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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?

Lecture 2 : selected topics related to NUSYS

electron scattering for

proton charge radius
exotic nuclel
neutron distribution In nuclel
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A series of lectures on electron scattering
at Beithang Univ,, Aug. 3, 4

Electron scattering from nucleon and nuclei

Introduction to electron scattering

what is electron scattering?
what can we learn from electron scattering?

Selected topics of electron scattering for nucleon and nuclei

exotic nuclei
proton charge radius ( + neutron charge radius)
neutron distribution in nuclel

email me if you would like to have. (suda@Ins.tohoku.ac.jp)

https:/www.dropbox.com/scl/fo/irxbkzkdspffbkrhgs234/h?rlkey=nf4xb3prcrgzpch65ck8ry1aj&di=o


mailto:suda@lns.tohoku.ac.jp

electron scattering 4

Electron scattering has consistently played an essential role
to reveal detailed structures of nucleon and nuclei

electron /\

one detects only scattered electrons

= Vvery “simple” measurements

target
1. elementary particle - structure-less -

2. electro-weak interaction - best understood -

3. ‘“relatively” weak - probing deep inside of the target -

Electrons do not experience the nuclear strong force.



Electron beam energy for nuclear physics ? 5

low-energy probe
long wave length target

Source
O W no interaction
Target
, VAV VY,

iDetector visible

high-energy probe
short wave length

de Broglie wave length of electron ~ target size (~fm)

A h hc

%:—:
2 p  pc

p ~ 200 MeV/c
~ 197[MeV - fm]

= Ifm
pc[MeV/c - ¢]




Proton as an example

Low

electron beam energy
(momentum transfer)

High
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kinematics .

Lab. frame (taget at rest)

(619 El)) (82’ ﬁz)) . 5
kinematical valuables under URL
W=e; — € energy transfer
g=el — e momentum transfer
— > : 0
target O _ 0% = w? — §* = 4e,e, sin” 5 4-momentum transfer

—2
e’ =p, +m?’
URL (Ultra-relativistic limit) : e >>me > D12l =€

Mott cross section Rutherford cross section
2
f~1 e~p Bl o=L_
2m
OMotr _ Lo 2 dGRutherford VA0 1
o 2 .. 40 = ,
dQ 4es  sint = dQ 16e2 ipt 2

2 2



Elastic scattering off atomic nucleus 5

M
kinematics
€
ez = 261 . 0
1+ﬁ3m25 le1] = |e2| (= 6)0 q=ei1(=e)
W — €1 — €y = E
(0 =60°)
M>e 0> e~e |g| = 2esin(6/2)

cross section (under one-photon-exchange approximation)

do  doprort 2 / P e T g7

@ F Fo(q) = r)e” T dr

o | Fu(g) c(7) p(r)

form factor

including target structure information
( =1 if the target is a point particle having the charge Z)
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Form factors and charge distributions

FL(q) = / o(F)e— T g

for spherically symmetric distributions F.(q) = 47;J

PN+ point-like

IF(q?)|t flat

-

Dirac fermion

exponential

“dipole”

4’

proton

. Gaussian

- .
Gaussian

N

Li nucleus

= sin(gr)
p(r) r< dr
0 qr
t uniform Fermi
sphere function
» 2
1 “sinc-like”

AU

a
\J\ il |q2|

40Ca nucleus
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proton (charge) form factor

102

—q? (GeV/c)?

= =% -1 T T 1T T [ T T 1 ] U
Dipole type =
q° i
— — —2 —
¢=0=37
ks =
3 E
s -
i “Quark & Lepton” _
i F. Halzen and A. Martin |
1 | | I | l | e L | | | 1 l | |
0 2.5 5.0 1.5 10.0



208Pp (e,e’)

|O-25
| ¢ Mainz
0-27 |- ¢ Saclay
— — — Mean Field

|O-29

|O-3|

do/dQ(cmé/sr)

|O—33

1073%

10-37

q(fm™1

J. M. Cavedon et al. PRL 58 (1987) 195 -198.
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—— mean field
Q.07

e
'.E 0.05
@
~ 0.03
o
0.0l

Phys. Rev. Lett. 38(1977)153.




