Jadrova fyzika

Radioaktivhe zvazky




Stabilné zvazky vs. RIB

« Zvazkov s vyuzitim elementarnych Castic je velmi malo. V podstate iba
protony, miony, elektrony, neutrény, fotony. Je snaha vytvorit' koncept
iIntenzivnych neutrinovych zvazkov cez kolimované zvazky beta-
nestabilnych izotopov.

« V prirode mame menej ako 300 stabilnych izotopov, takze zvazkov so
stabilnymi jadrami je iba par 100.

* Naproti tomu radioaktivnych zvazkov méze byt par 1000. Ich vyuzitie
vSak celi problemu s bezpecnostou a intenzitou.

Fragmenty su v oboch pripadoch separované a formované do
radioaktivheho zvazku.

V pripade ISOL metddy sa vyuziva dodato€éné urychlenie zvazku (dvoj-
urychlovacové zariadenia)
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PRIELETOVA SEPARACIA
RADIOAKTIVNYCH ZVAZKOV
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Produkcia jadier fragmentaciou %3
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Po urychleni nalietavaju na energie ~ 100 GeV/ u tazké jadra na terCik
na ktorom prichadza k fragmentacii. Fragmenty su nasledne selektované
systeemom elmag poli a nasmerovane na jednotlive experimenty.
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Existujuce zariadenia

Hlavné experimenty s prieletovymi separatormi RA zvazkov.

Fragment
Facility Location Driver Primary energy Typical intensity  separator
GANIL Caen, France Two separated Upto 100MeVu~' S 10" pps SISSI +
sector cyclotrons ®Ca2x 10" pps ALPHA
GSI Darmstadt, LINAC + Upto2GeVu™! 10" ppspill FRS
Germany synchrotron
NSCL/MSU  East Lansing, MI,  Two coupled Upto200MeVu™"  YArSx10"pps  A1900
USA superconducting
cyclotrons
RARF Tokyo, Japan Ring cyclotron Upto 100MeVu™'  *Ar5x10" pps RIPS
RIKEN

Y. Blumenfeld et al., Phys. Scripta T152, 014023 (2013)

Viacero novych experimentov v Stadiu budovania alebo ugradu.
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Produkcia jadier fragmentaciou

Energia 10 — 100 MeV/u - moznost Studovat izomeéry s polCasom
vyrazne kratSim — cca 100 ns.

production target

middle focus S2
primary beam: / e foros 54
Pb @ 1 GeV TOF:B v / Segmented Clover
dipole : Bp : S ‘ Al'l'ﬂy
Degrader — Degrader
f MW:x.y /7/( \'\ 7
SCI :
MW SCI catcher
A Bpe

Ycu ,

small Clover

Fragment separator +AE TOF measurement Super Glores
full isotope identification !

b(l
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Atomic number

441
43 |dentifikacia a ziskanie
E pol€asov rozpadu pre
42— . N . , ,
: A velmi neutronovo bohate
41 - jadra. Vysrafovana Cast
zF AT reprezentuje Cakacie body
- 27 r-procesu.
39f- = 17
100 P = ’r / 4
38 Xy L P A
375%”;{[; * : b = «—"fﬁ.-,. 5
TS o T i O
o sﬁ"bsk'—. K " - S ’ﬁ #
2.6 72.65 27 275 2.8
A/Q

Nishimura et al., Phys. Rev. Lett. 106, 025502 (2011)
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Priklad merania:Produkcia jadra #°C

10° ;(b) AZ~0.24 10 L€

10 {\ 10%}
Produkcia — relativisticky zvazok 40Ar (63 o 5
MeV/u) interaguje s produkénym terCom Ta :
(333 mg/cm2) a vytvara sa sekundarny ' e ',3 ML L L
zvazok 19.20.22C 'z 'V, A
Pozn. 21C ma dobu Zivota menej ako 30 ns @ ' e
¢o je vidno aj ,prazdnou” poziciou v grafe. B T N S 10
V pripade 22C je to 6,2 ms, Co je dostatoCne °r % i \J
diho na jeho separéciu. i % | A !
PrOdUKCia: 3 1 3f2 l ';4 | 3f6 | 3?8 | 4 :
1.8 x 10% pre 1°C, A/Q

