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So What? Who Cares?

Space: Photon counting detector (PCD)-based security
systems

Problem: Lack of good with realistic
spectral distortion

Solution: Developed photon counting toolkit (PcTK)!"

Results:

PCD model: Excellent agreements with a Monte Carlo simulator,
which has good agreement with a PCD.

Simulator: A wrapper for correlated/un-correlated noisy data
generator and CT workflow wrapper

TRL: 9

Contact: pctk.jhu.edu and ken.pctk@gmail.com
[1] Taguchi K, et al., Medical Physics 2018;45(5):1985-1998
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Why simulation?

Lower cost than building and optimizing prototype
systems

Faster time-to-market, because algorithms for
correction and calibration can be developed earlier, in
parallel to hardware development

Ildentifies products earlier that will never achiev
required performance and never reach the marlf i

What’s available?

Digital phantoms (Taly Gilat-Schmidt?, XCAT?3,
Forbild?4)

X-ray system simulator (TGS, ASTRA toolbox?, etc.)
What's-missing?
"CD miodels Computes"PCDoutputs from incident x-

tg=xle) .4 g~
rl TR VAL


https://myfiles.neu.edu/groups/ALERT/strategic_studies/ADSA12_Presentations/24_Schmidt.pdf
https://myfiles.neu.edu/groups/ALERT/strategic_studies/ADSA12_Presentations/24_Schmidt.pdf
https://myfiles.neu.edu/groups/ALERT/strategic_studies/ADSA12_Presentations/24_Schmidt.pdf
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/
http://www.astra-toolbox.com/

Photon counting toolkit (PcTK,
What are modeled? DCtK'J hu ° ed U)

Photoelectric effect (PE): Total absorption, fluoro emission and re-absorption

Electronic noise Incident®@nergyEi,
Charge sharing up to 3x3 pixels (:i) (t|>) '(i) (d)
Crystal: CdTe ]

Energy range: 5-200 keV

Limitations? What are not included? = Anything but a *(e)mectromcoise

Compton/Rayleigh scattering, pulse pileup, etc. PDF(Eout| Ein)

X-ray interaction with objects (attenuation, scatter, etc.)
Charge cloud/pixel size < 1, K-ray travel distance/pixel < 1

Others
How to simulate a new scanner? 2 It is outside PcTK. Need a wrapper? | 8 | 9

How to access the software? - Download the application from , fill
and send it to . We will review and provide a link to download
the Matlab codes.

Is there a cost to use it? 2 No. But has to be an academic site.
Are paid consultants available to help using the software? 2 Yes. Myself.
What'’s in it for you to develop and maintain the toolkit? > Pulse pileup effect.


http://pctk.jhu.edu/
mailto:ken.pctk@gmail.com

Photon Counting Toolkit (PcTK,

N COUNTING TOOLKIT = -~ = - : ¥ Photon Counting Toolkit (PcTK) -~ ~ What PeTK Can Do L) T} Taguchik_PcTK_MP2018.pdf

)]

-

Spatio i talk in photon Numerical detectoi
model(PcTK) and workflow for CT image quality assessment
Tagueh®)

