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Nuclear Astrophysics:
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Data sources:
Earth, Moon, meteorites, cosmic rays, solar & stellar spectra...

Features:

How, where and when have the elements been made?

distribution everywhere similar
12 orders-of-magnitude span

H ~ 75%, He ~ 23%

C — U~ 2% (“metals™)

D, Li, Be B under-abundant
exponential decrease up to Fe
almost flat distribution beyond Fe
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Our place in the Universe

the Earth D ~ 6.4-103 km the SUn R ~ 6.9-10°km

T~15-108 K (our Sun)
T~10°K (Big Bang)

average kinetic energy:

| KT~8.6-108T[K] keV |

i typical star
our Galaxy D ~9-10" km, 10 stars the local group D ~ 4-101° km 10-100 galaxies M, = 2x10% kg
0

Zoo of different stars:

Planetary nebulae
Red giants, Novae
Supernovae, Pulsars...

Zoo of different galaxies:
spherical, elliptical,
spiral, radio, quasars

» How do stars form, live and die?

» What are they made of and what makes them shine?
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Hertzsprung-Russell (HR) diagram
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~ 95% of all stars in diagonal band called MAIN SEQUENCE
> highest probability of observing them in this stage
> longest stage in a star’s lifetime

Question: how long do stars live?
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Logarithm of the [emitted energy| erg/g cm3

Stellar evolution...

Main parameters governing evolution: initial mass & initial chemical composition

Example: evolution stages of a 25 M, star

Quiescent burning

10

9_

81 Pre-Supernova

7+ ~ days - seconds

il \

5_

AN Red Giant O, Ne.

3_ . -~ 3X108 y '»‘

Malin
2L s
Sequence \
te ~ 10120
y He
P '\
- , e
/7
-2 7
...3._
-4} Gravitational
-5 Contraction
! ! | f ! i 1
1 5 10 50 100 500 1000 3000

10°

Energy generation rate
e~1T"
n~4 (H-burning)
n ~ 30 (C-burning)

l

innermost regions only
contribute to nuclear burning

e.g. 1/10 M for H-burning
less for subsequent stages

4

H-burning = MAIN SEQUENCE
longest stage of star’s lifetime
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... and nucleosynthesis

nucleosynthesis energy

HYDROGEN BURNING (1%t equilibrium) 4p 2 ‘He + 2B+ 2v+ 26 MeV

HELIUM BURNING (2" equilibrium) 30 > 12C
lZC(OL,Y)IGO

} + 8 MeV

12C/*%0 BURNING

12 =
... 1*C ashes = Ne, Na, Mg Morburring hydrogen
" 160 aSheS = AI, C SI -I-’ p Hydrogen fusion_\ I

285i MELTING major ash = 5Fe Newntuson 38
... A= 40-65 M

Silicon fusion” R
i i i+ati o R
further reactions endothermic gravitational collapse l Iron ash ik

— .

neutron star black hole

SUPERNOVA EXPLOSION
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Synthesis of the trans-iron elements
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- Alpha s B g = g 3 .
0 El = <z Z
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=l B = e s @ 7
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£ v —|—_]:
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induced reaction A

capture reaction

during quiescent stages mainly during explosive
of stellar evolution stages of stellar evolution

\ Y

involve mainly STABLE NUCLEI involve mainly UNSTABLE NUCLEI

Hans-Jurgen Wollersheim - 2023



The 2H(p,y)3He reaction

0.1 Solar Gamow peak v Schmid et al. (54) —

o Griffiths et al. (53) -

4 LUNA 2002 (28)
| ! | ! | ! ]

20 30 40 50
Ecyy (keV)

o(E) = S(E) - e~ 2mE) /E

_Zl'Zz'ez

n Sommerfeld parameter
h- vy

Laboratory LUNA demonstrate, for the first time,
Underground that it is possible to direct study solar
Nuclear fusion in the Gamow window from only three reactions studied
Astrophysics | underground laboratories. directly at Gamow peak
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Rock as passwe shleldlng
~.cosmic ray background
[ reductlon * 10 b, B

:_4 50 keV accelerator
p o- beams =1 mA
'-_study of pp chams

€., 3He + 3He
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Nuclear reactions in the laboratory & in space

