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Traditional imaging method

Coherent diffraction
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Traditional imaging method
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Image taken before destruction



Imaging by smashing: some examples

Smashing a deformed droplet on surface
strongly-coupled cold atomic gas
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Coulomb Explosion Imaging in Chemistry
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Instantaneous stripping of electrons and let
atoms explode under mutual coulomb repulsion



Imaging by smashing: some examples

Smashing a deformed droplet on surface
strongly-coupled cold atomic gas

F=VP Coulomb Explosion Imaging in Chemistry
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Imaging by smashing: high-energy collisions
Take a snapshot Evolution Measurement

nuclei Tt —0) 0,T" = 0, ECS, viscosity... T (7 = 00)

e o Particlization and 30,000 particles

%‘ Pressure-driven expansion of free-streaming s RN M s
400 nucleons _ |:> > , >
guark-gluon plasma (QGP)
(™)

@ TNQRo/Fmolfm/C TNlDfm/c T’\‘1015 fm/C

exposure expansion detection

Large entropy production enable a semi-classical description

» Initial condition is a fast snapshot of nuclear structure

« Transformed to the final state via hydrodynamic expansion (EFT)

* Reverse-engineer to get snapshot, aided by large information output

Ability to image €<-> QGP dynamics and properties



Imaging by smashing: high-energy collisions

nuclei
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Take a snapshot
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Measurement
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Preserving the snapshot to the final state

Shape-flow transmutation via pressure-gradient force:
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Preserving the snapshot to the final state

€

One event

F L] I T T L] I L] T
ATLAS Pb+Pb

-5%; ‘ESNN:Q.?B TeV |
pT:-O.S GeV,n|<2.5 _

60

dN/dp [r/25]

=~
(=}

20

higher-order harmonics
seen at single event level |



Observables for event-by-event fluctuations

s Measure moments of p(1/R, &,, €5...) via p([p1], Vo, V3...)...
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A plethora of measurements
= Single particle distribution  Flow vector: V, = v,,e™¥"
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EbyE fluctuations of size and shape



Seems we can infer the initial condition of QGP
which carries imprints of the colliding nuclei.

But what kinds of images do we expect to get?
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Intro to atomic nuclei at low energy

Many-body quantum systems, govern by short-range strong nuclear force
Emergent properties in between discrete nucleon and bulk nuclear matter, like quantum dot.
Configuration is one that minimizes E, which is often deformed away from magic numbers

Cluster of nucleons Cluster of atoms

Magic numbers: Na cluster

2820285082126
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8,(N) (V)

Effective Potential (V)

0 10 20
Radius R (arb.units)
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Atomic nuclel and their shapes

Many-body quantum systems, govern by short-range strong nuclear force
Emergent properties in between bulk nuclear matter and discrete nucleon, like quantum doc.
Configuration is one that minimizes E, which is often deformed away from magic numbers
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l . | |
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Very rich landscape of shapes and other structures 14



Degrees-of-freedom and timescales R PR

Heavy nuclei @ @

A
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) ® & op— i 27 st
AN £ oo | -~/ :
P rotation  vibration clustering nucleon correlations
Y= om
Energy scales: | ~(.1 ~0.5-2 ~a few ~1-30
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Tin}f;jg)'es 104108 ~1000 ~1000-100  ~100 to a few
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Nuclear shapes at low energy: long exposure

Each DOF has zero-point fluctuations within certain timescale.

2
1
B — h J(;I +1)
quantum fluctuations in orientations . .
67 —— 0.307 MeV
4t 0.148 MeV

_— 2" ———— 0.045 MeV
time scale: 72> I/h ~ 10° - 10* fm/c wavefunctions probed in or —

spectroscopy method rotational band of 238U

Spectroscopic methods probe a superposition of these fluctuations
Instantaneous shapes not directly seen—> intrinsic shape not observable at low E

Infer shape from model comparison to energy-transition-lifetime measurements.
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Nuclear shape at high-energy: smashing experiment

To see event-by-event shape directly, one must have
access to instantaneous many-body correlations ¥ (ry,rs...)

