlUlSlOfl

base
FilmFilm

xml l l l l Emulsion __..___.
Screen

xml I l l l

Figure 2.19 Construction of a fluorescent screen.

Supwn
Backing layer

. . = -¥ {Gnu
( $07 ) O

c - Sov kw. Phosphom binder
T ;g.¢·|·$:.L.

Wx Ref P ietf? (L F

Protective layer

(1981) p196.)
C, subbing layer; D, film base (200 pm). (After Barrett and Swindell
coating; B, film emulsion (20 pm) of silver halide grains in gelatin;
Figure 2.16 Construction of direct-exposure x·ray film: A, protective

e ’2.c i-·-»

B 2,0 ,4 Ws

A J.

Me¤.:·...¢£·.·i·~g·‘·._,*t s- . wee? (Era)
‘,.0“_| D.,D¤•.‘;•_l'.D•°s_j•<¤JF•Z ft1•°(q” X-[gy: 'I 1,,:”7l¢ PKYMZJ
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same fog level‘·and maximum density.
shapes of the two curves can be compared. The two films have the
speed of the direct exposure film has been increased so that the
(curve A, equation (2.31)) and for a screen film (curve B). The
Figure 2.17 Film characteristics for a direct-exposure x-ray film

{M Log (relative exposure)
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DQE mt = DQE; * DQE; ....... * DQEN

SNR (in)
( s 1)DQE = Detective quantum efficiency=| -·-----———-—

SNR (out)

emulsion (film granularity)
fluctuations in the number of silver halide grains in the
fluctuations in light fluorescent photons yield
inhomogeneities in phosphor coating (structure mottle)
variation in energy absorbed per interacting photon
quantum mottle

noise

10% at 70 keV

45% at 40 keV
typical values: 100% at 10 keV

high efficiency
good contrast ( curveB, low I`, wide latitude)

moderate high spatial resolution (10-20um)

or yttrium

lantanium

X = gadolinium

terbium activated rare-earth oxysulphide (X302S) phosphors
calcium IllI1gSIdI€

film+screen

low efficiency (20 pm)

high contrast (curve A, high I`, narrow latitude)

film: high spatial resolution (few pm)

X-ray radiology diagnostic range: 10 -100 keV
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(2-D, 1-D and point scanning)
DIRECT DIGITAL QA

Photostimulable luminescence

Csl phosphor
Image Intensifier + Television system

(10 um minimum; 100-200 um standard)

Raster scanner of the X-ray film by small focussed spot

Laser scarmer

bandwidth and dynamic range limitations
cheap and easy

Standard viewing box and digitising by TV frame

TV camera

assessment of variation in transmittance (viewing box)
Illumination of the film w/ light followed by a visual

Digital screen-film system

Transducers for digital imaging:

Lack of digital processing

Limited dynamic range (narrow latitude)

Main film limitations:



Picker International Ltd and Radiology 148 (1983) 259.] OCR Output
beam by two mechanically connected vertical slits. [Courtesy
of the chest. The X—ray beam is collimated to a narrow fan
Fig. 4. A prototype digital radiography system for examination

X-my tube Fore Sli? Aft slit

electronics
urruy and

Detector

Physical principle.Scheme of apparatus. Lower half:
Fig. 1 — X—ray imaging via storage phosphors. Upper half:

v. b.v. b.

binationbinatien

tRec0m— D
..;. _ Rgu-Epping IR Lmnnesc.[ ruF4ec0m—_` D Own" . Trapping [ L:S'3§$C· phOtOn·

Lasert; Ol'] D OXTay

c. b.c. b.

DASPhosphcr
St0rage_

guide
Wave PM

X -F2ay Tube
mmm

Laserbeam
Rot.

ScanningEXDOSUIG
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Amorphous silicon
Photosensitive diode arrays

Semiconductor CCD matrices

Integrating

Pixel solid state crystal (Si, GaAs, CdTe)
(Si, Ge, Hglg)

Semiconductor Microstrip solid state crystal

MicroStrip Gas Chamber
Gaseous Mu1tiWire Proportional Chamber

Single photon counting

for Digital Medical Imaging
Gaseous and Semiconductor Detectors
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¢ a Xenon liquido (10/.
$Pessore 2.5 cm con riempirnenros a Xenon gassaso (a I atm e a 10 arm)
H8. 3 · Efficienza di fotopicco in funziane delI'energia per una MWPC di

E7 (KeV)

10 20 50 100 200 500 1000
2 yl

1 Atm XeI 5%

N 1 0%

10 Atm Xe

,__ 20%

- 0 s0v.
Li u`d0 ° '
Xe

100%

pressione di 1 atmosfera (2}.
Fig. 2 · Cammino libero medic della mdiazione in alcuni ga.: nobdi, alla

10 10 10° Ex <x•v>

10

102
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Intravenous urography.

