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Low-energy electron-scattering facilities in Japan
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Be = 30 - 150 deg.
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e-scattering of online-produced exotic nuclei (~108/sec)
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Low-energy electron-scattering facilities in Japan
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ULQ2 (Ultra-Low Q2) at Tohoku, JAPAN

M Ee = 10 - 60 MeV, 6 = 30 - 150°

Proton Charge Radius | @ lowest-ever O : (GeV/c)’.
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ULQ2 (Ultra-Low Q2) at Tohoku, JAPAN

Proton Charge Radius
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Low-energy electron-scattering facilities in Japan
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e-scattering of online-produced exotic nuclei (~108/sec)
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world’s first e-scattering for online-produced radioactive isotope 7

PHYSICAL REVIEW LETTERS 131, 092502 (2023)
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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 simall number of 1ons by confining them in 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 107 ions per pulse beam, an average luminosity of
0.9 x 10°% em™? s~ was achieved for 'VCs. The ohtained angular distribution of elastically scattered
electrons 18 consistent with a calculaton. 'This success marks the realization of the antcipated femtoscope
which clarifies the structures of exotic and short-lived unstable nucler.

DOL 10.1103/PhysRevLect. 131.092502

Short-lived u
tigated worldwic

oc density distribution
e determined by elastic

Phys. Rev. Lett. 131 (2023) 092502.




world’s first e-scattering for online-produced radioactive isotope 7

unstable nuclel

been a challenge.

he cartoon picture of an atomic nu-
Tdeus 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
Prysics 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

'

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

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

2021, page 34.) Frustratingly, though,

those exotic structures are hard to ex-

perimentally confirm, because the gold

standard for probing nuclear structure —

electron scattering—has been off limits
ort-liv lei

That could change soon. Kyo Tsukada

Electron scattering provides a long-awaited view of

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

BOSY.ZZ €207 J0qUBNON L)




world’s first e-scattering for online-produced radioactive isotope 7

Electron scattering provides a long-awaited view of
unstable nuclei

Nuclear reactions produce a plethora of short-lived and colleagues, working at RIKEN's Ra-
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been a Chauenge- first electron-scattering experiment on
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Nuclei ever studied by electron scattering

M strictly limited to stable nuclei
W never applied for exotic nuclei (short-lived)

Incl. several unstable nuclel -

|

SH (12.3vy) L -

14C (5700 y) ‘.

41Ca (1x10°y) RN

II:I..
41Ca i.iF.
..r"l.
T. S. and H. Simon

Prog. Part. Nucl. Phys. 96 (2017) 1.



charge radii

Isotope-shift measurements Ronald’s talk
—
2 Stable =
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X. F. Yang et al.,
Prog. Part. Nucl. Phys. 129 (2023) 104005.
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Beyond charge radii (isotope shifts)
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Electron scattering for exotic nuclei

Exotic nuclei ( production-hard & short-lived)

Extremely “thin” targets

‘ Low luminosity

Elastic scattering

largest ¢ up to modest g

“Hofstadter’s” exp. for exotic nuclei

R. Hofstadter
(Nobel prize : 116~)



Luminosities for e-scattering

==

Nbeam

target
thickness

Hofstadter’s
era (1950s)

150 MeV

~ 1nA
(~10° /s)

~1019 /cm?2

~1028 /cm2/s




Elastic Scattering for Exotic Nuclei

(for medium-heavy nuclei)

L > 10%'/cm?/s

with a “medium-angular-accept.” spectrometer (~100 mSr)

T1.S. and H. Simon, Prog. Part. Nucl. Phys. 96 (2017) 1



ldea of “SCRIT” stated in 2004

SCRIT : Self-Confining Radioactive lon Target

Available online at www.sciencedirect.com NUCLEAR
INSTRUMENTS
-]
SCIENCE(d)DIRECT 8 METHODS
IN PHYSICS
RESEARCH
Nuclear Instruments and Methods in Physics Research A 532 (2004) 216-223 Section A

www.elsevier.com/locate/nima

A new method for electron-scattering experiments using a

self-confining radioactive 1on target|in 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




SCRIT (Self-Confining Rl lon Target)

Idea : “ion trapping” at SR facilities)

ionized residual gases are trapped
by the circulating electron beam

~
scattered electron

residual gas ions
\_ J

ill problem of e-storage rings

J
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N\
———)
from ISOL
/ y trapped RI
: ul“"
electrode #\W
\_ J

N
* > - . o
SCRIT Potential
Z
SCRIT Potential ~ |-2%@
Aquisition
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g SCRIT Potential
Z
To Analyzer l 6




SCRIT electron scattering facility @ RIBF

World’s first electron facility dedicated for exotic nuclei

RIKEN RI Beam Factory (Japan)



RIKEN SCRIT Electron Scattering Facility

WISES spectrometer e-Rl collisions
AQ ~ 90 mSr
6 =30 - 60° W
Ap/p - 10-3 e e =2l ¥ P
long target accept. el | 2 e
SR2 storage ring
Ee =150-700 MeV
le = 300 mA
FRAC T ~ 2 hours
cooler-buncher "4
dc-to-pulse conv. ; * neutron-rich nuclei
ERIS (ISOL) by y+238U
@ | photofission of 238U}
"ﬁp' %;f
st W A
M
SCRIT