Division of Madical bnaging Plowics, The Russeld H

University School of Medicine, Balsmore. MD 2257, USA

Karl Stierstorfer

Compused Tomography, Siemens Healdhineers, Forchheim Germany

Chrisioph Polster

Compused Tomo graphy, Siemens Healhineers. Forcheim, Germany
Radiobogy,

Maich, Germany
OkiyunLee
Divisian of Madical Inaging Phywics, The RusseS H
Universcy School of Medicine, Bolmare, MD 2247, USA
Sweffen Kappler
Compued Tomo grophy, Siemens Healthincers. Forchheiom, Germany
(Received 23 August 2017; revied 6 Febeuary 201 accepted for publication 25 Februsry 2018;
published 15 April 2018)
Purpose: The interpizel crom-talk of energy-senditive photn counting x-cay detectans (PCDs) has
been studiod and an analyfical model (version 2.1) has been devekopod for double-<cunting between
eeighbaring plxeks duo 10 charge sharing and Keahell flucrescence x-ray emission followed by in
reabsorggion (Taguchi K, et al., Medical Physics 2046:43(12:6386-6404). While the model version
21 simulsted the spectral degradation well, & had the folowing rablems that has been found © be
sgnificant recently: (1) The spectrum is insccurate with smaller pixel sizes; (2) the charge cloud
size must be sauller han the pixel size; (3) the model underessimates the spectrunvcounts for
10-40 keV; and (4) the model version 21 cannot handle a-uplecouning with # > 2 (L., triple-
mh‘mhu)cl)'ﬁmpmbknn inherent 1o he design of the model versian 2.1; therefore,
‘peoblens in this mody.
Mebods: ‘We propose 2 new PCD cross-tak madel (vession 3.2: PETK for “photon counting toolkit™)
it is bused 0n a completely diffbrent design concept froen the previcus version. It uses 3 numerical
approach and starts with a 2-D model of charge sharing (s apposed 1o an analytical sproach and 3
1D mode] with version 2.1) and addresses all of the four problenss. The model takes the following
ficioes into account: (1) shifh-variant electron density of e charge cload (Gaussian-distributed), (2)
detection efficiency, (3) interactions between photons 3nd PCDx via phatoelectric effect, and (4)
elecwonic noise. Cormelated noisy PCD data can be generatod using either a awldyarist normal ran-
‘number generstor of a Poisson random nomber generaior. The effect of he two parameters, the
effictive charge cloud diameter (do) and piael size u,.; was stadied a0d resul were compared with
Moak Carlo simulations and the previas madel version 2.1. Fiaally, a script for the workflow for CT
lmage quality asessment bas been developed, which waried wih & fow muerlal donulty images,
poeraid muterialspecific sinogram (line integrak) dats, noisy PCD dats with mectral disiortion

ing the model version 3.2, and recanatrucied PCD-CT images for four energy windows.
PHOTON COUNTING TOOLKIT (PCTK EETIEIII Y
o = 56-113 ym agreed with that of Medipix3 detecior with dy, = 55-110 ym without charge
summing mode qualitatively. The counts for 1040 keV were b ger than the previous model (version
21) and agreed with MC simubstions very well (root-mean-square differ ence values with madel ver-
#0032 were decreased 1 16%-67% of the values with version 2.1). There were nuny non-zero off-
disgonal elements with n-tiple-counting with = > 2 in the normlized covariance marix of 3 x 3
and atiface
& . fion due © he charge sharing and flucrescence x-
Welcome to the home of Photon Counting Toolkit (PcTK), a software tool to help your research RECENT POSTS Oriclihon: Wi hars v loget & ety PCD madl o ite-amsigals il s doitidon
. hetween PCD pixels. The workflow demons¥ated he usliy of e model for general or task- specific
on photon counting x-ray computed tomography (PCD-CT). gy iy sobtamm il L s PCDCT Wil Tk govgats @NTX) £ 4 wakin sbos
Presentation at SPIE MI 2018 have been made svailsble © academic researchers. Interesind readers should visit the website
resentatio 2018 (et jhuedu) of cantact the comesponding suthar. © 2018 American Aswciasion of Physiciss
Medicine [hups//doi org/10.1002/emp. 1 2863)

The PcTK is a Matlab program for a PCD model which takes into account spatio-energetic First public release of PcTK! 1995 Med.Phys. 455) May 2018 wes

cross-talk and correlation between PCD pixels. We have developed PcTK in collaboration with

« “Spectral response” model of photon counting detectors

« Medical Physics 2018;45(5):1985-1998

« Matlab programs

« Available for academic research, free of charge

« Download the application and send to ken.pctk@gmail.com



http://pctk.jhu.edu/

Cascaded parallel systems model

Incident energy E;,

(a) (b) *(c) (d)

‘(e) Electronic noise

PDF(Eout| Ein) 7 3! 9
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Study spill-out spectra

06 : :
(a)BumBBPpixels (b)2Pixel3
—A—MC@ata | 1 2 £
| —O—Ver3.2
ik —-=Ver2.1 413 |6
7 18| 9
R |(cltumiotoneizacs | mamiotpindsn 375 Deaultsetig
CdTe, 1.6 mm

| Pixel size (d,;): 225 pm
Charge cloud size (d,):
@48 pm (v3.2)
$96 pm (v2.1)
| Electronic noise:

------ _ 2.0 keV (v3.2)

20 40 60 80 1000 20 40 60 80 100 2.5 keV (v2.1)
Recorded®nergy,®; (keV) Recorded@nergy,&; (keV)

o Probabilities oo Probabilities o

o
o
o

Monte Carlo (MC) by Stierstorfer K, Med Phys, 2018;45(1):156-166.
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Study recorded spectra

