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a tool to study nuclear collectivity and more

Motivation and introduction
Some theoretical aspects of Coulomb excitation

Experimental considerations, set-ups and
analysis techniques

Recent experiments and future perspectives
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My physics interest: nuclear spectroscopy
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Shell structure of atomic nuclei
126

Z, N = magic numbers

Closed shell = spherical shape 82 .

[] stable double-magic nuclei _—
4|.|e, 160, 4°Ca, 43Ca, 208Pp o

protons

B radioactive: 56Ni, 132Sn,
magic ? “4eNi, "8Ni, 190Sn

neutrons
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Shapes and shells of atomic nuclei
lrfu 126

Z, N = magic numbers |
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Shapes and shells of atomic nuclei
126

Z, N = magic numbers
c Closed shell = spherical shape 82
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Shapes and shells of atomic nuclei
126

Z, N = magic numbers

Closed shell = spherical shape 82

[]1 stable double-magic nuclei _—
4|.|e, 160, 4°Ca, 43Ca, 208Pp -

50 60

20

¥Ca - ﬂ

4OCa
425i s HET

20 28 deformed wmmnn. PRI
Wolfram KORTEN




lrfu

saclay

100
90

80—

70
60

40

Quadrupole deformation of nuclei
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Oblate deformed nuclei are far less abundant than prolate nuclei
Shape coexistence possible for certain regions of N & Z
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Quadrupole deformation of nuclei
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Coulomb excitation can, in principal, map the shape of all atomic nuclei
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Nuclear shapes and deformation parameters

lrfu

can Generic nuclear shapes can be described z
R(#)=R,| 1+ a, )Y, 9,
by a development of spherical harmonics ( ) 0 Z Z ﬂﬂ( ) /lu( ¢)

saclay A u=—A
1 : . -
quadrupole @y, = 3, cosy a,=a, ,= 5 [, siny a,,,.deformation parameters
/” ™N | TetTatasdabl Y dafeforatation
- '
\\_J oblate 1z
— Lund 7 non-collective e
h=2 convention N i
octupole :
/ P ' prolate
I\ — ) / I v collective
Z spherical = — /[ >
B3, : elongation '
‘ Dyna pratio

y: triaxiality

A=4 4y >0 / prolate

non-collective collective
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Nuclear shapes and electric multipole moments

I rfu
ey Deformation parameters of the nuclear mass distribution
+A
sacla
' R(t):Ro|:1+z Za,w(t) }/ﬂ,y(‘gagp):|
A u=—A

can be linked to the electric multipole moments of the charge distribution

MEL D =Q,, =2 j POY, (6. 9) r'drdQ

For axially symmetric shapes (3, = a,,,) and a homogenous density distribution p

the quadrupole, octupole and hexadecupole moments (Q,,Q;,Q,) become:

Q, = ‘/SiZRg (B, +0.36082 +0.336 87 +0.328 32 +0.9674, B, + O(")) |fin’]
7T
3 3 3 3

Q, = ‘/%ZRO (B, +0.8418, 8, +0.7698, 8, + O(B°) | fin'’]
1 4 2 2 2 3 4

Q, = \ﬁZRO (B, +0.72587 +0.462 82 + 04115 +0.983B, 8, + O(")) | fin']
7T

Q, =C,,ZA(B,B, +1.46, B, +O(B°) |fn |

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 10



lr fu

saclay

Coulomb excitation - an introduction
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Rutherford scattering - some reminders

target

Y a o« beam energy
a> b* b = impact parameter

Elastic scattering of charged particles (point-like =»
monopoles) under the influence of the Coulomb field

Fo = Z,Z,e?%/r? with r(t) = [ry(t) — ry(t)|
=>» hyperbolic relative motion of the reaction partners

Rutherford cross section
do/d6 = Z,Z,e?/E % sin"4(0,,,/2)
2 my - My

validaslongas E_ =m,v" = vi<<V,=ZZe'/R,,
m, + m;

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017
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Coulomb excitation - the principal process
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=9 target
saclayy, I b ,“7
|

projectile

my - My

AE=E, -E; = %mo(vf —V?) withm, =
m, +m;