Injector + ISOL driver@_w 4
150 MeV Microtron

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. '|8

FRAC : Rev. Sci. Instrum. 89 (2018) 095107.
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ERIS (Electron-beam-driven Rl separator for SCRIT)

Reaction : photo- (electro-) fission of 238U, | |Production Rate
lon Source : FEBIAD type (Sn, Xe...) Nfission ~ 108 /watt
Surface lonization (Cs, Ba,...) | | N32sy ~ 106 /watt * 1% (€trans))

beam power : ~ 20W (today)
~ 2 KW (in a few years)

House-made Uranium carbide (UCx)

p—— =

(produced via bhotoﬁssmn of U-238 at 102 fissions/second) o

w
P

Z=50 gk
. HE 13250
i: N=82 “
g
B i
i :
HHHHE N—c() 8%
' Target& & 138Xe : 3.9 x 106 cps
‘_ ’ _lon source 13250 : 2.6 x 105 cps

137Cs : 8.0 x 106 cps (28-g U)

T. Ohnishi et al. NIM B317 (2013) 357.



“Day-one exp.” region for our facility
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“Day-one exp.” region for our facility
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“Day-one exp.” region for our facility
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“Day-one exp.” region for our facility
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“Day-one exp.” region for our facility
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137Cs(e,e’) with online-produced Cs ions

Time sequence of ion trapping

w/o 13/Cs ions
(only residual gas ions)
® e .o ®a

w/ 13’Cs ions

< » < »
w «

trapping time = 1.9s trappingtime =1.9s

1.9 s trapping
=> mimicking “short-lived” nuclei §
Ntrapped ~ 2 x107 E:.:
=>L ~ 0.9 x 1026 /cm?2/s p
;ﬁ
successful demonstration for

online-produced unstable nuclei
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Ee = 150 MeV “Cs Exp. data
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Luminosities

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

ions from
an external ion source

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

electron beam

trapped ions

Electrodes for mirror potential

\

g

scattered electron

Ee Nbeam p °t L
Hofstadter’s era ~ |nA 1Al X 1008 5
(1950s) |50 MeV (~10° /s) 1019 /em 1028 /cm?2/s
~|00pA ~1022 ~1036 2
JLAB 6 GeV (~1014 /s) 1022 /cm?2 1036 /cm?/s
150 - 300 ~200 mA T 2 ~ 1027 2
SCRIT MeV (~1018 /s) 10° /cm 1027 /em?2/s




Luminosities

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

ions from Ni~107 /mm2=> 102 /cm2
an external ion source

electron beam| |trapped ions

g

Electrodes for mirror potential

scattored REQUIRED TARGET
THICKNESS -
Fe Nbeam 0 10-10111
Hofstadter’s era ~ |nA [ 1Al X 1 18 ,
(1950s) |50 MeV (~10° /s) 1019 /em 1028 /cm?2/s
~|00pA ~1022 ~1036 2
JLAB 6 GeV (~1014 /s) 1022 /cm?2 03¢ /cm?/s
150 - 300 ~200 mA 10 . . 5
SCRIT MeV (~1018 /s) 109 /cm 1027 /ecm2/s




towards 132Sn (40s)
Upgrade of ISOL driver : underway

towards 2 kW e-beam
higher repetition 1010
higher peak intensity

remote handling system 109 |
Isobar separation system f
w108
N=82 £
y+U fission products I 2
o 107
N=30 .5 : i it |
- Ft ] = i 106 3
33 . - m - L= ” Z=50 :
e 105
-
E 6° 1328n| | &=
=
: g

l e A A l A e A n l

130 135 140
Mass number

1029

1028

1027

10°6

10°°

10°4

[1-Sz-W2] 'AUOD 8s|nd-03-2p %001 YIm Aysouiwny



further research possibilities at SCRIT

1) neutron distribution through <r¢*>

1) H. Kurasawa and T. Suzuki, Prog. Theor. Exp. Phys. 2019, 113DO0O1
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

2) photonuclear response at GDR

1) T. Suda and H. Simon, Prog. Part. Nucl. Phys. 96 (2017) 1.
2) T. Suda, Handbook of Nuclear Physics, Springer, 2023, 1591-1614.

spherical Prolate Oblate Triaxial nuclei
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3) inelastic scattering, such as (e,e’p) depending on L



nuclear charge density, moments

1) charge densi "
) . R pEw) = | Pp(1) Pp(poinn(r = 1) &F

pr) = pl(r) + pl(r)

pgl(r) — pn(r) pn(poim‘)(r - r/) d3r,

26



nuclear charge density, moments

1) charge densi "
) J R pe(r) = | P,(1) Pypoinn(r — 1) d>r

pr) = pl(r) + pl(r)

pgl(r) — pn(r) pn(paint)(r - r/) d3r,

2) 2nd moment

< 1”62 > = [7‘2 pc(r) d3r Proton

D o
N

_ 2 2 2 2

= < Boiny > T <15 >+ <Thopm >+ <1, > +rel.corr.
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nuclear charge density, moments

