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Lecture 1 :  electron scattering in general

Lecture 2 :  selected topics

What is electron scattering?

what can we learn by electron scattering?

what have been revealed so far for stable nuclei?

proton charge radius

exotic nuclei

neutron distribution in nuclei

electron scattering for
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ULQ2@Tohoku

SCRIT@RIKEN/RIBF

charge radii of proton and deuteron  
     Ee = 10 - 60 MeV

     θe = 30 - 150 deg.

     =>     Q2 = 3x10-5 - 0.013 (GeV/c)2

charge densities of short-lived exotic nuclei 
    Ee = 150 - 300 MeV

    θe = 30 - 60 deg.

    => q = 80 - 300 MeV/c 

         Q2 = 0.006 - 0.09 (GeV/c)2

Low-q electron-scattering activities in Japan

3
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Low-q electron-scattering activities in Japan
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Lowest-ever energy electron scattering

world’s first e-scattering facility for exotic nuclei
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Lecture 1 :  electron scattering in general

What is electron scattering?

what can we learn by electron scattering?

what have been revealed so far for stable nuclei?

proton charge radius

exotic nuclei

neutron distribution in nuclei

electron scattering for

Lecture 2 :  selected topics
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ULQ2@Tohoku

SCRIT@RIKEN/RIBF

charge radii of proton and deuteron  
     Ee = 10 - 60 MeV

     θe = 30 - 150 deg.

     =>     Q2 = 3x10-5 - 0.013 (GeV/c)2

e-scattering of online-produced exotic nuclei (~108/sec) 
    Ee = 150 - 300 MeV

    θe = 30 - 60 deg.

    => q = 80 - 300 MeV/c 

         Q2 = 0.006 - 0.09 (GeV/c)2

Low-q electron-scattering activities in Japan 6

6



NUSYS lectures 
Aug. 12, 2023 7

Hydrogen
electro

n

Proton Radius Puzzle  since 2010 

Proton size ??
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0.82 0.84 0.86 0.88 0.9 0.92

ChargeRadiusSummaryEnglish

Proton Charge Radius (fm)

electron 
scattering 

(1950~) 

hydrogen 
spectroscopy 

(1990~)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.

Proton Radius Puzzle

μ-hydrogen 
spectroscopy 

(2010~)

4 % disagreement in 7σ
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Proton Radius Puzzle Proton Radius Puzzle 
A New Way  

to Tame Cancer

MEDICINE 

People Who 

Remember Everything

NEUROSCIENCE 
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The
 Proton 
  Problem
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© 2014 Scientific American

FEBRUARY 2014

2010 2013
R. Pohl et al., 

Nature 466 (2010) 213.
A. Antognini et al., 

Science 339 (2013) 417.

Proton Charge Radius Puzzle
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1) the radius is one of the basic properties of the nucleon

2) the radius is strongly correlated to the Rydberg constant

�E = ↵ ·RRydberg + �· < r2 >

ΔE = RRydberg(
1
n2

−
1

m2
)

3) possible new physics beyond Standard Model (??)
Lepton Universality (e <-> μ）??

possible MeV-order force carrier

3.5σ discrepancy
(dark photon …?)

muon magnetic moment g = 2(1 + aμ)

aSM
μ = 1 165 918.28 (0.49) × 10−9

aexp
μ = 1 165 920.89 (0.63) × 10−9
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g-2 = 0.00233184110 +/- 0.00000000043 (stat.) +/- 0.00000000019 (syst.)

press release from Fermi Lab. on Aug. 11
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Spectroscopy Scattering

e-

μ-

0.8770(60)0.8758(77)

0.8409(4)

proton size   ~ 10-15 m 
electron orbit   ~ 10-10 m 
muon orbit ~ 10-12 m

me = 0.511 MeV

mμ = 105.6 MeV

Δq

12ways to determine the proton charge radius

underway  
at  

PSI, Switzerland
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< r2 >=

Z
r2⇢(~r)d~r

2nd moment of charge density ρ(r) ??

