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Introduction to Coulomb Excitation

C.E. is a fundamental tool in nuclear structure physics, enabling precise determination of electromagnetic transition probabilities in nuclei. By using the well-known electromagnetic field
generated during the scattering of a projectile on a heavy target, one can selectively excite low-lying collective states without invoking nuclear reactions.

The process of Coulomb excitation arises from the time-dependent interaction between the electromagnetic field of the projectile and the target nucleus. In semi-classical theory, this field
acts as an external perturbation that can promote the nucleus to an excited state via virtual photon exchange. The excitation cross-section depends on the impact parameter, the energy of
the projectile, the multipolarity of the transition etc. Theoretical treatment often employs the first-order perturbation theory or coupled-channels formalism, the latter becoming
necessary when multiple-step excitations or reorientation effects are non-negligible.

Coulomb excitation = electromagnetic process - populates nuclear states via interaction with EM field of a target nucleus.
Ideal for probing collectivity in even-even nuclei (E2 transitions, quadrupole deformation).

Especially useful at intermediate energies (~*50-100 MeV/u) using inverse kinematics.

Objective: extract B(E2; 0* - 2*) values to quantify deformation and collectivity.

Motivation: Understanding the shell evolution, test nuclear models, benchmark effective charges.

Cross-section proportional to [{(2*]||E2]||0*)|? = B(E2).

First-order perturbation = valid when nuclear interaction is negligible (safe angles).

Formula: do/dQ o B(E2) x (Z* / b*) x [angular factor]

VVVYVYVVYVYYVY

v
----- e e If)
_ b Coulomb
virtual Y . . 'Y—decay
______________________________ Excitation
11
; )
[llustration of a projectile being scattered Schematic of the first-order
in the Coulomb field of the target Coulomb excitation of a nucleus
nucleus. For a given beam velocity B, the from an initial state |ito a final
impact parameter b depends on the bound state |f> and its subsequent

scattering angle 0. y-decay.



Coulomb excitation at intermediate energies
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Experimental Considerations at Intermediate Energies

Use of inverse kinematics: heavy radioactive beam impinges on stable, high-Z target.
Projectile fragmentation for beam production (e.g., via Be or C targets).
Thin targets (~1-5 mg/cm?) ensure minimal energy loss, but decrease ¢ = thick targets (~200 1-5 mg/cm?)

Safe-angle concept: minimum scattering angle to avoid nuclear contributions, defined via distance of closest approach.

ma

bsﬂfﬂ:Rp+Rt+6+ 2’}’

Projectile

1 =1
R,, = 1.28A3, — 0.76 + 0.8AF,

arget
27,7
C moc2 B2y’




Separation of Coulomb and Nuclear Contributions

At intermediate energies, nuclear and Coulomb processes overlap—careful data selection is crucial.
Use of angular cuts: analyze only events at or beyond "safe angle" to minimize nuclear contamination.
Nuclear contribution not strictly zero even at safe angles - must be modeled and subtracted via simulations.

Typically, nuclear-Coulomb interference becomes non-negligible below ~1.5°-2.0°.
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=>» allows simultaneous measurements of the energy of excited bound states with respect to the ground state in exotic
nuclei and of the Coulomb-excitation cross section to excite these states.

=» The measured Coulomb-excitation cross section is a direct function of the electromagnetic matrix elements B(EA) and
B(MA)



Coulomb excitation at intermediate energies

Important aspects :

1) Choice of target material 4) Choice of gamma and particle detector
=>» High Z target for Coulomb excitation (e.g. 2°2Pb, 1%7Au) 5) y-rays are emitted in flight
Coulex of the target 6) Addback and angular distribution of y-rays (that can induce up to 4% difference in
=>» Low Z target for measuring the nuclear cross-section efficiency)
2) Choice of target thickness 7) Choice of O.P.
3) Choice of beam energy 8) How do you know that you are right? Can you trust your measurement? How do you
prove it?
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Cross sections for Coulomb excitation of the first excited state (2+), the giant dipole resonance
(GDR), and the giant quadrupole resonance (GQR) for a 40S beam incident on a gold target,
versus the beam energy. The calculation assumes a minimum impact parameter of 16 fm.
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Multistep Excitation and Isomeric Contamination

» At intermediate energies, direct population of the first 2* state via one-step excitation dominates.

» However, higher-lying states (e.g., 4*, 2,*) may be weakly populated via multistep processes. % EGD_ 511 keV
8 L

» These have low cross sections and are typically negligible unless explicitly studied. B 0.86 ms
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Simulation Codes and Theoretical Modeling 'E
| - o . 3 300
Theoretical modeling is essential to interpret angular distributions and extract B(E2) values. O

Common tools:
DWEIKO: semiclassical code for Coulomb and nuclear excitation at intermediate energies. 200
ECIS: coupled-channels code based on optical model potentials.

