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Nuclei studied by electron scattering

W strictly limited to stable nuclei - |
B never applied to exotic nuclei (short-lived) -
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world’s first e-scattering from an online-produced radioactive isotope
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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
makces a high-density stationary target from a small number of 1ons by confining them wn an ¢leetron storage
ring. After developments of target generation and transportation svstems and the beam stacking method to
increase the ion heam intensity up to approximately 2 x 10 ions per pulse beam, an average luminosity of
0.9 x 107 em™ s~ was achieved for 'VCs. The obtained angular distribution of elastically scattered
electrons 15 consistent with a calculaton. 'This success marks the realization of the antacipated femtoscope
which clarifies the structures of exouc and short-lived unstable nuclei.
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world’s first e-scattering from an online-produced radioactive isotope

PHYSICAL REVIEW

First Observation of Electron Scatterins
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photofission of uranium. The target “'Cs ions
makces a high-density stationary target from a sia
ring. After developments of target generation and
mcrease the ion heam intensity up to approximate
0.9 % 10’ em™ s~ was achieved for 'VCs. Th
electrons 15 consistent with a calculaaon. 'This su
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Electron scattering provides a long-awaited view of

unstable nucle

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
Puvysics 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) Frustratmgly, though

penmentally conhrm because the gold
standard for probing nuclear structure —
electron scattermg —has been off limits

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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Electron Scattering




Electron scattering for nuclear physics

a unique and powerful probe for structure studies

elementary particle - structureless -

electro-weak interaction - best understood -
“relatively” weak - probing deep inside of the target -
variable g (mom. transfer) for fixed w (energy transfer)

I\

electron

target
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Electron scattering for nuclear physics

a unique and powerful probe for structure studies

electron /\

elementary particle - structureless -

electro-weak interaction - best understood -

“relatively” weak - probing deep inside of the target -

variable g (mom. transfer) for fixed w (energy transfer) target
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elastic scattering elastic + inelasticscattering magnetic scattering quasi-elastic (e,e’p)
—> charge distribution > deformation —>valence neutron - S-factor
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Elastic electron scattering and charge density distribution

Elastic scattering
for (spin-less) nuclei

F.(q) = Jpc(r)eiq’” d’r
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Beyond charge radii (isotope shifts)

Charge density distributions
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p (r) (fm™)

Beyond charge radii (isotope shifts)
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Beyond charge radii (isotope shifts)

Charge density distributions W Charge form factors
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Electron scattering reveals both size and shape
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Minimum Required Luminosity

Elastic Scattering for Exotic Nuclei

(for medium-heavy nuclei)

L > 10*"/cm?/s

T.S. and H. Simon,
Prog. Part. Nucl. Phys. 96 (2017)1 9



Minimum Required Luminosity

Elastic Scattering for Exotic Nuclei

(for medium-heavy nuclei)

L > 10*"/cm?/s

How to realize this L with small number of exotic nuclei?

T.S. and H. Simon,
Prog. Part. Nucl. Phys. 96 (2017)1 9



The idea of “SCRIT” originated in 2004
SCRIT : Self-Confining Radioactive lon Target

Available online at www.sciencedirect.com NUCLEAR
9 SCIENCE@DIREOT' lN:L':#:g:;s
\ '“v IN PHYSICS
M voSiles RESEARCH
ELSEVIER Nuclear Instruments and Methods in Physics Research A 532 (2004) 216223 —occtionA__

www.elsevier.com/locate/nima

A new method for electron-scattering experiments using a
self-confining radioactive 1on target 1in an electron storage ring

M. Wakasugi®*, T. Suda®, Y. Yano®

“Cyclotron center, RIKEN, Wako-shi, Saitama 351-0198, Japan
® RI Beam Science Laboratory, RIKEN, Wako-shi, Saitama 351-0198, Japan

Available online 3 August 2004

Nucl. Instrum. Methods A532 (2004) 216.
Phys. Rev. Lett. 100 (2008) 164801.
Pays. Rev. Lett. 102 (2009) 102501.
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SCRIT (Self-Confining Rl lon Target)

4 )
Idea : “ion trapping” at SR facilities.

ionized residual gases are trapped
by the circulating electron beam

~

scattered electron

residual gas ions

Ill problem of e-storage rings
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SCRIT (Self-Confining Rl lon Target)
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Idea : “ion trapping” at SR facilities.