In the lab: _
Cross section
o Fenrfmnsm ) )
| ol reactions ions atoms
¥ 4 = "-* s s cm
iONs/s Q9
atoms/cm? ,
reaction rate
reactions n._ n,
In astrophysical events: T f S g vo(v)p(v)dv
3/2 Vz
g ¢(v)=4m’z(i] exp| -+
P I{\Q T 2 kT kT
& “Q reactions _ nx
> d' i 3 3 <Gv>
“a " 3 cm’s  cm® cm
Qo M

8 3/2 ~E(kT)
ov)=_|—IkT oke dE
()= =1y ]
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LUNAI

50 - 400 keV
accelerator laboratory

p-, a-beams < 1 mA

Study of p-capture on CNO nuclei (CNO-cycles)
and a-capture on light nuclei

Inline-Cockcroft-Walton power supply
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LUNAI

CNO cycle
14N(p,y) 50 y
o) 15
energy generation rate . | =
In massive main sequence stars N
. /
(slowest reaction in CNO cycle) C 12| -
Astrophysical region: 6 7 8
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10
€
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= Schroder et al. 87
0.01
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LUNAI

CNO cycle
14N(p,y) 50 y
o) 15
energy generation rate . | =
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Synthesis of the trans-iron elements
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induced reaction A

capture reaction

during quiescent stages mainly during explosive
of stellar evolution stages of stellar evolution

\ Y

involve mainly STABLE NUCLEI involve mainly UNSTABLE NUCLEI
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Main nuclear processes and astrophysical sites

Red Giant Stars
p-process  s-process

r-process i

rp-
X-ray process 90
L]
Bursts
ap- 70
process O 60
Novae o - S“ﬂ@rﬂﬂva@
20
r- 40
Hot CNO & m stable nuclide
Cycle 10 = |'|J drip line
ll 20
¢ 10 lnhomogeneous M.S. Smith and K.E. Rehm,

N Big Bang Ann. Rev. Nucl. Part. Sci, 51 (2001) 91-130

» nuclear reaction paths involve UNSTABLE species = Radioactive lon Beams

> key reactions identified by sensitivity of astrophysical models to nuclear inputs
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Timescale of the r-process

summing up time spent at waiting points: t~0.5-10s

—— 55 r-Process y il
-2.50
-3.00

1 I I 1 I 1
80 80 100 120 140 160 180 200 220

ATOMIC NUMBER

—
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Radioactive lon Beams

> Isotope Separation on Line (ISOL) (CERN, LLN, ORNL, TRIUMF, ANURIB project)

» Projectile Fragmentation (PF) (GANIL, GSI, MSU, RIKEN)
» in-flight production (ANL, Notre Dame, TAMU)
» batch mode production (suitable for long-lived species)
__ISOL Projectile Fragmentation

lon
ion  Tube
Production u Source Isotope / Isobar

T |

Fragment
Separator

Praduction Thick, Heawvy lon ,
Beam  Hot Target MCZ‘-"’QEW mﬁmtﬂr Thf Exparimeant
xparimen i,
peme F'r$du::lil::r| /{
arget
Radioactive Hadioactive lon Beam
lon Beam
© excellent quality © independent from chemical properties
high purity no limitations on t,, (fast separation)

high intensities

® typical beam energies too high for NA
poorer beam quality (energy, size)
possible beam contaminations

@ limited number of species

different production for different species
limited to nuclei with t,, > 1s (allow for diffusion)

ANURIB: Advanced National facility for Unstable and Rare Isotope Beams

M.S. Smith and K.E. Rehm, Ann. Rev. Nucl. Part. Sci, 51 (2001) 91-130 -Jirgen Wollersheim - 2023 =



Radioactive lon Beams

The Future International Facility at GSI:
Next genera’[ion FAIR —Facility for Antiproton and lon Research
RIBs facilities - Future Project
Existing
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r :f__ UNILAC
- £ Te——
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P. Armbruster et al.; Phys. Rev. Letters, Jan. 05
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production methods

0’0o~
°o— @ o°—- Target fragmentation

Random removal of protons and neutrons from heavy projectile in

peripheral collisions
hot participant zone & —
S

@ projectile fragment

projectile

target

Cooling by evaporation. P rOJ ECtI I e frag m e ntatl O n

@ @ fragmentation invented at LBNL in the 1980°s
& - O o

projectile fragment target
beam fragments
—_— ——
—_—— S
. 2"
298] B~0.85
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Fast radioactive beams — where?

