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. Shape transition around Zr isotopes
Nuclear chart of Ra2 ( E(4+)/E(2+))
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. Shape transition around Zr isotopes
Nuclear chart of B(E2) w.u.
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. Shape transition around Zr isotopes
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Tensor of nig7/2 - p1gar2 drives the proton shell configuration drastically changing

Tomoaki Togashi, "Quantum Phase Transition in the Shape of Zr isotopes", Phys. Rev. Lett. 117, 172502 - Published 17 October, 2016
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. Sudden charge-radius increase at N = 60
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. Why measure matter radii ?
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» Proton distributions are well established ( R, B(E2), etc.)
» Neutron distributions remain poorly known

— Matter radii provide direct probe of neutron distributions



. Reaction cross section
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op(E) = Jdb 1 —exp| —|ds Z o;(E) p"(s)p" (s — b)
1,j=(p,n)
Glauber Theory =~ NN scattering x-section

Projectile Target " -

>

q Je1owe.ed 1oedw|

<



. Reaction cross section
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B OR VS Oj

OR = Otot — Oelastic

Measurement is difficult because inelastic transitions
To bound states must be identified

O1 = OR — Ojpelastic to b.s.

Measurement is easy because it only requires
identifying the surviving projectile.
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Bl Experiments in RIBF g@@

Reaction target: C
(Spring 2025) \
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\ Reaction target: C

(Autumn 2024)

' ’@\Q BigRIPS ~ 80 m
Production target +ZDS ~120m |4,



. Experimental setup

Plastic Detector Carbon target

Time of flight (ToF) ( tave ~

1.0, 15g/cm2)

¢

lonization Chamber:
AE measurement

Position Detector PPAC:
Momentum meas.

| :ll'"l x| Il F

Particle identification
by Bp — ToFF — AE

o ToF «x 1/v

o AE x Z2/v?

e Bp x Av/Q

I:{> A/Qand Z
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. Analysis

“ Upstream “ Downstream
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. Results
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. Matter radii extraction

or(E) = [db 1 —exp| — st Z aij(E)pP(i)(s)pT(j)(s —b)
1,j=(p,n)

Density of projectile nucleus 12C density distribution

-3
o Pm(r) (fm3) ta,
5 . N Pm(r) =

pO,m
1 + exp( r—Cm>

Am

2-parameter-Fermi (2pF) type

Is assumed

IOOO r?p. (r) 4nr? dr

R, =+/{(r2) =
m <rm> IOOO o () 412 dr
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. Results




. Results
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. Interpretation P

= > (0*ISTB) | IM )(IM | S(b)] 0F)
J.M

(D Proton and neutron deformation is different =<0+|ST(b)[ z|jM><JM|]S(b)|o+>

J.M

= (07 |ST(B)S®B)|0T).

(2 Reaction model

2
Preaction =1- Pelastic =1- | <O+ | S | O+> |
Pinteraction =1- Ptransition to b.s.(incl. g.s.) — 1 - <O+ | STS | O+>

vl% 1% %)

Reaction calculations must be performed for each orientation.
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. Re-extraction of matter radius

projectiieé mass number



. Inelastic to bound states

P.

inelastic to b.s.

P.

reaction  * interaction

= (§%) = (S)’

This is exactly the variance of §

v

What is the physical meaning of it ??
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. Deuteron breakup in Glauber theory

o
w.f. truncated

[Stripping) (Diffraction Dissociation)

Classical picture Quantum effect:
(1D Wave function is truncated
2 Deuteron is excited
(3 Dissociation occurs

Roy J. Glauber, "Deuteron Stripping Processes at High Energies", Physical Review 99, 1515 (1955) 22




. Good-Walker diffractive dissociation
f Initial states\ f Final states \

A (Projectile) Dissociation products

\ ) \ Target remains in the g.sj

M 2 M 2 : Target’s longitudinal momentum transfer
q)

9) q, (Transverse momentum transfer)
P is assumed to be small enough | 53



. Good-Walker diffractive dissociation

|11) = e'kz Z c.| C;) | 1): Initial state C; : attenuation eigenstates
, Y in nuclear matter
l

| T) = ¢k Z C;H; | Ci> | T'): transmitted state #, : attenuation factor

i

Coherent scattering Incoherent scattering
1.0 (Elastic) 1 (Diffractive dissociation)
S 4 °
g > ni=n Vi 1] o =2y
L g O-0-0-0-0-0-0-0-0- [----- e e e itk Skt ol
o
50.4-
% 0.2 Var(n) =0 | Var(n) >0
I Sol U S#£ U
TS 4 5 6 7 8 8 10 T 2 3 % 5 6 7 8 5 10

No fluctuation Fluctuation 24



. Good-Walker diffractive dissociation

» Decomposition

@S’) =|I)—|T) = Z c(l1—n)] Cﬂ | §): scattered wave

l

(=D + [Z(ﬁ—ﬂi)CACD]

[

Coherent term Incoherent term
(Elastic scattering) (Diffractive dissociation)

2 2
Geon & [(O1A10) " opp & Y [ (f14]0)]
=(1- ;7)2 J#0 ( Using completeness )

2
= (0|ATA|0) — |(0]A|0)]

Scattering Amplitude

= <i72> — (ﬂ)z Variance of 1

Hannu I. Miettinen, "Diffraction scattering and the parton structure of hadrons", Physical Review D 18, 1696 (1978) 25



. Configuration fluctuation

(D Event-by-event config.

Examples of event-by-event config.

