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R
Proton Charge Radius
Ee =10 - 60 MeV
Be = 30 - 150 deg.

ULQ2@Tohoku => Q2 =3x10°-0.013 (GeV/c)

O
SCRIT@RIKEN/RIBF
B e-scattering for exotic nuclei (~108/sec)
Ee = 150 - 300 MeV

Be = 30 - 60 deg. @E

=>q = 80 - 300 MeV/c
Q2 = 0.006 - 0.09 (GeV/c)?
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Nuclei ever studied by electron scattering

M strictly limited to stable nuclei
B never applied for exotic nuclei (short-lived) .
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Prog. Part. Nucl. Phys. 96 (2017) 1.




world’s first demonstration of e-scattering ECT*ws

for online-produced radioactive isotope 2025.07.14-07.18
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We successfully performed electron scattering off unstable nuclei which were produced online from the
photofission of uranium. The target '*'Cs ions were trapped with a new target-forming technique that
makcs a high-density stationary target from a siall number of 1ons by confining them n an ¢leetron storage
ring. After '
mcrease thy
0.9 x 107
electrons 18 consistent with a calculaaon. 'This success marks the realization of the anacipated femtoscope
which clarifies the structures of exouc and short-hived unstable nucler.

DOIL: 10.1103/PhysRevLett. [31.092502
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Electron scattering provides a long-awaited view of

unstable nuclel

Nuclear reactions produce a plethora of short-lived
artificial isotopes. Figuring out what they look like has

been a challenge.

he cartoon picture of an atomic nu-
cleus looks kind of like the inside of

a gumball machine that dispenses
only two flavors: protons and neutrons,

evenly mixed in a compact, spherical

cluster.

That'’s not generally what real nuclei
look like. Neutron-rich lead-208, for ex-
ample, has a thick skin of neutrons en-
casing its proton-endowed core (see
Puysics Topay, July 2021, page 12). Some
nuclei are flattened, and some are elon-

gated. Some are even pear shaped.
The more unstable a nucleus, the

.

stranger the structures it can adopt
Short-lived nuclei might form bubble

structures with depleted central den-
sity, or they might have a valence nu-

cleon or two that form a halo around a

compact central core. (See the article by

Filomena Nunes, Puysics Topay, May
2021, page 34.) Frustratingly, though,
LS "il - dldsamariige () X~
perimentally confirm, because the gold
standard for probing nuclear structure —
electron scattering—has been off limits

to short-lived nuclei.

and colleagues, working at RIKEN's Ra-
dioactive Isotope Beam Factory (RIBF)

in Wako, Japan, have performed the
first electron-scattering experiment on

unstable nuclei produced on the fly in
a nuclear reaction.' Their isotope of
choice, cesium-137, has a half-life of 30
years. It's not so exotic that the research-
ers expected—or found-—anything un-
usual about its structure. But the tech-
nique they used is applicable to shorter-
lived nuclei, so more experiments are on
the way.

Backscatter

Probing nuclei through particle scatter-
ing dates back to the discovery of the
nucleus itself, in 1911, when Ernest
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SCRIT-based electron scattering facility 2025.07.14-07.18
e-ring proof-of-principle studies
o-beam Nucl. Instrum. Methods A532 (2004) 216.
Phys. Rev. Lett. 100 (2008) 164801.
Pays. Rev. Lett. 102 (2009) 102501.
scatterede
target lons
from ISOL
trapped ions
(3] emesmomen
e-beam )
% | \ electrodes
o) T T s _ for _
< / ‘ mirror potential
:? » automatic collision by "ion trapping”)

» fast ion manipulation for short-lived nuclei &
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RIKEN SCRIT Electron Scattering Facility

WISES spectrometer
AQ ~ 90 mSr
0 =30 -60°
Ap/p ~ 103
long target accept.