“Nuclear Structures” in textbooks 12

Magic numbers and stability g
éh /2
2, 8, 20, 28, 50, 82, 126 o
)
1@2
doubly magic nuclei .
4He, 160, 40,4803, 208Pb 1%%
M.G.Mayer and J.Jensen vz
@

Density distributions

electron scattering

1) radius and mass number I = r0A1/3

2) density saturation

3) surface diffuseness ~ const.

4) pp(r) ~ pn(r)

R. Hofstadter
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kinematical valuables

W= €1 — e energy transfer
g= €1 — €3 momentum transfer
elastic
inelastic . . .
ﬂ R time-like region o .
‘ r
Al ‘ J\ = “alp hoto,
w=q s
‘l

Giant space-like region
‘ Resonw

Quasi-elastic

A, N*.

AA‘ —




Elastic scattering

1) Charge density distributions

2

)

) single-particle properties
3) deformed nuclei

)

4) valence neutron
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M strictly limited to stable nuclei
B never applied for exotic nuclei (short-lived)

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

. _
w | B |
0 s
= i.:::'
: a
c 50 ~ i
o ll:l..
el u —
O ' THE 126
Q.
28— | ] |
. 82
20 Il'
o Most of stable nuclei (except noble gases such as Kr, Xe)
8! 50 o some example for unstable nuclei such as 3H, 14C, 41Ca etc...
2 #— 28 |
|

20

neutron number



elastic scattering for 0+ nuclei 16

even-even nuclei

do

do  doy,, y) Fg) = [ plr) e dr
2 = S () B
Q de () = JFC@ e dj

0| \ i y4
. 208Pp(e,e’) 2
o = _ N CEDALG)
| B .
0 . +SACLAY 76 1 i=1
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n. [ | -
3 ( doubly magic nuclei )
I0° B
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let’s take 208Pb and 207T| as examples

82
2 a-r 3=
208Pbh pzospb(l’) = Z |Wl(r)| — JF208Pb(Q) e'?”’ dq
doubly magic nucleus i=1
3s1/2

81
207 - '_’,7 -
T pp() = Y LD I® = [an(q) e dg
=1

under a naive independent particle picture

32 31
g (D= 1w = ) lw() P
=1 =1

elastic electron scattering
= pPaspp(r) — Paorqy(1) for 208Pb and 207T]

— J Faospp(q) M ¢ 4

only electromagnetic interaction involved !!




3s1/2 orbit from electron scattering

208PhH - 2077 unstable
T~ 5 min. _
=
]?() gé
Bi | 203 | 204 ”
.
=

200 201 202

instead

203 PIIYY 205 PUIPAPIL] <mm 7 = 82

203

206Pp

205T]|

t ~60 %

Ae (r)(e.fm-3)

Phys. Rev. Lett. 49 (1982)978.
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,0206pb(7’ ) onst(’” )

—]

206 pp,

Mean field

r(fm)

Pospp(1) = Paosyy(1)

—

mean field theory

3s1/2 like behavior I

—y

12



= SYS
Spectroscopic- Factor 19

spectroscopic factors deduced from quasi-elastic (e,e’p)
60-70 % of the occupation expected from the independent particle model

lllllll I I lllllll 1
1.0} A
Mean Field Theory
=
o 08| -
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m —
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O 06
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OO lllllll 1 1 lllllll 1
10 10°

Target Mass
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Charge density of deformed nuclei

2ty 09963
K=2
+
2B oo gamma vibrational band
6+ 0.718
0*s 0 681
K=0
beta vibrational band
4+ 0371
|54Gd
2+ 0.123 64
o+ 0
K=0
ground state band
154
Ga
10t -_
Ry - ®si o
o I X
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FIG. 5. Energy loss spectra of electrons scattered inelastically
from '*Gd at two incident energies. Spectrometer momentum

resolution was 6 103,

elastic + inelastic electron scattering

Transition form factors (0+-> 2+, 4+, 6+)

mel)>  their transition densities

pa(r) =< Al[p]|0 >=

2I+ / (7, ) Y20 (9)dS

= oa(r)Yo(®)
A

(a)

¥
A —~ .
N
=
(b) anng
&
gy AN
N
=

FIG. 3. Deformed charge density distributions in the body
reference frame for (a) the calculated density, and (b) the density
reconstructed from the experimental results. The symmetry axis
and a perpendicular axis are denoted by Z and R, respectively.