Electric Form FactorGE

ρ(r) 

⇢(r) ⇠ e�↵r
non-rel. limit

e
e’
θ

momentum transfer
energy transfer

4 momentum transfer Q2 = q2 � !2 = 4EeEe0sin
2(✓/2)

~q = ~e� ~e0

! = e� e0

Q2 = q2 � !2 = 4 e e0sin2(✓/2)

d�

d⌦
= (

d�

d⌦
)Mott

G2
E(Q

2) + ⌧
✏G

2
M (Q2)

1 + ⌧

✏ =
1

1 + 2(1 + ⌧)tan2 ✓
2

⌧ =
Q2

4m2
p

(
d�

d⌦
)Mott =

z2↵2

4e2
cos2(✓/2)

sin4(✓/2)
/ e2

q4

electron scattering and proton charge radius
Charge FF Magnetic FF

Proton charge radius

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

no measurement is possible at Q2 = 0

GE(Q2) at low Q2 as possible

G. A. Miller,  PRC 99 (2019) 035202
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elastic cross section

Charge FF Magnetic FF

d�

d⌦
/ G2

E(Q
2) + ↵(✓) G2

M (Q2)

Ee

Ee’

θ

4-momentum transfer
Q2 = 4 EeE

0
esin

2(✓/2)

↵(✓)

measurements for various θ under fixed Q2

d�

d⌦

G2
E(Q

2)
G2

M (Q2)

GE(Q2)  by Rosenbluth separation1

changing Ee for each measurement

Q2

G
E
(Q

2
)

1

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

GE(Q
2) ⇠ 1� < r2 >

6
Q2 +

< r4 >

120
Q4 � < r6 >

5040
Q6 + ...

２）Charge radius and GE(Q2)（Q2-> 0）2

Function 
on only θ

5 / 10
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no “ultra-“ low Q2 data min. Ee = 180 MeV
no Rosenbluth separation no frequent change of Ee
no absolute cross section liq. H2 target + spectrometer

Mainz data (2014)

Ee = 180 - 855 MeV

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

6 / 10

problems suggested
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Atoms 2018, 6, 2 8 of 24

Figure 5. (a) [1/3] Padé fit (solid) together with the “standard” fit having R ⇠ 0.88 fm. (b) Density
corresponding to the Padé fit.

This educational example demonstrates that it is important to examine the density implied
by the parameterized G(q). In r-space, the outrageous behavior of the Padé fit is immediately
visible (see Figure 5b), and it occurs despite the fact that the formal expression for the [1/3] Padé
parameterization (Equation (10)) looks as acceptable as other q-space parameterizations employed
in the literature. The peculiar nature of the fit results from the correlation between a1 and b1, which,
when assuming large values, can generate the behavior shown in Figure 5.

There are other examples in the literature that emphasize the importance of considering r(r) at the
same time. Bernauer et al. [63], for instance, make an inverse polynomial fit to their data (qmax ⇠ 5 fm�1).
The resulting values for R as a function of the order of the polynomial are plotted in Figure 6. The jump
of Rm at order 10 (not used for the determination of R) results from a pole of G(q), which happens to
occur close to the qmax of the data. Such a form factor with a pole corresponds to a density that shows
large-amplitude oscillations out to very large values of r [87], which of course affect R. A look at the
density would have immediately revealed the unphysical nature of the form factor fit.

Figure 6. Charge and magnetic rms-radius from the inverse polynomial fit, together with the c2 per
degree of freedom (right-hand scale) [63].

The lesson from the above examples is that it is important to check on the behavior of the density
implied by the chosen G(q). The most important corollary is that it is very dangerous to employ

I. Sick,  Atoms 2018, 6, 2 

Absolute GE(Q2) at lower Q2 region

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0
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Absolute GE(Q2) at lower Q2 region

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

1) no absolute GE(Q2) 
       (“floating”) 
2) χ2 is similar for both

ABSOLUTE GE(Q2) 
      at lower Q2 region

“floating”
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least model-dependent proton charge radius

Tohoku ELPH is only facility for such measures

 1) covering the lowest-ever Q2 for GE(Q2)
lowest-energy electron scattering ever 

 (Ee = 10 - 60 MeV)