= GSl since SIS (early 90’s)

» Intermediate-energy RIBs (tens of MeV/u) since many years
at GANIL, MSU, RIKEN

= Future (and current) facilities
= RIBF@RIKEN
= FRIB@MSU
= FAIR-NUSTAR
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Production of exotic nuclei at relativistic energies

Projectile Fragmentation

L
&8 ﬁ-——r @—

L
Projectile Target Fragment

Nucleon-nucleon collisions, abrasion, ablation
VeV,

Projectile Fission

o

Target o
Fission
Fragments

Electromagnetic excitation, fission in flight

Vy XV + Vigson

cross section (barn)

107
1072
1073
107
10°
e
0
1078
1079
10—10
1D-IE
m—w

Sn isotope production

- ? Y& fragmentation '*1 .
£ i o
d \
_ \
1 | 1 1 1 1 1 Il L |
100 105 1o 115 120 125 130 136 140

Fragment Mass Number A

K Siimmearar
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Rare Isotope Selection at FRS:

primary beam
86Kr ~700 AMeV

production target
Be

Proton Number Z

30F

28

26

24

Transmission :
20-70 % for fragmentation

=

Selection

<2 % for fission

Fi Fs

Fz

%

s
A

magnetic dipoles
Bp o By A/Z W AE oc Z2f(B)

magnetic dipoles

l Bp o By A/Z—‘

|| Ni

—
Bw - ~N 30}
=M - 2
- ] - E =
B =
9 L =
- W 2 26|
b d =
b’ - o
Il Il 'l Il ] 24 A
46 48 50 52 54 46

Neutron Number N

48 50 52 54
Neutron Number N
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Production, Separation, Identification

abrasion ablation

FRagment
Separator
Beam cumrent Target
(SEETRAM) /1 glem? Be TOF —r X 1 e A
: u
—f] B 1 I]
l\ P \//—‘ il T | | i
8Kr, 480MeV/ Nb foil Bp, AE
! 0.2 glem? Bp, ’—By\ (MUSIC)
{1
AN
Degrader Nb foil
3.9 glem? Al 0.1 glem?

Standard FRS detectors

2 TPC-x,y Plastic MUSIC
position scintillator 8 (AE)
@ S2,54 (TOF) @ S4
@ S4
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Fragment separator and storage ring

Electron cooler

Production of highly charged, unstable ions at FRS
In-flight separation at FRS
— Cocktail or mono-isotopic beams

Stochastic and/or electron cooling
— same velocity for all ions

Schottky analysis

— Mother and daughter in the same spectrum
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Storage Ring ESR at GSI

The Experimental
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Schottky-mass-

Injection

spectroscopy

4 particles with
different m/q

Electron
Cooler
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Schottky-mass-spectroscopy

Sin(m,)

Sin(m,)

fast Fourier transform

N A lu N . 1

(O) (OF o, Q)
time 3) l l
L

fre o ency
\/V\/\/\ Sin{o,)
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Intensity / arb. units

Small-band Schottky frequency spectra
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Sm
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Nuclear Cosmic Clock

How old Is the Universe?

The 7 nuclear clocks for the age of the Earth,
the solar system, the Galaxy and the Universe

nuclei T, [10%Y] Qg [keV]
40K [4AT (B) 1.3
2381, Th...2%Pb (0.,B) 4.5
232Th...Ra...2%Pb (0,B) 14
ey 176 u/t7oHf 30 1186 (7—o0*
SN ®) =0
.;’{:’3{(2.7\,\;:‘{‘;. 187Re/1870s (B) [v@ vy 42 2.6 (512+—1/2)
NS4
AT eRpeTsy (B) 50 273 (@292
147Sm/143Nd (o) 100
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Fragment separator and storage ring

Production of highly charged ions at FRS

ls?Resm
350 A*MeV

Stochastic and/or electron cooling
— same velocity for all ions

Schottky analysis

Cu-Target:
100 mg/em’
— Mother and daughter in the same spectrum

F. Bosch et al., Phys. Rev. Lett. 77 (1996),5190
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Re/Os cosmos-chronometer

4.5 Gyr Now

S- onl

H cms? 0s 188 | 0s 180[ s1ﬂ!]‘Qb‘|Q1
IIDE add 1"'E 133 16.1 26.4 ‘Pﬁd:l 4.0
Re 183 Re184 R:—;‘185 9156 |u15? "Ra 188 ['Re 180 [Re 100
Tid 1]"11 T&8R8 h 83 h T4m
4231:‘1&-*—'1
. E W 183 w154 185 W 186 | W 187 [ 188
14.3 06T 2R 6 238 h bi,d

Red Giants S-pmcess

r-only r-process

Supernovae
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How to determine a long (33 y) beta half-life?

