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Introduction to Lasers ||

* Introduction to atomic physics for laser spectroscopy,
* Natural linewidth and line broadening

* |sotope shifts and nuclear properties

* Hyperfine structures and nuclear moments

 Laser spectroscopy techniques for radioacitve atoms
* Laser frequency-doubling with non-linear crystals

« Magneto-optical atom traps

(lonization schemes — will be covered by Bruce Marsh tomorrow)



Energy scales and units used

Wavelength, A: Sl unit =m [or um, nm or Angstrom, 1 A = 1010 m]
A is dependent on the (refractive index of the) medium in which the wave travels

Frequency, v: Sl unit = Hz (i.e., cycless')  [or MHz = 10° Hz, GHz = 10° Hz]
frequency is independent of the medium

Energy, E: Sl unit =,

BUT : It is hard to measure energy directly. Spectra are recorded as line intensities
as a function of frequency or wavelength.

The conversion to energy appears simple: E = hv = hc/A

But h is only known to 8 significant figures. Hence, it is convenient to introduce

Wavenumber, a property defined as reciprocal of the vacuum wavelength: 1
and whose units are universally quoted as cm™ (n.b. not m) V =

ﬂvac

Wavenumber is directly proportional to energy, £ = /1cv and thus we commonly
quote “energies” in units of cm™.
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Properties of Photons

Light is electromagnetic radiation. It is composed of individual “photons” which
carry an energy proportional to their frequency

Properties of the photon:
Wavelength: A Frequency: v Speed of light: ¢ = 2.998 x 108 m/sec
Relation: ¢ =\v

Energy: E = hv (and alternatively E = hc/)

Momentum P =h k where k = 2xn/A . A P :

Spin = +1 (o+) or -1 (o-) In direction of propagation




Absorption and emission spectra

“white”
light

source




Examples of emission and absorption spectra in the visible
region for vapours of two different elements:

EMISSION SPECTRUM

ABSORPTION SPECTRUM
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Emission spectra for light elements

400 nm

(Na) Sodium
(H) Hydrogen
(Ca) Calcium

(Mg) Magnesium

(Ne) Neon

ydrogen
ogen[ [ T |[T]]
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N
S
T &

w - o
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Resonant absorption, spontaneous emission

—— T ~ 10ns
AVAVAVAVAVA
AVAVAVAVAVA
V0
laser light
Resonant absorption ( v, =V 0) Spontaneous emission
2
G = 3A (much larger than size of atom)
2T
Natural linewidth Av = 1/2nt (Heisenberg uncert.)

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



Natural linewidth has Lorentzian shape:

1
L (V) L(v) = const X{l + [4nt(v — VD)]Z}
, n.-::— 1 . 1
ff_f [_5_3:_ ..1'1‘1& F WH M —_— / 2 TT
- S




Line broadening



Power Broadening

AVAVAVAVAVA

laser light
\ LV N

0.5
Atoms in sample: I\Iu/NO '
0.4
N, = N, + N,
0.2+

As laser intensity Is increased, the
fraction in the upper atomic state

saturates to 50% - this limits the

spontaneous decay rate

The population of an excited state
Is determined by the excitation rate
(proportional to laser intensity), the
spontaneous decay rate
(determined by the natural lifetime)
and the stimulated emission rate.

0.1

o Tem =
-— =

Laser intensity



Power Broadening

The saturation intensity | Is that for which the stimulated
emission rate Is equal to the spontaneous emission rate

Thc
lsat = 3731

o5— 1+

0.4- Resonant saturation parameter:

0.3- _
SO o I/Isat

0.2-
Line profile is broadened
0.1- but keeps Lorentzian
| S ] shape
0.0 —
-4 -2 0 2 4
& (r)

Laser detuning from resonance



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(v,)=exp(-mv/2kT) —

Single atom’s

FWHM =,/ 8kT In2 /mc | GHz - absorption ine

\ ATATAYAY A \
il ,' \ ,' \ ,' \ ,' \ ,' \ ,' \ ,' \ | \
AT
b Lo
Fry ety

A IIII Illl' R O AR A ATV I

—— Doppler RIRNINEIR

—— Lorentz I

Fixed frequency laser only excites
a fraction of atoms in sample

(v—1p)a
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Pressure broadening ( or density broadening )

Atomic collisions in vapours or buffer gases interrupt
the phase of the wavefunction - this broadens the
energy of the state according to the Heisenberg
uncertainty principle:

Av=1/(2m . collision time )
~ typically 10 MHz / Torr of gas

(In addition there is a pressure shift of the transition)

This is homogeneous broadening, giving a Lorentzian
lineshape. The convolution with Doppler broadening
results in a Voigt profile.