1.8 x 103 pre 20C , e : :
22 FIG. | (color). (a) Two-dimensional plot of Z versus A/Q in
10 pre C front of the reaction target. (b) Z projection of Fig. 1(a). The
solid line indicates a Gaussian fit to the Z = 6 peak, yielding a
AZ = 0.24 in FWHM. (c) A/ Q-projection spectrum for the Z =
6 particles. The solid line indicates a Gaussian fit to the *>C peak,
yielding a AA = 0.12 in FWHM.

10. 6. 2019 RIBs 8/10

Nepovinna informativna Cast




Velkost 22C

|&d Selected for a Viewpoint in Physics .
PRL 104, 062701 (2010) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2010

6%

Observation of a Large Reaction Cross Section in the Drip-Line Nucleus ?*C

K. Tanaka,' T. Yamaguchi,z T. Suzuki,” T. Ohtsubo.> M. Fukuda.* D. Nishimura,4 M. Takechi,“ K. Ogata,5 A. Ozawa.®
T. Izumikawa,” T. Aiba,® N. Aoi,' H. Baba,' Y. Hashizume,® K. lnafuku,8 N. Iwasa,® K. Kobayashi,2 M. Komuro,?
Y. Kondo,(’ T. Kubo,l M. Kurokawa,I i 12 Matsuyama,3 S. Michimasa,"* T. Motobayashi,‘ T Nakabayashi,(’ S. Nakajima,2
T. Nakamura,” H. Sakurai,' R. Shinoda,> M. Shinohara,” H. Suzuki,'”® E. Takeshita,"" S. Takeuchi,' Y. Togano,""
K. Yamada,' T. Yasuno.® and M. Yoshitake”

'RIKEN Nishina Center, Saitama 351-0198, Japan
2Department of Physics, Saitama University, Saitama 338-8570, Japan
? Department of Physics, Niigata University, Niigata 950-2181, Japan
4D(7parrm(’nt of Physics, Osaka University, Osaka 560-0043, Japan
SDeparrm('nr of Physics, Kyushu University, Fukuoka 812-8581, Japan
®Institute of Physics, University of Tsukuba, Ibaraki 305-8571, Japan
7Radi0-lsorope Center, Niigata University, Niigata 951-8510, Japan
SDepartment of Physics, Tohoku University, Mivagi 980-8578, Japan
()Deparrment of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan
“Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
" Department of Physics, Rikkyo University, Tokyo 171-8501, Japan
(Received 28 October 2009; published 8 February 2010)

Reaction cross sections (o) for 'C, 2°C and the drip-line nucleus *>C on a liquid hydrogen target have
been measured at around 40A MeV by a transmission method. A large enhancement of oy for >C
compared to those for neighboring C isotopes was observed. Using a finite-range Glauber calculation
under an optical-limit approximation the rms matter radius of >C was deduced to be 5.4 = 0.9 fm. It does
not follow the systematic behavior of radii in carbon isotopes with N = 14, suggesting a neutron halo. It
was found by an analysis based on a few-body Glauber calculation that the two-valence neutrons in *>C
preferentially occupy the s/, orbital.
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Polomer 22C

Polomer atdmu by mala byt cca 1.2 x Al3
R~1.2x 2213 ~3.36 fm

Podla nameranych ucinnych prierezov by
mal byt polomer 5.4 + 0.9 fm.

