Outline: Relativistic Coulomb excitation

Lecturer: Hans-Jurgen Wollersheim
e-mail: h.j.wollersheim@agsi.de é
web-page: https://web-docs.gsi.de/~wolle/ and click on

production, separation, identification of RIBs
scattering experiments at relativistic energies
relativistic Coulomb excitation

Doppler shift correction

experimental results with RIBs

Hans-Jurgen Wollersheim - 2022 I N

a0 E



mailto:h.j.wollersheim@gsi.de
https://web-docs.gsi.de/%7Ewolle/

Physics with exotic nuclel

NUclear STructure, Astrophysics and Reactions

Hans-Jurgen Wollersheim - 2022 I N



High-energy Coulomb excitation
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High-energy Coulomb excitation
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Experimental evidence for magic numbers close to stability

Table 1 -- Nuclear Shell Structure (from Elementary Theory of Nuclear Shell Structure,

: Maria Goeppert-Mayer & J. Hans D. Jensen . John Wiley & Sons, Inc., New York, 1955.)
S. Raman et al.,, Atomic Data & Nuclear Data Tables 78, 1 o Y d 3
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Experimental evidence for magic numbers close to stability

5. Raman et al., Atomic Data & Nuclear Data Tables 78, 1
X T 1 T L T ' T L T I T

Nuclel with magic numbers
of neutrons/protons

high energy of 2,* state

Enemy of 27 (MeV)

low B(E2; 2,*—0%) values

transition probability measured in
single particle units (spu)
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Production, Separation, Identification

projectile ‘-> *» ‘-» projectile fragment

target nucleus
abrasion ablatlon

FRagment
Separator

Standard FRS detectors

! TPC-xy Plastic MUSIC
position scintillator 8 (AE)
@ S2,54 (TOF) @ S4
@ S4

Hans-Jurgen Wollersheim - 2022 I N



Scattering experiments at relativistic energies

Beam cumrent Target

(SEETRAM) 1 glom? Be TOE
o a 7 1048 100 MeV/u

—Hl\ G /:I -I

124Xe, 793MeV/u  Nb foil

0.2 glem?® sz mm( )
K_‘ f 1_/ new digital
L|| readout
Degrader -
3.ngcm2Al ll5 3 S 7 9 11 13
U
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14
finger segmented detector
~N 53¢

104Sn fragments
using 124Xe at 793 MeV/u

high rate at S2 ~10° s

» ~2400 % more tracking efficiency
» good A/Q resolving power

AoQ

Frederic Ameil
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Scattering experiments at relativistic energies

./v 700 . T T . T T . A
600 Pb excitation /,’ ]
i »~ GDR -
./ y o—— 500 7

400

fragment

impact parameter: b min 300

200

Au 100 [

cross section [mbl

100 160 ‘ 2[;[] l 250
Epeam/Ar [MeV/ul

E'~13.3MeV
B(EL0 — 1) =0.55e%

Rutherford scattering only if distance of closest approach D,
is large compared to nuclear radii + surfaces:

D,..>C,+C;+5 fm
Cp, C; half-density radii

E* =4.086 MeV
B(E2;0 > 27)=9Wu

E*=2.615MeV
B(E3;0 - 37) =34Wu

2
Z.e’ w (A-1"  for A>2
~ . -B(7zA4;0 A)
O (hcj ez B0~ ){ZIn(ba/b) for 2=1
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Bremsstrahlung

slowing down of a
moving point-charge

electric field lines (v/c=0.99)
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Atomic background radiation

\ PEnon"Pb | s00Mevim
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»Radiative electron capture (REC) 3
capture of target electrons into 3
bound states of the projectile: S
G~Z§L
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capture of target electrons into w o eoo(k ; 1200 1600
continuum states of the projectile: i
c~7 2 7 10“2 100 MeV '“’Sn — Gt
p t 10° E —Ph -target

» Secondary Bremsstrahlung (SB)
Stopping of high energy electrons
in th : 72 2
In the target: 5 Zp'Zt
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Bremsstrahlung: slowing down of a moving point-charge
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Suppressmn of atomlc background radiation

> R

Sn -> Ph at 100MeVAy

Fb= 1.0mm Sn= .
Sh= E
Th= k.

transrmission

100mb
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Scattering experiment at relativistic energies

Beam curmrent Target
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Scattering experiment at relativistic energies

Coulomb excitation: 9"*° < 9
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Scattering experiment at relativistic energies

Beam cumrent Target
(SEETRAM) 1gfcm Be TOF —r —| e oo eV
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Scattering experiment at relativistic energies

Kr+Be
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Scattering experiment at relativistic energies

with B =Eqy +AEpgsep
1

with v from LYCCA-ToF
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variable target position (13cm, 23cm)

Pavel Golubev

Lund-York-Cologne CAlorimeter
4= LunD UNIVERS!TY :@ University of Cologne

PreSPEC target chamber
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Additional y—ray background radiation
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Coulomb excitation of exotic nuclel

Electromagnetic interaction acting between two
colliding nuclei.