IXed frequency laser can excite all
e atoms in the velocity distribution

T a
h
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Isotope shifts and nuclear properties
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_ Laser-fluorescence of an atomic vapour (of ytterbium)
Q
& 6p
_LCCJ Spontaneous emission
% Resonance excitation by V (fluorescence)
— 0]
O laser
\ Photomultiplier
\y
6s tube
Atomic ground
state
, Photon
counts Vo

Laser frequency

555.600nm

Doppler broadened

A /\ A

Doppler free



Isotope shift of an atomic transition

Shift has two components A ————————

* change in reduced mass
of electron (Mass Shift)

* change in size of the _
nucleus (Volume Shift) 172y

The Volume Shift is directly proportional to the change in nuclear
mean square charge radius, 6<r2>. Analysis of the shift provides

Information on the nuclear size and shape — even for short-lived
(radioactive nuclel):

O
0(r?) = 8(r*)sph + (7°)sph Efs(ﬁ%)
volume deformation

But, first, this requires the mass shift to be evaluated...



Mass Shift

Kinetic energy (nucleus + electrons) T = by
2M, Emﬂ
But in centre of mass frame P,=- Z Pi
Thus nucleus kinetic energy is  Thuw = = 50 5 Z(Pi~Pﬂ
R
_ | : _ | \
Energy change between two 0T hue = o 252 (E i(pi)? + Z{EPi-PjJ)
isotopes A, A’ h \ = \
(m, = atomic mass unit) “normal” “specific”
. e
Supe = (N+8) (44, N =i

S must be evaluated by experiment or calculation — often difficult to do well
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The volume shift

Nuclear radius:

few x 10°15 m Electron radius:

few x 1010 m

o

r

Electric potential
for finite size
v ( ) nucleus
I
| Isotope shift of
— atomic level
A 9 o\ A A
' O = | 9(0) [ 6(%)*
/
/

electron density at the nucleus

Thus volume shift = F §¢,-2y4’4  where F is an atomic factor which

must be evaluated



>5 Isotope shifts in atomic transitions

@E 6p Optical transitions (3 eV)
g% T TN T 7

L2

— O

65 Shift ~ 106 eV
3
\ K X-rays (50 keV)
\\\\\ Shift ~0.1eV
Muonic X-rays (1 MeV)

f\/\/\/\/\/\/’\;"\f\f\/\ AVAVAVA!

Shift ~ 5,000 eV
(Theory allows absolute
size measurement)
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. t Approximate magnitudes for AA =2

+ U

ua Isotope shift = (normal + specific) mass shift £ volume shift

O c

%§ \‘ 2\ A’ A

pI= F 6(r")

—o
Element Transition Normal Specific Volume Doppler Broadening
,He 2s —3p 35000 MHz 8000 MHz -1.4 MHz 3300 MHz
1nNa 3s —3p 550 MHz 200 MHz  -10 MHz 1400 MHz
0Yb 6s — 6p 20MHz <20 MHz -1500 MHz 500 MHz

Heavy elements: useful results can be obtained from Doppler-broadened spectra

Light and medium mass elements: Doppler-free methods of laser spectroscopy
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Laser spectroscopy of
radioisotopes - status

Recent work mostly by in-source

resonance ionization spectroscopy (RIS i
(See Bruce Marsh'’s lectures) et
/=82 e
Recent work mostly by collinear-beams ! b B
laser spectroscopy =
7=50 =120
R - ,HH/,W
/=40 |
/ : ’ N=82 B Measured prior to 1995
/=28 /gt et
7=20" - N= . Measured 1995 - 2010
=40 Measured since 2010
=28

N=20
Updated plot provided by Bradley Cheal from 2010 review

(B. Cheal & K.T. Flanagan J. Phys. G 37 (2010) 113101)
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Factors controlling the nuclear mean square charge radius

e

e,
!
e A e

o E
-

Painng change More rigid shape, reduced surface

diffuseness
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Mean square charge radii

‘l.{.'J:E o MNATURALLY ABUNDANT Bi ~ Pb
+ 0 RADIOACTIVE
T * |SOMER (EXCITED NUCLEAR STATE) & \
3 ~ \olume
.
Uﬂ;;
& k3 _ Deformation
E ¥
q\: 05T
N\ T
o\ -+
S £
V 1 N
R Pairing
3 effects?
_1‘5::' Odd-even
t staggering
3 - Isomer shifts
_2'0:: - 126
1 NEUTRON CLOSED
:_ SHELL

