Pozitron — teoreticka predpoved

« Schrodingerova rovnice

= nerelativisticka rovnice pro pohyb elektronu

P’ 0P (x, t)
%+ V(x, t)]t/)(x t) =ih ™

Erwin Schrodinger
1933 Nobelova cena



Pozitron — teoreticka predpoved

 Diracova rovnice

= relativisticka rovnice pro pohyb elektronu

Y(x,t
(apc + fmc?)Y(x, t) = ih%
— feSeni s pozitivni energii elektrony
— feSeni s negativni energii vakuum

P.A.M. Dirac, The Quantum Theory of The Electron,
Proc. R. Soc. Lond. A 117, 610-624 (1928)

P.A.M. Dirac, A Theory of Electrons and Protons,
Proc. R. Soc. Lond. A 126, 360-365 (1930)

P.A.M. Dirac, Quantised Singularities in the Electromagnetic Field,
Proc. R. Soc. Lond. A 133, 60-72 (1931)

Paul Adrien Maurice Dirac
1933 Nobelova cena



Pozitron — teoreticka predopoved

« Diracova rovnice
— feSeni s pozitivni energii

— feSeni s negativni energii

o oo
.;!-9

elektrony

vakuum = ,Diracovo more elektronu”



Pozitron — teoreticka predopoved

« Diracova rovnice
— feSeni s pozitivni energii elektrony
— feSeni s negativni energii vakuum = ,Diracovo mofe elektronu®

pozitrony = ,diry ve vakuu®

-, — elektron
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Pozitron — teoreticka predopoved

« Diracova rovnice
— feSeni s pozitivni energii elektrony
— feSeni s negativni energii vakuum = ,Diracovo mofe elektronu®

pozitrony = ,diry ve vakuu®

anihilace




Pozitron — experiment

* objev pozitronu (1932)
_ = Lorentzova sila
® B T F=ebxB

Pb folie
(6 mm)

b b < Carl David Anderson
o 1936 Nobelova cena
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The Positive Electron

Carr D, Anperson, California ITnstitule of Technology, Pasadena, California
(Received February 28, 1933)

Out of a group of 1300 photographs of cosmic-ray tracks
in a vertical Wilson chamber 15 tracks were of positive
particles which could not have a mass as great as that of
the proton. From an examination of the energy-loss and
ionization produced it is concluded that the charge is less
than twice, and is probably exactly equal to, that of the
proton, 1f these particles carry unit positive charge the

curvatures and ionizations produced require the mass to be
less than twenty times the electron mass. These particles
will be called positrons. Because they occur in groups
associated with other tracks it is concluded that they must
be secondary particles ejected from atomic nucle.

Editor

N August 2, 1932, during the course of

photographing cosmic-ray tracks produced
in a vertical Wilson chamber (magnetic field of
15,000 gauss) designed in the summer of 1930
by Professor R. A, Millikan and the writer, the
tracks shown in Fig. 1 were obtained, which
seemed to be interpretable only on the basis of
the existence in this case of a particle carrving a
positive charge but having a mass of the same
order of magnitude as that normally possessed
bv a free negative electron. Later studv of the

electrons happened to produce two tracks so
placed as to give the impression of a single
particle shooting through the lead plate. This
assumption was dismissed on a probability basis,
since a sharp track of this order of curvature
under the experimental conditions prevailing
occurred in the chamber only once in some 500
exposures, and since there was practically no
chance at all that two such tracks should line up
in this wav. We also discarded as completely
untenable the assumption of an electron of 20



Pozitron — experiment

« pozitron = antiCastice elektronu

— klidova hmotnost m,
— naboj +e
- spin 1/2

B=17T
P = 425 kW
m> 3t



Zdroje pozitronu

« kosmické zareni

- 90% protony
— 9% o Castice

— 1% elektrony (a ostatni ¢astice e*, p’)

— primarni a sekundarni

F (m?srs GeV)"

Top of the atmosphere P

Proton collides with an
atmosphere molecule.
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Zdroje pozitronu

* p*rozpad . zachyte (EC)
‘§X—>Z_“11Y+e++ve §X+e_—>z_“11Y+ve
72Na —> %iNe* + et + v, 22Na + e~ — 22Ne* + v,

pro Q < 2m,c? pouze EC

3" Ty, = 2.6 year
%%Na » AugerElektron Rantgen-Fhatan
— + +t90.4 %, EC 9.5%
ti, =37ps 2 B 0 0 5 N < O\
._..,-" y F # o "ul- Y - y e pr—-) h‘._
y 1274 keV i . -{:Eh'_umn."'- \ Vi ] H“x_ \
ot p +0.06 % ' { @ \
10N€ | lﬁ“‘n. VA AN Y ;
Iy F, % “‘*-.._ L