Predstava je, ze ide o ,core” + 2 slabo
viazané neutrény. Odobretie jedneho
neutronu vsak vedie k rozpadu jadra. (Vid, FIG. 1: 22C is now the heaviest observed Borromean nucleus.

|& 21C Borromean nuclei are named after the rings from the 15th cen-
polcCas “'C) :

) i tury crest of the Borromeo family from northern Italy. The
lde o tzv. Borromean jadra. rings are connected in such a way that the cutting of one ring

results in the separation of all three. (Left) Marble represen-
tation of the Borromean rings, used as an emblem of Lorenzo
de Medici in San Pancrazio, Florence [13]. (Right) Schematic
view of 22C showing the two halo neutrons around a core. Re-
moving any one element makes the entire structure unstable.
([llustration:Alan Stonebraker)
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Storage ring

GSI Darmstadt
Experimental Storage Ring

Umoznuje spomalenie a
akumulaciu produkovanych ionov

Magnets

Magnet Power
RF Acceleration

Vacuum

Beam Diagnosis

10. 6. 2019
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Circumference 108 m
Maximum Bending Power 10T - m

6 Dipoles, 1.6 Tesla
4 Triplettienses

4 Duplettienses

8 Sextupolelenses

Dipoles 3.7 kA at 1.6 kV O\ I
Field Ramp max. 1 Tis i)

2 Cavities at 5 kV |
Frequency Span 0.8 -5 MHz l

operational 10-" Torr
bakable to 300 °C

12 Position Monitors
1 DC Transformer
1 fast Transformer ;
1 Profile Harp l
1 Faraday Cup
1 Beam Scraper 7‘




Cooling of ion beam with electrons

— g -

cathode

collector

anode df= | electron collector
ag | i gun
acceleration

tube

retardation
tube

solenoid

¢ et i |
! ,:: " II
| Vacuum
J chamber

solenoid | &

NEG pump

drift tube

|
electron beam ¥
)

ion beam

solenoid

! wvalve

ion turbo
PUMP | hump

Elektrony = lony

Elektrony sa injektuju do drahy i6nov v driftovejtrubici elektrony, rychlost
ktorych je nastavena na optimalnu rychlost iénov. Driftova trubica sa
nachadza v koaxialnom magnetickom poli, ktoré velmi efektivnhe zrovna smer
pohybu elektronov. Vplyv tohto mag. pofa na energeticke iony je vyrazne
mensi.
Elektrony pomalsie iony dobiehaju a pridaju im maly impulz v smere osi
trubice. RychlejSie ionu sa narazaju na elektrony a su pribrzdované v smere
pohybu elektronov.

10. 6. 2019 RIBs 12



Zakladnou ideou
stochastickeho chladenia
zvazku je zistovanie
pohybu Castice a jeho
korekcia impulznym
sposobom (kicker).
Nasledne sa korekcia
aplikuje na cely ,bunch”
IOnov a nie na jednotlive
iony

Stochasticke chladenie elektronmi je formou termodynamickeho
chladenia, ked sa redukuje entropia systému.

Podstata je v nulovani réznej fazy ionov v prostredi.
10. 6. 2019 RIBs 13



Projekt FAIR

FAIR

Y 4 SIS 100/300
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GSl today

- Siroka paleta

Resr ‘ radioaktivhych zvazkov
* Energie do 1.5 - 2 GeV/u;

*Anitprotény
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ISOL METODY TVORBY
RADIOAKTIVNYCH ZVAZKOV
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N "’“ , il

Y. Blumenfeld et al., Phys Scrlpta T152, 014023 (2013)
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Haﬂl fission

o
,f"ll. \ fragmentation

neutron number N

proton number Z

Spallation
Fragmentation
Proton-induced Fission

10. 6. 2019

Lighter targets are also used —the choice
depengsgon specific nucleus we want to reagh



Produkcia jadier ISOL technikou

Zdroj: ISOLDE web page
Production

GPS M/AM = 2400 - 15000 HRS M/AM = 30000 (teoreticky)

Vyhoda: Rozlisenie hmotnosti na urovni 5 MeV Nevyhoda: Cas extrakcie na urovni 100 ms
10. 6. 2019 RIBs 18/10



Production mechanisms: Fragmentation and Fission

p-induced spallation ¢ =+ | p-induced fission of 238U g
and fission of 2%8Pb — A :

Fies

~T 238

82

= 16 mb
3.7 mb

"= 0.85mb

= 0.19mb

= 45ub

= 10ub

§ N -
Large number of different isotopes is simultaneously
produced!Need some method to select a required nucleus!