SR2 storage ring
Ee =150-700 MeV

le = 300 mA
FRAC T ~ 2 hours
cooler-buncher "
dc-to-pulse conv. = neutron-rich nuclei
ERIS (ISOL) by y_|_238U

photofission of 238U
"

| —
-
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ey
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e

Injector + ISOL driver

. Facility : Nucl. Instrum. and Method B541 (2023) 380-384.
150 MeV Microtron actiity . NUCL st ( )

Trapping
Nucl. Instrum. and Method B541 (2023) 90-92

ERIS : Phys. Scr. T 166 (2015) 014071.
Nucl. Instrum. and Method B463 (2020) 290-292.

FRAC : Rev. Sci. Instrum. 89 (2018) 095107.
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SCRIT electron scattering facility @ RIBF

World’s first electron facility dedicated for exotic nuclel

RIKEN Rl Beam Factory
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RegiOn Of Our current StUdieS 2025.07.14-07.18
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Region of our current studies

2025.07.14-07.18
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RegiOn Of Our current StUdieS 2025.07.14-07.18

n stable nucleus H i
Ba | n e-scattering data - . . E e Enl

cs [ scamese [T O ] ]
Xe 1 0 goood oF

N=82
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Facility Commissioning with Stable Xe(e,e’)

240 ms 10 ms K. Tsukada et al.,

< > <+—>

trapping segquence - - > Phys. Rev. Lett. 118 (2017) 262501.
O O

L ~ 1027 /cm?2/s with Nirapped ~ 107

elastic peak —_ -
~ - ¢ Exp. (Ee=151MeV)
% ? ¢ Exp. (Ee=201MeV)
% ? ¢ Exp. (Ee=301MeV)
g/ §_ —— 2-param. Fermi
2 5
> =
o N
O =
E X
N e 10-4E | | | | |
100 150 04 0.6 0.8 1.0 1.2 1.4
qeff [fm'l]

<r2>12= 4,787 fm( p-atom X-rays ) 11
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124-1 36xe (e y e ,) at SC R IT 2025.07.14-07.18

107 £ _
-~ in future
105 £
103 &
101 F
_ 126Xe Kyo Tsukada
10- i | 124Xe | |

|
04 0.6 0.8 1.0 1.2 1.4 Qeff (M) 4
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RegiOn Of Our current StUdieS 2025.07.14-07.18

n stable nucleus H i
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RegiOn Of Our current StUdieS 2025.07.14-07.18
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RegiOn Of Our current StUdieS 2025.07.14-07.18

n stable nucleus
Ba | n e-scattering data
Cs I . SCRIT data

Xe

137CS

Te
Sb

1326n
(40 s)

/
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e-scattering for online-produced unstable Cs ions ,.,.0-.14-0-8

Time sequence of ion trapping “Cs Exp. data

150 Ee =150 MeV

Monte Calro Sim.

w/o 13/Cs ions

(only residual gas ions) 100
s

w/ 137Cs ions

trapping time =1.9s trapping time =1.9s 0
] 120 130 ltiO 150 160
1.9s trapping Reconstructed momentum [MeV/c]
=> mimicking “short-lived” nuclei . 107 g 7Cs data
-g ' - Residual gas data
O -
Ntrapped ~ 2 x107 “é 1 : Calculations
— ~ 26 2 S f 4
=> L ~ 0.9 x 1026 /cm?/s > 100 [ e,
&  F s
“ [~ — —
- [~ B
S 107 T 13 T
successful demonstration for > f
. _ = -2 | | |
online-produced unstable nuclel 107 m n 36 0
Scattering angle [deg] 14




achieved luminosity with the SCRIT method
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ions from
an external ion source

electron beam \

~107ions are trapped
on e-beam (~ 1 mm?2)

Electrodes for mirror potential

trapped ions

L/

scattered electron

Nt ~107 /mm2=> 102 /cm?2

Ee Nbeam L
Hofstadter’s era ~ InA InI9 , 1028 ,
(1950s) 150 MeV (~10° /s) 1019 /cm 1028 /cm?2/s
~100pA ~ 1022 ~ 1036 2
JLAB 12 GeV (~1014 /s) 1022 /cm2 1036 /ecm2/s
150 - 300 ~200 mA 109 2 ~ 1027 2
SCRIT MeV (~1018 /s) 10° /cm 1027 /cm?2/s