Various input energies Various PCD parameters

(F )\ 0.1 T L L Lok ] |
0.10 | =1 | | - —S/—d,;,=B6um
r (a )B/er'B'i- _A_El=60ﬂkev 7 —A—dZ,X:113um
—O— E1=901keV £ e o= 24544
$ ] = ——— dp;x=450um
o — E;=120&eV o d,ix=900pm
— o)
'S 0.05¢ o
© a | BandantHN, y
I | 2 e
O (a) 00l == ==l
o 0.1 —S/—dy=1920m
N ” —/\—d,=96Fum
0 20 40 60 80 100 120 140 2 ‘O_‘;’,O:‘z‘ﬁm
= 0~
Recorded®®nergy,E; (keV) 5
0
CdTe, (225 pm)% x 1.6 mm g
FWHM of charge cloud size=¢48 pm S
Electronic noise = 2.0 keV (b) nal

0 20 40 é 50" 100
Recorded@nergy,E; (keV)
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Simulate correlated noisy CT data

Material-specificmages

Material-specificiimages

[ ] T

(C)Material-specificBinograms

Other@latadSec.R2.C)
(A)nit. x-rayBpectrum
(B)@nitial@@f@hotons
(D)8 (E)®f materialik
(E)@Cov3x3w_byPcTK

Other@lata{Sec.2.C)
(A)dnit. x-rayBpectrum
(B)Anitial@DdfEhotons
(D)3 (E)df materiali

@Cov3x3w by®PcTK

\ 4

Random@Bumber@enerator
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Simulate correlated noisy CT data

rial-specific@images
PN e e
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Photon counting toolkit (PcTK,
What are modeled? DCtK'J hu ° ed U)

Photoelectric effect (PE): Total absorption, fluoro emission and re-absorption

Electronic noise Incident®@nergyEi,
Charge sharing up to 3x3 pixels (:i) (t|>) '(i) (d)
Crystal: CdTe ]

Energy range: 5-200 keV

Limitations? What are not included? = Anything but a *(e)mectromcoise

Compton/Rayleigh scattering, pulse pileup, etc. PDF(Eout| Ein)

X-ray interaction with objects (attenuation, scatter, etc.)
Charge cloud/pixel size < 1, K-ray travel distance/pixel < 1

Others
How to simulate a new scanner? 2 It is outside PcTK. Need a wrapper? | 8 | 9

How to access the software? - Download the application from , fill
and send it to . We will review and provide a link to download
the Matlab codes.

Is there a cost to use it? 2 No. But has to be an academic site.
Are paid consultants available to help using the software? 2 Yes. Myself.
What'’s in it for you to develop and maintain the toolkit? > Pulse pileup effect.


http://pctk.jhu.edu/
mailto:ken.pctk@gmail.com
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Spatio-energetic cross-talk

dident x-ray photons

A 90 ke\I/ photon
a‘ 5 60 keV
5 '-:. time

v 30 keV
1*L AN
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Sensor

Anode

At “Charge sharing”
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Counts

Spectral distortion

Incident x-ray photons

Sensor

Anode

Response to 59.5 keV photons (Am-241 source)

Noise floor

Continuum:
- Charge trapping
- K-escape

- Charge sharing

- Compton scatter

=~ Photo peak

0 20 40 60 80

Energy [keV]

Oct. 17, 2018. K. Taguchi (JHU). ASDA19

= Incident spectrum
>
2
= Recorded spectrum
©
0
o
S
a8 -
10¢ 20 40 60 80 100 120

Energy [keV]
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Problems and study aims

m Backgrou ook n
- PCDmod{ _ 05} is [1,2]
Analytical = Med Phys 2016 model [3]
- E 0.04
m Problems i‘f 0.03 |- MC simulation
- Problems| = °°%]
(2) Chargg 0.01 | \ counts at low energies
- Aims: De\ °s 20 40 0 so 100 Jing (with n>2) and no
E (keV)

restrictiorromrug

[1] Tanguay J, Med Phys, 2015;42(1):491-509
[2] Xu J, Med Phys, 2014;41(10):101907

[3] Taguchi K, Med Phys, 2016:43(12):6386-6404 and SPIE Ml 2016 .
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Cascaded parallel systems model

Incident energy spectrum

Pr(p,q|E;)

PDF(E, |Ey,p,q)

PDF(E,|E,)

PDF(E3|E1)= g, PDF(E3| E3)
Zp,q PDF(E2|E1,,D,C])
Pr(p,q|E1)