0.8 0.4 . 0.0Cholecystography 1.0 0.4 0.8 1.6 0.1
wwe 4.4 0.7 1.9 7.0 0.2 1.9 0.8 0.1

5.1 16.0 3.4Barium enema 7.7 0.7 8.2 3.2 0.2

3.8 2.2 2.6 8.7 1.1Barium meal 2.1 3.6 0.3

equiv.

dose Breast Ram Lung Thyroid Skin Ovary Testes
Eff.

Examination Doses per examination

examinations.

bone marrow. lung, thyroid, skin. ovaries and testes) for selected radiological
Table 2.3 Effective dose equivalent (mSv) and organ doses (mGy) (breast. red

AP = antero·posterior view or projection.
cc = cranio—caudad view or projection.

AP skull 4.4
AP pelvis 6-6
AP lumbar spine 9.2
Av chest O-3
cc breast 1.2

(mGy)
Examination° Dose

zical examinations.

OCR OutputTable 2.2 Doses for some common radiolo
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STOP-·X

AMBIGUITY WHEN MULTIPLE TRACKS OCCUR.

TO ACCURACY OF 0.1 MM. MAIN LIMITATION XIY

OF SIGNALS TO BOTH ENDS CAN DETERMINE POSITION

OR TO ANODE WIRES AS WELL. BY TIMING ARRIVAL

TATIVELY TO ORTHOGONAL PLANES OF CATHODE WIRES

(cz) DELAY LINE READOUT. CONNECT DELAY LINE CAPACI

MORE TRACKS ARE READOUT AS AN AVERAGE POSITION.

TRACK CAN BE READ ON EACH EVENT. TWO OR

ACCURACY. LIMITATION: ONLY ONE IONIZING

BOTH ENDS OF CHAMBER. MODERATE POSITION

BY CAPACITORS OR RESISTORS. MEASURE CHARGE AT

(B) CHARGE DIVISION. INTERCONNECT CATHODE STRIPS

NEED CENTER OF GRAVITY SENSING.

CATHODE STRIPS REQUIRES MUCH ELECTRONICS.

(A) AMPLIFIER—ENCODER/WIRE ON ANODE WIRES OR

OCR OutputMETHODS OF POSITION READOUT
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R.Bellazzini, A.Brez, A.Del Guerra , et al. Nucl Instr Meth Phys Res1984, 2_@_, 193-200

histogramming CAMAC memory
1 dedicated two-D 128x128 pixels
2—TDC's (500 ns conversion time)
Constant Fraction Discriminator
Fast shaping amplifier

Read out system Charge sensitive preamplifier
G-10 — `Rohacell 71 - G—10

Entrance window 300 um — .. 0.07 g/cm3 — 300 um

4 atmXenon (80%)—CO2(20%)
50 ns/cmfast delay line read—out

Cathode strips with
Anode-cathode gap 3 mm

1 mmAnode wire pitch
Active area 128 mm X 128 mm

Parameters

histogramming memories

2 fast TDC‘s and3. high rate capability

(34.6 keV)
just above the

2. 2ood spatial resolution 2 monochromatic source

1. good detection efficiency 2 Xenon (4 atm)

2 a MWPC with

and the density resolution of this technique.
from the intrinsic chemical fog which diminishes the sensitivity
densitometry studies. However, the radiographic film suffers
Passive (film) detection has an unparalleled resolution in

L5 - Bone densitorneg _; Rationale
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nu,

Energy 40 keV 42 keV 45 keV
Filter neodymium samariurn gadolinium
Target samarium gadolinium dysprosium

X·l-ay energy selection.

