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Probability and Cross Section

Beam 'I.'ran.smitted
Ny=J-A N =No-e #”*
I
—-—,53»! R T—
o
= | B=
N Beam
area A
Nucleus €= X
area o Target

Absorption upon intersection
of nuclear cross section area ¢

j beam current density

A area illuminated by beam

L= 6.022 10%3/mol Loschmidt#
N # target nuclei in beam

M. target molar weight

pr target density

X target thickness

[c]=1barn = 10-24cm?
W. Udo Schrdder, 2004

Nuclear Sizes

Mass absorption coefficient p
_# nUCIei:| 9 I:)absorption
| Inbeam per nucleus
| L o
— _ . AX X -
o e (T
Nabs = NO— N :No- (1 —e _,U-X)

Th|n target .

N L or AX

Nabs—NO (IU'X)Z O‘ Pr O
A M-

pX =

=N;]Jo  current density |
I\.I elementary
o = abs | absorption cross
Nhua X J| section per nucleus




Size Information from Nuclear Scattering

(Pu-Be)

n Source g: Basic setup
S 3’ (_—)W Cntr  with n source

Disc

Tar

d from small accelerator (E4~100 keV): T(d,n)*He - E, ~ 14 MeV

dBroglie wave length

A= hc/\/chzE S

Nuclear Sizes

/
A’3
J.B.A. England, Techn.Nucl.

Str. Meas., Halsted, New York,1974
W. Udo Schroder, 2004

X = 4.55/\JAE | MeV fm
14-MeV neutron £ =1.2fm

R, « A3 5 v 43”R3 o A
~ 0.17 r;uc;l ~ Const.
m



Interaction Radii

: n l == l l I ’ ' ) l | l ) ) ) I ) ‘ ' 'Thlz‘lr\ ;’u.!!.. I‘_E d GEI (9) d GRuth (9)
C 1y ]
E ) , 1 -
F o scattering ., ] dQ dQ
: i : ; | e I 1
E 4= (@) Yo -
% . :
3 5 B
i 0.2 - —
< 3
o 0.1 =3 '_—:_
% 0.05 ; —
E ©0.02 B -
: $
E % 0.0 — I l l i
oSOV SPUPREUPOR DI SNPRICR) B R S T 55, SIS S SR N = () i =
S T : os | 2C scattering =
2 - i
0 D.D. Kerlee et al., PR 107, 1343 (1957) o2 |— o
= L 08 é —
y 1 | | | |
d 1.0 1.5 2.5 3.0 35

. 2.0
Distance of closest approach a6)/ o+ A3 (tm)

<—> scatter angle 6 P.R. Christensen et al.,

NPA207, 33 (1973)
W. Udo Schréder, 2004



Electron Scattering

Approximate treatment: need phase
particle wave packets ©_ difference of
Detector | :\ E elementary
waves
" a-b
a_
Q= 27 = (a—-Db)k

Center of

—kof'/k b=k /K
nucleus r=0 A=K r/ f r/

o=k — ke )T ik = G/
—> L€ | )
W (F,t) = (27271)_3/2 exp {%(ﬁ o Eit)} Momentum transfer 7iq

Wi(ry, 1) o Yoroton,, *~ ¥electron

Nuclear Sizes

= (27zh)_3/2 exp {—ikﬁi of + iwt}
- . 27
’pi’:‘pf’:p:hk:hT oc\Pf(F,t)-f'TSFr;)exp{ikqon}
¥ (F,t) = Zpa(f,,t)  Impulse
n

ADDroximation prob. amplitude
W. Udo Schréder, 2004 PP for proton n

oc £ (Fy) exp {-ik; o +iat +ikg,|



Nuclear Sizes

Momentum Transfer and Scatter Angle in (e,e)

Scattering angle 8 determines
momentum transfer iq

m,<m, — K; =k; =k Lab~com

q=2k -sin(8/2) q=0q(0) !