Use mass separator to select mass A - ISOLDE
Use laser Ion Source to select Z - RILIS
Thus the combination of RILIS&TISOLDE provide a unique
A and Z identification (sometimes, isomer separation!)
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Proton Beam

2
A
D
-
O

RIBs

ISOLDE —

Robhot Control
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ISOLDE — pure RIB

< B COLLAPS Travelling W\
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~ PS Booster

How to produce and
transport desired isotopes




Vyuzitie las

Zdroj: ISOLDE web page

510.6 nm
5106 nm
o 712
Tk GPS: M/AM = 15,000 o712 ——f—
mspz —_— A
A 532.34 nm 538.89 nm
843.38 nm
375 38
6937!552 —_— 7875 A
A
255.80 nm 245,011 nm
6p P,
Po

Laser ionization in a hot cavity

Excitacia atdbmu pomocou laseru.
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Sposob vyuzitia

Dipole magnet

Hot cavity ion source f Extractor

Laser beams

Particle

‘I {‘ Spallatlon detection
A

2 Protons @ Target material @ Reaction products 2 lons

S. Rothe et al. Nature Communications 4, 1835 (2013)
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Spektroskopia s vyuzitim laseru “#

3
=

Celkovy uhlovy moment hybnosti atomu je

|:atom nuclear+‘JeIectron _
Takze ak pozname rozlozenie elektronovych

orbitalov, dokazeme ionizovat atomy postupnou
excitaciou elektronu.

10. 6. 2019 RIBs
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Continuu
a0
A3=51¥Ynm &

A, = 600.286 nm

A = 283.?05 nm

6p2 (1/2, 1/2),
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parno-parne jadra

Pre parno-parne jadra mame 1=0 a preto F=J CO”“QL?L
P ’ p . . p . . v oz A3=51¥Ynm &
V pripade pranto-parnych jadier mame iba jedno rezonancne
maximum zodpovedajuce vybranému prechodu. g = ERBLEE U
A= 283.?05 nm
Priklad parno-parne izotopy olova (Z=82) 6p2 (1/2, 1/2),
182ph(N=100) 184ppH(N=102) 186pp (N=104)
Fe=d'=1
6p7s 3P,
6p 3P, L
Fys=J=0 FgS:J:O FgSZJZO
lions
*Av=v,-v, Isotope Shift (IS)
IS proportional to the charge radius!
|
10.6.2019'! Y2 V3 RIBs 26



neparno-parne jadra

V doésledku nenulového spinu jadra
prichaadza k hyperjemnému stiepeniu
elektronovych hladin.

Nasledne ak nastavime dostatoCne uzko
Sirku frekvencii laseru, m6zeme skenovat
jednotlivé rozsStiepené hladiny.

V pripade existencie izomeérneho stavu
jadra, je Stiepenie hladin v atbmovom
odlisné odlisne pre zakladny stav jadra a
vzbudeny stav jadra.

10. 6. 2019 RIBs

Continuum
AN

A3 =511 nm &

IP=7.42eV
AN

6p8p (1/2,
3/2), Hyperfine splitting
(for odd isotopes)
F=1+J'=11/2 1/2
Fisr2 — 372

15/2 5/2

A, = 600.186 nm

6p7s(1/2, 1/2)4

A, = 283.305 nm

6p2(1/2, 1/2), F=1+J=13/2* F=3/2-

27



separacia izomerov jadra

13/2* states 3/2 states 9
185m1 185m2
™ Pb "< Pb "**Hg &\‘:sn Broad band Laser
Opoh 43(2)s  gpon 63(4)s el % 5975 ﬂ 185ph ~3a/s in Si
" 5653 ~1100 ions/uC
K : " o) | [~
b,=(50(25)%) b,=(50(25) /o)g = g || 005
o 6 i
~ 185
E,, [keV]= | 6408 6288 [6486 (6548 3 4l Pb
[%]= [ 100 56(2) |44(2) i<1.4 s | ERE
HF= 1.7(9 1.5(8) |11(6) i>600
i o0 [HE) P 2 oo 6288 /6486
g ' 5569 S
8 5500 5700 5900 6100 6300 6500
E [keV]
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separacia izomerov jadra _ _