Concept of shape is collision energy dependent

Texpo

We will see all DOFs longer than this

timescale: 7 > Texpo
Nucleons, hadrons, quark, gluons, gluon saturations

suosew ‘suokieq
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Smashing experiment and nuclear structure

Nuclear Structure Initial condition Final state

Energy deposition hydrodynamics LN 7
2 | > .
? <N

T8+ 15\ "
p(z,y, z)dz TO‘( 2 )

Shape and radial dis. Size & shape Observables
Ba— Quadrupole deformation R2 o 7‘2 n _ing d*N —ing
B3+ Octupole deformation . < J_>’ gn x <TJ‘8 > dodpr = N(pr) ;VB €

ap -+ Surface diffuseness
Ry + Nuclear size

space-time dynamics of QGP

Nucleon width Precision of imaging method{ energy deposition mechanism
Nucleon distance

substructure

How to apply the method in practice?
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Impact of deformation: head-on collisions

Collision geometry depends on
the orientations: head-on

asma ma
Ouavk-Gonn S -Gluon plas

— collisions has two extremes
R Gl : \ body-body or tip-tip collisions
~boosted to pressure-driven ’ particlization and Body_body: |arge ecce ntricity |arge Size
relativistic speed I'2100 hydrodynamic expansion freestreaming
Gl n Plg Gluo" plasm? ) ) VZ’;II pT.\" .
= 288+ 208 s i _ Tip-tip : small eccentricity small size
€ y é‘/ O C R | e VoN o pr/
tip-ti \
conguraton e 197Au+197Au 238+ 238
2 2
(Uz) - al + b1B2 3
Compare to collision of near spherical 1°7Au, ((5pT)2) = agl+ 5252
« Deformation enhances the fluctuations of v, and [pq]. ) i ’
« and leads to anti-correlation between v, and [p+]. (v36pT) = as|- bsB; cos(3y)

Compare two systems to disentangle global deformation and quantum fluctuation!
low E high E 19




Impact of deformation: head-on collisions

Seen directly by comparing 238U+238U with near-spherical *°’Au+°’Au

. 0 - 0.5% Centralit i -
“;c_> STAR entrality N f@ee e e O(Xi)(")iffﬂl} Q/ SpherlcglAu
= @® UuU+U . o ) baseline
> 8- & < Au+Au C
I (v 5PT) ®

- I P2 =

. el 0.1 (v3) /((6p1)?) @

: P i ® c Prolate U

I w 0.2<p_<3GeVlc 0oL T vV

07 005 0005 0 — 2% %

SDT/<[DT]> 1/size Centrality [%]

Near-spherical - flat p, vs centrality
Strongly prolate - decreasing of p, vs centrality
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(v§>U /(V§>Au

Ratio of observables Ro = (O)y.u/{O)avsan
P N
0.2<p_<3GeVic & o :......
o s o
2= N>C\I .
B | uln | 5:’ gl @
b e o
;\N . ... c<\3 . /\T:i oF .
2z e - Q
1 5 — 2subevent method % . gl_1 5 B . C\clo(\l
1 u;z.f i::j GeVic = . -?/ .
[ 5
-@- UsU .
@ @ g[_:amra\iry [‘5’1 . -1
o
_ o o
[ X ) o
| | | et .I. | | -2r 1 I ’I
40 20 0 40 20 0 40 20 0

Centrality [%]

Centrality [%]

Centrality [%]

Ratios cancel final state effects and isolate the effects of initial state/nuclear structures!

U deformation dominates the ultra-central collisions (UCC)
2>50%-70% impact on <(ép1)%> and <v,2>, 300% for <v,25p>

More smooth centrality dependence for <(§p1)?> than <v,2>
-V, is dominated by v,RP (unaffected by deformation), having residual impact in UCC
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Compared to hydrodynamic models

I
”3“ 0.2<p, <3 GeVic
S
.-ﬂ-.j !
T @)~ STARdata ff
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16 — _
D’? hydro qu =0.25
y =0

0 20 0
Centrality [%]

Risp e = {{ﬁETﬂU (®p P,

@~ STARdata
— hydro BZU =0.28

-~ hydro Bzu =0.25

Centrality [%5]

€ STARdata

Compare with state-of-the-art ipglasma+music+UrQMD hydro model.

The <(6p1)%> and <v,26pr> data seems prefers value closer to ,,=0.28 and a small y,,.

<v,2> prefer a smaller B, value

=y= 0
=y= 10
=y=15
y=20 °
P PR Y U
40 20 i
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Ratios cancel final state effects

= Vary the shear/bulk viscosity in Music hydro model
= Flow signal change by more than factor of 2, yet the ratio unchanged.