3) absolute cross section measurement with 10-3

2) Rosenbluth-separated GE(Q2)
small-scale low-energy accelerator

CH2 target  
<rc2> (ρ(r)) of 12C is best known with 10-3 accuracy
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Tohoku Univ.
Sendai

Research Center for Electron-Photon Science

60 MeV e-linac 1.3 GeV synchrotron

ULQ2 : Ultra-Low Q2
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60 MeV e-linac

RI production 
station

a new ULQ2 beam line

twin spectrometers beam dump

スリット1

スリット2

since 1967 -
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60 MeV electron linac 
Ee = 10 - 60 MeV

ΔE/E = 0.6 x 10-4

beam size ~ 0.6 mm on target

duty factor = 10-3

ULQ2 twin-spectrometer setup 
Δp/p = 5.6 x 10-3

ΔΩ = 6 mSr

θ = 30 - 150 deg.

Q2 = 3 x 10-5 - 0.013 (GeV/c)2

21

21
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~ 2%

ULQ2@Tohoku

ULQ2 (Ultra-Low Q2)

(ΔGE/GE ~10-3 )
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C peak

Δp = 0.15 MeV/c)

θ : 50∘ → 90∘

H peak

(49.31 MeV/c  47.70 MeV/c)→

Physics data production run just started

relative measurement to well-known e+12C scattering

Pe = 51. 26 MeV/c

50°60°70°80°90°
e+p

e+C

Pe (MeV/c)

CH2 target
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μH spec.

2010

陽子半径グラフ2022_KGraph

e-scatt.

eH spec.

proton charge radius as of today
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μH spec.

2010

2S-4P  Garching

1S-3S (Paris)

2S-2P  Tronto

1S-3S Garching
JLAB Prad

2S-8D Colorado
e-scattering
Hydrogen spec.

陽子半径グラフ2022_KGraph

e-scatt.

eH spec.

proton charge radius as of today
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1)  it provides important input for NN interaction 
2)  possible access to the neutron charge radius 

Taiga GOKE  Poster #39

Proton Neutronstr. 
radius

Foldy-Darwin 
 + spin-orbit

< r2
d > = r2

str + r2
p + r2

n + 3/4m2
p

charge 
radius

Deuteron charge radius

Next experiment at the ULQ2 beam lines
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Lecture 1 :  electron scattering in general

What is electron scattering?

what can we learn by electron scattering?

what have been revealed so far for stable nuclei?

proton charge radius

exotic nuclei

neutron distribution in nuclei

electron scattering for

Lecture 2 :  selected topics
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ULQ2@Tohoku

SCRIT@RIKEN/RIBF

charge radii of proton and deuteron  
     Ee = 10 - 60 MeV

     θe = 30 - 150 deg.

     =>     Q2 = 3x10-5 - 0.013 (GeV/c)2

e-scattering of online-produced exotic nuclei (~108/sec) 
    Ee = 150 - 300 MeV

    θe = 30 - 60 deg.

    => q = 80 - 300 MeV/c 

         Q2 = 0.006 - 0.09 (GeV/c)2

27

27

Low-q electron-scattering activities in Japan
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neutron number

pr
ot

on
 n

um
be

r

 strictly limited to stable nuclei (+ long-lived) 
 never applied for exotic nuclei (short-lived)

Nuclei ever studied with electron scattering

T. S. and H. Simon, 

Prog. Part. Nucl. Phys. 96 (2017) 1-31.