S 1500 ‘ | ‘ Nafrow band Ila E=[+]
; ; a ® |=13/2 N
13/2 states’ 3/2 states | 185Pp : o |=3/ |=13/2
' 1312 —15/2
185m1 185m2 L _
m4 37:35 3 3?4)st OO0 152 | Y 324130 13/2 >13/2
OpOh e PO : | 132 51112
1312 1112
b,=(50(25)%) b,=(50(25)%) 500 T
3 o 3/2 —5/2
E, [keV]= | 6408 6288 (6486 6548 o | ANEY gup . 1 312 53
/%)= [ 100 56(2) [44(2) (<14 3 312 512 312 5312 312 112 32 31/
HF= 1.7(9) 1.5(8) |11(6) 600 : T N — —
e = 17642,8 17643,0 17643,2 176434 17643,6
3 ' wave number [cm]
2 B
N 185 1 a
Op2h \ ol Pp™ )
4p6h I 6408
Op2h y _0+X  4p6h g 80|
181m1 1z 8 i
Hg S 4ol
\ 0 j P P | Je eV, !
B v
60 *182E>08m2 6300 6%00 66(’&!)
185 2
£ 6288 Pb™
S 40- 6486
o L
(&)
20 -
Ojnnn.-.m‘”\”” b T T —n | m
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Alpha energy [keV]



Selekcia izomernych stavov

Ako sme spomenuli — izomérne stavy maju rozdielnu

konfiguraciu atomového obalu a teda v principe je
mozne rozlisit

Intensity / a.u.

3000-

a

2500, b

: a) 6
20004 i

. b) 3
15004 c) 17
1000
500-

0 e,
305346 305348 305350 305352 305354 305356 305358 30536.0
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Frequency of first transition / cm’”

RIBs

(keV)
B—.>U) 6.6(2) s
2
100 v (3) 33(2) s
b »;__jz (6) 44.5(2) 4
7()(‘
U
29 4l
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Priklad realizacie

Pre mnohé prvky nemame k dispozicii ionizacné schéemy
(rozlozenie elektronovych hladin) a ionizacné potencialy

g

312 - 3350

795 nm

216 nm

| 224 nm

75151 cm”

58805 cm”
57277 cm’
7 ) 57269 cm”
57157 cm”

46234 cm”

44550 cm”

E . 0cm

- Y,

nature \
COMMUNICATIONS

ARTICLE
DOt 10.3038/ncomme28™

Recetved 21 Aug 2012 | Accepted 27 Mar 2013 | Published 14 May 2013 | DOA: T ncamms.

Measurement of the flrst ionization potentlal
of astatine by laser ionization spectroscopy

S. Rothe'2, AN. Andreyev>*5%, S, Antalic’, A. Borschevsky®?, L Capoonr’*-‘?, T.E Cocolios', H. De Witte'?,

E. Eliav', D.V. Fedorov'?, V.N FF'f’JS-»EPv‘ D.A. Fink™3, S, Fritzsche!*15%, L Ghys'®'®, M, Huyse'®, N, Imai*"7,
U. Kaldor", Yuri Kudr)dvlsev ' . Késter'®, JFW. Lne‘ . Lassen‘ V. Liberati®>, KM Lynch] 20 B A, Marsh',
K. Nishio® D. Pauwels'®, V. Pershina'® L Posescu T.J. Pr 0Lter ) D. Radulov'®, S. Raeder?'®, MM, Ra;abah 9,
E. Rapisarda™® -(E Rossel?, K, Sandhu®?, M.D. Seliverstov' 51210 A M, Sjadin', P, Van den Bergh™®

P. Van Dupgpen'®, M. Venhart?!, Y. Wakabayashi® & K.D.A. Wendt?
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Experimenty vo svete

Hlavne experimenty s urychlenymi RA zvazkami.