Zdroje pozitronu

 P*rozpad
secondary E,
Y (MeV)

|sotope T2

— Dbranching ratio (e* yield)

uc | 20.33min | 0.98 0.45 0

~ Q-value (Emay) 13N | 9.96min | 1.00 1.20 0
150 123s | 1.00 1.74 0

0

— polocCas rozpadu (T} /,) 18F 110 min | 0.97 0.64

— sekundarni foton
« priprava v cyklotronu

"H+ '°0 > N+ *He

— protony urychlené na T = 5.2 MeV



Zdroje pozitronu

« cyklotron
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Zdroje pozitronu

« cyklotron

|
~
p——

Siemens Eclipse,
negativni ionty 11 MeV
vyroba 18F, 11C, 13N, 150, 64Cu

UJV Rez: cyklotron U-120M, p* 5.4 — 38 MeV



Zdroje pozitronu

 LINAC

AccSyS Technology Inc.
p* 7 MeV
vyroba 18F, 1C, 13N, 130




Zdroje pozitronu

« cyklotron

— Dbranching ratio (e* yield)
- Q-value (E %)

— polocas rozpadu (T} /;)

— sekundarni foton

Isotope

T2

Emax

(MeV)

secondary
Y

1c 20.33 min | 0.98 0.45 -
BN 9.96 min 1.00 1.20 -
150 123 s 1.00 1.74 -
18F 110 min 0.97 0.64 -

OClo|lOo|r|RPBEaN O|OC|O| O

26/ 8x10°y 0.85 1.17 1.81
44T 47y 0.94 1.47 1.156
64Cu 12.7 h 0.17/8 0.653 -
%8Ge 275d 0.88 1.90 0.02 1.078
82Sr 23.4d 1 3.38 -




Zdroje pozitronu

« %4Cu
— zachyt e (43.8%)
SeCu+ e~ — SaNi+ v,
- B*rozpad (17.8%)
8sCu - SeNi+et + v,
— P rozpad (38.4%)

beCu— SoZn+e” + v,

1+ 12.7 h

EC (43.8 %)
640 B~ (38.4 %)
ot ot
64
1346 keV BT (17.8 %) Zn
(0.54 %) (stable)

*INi
(stable)



Zdroje pozitronu

« %8Ge / %8Ga generator

— rozpad °8Ge (Ty/, = 275 d)
zachyt e (100%)

8%Ge+ e~ > 58Ga + v,

— rozpad °8Ga (T, /, = 68 min)

B* rozpad (87.2%) 2.31
68Ga > $8Zn+ et +v,
1.07

0

---1<0.006

0.1

1.24

1.88

o 7+ [~100%¢] 6.8
0
68m MGaGB
2 (0.11% €] 6.7
s (1M.2°) [0.26% €] 5.8
® o 0.81
o 3 &
o 2 [1.3% B+, 1.7% €] 5.4
b 1.88
o
-l o* [87.2% B+, 9.5% €] 5.2




Zdroje pozitronu

« priprava %8Ge (cyklotron)
‘D + $7Ga - $5Ge + 3n
— D ionty urychlené na T =2 14 MeV
— maximalni u€inny prafez pro T = 27 MeV

je o =550 mBarn

‘D + $7Ga » $3Ge + 2n

— proT =27 MeV je c = 1650 mBarn

— polocCas rozpadu ®°Ge je T;,, = 39h



Zdroje pozitronu °8Ge / ®8Ga

counts
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Zdroje pozitronu

* 22Na
— B*rozpad (90.4% + 0.06%)
29Na > Ne* + et + v,
poloCas rozpadu T, ,, = 2.6 y

sekundarniy 1274 MeV  t;=37ps 2

3+

%2Na
B* 90.4 %, EC 9.5%

— zachyt e (9.5%) o+

y 1274 keV
B+ 0.06 %

72Na + e~ > 2&Ne* + v,

2ZNe

T,/, = 2.6 year



Zdroje pozitronu

 pfiprava ??Na (cyklotron)