28

28
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Prog. Part. Nucl. Phys. 96 (2017) 1. 
TS and H. Simon

Handbook of Nuclear Physics (2023) 
T. Suda  
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X. F. Yang et al, PPNP 129 (2023) 104005.

charge radii of nuclei including exotic
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Density distributions having the same charge radius (4.7 fm)

⇢c(~r) =
X

p

 ⇤(~r) (~r)

< r2c >=

Z
r2⇢c(r) d~r

charge radius

charge density

charge form factor Fc(q) =
�

�c(⌥r)ei⇧q⇧rd⌥r
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“Hofstadter’s experiments for exotic nuclei”

expected low luminosity             elastic scattering 
                                                     (largest σ)

r0

a

+5%

-10%

low production rate
short half lives

no “thick” target

Elastic Scattering for spinless nuclei

Fc(q) =
�

�c(⌥r)ei⇧q⇧rd⌥r

PWIA

⇢(r) =
⇢0

1 + e(
r�r0

a )

d�

d⌦
=

d�Mott

d⌦
|Fc(q)|2,

d�Mott

d⌦
=

z2↵2

4e2
cos2 ✓

sin4 ✓
.

e-scattering off short-lived exotic nuclei

R. Hofstadter
1961 Nobel PrizedN

d⌦
= L

d�

d⌦
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ionized residual gases are trapped 
by the circulating electron beam

ill problem of e-storage rings

residual gas ions

scattered electron

e-ring

from ISOL

Idea : “ion trapping” at SR facilities.

electrode

trapped RI

33



NUSYS lectures 
Aug. 12, 2023

WiSES

 (Window-frame Spectrometer


 for Electron Scattering)

Electron Ring

(SCRIT equipped)

RIKEN SCRIT facility 
 dedicated for never-yet-performed 

electron scattering for short-lived nuclei

34

34
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e-RI collisions

Injector + ISOL driver 
  150 MeV Microtron

SR2 storage ring 
  Ee =150-700 MeV

  Ie = 300 mA

  τ ~ 2 hours

WiSES spectrometer 
  ΔΩ ~ 90 mSr

  θ = 30 - 60°

  Δp/p ~ 10-3

  long target accept.

ERIS (ISOL) 
  photofission of 238U

FRAC 
  cooler-buncher

  dc-to-pulse conv.

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

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

SCRIT 
   Nucl. Instrum. Methods A532 (2004) 216.

   Phys. Rev. Lett. 100 (2008) 164801.

   Pays. Rev. Lett. 102 (2009) 102501.

neutron-rich nuclei

by γ+238U

ERIS (ISOL) 
  photofission of 238U

35

35
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neutron number

pr
ot

on
 n

um
be

r

 strictly limited to stable nuclei (+ long-lived) 
 never applied for exotic nuclei (short-lived)

Nuclei ever studied with electron scattering

T. S. and H. Simon, 

Prog. Part. Nucl. Phys. 96 (2017) 1-31.

36

On-going SCRIT program
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Z=50 
(Sn)  

132Sn
N = 82

137Cs
Xe isotope chain 

124Xe - 136Xe

136Xe

1) Z = 54 isotopes (124Xe - 136Xe) 
2) N = 82  Isotopes (136Xe, 137Cs, 138Ba)

τ=30 years
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137Cs(e,e’)

Ntrapped ~ 2 x107  
=> L ~ 0.9 x 1026 /cm2/s

successful demonstration for 
online-produced unstable nuclei

Time	sequence	of	ion	trapping Ee = 150 MeV

38

38mimicking production-hard & short-lived nuclei 
1.9 s trapping
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world’s first e-scattering off online-produced exotic nucleus
at the SCRIT facility

to be appeared in PRL during August
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Ee Nbeam ρ・t L

Hofstadter’s era 
(1950s) 

150 MeV
~ 1nA         

(~109 /s)
~1019 /cm2 ~1028 /cm2/s

JLAB 6 GeV
~100μA     
(~1014 /s)

~1022 /cm2 ~1036 /cm2/s

SCRIT 150 - 300 
MeV

~200 mA
(~1018 /s) ~ 109 /cm2 ~1027 /cm2/s

~107 ions are trapped on e-beam (~ 1 mm2)

Luminosities

Nt ~107 /mm2 =>  109 /cm2

Electrodes for mirror potential

ions from 
an external ion source

scattered electron

trapped ionselectron beam
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Ee Nbeam ρ・t L

Hofstadter’s era 
(1950s) 

150 MeV
~ 1nA         

(~109 /s)
~1019 /cm2 ~1028 /cm2/s

JLAB 6 GeV
~100μA     
(~1014 /s)

