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• Introduction

•Nuclear Giant Resonances studied by QPVC approach

• Nuclear Giant Resonances excited by vortex photon

• Summary and Perspective



Nuclear Giant Resonances

3

R. Bramblett, Phys. Rev. 133, B869 (1964)

• Giant Dipole Resonance in 16O

• Characteristics
• Broad resonance width ~ 5 MeV
• Larger transition probabilities than s.p.
• Excitation energy varies slowly and smoothly with mass number

γ



Different modes of giant resonances
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IS = Iso-Scalar
IV = Iso-Vector
S = Spin
G = Giant
M = Monopole
D = Dipole
Q = Quadrupole

L : orbital angular momentum S: spin T: isospin

reactions:
(α, α’ ),  
(p,p’) …
(γ, γ’), 
(γ, n) ,
(e, e’) …
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β decay
Neutron capture

Giant Resonances Provide Insight to
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• What is the equation of state (EOS) of nuclear matter?

• How were the heavy elements from iron to uranium made?

A. C. Larsen et al., Prog. 
Part. Nucl. Phys. 107, 
69 (2019)

Roca-Maza and Paar, PPNP 101, 96 (2018)

E. Litvinova et al., NPA 823, 26 (2009)

Ø Giant monople resonance (GMR)

Nuclear incompressbility K 

Ø Giant dipole resonance (GDR)

Symmetry energy slope L
Garg and Colo, PPNP 101, 55 (2018)



Schematic picture for collective excitations

6

!!!

!!!"#$#%

&'

($(% "

"

"

"

"

"

" !!!



Microscopic theories
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pConfiguration Interaction Shell Model

light nuclei or nuclei near magic number

pRandom Phase Approximation (RPA) based on density functionals

from K. Langanke et al., Rev. Mod. Phys. 75, 819, 2003

S. E. Koonin et al., Phys. Rep. 278, 1, 1997
E. Caurier, et al., Rev. Mod. Phys. 77, 427, 2005

l Non-relativistic density functional
l Relativistic density functional

G. Colo, et al., Comp. Phys. Comm. 184, 142, 2013
N. Paar, et al., Rep. Prog. Phys. 70, 691, 2007



Something in between? --- RPA+PVC model
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Low-lying vibration 
phonons |N>

RPA 

• Second RPA  drozdz et al., PR 197, 1 (1990)
Gambacurta et al., PRC 81, 054312 (2010)
Yang et al., PRC 106, 014319 (2022)

• RPA + PVC (particle vibration coupling)

Ø RPA+PVC model based on Skyrme DFT 
Colo et al., PRC 50, 1496 (1994);  Niu et al., PRC 85, 034314 (2012)

Ø RPA+PVC model based on relativistic DFT  Litvinova et al., PRC 75,064308 (2007)  



QRPA+QPVC model
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Ø To include pairing correlations for open-shell nuclei

ü QPVC effect 

• Quasiparticle RPA + quasiparticle vibration coupling 
(QRPA)                    + (QPVC) 

ü Pairing effect

2 quasiparticles(qp)

2 qp ⊗ phonons

Ø based on relativistic DFT Ø based on Skyrme DFT
Litvinova et al., PRC 78,014312 (2008) 



Giant Monopole Resonance studied by QPVC
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• Achieved a unified description of GMR in Ca, Sn and Pb isotopes

Ø Solved the famous puzzle in nuclear physics “Why are tins so soft? ”
Z.Z. Li, Y.F. Niu and G. Colo, PRL 131, 082501 (2023)



Giant Dipole Resonance studied by QPVC
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• Photoabsorption cross section is dominated by GDR
ü Unified descriptions of GDRs in Ca, Sn and Pb isotopes



Giant Quadrupole Resonance studied by QPVC
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• Unified descriptions of GQRs in Ca, Sn and Pb isotopes



Photo-nuclear reaction
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• Advantages

• Main modes

The transition strengths can be extracted in a model-independent way 
due to the well-known electromagnetic force

transition strengthscross section

Giant Dipole 
Resonance 

(GDR)

Pygmy Dipole 
Resonance 

(PDR)
T:  transition probability
E:  electric 
M: magnetic

<latexit sha1_base64="ihLDnfAvvaKcH4mcmbXGZk76C8s="></latexit>

TE(L+ 1)/TE(L) ⇠ 10�3

TM (L+ 1)/TM (L) ⇠ 10�3

TM (L)/TE(L) ⇠ 10�3



Different modes of giant resonances
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IS = Iso-Scalar
IV = Iso-Vector
S = Spin
G = Giant
M = Monopole
D = Dipole
Q = Quadrupole

L : orbital angular momentum S: spin T: isospin

Is it possible to study giant resonances of higher 
multipolarity with photons? 