Vo2 X €9 ) 5
<V,2> <(6pqy)*>
% 10f 2 b Pr %
opr x —O0R X X X
N>N N,..i_ Q_'_
02< p, < 3 GeVic
,02,U —~ EZ,U 1~ @~ Au+Audata
~ [ ip-glasma hydro
'UZ’Au Eg,Au | == gefault

[ &= 50% lower viscosity

<((5pT)2>U <(6R)2>U I =50°/=; highc?rvisc?sit?/ o

(), (GRP),y, & o ~
< B, =028 %F & i
| = | o < o-—
<U§JPT>U ~ <€%5R>U ?’1.5— ] f\f_its— ;_‘»:—) I
(’U%(spT)Au (EgJR) Au ° @ / {:,N _1:_
: ~/ ﬁ :
Robust probe of '® 90000gg0® . 1 ‘——.6. .............. b »
C e o0® [
initial state! I r"';o"'z'o“-a N !
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Sensitivity to other structure parameters

b

[ — default

F 0.2< p, < 3 GeVic

B, =0.28

— small BQAU

| . small RAu

g —large RU

[ l34U=0

— large a,

Small a

~d,,=04

20 0 20
Centrality [%]

Centrality [%]

L 1 L L L 1 L 1 L
40 20 0
Centrality [%]

il depend on other structure parameters:

S PN CRE SR Y

Ro, &y, higher-order deformation, nucleon separation

In ultra-central collisions, ratios are mainly controlled by £,, and yy.

In non-central collisions, v, ratio is also sensitive to nuclear skin

Focus on 0-5% most central collisions to constrain the Uranium shape



Constraining the U238 shape

<V§>U /<V§>Au

V8P, V58P ),

2 2
o
2 | 0-5% centralit Z'_ I

& T : Y L,
:\>, 1.5_— _:__/D -
~2 [ o
G STAR data =
~ i —— hydro Y, = 0’ ucol

i —— hydroy = 10° =

N ~— hydroy =15’

i ~—— hydro yu=20°

o oo o1

Confirming these relations, including
strong sensitivity to triaxiality

focus on ((6pr)?), (v3dpr)

(v3) = a1 + 0133,
((5PT)2) =ag + bzﬂg ;
(v30pT) = az — bsB; cos(3y)
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Results
High-energy estimate Low-energy estimate

Bory = 0.286 + 0.025 ** @\
yu = 8.7° - 4.5° |

Bar = 0.287 £ 0.007

|

Hydro-mode] Uncertainties With liquid model
dominates X-Z X-y assumption

Global nuclear shape

<( 5PT)2> - \% Variations in energy deposition, saturation effects are
u B + b2 5y 14 _ZﬂgU subleading. Similar findings from B. Schenke. et.al
<(5PT)2> a2 @2 i 025 (g, 028b—0fm . o
Au / = 02 s:—e—-

T Y9

Spherical baseline, mainly from B
nucleon fluctuations.
Described well by hydro model

01 HM_H_O

0.05

0
256-2-156-1-05 0 05 1 156 2 256

Yonise + ln(\/gt’\/;b)

Low energy High energy
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nature | Last updated Published on Nov 6 2024

Imaging shapes of atomic nuclei in high-
energy nuclear collisions Uranium ¢ Uranum . :

Nuclear Collisions

o
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https://www.bnl.gov/newsroom/news.php?a=122119

Article Accesses Web of Science CrossRef

NEWS | 06 Novem| ber 2024

nature Smashing atomic nuclei together

Explore content v About the journal v Publish with us v Subscribe reveals their elusive Shapes
" . A method to take snapshots of exploding nuclei could hold clues about the fundamental
| . H
sl i httDS //d Ol. OI’Q/].O . 1038/d41586'024'03466 '3 properties of gold, uranium and other elements.
NEWS AND VIEWS | 06 November 2024 BvElzabenciner - hittps://www.nature.com/articles/d41586-024-03633-6
v f

Rare snapshots of a kiwi-shaped
atomic nucleus

Smashing uranium-238 ions together proves to be a reliable way of imaging their nuclei.
High-energy collision experiments reveal nuclear shapes that are strongly elongated
and have no symmetry around their longest axis.

By Magda Zieliiska & & Paul E. Garrett
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A general strategy for nuclear shape imaging

Flow observable = K ® initial condition (structure)

- ~~

QGP response, Structure of colliding nuclei,
a smooth function of N+Z non-monotonic function of N and Z

Compare two systems X and Y of same mass but different structure

Oxix
Ry =
© Oviy

~ 1+ clAﬁg + @Aﬁ% + esARy + cqAa

Deviation from unity depends only on their structural differences
C, - ¢, directly probes energy deposition mechanism in the initial condition!
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Isobar 2°Ru+°°Ru and °6Zr+9%Zr collisions at RHIC 200 GeV

