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Descartes writes on 28.vi.1643:

Princess Elisabeth of Bohemia

writes on 10.v1.1643: ,....1 ought to have made clear that although one may
-1 don’t see how the idea that you used wish to think of the soul as material (...), that
to have about weight can guide us to the idea we wouldn’t stop one from realizing that the soul is
need in order to judge how the (nonextended and separable from the body. | think that those cover
immaterial) soul can move the body” everything that you asked me to do in your letter.”

Particle physics four centuries later:
How the ,,non-SM dark matter” can move the ,,SM matter” ?: %
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WASA
A WARSHIP built for the war with Poland
which sank in 1628 in the middle of Stockholm harbour
after sailing barely 1300 meters
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2.5fb1 — ~10 fb! (expected)

~8-10°¢p — ~3-1010¢

TE IS o], G2 SelF ) S~ B SRS
Detector upgrade completed
Experlmental camaign |n progress ..
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WASA-at-COSY: Phys. Lett. B726 (2013) 187
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Zupetnie nowe podejscie
nieakceptowane przez Ekspertow |

KAPITAt LUDZKI Projekt wspolfinansowany przez Unie Europejska HNIA E”:&';?;g;
NARODOWA STRATEGIA SPAINDEC] w ramach Programu Operacyjnego Kapitat Ludzki FUNDUSZ SPOLECZMNY

numer umowy.: Umowa nr CITTRU/061023/01/10/2009
platne ze srodkow: budzetu projektu Kompas innowacji (PSP:S/FS0/0023
Jednostka organizacyjna: CITTRU

Warszawa, dnia 17 listopada 2009 roku.

P. M., Patent (2014) Nr EP2454612B1, W0O2011008119,
Recenzja wniosku patentowego nr 9534/09 EP24546 11, WOZO 11008 118

~Urzadzenie matrycowe i sposob do wyznaczania miejsca i czasu reakcji kwantow gamma oraz
zastosowanie urzadzenia do wyznaczania miejsca i czasu reakeji kwantow gamma w emisyjnej
tomografii pozytonowej”™

Kierujac sig obecnym stanem wiedzy, zarowno z zakresu dostgpnych technologii, jaki 1 podstaw fizyki
uwazam, ze proponowane rozwigzanie nie nadaje si¢ do zastosowania w praktyce. Przedlozony wniosek
przedstawia ogolng definicje tomografii pozytonowo emisyjnej, natomiast w dalszym jego czesci
Proponujc ToZwigzania, KlOTe swiadcza 0 NICZIoZumieniu zasady dzialania ukladu  delekcyjnego
bedacego hizyczna podstawa dyskutowane] metody obrazowamia, czyli detekepn kwantow anihilac
gamma o energii 311 keV.
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P. M. et al., Radioteraphy and Oncology 110%2014) S69
L. Raczynski et al., Nucl. Instrum. Meth. A764 (2014) 186

o ~

P. M. et al., Nucl. Instrum. Meth. A764 (2014) 317 I

P. M. et al., Nucl. Instrum. Meth. A775 (2015) 54 \ l j - P E T
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L. Raczynski et al., Nucl. Instrum. Meth. A786 (2015) 105
~30 articles and 12 International patent applications
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CUKIER RADIOAKTYWNY

Fluoro—deoksy-glukoza
(F-18 FDG)

W komoérkach nowotworowych
glikoliza zwiekszona jest

20 do 30 razy

-zjawisko Warburga -

Mechaniz putapki molekularnej
powoduje, ze fosforan glukozy
gromadzi sie¢ w komérkach
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Fluoro—deoksy-glukoza

(F-18 FDG) Esgg
~200 000 000 HH
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PET Detectors
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ype: | LSO / LYSO / BGO / scyntylatory pollmerowe
Pricepercm3; 86 / 86 [/ 35/ 1 |

Polimery mozna fatwo produkowac o dowolnych rozmiarach i ksztattach
;

. PHILIPS = LYSO |
| SIMENS > LSO |
- GE Healthcare - BGO ‘

E
‘- Dlaczego scyntylatory plastikowe nie byty rozwazane
' Jako materlal do budowy tomografow PET ?
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la 2. 5 cm warstwy wydajnosc rej estraql zdarzen plastlkowyml scyntylatorami jest
okoto 20 razy mniejsza w stosunku do krysztalow BGO
| okolo 40 razy mnle jsza w stosunku do krysztalow LSO

density
[g/cm?]

crystal 7.13

300 6000

104l
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NE102A polymer
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10000
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1.6 10000
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EVENTS
Jtrue” ,Scattered” accidental