1. store and cool bare 18’Re for various
times (hours)

2. the B, daughters, H-like 8Os, are
not resolved in Schottky spectrum.
Q value only 62 keV at the same

atomic charge state g = 75*

3. after the (long) storage time
strip the one electron of 187Os
In an intense gas jet, acting for
a few minutes only

4. the bare 187Os ions are well-
resolved now, atq = 76"

A0
0o - 0000a0G 300 - PAaIRa0™ -

5. the number of nuclear reaction
products (Hf, W,..) does not
depend on storage time

------------------------------------------------------

0 0 40 2w o0
Revolution frequency
relative to **"0s™ [arb.units]

aal SELL

F. Boschetal., PRL 77 (1996) 5

31
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Nuclear cosmic clocks

1. select a long-lived radioactive mother/daughter (B) couple

2. determine N(m), N(d) at time t

3. Ny (t) = Ny (to) - exp[—2 - (t — to)]
Nqg(t) = Npp(to) - {1 — exp[=2 - (t = to)]}

N ‘ Nd (t)
N (8)

one has to measure 'only'

=exp[A- (t —tp)] -1

the relative amount at time t and the decay probability A of the mother
—> nuclear eon clocks

Independent on stellar/galactic
evolution models 1??

F. Bosch et al., Phys. Rev. Lett. 77 (1996),5190
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The “best-suited” eon clock: 18’/Re/18/Qs

Ty > 1(*¥'Re) x R (¥70s/*®7Re),
61.3Ga x 0.137
= 8.4 Ga
but...

bare and H-like 17Re undergoes
By, decay to the first excited state
of 187Os

nuclear matrix element not known

measurement of lifetime t of
bare ¥’Re at the ESR gives

— 1 (bare ¥’Re) = (48 + 3) a
Instead of (61 £ 2) Ga

Energy [keV]

50

L} AL

187

Neutral “"Re

. T,,= 44+1 Ga

vy 5 _ Q=266 keX;... .

32" 9.75keV

1 BTReO-I-

The Re/Os cosmic clock is strongly affected by the atomic charge state:
nuclear cosmic clocks are not independent on stellar evolution models

187~ 1
Os “+ mg¢’
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The stellar nucleosynthesis

120

100

80

60

40

proton number Z

20 'rrll Jr". @\)Q

0O 20 40 60 80 100 120 140 160 180
neutron number N

s-process (slow process):
« Capture times long relative to decay time
* Involves mostly stable isotopes
e N,=10%'2n/cm3, kT =8 -90 keV

» Produces unstable isotopes (neutron-rich)

I
I
» Capture times short relative to decay times |
I
I
« N, =10%-30n/cm?3 :
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Neutron-capture processes

1.50 1 I 1 I I 1
Se|, Sr
1.00 || - heavy elements are made by
i Ba
| Pb
0.50 I Xe Os slow (Tﬁ [Ty < 1)
Pt
0.00 Al and
-0.50 '
= M i i ‘ | fast (TB/Tn > 1)
o _
= l ‘ | - neutron capture events
-1.50 yl v
-2.00 —— SSs-Process 'II w
—— 5SS r-Process
-2.50 T, = lifetime against neutron capture
s | | | ) | | 7p = lifetime against B~ — decay
"~ 60 80 100 120 140 160 180 200 220

ATOMIC NUMBER

» Sequences of (n,y) reactions and - decays
AZN)+neoA+1ZN+1)+y
AZN) - AZ+1,N—-1)+e +7,

» Closed neutron-shells give rise to the peaks at
Te, Xe/Baand at Os, Pt, Au/Pb
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Classical approach of the r-process

waiting point approximation
IXI IXI ExI NI EXI NEX] IXI IXI
assume

» (n,y) < (v,n) equilibrium within isotopic chain, and
» B-flow equilibrium
B-decay of nuclei from each Z-chain to (Z+1) is equal to the flow from (Z+1) to (Z+2)

e
[rapid neutron}
capture
B-decay
T seed > ] —
YA
equilibrium favors N—)
(y,n) photo- “waliting point”
disintegration

the nucleus with maximum abundance in each isotopic chain must wait for the longer
B-decay time scales

good approximation for parameter studies, BUT steady-flow approximation is not always valid
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The ,,waiting-point“ concept in astrophysics