RF

National Research | Laboratory for Accelerator
Foundation | Based Sciences

pt + $3Mg - Mg+ iH +n

22Mg —» “Na+e* + v,

— protony urychlené na T = 66 MeV




Zdroje pozitronu

 pfiprava ??Na (cyklotron)
p*+13Mg - 13Mg+ TH +n
22Mg > 7% Na+ et + v,

— protony urychlené na T = 66 MeV

5pm Tifoil -




Zdroje pozitronu

* 22Na pozitronovy zdroj (KFNT)

2um Mylar foil Scotch tape

-
==

*’NaCl @

|Q)10mm I
i‘ @18 mm ){




Hloubka pruniku pozitronu

* pozitrony emitovane B* zaricem

— pravdépodobnost, Ze pozitron pronikne do hloubky z: P(z) = ae %
cm”3 o — hustota materialu
alcm™1] = 1651[5 ™ V]]
' e
max Eax = 0.545 MeV (pro 22Na)

— stfedni hloubka pruniku Priklad:

*© 1 - -1 —
f 2P(2)dz = . Mg: a 154 pm
0

Al: a ! =99 um

Cu: a1 =30um



Termalizace pozitronu

* snizeni kinetické energie pozitronu ze ~ 100 keV na ~ kgT = 0.03 eV
dE

* rychlost ztraty energie pfi pronikani do materialu (stopping power): S = I
X

« doba termalizace

dx

dt = —
%

b = Z_E Sodp = e dx m, dE
Mme \/_ 2 SVE

-7, s




Termalizace pozitronu

* snizeni kinetické energie pozitronu ze ~ 100 keV na ~ kgT = 0.03 eV
1. E>100eV
— nepruzneé srazky s elektrony
— elasticky rozptyl na jadrech atomu
2. 0.1eV<E<100¢eV
— excitace elektronu
3. E<0.1eV

— rozptyl na fononech



Termalizace pozitronu

1. E>100eV
— nepruzné srazky s elektrony
— elasticky rozptyl na jadrech atomu
. \/@ jEm dE
2 Jg, SsVE

- PproE,,~100eVijet; <1ps

17.2

o[g cm3] Efax[MeV] o — hustota materialu

ts [pS] =

E.x = 0.545 MeV (pro 2°Na)



Termalizace pozitronu

2. 0.1eV<E<100eV
— excitace elektronu

— kovy: excitace vodivostnich elektronu

. 2m m, | 2 E3/?
R7105 n |m, Er
o ,mefEC dE

: 2 Em SR\/E

- ProE. K E, jetg~1ps

105h E;
tgp = 8w E? Er — Fermiho energie




Termalizace pozitronu

3. E>0.1eV
— rozptyl na fononech

_ Zmew* . o — hustota materialu
m oh*

Sph
W — deformacni potencial W = bER
(b=2/5-2/3)



Termalizace pozitronu

3. E>0.1eV

— rozptyl na fononech

_2miw?
ph — o oh*

c _ 2mm, |2 E¥?
R7105 n |m, Eg

Sph (Ec) = Sg (Ec)

c

V2m2  oh3

5/2 2/3
_ (105b2me/ E,?)

S=dE/dx [eV/nm]

101
10°
102
10
100
10"
10-2
103
104
10
10°%

107




Termalizace pozitronu

3. E>0.1eV

— rozptyl na fononech

t /m" j v _dE Aty |—2C 1
h= "5 = *lR -
’ 2 Ec Sph\/E %kBT

 celkova doba termalizace

‘t=t5+tR+tph‘

napr. Cu: tg = 0.93 ps, tg = 2.86 ps, t,p, = 892 ps, t = 12.71 ps



Termalizace pozitronu

* napr. Cu: tg = 0.93 ps, tg = 2.86 ps, t,, =892 ps, t = 12.71 ps

1000 p——r—rrrrm . I | T
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'o\ This study
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Anihilace pozitronu

1y
anihilace pozitronu /f
b
b

e” +et ->ny

0'(1)/0'(2) ~aq*~ 1078

e n=1 vyluCuje zakon zachovani hybnosti e e*

(mozné pouze v pritomnosti dalSi

¢astice, napf. jadra) 2y
e n>1 pro kazdy dalSi foton je

pravdépodobnost mensi faktorem

a=1/137

e e*

¢ n=2 dominantni proces 3y

e"+et>y+y 0(3)/0(2) ~ @ ~ 1072

e et



Anihilace pozitronu

ucinny prurez pro 2 y anihilaci pozitronu (Dirac 1930)

o y2+4y+1
0(2)_y+1 y?—1
B 1
Y = 3
-z

In(y +yy2-1)- J%

— klasicky polomér elektronu r, = e?/m,c?

