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Who are we ? Nov. I, 2016

We are “ Electron Scatterers”.

“classical” elastic electron scattering
to study the charge density distributions
pioneered by R. Hofstadter in 1950s !
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Not for stable nuclei,,,,,
BUT never-yet-performed Short-Lived Exotic Nuclei !

» “Hofstadter’s experiments” for exotic nuclei

we are currently operating
the World’s first electron scattering facility
dedicated for exotic nuclei.
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Nuclei studied by electron scattering Nov. | 2016

H.deVries, C. deJager and C. deVries
Atomic Data and Nuclear Data Tables 36 (987)495

B strictly limited to stable nuclei
B never applied for exotic nuclei (short-lived)
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o Most of stable nuclei (except noble gases such as Kr, Xe)
o some example for unstable nuclei such as °H, *C, 41Ca etc...
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Electron Scattering Nov. I, 2016

Electron scattering provides direct and unambiguous
structure information of atomic nuclei including proton

—

0

1. point particle
2. electromagnetic interaction
I) coupling : charge and current => el.mag. structure
ii) “weak” -> probing whole volume
perturbation theory
iif) exp. data => structure information
3. variable g for fixed w
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Elastic Electron Scattering Now. . 2016
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SCRIT facility at RIKEN RIBF Nov. I, 2016

RTM : Race Track Microtron
injector + ISOL driver .
150MeV/0.5 mA peak/2 pys

Electron energy : 150 - 700 MeV B
@

stored current : 300 mA (as of today)
beam life time - 2 hours Racetrack Microtrgn/
0 1 2 3 4m o / // /
ISOL (ERIS) 4
photofission of 238U /

132§n : 3x105 @ 20W

Luminosity
Monitor

WISES (Window-frame Spectrometer for Electron Scattering)
e Ap/p ~ 108

Electron AQ ~100 mSr

long target acceptance ~ 50 cm

Spectrometer




SCRIT (Self-Confining RI Target)
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M.Wakasugi, T. Suda and Y.Yano
Nucl. Instrum. and Method A278 (2004) 216.

4 )
Idea new ion trap for e-Rl scattering
Problematic ion trapping phenomena trapping Rls on electron beam
@ (automatic e-scattering off trapped Rls)
electron storage ring
ionized residual gases are trapped
by the circulating electron beam
/
scattered
electron
vacuum
chamber Rls from an external
RPN ion source
i L
—— i /.’N-v*_m“ "\%',‘Y:'Q N
— electron beam trapped Rlelectron
residual gas ions
electrode
electrode
ill problem of e-storage ring manipulating injection,trapping and ejection
. J
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lon IN - lon OUT
for comparative measurements

Trapping time Interval time
(240msec) (10msec)
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First Data from the SCRIT facility Ur\LISv?(l(,@J;/gréc

The facility started its full operation,
and the first physic run was carried out since April, 2016.

132Xe is a stable nucleus but has never been targeted.

Luminosity, 102” cms2, is achieved with only ~107 target nuclei

132Xe(e,e) Ee =150, 200, 300 MeV
6 = 30 - 60°
Nions ~ 107 /s

Ee = 150 MeV f

do 261 2 pe-1
LdQ [(cm™ s ) (cm“sr-1)]
I IIIIIII| I IIIIIII| I IlllﬂL I IIIIIII| I IIIJIII| I

-1
10 “\k\+
1072 Ee = 200 MeV e bf + ‘T‘
10-3 | | | | I
0.4 0.6 0.8 1 1.2 1.4

First experiment for exotic nucleus, '“*Xe (14 min.), this autumn.
and to be followed by doubly magic nucleus, '*?Sn (50s).
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PWIA DWBA
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Luminosities and Number of target nuclei Nov. I, 2016

Ee Nbeam pet L
Hofs;cfglstg:)s; erd 150 MeV (::' ;2 2.) ~10"° /cm? ~1028 /cm?/s
JLAB 6 GeV (::gﬂ“/‘:) ~102/cm2 | ~10% /em?/s
SCRIT 15&;300 (..210(?1;',':) ~10°/cm? | ~107" /cm?/s

4

~107 ions are trapped
on the electron beam of ~ 1 mm? cross section

~107 /mm?2 -> 10° /cm?
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Proton Charge Radius
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Proton charge radius puzzle

r

M-hydrogen
(2000~)

V

o Gy

—— <
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Proton charge radius determination Nov. | 2016

Spectroscopy Scattering
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MH spectroscopy Nov. I. 2016

P. Randolf et al., Nature 466 (2010) 213

A 14— —_— c

8.4 meV
1% 99%
g : 2P/ Ef %
2P 2p F=1 7 CODATA-06 " our value
G ——— 172 [
L . ¥
2 keV X-ray - 6.0 ;_:k s
(K K K,) e "
206 meV = ‘