Nuclear Saha equation:

N(4+1,2)

Naz) e exp(*"/xr)

simplified

« highn, MY “waiting-point” shifted to higher masses
e lowsS, MYV “waiting-point” shifted to lower masses
e lowT /N “waiting-point” shifted to higher masses

Equilibrium-flow along r-process path:

| N(Z-1,4) N(ZA) _
N(Z) = ZA {TB(Z -1,4) Tﬁ(Z’A)} -

- governed by p—decays from isotopic chain Z to (Z+1)

M B-decay flow equilibrium implies (n,y) — (y,n) equilibrium

T1/2 (“Waiting'p()int“) (_)Nr-process
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130Cd — the key isotope at N=82

R -abundances ——p  Details of nuclear properties

rTTrrrrrrild rrrrrrrri LE LB EE B I L L ) I rrrrrrirtda I LIS S’h‘lhle iso'ﬂpes
= 281p *(129ye 13070 ye Bixe 13gg
] S 155 EX13 719 27 0347
\ B =177,
w 10° E & d
<) 3 '
E 3 123 128 129 130 [ 131 1225, 113 i 134
~ 4
., 17% e By=85% %
m b “"Ie ) 2.5% o.8% N2 i
-1 : ()
Fg 10 = ; 127 128 ) 10 i i 132 Bing
5 5 1} 0.6% 2% G 2 1i]
g ! -
Q 9 126 127 128 e 10Cdg, 130
7] 10-2 = = . 6%, ., - \ Cd
) E 3 ’ 4% e N 28] 48 82
= % .
=3
3 3 126 127 128 " hgy 2
E = & W% 7, 705 §
o 1073 { experiment = = £
' E E 126 27 122Pdg, k]
- pronounced shell structure 3 e W% :
K 1.76
shell structure quenched 7] N=
i &= F-precess n,7} 127
10-4 v IO I e O | N N N | L1111 111 I L L L1 ¥ ] I IIIIIIIII I IIIII M '26 ] ‘snhu
120 140 160 180 200 fart]

Mass Number A

“..the calculated r-abundance ‘hole® in the A= 120 bottleneck at N=82 waiting point
region reflects ... the weakening of the shell strength near stability?
... below 1325n “ K-L Kratz
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Effects of N=82 “shell quenching”

?ﬂ g S 13 H 79
= 8on @ L o Shell quenching
a Pin B == i -
2 70 [ fn =—=1l==; - 7| reduction of the spin-orbit coupling strength:
*é' Pan s P i “:~=§ == . p ] p g g ’
= i g caused by strong interaction between bound
Ko | Yo - _ .
2 637 f e Pw and continuum states;
el ®2 e ::-"2 due to diffuseness of “neutron-skin” and its
- -l [ 112 | = -
=60 ']111-"-'d e s . Influence on the central potential
3n - '=-_..__L_ #

E R S1n T e — dij

*E B Bl e T Sip. 7|

z & -

| sl - Con — - T wle Son

L - ) v, 9 o
= Pin T—== == A E
E fs.-': N ——
195, : P12

100% 70% 40% 10%
Strength of £*-Term
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130Cd decay spectroscopy

Large Qg value
| best reproduced
0 +
MOV T g - T .21_..;52.(12."& by mass models
2. S, Cd,, OXBASH | ith N=82 shell
/ G e £v P quenching
-4 82 / (g2 0.1% 6.3’@.;;“' — 2586 E_;.;_;
6 - 351I,2\ / 70.2% -H] ¥ | nS ==0L¥E 2120 " e ng9/2®vg7/2
;Qn-z,-':i“if : e et i 22
8] B i <6.1% >53, (1) -.: 1969 1°  qe4
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Counts per keV

Decay spectroscopy probes shell closures

130Cd: DGF-timing

40 s 50
539 2 40| t | =228(20) 15

5 30|
30 F f: 3 —
ER >
- z 10} L
128,138 3 =
20k 0 ' : 3 1325 —
20 0 00800 D0 132 —
Time (ns) 9
)
c
L