15
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achieved luminosity with the SCRIT method

ions from
an external ion source

electron beam

2025.07.14-07.18

~107 ions are trapped
on e-beam (~ 1T mm?2)

trapped ions

\—'

Nt ~107 /mm2=> 102 /cm?2

Electrodes for mirror potential : REQUIRED TARGET 1
scattered electron THICKNESS
10-10111
Ee Nbeam p ¢ t L

Hofstadter’s era ~ InA InI9 1028 ,
(1950s) 150 MeV (~10° /s) 10! /cm 1028 /ecm?2/s

~100pA ~ 1022 ~ 1036 2
JLAB 12 GeV (~1014 /s) 1022 /cm2 1036 /ecm2/s

150 - 300 ~200 mA e , 107 ,
SCRIT MeV (~1018 /s) 109 /cm 1027 /ecm?2/s

15
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research possibilities of SCRIT for nuclear physics  ,5::.07.1407.18

1) charge densities of exotic nuclel

systematic measurements for many unstable nuclel l o

1328n : symbolic target for “day-one” exp

i

THE

#

16



ISOL upgrade: towards !32Sn (40s) ECT*ws

2025.07.14-07.18

Production Rate towards 2 kW e-beam
Nfission ~ 108 /watt hlgher repetition
N132s, ~ 106 /watt * 1% (€trans) , higher peak intensity,
1
beam power : ~ 20W (today) 10 10
~ 2 kW (underway)

109 1028

10°7

b
(-
(@2

10<6

[
o
-

. Target&
Ion source

Rate [atoms s°]

10°°

[y
o
(o2

10°4

[y
O
N

House-made
Uranium carbide (UCXx)

[|.S2.Wd] 'AUOD 8s|nd-03-2P %001 Y3IM Alisouiwn

J 18mmcl>_xr O.ISVrpmt
T. Ohnishi et al. NIM B317 (2013) 357. Mass number 17
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238U photo-fission yields 2025.07.14-07.18

EEEEEEER EEEE
150MeV v EEEEEE-E
el finmmmmmEN i AMAAN | smssmmEmEEEEE-CEE

S EEEEEEEEEE BN " --IIIIII EEECEEE
> 200 I I I 11
T o
EEEEEEEEEEEEE = I EEEEEEE EEEE
Lal T I T LIttt rir EEEEEEN EEEE
ZIENEEEEEEEEEEE B & T
<3lllll EEEEEEEEEEE EHE RN
CGEEEEEEEEEEEEE B B
IEEEEEEEEEEEEENEREENT =N
IOEEEEEEEEEEEEEE = 96
: o eea LNEEEEEEEEEEESE - AeE .
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research possibilities of SCRIT for nuclear physics  ,5::.07.1407.18

1) charge densities of exotic nuclel

systematic measurements for many unstable nuclei l

1325n : symbolic target for “day-one” exp

i

THE

#
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research possibilities of SCRIT for nuclear physics  ,5::.07.1407.18

1) charge densities of exotic nuclel

systematic measurements for many unstable nuclei l

1325n : symbolic target for “day-one” exp

46Ar : Stefano Brolli TH

#

19
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proton-bubble” nucleus (8.4s)

Courtesy: Stefano Brolli

ol1r - -----

Charge density

0.08 |
- — Stefano
— 2PF: (<r2c>)

0.06 |

o (1/tm3)

0.04 |

0.02 |

20
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proton-bubble” nucleus (8.4s)

Courtesy: Stefano Brolli

! moor——H——7H——0—0—0—p "

Charge density

0.08 |
: — Stefano
— 2PF: (<r2c>)

0.06 |

o (1/tm3)

0.04 |

0.02 |

_charge form factor |

IFF|2

10'8% ———— Stefano
S — 2PF: (<r2c>)

0 I 2 3

g (fm-1) 20
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proton-bubble” nucleus (8.4s)