New possibilities: vortex photon
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Mode function: 𝑢 ρ, 𝑧
(Bessel or LG beam modes)

Helical phase:   𝑒!"#𝑒!$!%

Ψ! 𝒓, 𝑡 = 𝑢 ρ, 𝑧 𝑒"!#𝑒"$!%𝑒&"'(
ü Vortex wavefunction: 

Eigenfunctions for OAM operator 
𝐿% = − ")

)#
, carry OAM ml = 𝑙ℏ

0

𝜋/2

𝜋

3𝜋/2

px

py

pz

• Coordinate space • Momentum space

ü Superposition of plane waves

Knyazev and Serbo, Physics uspekhi 61, 449 (2018)

Bliokh et al., Nature 
photonics 9, 796(2015)

<latexit sha1_base64="hFu9aQOKzaaG0FVF417oBgh3Mkg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCIJREiroRim5cVrAPaEO4mU7aoTNJmJkINRR/xY0LRdz6H+78G6dtFtp64F4O59zL3DlBwpnSjvNtFZaWV1bXiuuljc2t7R17d6+p4lQS2iAxj2U7AEU5i2hDM81pO5EURMBpKxjeTPzWA5WKxdG9HiXUE9CPWMgIaCP59oHwu30QAvAVFj7Hp6Yr3y47FWcKvEjcnJRRjrpvf3V7MUkFjTThoFTHdRLtZSA1I5yOS91U0QTIEPq0Y2gEgiovm14/xsdG6eEwlqYijafq740MhFIjEZhJAXqg5r2J+J/XSXV46WUsSlJNIzJ7KEw51jGeRIF7TFKi+cgQIJKZWzEZgASiTWAlE4I7/+VF0jyruOeV6l21XLvO4yiiQ3SETpCLLlAN3aI6aiCCHtEzekVv1pP1Yr1bH7PRgpXv7KM/sD5/AJUflAY=</latexit>

m� = ml +ms



Transfer of optical OAM to a bound electron 
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Total angular momentum 

projection (AMP) of photons Diffe
rence in

 AMP betw
een 

initia
l and fin

al st
ate

• Excite an atomic transition (40Ca+) with a vortex laser beam (Laguerre-
Gaussian beam)

demonstrate the transfer of
optical orbital angular momentum
to the valence electron of a single
trapped ion

Modification of transition 
selection rule

<latexit sha1_base64="uorP2HOP/QFzHIMe2b0c3B8Fxm0=">AAACDHicbVDNSgMxGMzWv1r/qh69BIsgSOuuFPVSKOrBYwX7A91lyabZNjTJLklWKEsfwIuv4sWDIl59AG++jWm7B20dSBhm5iP5JogZVdq2v63c0vLK6lp+vbCxubW9U9zda6kokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdDK8nfvuBSEUjca9HMfE46gsaUoy0kfxiyb0hTCPIa5D7ISybm8IadBXtc+SnJ6flMTQpu2JPAReJk5ESyNDwi19uL8IJJ0JjhpTqOnasvRRJTTEj44KbKBIjPER90jVUIE6Ul06XGcMjo/RgGElzhIZT9fdEirhSIx6YJEd6oOa9ifif1010eOmlVMSJJgLPHgoTBnUEJ83AHpUEazYyBGFJzV8hHiCJsDb9FUwJzvzKi6R1VnHOK9W7aql+ldWRBwfgEBwDB1yAOrgFDdAEGDyCZ/AK3qwn68V6tz5m0ZyVzeyDP7A+fwDjxJj+</latexit>

�m = mf �mi = �+/�

<latexit sha1_base64="kIVh2OyjR0B/CNJiakUFu4W1Zjo=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQSmsiRd0UirpwWcE+oAlhMp20Q2eSMDMRSug3uPFX3LhQxK0rd/6N0zYLbT1wL4dz7mXmHj9mVCrL+jZyS8srq2v59cLG5tb2jrm715JRIjBp4ohFouMjSRgNSVNRxUgnFgRxn5G2P7ye+O0HIiSNwns1ionLUT+kAcVIackzT5wbwhSCvAa5F8Cy7hTWoCNpnyMvLZ2Wx7CkRQY9s2hVrCngIrEzUgQZGp755fQinHASKsyQlF3bipWbIqEoZmRccBJJYoSHqE+6moaIE+mm05PG8EgrPRhEQleo4FT9vZEiLuWI+3qSIzWQ895E/M/rJiq4dFMaxokiIZ49FCQMqghO8oE9KghWbKQJwoLqv0I8QAJhpVMs6BDs+ZMXSeusYp9XqnfVYv0qiyMPDsAhOAY2uAB1cAsaoAkweATP4BW8GU/Gi/FufMxGc0a2sw/+wPj8AYQkmt0=</latexit>