- Saha G, Basics of PET imaging. Springer New York 2010 - 340 keV ©= 600)
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EVENTS
Jtrue” ,Scattered” accidental

- — Experimental spectrum E 340 keV (6 = 600
140— | .......... o(E, )E, =004d/ \)‘ E gep/MeV ' 4000— ( )
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LIGHT SIGNALS FROM POLYMERS ARE

MUCH ,FASTER" Il

; o S SRS T SRR o,
R R Ry

mean
free path
[cm]

Voe density decay time | photons/
yp [g/cm?] [ns] MeV

< BGO  crystal 7.13 300 6000 1.04
é GSO crystal 6.71 50 10000 1.49
fﬁ% LSO  crystal 7.40 40 29000 1.15
>, NE102A polymer  1.032 2.4 10000 10.2
3 BC404 polymer 1.032 1.8 10000 10.2
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RP422 polymer  1.032 1.6 10000 102

TG, =70 ol o B P e i






PET-TOF Ax=(t2—-t1)c/?2

tl resolution
= - 600ps







SignaI/ backg round 40cm/600ps improvement by factor of 4
D / At J.S. Karpetal., J Nucl Med 2008; 49: 462

M. Conti, Physica Medica 2009; 25: 1.
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e 3 - e e
. 1)-PET  J-PET (Jagiellonian PET)
Al=(t2—t1)v/2

-]

al| o

Ax=(tIl—-tr)c/2

FWHM(AI) = FWHM(At) * c/4
FWHM(AX) = FWHM(At) * ¢ / 22

Na przykitad:
FWHM(At) = 100ps = FWHM(AI) = 0.7cm - FWHM(AX) =1 cm



{:l]-PET J-PET (Jagiellonian PET)

Al= (2 —t1) v /2

-]

. |

W b
al| o

Ax=(tIl—-tr)c/2

FWHM(AI) = FWHM(At) * c/4
FWHM(AX) = FWHM(At) * ¢ / 22

Thus for example:
FWHM(At) = 100ps = FWHM(AI) = 0.7cm - FWHM(AX) =1 cm
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Koszty J- PET nie wzrastajq wraz ze zwugkszamem ,pola W|dzen|a tomografu

epS|Ion"2 = 20 to 40 mniejsza wydajnosc

ALE
2D --> 3D - > ~5
600ps --> 100ps — 200ps --> 6 --3
1m zamiast 20cm ------------ > 9
N warstw ------------mmmmmmemm- > N2

Dla N=1 ----> czynnik ~ 200
Mniejsza dawka o czynnik 7 (200 lepiej / 30 gorze))




P. Kowalski et al.,
Acta Phys. Pol. A127 (2015)
w druku.
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P. Kowalski et al.,
Acta Phys. Pol. A127 (2015)
w druku
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File Vertical Timebase Trigger Display Cursors Measure Math Analysis  Utilities Help

e B DT e e OB R,

150 m\idiv 150 m\idiv 150 m\idiv 150 m\idiv 5.00ns/div | Stop -66 mV
550.0 mY ofst 550.0 mY ofst 550.0 mY ofst 550.0 mY ofst 500 3 10 GSis |Qualify Megative
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File Vertical Timebase Trigger Display Cursors Measure Math Analysis  Ulilities

c3
e e S

A
& [oes0) | R Timebase  -1.1nsfTrigger (&)
150 mVidiv 150 mVidiv 150 mVidiv 150 mVidiv 5.00 ns/div |Stop -85 mV
5RD.O mV ofst 5RD.O mV ofst 5RD.O mV ofst 5RD.O mV ofst 500 S 10 GS/s |Qualify  Megative

TELEDYNE LECROY




File Verical Timebase Trigger Display Cursors Measure Math Analysis  Ulilities Help

A
150 myidiv 150 myidiv 150 m\idiv 150 myidiv 5.00 ns/div [Stop -85 my
550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 500 S 10 GSis [Qualify Negative

TELEDYNE LECROY 114




File Vertical Timebase Trigger Display Cursors Measure Math Analysis  Ulilities

i G

150 m\vidiv 150 m\vidiv 150 m\vidiv 150 m\vidiv 5.00ns/div | Stop
BE0.0 mV ofst BE0.0 mV ofst BE0.0 mV ofst BE0.0 mV ofst 500 5 10 GS/s

"— G O (Timebase 1.1 nsf Trigger ()
TELEDYNE LECROY




File Verical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

S A NP el O ; e T U LT
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Timebase 11 nsfTrigger (@)
150 mvidiv 150 mvidiv 150 mvidiv 150 mvidiv 5.00nsidiv | Stop -85 my
550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 50D S 10 GS/s |Qualify Negative