208pp, > Inelastic scattering: Kinetic energy is transferred
N 100 AMeV into nuclear excitation energy
U —<€ » Monopole-multipole interaction
N, b=17 55fm » Target and projectile excitation possible

Excitation probability

(or inelastic cross section) is a
measure of the collectivity of
the nuclear state of interest
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Rutherford scattering only if D, is large
compared to nuclear radii + surfaces:

D, >C,+C;+5 fm
Cp, C; half-density radii

208 Pb pr.ujef::ile
' 100 AMeV 3| o C
| 1 [ow
& Kr
v Pb
ra 1 1
4 10 15
C, + C, (fm)
D (fm)

=» choose adequate beam energy (D > D, for all 0)
low-energy Coulomb excitation

=» limit scattering angle, i.e. select impact parameter b > D,
high-energy Coulomb excitation

—
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High-energy Coulomb excitation

" straight line approximation 0
' | > distance of closest approach: D (8,,) = a, [1+ sin 1(%ﬂ
i /4

2
» impact parameter: b:%ﬁm{%. D
nBCIpy

» straight line for large E_,: b=D

0.4 L 208|:>b + 164Dy :
0.2 F i
Lyl ] i zero degree detector
10 100
Ean/A (MeV/u) LYCCA
TOF
s=3.1m

Lund York Cologne CAlorimeter
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High-energy Coulomb excitation

50.0 . . .
1 > distance of closest approach: D (6,,,) :3-[1+ sin 1(%]}
45.0 | A1 5} ZOBPb ] y 2
"Q 1 For nonrelativistic projectiles:
£ o0l at 100 MeV/u | 5 S 5 @
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E” 2 Rint —a m,C ﬁ 4
T 350 -
st
o ; Q .
= 78N - zoaﬁb ble Ny, ] For relativistic projectiles (6,, ~ 9..):
© &/
= 300 - , 2
) 182gn - 208pp - 2 ZZ'ZBTZe .Rl
- MC L7y Ry
25.0 | -
o0l — — Coulomb excitation: 9,** <9, ,
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projectile mass number A,
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High-energy Coulomb excitation

136X e on 298P at 700 MeV/u

excitation of giant dipole resonance
R, =150fm —» 9, =57mrad

0.2 i
208 136 136 /

dd/dd [mb/mrad]
ddexp/ddcnulex

1 I
A
§§;§ ° \-:,-/

Protons Neutrons

1 1 1 1 1 1 L 1 L 1

8 10 12 % 1B 18 20 22 2 26
D (fm)

For relativistic projectiles (6, = 8,,):

5_2Z:Z:€ 1
m,c’ By 9

A.Grinschlof3 et al., Phys. Rev. C60 051601 (1999)
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Scattering experiments at relativistic energies

./v 700 . T T . T T . A
600 Pb excitation /,’ ]
i »~ GDR -
./ y o—— 500 7
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impact parameter: b min 300

200

Au 100 [

cross section [mbl

100 160 ‘ 2[;[] l 250
Epeam/Ar [MeV/ul

E'~13.3MeV
B(EL0 — 1) =0.55e%

Rutherford scattering only if distance of closest approach D,
is large compared to nuclear radii + surfaces:

D,..>C,+C;+5 fm
Cp, C; half-density radii

E* =4.086 MeV
B(E2;0 > 27)=9Wu

E*=2.615MeV
B(E3;0 - 37) =34Wu

22 -1
ne ) €b 2In(b, /b) for A=1

Hans-Jurgen Wollersheim - 2022 I N



High-energy Coulomb excitation
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hc Conclusion:

1) The lower multipolarities are dominant
2) For a given multipole order, electric transitions
are more likely than magnetic transitions
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cross section [mb]
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High-energy Coulomb excitation
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Scattering experiments at relativistic energies

Doppler effect: o T [IA IM:eVi ' T T T T T
T L.200 7
Eyo _1—p-costy™ for 9, 20° i .
Ey J1=pB?

Lorentz boost:

0-0 1 1 1 1 i 1 1 1 i 1 i 1 L 1 i 1 L
0 20 40 60 80 100 120 140 160 180

9. [°]
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CcoS ev

Doppler-shift correction

| i 1 il | sl ! il 1 ol 1 ol | puailiny | il OV PYPVITIVE L L VETTU (RPN, JUVRUTONY. | FIARTTH o IrTrTL. | TR,
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— 1000 i 1000
f= ¥ 197 E
3 . Au -
HES| TN ==,
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il
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o

79 Au

66.991

79 Au

68.806

79 Au

77.577

79 Au

77.982

79 Au

80.130

79 Au

TRTTT T

http://ie.Ibl.gov/atomic/x2.pdf

Michael Reese
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Doppler-shift correction