Inputs required: 100
=» Optical model parameters (e.g., depth, radius, diffuseness of nuclear potential).

=>»Nuclear deformation parameters (B2, Ba).

=>»Beam and target properties (Z, A, energy, thickness). 0 ,___n:r-‘%

Output:
=» Differential cross-sections for each transition.
=>» Angular distributions to be compared with experiment.

2 methods for fitting the angular distribution:
Fitting procedure: -y ray method

=>» Adjust model parameters (e.g., B(E2)) to match experimental distributions. - DSSSD method

=>»x% minimization or visual matching used for best-fit extraction
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A well known B(E2) value from a nucleus

=>» Can be produced in the experiment

=>» B(E2) value consistent from different type of measurements

=>» Extract the B(E2) from the absolute cross-section measurement and compared with the adopted value

=>» Extra-check : relative measurement —
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Selection of a “coulex” event

The procedure applied in the data analvsis can be summarized in 6 steps, as follows:

1. selection of the fragment of interest before and after the secondary target

particle-y-ray coincidence condition

5. Doppler correction of detected ~-rays.

4. requesting a narrow time gate for the gamma spectrum

g |

selecting events with gamma multiplicity M, 1

6. limit the scattering angle of the residue projectiles to small angles (less than the

grazing angle for the reaction).
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46Ar previous information

Half-time measurement:
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Doubly magic Ni ?

B(E2:0,*->2,*) = 280(60) e2fm*

O. Sorlin et al.,

Phys. Rev. Lett. 88, 092501 (2002).
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calculated in the diagonalization shell model.

K. Langanke et al., Phys. Rev. C 67, 044314 (2003).
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=>» Most of the calculated strength resides at excitation

energies around 5-6 MeV.

=>the transition to the first 2, state exhausts only the smaller
fraction of the total shell-model B(E2) strength, calculated to

be ~ 900 e2fm*
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46Ar

Extraction of B(E2:0,7->2,*) in“6Ar from absolute cross section measurement and relative to the known

B(E2) in #4Ca
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. Best fit for safe zone : B(E2) = 225(29) e?fm*
400 | i AZ
wo b P Relative to 44Ca:  B(E2) = 234(19) e?*fm*
300 } :
< In agreement with previous Coulomb excitation
200 f . measurements and in contradiction with the value
i obtained from lifetime measurements and SM
100 } B calculation.
. m
0 oL L=
18 20 22 24 26 28 30 18 20 22 24 26 28 30
N N
Comparison of the square of the quadrupole matrix elements (given in e2fm*) deduced Phys. Rev. C 93, 044333 (2016)
for protons and neutrons using the standard én= 6p= 0.5 polarization charges (solid S. CGalinescu, L. Caceres, S Grevy, O. Sorlin et al.

line) and the 6n = 0.8, ép = 0.2 polarization charges proposed by Riley et al.
(dotted line) with those calculated.
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70Zn data analysis

TABLE 1. B(E2;0; . — 27) values (in units of e*fm®) in "°Zn obtained from different experiments, except the last column
which gives an evaluated value, based on measured ones..
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%8Ni data analysis

Relative measurement
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DWEIKO :

" B(E2) = 292(37) e2fm*

ECIS :
B(E2) = 312(40) e*fm*

Relative to 70Zn :
B(E2) =305(35) e*fm*
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TABLE II. Values ¢, v, B(E2; O;L_S_ — 2+) (in €*fm*) and the maximum ’safe’ scattering angle obtained in this measurement
with the DWEIKO and ECIS codes.

DWEIKO ECIS Adopted
Nucleus J™ 005°|  Be BN B(E2) Be BN B(E2) | B(E2)
“Zn 27 3.3° [ 0.215(8) 0.288(12) 1419(120){0.217(9) 0.241(8) 1447(127)[1432(125)
PZn 27 3.3°10.045(3) 0.054(3)  62(7) [0.042(2) 0.049(3)  55(6) 59(7)

°Ni 27 3.4°[0.1065(6) 0.102(8) 292(36) [0.110(7) 0.099(7) 312(40) | 300(40)
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=>» summed E2 strength of only about 150 e2fm4 has been found )
experimentally at high excitation energy, likely due to proton excitations FIG. 11. Comparison between the calculated (black) and ex-

across the Z = 28 gap. The experimental distribution of this high-energy E2 - a. A+ a4+ . ) c . .
excitation agrees with shell-model calculations, but its strength is about pel imental (recl) B(E2 09-5- — 2 ) str ength distribution in

two times weaker. 68Ni, up to 5,=7.79 MeV (see text for explanation).