TELEDYNE LECROY




File Vertical Timebase Trigger Display Cursors Measure WMath Analysis Ulilities Help

s R S ; patgfes A

150 m\vidiv 150 m\vidiv 150 m\vidiv 150 m\vidiv 5.00ns/div | Stop -65 my

550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 500 S 10 GS/s |Qualify Megative

TELEDYNE LECROY 2014 6:08:46 PI



File Vertical Timebase Trigger Display Cursors Measure Math Analysis  Ulilities

BRI A A R R o g ot YL

150 m\vidiv 150 m\vidiv 150 m\vidiv 150 m\vidiv 5.00ns/div | Stop -65 my

550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 500 S 10 GS/s |Qualify Megative

TELEDYNE LECROY 2012



File Vertical Timebase Trigger Display Cursors Measure WMath Analysis Ulilities Help

il
WA,

150 m\vidiv 150 m\vidiv 150 m\vidiv 150 m\vidiv 5.00ns/div | Stop -65 my
550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 500 S 10 GS/s |Qualify Megative

TELEDYNE LECROY 2014 6:09:01 P



File Verical Timebase Trigger Display Cursors Measure Math Analysis  Ultilities

A PO i el

Ca  oED [Timebase 1.1 ng
150 m\idiv 150 m\idiv 150 m\idiv 150 m\idiv 5.00ns/div | Stop
550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 500 S 10 GSis |Quali

TELEDYNE LECROY 2I6/2014 6




File Verical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

e R A e R

Timebase 11 nsfTrigger (@)
150 mvidiv 150 mvidiv 150 mvidiv 150 mvidiv 5.00nsidiv | Stop -85 my
550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 550.0 mV ofst 50D S 10 G5is |Qualify  Negative

TELEDYNE LECROY
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precision of 21ps (sigma) for 10 Euro per sample
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SignaI/ backg round 40cm/600ps improvement by factor of 4
D / At J.S. Karpetal., J Nucl Med 2008; 49: 462

M. Conti, Physica Medica 2009; 25: 1.




SignaI/ backg round 40cm/200ps improvement by factor of 12
D / At J.S. Karp etal., J Nucl Med 2008; 49: 462

M. Conti, Physica Medica 2009; 25: 1.
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~200 000 000

kwantow gamma na sekunde
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w/@\/\/l\i) Para-positronium tau(P-PS) = 125 ps
W/@f/_?’gl Ortho-positronium tau(0-PS) = 142 ns
'\_,\/\.9

1S, 3S,
L 0 O



parzystosc tadunkowa C

C & = o @
CC g —Ca g =02
at=1



w/@\/\/l\i) Para-positronium tau(P-PS) = 125 ps
W/@f/_?’gl Ortho-positronium tau(0-PS) = 142 ns
'\_,\/\.9

1S, 3S

0 1 — -
L 0 O =0
S 0 1 S=1 +
C + -

C|Ps> = (-1)-*>|ps >

Clhy>=(-1)" |ny>



w/@\/\/l\i) Para-positronium tau(P-PS) = 125 ps
W/@f/_?’gl Ortho-positronium tau(0-PS) = 142 ns
'\_,\/\.9

1S, 3S
0 1 — -
L 0 O >=9
S 0 1 S=1 +
C + -
=0 > P - -
cP - + CIPs>=(-1)">|ps>

Clhy>=(-1)" |ny>



Eigen-state of Hamiltonian and P, C, CP operators @

The lightest known atom and at the same time anti-atom
which undergoes self-annihilation as flavor neutral mesons

The simplest atomic system with charge conjugation aigenstates.

Electrons and positron are the lightest leptons so they can not decay
into lighter partilces via weak interactiom ..

No charged particles in the final state (radiative corrections very small 2 * 10-19)

Light by light contributions to various correlations are small
B. K. Arbic et al., Phys. Rev. A 37, 3189 (1988).
W. Bernreuther et al., Z. Phys. C 41, 143 (1988).

Purely Leptonic state !

Breaking of P, T, C, CP, observed but only for processes involving quarks
So far breaking of these symmetries was not observed for purely leptonic systems.
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Counts
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350 511keV e e

720 kev '°C
1080 keV *Ga
1160 keV *Sc
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2310 keV ™0

Counts
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L7100
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012

Reduction by factor



W/@\/\/l\gg Para-positronium tau(P-PS) = 125 ps
M/\f@f\/f\j’gj Ortho-positronium tau(0-PS) = 142 ns

1S, S, 2y 3y 4y 5y ...
C + - + - + -

bound state mixing is not possible because there are
no positronium states with opposite C-parity and the same JP.