Table I

collimator. C2: exit collimator. T: target. F: filter.
Fig. l. A scheme of the fluorescent X-my source: Cl: entrance

C2 / \ In

cl I I F
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photon counting and imaging device. Investigative Radiology, 1989, 24(9)., 684-691.
F. Angelini, R.Bellazzini, A.Brez et al. Bone densitometry of the Pheripheral Skeleton with a new

minutes), which seem superior in identifying early osteoporosis.
verv distal f the forearm (both can be imaged in a few—
gradient of bone mineral density, such as the calcaneus or the
repositioning error => this allows its use in regions with a large

Compared to standard DPA the MWPC system has a much lower
of the two pairs of isotopes (I—l25,Gd—153) or (1-125, Am-241).
`153 (42 and 100 keV) or as Qual photon gbsoiptiometer using one
absorptiometer at the energies of both I-125 (27.4 keV) and Gd
The system is now under clinical jgal, as gingle photon

of a human skeleton
Fig. 6. The two dimensional bgpe mass distribution of a wi-ig;







Hg. 6 — Image of the chest (photo from a TV monitor).
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in

a TV monitor).
Fig. 5 - Image of the pelvis of a pregnant woman (photo from
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2_D and 3_D MHEC A. Ocd, Nucl. Instrum. Methods A263 (1988) 35

XTC
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Buck Pham:
Tc
Upilex
Kapton
Ceramics
Sapphire
Silicon

Glass

Insularing Support:

I I I I
Anode CL\Ih(•d0

100 umso pm IU um

3- 10 mm

Drlft

A. Oed, 1988

OCR OutputMICRO-STRIP GAS CHAMBER
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CATHODE

IRES

ANODE

CATHODE

X_RAY CHARGED PARTICLE

George Charpak (1968)

LTIWIRE PROPORTIONAL CHAMBER
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DRIFT REGION

Drift Electrode

OCR OutputELECTRIC FIELD LINES IN MSGC:







C. Budtz-jnrgensen, Rev. Sci. Instrum. 63 (1992) 1 OCR Output

50 ENERGY (keV) 100

_* _' fwhju 4.1%
KB “¤= A.gY87.7 keV

Xe Escape

4000
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Cd xersss cu
‘°’

Ag K

Energy resolution (high energy region):

*5 OMV)

IMIl iN.50

.•¤ $7
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"Si K
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1G
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F. Angclini ct al, Nucl. Physics 23 (1991) 254MSGC PRF

mm

0.2 -0.1 0 0.1 0.2

BD

`I 20

I 60

200 C7=39;LIT|

240 Xe—DME

(MINIMUM IONIZING TRACKS):LOCALIZATION ACCURACY

FWHM 200 pm

MICRO-STRIP GAS CHAMBER STRIP RESPONSE FUNCTION
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SPIE V0!. 2132 /299

OCR OutputOCR OutputOCR OutputOCR OutputOCR OutputFig. 3. Radiographic images of the phantom of a hand. Zoom factors: a) 1 x; b) 1.7 x; c) 2.8 x; d) 4.6 x.
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Photoelectiic effect

Coherent (Rayleigh) scattering

Compton scattering

Pair production

particle tracks
Continuous energy loss applied to charged

Moller (e- e-) and Bhabha (e- e+) scattering

Moliere multiple scattering

Positron annihilation in flight and at rest

Bremsstrahlung production

by the EGS4 Code System:

7T? The following physical processes are taken into account

thousand GeV.

of photon energies lies between 1 key and several

l;e_V to a few thousand GeV, while the dynamic range

7f€ The dynamic range of charged particles goes from Q

mixture.

can be simulated in any element, compotgid or

OCR OutputOCR OutputOCR OutputOCR Output7T? The radiation transport of electrons (+ or -) or photons

AN D FEATURES

SUMMARY OF EGS4 CAPABILITIES
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bats are the standard deviations as tzlculzted by 2 Gaussian it to the charge distribution.
I-Tgure 1. Charge released in the crystal (ADC counts) versus photon energy. The veniul
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square wave test pattern (50 um thick P_b)

hg (500 gm) in lead slab

steel spheg (700 gona)

Phantoms:

Strip read—out pitch 100`Eg m, 20x20 pixels

i./to SNet acquisition time = 100 ms

Photon flux: 6.4 105 s·1mm·

K peaks: 17.42 19.6 keV

Energy spectrum: 10-30 keV,

molybdenum target and molybdenum filtration
X—ra; tube operated at 30 kV and 15 mA with a

OCR OutputOCR OutputOCR OutputImaging Test with an X-ray Tube
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each frequency
(Dmin the corresponding average at the minima for
(Dmax is the average number of counts at the maxima

output : (cpmax · (Dmin)/(cpmax + Qmin)

From profiles we obtain Contrast:

100 ms _a_c_qms_uion time.
vertical axis shows the average pixel content for an
1 line pair per mm square wave test pattern. The

ln_1_a_ge_Qrofile along the J direction obtained with an

Strip Number

02468l0]2l4l6l820

10
kfl//‘.{‘x.