About the outreach session ...



What social media ?!

And as for ChatGPT, when used as an extension of
human brain, not a replacement: major win!



Te rog da, genereaza o imagine realista
cu o Naja siamensis intr-un terariu

Imagen creada

Ce ai facut tu, este o Naja kaouthia care
este o specie nescuipatoare i nu are Gresit din nou. Ai facut Naja naja. Eu
culorile Naja siamensis... Uite, iti atasez vreau Naja siamensis.

0 poza cu Naja siamensis. Te rog,

genereaza o imagine care sa fie in

concordanta cu realitatea biologica. Imagen creada

@ 6 @ ¢ < O




And if we’re speaking about the REAL threats to science...

=» absence of authentic communication.

=» illusion - that research is smooth, elegant, efficient.

=» presenting results as if they emerged fully formed, effortlessly...But about those sleepless nights full of frustration?
=» how much SOUL?

=» no one speaks about failure.

AND THERE’S MORE...

Packing twenty talks into a single session and giving each speaker 15 minutes - as if a year or two of work can be reduced to a
bullet point summary - is not a celebration of scientific clarity. It’s institutionalized superficiality.

= “synthesis skills”? Nonsense. Science isn’t about proving how clever we are. It’s about showing the steps. The failures. The
struggles. The traps to avoid, so others can go further.



Blaming ChatGPT is like blaming a printer for a plagiarized thesis .

Or a knife for a murder.
The problem is not the tool. The problem is lack of common sense, intellectual

laziness, and the mindless pressure to publish anything, anywhere —just to decorate
a CV.



Excitation Energy (keV)

Case Study: When Nothing Works...

435 2614 iz)
2000 — o
1500 - 43g &
. 5/2-7/2 —8 )
1000 :— 9/2°,11/2" %= 175 (69) 1154 g (5/2.7/27)
E 3/2° 30 971 By (5272
500 — T
0 L
C p-vib measured
0 v v Y 3/2
435
Nucleus E/A (MeV) E), (keV) B(E27) {82 fm4} Elevel [kEV] EV [keV] I}I;CIIDC}{ [%] I}I;rag [%] BR [%] o [mb]
A 138 1006 (19) 142 (52) 971(6 971(6 56(4 62(17) 0.4(10) 0.3(8
3gj 45.1 1437 (27) 101 (45) ( )_ (6) (4) (17)  0.4( _) 3(8)
39p 16.3 976 (17) 97 (30) 1154(7) 1154(7) 100 100 19(2) 15(1)
g 47.4 449 (8) 167 (65) 183(1) — 533)  38(12)
904 (16) 232 (56) 2614(9) 2600(16)  98(7) - 13(2) 10(1)
33 42.0 ~940 175 (69)
5C] 43.0 929 (17) 87 (24)

L.A. Riley et al., Phys. Rev. C. 80, 037305 (2009)

R. Ibbotson et al., Phys. Rev. C 59, (1999)



Case Study: When Nothing Works...
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Case Study: When Nothing Works...
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The fit procedure described above returned for the peak at the

energy of 971 keV a number of counts of 29(9), while for the peak at
the energy of 1154 keV the number of counts extracted was 21(7).
Introducing these numbers in the formula for the extraction of the
B(E2), results a value of 55(24) e*fm* for the level at 971 keV, and a
B(E2) = 182(34) e*fm* for the one at the energy 1154 keV.

4000

Energy (keV)

R. Ibbotson =»approx 175(69) e*fm*
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B. Longfellow et al., PRL, 125, 232501 (2020)



From Virtual Photons to Nuclear Deformation:
The Harsh Elegance of Coulomb Excitation

Coulomb excitation has proven invaluable in advancing our understanding of nuclear structure, particularly for exotic systems:

v

AN NN

<

Mapping the onset of collectivity across isotopic chains (e.g., N=40, N=60, N=82).

Probing shape coexistence via B(E2) values to multiple 2* states (e.g., '°°Zr, 72Kr).

Identifying shell closures and erosion (e.g., quenching of collectivity beyond magic numbers).
Benchmarking effective charges and shell-model interactions.

Modern advances:
High-resolution tracking.
Segmented gamma arrays.
Access to rare isotopes (few pps).

Complementarity with Lifetime Measurements
Coulomb excitation provides direct access to transition probabilities via cross-section measurements.
Lifetime techniques (DSAM, RDM) offer independent determination based on decay time.

Coulomb excitation:
Best for short-lived exotic beams.
Clean EM selectivity.

Lifetime methods:
Use thick targets or plunger devices.
Limited to ps—ns lifetime range.

Together, they:
Cross-validate results.
Increase confidence in B(E2) extraction.



THANK YOU!
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