Facility Location Driver Post-accelerator  Final energy = Main beams available
REX-ISOLDE CERN, PS Booster, REX LINAC 0.3A-3A Large variety
Geneva 1.4 GeV protons MeV including fission
fragments
SPIRAL Caen, GANIL coupled CIME 2.7A-25A He. Ne, Ar, KT,
France cyclotrons cyclotron N,O.F
TRIUMEF/ISAC  Vancouver, 500MeV proton ISAC I and Il 0.2-11A Large variety
Canada cyclotron RFQ + SC MeV including fission
LINAC fragments

Y. Blumenfeld et al., Phys. Scripta T152, 014023 (2013)

Pripravované projekty
SPES v INFN Legnaro (Taliansko)

SPIRALZ2 v GANIL (Caen,Francuzsko)
ISOL@MYRRHA (Belgicko - subkriticky reaktor stimulovany 600 MeV

protonovym urychlovacom)

10. 6. 2019
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Vyhody pre male zariadenia

Technologia je vyuzitelna aj pre malé zariadenia. Principom ostava
fragmentacia tazkych jadier (zvyCajne uran), nie je vSak potrebna vysoka
energia zvazku (za cenu mensieho vytazku RA izotopov)

The Chart of the Nuclides

Heavy Elements?
120 —8

?_
Fission

100 Limit?

80 Proton
Drip Line?

Proton Number
=
(—]

Neutron Drip Line?
20

0 20 40 60 80 100 120 140 160 180
10. 6. 201¢€ ... Neutron Number 33



Priklady dalsich experimentov

* Napr. IGISOL v Jyvaskyla kde 50 MeV protonovy zvazok
iInteraguje s 238U (prip. 234Th). Extrahované fragmenty sa
zberajuv heliu (200 — 500mb)a transportuju na jednotlive
experimenty merajuce vlastnosti tychto jadier (napr. laser.
spect. alebo hmotnostné pasce).

« Podobné projekty CARIBU v ANL (vyuzivajuci *>2Cf), ALTO
v IPN Orsay (50 MeV e urychlovac), EXCYT v LNS Catania
atd.
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REAKCIE PRENOSU A RIBS
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Relevantna oblast’ pri pouziti teréa 2°8Pb
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(d,p) reakcia

2N . @
@ / Projektil

projektil tercC Zostatkove jadro

Pociatocny stav Finalny stav

Aké informacie mézeme ziskat'?
Excitacné energie obsadzovanych stavov
Uhlovu distribuciu produktov reakcie

Relativne pravdepodobnosti obsadzovania stavov
(= spektroskopicky faktor)

Gamma kvanta emitované pri de-excitacii
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« Silny nastroj v kombinacii s in-beam spektroskopiou. Nukledn
mOze obsadzovat hladinu leziacu niekolko MeV nad zakladnym
stavom. Z emitovanych gama kvant mame nezavislu informacia
0 populovanych hladinach.

* Proton méze okrem informacie o energii a uhlovej distribucii
reakcie poskytnut aj moznost rozlisenia ziaducich reakcii od
pozadia.
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REX-ISOLDE and HI-ISOLDE at CERN /&

- ISOLDE-CERN (in operation since 1967).
- beams of ~ 600 radioactive isotopes available at 60 keV

* Radioactive ion beam Experiment (REX) at ISOLDE (from 2002 on ):

-an efficient concept for post-accelerating radioactive isotopes up to 3 MeV/u,
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(HIE-ISOLDE), »2010 - further

post-acceleration up to ~5-10 MeVu
(above the Coulomb barrier)
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In-beam of RIB

» Instrumentation (e.g. MINIBALL,CD, /&
position-sensitive Si barrel ... )

Coulex reactions (e.g.Hg,Rn)
Transfer reactions RIB °
Fusion reactions

Stellar reaction rates
Reactions with isomeric beams
Recoil spectrometer
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