~1022 /cm2 ~1036 /cm2/s

SCRIT 150 - 300 
MeV

~200 mA
(~1018 /s) ~ 109 /cm2 ~1027 /cm2/s

~107 ions are trapped on e-beam (~ 1 mm2)

Luminosities

Nt ~107 /mm2 =>  109 /cm2

Electrodes for mirror potential

ions from 
an external ion source

scattered electron

trapped ionselectron beam

REQUIRED TARGET 
THICKNESS

10-10!!!
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in operation

RIKEN SCRIT

ELISe @ FAIR 
Germany

DERICA @ Dubna 
Russia

under discussion

Ee = 150 - 300 MeV
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Lecture 1 :  electron scattering in general

What is electron scattering?

what can we learn by electron scattering?

what have been revealed so far for stable nuclei?

proton charge radius

exotic nuclei

neutron distribution in nuclei

electron scattering for

Lecture 2 :  selected topics
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0 2 4 6 8 10 120.05−

0

0.05

0.1

point p, n distribution

r (fm)

proton
neutron

 208Pb

nucleon distribution and charge distribution

RMF  NL3
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interaction itself is not clear
sensitivity is only nuclear surface

　　=> unavoidable model dependence

  scattering of strongly-interacting particles

neutron distribution in nuclei

S. Terashima et al., Phys. Rev. C77 (2008) 024317.
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Nucl. Phys. A679(2001)267.

0

0.02

0.04

0.06

0.08

0 2 4 6 8 10 12 14

D
en

sit
y

Radius (fm)

ρ(r)

3S1/2
(e,e'p)

(d,3He)

Sick_density_sensitivity

(e,e’)
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4th moment of the charge distribution of a nucleus

and


RMS radius of neutron distribution

1) H. Kurasawa and T. Suzuki,  Prog. Theor. Exp. Phys. 2019, 113D01 
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.   submitted

< r4
c > = ∫ r4ρc(r) d3r
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ρn
c (r) = ∫ ρn(r) ρn(point)(r − r′￼) d3r′￼

ρp
c (r) = ∫ ρp(r) ρp(point)(r − r′￼) d3r′￼

ρc(r) = ρp
c (r) + ρn

c (r)

1) charge density

2) 2nd moment

< r2
c > = ∫ r2 ρc(r) d3r

= < r2
p(point) > + < r2

p > + < r2
n(point) > +

N
Z

< r2
n > + rel . corr .

nuclear charge density,  moments

Proton Neutron

Proton
Neutron

47
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< r4
c > = ∫ r4ρc(r) d3r

+rel . corr .

+ < r4
n(point) > +

10
3

< r2
n(point) > < r2

n >
N
Z

= < r4
p(point) > +

10
3

< r2
p(point) > < r2

p >

RMS n-radius
48
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APV' GFQ2

4⇡↵
p
2

QwkFwk(Q2)

ZFch(Q2)
<latexit sha1_base64="ICsv/rhJZbFUHZN6pMmTw2WvZNM="></latexit>

parity-violating elastic electron scattering

Organizing Committee

Chuck Horowitz (Indiana)

Kees de Jager (JLAB)

Jim Lattimer (Stony Brook)

Witold Nazarewicz (UTK, ORNL)

Jorge Piekarewicz (FSU

Sponsors: Jefferson Lab, JSA

PREX is a fascinating experiment that uses parity

violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-

conservation and tests of the standard model.  The

conference will begin with introductory lectures

and we encourage new comers to attend.