Non-overlapping
region

BRuU=44p +52n
¥%Zr=40p +56n

Charged TB ’ v
particle /3
° \ 4 ;,://
A - il

i .
/ -
\ /
+
./{/ ‘.‘\ =

o —— —<ie
B = <o

.('7/'/ [ ™\
A/ = | ey
SNy : Collision plane

Overlapping
region

Originally designed to search for exotic magnetic effects
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Isobar 2°Ru+°°Ru and °6Zr+9%Zr collisions at RHIC 200 GeV
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Nuclear structure via v,-ratio and v,-ratio

96Ru 96Ru
Quadrupole By = 0.162
B3 ~0
96Zr
Octupole A‘ By = 0.06
" B3 = 0.20
Species | 2 B3 ao Ro
Ru 0.162 0 0.46 fm 5.09 fm
Zr 0.06 0.20 0.52 fm 5.02 fm
. ARZ AR Aay AR
difference 56506 —0.04 0,06 fm 0.07 fm
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v 1+ c1ABs + caABS + c3ARy + c4Aa

Simultaneously constrain four structure parameters
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Nuclear structure via v,-ratio and v,-ratio

96Ru 96Ru
Quadrupole m Ein By = 0.162 O
P i ‘ ﬁ3~316 Ro = ORu ~ 1+ ClAﬂS + CQAIB?? + CgAR() + C4Aa 2109.00131
Zr
Octupole . P Simultaneously constrain four structure parameters
B3 = 0.20
2106.08768 2\1/2 . o\ 1/2 .
v —ratio v —ratio
Species | B 2 0 o . <2> I 5 .2,1 0.2% o < .3.>| s 5 -2|1 0.2%
Ru 0.162 0 0.46 fm 5.09 fm S [ ~*Vam/Vaz STARData S K
Zt | 006 020 052fm 502fm| @ [ #AWPT T [ e
. AB;  AB; Aag ARy 1.1+ .
difference (36506 -0.04 -0.06 fm 0.07 fm j -+
- STAR Preliminary -
3 L)
~ 0.16 increase V,, no influence on v, ratio = » l—
Por ? _ ’ 1.05- | STAR Preliminary %, Bz
B3z~ 0.2 decrease v, and v; ratio | *s
Aa,=-0.06 fm increase v, mid-central, [ —e-vyq, /vy, STAR Data \{: 1
. _ . . - i # AMPT ‘&i
Radius AR, = 0.07 fm slightly affects v, and v; ratio. 4| £ A . FT®Y L D3y . -
b P P B ]
@ (V- @

Is 96Zr octupole deformed? ..

Tt Tt
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Currently available collision systems

RHIC /s=200GeV LHC /s=5000 Gev

197 197 238 238 129 129 208 208
Au+IAU VS ;Jr yU Establish methodology XetXevs “HPb+*5Pb
?jJU B 43 « Large sensitivity Baxe Vxe Neutron skin

*°RU+%°Ru vs %Zr+%°Zr Establish precision

Boru Baz: * 0.2% measurement error vs 5-15% signal

large skin »  High-order observables
Structure of light nuclei 16()+16
+16Q vs 20Ne+20Ne?
d+197Au vs 160 +160 » Cluster, subnucleon structure.

« Benchmark ab-initio models

p+p’ p+27A|’ p+197Au’3He+197Au’

BCUARCU, BCUHTA What can we learn from these? p+p, p+0, p+2°8Ph

What other species to consider & what questions do they answer?




Future opportunities

High-energy: fast snapshot of nucleon distribution for any collision species.
Low-energy: complexity & interpretation depends on location in nuclide chart

Conftra".‘ri]”li(“a' condition via Current extraction of QGP properties
nuclel with xnown structure are limited by the initial condition

m Better constrains on properties of QGP

U Model parameters: Observables v.s. centrality
Initial condition N, p, w, k,d Transverse energy

i ) Early time dynamics 7,0, €o Charged particle multiplicity
Constrain the structure for nuclei of Transport: coeficients /s, ¢/ @ x/K [p yield
interest with known initial condition Particlization prescriptions /K /p {pr)

Switching temperature T, Flow harmonics vs, v3, vy

wr) EbE fluctuation
effective for discerning shape differences between isobar-like species

v W
JEVSCAPE

{Is

With the imaging-by-smashing tool polished,
many exciting applications lie ahead

O.v15 0.’20 0.'25 0.50 0.35 O.YIS O.,ZO 0.'25 0.'30 0.35
T [(GeV] T [GeV] 34
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1oNe

MeV
3.357

1.275

0—

22 22
11Na 12Mg
I~ MeV " MeV
¥ 4071 4 3308
3044 1+
3.707 6
3519 3
3,060 o
2069 3
257 2
991 I
1.984 3
2+ 1952 2 1.246
1937 1
1528 5
0.891 4
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Odd N or Z nuclel
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nuclear shape is often presumed to be similar to
adjacent even-even nuclei.