Phys. Rev. C33(1986)1905.



valence neutron by 180° elastic scattering 21

26
dO-MOZ‘t =0 ‘ Aoy, - Zar S s
dO dQ 4e? sin4§
) 6
COS™ — STzE=<

— = BTGy P

2
S11 > CO >

Core + valence neutron: 170, 41Ca
electron scatters off the valence neutron via its anomalous magnetic moment

do
— (0 = 180°) x
dQ

Only magnetic term survives at 180°

.

4 ) ( )

170 (5/2+) (1ds,2), 02e—  MCa (7/2°)(117,2),

T T TTTIT

| 2

Fu

1 T‘FLLU_I'___ T TII’TTI[ LR R RALL

|o-7 AT D T ST T B R NTH R

105

. J

T. Donnelly and I. Sick, Rev. Mod. Phys. 56 (1984) 461
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kinematical valuables

W= €1 — e energy transfer
g= €1 — €3 momentum transfer
elastic
inelastic . - .
ﬂ R time-like region o .
) re
ALY ‘:alph%n
Cu=q i
‘l

Giant space-like region
‘ Resonw

Quasi-elastic

A, N*.

AA‘ —
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elastic scattering : e+A '

electron /\

target

Pe (N (fm-3)x10-2

0246810
quasi-elastic scattering r (fm)

“elastic scattering” off proton in a nucleus

e+”’p” -> e+”’p” (the residual is a spectator)

one studies protons inside a nucleus (momentum, energy ...)



12C(e,e’p)@NIKHEF 24

under PWIA §e==1 2?,5:5‘21?)1@2\6/\//0 10—7j 1p KNOCKOUT FROM °C
dbo B KdO'epS(E . ) '_1
ko dQudp,dy, - d Db ]

|

S(Epy D) = p(Bm)nad(Em — Ey,)

-8
18"
P(Pm)Na :/S(Em>ﬁm)dEm T :
-0000— 1 5 -
—-0— 1S1,2 = 10°
£

12 .
Cle,e p) B

1/ 2, 2.125MeV

| llill‘j\l

L (Me\/lcl—3]~>

i; 3/2,5020MeV ]
= : \59\ Y, 5.020 MeV
3 ! :
uJE % 7
& Ry 2 /
f ‘\ # 312" |
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Fig. 1. Excitation-energy spectrum of the '*C(e, e’p)''B reaction at £,=284.5 MeV. The central value
of the missing momentum is 172 MeV/c.

Nucl. Phys. A480(1988)547.



S-factors by (e,e’), (e,e’p) and (d,3He) 25

d%o _ doep
dke/ dQef dppdﬂp df)

S(Em, Pm)

S<Em7ﬁm) — p(ﬁm(Em _ Etr)
p(ﬁm: S<Emaﬁm)dEm

T T T T T T T T ' T ] L I T
140~ 0: (e,e’p) - '4°f o:(ee’p) ]
I - 3
120 X X : (d,2He) _ 120 X : (d,°He) _
Y "
— o x J—
3, 100 — . 32 100
= N K> / < - =
X o N ;5,9( X 2 =

E ol v X R 1 E sof -
= f x 4 = i K
2 ) @ I T .

680 |- D — (
& - ( $ % ¢ J o - o8 & S B ¢ )
S ¢ O 40 ¢ W& Py X '

40 D - - \ . ~
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Nucl. Phys. A679(2001)267.
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Density

0.08

0.06

0.04

0.02

Sick_density_sensitivity

(e,e'p) ( d,3He)
\\
6 8 10
Radius (fm)
Nucl.