2

= o |(w,(F, 0] ¥ (7, 0) o |(exp {ik o + it

ZWn(Fn’t)>

s« [exp ik, it} exp {-ik, o + ot 2

> f(F7) exp {ikg, }

2

2

oc ‘exp {i *-F}‘Z

=1

> f(r)) exp{ikg,} > f(r.) exp{ikg,}

W. Udo Schroder, 2004



Nuclear Sizes

Separation of Variables

Point nucleus: a=b, ¢,=0 -

f doj_ - ’ 2 2
- _ %> oc X F(r) = Xfo| =|Zfo
PN d £ Rutherford 4 PN n
do 2 P
=L o (S f(r)exp {ikg,}| = | | d°f'f, - Zp(r) e
de n Nucleus
2 31 gy iGer ? o(r)=nuclear
OC‘Zfo‘ Jodrp(ry)e .
Nucleus charge density

Scatter cross section for finite nucleus = cross section
for point-nucleus x form factor F of charge distribution

W. Udo Schroder, 2004



Mott Cross Section for Electron Scattering

In typical nuclear applications, electron kinetic energies K » m c?
- (extreme) relativistic domain

E% = (p(:)2 + (mcz)2

T A he 1.952-10°fm

e

2”:\/K(K+2mecz) J(K7 MeV) (L+K/1.022MeV)

L,(100MeV) =2fm e = good probe for objects on fm scale

do(0) _(do 2 2,0 (do 2,0
( dQ jMott _(deRuth (1 Frsi (2)j pt ,(deRuth o (2)

Obtained in 1. order qu. m. perturbation theory, neglects
nuclear recoill momentum.

Nuclear Sizes

W. Udo Schroder, 2004



Nuclear Sizes

do/dS2 (fm)?/steradian

Elastic (e,e) Scattering Data

10

107!

1072

1073

10~

183 MeV

]

do/dQ -2 diffraction patterns

1st. minimum g(0) ~4.5/R

do/dQ [enf/st]

1

130

Spektrometer A

Spektrometer B
T T

Spektrometer C
[Meoe—— T

:ktor-
eme

Abschirmung

Strahlrohr Clam-

Dipot

- Sfreh/

3-Spektrometer-Anlage
an MAMI

3-arm electron
1spectrometer
1(Univ. Mainz)

1 1 1 |

1 0—37 L ] 1
20° 30°

8 (degrees)

R. Hofstadter, Electron Scatt. and
w. UGl oadr Ygd,, Benjamin, 1963

40° 50° 60°

J.B. Bellicard et al., PRL 19,527 (1967)



Fourier Transform of Charge Distribution

Form factor contains entire
iInformation about charge
distribution

ger =qrcoséd qjl z

F(q) = [r2dr sinododg p(r)e'd cos?

0 —igqr 4 +igr
= 27 [drr2p(r)| =——°
0 1 g

10

r

F(q) = Ffdf[fp(r)]sm(qf)

£(r) ——quf(q) sin(qr) Fourier
transform f

Nuclear Sizes

p(r)-r =2—2 Jdq La - F(a) sin(ar)

7T 0

p(r) = —c))a  Fermi distribution, half-density radius C,
diffuseness a

W. Udo Schroder, 2004
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Nuclear Sizes

Nuclear Charge Form Factor

F(a@) = |

Nucleus

d3

' p(f) eldT

hg=momentum transfer

Form factor for Coulomb
scattering = Fourier transform
of charge distribution.

r-Distribution

Function p(r)

Form Factor

0-Distribution

1

Point —5(r) 1 constant
Ar
Homogeneous {pO for r <R | 3(singR-qgRcos(qR)) oscillator
sharp sphere =0 for r >R (ar)’® 4
. a3 e— ar hzaz i .
Exponential . 1+ P exponential
2 3/2 a2r2 2
. a - 9 .
Gaussian (—j e ? eXPi—5 3 Gaussian
27 2a

W. Udo Schroder, 2004




Model-Independent Analysis of Scattering

Interpretation in terms of radial moments of charge distribution

Expansion: . 1 1
P sin(qr) =qr —;(qr)3 +a(qr)5 _—

F(q) =472'O<fdl‘[l‘2p(r)] —46—7qu oTdrr2 [r%o(r)] +1477;q4 o<fdrr4 [r%o(r)] -...
N 0 ) 0 0

-1

F(q) =1—%q2 <r2>+iq4 <r4>—...