For more information contact horowit@indiana.edu

Topics

Parity Violation

Theoretical descriptions of neutron-rich nuclei and

bulk matter

Laboratory measurements of neutron-rich nuclei

and bulk matter

Neutron-rich matter in Compact Stars / Astrophysics

Website: http://conferences.jlab.org/PREX

Rn of 208Pb by EM(W)  probe
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208Pb

Δrnp ≡ Rn − Rp = 0.283 ± 0.071 fm
JLab : PREX I,II (parity-violating e-scattering)

PRL 126, 172502 (2021) 

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

48Ca

Δrnp ≡ Rn − Rp = 0.121 ± 0.026 fm
JLab : CREX (parity-violating e-scattering)

50
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d�

d⌦
=

d�Mott

d⌦
|Fc(q)|2,

Fc(q) =
�

�c(⌥r)ei⇧q⇧rd⌥r

( 0+ nuclei)

< r4
c > = ∫ r4ρc(r) d3r

1) elastic scattering at very high q

2) elastic scattering at very low q

1 −
< r2

c >
6

q2 +
< r4

c >
120

q4 + . . .Fc(q) ∼
1 − < r 2

>6
q 2

dσMott

dΩ
∝ 1/q4

+ < r 4c >120 q 4

51
=>  low-L SCRIT exp.
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ULQ2@Tohoku

SCRIT@RIKEN/RIBF

charge radii of proton and deuteron  
     Ee = 10 - 60 MeV

     θe = 30 - 150 deg.

     =>     Q2 = 3x10-5 - 0.013 (GeV/c)2

charge densities of short-lived exotic nuclei 
    Ee = 150 - 300 MeV

    θe = 30 - 60 deg.

    => q = 80 - 300 MeV/c 

         Q2 = 0.006 - 0.09 (GeV/c)2

Low-q electron-scattering activities in Japan

52

52

Lowest-ever energy electron scattering

world’s first e-scattering facility for exotic nuclei
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Backup
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e A

2) eA collider

e A

1) fixed target

e A

3) electron at rest

My talk ELISe@FAIR

Ee ~ 300 MeV Ee ~ 300 MeV EA ~ 600 GeV/A 
    (γA ~ 600)
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high-precision cross section measurements 
1) Ee = 20 - 60 MeV, θe = 30 - 150 ° 
2)  q = 10 - 110 MeV/c

Fixed angle for 
Lum. monitoring

208Pb

F2 + F4 + F6

F2

F2 + F4

ULQ2
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46 47 48 49 50 51

310

410

510

Graph

46 47 48 49 50 51

310

410

Graph

Ee = 50 MeV
θe = 55°

θe = 78°

Q2 = 0.0021 (GeV/c)2

Q2 = 0.0037 (GeV/c)2

46 47 48 49 50 51
Pe’ (MeV/c)

103

104

103

104

105
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Ee ~ 10 - 50 MeV

θ = 30 - 150°

q = 5 - 50 MeV/c

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

  208Pb(e,e’) at the ULQ2 beam line

 precise σ(θ)/σ(θ0) with the twin spectrometers : 10-3

 phase-shift calculations for Rn2


 feasibility studies

σ(θ)/σ(θ0) vs R2
n

by H. Kurasawa

σ(
θ)

/σ
(θ

0)

R2
n(fm2)

57
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910 mm

11
75

 m
m

target

e-beam

Focal plane detectors
 (J-PARC g-2 + ULQ2)

two	SSSD	for	XY

100 x 100 mm2 (190 um)

Electron spectrometer
radius 500 mm

bending angle 90°
max. B 0.4T @ 60MeV

gap 70 mm
dispersion 866 mm

Δp/p 5.6×10-4

momentum bite 10%
Δθ 5 mrad

solid angle 6 mSr
weight 5 tonY. Honda

ULQ2 twin spectrometers 58
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1. thermal neutron-beam scattering off electrons

neutron-beam transmission in thick Pb, Bi target N0 N1

N1 = N0 e−N σtot

2. electron scattering

d(e,e’)     A(Q2) から GNE(Q2)) の情報を抜き出す（Saclay)
d(e,e’n)      quasi-free neutron knockout (MIT/Bates)
3He(e,e’n)  quasi-free neutron knockout (Mainz, JLab)

Q2 ≥ 0.13 (GeV/c)2

ULQ2
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< r2
n > = − 0.106 +0.007

−0.005 fm2

< r2
c > = < r2

str > + < r2
p > + < r2

n > +
3

4m2
μD spec. EFTχ PDG (2022)

KOESTER

KOPECKY

KROHN

ALEKSANDRE

n-e scattering

Dispersion analysis

interferometry

χ EFT

Neutron mean square radius (fm-2)

