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The power of imaging

Astronomical scale microscopic scale 

First-ever image of a black hole MRI CT image Image of electrons at attosecond

Imaging: one of the scientific methods to understand nature! 
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Fathom the fundamental structure of atomic nuclei 

• Emergent phenomena of the many-body quantum 
system 
• Quadrupole/octupole/hexadecapole deformations
• Clustering, halo, skin, bubble…
• Non-monotonic evolution with N and Z

Understanding nuclear structure is crucial for nucleosynthesis, 
Nuclear fission, and neutrinoless double  beta decay                  .
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Multiple stage
/Complex dynamics

Hybrid multi-stage 
modeling with event-by
-event fluctuations 

Nuclear structure 

Multi-stage collision dynamics in relativistic nuclear collisions

• Constrain the initial condition by comparing nuclei with known structure properties.
• Reveal novel properties of nuclei by leveraging known hydrodynamic response.  
• Study the unknown nuclear structure by heavy-ion collisions. 4



STAR detector at Brookhaven National Laboratory  

STAR detector provides 
1) large, uniform acceptance at mid-rapidity

2) vast number of emitted final state hardons 

3) capability to access nuclear structures in U+U, Ru+Ru, Zr+Zr, 

and O+O collisions…
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Low-energy spectroscopy vs high-energy snapshot method

  
STAR, 2401.06625 • Nuclear shape in intrinsic (body-fixed) frame not directly visible in the lab frame

--Mainly inferred from non-invasive spectroscopy methods. 

• Shape-frozen like snapshot in nuclear crossing (10-25s << rotational time scale 10-21s)
--probe entire mass distribution in the intrinsic frame via multi-point correlations.  

Energy/time
scales
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Elliptic flow and size fluctuation are enhanced by the nuclear deformation effect.

STAR

Two particle correlator:   

STAR

Evidence of deformation from system comparison

STAR, 2401.06625 

Formulas are confirmed by G. Giacalone, J. Jia, C. Zhang, PRL127, 242301(2021); J. Jia, PRC105, 014905(2022), PRC105, 044905(2022) 7



• 𝛆2 and R are influenced by the quadrupole deformation 𝛽2  

• pT ~ 1/R and v2 ∝ 𝛆2: 

deformation contributes to anticorrelation between v2 and pTwi is track weight

particle correlator    

P. Bozek, PRC93, 044908(2016)

G. Giacalone, PRL124, 202301(2020)

Sign-change in U+U in central collisions; Au+Au remains positive 

Reflecting the initial state from the nuclear geometry 

STAR, 2401.06625 
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Achieves a better description 

of ratios in UCC region 

The heavy-ion collisions could also quantify the shape of 238U as a novel tool.

Constraints on 𝛽2 of 238U from 

data comparison with hydro

Understanding the nuclear deformation in the shorter time scales.  

STAR, 2401.06625 

Extracting shape of 238U: quadrupole deformation and triaxiality 
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Ratios cancel the viscosity effects.

Effect from nuclear parameters are smaller and also included as model systematics.

Other hydrodynamics model (Trajectum) also shows rather 
consistent extractions even if it was not tuned to RHIC data.

Model systematics sources are included in the 
experimental paper.

Extracting shape of 238U: robust and remarkable in central
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Rn-Rp

Lower energies experimental measurement 

Evidence of static octupole moments at low energies is rather sparse.

Nuclear structure in isobaric 96Ru and 96Zr nuclei
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US Long Range Plan 2023

EDMs are very small and difficult to measure.
Higher sensitivity via Schiff nuclear moments in heavy nuclei 
-> Octupole deformation enhancements

Rev.Mod.Phys.91, 015001(2019); Rep.Prog.Phys.80, 046301(2017); Ann.Rev.Nucl.Part.Sci.69, 219(2019)

Pear-shaped nuclei enable new-physics searches? 

Hunt for the no neutrinos

96Zr with high-case
rate, strong neutrino 
mass limiting ability 
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• Direct observation of octupole deformation in 96Zr nucleus
• Imply the neutron skin difference between 96Ru and 96Zr
• Simultaneously constrain parameters using different Nch regions 

Nuclear structure via collectivity vn ratio 

96Ru 96Ru 96Zr 96Zr

C. Zhang and J. Jia, PRL128, 022301(2022); J. Jia and C. Zhang, PRC107, L021901(2023); J. Jia, G. Giacalone, C. Zhang, PRL131, 022301(2023)

β2Ru ~ 0.16 increase v2, no influence on 
v3 ratio

β3Zr ~ 0.2 decrease v2 in mid-central, 
decrease v3 ratio

Δa0 = -0.06 fm increase v2 mid-central, 
small impact on v3

Radius ΔR0 = 0.07 fm only slightly affects
v2 and v3 ratio.  

13



Nuclear structure influences everywhere in various observables
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1.  The signatures of nuclear structure in heavy-ion collisions are everywhere, robust and reliable:

     ---constrain quadrupole deformations and observe triaxiality shape in 238U 

     ---observe large octupole deformation in 96Zr and neutron skin thickness difference between 

         96Zr and 96Ru

2.  Decoding the nuclear structure utilizing many bulk tools via vast final state hadrons.

4. Heavy ion collisions open the interdisciplinary connection between low- and high-energy.

---High-order nuclear deformations, rigid and soft triaxiality, NN correlations in light nuclei…

3.  As a novel tool to unveil nuclear structure, high-energy collisions could help further understand 

     fundamental structure in odd- or even-nuclei, and better treat QGP initial conditions.

Conclusions and Outlooks

Expect more collaborations for understanding the nature of the shape of atomic nuclei! 
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https://indico.ihep.ac.cn/event/20877/https://www.int.washington.edu/programs-and-workshops/23-1a

https://indico.gsi.de/event/14430/ https://indico.gsi.de/event/15627/
Jiangyong Jia 

(Stony Brook & BNL)

2022, Heidelberg

2024, Beijing

2023, Seattle

Continue the efforts to further explore nuclear physics in high-energy collisions. 

The past and future workshops
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Snapshot imaging = tracing the intrinsic nuclear structure?

“…figuring out a pocket watch by smashing two 

together and observing the flying debris”

— Richard Feynman

Short-time scale imaging could see detailed shapes?
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