Ck= {N’bl’yl""’bN’yN} A
(2 Scatt. Amp. for each config. £ of 9 Il @
M = Fp = F(C) —1} _
(3 Diffractive dissociation 1} I
G)'DDOC<F2>—<F>2=V211"(F));i~ of |l @
1t 1t
= Var(F({b, ) S
Variance of the parton config. [fu] o[fn]

» opp Is sensitive to fluctuations of configurations

Heikki Méantysaari, "Review of proton and nuclear shape fluctuations at high energy", Rep. Prog. Phys. 83 (2020) 082201 26



. Orientation fluctuation  |o+) = [dQ o | Do)

0+ g.s. is a superposition of intrinsically deformed states
with different orientations €2

w.f. truncated

No excitation
of target

Rotational excitation

Stripping / fragmentation

Orot = szb < | Sq(b) |2>Q — ‘ <Sg(b)>9

. i | 27
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Nuclear shape imaging in H.E. HIC

b . Quantum fluctuations in orientations c . E- n? Jg/+ 1)
6" ———0.307 MeV
—_
X 4" —0.148 MeV
Time scale: 7 2 I/ ~ 10°-10* fm/c Coherent su‘berposmon of S: ————0.045 MeV

wavefunctions probed at low energy

Rotational band of 228U

e f
Que ark—g‘“ on 965
n (
Body-body
configuration ma\\dL Ty<vx ) o P
\,a\’@e £2° 2 \aree 2
Boosted to Pressure-driven Particlization and
relativistic speed I" > 100 hydrodynamic expansion free streaming
n pIeS! _guon plas®
a ark}“m Quark
—_—
Tip-tip
configuration od P
¥ge -+ \(¢d
1 fm/c = 3 x 107* seconds «~  gmal e grral 0,1

_ -6
=8 x 107 attoseconds Time scale: 7 ~ 2Ry/I"~ 0.1 fm/c 7~ 10 fm/c 7~ 10" fm/c
= 3 yoctoseconds exposure expansion detection

STAR Collaboration, “Imaging shapes of atomic nuclei in high-energy nuclear collisions”, Nature 635, pages67-72 (2024) 28



. Nuclear shape imaging in L.E. HIC

i Cy (01 + Cur(2) + Cpr(dh) + ...
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Bl SUMMARY
89-109Zr interaction cross section measure

Jump due to deformation was not seen

Complementary o;,,; can explain the

discrepancy between
BE2 and charge radii measurements

0;,.; - variance of S -> sensitive to
fluctuations of orientation
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. Inelastic effects

(1-¢57) - (1- ()

P P

reac abs

Paa® = Y 3 [n1s)10%)|

‘]=0’2,47 e M

= ) (0% [S'(B) [JM)(IM|S(b)|0*)
J.M

= (0*] S*(b)[ D 1IMYIM] J S(b)[0*)

J.M

= (0" ST(B)S(b) |07).

32



. Good-Walker diffractive dissociation
2 _pz — M2
E’—(p—q)’=M"
pPP=p—q) =M?*-M
2pq, — q”2 =M"? - M?
q<p = q”2 ~ ()

M™?—M?+ g
2p

9 =
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. Good-Walker diffractive dissociation

qRy << 1 = Longitudinal coherence condition
The longitudinal phase variation across the target nucleus is negligible

~ 1/3
RA — roA . ro ~ —
1 m I:> Target excitation can be in g.s.
T
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. Good-Walker diffractive dissociation

1S)= 11y~ IT) B

=Y (1 -1)|C)

==y + D @G-n)lC) |

Coherent Diffractive dissociation -1

6o & |(01510)]” opp o X [ (£1510)]° !

£ (Using completeness) = @
10 1

y[fm]

suoneinbiyuod uoped uojoud jJuaitayiq

=(015%510) - |(01510)|"
= (n*) — (n)*
= (F¥({b,y ) = (F({bpy})

configuration fluctuation —v

y[fm]

x[fm]

Hannu I. Miettinen, PRD 18, 1696 (1978) Heikki Méantysaari, Rep. Prog. Phys. 83 (2020) 082201 | 35



. Deuteron dissociation

= 1500
E
Q
2
< 1000
Y
o
©
o 900
P
2]
=
O
E= 0

I | 1 I | I 1 1 | | I 1 I 1 | | 1 I 1 | [

N nuclear + EMD _

— wsssaems diffraction + n stripping —

— EMD _
experiment

n L

" TLLLLLAN p\ih\\l\‘-l
i 7 e T LT L Lt —
\\\\\\\\\\\\\\\\\\\\\\\

L Y W et

\\\\\\\\\ -
........
\\\\\\\\\
— A —
\\\\\\\
®
- e —
\\\\\\\\\\\\\\\\\\

N i

‘‘‘‘‘‘‘‘‘‘
Lt pet e | | |

target mass number A



. Deuteron dissociation

total reaction o (mb)
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. Deuteron dissociation

Deuteron’s photo-dissociation cross section:

y+d—-p+n
is acquired from JENDL/PD-2016.

Then, it is convoluted with E1 photo number:

oo

UEMD(d) = [ NEI(E}/) Uyd_)pn(Ey) dE},
2.224 MeV
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. Deuteron dissociation

Sy(b,s) = S,(b+s/2)S,(b—s/2)

P, =S, P,=IS,I’
Pstrip,p — (1 - Pp)Pn’ Pstrip,n = Pp(l - Pn)

o, = ZﬂIb db P (b)

X

Paigr = <|Sd|2>_ ‘(Sd>‘2

nuclear __
OR = Oyps T Ogifr

Oabs = Gstrip,p + O-strip,n T Opoth abs

p.,nuclear __
breakup Ogift T Gstrip,n
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. Zr inelastic scattering cross section
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