Vi
Inelastic scattering: kinetic energy is transformed into nuclear excitation energy
e.g. rotation vibration

Excitation probability (or
cross section) is a measure
| of the collectivity of the

TR .

| nuclear state of interest

=» complementary to, e.g.,
transfer reactions

13
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Coulomb excitation - some basics

lrfu

(=0 Nuclear excitation by the electromagnetic interaction
saclay  acting between two colliding nuclei.

target

A

\4

projectile

Target and projectile excitation possible
often heavy, magic nucleus (e.g. 298Pb)
> as projectile = target Coulomb excitation
> as target =» projectile Coulomb excitation
(important technique for radioactive beams)

small impact parameter large impact parameter
» back scattering » forward scattering

» close approach » large distance

» strong EM field » weak EM field

Coulomb trajectories only if the colliding nuclei do not reach the “Coulomb barrier”
purely electromagnetic process, no nuclear interaction, calculable with high precision

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 14
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.Safe" energy requirement

target 0
Eo_ /,/.¢e

cm
rojectile
e 6 Dmin

Rutherford scattering is only valid as long as the
distance of closest approach (D,,,) is large compared
to the nuclear radii plus surfaces:

,oimple“ approach using the liquid-drop model
D, >r.=[1.25 (A3 + A,"3) + 5] fm

More realistic approach using the half-density radius of a
Fermi mass distribution of the nuclei :

C, = R(1-R2) with R = 1.28 A"3-0.76 + 0.8 A-/3
> Dmin2r3=[C1 +C2+S]fm

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 15
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0.01

=» choose adequate beam energy (D > D
low-energy Coulomb excitation

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

Wolfram KORTEN

.Safe" energy requirement

Dmin

T T T T LN BEE

:
180G d(208Pb,2%¢Pp’) 4
o E=(89 MeV/u -
o E=5.31 MeV/u
® E=5.64 MeV/u l
O E=5.88 MeV/u |
4 E=65.06 MeV/u
150G d(2%6Pb, 2%6Pb’)

a E=571 MeWu
e E=5.95 MeV/u
o E=6.13 MeV/u

A 1 Al PR W | e

20 22 24 26 28
D (fm)

10

= S (fm)

I

-

projectile
e He
C
0

Kr
Pb

°
L
s Ar o
b
v

—
10

C, + C, (fm)

Empirical data on surface distance S as function of half-density radii C,
require distance of closest approach S > 5 - 8 fm

min fOr all 0)
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Validity of classical Coulomb trajectories

I rfu
(e projectile target
sacla — .4* — ¢ ‘7
g b=0 D=2a
Sommerfeld parameter : ' R
a Z,7.¢
TI — _— _TP7T" >> 1
A hv,

n >> 1 requirement for a semi classical
treatment of equations of motion

» measures the strength of the
monopole-monopole interaction

» equivalent to the number of
exchanged photons needed to force
the nuclei on a hyperbolic orbit

100 |

ezl
(o]
IRRL

Sommerfeld Parameter 7

1 | 4 | A A |

10 20 30 50 70
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Coulomb trajectories - some more definitions

lrfu
target
= 5 r(iw)=a (esinhw+1)
saclay Y —
. t (w)=alv, (e coshw + w)
projectile 0 with a= Zp Z.e2 E-

Principal assumption n>>1 =» classical description of the relative motion
of the center-of-mass of the two nuclei — hyperbolic trajectories

-1
» distance of closest approach (for w=0): D (ecm) =a(l+e)= a{l 4+ Sm(eﬂj }
(0 2

4,
\ 2

» Impact parameter: b= \/D2 -2aD =a-cot

» angular momentum: [ = fipg* —1 =hncot

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 18



Coulomb excitation - "sudden impact”
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€Sy

saclay

Excitation occurs only if nuclear time scale is long compared to the collision time:
,sudden impact” if 1,4y >> 1 ;o ~a/lv~10fm/0.1c = 2-3-10% s
with 1,4 ~ h/AE — adiabatic limit for (single-step) excitations

AE
-, .Tcoll —
h h v h

o0

Ve

S

AE a _lezez(l 1j

&. adiabaticity paramater
sometimes also £(0) with D(0) instead of a

hv Limitation in the excitation energy AE
=AE__(=1)=—= for single-step excitations in particular
a for low-energy reactions (v<c)