1) charge densi "
) . R pEw) = | Pp(1) Pp(poinn(r = 1) &F

pr) = pl(r) + pl(r)

pgl(r) — pn(r) pn(paint)(r - r/) d3r,

2) 2nd moment
<rr>= [r2 p.(r) d°r Proton
9 D

2 2 N _
=<r >+ <r,>+ <l >+ <r,>+rel.corr.
V4

p(point)

26



nuclear charge density, moments

1) charge densi "
) . R pEw) = | Pp(1) Pp(poinn(r = 1) &F

p (1) = pE(r) + pl(r)

pclfl(r) — pn(r) pn(poim‘)(r a r/) d3’,./

2) 2nd moment
< rcz > = [rz pc(r) d3r Proton
Q o

N
=< r? >+ <>+ <r%t)>+g<r,f>+rel.corr.

p(point)

3) 4th moment

< rf > = r4pc(r) d3r

10
y >+?<r2

=<r

2
p(point) > <r p >

p(point)

10 N
S oy T < e oiny > < T > = +rel . corr. 26



nuclear charge density, moments

1) charge density
p(r) = pl(r) + pi(r)

PL1) = | Py Pyipoin (7 = 1) &

pclfl(r) — pn(r) pn(poim‘)(r a r/) d3’,./

2) 2nd moment

< rcz > = [r2 p.(r) d3r Proton <
O

N
=<r >+ <>+ <r%t)>+g<r,f>+rel.corr.

p(point)

3) 4th moment

< rf > = r4pc(r) d3r

0

= < 7 >4+ —<r

2
p(point) p(point) > <7 p >

10 N
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nuclear charge density, moments

1) charge densi "
) . R pEw) = | Pp(1) Pp(poinn(r = 1) &F

p (1) = pE(r) + pl(r)

pclfl(r) — pn(r) pn(poim‘)(r a r/) d3’,./

2) 2nd moment
< rcz > = [rz pc(r) d3r Proton
g D

N
=<r >+ <>+ <r%t)>+g<r,f>+rel.corr.

p(point)

3) 4th moment

RMS n-radius
< rf > = r4pc(r) d3r
4 10 2
= < Typoiny > 3= < Totpoiny >/< Ty >
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a hew research opportunity at the SCRIT facility

neutron distribution by electron scattering

(point) nucleon density charge density distributions
0.1 —— proton — proton
— — neutron —— neutron x 100
\___7 T ——

0 | | | | ; , //\v

| | | | | I | | \
‘0'050 2 4 6 8 10 120 2 4 6 ] 10 12




RMS radii of (point) proton and neutron of 208Pb

208Pbh
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208ph  Non. 5.447(0.014) 5.609(0.054)  0.162(0.068)
Exp. R. = 5.503(0.014)

q(fm™)
do/dQ (fm®sr ™

X 100 MeV ;
4210 MeV ) Mainz
0 320 MeV.
©502 MeV Saclay
- FB - Fit

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

PRL 126, 172502 (2021)

R, R, SR

Rel. 3.378(0.005) 3.597(0.021)  0.220(0.026)
#“Ca  Non. 3.372(0.009) 3.492(0.028)  0.121(0.036)
Exp. R. = 3.451(0.009)
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H. Kurasawa, T. S. and T. Suzuki, 28
Prog. Theor. Exp. Phys. 2021, 013D02



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

<rt>= [r4pc(r) d’r

1) elastic scattering at very high g ( O+ nuclei)

do
dn(mbv sr)

d_U - domots
dQ

Fe(q)|?

(a)

+ SACLAY 76
« STANFORD 69

F.(q) = /pc(ff')ew?df’

708Pb_? +4+6Moments_20200521

2) elastic scattering at very low g

<r:> <rt>

FC(Q)Nl_

Fe(@)

dojon | /q4

=> low-L SCRIT exp. !!

g” (MeV/c)?




Rn determination at extremely low-q (e,e’) ?

® 208Pp(e,e’) at the ULQ2 beam line at Tohoku

Ee ~ 10 - 50 MeV
0 =30-150°
g=95-50MeV/c
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@ The SCRIT facility started its operation

the world’s first and currently only-one facility
e-scattering for short-lived nuclei becomes now possible
ISOL upgrade to 2kW is underway

@ Low-energy e-scattering activities in Japan

ULQ2 : 1) e+p, e+D scattering
2) 208Pb(e,e’) under lowest-ever g region
SCRIT : charge densities of short-lived exotic nuclei

neutron-distribution radius through <rc#> ?7?



LEES2024 at Sendai in October

Sendai workshop on "Low-Energy Hlectron Scattering for Nudean and Exalic Nucle”

Low-Energy Electron Scattering

for Nucleon and Exotic Nuclei
(LEES2024) W—

L)/

Date . OCt. 28 - NOV. 1, 2024 Ock 28-NOV1,2024
Place : Sendai, JAPAN Jy

Tohoku University, Jendai, Ja

A/ R -
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https://indico.Ins.tohoku.ac.jp/e/LEES2024

late October is s SU (coay okt | T
the best season for tourism!! ’ “ @