ionized residual gases are trapped
by the circulating electron beam

~

scattered electron

residual gas ions

Ill problem of e-storage rings

~

Y

Y,
A
e-ring
——
from ISOL )’V/\\
~
trapped RI
e ——
electrode
J

-

e-bDeam

e-beam

Data
Aquisition

>

Z

C SCRIT Potential

e-Deam

To Analyzer




A -~
wad P
e Y
¥ e
ail N

WRLVIEL R s
.'.' {a L
o S .
5 A

B Lt

o




A -~
wad P
e Y
¥ e
ail N

WRLVIEL R s
.'.' {a L
o S .
5 A

B Lt

o




SCRIT device for preparing a target on e-beam
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SCRIT device for preparing a target on e-beam
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SCRIT electron scattering facility @ RIBF

World’s first and currently only one facility
dedicated for exotic nuclei

ECR

A SAMURAI

ZeroDegree. P /
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" RIKEN RIBF
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>/

RIKEN Rl Beam Factory (Japan)



RIKEN SCRIT Electron Scattering Facility

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

FRAC

cooler-buncher
dc-to-pulse conv.

Injector + ISOL driver
150 MeV Microtron

.......

Az -
...

7

SR2 storage ring
Ee =150-700 MeV
le = 300 mA

T ~ 2 hours

L)

ERIS (ISOL)
photofission of 238U L

neutron-rich nuclei
by y+28U

SCRIT

Nucl. Instrum. Methods A532 (2004) 216.
Phys. Rev. Lett. 100 (2008) 164801.
Pays. Rev. Lett. 102 (2009) 102501.

SCRIT Facility : Nucl. Instrum. Method B317 (2013) 668.
ERIS : Nucl. Instrum. Method B317 (2013) 357.

FRAC : Rev. Sci. Instrum. 89 (2018) 095107.




SCRIT electron scattering facility

Electron Ring
(SCRIT equipped)

(Window-frame Spectrometer
for Electron Scattering)




Facility Commissioning with Stable Xe(e,e’)




Facility Commissioning with Stable Xe(e,e’)




Facility Commissioning with Stable Xe(e,e’)
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Facility Commissioning with Stable Xe(e,e’)
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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 ) 17



Towards the doubly magic nucleus 132Sn

Ba
Cs

Xe

Te
Sb

¥

0

X

. \
ll

|
2
)
3
s

n stable nucleus
| n e-scattering data

| B SCRIT data

N=82

18




Towards the doubly magic nucleus 132Sn

Ba
Cs

Xe

Te
Sb

| B SCRIT data

n stable nucleus

1 e-scattering data
] g 1 I . N []

¥

0

X

. \
ll

| 4
4|

N=82

18



Towards the doubly magic nucleus 132Sn
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World’s first (e,e’) for Online-Produced Unstable Nuclide (137Cs)

K. Tsukada et al.,
Phys. Rev. Lett. 131 (2023) 092502.

1.9 s trapping

=> mimicking “short-lived” nuclei OE——
Is()b Ee — 150 Mev ( S l..\p. data
Time sequence of ion trapping Monte Calro Sim.
w/ 137Cs ions w/o 13’Cs ions 100
(only residual gas ions)
e e . ® s 50}
.. ot ® L ot ® '.
trapping time =1.9s trappingtime=1.9s 0 . ’ . .
120 130 140 150 160
. Reconstructed momentum [MeV/c]
~ 2
Ntfﬂpp@d 2 x10 2 10 37Cs data
=> L ~ 0.9 x 1026 /cm?2/s 2 Residual gas data
310" .
= Calculations
Successful demonstration with 3 o -y
online-produced unstable nuclei = T
% 107" t R e o~
je - .
=> further details ol . | |

Kyo Tsukada’s talk (Thursday, May 29, Room9, 16:55 -) 20 30 40 Scatterinéoangle deg] 60



The SCRIT concept and Luminosity

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

ions from N¢~107 /mm2=> 102 /cm?2
an external ion source

electron beam

trapped ions

Electrodes for mirror potential

scattered electron

Ee Nbeam pet L
Hofstadter’s era ~ InA
~ 19 2 ~ 28 2
(1950s) 150 MeV (~10° /s) 1019 /cm 1028 /em2/s
~100pA ~ 1022 ~ 1036 2
JLAB 12 GeV (~1014 /5) 1022 /cm2 1036 /em2/s
SCRIT 150 - 300 MeV ~200 mA ~ 10% /cm? ~1027 /cm2/s