B 50 THz s F

6 um i D
Z =
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Finite size e B

effect: g FET
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28 o 2b—
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{ r_ B
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Figure 1| Energy levels, cascade and experimental principle in muonic =
hydrogen. a, About 99% of the muons proceed directly to the 1S ground =

state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue). 0 49.75 498 4985 499 4905
1% remain in the metastable 28 state (red). b, The yp(2S) atoms are
illuminated by a laser pulse (green) at ‘delayed’ times. If the laser is on
resonance, delayed K, X-rays are observed (red). ¢, Vacuum polarization
dominates the Lamb shift in . The proton’s finite size effect on the 2§ state
is large. The green arrow indicates the observed laser transition at 4 = 6 um.

laser frequency[THz]

AE(2S — 2P) = 209.978(5) — 5.22672 + ... meV
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Electron scattering off proton Nov. 1. 2016
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Proton charge radius Uﬁ?f@;@:f
RMS radius N
<r®>= [ rp(F)d"

p(r)

~ exponential

p (fm™)

r (fm)
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Charge Form Factor at high Q? o
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Proton charge radius by e-scattering

momentum transfer g=¢€—ée
energy transfer e

W
4 momentum transfer (Q° = ¢° — w*

1) high Q2 charge density p(r)

Electric Form FactorGE

4
t o p(r) ~ e
p(r) =
2 2 o - 0
<re >= /r p(r)d 0 * () e

radius is sensitive to p(r) at large distance
(evenatr~4fm)
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do z2a? cos?(0/2)  €?
(d—Q)Mott: 102 wind X
e sin“(0/2) ¢q
1
‘T 14 2(1 + 7)tan?4
2
T = —4Q 5
mp
2) low Q?
0 _<’r2>1/2 ,  <ri>1/2 s
GpQ) vl Q"+ —5— Q" — .
dG(Q?
<r*>=-6 (fcgg )|Q2—>0

ill problem : higher order contribution

$

lower Q2 as possible



Density distribution and RMS radius ULQ2@JPARC
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Charge radius <7° >= / rp(7)d”
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o oo s B
] |
0.08 29%Pb 1 Proton :
Tl 0.01 [ i
& 006 ———  5.503+0.002 fm | < 00001 | 0.89(21(:.(())12)8 fm |
- ' : r X - 3
& (4x10%) £ r i
o 004f = s | |
0.02 [ - 108 | j
: ~ exponential ]
— T 2 —
["r2p(r)drF J rep(r)dr
— oo 2 —
1t [T r2p(r)dr ] it [ r2p(r)dr
2 =
3] —
~ &
05t ] Eoost
0 1 1 L ! ! 0 , 1
0 2 4 6 8 10 12 0 2 6
r (fm) r (fm)

H — o
[ Ratio = 98 % ] [ Ratio = 98 % ]




Electron scattering at Low Q2 o s

G,(Q?)

<rp> = 0.879 (5) fm

0.98

Pt

%%fr

but ...there are discussions about the fitting

how to treat higher order ?

0.92

0.005

0.01 0.015 0.02
Q? (GeV/e)?

J. C. Bernauer et al., Phys. Rev. C90 (2014) 015206.
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What are we going to do ?? Nov. |, 2016

G,(Q?)

Reduction of the higher order contribution

1

098 |

096 |

094 |

0.92

» Ge(Q?) at lower Q2 region

?“M;?s*iﬂh,;;%% _
% |
P g,

Q2 (GeV/c)?



What are we going to do ? A

Mainz 2014 Tohoku

Q2%min (GeV/c)? 0.004 0.0003

Ee (MeV) 180 ~ 850 20 ~ 60

absolute
do/dO X O
GE/Gl\-ll . O
separation
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Electron scattering at Lower Q?

experimental GE separation at ultra-low Q2

ELPH, Tohoku Univ. : only a electron scattering facility.

absolute Gg, Gum
Lab. Ee 6 do/dQ separation
JLAB Ultra- 1.1-22 1-4 O X
(USA) forward GeV deg.

Mainz lower Ee by 195, 330,

(Germany) Brem‘:’,ztrah 490 MeV X X
20 - 60 |30 - 150

TOHOKU | lowEe | "1 deg. O O
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Where are we? Nov. I. 2016

Research Center for Electron Photon Science
Tohoku University
Sendai
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Research Center for Electron-Photon Science Nov. I, 2016

Exp. Hall 2
| GeV y beam |
1.3 GeV - Exp. Hall 1
booster ——
NKS II synchrotron =

——— GeV y beam ———

AN B s

90 MeV e-Linac 60 MeV e-Linac
(injector)

FOREST
GeV-y Hall
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Low-energy branch

Exp. Hall 2
| GeVy beam |

1.3G

booster

NKS I synchrotron

2

——— GeV y beam ——

FOREST
GeV-y Hall

o

Nov. |, 2016

“OLD” Low-Energy Electron Linac

Ee : 20 ~ 60 MeV variable
le: 0~ 150 uA

“Ekp;Hé"i ,..“,,/._,i

TtIII

90 MeV e-Lin#c 60 MeV e-Linac
(injector) i
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e-scattering off proton at ultra-low Q3 U,\LISV,?J;oF(,

Goal of our experiment
Ge(Q?) measurements in 0.0003 < Q? < 0.008 (GeV/c)?