120
— <r2>:—6d—F

<r 2 > mean-square radius

8 > VR
: dg 120 of charge distribution
Vo
' <r2> :§ R2 quivalent sharp u §<r2>
R S radius of any p(r): Req = 3 »

W. Udo Schroder, 2004



Nuclear Charge Distributions (e,e)

2,75

2 50 N\
\ —rﬂH
2,95

Mg

1.00+-0
3 \ \ \<gh\\
o
e C
2075 A\

" = Sr
il
5 EU,SU \\ \\
T & H
= g 0,25 \ C\\\\\\\\I\n AN

o Bi

) “’%\\ " é& : |

0 1 2 3 4 S 6 7 8 9 10

Radialer Abstand (10% ¢cm) —

R. Hofstadter, Ann. Rev. Nucl. Sci. 7, 231 (1957)
W. Udo Schroder, 2004

Fermi Distribution

p(r) =
1+ exp{r _C}

C: Half-density radius
a: Surface diffuseness
t: Surface thickness

Leptodermous: t « C

Holodermous : t — C



Charge Radius Systematics

6f Charge distributions:
o 208pp
B ey A% C(A) =1.07 - A¥*fm a~0.54 fm ~const.
56 89
T e (r?) =r A% 1y =0.94fm
E 27
< gv 3 23NaA.| 32g
Y

Homogeneously charged sphere

N
Lo Ram57)
a R(A) = Ryqy(A) =1.23 - A¥3fm
Z a~0.54fm ~const. (small isotopic
§ t ~2.4fm ~const. effect)

po(charge) decreases for heavy nuclei like Z/A - for all nuclei:

pop(mass) = 0.17 fm-3= const. #10% g/ cm?3

W. Udo Schroder, 2004



Muonic X-Rays

Negative muon:;
W~ e m = 207/m,

p(r)

Replace electron by muon -
“muonic atom”

2 Bohr orbits, a, = a,/207

107 times stronger fields 1) X-ray energies 100keV-6 MeV
Tvcoul(r) [ 2) Isomeric/isotopic shifts AE

)?_?:aﬁ' point nucleus
4

AE. :47ze2;}dr r? | s(r) _p(r)]]w(r)f

Nuclear Sizes

AE, =4ze® [drr? _pgs(l‘) ~ Pox (r)]‘w(r)‘z
5 i

LY

ground excited
nuclear state

W. Udo Schroder, 2004



Charge Radii from Muonic Atoms

100
| e :2P3)> 2 |1S1/p
50
| 2P0\ 1?/% .
pe .:’. .0 .
O [mmtusadiipp gt
i 56
& 100 ik
£ .
~ %) I (4
% 50 -
| - : ™
o s, °
o - POy | .
Y e e
OM
300}
§ B 54Fe :,.
® 200 o
g A3 i .I.
S Engfer et al., Atomic Nucl. o w ot
Data Tables 14, 509 (1974) {?" N
] | .,
Sensitive to isotopic, O "\240 1250 1260 1270
Energy/keV

Isomeric, chemical effects
W. Udo Schréder. 2004 E.B. Shera et al., PRC14, 731 (1976)



Mass and Charge Distributions

Charge density:
C,(A) =1.1-A¥3fm R,(A) =1.23- AY3fm
a, ~0.55fm a, ~0.55fm

Mass density distribution:

A

PA(r)“E'PZ (r)

C(A) =1.07 - AY3fm | |
a~0.54fm except for small surface increase in
i n density (“neutron skin”)

<r2> —ry - AY3 1, =0.94fm

Nuclear Sizes

13 Constant central density for all
R(A)=1.21- A7"tm nuclides, except very light (Li,
t=2aln9=2.40fm Be, C,..)

py =0.17fm™3| nucleons

W. Udo Schroder, 2004



Leptodermous Distributions

R.W. Hasse & W.D. Myers, Geometrical relationships of

macroscopic nuclear physics, Springer V., New York, 1988 Fermi Distribution (a < C)