1 " 1 " Il M 1 2 1 = 1 i 1
| L | L ] T 1 T I | 1 $ 1
100 105 110 115 120 125 130
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Example: deformation in zirconium isotopes (JYFL)
20.8
Quadrupole deformation 2 o
parameter 0<r=> VA e
204 - S
%) = (14 () + ) | | Pt
/ <B>=02
Radius of spherical “E 196 - -
nucleus of same volume | <Bp=0.1
///7 <B,>=0.0

19.2
9 > 7 -
\/ 18.8 -

R=Ry(1+5;,Y;,4(60,0) T N 50 shell closur'e

/

18.4
84 86 88 SIO 92 94 96 98 100 102 104
AZr
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Hyperfine structure
and nuclear moments
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“ZB® Hyperfine structure of an atomic transition

The nuclear magnetic dipole and electric quadrupole
moments cause small perturbations to the energy of an
atomic level, producing a hyperfine structure.

The magnitude of this structure is comparable to the
(ppm) size of the isotope shifts.

y— 1w = magnetic dipole
A NAEZ W\ moment
|sotope shift found
using centroids of Q. = spectroscopic
hyperfine multiplets guadrupole moment
/ Il (projection of Intrinsic

moment Q, on the
177H guantization axis)



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

T

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

F=I+J
Each state J has /
several [-states: I

[-J|I<KF<I+J

Nuclear spin

I

The interaction energy depends on the angle ¥ 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,cos6 E=%eQ,V, P, cos 0)




Magnetic dipole interaction

E=-n.B,= -uB,cosH

Since M =gluny and Be:—(%)J

then interaction Hamiltonian can be

expressed as B,
P H, = (? J“N)I.J — ALJ

Electron spin

T

Nuclear spin

I



Magnetic dipole interaction

E=-n.B,= -uB,cosH

B, Electron spin

Since Hn :gIMN and Be:—(T)J J

Nuclear spin

I

then interaction Hamiltonian can be

expressed as B, e
P H, = (? J“N)I.J:AI.J

m

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

where (LJ) = %(FQ — 1" —J% = %[F(F +1)—I(I+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
E=%eQ,V;;P,(cos0) [compareE=-p.B=-uBP,y(Cos0)]

/ 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)—2[(I+1)J(J+1)
4 121 —1)J(2J — 1)

AEq =

where O =[F(F+1)—II+1)—J(J+1)]

0’V
B = 6@4@) =€QsVss is the hyperfine factor measured by experiment.

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




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
field

There Is an angle-dependence in an electric field gradient and thus different F-
state have different energies

Higher
energy

\State

-

Lower
energy
State




Summary of atomic structure (example uses J=1 and | = 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
........... F=3/2
Tl F=l2 e

‘.'I_'.é‘otope (A-1)

Atomic state 'HIBePI(COS 9) N %: eQOVJJPZ(COS 9) T

[sotope (A-1 )‘;" =1

[sotope A
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Gross structure

2
I:)3/2

Fine structure

Hyperfine structure

2.1eV
(590 nm)

3s

—

y \

2
S12

Laser transition
rules
(electric dipole):
AF=0,£1
AJ=0, =1

Not to scale!

a

Atomic levels of 23Na (1= 3/2)\

| F=2

7.3 peV (1.8 GHz)
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Laser spectroscopy of
radioactive atoms
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Laser spectroscopy of optical transitions in radioactive atoms can:
e Confirm existence of an exotic nuclide or isomer

e Determine the valence proton and neutron orbitals and configurations (via
the nuclear spin and magnetic moment)

e Determine the size and shape (static and dynamic) of the nucleus

e Provide pure nuclide sample for low-background nuclear spectroscopy (to
measure half-lives, decay modes, etc)

Prolate Spherical Oblate Spheric
vibration
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Large Hadron Collider Super proton synchrotron Proton synchrotron
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Collinear-beams laser spectroscopy at ISOLDE
(suppressed Doppler-broadening)

Targets
(+RILIS)

/

(ISOL — ISOtOpe HRS target
separator on-line)

~~ HV platform
” ISOLTRAP

New hall extension

(2005) Collinear laser

spectroscopy line



Standard method: Collinear-beams laser spectroscopy

Mass Separator

g
Fast ion beam (40 keV)v\ﬂ.M Fﬁpﬂﬁ Laser beam

.................................................................................................. > 1 mW
r Beam flux ~ 10% ions/sec hIJ VLL,\ .

