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1.1 Nuclear Moments

Laser spectroscopy on atomic transitions can
measure the following properties of nuclear states
(if they live longer than a few milliseconds):

Nuclear Charge - elements have characteristic
spectral lines

Q=Ze= /Ooopn(r)dT

Nuclear Size - or, to be more precise, the mean
square nuclear charge radius

(r?) = Zie /OOO pn(r)r2dT

Nuclear Shape - the quadrupole moment
eQ =/O pn(r)(32% — r?)dr =/ 20, (r) 72 Py(cosf) dr
0

Nuclear Spin Nuclear magnetic moment

I= Z (1 + s) ar =Y (gl + gisi) = glun

i 7



The magnetic (dipole) moment [
ar=> (gli+gisi)

Contributions from orbiting charge and intrinsic spin

Protons: g = +1 g, = +5.587
Neutrons: g, = 0 g = -3.826

The magnetic dipole moment of a state of spin T
= expectation value of the z-component of the dipole operator

p=<Im=Ig,|l,m=1I>

The magnetic moment (or g-factor) therefore tells us about the
valence nucleon orbits and couplings (filled shells couple to spin=0
and do not contribute).



Spectroscopic Quadrupole Moment Z
A

Experiments measure the maximum "projection” of the . I
intrinsic electric quadrupole moment along the
quantization axis 0
Qs = QO PZ(COS e)m:]:
I(I+1)
Using angular momentum algebra, we get (),
949 ? get @y = Q0(1+1)(21+3)
K is the projection of the spin I along the symmetry axis. Note for nuclear
spin I=0 and I=1/2 the spectroscopic quadrupole moment vanishes even if
the intrinsic shape is deformed.
Prolate
Spherical
Oblate
The infrinsic moment can be related ]
to the quadrupole deformation
parameter:
37rs

Qo ~ NG (B2)(1 + 0.36(02))

B2 -ve



1.2 Hyperfine Interactions in free atoms

Hyperfine interaction = the interaction of nuclear magnetic and
electric moments with electromagnetic fields.

We will consider the effect on an atomic orbit of spin J Electron spin
J

The atomic and nuclear
spins couple to form the F
total angular momentum

F=I+J Y

Each state J has /
several F-states: I

[ [-J|<KFLI+]J

Nuclear spin

I

The interaction energy depends on the angle 6 thus for the same I
and J, the different F-states are at slightly different energies:

Magnetic dipole interaction Electric quadrupole interaction

E=-n.B,= -uB_ cos0 E=%eQ, V,; P,(cos 0)




Magnetic dipole interaction

E=-p.B,= -uB_,cos6

B, Electron spin

Since W =gluny and B.=—(—)J T

Nuclear spin

I

then interaction Hamiltonian can be
expressed as gB.pin e

The different energy shifts of
the different F-states are then AFE =(IJF | H, | IJF) = A{1J)

where (L) = %(FQ Py = %[F(F ) =TT+ 1) = J(J +1)]

B.. the magnetic field at the nucleus produced by the

atomic electrons can be calibrated by measuring the
energy shifts for a isotope of known magnetic moment.




Electric quadrupole interaction

In a uniform electric field the energy of an electric quadrupole moment is
independent of angle and therefore there is no quadrupole interaction

Same electrostatic energy

>
Electric \1
field
> >

There is an angle-dependence in an electric field gradient

Higher

energy
state
Lower
energy
state ‘(////////////// ‘/////////////////




Electric quadrupole interaction

E=%eQ, V,; P,(cos 0)

/ Electron spin

Electric field gradient J
along J-direction due to
atomic electrons.

Nuclear spin

I

Energy shifts of the F-states are then

_B3C(C+1)—2I(T+1)J(J+1)
Ao =7 1(21 —1)J(2J — 1)

where C=[F(F+1)—I(I+1)—J(J+1)]

o0*V

B = 6Q8<ﬁ

) = ¢Q:Vis s the hyperfine factor measured by experiment.