30

70

90 L L é $•b -9 max
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We measured for Cimm a value of 0.94. OCR Output

front of the detector,
Pb slab as thick as the test pattern (50 um) in

(Dpi, the average number of counts obtained with a
no test pattern,

Cllair is the average number of counts obtained with
Cinput is defined as (fbaiy —<I>pb)/(<I>air + Cbpb)

each frequency,
<l>m1¤ the co1responding average at the minima for
(Dmax is the average number of counts at the maxima
Cmputis defined as (<I>maX —<Dmm)/(<DmX + cbmm)

input

C v crm) = iwé-2

Contrast Transfer Function
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SHORT TIME.

THE RIGHT COINCIDENCES IN A VERY

VERY FAST ELECTRONICS T OMAKE

SOFTWARE FILTERS (NN),

REMEDIES:

IMAGES.

THE EFFECTS ARE ARTIFACTS ON THE

COMBINATION (GHOSTS)
(XB, YA), (XA, YB). WRONG

COMBINATION
(XA, YA), (XB, YB) RIGHT

xA

xB

HITS

GEOMETRY: DOUBLE OR MULTIPLE
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Effects due to|TQ —TJ| and to the time slew

Efficiency of the detector

Poisson statistic

To be taken into account:

Ey ·== 20 keV Teempimg :10 ns (coincidence resolution)
expeeme: 1 sNT : 5 * 104 photons/mm2

mammography examination for a 300 um silicon crystal
We studied the effect of these double counting as applied to
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Hardware implementation (VLSI)
Software simulation

Combination of X with I (1X1I,1X2I,2X2I... )

2X

1X

•II•I I•II•I|@O

• I I • I IIo o

1 2 :-1 4 5 5 7 8

ALGORITHM X (examines two adjacent time slots)

2I

1I

9/ IQO•/ I •

1 2 Is 4 5 5 7 s

ALGORIT HM I (examines only one time slot)

Doubles: two (maximum) events per time slot (type 2)

Singles: one event per time slot (type 1)

OCR OutputOCR OutputRECONSTRUCTION ALGORITHMS
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64 STRIPS PER CHIP

24 lines
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2 law

va I ·n| w·•| ml ·•·•

OCR OutputOCR OutputBUS 24 I"‘°$r· _'"IF H Lev G

1X
I LW

cnten

l Lev

I Y

CHIPS
POWER SUPPLY





G9 OCR Output

<z> Avuéxvxm

z~ cc un wr vi 02 ·-*O O3
0 G C CD O O O OOCR OutputG O

<1 ¤l+——*

<] D

D I -1m

U` I ""¤“§

CO O

Z= GIS

<1·‘ U QD I





off. OCR Output
insensitive region between the segments. The various smaller structures seen around the main detector are test detectors to be cut
tion between segments is achieved by an oxide layer. Under totul depletion condition 100% efficiency is obtained without any
2—dimensional segmentation. Each segment (pixel) has dimension 75 pim x 500 ttm and is ain individual diode element. The separa
Fig. 1 — Photograph of zz part of a processed detector wafer. In the middle is shown zi large silicon detector ( with

?"\~]J·`¤c Hg.¤Ue.e _g__g< ( mq 1,) 101
OCR OutputErik H. M. Heijne: imaging with 2D and 3D integrated semiconductor detectors
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lead collimator

mosaic crystal

//\®

detectorBe window °°
HpGeW anode

X-ray tube

13 rotation20 rotation

lead collimator

213 rotation

M nb! I 13 rotation
¢:0.43

;.•r•.·¤·zf•¢

Be window Tz»T:\¤•·

W anode
HpGe detector_ lead collimator I'I\0$alC C|’Y$i3l \X-ray tube lead collimatcr

¢ = lcm.
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Fig. 3 —- Exploded view of the multi—channel ion chamber pair. OCR Output
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»‘~ L efficiency DQE of at least 55% could be achieved for 33 keV photons. The position resolution is 450 Eg jfwhm) for this energy.
with fas: image up to 1 MH:) has been developed for medical applications.
A position sensitive 1-dimensional x-ra d with high dynamic range (> 20000:1) for a high photon flux (> 109 hotons/mm2- s

Abstract
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Non Invasive Coronary Angiography with Synchrotron Radiation
A Position Sensitive _Multi Channel Ion Chamber (MCIC) for
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