(~10'8 /s)




The SCRIT concept and Luminosity

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

ions from N¢~107 /mm2=> 102 /cm?2
an external ion source

trapped ions

' REQUIRED TARGET
L THICKNESS
10-10111

scattered electron

electron beam

Electrodes for mirror potential

Ee Nbeam pet L
Hofstadter’s era ~ InA
~ 19 2 ~ 28 2
(1950s) 150 MeV (~10° /s) 1019 /cm 1028 /em?2/s
~100pA ~ 1022 ~ 1036 2
JLAB 12 GeV (~1014 /5) 1022 /cm2 1036 /em2/s
~200 MA
- ~ 9 2 ~ 27 2
SCRIT 150 - 300 MeV (~1018 /s) 10° /cm 1027 /cm?2/s




ISOL upgrade: towards !328n

Production Rate towards 2 kW e-beam
Nfission ~ 108 /watt hlgher repetition
N132g, ~ 106 /watt * 1% (&trans) higher peak intensity
beam power : ~ 20W (today) 1010 1029

~ 2 kW (underway)‘
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Research possibilities at the SCRIT facility

¢ elastic scattering * charge density distributions

do oy 2 J —igr 13
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Research possibilities at the SCRIT facility

¢ elastic scattering * charge density distributions
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¢ beyond elastic scattering

Research possibilities at the SCRIT facility

¢ elastic scattering * charge density distributions
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Research possibilities at the SCRIT facility

¢ elastic scattering * charge density distributions

_ Mott ‘F (q) ‘2 V. (I") — | F (q) plar d3q ——
dQ dQ ¢ ) ’ S
¢ beyond elastic scattering A
L
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¢ additional research opportunity recently pointed out

4th moment of pc(r) * RMS of neutron distribution

4 4 13 1) H. Kurasawa and T. Suzuki, Prog. Theor. Exp. Phys. 2019, 113DO1
ST > = [Pc(’” ) rtdr 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



nuclear charge density, moments

Proton 1) charge density | ,7(;) = J Po(F) PyioinsyT — 1) Ar
Neutron

p.(r) = pP(r) + pl(r) pitr) = [pnm ooninr = 1) F

24



nuclear charge density, moments
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nuclear charge density, moments
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neutron distribution by electron scattering??

Proton

Neutron
(point) nucleon density

RMF NL3 (H. Kurasawa)

charge density distributions

| . | ! i . . I
0.1— —— proton proton
— neutron neutron x 100
~_
0.05
0 N \/—-
-0.05 | ' ' ' | | | | | | |
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ways to access the fourth moment, <r¢4>

do dGMott 9
 — F
d<l d<l | C(Q) |

pr) = JFc(q)e‘i"” d°g

< rf > = Jr4pc(r) d’r




ways to access the fourth moment, <r¢%> o N "
do do . 0" . .
| ') @~ FOr S R
<r;>=|r'p(r)dr | ol
pr) = JFC(q)e“q’” d’q ™
bé !0:_ i o w~,
1) elastic scattering covering upto very high g BUL [l ",
{ylooenior \
208Ph R, = 5.728 + 0.057 fm Ar,, = 0.275 +0.070 fm 08| |35]ocecses \.
8Ca R,=3.597+0.021 fm Ary, = 0.220£0.026 Tm | s \1 J
H. Kurasawa, T. S. and T. Suzuki, Prog. Theor. Exp. Phys. 2021, 013D02 R S SR A



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

do ‘joﬂhnt 9)
 — F
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pr) = JFC(q)e‘i‘]’” d°g
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1) elastic scattering covering upto very high gq ’

208Ph R, =5.728 +0.057 fm Ar,, = 0.275 £ 0.070 fm
#Ca R, =3.597+0.021 fm Ar,, = 0.220 +0.026 fm

H. Kurasawa, T. S. and T. Suzuki, Prog. Theor. Exp. Phys. 2021, 013D02

2) elastic scattering at very low q
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ways to access the fourth moment, <r¢4>
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1) elastic scattering covering upto very high g

208Ph R, =5.728 +0.057 fm Ar,, = 0.275 £ 0.070 fm
#Ca R, =3.597+0.021 fm Ar,, = 0.220 +0.026 fm