nric

prov < cje O(2) = .

pravdépodobnost 2 y anihilace

P2y = 0()vn, = mricn,

n, - elektronova hustota




Doppleruv posun anihilacniho zareni

zakon zachovani energie a hybnosti

kB 9 E, E,
PL= C C cOSt = C C
E, meyc?
= —sinf = 6
Pr c 1 c

E; = myc? + AE

Dopplerav posun energie AE

E1 —E2 — ZAE — CpL

El + EZ = 2m0C2

counts

odchylka od antikolinearity 6

Pr
moc

0

10000 ¢

1000

100 ¢

10F

[ FWHM = 2.580(3) keV/

Ez = m0C2 — AE

10000

10

[ FWHM = 1.103(1) keV |




Doba zivota pozitronu

 doba zivota = doba termalizace + doba difuze

 pravdepodobnost anihilace P l
< L) >
_ _ 5 511 keV + AE
Py = oyvn, = mrgcn, K STOP
- anihilagni rychlost 1274 kev | termalizace
START | t<10ps
. . R | ~50 um
2 =arzef n_(®n, Py )dr || :
@ >
.. : o difuze 8" anihilace
. Ziv
doba zivota pozitronu { ~ 100 ps -
1 | ~100 nm
T=—
A
 enhancement factor y(n_ (F))

511 keV - AE



Anihilace pozitronu - pozorovatelné

doba zivota pozitronu LT (t, E) — scintilacni detektory
uhlove korelace ACAR (z, 0) — scintilaCni detektory
Dopplerovské rozSireni DB (E, 1) — polovodiCove detektory

scintilaéni detektory (scintilator + fotonasobic)
— vyborné Casove rozliseni
— horsSi energetické rozliseni

polovodicové detektory (HPGe)
— vynikajici energeticke rozliseni

— Spatneé Casove rozliseni



Mereni doby uhlovych korelaci (ACAR)

* long slit geometrie

QO
,-\\\00( detektor
™ xO
o Y, N A\
scintilacni S 6@\@ /
detektor Pb stinéni
_____________________ < |—| r \'4 r
— Pb stinéni

zdroj e* + vzorek



Mereni doby uhlovych korelaci (ACAR)

* rozdéleni hybnosti elektront v materialu T T T T T T T T
g = PT AE = 1
mOC - E CpL

* mapovani hybnosti v monokrystalech

“
: , o =
 izotropni rozdeleni v polykrystalech <
m
o
g
D
=
vodivostni e
core e

L1 1
C 2 4 g 8 10 12 ¥ & I8
8 (mrad)



Mereni Dopplerovskeho rozsireni (DB)

zdroj e* + vzorek HPGe detektor
- p E + AE
pL 1
L , AE = —cp ¥
o1 2 SCA spektroskopicky
zesilovac

ADC | A/D prevodnik




Srovnani rozliseni DB vs ACAR

Pr
mOC

« ACAR 6 =

neurcitost uhlu A8 ~ 1 mrad

o AHmocz keV
Pr = . 0T
1
- DB AE=§pLC

neurcitost energie AE = 1 keV

2AE keV
sy



Mereni Dopplerovskeho rozsireni — tvarove parametry

referencni vzorek: Sy, = 0.5

S parametr 10000 —

S = Acentr/Atot

n 1000 3 S parametr
S =1pop + Z nDiSDi *2 : W parametr
i=1 2 -
(&)
S\
7 ’ : 'S ' " : N
volné e* e*zachyceneé : N\
v defektech ‘ e ik iid!
10 L pozadi
« W parametr .
490 500 510 520 530
W = Aiaiis/Ator E (keV)

— S = mira podilu anihilaci e* s valenénimi e
—narust koncentrace defektu = narust S parametru

— W = mira podilu anihilaci e* s core e- (chemické okoli defektu)



Mereni Dopplerovskeho rozsireni — tvarove parametry

3 HPT revolutions P

1 HPT revolution ‘\—L)

specimen

—= 1.10 x (mm)
x (mm) = 1.15

25 HPT revolutions

—

15 HPT revolutions

—

= 1.10 x (mm)