BR (3S, --> 4y /3S, --> 3y) < 2.6 106 at 90%CL

J. Yang et al., Phys. Rev. A54 (1996) 1952

BR (1S, --> 3y /1S, --> 2y) < 2.8 10 at 68%CL

A. P. Mills and S. Berko, Phys. Rev. Lett. 18 (1967) 420



W/@\/\/l\gg Para-positronium tau(P-PS) = 125 ps

3S, Ortho-positronium tau(0-PS) = 142 ns

’\J\’\.;
BR (1S, --> 5y /1S, -->2y) < 2.7 107 at 90%CL

P. A. Vetter and S. J. Freedman Phys. Rev. A 66 (2002) 052505

channel

Counts per

t=-20ns
20 ns

t

-100 0 100 200 300
Time after p trigger (ns)

=

Result from:p. A. Vetter and S. J. Freedman Phys. Rev. A 66 (2002) 052505
Figure taken form the presentation of A. O. Macchiavelli, Nuclear Structure, Oak Ridge, 2006
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Sigma(Delta_T) >4.6 ns Sigma(Delta_T) <0.1ns

N(At) = N2 (1+C...) ed¥o-Ps  + Ny eBdV®+ N PO (1+C...) ehlwPs

Efficiency + cuts 0.15 per gamma Acceptance x efficiency: 0.1 per gamma
Source activity 0.04 MBq Activity > 20 MBq

pile-ups t _crystal / t_plastic_scintillator ~= 100

Angular resolution
detector 7cm(dia) / 25cm (radius) 1cm / 40cm (radius)



@\/\/\f@fx/—\/\?’gj Ortho-positronium tau(0-PS) = 142 ns

Operator C P TCP CPT
Sk xK, b e+

ke
__________________ N
N

Ke| > [K5| > k]




1 Ortho-positronium tau(0-PS) = 142 ns

\,\f\ﬁ

C P T CP CPT

F

Ke| > [K5| > k]
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3S, oOrtho-positronium tau(0-PS) = 142 ns

~ 2

Operator C P TCPCPT
> =
S kg Xk + + - + -

P.A. Vetter and S.J. Freedman,
Phys. Rev. Lett. 91, 263401 (2003).

C_CPT =0.0071 £ 0.0062

SM 1010-10°

photon-photon interactions

Figure taken form the presentation of P. Vetter, INT UW Seattle, November, 2002



I —
J-PET --> polarization of y

Compton scattering:

) -
B correlated with E



1S, Para-positronium tau(P-PS) = 125 ps

S, Ortho-positronium tau(0-PS) = 142 ns

S

C P T CP CPIT

(%1%

C P TCPCPT



(“)-PET fizyka, bio-fizyka, medycyna

* materia -- anty-materia
 clemny foton

« Jagiellonski PET
 symetrie dyskretne

* nano-struktura komoérek

TR



RADIO

Fluoro—deoksy-glukoza
(F-18 FDG)

~200 000 000

kwantéow gamma na sekunde
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positronium

T =125 ps
180 para-positronium

331 ortho-positronium
T =142 ns

Hole diameter
S50 - 60 nm



Huclear envelope A
Centriole Lysosome Hucleolus
Chromatin

Huclear pore

Hucleus
Mitochondrion Yacuole

Plasma
membrane
Ribosomes

Golgi complex

Smooth

endoplasmic i = Microfilaments

reticulum : - Microtubule
Rough
endoplasmic
reticulum

radioactive source







MO — mM/(I\/I+m)
E=E, /2 =6.8 eV,

* Radius =215, =0.1 nm
g (hyperfine splitting) 8.4x10* ﬁ

/A" Patent application: Morphometric imaging PCT/EP2014/068374 (2014)
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0-Ps Lifetime(ns)

1.9}

1IO 1’5 2'0
Age of Tumour (day)

1
25

2.15}

7=
7.

-
N .

. - B
- . B

The age of mice’s tumour
ith 0-Ps lifetime

A.H. Al-Mashhadami et al.,

Iraqi J. Sci. 42C, 60 (2001) 3.




I_\I(At) — NO.P.P.S% e-At/ro-Ps + INO 1/ Pgs e-At/rp-Ps __|_ No (1-P -At/th

> - . = 2 B e >

 (to-ps'Ppoz)” W =SUV/ (tops - Ppoz)

Patent application:
'Morphometric imaaina PCT/EP2014/068374 (2013)
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DZIEKUJE PANSTWU
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Jagiellonian PET