] 35 46 20 “E tht 158 T o T s T S e | ey [ e T e O
2 3 g Va E [keV]

—{ 1000 - R G : 1000

] * "--w_‘\ ¥ L ) s, ".""".-_ .
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— 100 ’ T T

3 2 U

— ——
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W “rl #f“lp '{Hh- Y ;, ) |
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http://ie.lbl.gov/atomic/x2.pdf Michael Reese

—
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Doppler broadening and position resolution

E.=E, £ (B, 9,=0° 9 andE, in lab — frame)

AE , 2_ B-sing, i ) B —cosd, i » | 1 i )
( E.o J _(1—,8-005197} (Algy) +£(1—,82)-(1—,B-cosl97)] (A'B) J{E j (AEy)

4

—_—
—_—

Position resolution
@ A G
Angular resolution beam

L

Energy resolution

projectile
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Doppler broadening
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Segmented detectors

e
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dvanced mma racking rray

Signals from 36 segments + core
are measured as a function of time
(y-ray interaction point)

1500mm

A3
-I-_._,. = - Result of
John Strachan Grid Search
83 | Algorithm
v.-—-n_q W——
10, .46
: )
wv o
= measured
== calculated

791 keV deposited in segment B4
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[counts / keV]

Inte

140

120 Hij

100

2> 8 88 8

Scattering experiment at relativistic energies

80Kr — 197Au, 150 AMeV

4I|1| e'e annihilation 1ab. frame ]
511 keV
- ﬁh}t | 19Tpy 772t —-32* |
| | E:T? keV (100 cts.) |
m’f gL :
B RA| I Jl'-’; Rl il
- b
00 SOIO 60!0 760 8(;0 960 10I00 1 1:)0 120
E [keV]

Doppler effect

(_ -
E,o _ 1-p-cos &
E, 1-p°
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High-energy Coulomb excitation

> - E ~
L 1600 — o 20" 136N g 300-5 P RS R
z 14005— - I
..g 1200 E_ 2005 1.Jl|'%ﬁ P 22+—>0+
g 1owf- W "MH[I Iq‘
Q — 1un§_ A dﬂ
800 |~ 2,752 "t 1), WJH]N,l )
600 [— / :
400 :_ // oLﬁzz_i_l_)O_Ll 8o 500 4000 4100 1208
2005_ MM
:IlllIIIIII!IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII
%0 400 500 600 700 200 300 1000 1100 1200
Energy [keV]

First observation of a second excited 2* state

» shape symmetry
» collective strength

populated in a Coulomb experiment at 100 AMeV
using EUROBALL and MINIBALL Ge-detectors.

T.R. Saito et al. Phys.Lett. B669 (2008), 19

20 sin*(3y)
B(E22, »2) 7 9-8sin’(3y)
B(E22,—>0) ., 3-2sin?(3y)

4/9-8sin?(3y)

1- 3-2sin?(3y)

B(E2:2, >0) _ +/9-8sin’(3y)

B(E22,»0) . 3-2sin?(3y)

\/9-8sin?(3y)

E,(2) 3+49-8sin’3y
E(2) 3-,9-8sin?3y

1
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\

SPEC-rNUSTAR

-]
preprocessor
computer farm

N digitiser N

Xep

Damian Ralet,
Stephane Pietri
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Commissioning of LH, target

Masse identification for Cr isotopes

0.45
LH2 target used during the
] 0.44
test in may 2011 ‘.
> 2 cm thickness 0.43 A
> 7 cm diameter P !‘ |
54 0'41 :_ LI LT}
Beam of >*Cr at 150MeV/u - bl
04
0.39 f—
n.3s£ L L Looon 1 Ll L,
: 49 50 51 52 53 54 55
Z identification ~ Targetfilled No LH2 Mass
With LH2 52Cr E_AngCr52_haut_py
220 b T e, " Entries 17453
% TZ: E 4+ 92+ 1] Mean 1125
20y g L RMS 502.1
; 160 c 93 2 (15) J 2+ %O"‘ Underflow 0
180 ‘g E - Overflow 2573
5 = 2 140 B “ﬂ“ﬂnwmjllw H 1436 (2 7) Integral  1.745¢+04
O L&l o) 120 C | | ‘”u HJLHHM’LH
= Somp
el ~  100F il
Lljﬂ (=11 8 - J‘_J
=] - YE / .
120 < 60 I I [
o C
100 © wF N L’l\whﬂwuw
ol A L O L AL o i 20 - J WMIJ’IHFJM“&H.UH
3500 4000 4500 S000 ss500 = jﬂf !
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Reactions with relativistic radioactive beams — R3B
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Large Area Neutron Detector
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Invariant mass analysis
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Dipole strength distribution of %Ni
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Slow down beams — new experimental perspectives
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Slowed down beams — beam characteristics
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Slowed down beams — experimental set-up
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Slowed down beams — experimental set-up
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FAIR accelerator facility
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