H. Kurasawa, T. S. and T. Suzuki, Prog. Theor. Exp. Phys. 2021, 013D02

2) elastic scattering at very low q
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ways to access the fourth moment, <r¢4>

do dGMott 9)
 — F
d<l d<l | C(q) |

< rf > = Jr4pc(r) d’r

1) elastic scattering covering upto very high g

208Ph R, =5.728 +0.057 fm Ar,, = 0.275 £ 0.070 fm
#Ca R, =3.597+0.021 fm Ar,, = 0.220 +0.026 fm

H. Kurasawa, T. S. and T. Suzuki, Prog. Theor. Exp. Phys. 2021, 013D02

2) elastic scattering at very low q
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conclusions

@ The SCRIT facility started its operation

¢ the world’s first and currently only-one facility

¢ successful demonstration with online-produced radioactive isotope
¢ ISOL upgrade to 2kW is underway for 132Sn(e,e’)
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conclusions

@ The SCRIT facility started its operation

¢ the world’s first and currently only-one facility
¢ successful demonstration with online-produced radioactive isotope

¢ ISOL upgrade to 2kW is underway for 132Sn(e,e’)

@ electron scattering for exotic nuclel Is no long just a dream

¢ charge density distributions by elastic scattering
¢ inelastic scattering with higher L
¢ higher moments of charge density => neutron distributions
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FRAC : Cooler and Buncher

lon beams are stacked in the FRAC for:
v Cooling by collision with Ne buffer gas
v Increasing #Rl-ions in single pulses

Pulse beam
to SCRIT
0.25 Hz

\\>

Pulse beam fro [ )
ERIS s ;
40 Hz

FRAC Potential

M. Wakasugi, Rev. Sci. Instrum. 89 (2018) 095107
H. Ohnishi, Nucl.Instr.Meth.B541(2023)380-384

Total dc-to-pulse conversion eff. ~ 80 %

- #137Cs ions injected into SCRIT : 2x107 ions/pulse

FRAC: Fringing-RF-field-activated dc-to-pulse converter for low-energy ion beams 2 8



Accessible g-range for L and Z
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At()mic Number T. Suda and H. Simon
Prog. Part. Nucl. Phys. 96 (2017)
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RMS radii of (point) proton and neutron of 208Pb

208Pb
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Figur 2,12 : Wirkungsquerschnitte for *°ca und “®ca, aufgetragen tber

Q..+, Dle durchgezogene Linie I1st durch Anpassan einer Fou

R, R, SR

Rel.
208ph  Non.
ExXp.

5.454(0.013)
5.447(0.014)

D280 T)
5.609(0.054)
R. =5.503(0.014)

0.275(0.070)
0.162(0.068)

JLab : PREX LIl (parity-violating e-scattering)
Arnp =R, — Rp = (0.283 £ 0.071 fm

PRL 126, 172502 (2021)

R, R, SR

Rel.
Non.
Exp.

3.378(0.005)
3.372(0.009)

3.597(0.021)
3.492(0.028)
R, = 3.451(0.009)

0.220(0.026)
0.121(0.036)

48 Ca

rier«

JLab : CREX (parity-violating e-scattering)
Ar,,=R,—R,=0.121 +0.026 fm
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triaxial nucleus expected in exotic nuclei

Proton Number Z
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P. Moller et al.,PRL97,162502 (2006)

S. Ebata : private communication

160

Total Photo-absorption
Cross Section (mb)

J MWD
“hh O

S(E:E1) [e*fm%/MeV]
meoenanShowe n S

o]
wn

— D
OUIOUIO

e — P
SN O i © in O
M

o

200

100 |

?(a) Ru /\} e (b) PRu +@© “Ru U

_,/‘) \}\\ T l&\ 1 =J} {\\‘ §
(@) o ~U 1 (2 *Ru (6 *Ru -
: L (. -
M " "
@ )lmRu[V | (h) 02p | @ 104

?0) %Ru

Jx

D5 10 1520 25 30 0 3 10 15

E[ MeV |

2025 30 0 3 10 15 20 25 30 35

31



photo-nuclear responses of exotic nuclel

spherical

R. Bergere :Lecture Note in Physics, 61 (1971) 84 39
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photonuclear reaction for exotic nuclei

‘so far i

only way : Coulomb excitation in heavy ion reaction
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lon trapping and luminosities
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