2025.07.14-07.18
Courtesy: Stefano Brolli - elastic cross section (DREPHA)
0l ——————— _ I
| Charge density - ; :
. a ——— Stefano : ==
CY)E 0.06: —— 2PF: (<I"2C>) 28 n 8 ‘ Stefano
= - - 1074% L @ 2PF: (<r2cy)
— o0 X —e—
< | N —e—i
0.02 | - —
[ 8 - ——
N o 107 .
0 2 4 6 8 10 Q X —
r (fm) o _ —$-
100 — O !
charge form factor | 30 B :? B
ol 107 | Ee = 300 MeV e $-+ ff C%:
. L=1028 /cm?/s ‘
104 | -~ measurement: ~ one week
o é - Kyo Tsukada '
H__—10-6é 1()'31|.---------'----""'-l
A 20 30 40 50 60
107 ——— Stefano
| —— 2PF: (<r2c>) scattering angle ()
10-10' . . . . . . , . . . . . !
0 1 2 3

g (fm-1) 20
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research possibilities of SCRIT for nuclear physics  ,5::.07.1407.18

1) charge densities of exotic nucleli

systematic measurements for many unstable nuclel l e

1325n : symbolic target for “day-one” exp e
46Ar : Stefano Brolli o

...... e

#
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research possibilities of SCRIT for nuclear physics  ,5::.07.1407.18

1) charge densities of exotic nucleli

systematic measurements for many unstable nuclel l e

1328n : symbolic target for “day-one” exp N

46Ar : Stefano Brolli T

...... e

2) <rc*> and neutron distribution #

< rf > = Jr4pc(r) d’r

1) H. Kurasawa and T. Suzuki, Prog. Theor. Exp. Phys. 2019, 113DO1
2) H. Kurasawa, T. S. and T. Suzuki, Prog. Theor. Exp. Phys. 2021, 013D02
3) H. Kurasawa and T. Suzuki, Prog. Theor. Exp. Phys. 2022, 023D03

4) T. Suzuki, Prog. Theor. Exp. Phys. 2023, 013D02
5) T. Suzuki et al., Front. Phys. 13 (2025) 1490337 21
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nuclear charge density 2025.07.14-07.18

Proton

Neutron

22
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nuclear charge density 2025.07.14-07.18

Proton

p(r) = pl(r) + pl(r)

Neutron

22
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nuclear charge density 2025.07.14-07.18

Proton ,05 (r) =

) PoT) Pppoing)T = 7 &F
p(r) = pL(r) + p(r) pr s ptpemn

Neutron

pe(r) = Jﬂn(r) Pripoint)(T — 1) d*r’

22
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nuclear charge density 2025.07.14-07.18

e . — - o d3 /
@ Prot p.(r) = pP(r) + pl(r) pe(1) J[pp(r) Domoin (7 — 1) &

pe(r) =1 p,(r) pn(POint)(r — 1) d’r’
208
Pb (point) nucleon density
0.1 —— proton
| _ —— neutron
—~_

0.05

0
005 > 7 5 : 10 12

r (fm) 29
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nuclear charge density 2025.07.14-07.18

Proton . pf(l’) — Jp (1) Po(noin (r — l”') d3r’
pr) = pL(r) + p(r) pr e

pgl(r) — J'pn(r) pn(pgint)(r - r/) d3r/

208Pb _ _ RMF NL3
(point) nucleon density charge density distributions  (H. Kurasawa)
0.1— —— fproton — proton

L — —— neutron —— neutron x 100

\ o ——
0.051

0
| | | | | |

%2 4 8 8 10 12 > 4 5 10 12

6
r (fm) r (fm) 22
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2nd moment of the charge density 2025.07.14-07.18

Proton

Neutron

23
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2nd moment of the charge density 2025.07.14-07.18

<rf>= Jrz p(r) &r

Proton

Neutron

23
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2nd moment of the charge density 2025.07.14-07.18

Proton

<rf>= Jrz p(r) &r

N

2 2 2
>+ <1y >+ <rn(p0im)>+E<rn > +rel. corr.