�m = mf �mi = �+/� +ml

Schmiegelow et al., Nature Comm. 
7, 12998 (2016)



Cross section for vortex photon absorption on nucleus
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• Nuclear photo-absorption cross section for vortex gamma photon

ü Transition amplitude

By rotating the nucleus from the propagation axis  to the k direction 
(plane-wave component) 

Finally 

ü Average flux density of vortex gamma beam: 
<latexit sha1_base64="rY/ntuOcy0udUnIiQZVwt3bcVDQ=">AAACGXicbVDJSgNBEO1xjXGLevTSGITkEmdCUC9C0It4imAWyMShp9NJmulZ6K5R4jC/4cVf8eJBEY968m/sLAdNfFDweK+KqnpuJLgC0/w2FhaXlldWM2vZ9Y3Nre3czm5DhbGkrE5DEcqWSxQTPGB14CBYK5KM+K5gTde7GPnNOyYVD4MbGEas45N+wHucEtCSkzNtl8jkKnUebpMC3BdTfIY9nNjSxzRUKbZhwIA4Hj7ChbId8aKTy5slcww8T6wpyaMpak7u0+6GNPZZAFQQpdqWGUEnIRI4FSzN2rFiEaEe6bO2pgHxmeok489SfKiVLu6FUlcAeKz+nkiIr9TQd3WnT2CgZr2R+J/XjqF32kl4EMXAAjpZ1IsFhhCPYsJdLhkFMdSEUMn1rZgOiCQUdJhZHYI1+/I8aZRL1nGpcl3JV8+ncWTQPjpABWShE1RFl6iG6oiiR/SMXtGb8WS8GO/Gx6R1wZjO7KE/ML5+AOejnvU=</latexit>

J̄ (tw)
z = kcos✓k/(2⇡)



Ratio of the vortex and plane-wave cross section
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• The ratio of the vortex and plane-wave cross section

• Impact parameter b=0   

The spherical Bessel function gives the selection rule 

which reflects angular momentum conservation. 

ü For plane wave case, the selection rule is  

: helicity

<latexit sha1_base64="hFu9aQOKzaaG0FVF417oBgh3Mkg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCIJREiroRim5cVrAPaEO4mU7aoTNJmJkINRR/xY0LRdz6H+78G6dtFtp64F4O59zL3DlBwpnSjvNtFZaWV1bXiuuljc2t7R17d6+p4lQS2iAxj2U7AEU5i2hDM81pO5EURMBpKxjeTPzWA5WKxdG9HiXUE9CPWMgIaCP59oHwu30QAvAVFj7Hp6Yr3y47FWcKvEjcnJRRjrpvf3V7MUkFjTThoFTHdRLtZSA1I5yOS91U0QTIEPq0Y2gEgiovm14/xsdG6eEwlqYijafq740MhFIjEZhJAXqg5r2J+J/XSXV46WUsSlJNIzJ7KEw51jGeRIF7TFKi+cgQIJKZWzEZgASiTWAlE4I7/+VF0jyruOeV6l21XLvO4yiiQ3SETpCLLlAN3aI6aiCCHtEzekVv1pP1Yr1bH7PRgpXv7KM/sD5/AJUflAY=</latexit>

m� = ml +ms the projection of 
total angular 
momentum on 
propagation axis

even-even nuclei



Photo-absorption cross section: plane wave vs. vortex
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<latexit sha1_base64="M8dclhc/yTgpkTpZFGcbbiRmSx8=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoRgl7EUwTzgGQNs5PZZMjM7DIzq4RN/sOLB0W8+i/e/Bsnj4MmFjQUVd10dwUxZ9q47reTWVpeWV3Lruc2Nre2d/K7ezUdJYrQKol4pBoB1pQzSauGGU4bsaJYBJzWg/712K8/UqVZJO/NIKa+wF3JQkawsdLD7eVQtFtdLAQennjtfMEtuhOgReLNSAFmqLTzX61ORBJBpSEca9303Nj4KVaGEU5HuVaiaYxJH3dp01KJBdV+Orl6hI6s0kFhpGxJgybq74kUC60HIrCdApuenvfG4n9eMzHhhZ8yGSeGSjJdFCYcmQiNI0AdpigxfGAJJorZWxHpYYWJsUHlbAje/MuLpHZa9M6KpbtSoXw1iyMLB3AIx+DBOZThBipQBQIKnuEV3pwn58V5dz6mrRlnNrMPf+B8/gDSs5IV</latexit>