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 19



Coulomb excitation - first conclusions

lrfu
=9 Maximal transferable excitation energy and spin in heavy-ion collisions
saclay . " | | | |
35 | 1
10 i
g 30 | i EUEPb + lEiDy -
3 f g® | '
E i g 20 - i i
w 1F 5 3 : .
< ; 208pp + 184Dy 5 |
X E 10 .E. -
| st/ :
0.1 L 11 lEIllll 1 11 raanl 1 LAl 11 u _LE_ 1 Il 1
1 10 100 0 5 10 15 20 25
Elnb/Al (MeV/u) Elah‘{Al {MEV/U}
2
hc V. _ Zle Qrot
AEmaX(E.’ — 1) =— — fOI' VI/C <<1 max 2 (l_cosecm)
a ¢ hv_D
hc 0
— — _ gr
AE’max (é _ 1) — ? By Lmax o hnCOt 7 ECM > Vc
Wolfram KORTEN 20
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Coulomb excitation - the different energy regimes

lrfu

€Sy

Low-energy regime High-energy regime
— (< 5 MeV/u) (>>5 MeV/u)
nv, By
Energy cut-off AE_ . = ~2MeV AE__ =hc—=10MeV(p =0.4)
ac ag
Spin cut-off: AL up to 30h AL~ nA with n~1

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 21
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Summary (1)

Coulomb excitation is a purely electro-magnetic excitation
process of nuclear states due to the Coulomb field of two
colliding nuclel.

Coulomb excitation is a very precise tool to measure the
collectivity of nuclear excitations and in particular nuclear
shapes.

Coulomb excitation appears in all nuclear reactions (at
least in the incoming channel) and can lead to doorway
states for other excitations.

Pure electro-magnetic interaction (which can be readily
calculated without the knowledge of optical potentials etc.)
requires “safe” distance between the partners at all times.

Intern. School of Physics "Enrico Fermi” - July 2017 22



Coulomb excitation theory - the general approach

lrfu
o —tb

N target r(w) = a (e sinhw + 1)
saclay Proj t (w) = alv, (e coshw + w)

=2Z,Z,e?E"

Solving the time-dependent Schrodinger equation:

ih dy(1)/dt = [Hp + Hy + V (r(1))] w(t)

with Hp/r being the free Hamiltonian of the projectile/target nucleus
and V(t) being the time-dependent electromagnetic interaction
(remark: often only target or projectil excitation are treated)

Expanding vy (t) = 2., a,(t) o, with ¢, as the eigenstates of Hy /¢
leads to a set of coupled equations for the
time-dependent excitation amplitudes a,(t)

ih da,(t)/dt = 3, (0, IV(H)| ¢, expli/h (E,-E,) 1] a,(1)

The transition amplitude b, are calculated by the (action) integral
bum= i | (andnl V(Y| andm) expli/h (E,-E,) 1] dt

Finally leading to the excitation probability
P(I—~I,) = (2I,+1) b, 2

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 23



Coulomb excitation theory - the general approach
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The coupled equations for a,(t) are usually solved by a multipole expansion
of the electromagnetic interaction V(r(t))

Ve (r) = Z:Zp€%Ir monopole-monopole (Rutherford) term
+ 250 Ve(EA, 1) electric multipole-monopole target excitation,
+ 250 VT(EA ) electric multipole-monopole project. excitation,
+ 25 Vp(MA, L) magnetic multipole project./target excitation
+ 250 Vr(MA,u) (but small at low v/c)
+ O(cA,c'A>0) higher order multipole-multipole terms (small)

Ver(ELp) = (—D* Zype 4n/(21+1) F(M1)YM(9,¢) * Mpr(EA, 1)
Ver(MA,u) = (=1)* Zype 4n/(21+1) ilch =+ Ddr/diLY; ,(0,9) - Mpr(MA, W)
electric multipole moment:
M(EAw) =] p(r) 1 Y, (r') d3r
magnetic multipole moment:
M(Ma,p) = -ilc(+1) [ j(r) r (irx V)Y, (r) d3r°