Neutron _ 2
=<r p(point)

23
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2nd moment of the charge density 2025.07.14-07.18
) ) 3
<ri>=|r r) d’r _
Proton ‘ J pelr) e, =0
N
Neutron _ 2 2 2 2
= < pointy = T <1 > T %pmﬁt) >+— <r, > +rel.corr.

/

23
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2nd moment of the charge density 2025.07.14-07.18
2o _ | .2 3
< I"C > = |r pC(r) d I’  Proton — 0 Neutron
Proton o C€n = D
N
Neutron _ 2 2 2 2
= <oy > T <1y >+ %pmm) >+ — < r> > +rel.corr.

/

23
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2nd moment of the charge density 2025.07.14-07.18

2 _ 2 3
<r:>=|r"pJr)d’r Pproton o =0 Neutron
Proton D n J
Neutron _ 2 2 2 N 2
= < T poinny > T <715 >+ poinn) > T > <r,>+rel.corr.
A5 184
£ Stable e
> Nuclei observed (7, > 0.5 ms) 114
§ Nuclei observed (7', < 0.5 ms) 2 '
o ........ . . . ;" —_ =
= Theortical prediction 1’2@/ .H'T'L
g 82
Studied with CLS
Studied with RIS
Studied with Trap
Studied with CLS/RIS
Studied with CLS/Trap
Neutron Number X. F. Yang et al.,PPNP 129, 104005 (2023)

- 23
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4th moment of the charge density 2025.07.14-07.18

Proton

Neutron

24
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4th moment of the charge density 2025.07.14-07.18

< rf > = J'r4pc(r) d’r

Proton

Neutron

24
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4th moment of the charge density 2025.07.14-07.18

< rf > = J'r4pc(r) d’r

Proton H. Kurasawa, T. S. and T. Suzuki,
A 10 , , Prog. Theor. Exp. Phys. 2021, 013D02
4 10 _ 5 o N
+ < Tatpoing > + 37 < Taipoinyy > < T > 7 +rel . corr.

24
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4th moment of the charge density 2025.07.14-07.18

4 . 4 3
<r;>=|rp(r)dr
H. Kurasawa, T. S. and T. Suzuki,
10 Prog. Theor. Exp. Phys. 2021, 013D02

>4+ — < 2 > < 72>
3 P

Proton

=<r4

p(point) rp( point)

10, » N
>+?< ><r”>E +rel . corr.

+<r4

n(point) ¥ n(point)

24
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4th moment of the charge density 2025.07.14-07.18

< rf > = Jr4pc(r) d’r

Proton H. Kurasawa, T. S. and T. Suzuki,
A 10 y , Prog. Theor. Exp. Phys. 2021, 013D02
Neutron = < rp(poim‘) > T ? < rp(point) > < rp >
e, =0 10 , N
T < Jhtnging >+ 37 < Tatpoinyy > < Tn > 7 +rel . corr.

24



ECT*ws

4th moment of the charge density 2025.07.14-07.18
< ts = r4p (r) EEM RMS n-radius
Proton : ¥ H. Kurasawa, T. S. and T. Suzuki,
A 10 y Prog. Theor. Exp. Phys. 2021, 013D02
Neutron = < rp(poim‘) > T ? < rp(point) >

e, =0 10~ v, N
< Thtnoiny > + 37 Tpoiny > < 1w > +rel . corr.

------------

24
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4th moment of the charge density 2025.07.14-07.18

RMS n-radius

4o _|.,4 3
<r;>=|rp(r)dr
H. Kurasawa, T. S. and T. Suzuki,
Prog. Theor. Exp. Phys. 2021, 013D02

Proton

_ 4 10 _ ,
= < Typoiny > T3 < >

e, =0 10~ v, N
< Thtnoiny > + 37 Tpoiny > < 1w > +rel . corr.