200 400 600 800 1000 1200 1400
Energy (keV)

15

=
o

o
o

0.0

i

DGF time (arbt. units)

/

Prompt y-flash

A. Jungclaus et al., Phys. Rev. Lett 99, 132501 (2007)

Decay time range: 20 ns ... 20 pus
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8+(g9,2)'2 seniority ISOmMers in 98Cd and +30Cd
| . AL - '” R I - Nl

(4%) ' +
N=50 2083 ds/2 25 %2*; 2002 N=82
= 1864 =
Z=48 9772 \=50 Z=48
2* articipating neutron-orbitals N
two proton holes in the g, orbit
No dramatic shell quenching!
0* o+
A. Blazhev et al., Phys. Rev. C69 (2004) 064304 A. Jungclaus et al., Phys. Rev. Lett. 99 (2007), 132501

®
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What about radioactive nuclei?

Use Inverse kKinematics 1H(89Co, N)6ONi
*H 30 20 10 0 =
°Cu .

56Ni

Unusual kinematics
e Light particle has low E,

few MeV, angle near 90° 0 _20' | 40 60 80 100 120
e Labangle=>E
g c.m. O | [deg]
eLab E=>0.
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Coulomb break up in inverse kinematics at GSI/LAND

921931941100M0(y,n) most abundant p-iSOtOpeS

Electromagnetic Excitation

f Radioactiv =
Or hadioactive o e TOF. AE | N
Secondary Beams | N > TOF, x,y

208
E~500 MeV/ . Pb Absorption of
B 'Virtual' Photons

racking through
ALADIN

Excitation energy E* from a kinematical
complete measurement of all outgoing
particles.

Hans-Jirgen Wollersheim - 2023 IE= N



>IN

Testing Ab-Initio Calculations

120
unbound N _ _
1N  RMS Radii of nuclei cfr. 1Li, °10Be (abstract ID 96)
unbound (W. Nortershauser et al. Phys. Rev. Lett. 102 (2009) 062503)
* Nuclear Moments cfr. °11Lj (ID 20)
(R. Neugart et al., Phys. Rev. Lett. 101 (2008) 132502)
9 12 )
B Bl > B e Electroweak Matrix Elements
unbound 20.20 ms
10 11% 12Ba| ° Transfer reactions
1.@ 118, 23.6 ms
9 | 0Li| Wil L2Li
179 ms |unbound | 8. unbound
"He |1°He
unbound | unbound
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IH(1Be,2pn)*2Li

~300 MeV/u iLi, ¥Be + liquid H, — °Li + n, 'Li + n, 'Li + 2n

Going beyond the dripline 2Li and 13Li

previous results confirmed:

101_j is known as virtual s-state 12 j is observed as a virtual 13 jis seen as a broad
(a =-22 fm) with an excited state s-state with scattering length 3-body resonance state
at 0.5 MeVandI' =0.5 MeV a=-11fm at 1.5 MeV
40 . T " T T T ) T T J 1.0 T T T T T T
7 | 12p 4 Byg
o ——, . prm— e,
"Li+p=>"Li+n+X “Be+p— "Li+n+X 08 | “Be +p—"Li+ 2n + X
Z 0 E('Li) = 280 MeV/u = E"Be)=305 MeVin | 2 E('*Be) = 305 McViu
z ;E: -g 0.6
220 : il mE
% E E 0.4
10 2F 0.2
0 B “'Uu I] £ ; -‘IL 5 f 7
“ ! l Ecy, MeV ’ ! Ecun, MeV

Yu. Aksyutina et al. PLB 666(2008) 430
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Unveiling the Universe with the James Webb Space Telescope
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Visible and Infrared Light

Infrared light has the ability to “see” through opague molecular clouds

Betelgeuse
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Observing the ancient Universe

A ‘Flip Book’
of Galaxies
Over Time
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Understanding our Universe

Space based Astronomy
o James Webb Space Telescope

1.5 million km from Earth
mirror 6.6 m diameter

18 mirror Segments Hubble24m JWST6.5m

5 sunshield layers

Nuclear Physics
» Facility for Anti-proton and lon Research

all elements from proton to uranium and anti-proton
projectile fragmentation or fission for radioactive ion beams

s ol B L p=af | PN

Finland  France  Germany India  Poland Romania Russia  Slovenia Sweden

UK

Czech
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