J = |m� |+ 1

due to properties of 
Wigner d-function 
which vanishes at 
specific angle

Ø Plane-wave photon case

<latexit sha1_base64="hRzleNHT0H+bPoraGq9pGTWtXWY=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyChYRdCWoTCNpYWEQwD8gu4e7sbDJk9uHMrBDWFP6KjYUitv6GnX/jJNlCEw8MHM45l3vneAlnUlnWt7GwuLS8slpYK65vbG5tmzu7TRmngtAGiXks2h5IyllEG4opTtuJoBB6nLa8wdXYbz1QIVkc3alhQt0QehELGAGlpa6579zosA+4iu0T7Nyn4GOvanXNklW2JsDzxM5JCeWod80vx49JGtJIEQ5SdmwrUW4GQjHC6ajopJImQAbQox1NIwipdLPJ/SN8pBUfB7HQL1J4ov6eyCCUchh6OhmC6stZbyz+53VSFVy4GYuSVNGITBcFKccqxuMysM8EJYoPNQEimL4Vkz4IIEpXVtQl2LNfnifN07J9Vq7cVkq1y7yOAjpAh+gY2egc1dA1qqMGIugRPaNX9GY8GS/Gu/ExjS4Y+cwe+gPj8wfqRZQd</latexit>

⇤ = 1, b = 0 RPA+PVC calculation SAMi-T

• Forbidden of 

due to selection rule: 

• Forbidden of 

<latexit sha1_base64="lXLuUnR6Ue9G9UV+SOMYcLtuLcQ=">AAACDXicbVC7SgNBFJ31bXxFLW0Go6BN2JWglqKNiEUEo0I2LndnZ5MhM7vLzF0hLPkBG3/FxkIRW3s7/8bJo/B1YOBwzj3cuSfMpDDoup/OxOTU9Mzs3HxpYXFpeaW8unZl0lwz3mCpTPVNCIZLkfAGCpT8JtMcVCj5ddg9GfjXd1wbkSaX2Mt4S0E7EbFggFYKylvRbXEWxP2gUIHfBqWA+uc2HkF/x8cORwi6u0G54lbdIehf4o1JhYxRD8offpSyXPEEmQRjmp6bYasAjYJJ3i/5ueEZsC60edPSBBQ3rWJ4TZ9uWyWicartS5AO1e+JApQxPRXaSQXYMb+9gfif18wxPmwVIsly5AkbLYpzSTGlg2poJDRnKHuWANPC/pWyDmhgaAss2RK83yf/JVd7VW+/WruoVY6Ox3XMkQ2ySXaIRw7IETklddIgjNyTR/JMXpwH58l5dd5GoxPOOLNOfsB5/wJHqZux</latexit>

d
Jf

m�⇤
(✓k)

Ø Vortex photon case



Ratio of the vortex and plane-wave cross section
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E3 vanishes
E2 vanishes

E1 forbidden
E3 vanishes

E1 E2 forbidden

<latexit sha1_base64="hRzleNHT0H+bPoraGq9pGTWtXWY=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyChYRdCWoTCNpYWEQwD8gu4e7sbDJk9uHMrBDWFP6KjYUitv6GnX/jJNlCEw8MHM45l3vneAlnUlnWt7GwuLS8slpYK65vbG5tmzu7TRmngtAGiXks2h5IyllEG4opTtuJoBB6nLa8wdXYbz1QIVkc3alhQt0QehELGAGlpa6579zosA+4iu0T7Nyn4GOvanXNklW2JsDzxM5JCeWod80vx49JGtJIEQ5SdmwrUW4GQjHC6ajopJImQAbQox1NIwipdLPJ/SN8pBUfB7HQL1J4ov6eyCCUchh6OhmC6stZbyz+53VSFVy4GYuSVNGITBcFKccqxuMysM8EJYoPNQEimL4Vkz4IIEpXVtQl2LNfnifN07J9Vq7cVkq1y7yOAjpAh+gY2egc1dA1qqMGIugRPaNX9GY8GS/Gu/ExjS4Y+cwe+gPj8wfqRZQd</latexit>