The electric field gradient V;; may be calibrated with an isotope with know Q,




[sotope Shift and Hyperfine Structure (example: J=1, [=3/2)

Point nucleus + Finite size + Magnetic + Electric + higher multipoles (too small to

of nucleus dipole quadrupole consider in laser measurements)
F=5/2
[sotope A
ol EB82
..-.1'..5.(.)t0pe (A-1) il 1/ SRR -
Atomic state 'MIBeP1(COS 6) + % erVJJPZ(COS 6) + ..
Isotope (A-1 ):.:': F

J=1
[sotope A

These energy shifts of may be only a few parts per million of the energy
of an optical atomic transition.

A single optical transition is split intfo a number of hyperfine components.
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The Isotope Shift

Experimental observation

Laser—fluorescence of free atoms

atomic excited state

[ >
2 contributions to shift:
. A A . A’ . A Al
0 1/;4"4 = 0 1/,‘-,4‘,{? ¢+ 0 I/f,‘,‘i-..

Mass Shift due to change in
the nucleus recoil kinetic
energy (partly related to the
change in electron reduced
mass).

Field shift due to finite
volume of nuclear charge -
the nucleus is not a point-like
object.

laser spontaneous emission (fluorescence)
resonance
excitation
ground state i
g @ultlpher tube
photon Vo  Resonance frequency
counts

—

laser frequency
Expand resonance
region

A+2

555.600nm /1sotope A
/\ Doppler broadened

Doppler free

555.610nm

g 10 GHz ———



Mass Shift

2

P- P;
Kinetic energy (nucleus + electrons) T = — " + '
7 2M,, Z 2m,

But in centre of mass frame P, = Z Pi

Thus nucleus kinetic energy is T = )‘ I Zp ,\  2_(Pipj)

7 l?—_]

Energy change between two  47,,,. = % (A5 (Z,(pi)"’ + Z(Zpi.pj))
isotopes A, A’ o x 7

"normal”  “specific”

Me

C AN e ( A-A -
0’/\15 — ( J\' +»S)(:1/*‘i‘). N = o

My

S must be evaluated by experiment or calculation - difficult



Field Shift

electric
potential

nuclear charge distribution
bigger 1sotope
~ smaller isotope  r

-15

nuclear radius: few x 10 m
-10

atomic radius: fewx 10 m

potential 1s slightly deeper for the
smaller i1sotope:

s—electrons more deeply bound

Point nuclear charge:
Coulomb potential



Electrostatic energy of nuclear charge in potential due to electrons

|
00 \ v
E = /0 P () Ve (r)dT
Assuming constant electron density in region of nucleus, Gauss's Law gives

V;(’I“) = ,067“2/660 where ,Oe p— €| w(O) ‘2

y > 2 Yo 1
Giving: F =/ ,On(r);Oe"" /6€0d7'
0 VA vA
2 1 > 2
Now remember (r<) = o /0 pu(r)rodr W, e
A

2
Transition energy difference _ Ze 2 7 2\A A
between isotopes A and A’ OE = 6eg A9(0) [Fotr)

Field Shift component of Isotope Shift = F §<r2>AA




Summary of Isotope Shift and Hyperfine Structure

{ ppm shift

Analysis yields the
change in nuclear
mean square charge

Isotope shift of
atomic transition

176 £ 18 £ Nuclear size, static and
dynamic deformations




Factors controlling 0 < >

O

neutron

+0.4%
increase
in <r>

(small, but easily detectable by laser spectroscopy)

4% 776;
increase ~
\__/

<r2>=<r2>0( 1+ 5/4 n[<[3§> + <B§ >+ ..})

Volume change
L=

. R

s, T I s

oo o e
e

The contributions here may be
STATIC — determined by nuclear shape

or DYNAMIC — determined by fluctuations

s 4 of the nuclear surface
Painng (,hange

(change in surface diffuseness)



change in mean square charge radius [fm**2]

Mean square charge radii

NEUTRON NUMBER
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1.3 Lasers and laser spectroscopy

— — T ~ 10ns

AVAVAVAVAVA
AVAVAVAVAVA
| .. vO
laser light %k%

Y 1 v
Resonant absorption ( v, =V O) Spontaneous emission

2
c = i (much larger than size of atom)
27T

Natural linewidth Av = 1/2ntt (Heisenberg uncert.)