Electroni
C noise

Oct. 17, 2018. K. Taguchi (JHU). ASDA19
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Cascaded parallel systems model

t energy spectrum

Pr(g=01|E,) ____
1.0/ PMT=O1E) —= i 1 6 mm
PI’(C]=2|E1)
Pr(p=O|E1)

PDF(E, |Ey,p,q)

oz
0 20 40 &0 B0 00 120 140 1
° Enemy, E, (keV)

£y (keV) PDF(E, | E,)
PDF(E3| E1)= 2¢, PDF(E3 | E>) Electroni
2p,q PDF(E; | Eq,p,q) clelss
Pr(p,q|E1)

Oct. 17, 2018. K. Taguchi (JHU). ASDA19
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Cascaded parallel systems model

Incident energy spectrum

Pr(p,q|E;)
' \
\ PDF(E; | E1,p,q))
PDF(E,|E,)
PDF(E5| E1)= 2g, PDF(E; | E5) Electroni
2pq PDF(E2| E1,p,q) € NOISE
Pr(p,q|E1)

Oct. 17, 2018. K. Taguchi (JHU). ASDA19
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600
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900

1000

Charge density: 3D Gaussian

Charge density: p,(d,)

Charge density (PDF) projected onto anode

0 100 200 300 400 500 600 700 800
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900

1000

%107

125

09

08

07

o
o
T

PDF(x,y0)
o
o

FWHM=d,, (um)

Independent of energy

Charge density (PDF) projected onto anode

-50 -40 -30 -20 -10 o 10 20 30 40 50

x-axis (um)
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Charge sharing by 3x3 pixels

1

2 3

for energy £,=1:150 keV
energy density: E, p,
for incident location i at pixel 5
E=integ[E,p,] for each pixel j
add PMF(i) to covariance element
nCovE(k(E)),k; (E;), E;)
next location i
next energy £,

Oct. 17, 2018. K. Taguchi (JHU). ASDA19

1..nE,, 9xnE,,,
1
1x nE,,

2x nE,,
3x nk,,

9x nE,,;

21



nCovE 3D matrix for recorded energy Ej=0...190 keV,
j=1...9 pix, for incident energy E1=0...150 keV

Pixel 2 Pixel 3 Pixel 4 Pixel 5

Pixel 2

_______________________________________________________________

Pixel 3 1 2 3
---------------------------------------------------------------- 4 5 6

Pixel 4
7 8 9

Pixel 5

Oct. 17, 2018. K. Taguchi (JHU). ASDA19




Various g’s (O=no fluoro, 1=K-escape, 2=re-absorption)

Pixel4 5 6 Pixel4 5

If g=0 (no fluoro) If g=1 (K-escape)
for energy £,=1:150 keV for energy £,=1:150 keV
energy density: £, p, energy density: (E,—E,,,,) P
for incident location i at pixel 5 for incident location i at pixel 5
E=integ|E,p,] for each pixel j E=integ|[E,p,] for each pixel j
add PMF(i) to covariance element add PMF(i) to covariance element
nCovE(k(E;),k; (E;), E,) nCoVE(k{(E)),k; (E;), E,)
next location i next location i
next energy E; next energy E; -

Oct. 17, 2018. K. Taguchi (JHU). ASDA19




Charge sharing with 2 charge clouds

Relative location of i,, PMF(i,)

secondary cloud i

primary cloud i

Oct. 17, 2018. K. Taguchi (JHU). ASDA19
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Charge sharing with 2 charge clouds

Relative location of i,, PMF(i,)

3

If g=2 (Re-absorption)
for energy £,=1:150 keV
energy: (El_Efluoro)pe and Efluoro Pe
6 for incident location i at pixel 5
for incident location i+i
E=integ[E,p,] for each pixel j
add PMF(i)PMF(i,) to covariance
element nCovE(k(E)),k; (E;), E,)
9 next location iy
next location i
next energy E;

Oct. 17, 2018. K. Taguchi (JHU). ASDA19




Cascaded parallel systems model

Incident energy spectrum

Pr(p,q|E;)

PDF(E, |Ey,p,q)

(roree )

PDF(E3|E1)= g, PDF(E3| E3)
Zp,q PDF(E2|E1,,D,C])
Pr(p,q|E1)

C noise

Oct. 17, 2018. K. Taguchi (JHU). ASDA19
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Correlated noisy PCD data generator