| 4 : , : : ; ; , f
2 G 1 () = —=
1.0f 4 ] 1+ exp{ }
0.8 \"\-ﬁ, x a
0.6} | !
oM O () -
m'g 0.4} g: g.?g \\LF i o(r) =df(r)/dr
~w DR = 6. | !
_E 00— ?,; ?86 *'T""”@l L : L C = Central radius
v 06F g(r) Ryyt 6:00 Risz | R = Equivalent sharp radius
0.4 Mo~ 90 & 1 Q = Equivalent rms radius
0.2 2b 1 b = Surface width
0.0 1 1 1 ] 1 ] ]
°© 1 2 3 4 5 6 7 8 9 10 Coulomb self energy
Radius in fm 5
% . 0 3(e2)
» C=[drg(r)r =R-[1—(%)2 +] Eou =5 — Sharp sphere
3 0
i b2—7dr (r)-(r—C)Z—R- 1+§(9)2_ Ecou = EC 1—§(B)Z+..
= ! g = > R oul oul 2'R
T
b —a (a<C) |eptodermous
NG P

W. Udo Schroder, 2004



Studies with Secondary Beams

Produce a secondary beam of projectiles from interactions of
intense primary beam with “production” target - projectiles

rare/unstable isotopes, induce scattering and reactions in "p”
target
i Dipole magnet Target Beam
Drift chamber scintillators
g Hodoscope .
sl

i T TI
LI
MWPCs

"""""""\X-Strip detector
Y -Strip detector
| Silicon detectors
Tanihata et al., RIKEN-AF-NP-233 (1996)

W. Udo Schroder, 2004



“Interaction Radii for Exotic Nuclei

T 1 LB 1 1 1 t 1 i T
Derive o = o7 - oy, 14} é} b - A=7] 14
: - ) T
. 2 12 ¢ & 1 {22
r =2 R(p)+R/(T)] ] ﬁ
4 1.0:1[; 4 4 12.0
o H 1.4 § A=9 3 1
o Li % # 3 é ‘*Q % | 118
-B— Be 12 r ;16
S 35 | iz 1.0 ] J[_ (g % I
-A— 41.4
[ :: ' a s ¢ ¢
g | 'E 5 [A=10 e o %
3 F &, 10 - 110
~ z O 14 | lA=12] $ {14
- Y s
| t B {12
" 25 | & é ¢ %}0 y
o I 1 J10
g : L4 Fi1A=14 A=l 414
P = =y {; :
2 " ) ] . i
: o = 1.2 P g‘ 5 ] 1.2
10 | 110
Kox o T 2 33 T11,12 11/2 35
!Dar_ameter I:\)| = I%/ol (Ap AT) + I:\>surf (Ap’ AT’ Ecm) Tz :(N'Z)/2
Ization:

W. Udo Schroder, 2004

ro (AR, AT)

Tanihata et al.,

RIKEN-AF-NP-168 (1995)



“Halo” Nuclei

From p scattering on 1lLi > extended mass
distribution (“halo”). Valence-neutron
correlations in *Li: ry = r, = 5fm, r, =7 fm

N, r? 2N, r? 3
pi(r) = Texp(—a—) - 37:3/2b5 exp(—— {ArZ 4 B(r2 _Ebz)z}

21

"Lt Ng =3,N, =6,
Npp =0, Ny, =2,
a=1.89fm,b =3.68fm
A=0.81,B=0.19

10'E

density (fm3)
=

®He - 8He mass
density distributions

Nuclear Sizes

Experiment: dashed,
Theory:solid

103

t (fm)

Korshenninikov et al., RIKEN-AF-NP-233, 1996
W. Udo Schroder, 2004



Neutron Skin of Exotic (n-Rich) Nuclel

Q.. (*He) = (1.57+0.05)fm

Q,ms (°He) = (2.48+0.03)fm y  matter radii

Tanihata et al.,
N Qims (°HE) = (2.52+0.03)fm ) Pig 2a83,§6f(1992)
V(EHe) = 4.1 x V(*He) !
Thick n-skin for light n-rich nuclei: t, = 0.9 fm (°He, 2He)
AR™ - :
f L . .
il Relativistic mean field calculations:
LOF t, €2 &
133Cs.4 stable, insignificant n-skin, t,
g 05 ~0.1fm
g 181Cs,,s Unstable, significant n-skin,
z - 00} t, — 2fm
Can one make 181Cs ??
¥» 0 o 10 aE vy Pp-halos ? Coulomb barrier keeps p

W. Udo Schroder, 2004

D.H. Hirata et al.,
PRC 44, 1467(1991)

together, expansion could reduce it
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W. Udo Schroder, 2004
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