Srovnani s mikrotvrdosti

i ions
1 HPT revolution 3 HPT revoluti

160
150

130

= 110
= 120
= 130
== 140
/=3 150
=== 160

x (mm) x (mm)

i 25 HPT revolutions
15 HPT revolutions




counts

Koincidencni mereni Dopplerovskeho rozsireni (CDB)

¢ El_E2=2AE

— Dopplerovsky posun

[ ] 1000

¢ E]_ + EZ = 2m0C2 -] 10000

— rozliSovaci funkce

we———--—— ¥

annihilation peak
resolution function

10 |

E.+E,-2my’ (keV)

105 L

104 -

10°

102 L

101 =

100 |

-30 -20 -10 0 10 20 30
E,-E, (keV)

E, - E, (keV)



normalized counts

Koincidencni mereni Dopplerovskeho rozsireni (CDB)

« podilové CDB kfivky = chemické okoli defektu

Fe

NS

le+4 3
le+3F

le+2 3

94 0] onel

le+l ¢

le+0 3

511 keV
le-1 3 \L
-30 -20 -10 0 10 20 30
A E (keV)

p (10'3 myC)



Méreni doby Zivota pozitronu — analogovy spektrometr

22Na source-sample sandwich

Anode out Hamatsu | Hamatsu Anode out
H3378 | ‘ H3378
Det 1 o Det 2
. shielding Fast amplifier
Fast amplifier i}
; ; HP MSA-0204 HP M5A-0204 ; ;
. Inverting
et
ORTEC IT 100 ORTEC IT 100
CFDD
CFDD stop | TAC/SCA START ORTEC 583
ORTEC 583 ORTEC 567 Timing
out ’T
—}/‘ Timing out
Delay ADC

Canberra 8077

> ToPC




Méreni doby Zivota pozitronu — analogovy spektrometr

511 keV
STOP detector D&ART detector
TN
v& 511 keV 1274 keV

CED constant-fraction discrimination CED

inversion+attenuation

crossover

v (=7

amplitude selection

W lower level

\V/ upper level




Méreni doby Zivota pozitronu — analogovy spektrometr

STOP detector

I

CFD

=

it

START detector

\

1274 keV

!

START

!

STOP

STOP

delay r

TAC

START

i

CFD

—

ADC

PC




Méreni doby Zivota pozitronu — digitalni spektrometr

Anode 22Na source-sample sandwich Anode
out out
0.7 | Passive Hamatsu Hamatsu Passive | 0.6
splitter [— H3378 H3378 splitter
Det 1 o Det 2
0.3 shielding 0.4

Fast amplifier Fast amplifier

HP MSA-0204 HP MSA-0204

Inverting Inverting

transformer transformer

ORTEC IT 100 ORTEC IT 100

‘ ‘(ﬂ’ns si_O’ns ‘
CFDD
Passive CFDD
ORTEC 583 splitter ORTEC 583
Blocking Blocking
out out
T Trg.
level | EXt
trigger
Input | Acqiris DC211 Acqgiris DC211 Input
digitizer (master) digitizer (slave)
Acqiris crate  To PC

controller CC103




Méreni doby Zivota pozitronu

referencni vzorek vyzihané a-Fe (99.999%)

zaric *°Na (1.2 MBq)

resudials (o)

celkova statistika 8 x 10°
o-Fe: 7 =107.0(3) ps

casove rozliSeni 145 ps (FWHM)

ﬂ
c
3
If _L n 5 _L o
Sia(t) =—e T+ te D
Tf i=1 TDL

Sreal(t) = Sig * R(t) + B

105 |

104 |

101

1000

1500

2000

2500 3000

3500

4000

— fit

o-Fe
prispévek
od zdroje

v2v=1.00 + 0.02

PR T T TR S N T TR SR SR R R R

1000

1500

2000

channel

2500

3000 3500

4000



Méreni doby Zivota pozitronu

« deformovany vzorek Nb te+sf
I t n t
—_— D — L
S;q(t) = L4 ) Big ™y let5|
T Tp. 5 I
f i=1 Dl cgr
~ volIné pozitrony ¢ 2 e
1e+3§
(n typu defektu — vakance,
atd.) terzt

-2000  -1000 0 1000 2000 3000 4000 5000 6000
t (ps)

« doby Zivota — typy defektu

* intenzity — koncentrace defektu