Low energy electron beam (20 < Ee < 60 MeV)
Absolute cross section measurement
Rosenbluth separation (Ge(Q?), Gm(Q?) separation)

l —m—m————

098 | %ﬁ. o deé?Q) @20 :

| W@y 4 |
0.96 | &M‘h ]
094 | %ﬁ#‘%%‘g

Q2 = 0.0003 (GeV/c)?

0.92 /

0 0.005 0.01 0.015 0.02
0?% (GeV/e)?

G,(Q%)




Rosenbluth separation (Ge/Gwm)
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Elastic cross section

Q* = 4ee’sin?(6/2)

change «(6) under fixed Q2 » different electron beam energies

(rel.) Cross Section

1.08
1.06 |
1.04 |

1.02 |

0.98 |

Rosenbluth separation

q =30 MeV/c :
sys. err. of 0.3%
: G5 (Q?%)
bGu(@QY)
@t MY ) V___
0 0.002 0.004 0.006 0.008
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A key of the e+p experiments at ULQ? NOV,?JZOM

I only ~ 2%

098 |

Q%)

0.96 | ’;g ™

0.94 | Y"Wil

0.92
0 0.005 0.01 0.015 0.02
Q? (GeV/c)?
beam dose
— target|+{Vbeam
d() d() J
target thickens spectrometer

acceptance

Statistics : at least > 10° for each (Ee,8) measurements

-
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CH: target for absolute cross section measurement,

Relative measurement for 2C(e,e)'?C and p(e,e)p

AN°PC/dQ | do?C/dQ | Nyl

dNer/dQ — dor/d0  NH

ANyt do { Ganceled out ]

- — Ntarget Nbeam AQ in relative measurements

df? ds?

1) RMS charge radius (or p(r) ) of 12C ??
2) 12C(e,e)'?C, p(e,e)p by kinematics ??

3) change of C/H ratio by beam irradiation ??
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CH:- (e!e,) experiment Nov. |, 2016

1) 12C : “standard” nucleus for (e,e’) j
p-Xray ¢
electron scattering Soson| |
A < r?, >1/2 el \
e~ 3% 107
< r12c > umo " 0 m"O(MeVI:‘;0 .
2) 12C(e,e)'?C, p(e,e)p by kinematics ..
,,,,,, q =30 MeV/c
AE = 0.2 - 4 MeV s |
for q =20 - 90 MeV/c e 3 Al
Ap/p ~ 103 NS Y B R
E (MeV)

3) no severe damage of target is expected
large cross section: j—g x 1/¢*
le~ 1nA-1pA



Experimental setup at ULQ? exp. ULQ2@JPARC

22 m

Nov. |, 2016

Radioactive
Isotope
Production
Station

Ee = 20 ~ 60 MeV
le ~1nA - 1pA

1) new beam line
2) two magnetic spectrometers

Rosenbluth measurements
Luminosity monitoring

OB

CH: target ( ~0.1 mm t)
Ap/p ~1x103

60-MeV Electron Linac




Rosenbluth-Separated Geg(Q?) at ULQ? U,\LISV?(.(,@JEQ:{(,C

Absolute cross section N
' :‘)> Ge(Q?)

Rosenbluth separation

at

1

¢y

0.98
-c:g; ¢
S oty
= 09 92%
S ?%90
gﬁg%
0.94 Q2 = 0.0003 (GeV/c)? t‘
0.92 '/ --
0 0.005 0.01 0.015 0.02

Q? (GeV/e)*
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How rp, has been determined ? Nov. I, 2016

Spectroscopy Scattering

MUSE exp. @PSI|
IS coming -
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Summary Nov. I, 2016

1) elastic e+p scattering at ultra-low Q? region
2) Gg(Q? at 0.0003 < Q? < 0.008 (GeV/c)?
3) Ge is extracted by the Rosenbluth separation
4) absolute cross section measurement
relative to 2C(e,e)'?C : sys. err. ~3x103
5) Ee=20-60MeV,0=30-150°
6) constructing of new beam line, and spectrometers

7) the experiments will start in 2019

BlapE - BEiE (S) 2016 ~ 2020



