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Coulom b Fields of Finite Charge Dist r ibut ions
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Mult ipole Expansion of Coulom b I nteract ion
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A Quantal Sym m etry

symmetric nuclear shape symmetric 

invariance of Ham iltonian against space inversion 
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Rest r ict ions on Nuclear Field

Expt: No nucleus with non-zero electrostatic dipole moment

Consequences for nuclear Ham iltonian 
(assum e som e average m ean field Ui for each nucleon i):
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Neut ron Elect r ic Dipole Mom ent 

- + B

 

2

22

2n

n

n

n

n

nIntera

d

Bction d

B E

EB

E

d

qn =0, possible small dn 0.
CP and P violation could explain matter/antimatter 
asymmetry 

Measure NMR HF split t ing for E B

Transition 
energies

=4dnE

s

nd

B

E

B=0.1mG, 
tune with Bosc B. 
E = 1MV/m 

= 30Hz  spin- flip
of ultra-cold (kT~mK)
EEkinkin=10=10-- 77eV, eV, =670Å=670Å
neutrons in mgn.bottle
guided in reflecting Ni 
tubes



PNPI (1996):  
dn < (2.6 ± 4.0 ±1.6)·10-26 e·cm

ILL-Sussex-RAL (1999):   
dn < (-1.0 ± 3.6)·10-26 e·cm

dn experimental sensitivity

From size of neutron (r0 1.2fm ) : 
dn 10-15 e·m.
So far, only upper limits for dn

Experim ental Results for dn
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I nt r insic Quadrupole Mom ent

Consider axially sym m etr ic nuclei ( for sim plicity) , 
body- fixed system ( ) , z = z sym m etry axis

z

r
3 2 2

0
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( ) 3 cos

3
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Q eZ d r

z
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r r

r

z

Sphere: 2 2 2 2 2

0

3

0sph

r x y z z

Q

Q0 m easures deviat ion from spherical shape.
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Collect ive and s.p. Deform at ions

Q0> 0 prolate                    Q0< 0 oblate  

collective
deformation

cigar
single hole
around core

z
z z z

collective
deformation

disc
single particle
around core

z

b a

Planar single-particle orbit: 2
0 3spQ eZ z 2 2r eZ r

Ellipsoid
principal 
axes a, b 2 2 2

0

; ; :
2

2 4
5 5

coll

a b R
R R b a

R

Q eZ b a eZ R

Deformation parameter 
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Spect roscopic Quadrupole Mom ent

z
body- fixed { x , y , z } ,  Lab { x, y, z}
Sym m etry axis z defined by the experim ent

2 2
0 3Q eZ z r intrinsic

What is m easured in Lab system ?

2

0 2

2 2
0

1
3 ....... 3 cos 1

cos( )

2

z

zQ eZ z r Q e

Q

Z

Q P finite rotation through 

Measured Q depends on orientat ion of deform ed nucleus w/r to 
Lab symmetry axis. define Qz as the largest Q m easurable.

How to cont rol or determ ine orientat ion of nuclear Q?

Nuclear spin to sym m etry axis, no quantal rotat ion about z

z

x

y
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Angular Mom entum and Q

Qz =maximum measurable m axim um spin ( I ) alignm ent

2 2 2 2

3
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3 3
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z m II I I
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Q eZ z r z r Q

m I m I

d r r P r nucl wave funct

Legendre polyn. com plete 
basis set  
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0
( ) (cos ) ( ) (cos ) (cos )
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2

0

0 2 2 0, 1 2zQ for I I

for any Q

Spins too small to effect alignment of Q 
in the lab. 

z I

I

I couples 
with I to 
L =2
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Vector Coupling of Spins

m I=I
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1I I
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Any 
orientation

quadratic dependence of Qz on m I

The quadrupole 
moment
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Elect r ic Mult ipole I nteract ions

z

E+
E

E

F+ F

F

I nhom ogeneous external elect r ic field 
exerts a torque on deform ed nucleus.

orientation-dependent energy WQ

Examples: crystal lattice, 
fly-by of heavy ions

E U

Taylor expansion of scalar potential U:

2 2 2
2 2 2

0 2 2 20
0 0 0

1
( ) ...

2
U U U

U r U r U x y z
x y z

0r center of nucleus

2 2

2
, ,ij i

i j

U U
x x y z

x x x
Axial symmetry of 
field assumed:

3
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0 0 0
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...
2

W eZ d r r U r

eZ U U U
eZU eZ U r x y z

x y z
mono
pole 
W IS

dipole

0 quadrupole  W Q

no mixed 
dervs.

WIS: isomer shift, WQ: quadrupole hyper- fine splitting
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Elect r ic Quadrupole I nteract ions
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Quadrupole Hyper-Fine Split t ing

Use external elect rostat ic field, align Q by aligning nuclear spin I,
Measure interaction energies WQ (I >1/2 ) 
Quadrupole hyper- fine splitting of nuclear or atomic energy levels

Slight hf split t ing of nuclear 
and atomic levels in Uzz 0

splitting of 
emission/absorption lines

dN/dE

E

Uzz=0

Estimates:  
atomic energies ~ eV
atomic size        ~ 10-8cm
potential gradient Uz ~ 108V/cm
field gradient Uzz ~ 1016V/cm2

Q0 ~ 10-24 e cm2

W Q ~ 1 0 - 8 eV
small !

m I=±2

m I=±1

I=0

I=2

m I=0

m I=0
E2

ground      state
Uzz= 0      Uzz 0

excited
state

isomer 
shift
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Experim ental Methods for Quadrupole Mom ents

Sm all hf split t ing WQ of nuclear and atomic levels in Uzz 0

splitting of X-ray/ emission/absorption lines

Measurable for atom ic t ransit ions with laser excitat ions

nuclear transitions with Mössbauer spectroscopy

muonic atoms: 

107 times larger hf splittings WQ with X-ray and spectroscopy

scattering experiments Uzz(t)

Nuclear spect roscopy of collect ive rotat ions
model for moment of inertia 2

0

2

1

2

(10 20)
2

I

I I
E

Q

keV
I=0
I=2
I=4

I=6

I=8

.       .

.       .
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Collect ive Rotat ions
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b a : deformation parameter
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irr
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Rotat ional and inversion

symmetry even I

E I I

r igid body mom o inert ia

MR

hydro dynamical

MR

Q

Nuclei with large Q0 consistent w. collective 
rotations lanthanides, actinides

Wood et al.,Heyde

2

15 18
2
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;
2

a b
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System at ics of Elect r ic Quadrupole Mom ents

2

Q R

RZR

odd-N
odd-Z

Q(167Er)
=30R2

Prolate

Oblate

8  20 28    50           82             126

Q< 0 : e.g., ext ra part icle 
around spherical core. pattern 
recognizable

17
29 51
63 123

8
209

8 3, , ,O Cu Sb Bi

Q> 0 : e.g., hole in spherical core 
pattern not obvious. I f such 

nuclei exist, weak effect of hole 
for Q

27 55 115 176 167
13 25 49 71 68, , , ,Al Mn In Lu Er

Tightly bound nuclei are 
spherical: Magic N or Z = 
8, 20, 28, 50, 82, 126, 

Tightly bound nuclei are 
spherical: Magic N or Z = 
8, 20, 28, 50, 82, 126, 

Mostly prolate (Q> 0) heavy nuclei
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Q0 System at ics

Møller, Nix, Myers, 
Swiatecki, LBL 1993

Q0 large between magic N, Z numbers
Q0 0 close to magic num bers
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