their spectroscopic data are more complex due
to the coupling of the single unpaired nucleon
with the nuclear core.

by comparing the flow observables of odd-mass
nuclei to selected even-even neighbors with
established shapes, the high-energy approach
avoids this complication.
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Higher-order deformations (5 and g,

Ratio of v, in UCC region are mainly sensitive to f3,
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B4, constrained using v, ratio in central region

Order of v; reversed by considering non-zero S Ly

V, ratio is mostly affected by S,,, but also B3,
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Shape fluctuation and coexistence

Same nuclei can have several low-lying states with different intrinsic shapes
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High-energy collisions are sensitive only i

to ground state shape, avoid shape
variations during transitions
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Shape fluctuations via high-order correlations.

((6pT)2) = a2 + b2ﬁ§ ) 2 =9 9 9
(v36pT) = as — bsf; cos(37) <62> = P2+ 5, (c0s(37)%) = c0s(37) + Tcos(ayy

two- or three-particle correlations can’t distinguish between static S,,y from their fluctuations.

Equal mix of prolate and oblate looks like triaxial STAR U238 measurement doesn't distinguish
A A A between static y or y fluctuations
0 3 w6 Yy g

(cos(37)) =0
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Shape fluctuations via high-order correlations.

((5PT)2) = a2 + 5253 3 9 =9 9 —2
(v30pr) = as — b5 cos(37) (B2) =Bz + o3, (cos(37)") = cos(37) + Teos(sy

two- or three-particle correlations can’t distinguish between static S,,y from their fluctuations.

Equal mix of prolate and oblate looks like triaxial STAR U238 measurement doesn't distinguish
A A A between static y or y fluctuations
5 > TS Need higher-order correlators to disentangle
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Neutrinoless double-beta decay
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°r " M Need to model the overlap of nuclear wavefunction between
2 M _ initial nuclei and its final isobar nuclei.
=, 1 Uncertainty in matrix element leads to x10 change in lifetime
TR - : : .
T < 4 ] Isobar collisions allow us to determine their shape differences, thus

T Y R L could help reduce the uncertainty of NME.
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Po
1 + e(r—Fo(1+3, 5,Y;(6:6)) /a0

Imaging the radial structure: o(7) =

Radial parameters R, a, are properties of one-body distribution > <pT> <N.y>, V,RP~v,{4}, a,,,,
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Summary

= Imaging-by-smashing is a discovery tool for low- and high-energy nuclear physics.

= Low- and high-energy techniques together enable study of evolution of nuclear structure
across energy and time scales.

= Future research should conduct collider experiments with selected isobaric pairs

Shape Coexistence Workshop - 2023

A| isobars | A | isobars | A |isobars| A isobars A | isobars | A isobars

36/ Ar,S |80 | Se, Kr |106/Pd, Cd|124 |Sn, Te, Xe| 148 Nd, Sm | 174| Yb, Hf

40| Ca, Ar |84 |Kr, Sr, Mo|108|Pd, Cd|126| Te, Xe | 150/Nd, Sm||176| Yb, Lu, Hf © o022 04 06p. O 02 04 0.6¢p:
46| Ca,Ti |86| Kr,Sr |110/Pd, Cd|128| Te, Xe |152|Sm, Gd|180| Hf, W ]
48| Ca, Ti |87| Rb,Sr |112(Cd, Sn|130 |Te, Xe, Ba| 154 |Sm, Gd |184| W, Os

50| Ti, V, Cr | 92 |Zr, Nb, Mo|113|Cd, In| 132 | Xe, Ba |[156| Gd,Dy| 186 W, Os
54| Cr,Fe |94| Zr, Mo |114|Cd, Sn|134| Xe, Ba |[158| Gd,Dy|/187| Re, Os
64| Ni, Zn |96 |Zr, Mo, Ru|115| In, Sn | 136 | Xe, Ba, Ce| 160 | Gd,Dy|/190| Os, Pt
70| Zn,Ge |98 | Mo, Ru |116/Cd, Sn|138 |Ba, La, Ce| 162 | Dy,Er|[192| Os, Pt
74| Ge, Se (100 Mo, Ru |120(Sn, Te|142| Ce, Nd |[164| DyEr|/196| Pt, Hg
76| Ge, Se [102| Ru, Pd |122|Sn, Te|144| Nd, Sm |168| Er,Yb| 198| Pt, Hg

78| Se, Kr |104| Ru, Pd |123|Sb, Te| 146| Nd, Sml 170 | Er,Yb || 204| Hg, Pb
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