=» Coulomb excitation cross section is sensitive to electric multipole moments
of all orders, while angular correlations give also access to magnetic moments

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 24



Transition rates in the Coulomb excitation process

lr fu

cen ¢ 15t order perturbation theory
<=y applicable if only one state is excited, e.g. 0*—2* excitation,
and for small excitation probability (e.g. semi-magic nuclei)
=> 15t order transition probability for multipolarity A

PL: (8,8 =xi5r (8.9 =i | Ri(8.9)

" _V16mA=1)!( Zype ) (i MEA)[f)  Strength
@+ kv, ) atJ21,+1  parameter
Ri (4,6)= Z| R/w (4,6) |2 Orbital integrals

MU
Z1Z262(1 1

- j Adiabaticity parameter
h Ve V.

G =Gy =

Wolfram KORTEN Intern. School of Physics "Enrico Fermi” - July 2017 25
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30

I D=2a=144 (A +AL +2) fm

™
o
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0
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Orbital integrals R(E2) as function of 3 and &

lrfu
eSS 0
2 . 2 7.7 [ 1 1
— Ri(‘gag)_Z|Rﬂy(‘99§)| &Z‘Zif: = T
Ar+Sn
R2(E2; 9, &)
1 £=0.0
0.9 —+—
0.8 4
0.6 +—
0.5
ST £=0.4 0.8 MeV
0.3 +
0.2 4
0.1 e £=0.8 1.6 MeV
’ D: | :2‘0' a0 IE)U: | :alo: | :160; | =1éo: | :1:10; | :1é0; | :lEilD..S
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Cross section for Coulomb excitation

Differential and total cross sections
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/e ? |
=( j Za 24 B(oA; I, > 1|
hv ) 2 E,.M

/1=1,oo
QA+ D]
o= c_,=a’ F7os Joi(S)
_;M ! _;M P ter{(A-DIF T
12100 /1=l,oo
(Zej Za—Z(MI)B(O% ] _)[
h ) opu
A=1,00
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Angular distribution functions for different multipolarities
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,al] = —— — 1 § T L - T T (] I D L) T T T ——
| B 1]
el

saclay

2
do /40 = (?j 22D B(oAs 1, > 1, )df o (E)
Vv
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Total cross sections for different multipolarities

lrfu
&0 | B(ol) values for single particle
saclay 1 like transitions (W.u.):

Beo(M) = (2h+1) 9e2/dn(3+1)2
R x 10(hc/M_Ry)?

! B(oA) [e2bY] 208pp,

| E1:6.45104A23 23107
| E2:5.94 106 A%3 7.3 102
{ E3:5.94 108A2 2.6 103
| E4:6.28 10-1°A83 9.5 104
- M1:1.79

1 M2:0.0594 A23 208

o =a’ | 20 F i f(§)= (hj " VB(A; T > 1) £,(E)
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Coulomb excitation - the different energy regimes

Low-energy regime

(< 5 MeV/u)
hv
Energy cut-off AE__ =—7
d¢E
Spin cut-off: L ax: up to 30h

Cross section:  do/dO ~ (I;|M(a))|le)

differential

Luminosity: low
Beam intensity: high

mg/cm? targets
>103 pps

Comprehensive study of
low-lying exitations

Wolfram KORTEN

~2MeV AE_,

High-energy regime
(>>5 MeV/u)

hePY < 10MeV(B = 0.4)
d &

mainly single-step excitations

c,~ (Z,e?/ hc)? B(oh, 0—1)

integral
high g/cm? targets
low a few pps

First exploration of excited
states in very “exotic” nuclei
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Summary

« Coulomb excitation probability P(I*) increases with
increasing strength parameter (y), i.e. Zyg, B(oh), 1/D, 6.,
decreasing adiabacity parameter (¢), i.e. AE, alv_,

lrfu

saclay

« Differential cross sections do(0)/dQ2 show
varying maxima depending on multipolarity A and adiabacity parameter ¢
=» allows to distinguish different multipolarities (E2/M1, E2/E4 etc.)

» Total cross section o, decreases
with increasing adiabacity parameter £ and multipolarity A
is generally smaller for magnetic than for electric transitions
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End of Lecture 1
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