⇤ = 1, b = 0

<latexit sha1_base64="e7MNrHzLTUlAg+ZVNrnyKb9Cl6c=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAIHiTsSlAvgaAXjxHMA5Kw9E4myZCZ3WWmVwgxB3/FiwdFvPob3vwbJ4+DJhY0FFXddHeFiRQGPe/bWVpeWV1bz2xkN7e2d3bdvf2qiVPNeIXFMtb1EAyXIuIVFCh5PdEcVCh5LezfjP3aA9dGxNE9DhLeUtCNREcwQCsF7qEKml1QCor+GW1ijyME/aIXuDkv701AF4k/IzkyQzlwv5rtmKWKR8gkGNPwvQRbQ9AomOSjbDM1PAHWhy5vWBqB4qY1nNw/oidWadNOrG1FSCfq74khKGMGKrSdCrBn5r2x+J/XSLFz1RqKKEmRR2y6qJNKijEdh0HbQnOGcmAJMC3srZT1QANDG1nWhuDPv7xIqud5/yJfuCvkStezODLkiByTU+KTS1Iit6RMKoSRR/JMXsmb8+S8OO/Ox7R1yZnNHJA/cD5/AHo6lR4=</latexit>

m� = 1, ✓k = 0• : back to the plane-wave case r(tw)=1

• dependence on        comes from Wigner d-function 
<latexit sha1_base64="Rdgpq5aHR982u96gSrOGVpWh6RE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGl/3C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+75ScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaikg3BW355lbQuqt5ltXZfq9Rv8jiKcAKncA4eXEEd7qABTWAg4Rle4c15dF6cd+dj0Vpw8plj+APn8wcoTJAP</latexit>

✓k
<latexit sha1_base64="lXLuUnR6Ue9G9UV+SOMYcLtuLcQ=">AAACDXicbVC7SgNBFJ31bXxFLW0Go6BN2JWglqKNiEUEo0I2LndnZ5MhM7vLzF0hLPkBG3/FxkIRW3s7/8bJo/B1YOBwzj3cuSfMpDDoup/OxOTU9Mzs3HxpYXFpeaW8unZl0lwz3mCpTPVNCIZLkfAGCpT8JtMcVCj5ddg9GfjXd1wbkSaX2Mt4S0E7EbFggFYKylvRbXEWxP2gUIHfBqWA+uc2HkF/x8cORwi6u0G54lbdIehf4o1JhYxRD8offpSyXPEEmQRjmp6bYasAjYJJ3i/5ueEZsC60edPSBBQ3rWJ4TZ9uWyWicartS5AO1e+JApQxPRXaSQXYMb+9gfif18wxPmwVIsly5AkbLYpzSTGlg2poJDRnKHuWANPC/pWyDmhgaAss2RK83yf/JVd7VW+/WruoVY6Ox3XMkQ2ySXaIRw7IETklddIgjNyTR/JMXpwH58l5dd5GoxPOOLNOfsB5/wJHqZux</latexit>
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Manipulation of giant resonances via vortex photon

21

Z. W. Lu, L. Guo, Z. Z. Li, M. Ababekri, F. Q. Chen, C. B. Fu, C. Lv, R. R. Xu, X. J. 
Kong, Y. F. Niu, and J. X. Li,  PRL 131, 202502 (2023)



New 𝜸 beam facilities
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• High Intensity g-ray Source (HIgS)
• Extreme Light Infrastructure – Nuclear Physics  (ELI-NP)
• Shanghai Laser Electron Gamma Source (SLEGS)

• Inverse compton scattering

lE4E 2max gg »
Ee=3.5GeV
EL=0.116eV(CO2)
g = 6849
Eg =4g2EL=21.7MeV

SLEGS  BL03SS-ID

K. A. Tanaka et al., Matter Radiat. 
Extremes 5, 024402 (2020) 

H. W. Wang et al., 原子核物理评论 37, 1 (2020); Nucl. Sci. Tech. 33:87 (2022) 

H. R. Weller et al., Prog. Part. Nucl. Phys. 62, 257 (2009) 



Possibility to produce vortex gamma photon

23

In this Letter, we show that it is possible to produce high-energy
twisted photons by Compton backscattering of twisted laser photons
off ultrarelativistic electrons.

Experiments at SLEGS? 



Summary and Perspectives

24

Summary

• Fully self-consistent QRPA+QPVC based on Skyrme density functional for non-

charge-exchange channel is developed

ü Succesfully applied to the study of giant multipole resonances

• New possibilites to study nuclear giant resonances with vortex gamma photons 

are explored

ü Forbidden transitions and quasi-pure transitions are found 

ü Provide a clean probe for the study of IV giant quadrupole resonances

Perspectives

• Applications in astrophysics

• Vortex electrons interaction with nucleus

• Explore how to generate vortex gamma beam

• …
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