~16 MHz
single-mode CW laser bandwidth < 1IMHz



Dye lasers:

* Wavelengths from 400nm to IR
* Can be frequency-doubled (200nm - 400nm)
* Bandwidth < 1 MHz

* Sufficient power to "saturate” a transition

Argon ion pump laser
Pump mirror

Astigmatism
compensator

Ml M2

Dual

Freque;ncy galvoplate
Doubling .

Crystal Auxiliary

LilO, Eveaailslz

or BBO

U.v. e
Output .-
M3 Unidirectional Thin Scanning Birefringent
device etalon etalon filter

Lyot Filter

900 GHz Thin Etalon ‘

75 GHz Etalon ‘ ‘

200MHz Cavity modes

Frequency

,/\

Laser Output

Output
beam

Collimated arm
M4



Main problem in laser spectroscopy:

Doppler broadening atomic vapour: Maxwell-Boltzmann
velocity distribution

(inhomogeneous)

Resonance of atom shifted to VO( 1+ v /c)

Velocity distribution (Gaussian) :

2
P(vw)=exp(—mV/2kT) FWHM

FWHM =/ 8kT In2 /m& ~ 1 GHz

Doppler—free techniques
required. MW

* Collinear-beams method is Doppler broadening-free and has sufficient
sensitivity to allow measurements on radioactive isotopes.



1.4 Collinear-beams laser spectroscopy

Mass Separator

Fast ion beam Laser beam

SessrssssEssssEssssEssssEEEEEEEEEEERERERR R nnnnnnnnnnnnnnnnnnnnn P

r

Principle behind the collinear beams method

Adding a fixed energy to each ion in the sample
— increases the velocity
I I but
Accelerali :
I I region reduces the velocity spread
UK Y An example:
| I Dropping a particle through a fixed distance
. Extractor
1" Electrodes
o @ [
Ton Source WM Cyclotron Beas u=0 * u=1 m/sec
+40 kv L. -
s s=20m

High sensitivity: all ions in the beam | vi=v +2gs
contribute to the fluorescence signal
when the laser frequency is on

resonance with the optical transition v=20.000 m/sec  v=20.025 m/sec




Count rates for low-flux ion beams

Signal (laser on resonance) =
1 photon detected per 1,000 ions in beam

Background (laser light scatter) = 200 photons / second

Low-flux beams (1,000 ions / sec): background
must be suppressed to see signal.



Details of the laser-ion interaction region

Position sensitive light collector

Deflector Plates Brewster Window

Ton beam Laser

Multi—Chann
Plates or
Electron Myltiplier

Tuning voltage adjusts
ion velocity to Doppler
shift it to resonance
with locked laser

Data Aquisition

Laser frequency
“locked" to a reference
for long-term stability

(Arrangement shown above is for the photon-ion coincidence
detection method)



Isomer shift in an optical transition

Isomer
shift
b Voo
3/2___ o |
4\ I
|
|
|
|
|
Sl/z i
Fluorescence
Spectrum
| ‘ |

SE=

- directly proportional to difference in nuclear
mean square charge radii

Hyperfine
structure

Experimental problems:
Small Hyperfine structure

Small isomer shift

Large fraction of beam is in the
nuclear ground state

Quadrupole interaction can change
order of components

laser
frequency



Intensity (arb)
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Ionic Ytterbium Spectra (329.938nm)

A=176 [somer

Question: If this

—— Data From September 2002 |  _

— | resonance has a FWHM —— Data Brom iay 2403 7]

| of b volts, what is the \ —

| resonance width in MHZz? ]

i | . | . |j | | | L
37900 38000 38100 38200 38300

— | ' | ' | J ' | ' | ]

L . | . | . | . | -
37900 38000 38100 38200 38300

Accelerating Voltage (V)



End of Lecture 1




Simplified schematic of
MBD-200

Fundamental laser light

M2 (mounted on a long extention piezo) M1 (input coupler)

Frequency doubled
light

M4 (output coupler dichroic)

M3 (curved focusing mirror)

BBO frequency doubling crystal