------------

<rt>=0*% 4

c cp  =cn

24
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4th moment of the charge density 2025.07.14-07.18

RMS n-radius

H. Kurasawa, T. S. and T. Suzuki,

< rf > = Jr4pc(r) d’r

Proton

10 Prog. Theor. Exp. Phys. 2021, 013D02
= < I” p(point) >+ 3 < 7‘ p(point) >
e, = 10 /777 3 N
+ <1 i > = T < Tatpoint) > <ry> = +rel . corr.
I : [ {0
2201~ 1 [
4 4 4 - -
T > = Qcp — Xen :rg o O  non-rel. MF (SK1, SKIIl, SLy4,,,,)
et I . MF (NL2, NL3, NL-SH, FSUGold....)
A i i / E () re o
S it
\V ZOO/I/I l
. ,:/
1 11
e A
200

24
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4th moment of the charge density 2025.07.14-07.18
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STONE. MILLER. XONCEWICZ, STEVENSON, AND STRAYER PHYSICAL REVIEW C 68, 034324 (2003)

TABLE I. Properties of symmetric nuclear matter at nuclear saturation density ny (fm *) as predicted by different types of Skyrme
interaction: Fermi momentum & (fm~!). mean distance between adjacent nucleons ro=(9 77)1"'3.521'; (fm). total binding energy per particle
£ (MeV). mecompressibility modulus X, (MzV), asyimmetry coetficient a, (MeV). spead of sound v, /e. and the i1soscalar effective mass
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48Ca

4th moment of the charge density
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4th moment of the charge density 2025.07.14-07.18
°r \ (a) | Rp Rn 8R
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ways to access the fourth moment, <r¢4>

de doy,,
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» p(r) = JFc(q)e""]’” d g

1) elastic scattering covering upto very high q




ways to access the fourth moment, <r¢4>
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ways to access the fourth moment, <r¢4>

do doy,, ..

<ri>= [r4pc(r) Br| dQ  dQ

» pr) = JFc(q)e""]’” &g

1) elastic scattering covering upto very high q
very high L required
=> no chance for low-L e-scatering for exotics
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2) elastic scattering at very low g
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<rs > determination at extremely low-q (e,e’) ?

® 208Pp(e,e’) at the ULQ2 beam line at Tohoku
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Low-energy electron-scattering facilities in Japan

R
Proton Charge Radius
Ee =10 - 60 MeV
Be = 30 - 150 deg.

ULQ2@Tohoku => Q2 =3x10°-0.013 (GeV/c)
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proton charge radius as of today 2025.07.14-0718
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ULQ2 (Ultra-Low Q2) at Tohoku, JAPAN since 2016~ ECT s

2025.07.14-07.18

“least model-dependent” proton charge radius v acﬁe\‘
1) lowest-ever Q2 by lowest-ever energy e-scattering (10-60 MeV 3‘10\\0
2) absolute o measurements with 10-3 accuracy 0(\\\.,

3) Rosenbluth-separated Ge(Q?) and Gm(Q?) 55‘\‘0\3

90
60 MeV electron linac (since 1967) ULQ2 twin-spectrometer setup
Ee =10 - 60 MeV Luminosity monitoring
AE/E =0.6 x 104 Ap/p =5.6 x 103
beam size ~ 0.6 mm on target AQ =6 mSr
dut factor—103 _ - 6 = 30 - 150 deg.
. & Koo cvsiige Q2 =3 x 10° - 0.013 (GeV/c)?

Yukl Honda

Focal plane detectors
(J-PARC g-2 + ULQ2)
190 um x 4k ch

1175 mm

‘m - 33
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ULQ2 measurements for e+p and e+d
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ULQ2 measurements for e+p and e+d
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ECT*ws

concC I US i ons 2025.07.14-07.18

@ Low-energy e-scattering activities in Japan

SCRIT : started operation for online-produced radioactive isotopes

the world’s first and currently only-one facility
ISOL upgrade to 2kW is underway for 1325n(e,e’)
feasibility studies for 46Ar suggested to be a proton-bubble nucleus

ULQ?2 : 1) e+p, e+D scattering
data collection completed. data analysis underway

@ ongoing activities and future prospects

charge form factors of exotic nuclel
neutron-distribution radius by electron scattering
208Pp n-skin thickness by low-energy electron scattering
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