Ye
ar

PDG
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RTM	:	10W

Uranium	:	15g

138Xe	:	3.9	x	106	cps

132Sn	:	2.6	x	105	cps

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

Target&Heater

~2000oC	for	137Cs

61

61

ERIS	(Electron-beam-driven	RI	separator	for	SCRIT)	

± RI Production : photo-fission of uranium 
± Two ionization methods are available: 
°  FEBIAD (Sn, Xe, etc.) 
°  Surface Ionization (Cs, Ba, etc.) 
± Extraction : DC or bunched beam 
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Readout boards 
“Multi-Slit128A board” 
Four ASICs “Slit128A” 

      (128 ch/chip)

Single-sided silicon detector (SSSD)
Active area 97.28 mm × 97.28 mm
Thickness 0.32 mm
Strip length 48.575 mm
Strip pitch 0.19 mm
No. of strips 512 ch × 2

Single-Sided Silicon Detector (SSSD) 
                          developed for g-2/EDM experiments at JPARC

Focal plane detector(s)
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Electron spectrometer

radius 500 mm

bending angle 90°

max. B 0.4T@60MeV

gap 70 mm

dispersion 850 mm

Δp/p 8×10-4

momentum bite 10%

Δθ 5 mrad

solid angle 10 mSr
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Δ<r>/<r> ~ 
 1 x 10-3

0.0003 ≤ Q2 ≤ 0.005 (GeV/c)2

FC(q) ⇠ 1� < r2 >

6
q2 +

< r4 >

120
q4 � < r6 >

5040
q6 + ...

higher oder contribution

 ~2 x 10-4

electron scattering 
  E. Offerman et al., Phys. Rev. C44(1991)1096. 
  W. Reuter et al., Phys. Rev. C26 (1982) 806. 
  L. Cardman et al., Phy. Lett. 91B (1980) 203. 
  …… 
μ X-ray 
  I. Angeli,  ADNDT 87 (2004) 185. 
 E. Tuckstuhl et al., Nucl. Phys. A430 (1984) 685. 
  L. Schaller et al., Nucl. Phys. A379 (1982) 523. 
  G. Fricke et al., ADNDT 60 (1995) 177. 

I. Angeli ,ADNDT 87 (2004) 185,  2.4703(22) fm 
   from the slides of  Fredrick Wauters (PREN2023)
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ieγ

1) lepton-lepton scattering

−iM = (ieūγμu)(−
igμν

q2
)(ieūγνu)

l

l
ieγ

2) lepton-nucleon scattering l

N

ieγ

ieΓ−iM = (ieūγμu)(−
igμν

q2
)(ieūΓνu)Γν

Γν = γνF1(q2) + iσνα qα

2M
F2(q2)

F1

F2

Dirac form factor
Pauli form factor

GE(Q2) = F1(Q2) − τF2(Q2)

GM(Q2) = F1(Q2) + F2(Q2)

Electric, Magnetic 
“Sachs” form factors

Q2 = − q2 τ =
Q2

4M2

(Dirac particle (point particle))

(particle having internal structure)
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• neutron contributions are essential to account for 

                         the observed <rc4>  of 48Ca and 208Pb by electron scattering

○ open circles (non.-rel.) 1 SK1, 2 SKII, 3 SKIII, 4 SKIV, 5 kMm, 6 SLy4, 7 ST6, 8 SGII, 9 SkP

● filled circles (rel.) 1 L2, 2 NLB, 3 NL1, 4 NL2, 5 NL3, 6 NL-SH, 7 NL-Z, 8 NL-S, 9 NL3II, 10 FSUGold

< r4
c > = ∫ r4ρc(r) d3r ≡ Q4

cp −Q4
cn

<
r4 c

>
(f
m
4 )

< r4c > = Q
4
cp

< r4c > = Q
4
cp

Q4
cn

Q4
cn<

r4 c
>
(f
m
4 )

exp.

exp.

<
r4 c

>
(f
m
4 )

48Ca 208Pb
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