Normalized covariance matrix Normalized covariance matrix
for 1-keV bins, 3x3 pixels for N, bins, 3x3 pixels
nCovE(9xnE,,, 9xnE, ,, nE; ) nCovBin(9xN,, 9xN,, nE;,) 1 2 3
1..nE,, 9XnE, 1..N, 9xN,
1 1x N 4 5 6
1x nE,,, XN
2x nE,,, 2x Ny 7 3 9
3x nk,,
#
9x N,

9x nE,

27
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0.10 ' | | ' | |
I (a)EVer.B.Z A E,=60&eV

—O— E,=90%eV
— E;=120HeV |

Probabilities

000 .
0 20 40
Recorded®®nergy,E; (keV)

CdTe, (225 um)? x 1.6 mm
FWHM of charge cloud size=(048 um
Electronic noise = 2.0 keV

Oct. 17, 2018. K. Taguchi (JHU). ASDA19

60 80 100 120 140 5 o0 a0

Results (1): Various input energies (E,)

0.10

(b)aVer.2.1 [1]

o
o
a1

Probabilities

0.00

AAAAAAA 0000000000

60 80 100 120 140

Recorded@nergy,CE; (keV)

CdTe, (225 pm)? x 1.6 mm
FWHM of charge cloud size=096 pm
Electronic noise = 2.5 keV
[1] Taguchi K, Med Phys, 2016;43(12):6386— 28
6404




Model@er.R2.1

Modelver 8.2

o —A—dp,-x=113p.m m
-'G_-,: _o_dp,-x=225p.m
E _dp,'x=450um
0
©
o)
2
Q ‘‘‘‘‘‘
(a) 0.0 e T
0.1 —7—d,=192qum

Probabilities

Default settings

(b) nn.

—/\—dy=96@um
—O— d0=48|3].lm
d0=24|11m

A

80
Recordedi@nergy,E; (keV)

20 40 60

Oct. 17, 2018. K. Taguchi (JHU). ASDA19

100 O

20 40 60 80 100
Recordedi@nergy,E; (keV)

CdTe, 1.6 mm
Pixel size (d,;): 225 pm
Charge cloud size (d,):
?®48 pum (v3.2)
?$96 pum (v2.1)
Electronic noise:
2.0 keV (v3.2)
2.5 keV (v2.1)

29



Results (3): Spill-out spectra vs MC sim.[1]

06 : :
" (a)BumBbBPpixels (b)2Pixel3
—/\—MCiata | 1|2 ]| 3
—0O— Ver 3.2 RMSD
--=Ver2.1 ', 1.5x1073 vs 3.2x10°3 4 5 6
' (down to 47%)
e : : 7 18|09
14x103vs47x103 A SO v

i Default settings
(c)lEum@:fl?plxels[?Z 4,6,8 (d)ESum@)fEblxelsEl 3,7,9 CdTe, 1.6 mm

oo
(o) (@)

o Probabilities oo Probabilities o

RMSD 'L RMSD | Pixel size (d,;,): 225 pm

0.5x1073 vs 3.2x1073 0.4x103 vs 0.6x1073 Charge cloud size (d,):
(down to 16%) (down to 67%) | P48 pm (v3.2)
' @96 um (v2.1)

Electronic noise:
00 OOttt O N 2.0 keV (v3.2)
0 20 40 60 80 1000 20 40 60 80 100 2.5 keV (v2.1)
Recorded®nergy,i®; (keV) Recorded@nergy,®; (keV)
[1] Stierstorfer K, Med Phys, 2018;45(1):156-166. 30
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Results (4): Mean/var/cov vs MC sim.[1]

Threshold data (E,, =) and (E,, =)

2.0 |
(a)&E,= 20eV u/‘,?s\-‘v‘ RMSD: 0.09 - (b)&E ,=65HeV
Ji
, /.'5 V\»‘g\n 1 =0 Ver3.2mmean
3’}"’ V‘Y':\u\ | L = - ]~ Ver3.2@ariance
v ) »’v ‘o, | | —— % — Ver3.2kov
(b ' 7 —/\— MCmmean
=1.0 |~ — - MCRariance RMSD: 0.082 |
‘>° = - <{>= MCRov LXRIR %
——(O—Ver 3.2,@nean - .
- - o{]- Ver 3.2 &ariance v
I —7/— MClinean RMSD: 0.056 |
- =\/— MCHari
OO . . \Vv4 arlanf:e |
50 100 150 50 100 150
Incidentnergy,#; (keV) Incident@nergy,®; (keV)
[1] Stierstorfer K, Med Phys, 2018;45(1):156-166. 31
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