12 14

Phys. A679(2001)267.
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Photonuclear reaction



Total Photoabsorption Cross Section 28

400

360
320

160

Cross Section (mb)

280

240
200+

120+
80
40+

foy.m

1) Response functions (operators : well-known)

2) Sum Rules

TRK sum rule

oo
Bremmstrahlung sum rule /
0

Migdal sum rule

> 2n2e*h NZ NZ
o(E~)dE. = (14+ k) =60—(1+K)MeV -mb
/0 R M A A

o(E-) 4m%e? NZ 9
dE~, =
E, YT T3p A1

>

00 E Q72
/ ) ik, = %P P : polarizability
0



otot In GDR region

NUSYS lectures e
Aug. 12, 2023

excitation energy

ground state

elastic scattering

Total Photo-absorption
Cross Section (mb)

20 22

Ev (MeV)

B. L. Berman and S. C. Fultz, Rev. of Mod. Phys. 47 (1975) 713



photo-nuclear responses of exotic nuclei 30

Total photo-absorption cross section covering GDR

y +A - X

OToT

spherical

Prolate Oblate Triaxial nuclei

)EY

Ec Eb Ea

R. Bergere :Lecture Note in Physics, 61 (1971) 84



Triaxial nucleus and their oroT(EY)

120 _1||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'IIIIlllg
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N E - . 14 8’ E
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i®) = = '2 N
S - 3 g
2 60 e 238
S : ' el
O 40 F \ =
o = S
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20 :_ i : 6r— (5+) ——— _: i
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E °+G5ba'ld 01’GSband ' E 15
0 b b b b beccrrerne b e e 12
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Neutron Number N ETQ
|
:\%
20
P. Moller et al.,PRL97,162502 (2006) L

108Ru 273 sec

0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 3 10 15 20 25 30

110Ru 15 sec
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200 F

[—Y

&

&
I

25 |

| | | |

(I | 1|

S. Ebata : private communication

E [ MeV |




photonuclear reaction for exotic nuclei 32

1325n+Pb -> 131Sn + n + X @ GSI

only way : Coulomb excitation in heavy ion reaction 200
radioactive 100
Rl beams
% 200
~J 1 =
,y = 100
=
(ex.) Pb -
‘SCRIT facility i >
E’e=Ee-Ey = 200
e-beam E
_/. :
® = 100
Ee E
300 600 Y 10 15 2”0 10 15 20
T ® RI@SCRIT E [MeV] E, [MeV]
e
purely EM probe
well under control Virtual Photon flux
negligible multi-stop 2o dQNfL(E, E..0 o (E)
. s
| F e Y
ultra-forward dFdf) d oy df) A

electron scattering
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Expected reaction rate for L = 1027 /cm?2/s 33

-
virtual photon theory

AN 2NEYE, E,,0)
— =L [d——o— . o (E
dE, / dE,dS) 7y (E5)

Sn_GDR Yield

2.6 —mm™—mmm———m———————

L = 1027 /cm2/s

045

120Sn (stable)

400 109

Yield (/MeV/sec)
&

0.15

[—
<
[

300

Photoabsorption Cross Section (mb)

” 5x 104
00 _ o
_§' 4x 10 .o
>
100 10-3 g 3 x 104
= ® o
T 2X 104
0 10-4 - [ ] ®
5 10 15 20 25 1x 104 o °,
EY (MCV) . ® ®e Y
5 10 15 20 25

P. Durgapal and D.S. Onley
Comp. Phys. Comm. 32 (1984) 291 Ey (MeV)
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possible access to exotic nuclei at SCRTI facili 35

Injector Microtron

ERIS (ISOL)

Veto
(v calorimeters)

Electron beam
injection line e
lon beam
transport line

Electron Ring

>
Forward
Electron
Detector

Neutron Detectors
>\> (optional)
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