/\f Principle behind the collinear beams method

Adding a fixed energy to each 1on 1n the sample

Acceleration — increases the velocity
region
I but

—L reduces the velocity spread

Extractor An example'
" Electrodes . ) ) .
Dropping a particle through a fixed distance
+40 kV
lon source _. _.
(1+ ions) u=0 * u=1 m/sec
T=2500K
s=20m
2 2

v=20.000 m/sec  v=20.025 m/sec



Count rates for low-flux 1on beams

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

Background (laser light scatter) = 200 photons / second

Low-flux beams (10,000 ions / sec): background must
be suppressed to see signal.



Helium-filled radio-frequency trap

Accumulate ions for ~50 ms

Release~"

0 20 40 60 80 cm
Mass Separator | | | i i
Injection Extraction L
| ————_” 1 | —— aser
= | ||Illl-ll-l-l-lllllll |—= o1
r End -plate 5us b ea.l I I
39.9 kv
l I Acceleration 40kV "y - """ T T T oo T T T T
region
I I &= Trapping
. 100V potential
l J Extractor

R Jyvaskyla ion beam cooler

Electrodes




Yy
er

The Universit
of Manchest

Example — Photon rates for

radioactive °Ga
4200
| (a)
4000] __ Un-gated photons
£3800) /
Qo
“ 3600
3400 -
60— | Gated photons
so- (time when ion
§40— bunch is In the
57;8: laser interaction
oL region)
: | |

- ?000 -500 0 500 1000
Frequency relative to centroid (MHz)

Background suppression
50 ms /5 pys = ~104
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Frequency Doubling

A technique to produce narrow-bandwidth, tuneable
light in the UV region (200 nm — 400 nm)

Also called Second Harmonic Generation (SHG)
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Some crystals have a non-linear response (polarisability) to an
applied electric field (in this case, the electric field of a laser beam)

P . o
— = NP NG

P Is the electric dipole moment per unit volume. y Is the
polarizability or the electric susceptibility. ¢ is the electric field.

The laser electric field has a cos (ot) time dependence.
Since 2 cos?(wt) =1 + cos (2mt)

then a component of the re-radiated light is at exactly twice the
fundamental frequency.

This light can sum coherently through the crystal if the
frequency-doubled light has the same phase velocity as the
fundamental beam.
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Birefringence

The refractive index of the material depends on the light
polarization and the direction of propagation in the crystal.

Ordinary ray has its electric vector perpendicular to the
optic axis and its refractive index is the same for all
directions of propagation.

Extraordinary ray has a component of its electric vector
along the optic axis and its refractive index varies with
direction of propagation.



Yy
er

The Universit
of Manchest

MANCHESTER

1824

Propagation direction where
frequency-doubled light (e-
wave) has same phase velocity
as fundamental light (o-wave)

Optic axis

Ordinary wave

Extraordinary wave

Phase velocity of light in a negative uniaxial crystal
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1.85 —

1.80 —

175 —

Refractive
Index 170 7]
1.65 —
1.60 —
1.55 —
h—
0.1
Property a -Lithium Iodate | 3 -Barium Borate
Transmissivity >90% 500 — 5000nm 190 — 3500nm
Nonlmear Coefficients dy =11.9 dig = 5.8
relative to KDP dsz3 = 12.4 dz1,da < 0.05 X dig
d.g at 600nm ~ 11 ~ 3
Optical homogeneity An | 107> — 10~ %cm ! 10~ %cm ™!
Damage threshold 60MW.cm ™2 1GW.em™2




Intra-cavity frequency doubling

Argon ion pump laser

Pump mirror

Astigmatism
compensator

Dye

M1 M2
Dual
Freque?ncy galvoplate
Doubling -
Crystal Auxiliary
LiIO 3 beam

or BBO waist

Output

mirror
Output

LY, beam

Output __.-

Unidirectional Thin Scanning Birefringent
device etalon etalon filter

M3 Collimated arm

M4

(Spectra Physics 380 single-mode ring laser cavity)



External cavity doubling

Ti:Sapphire Absorption/Emission Spectra
1.0 e i

Relative Intensity
()]

—
-.
_-
o
r

400 500 600 700 800 900 1000
Wavelength (Nanometers)

P2
4

Stabilization Prism

M1 : M2

SHG Crystal
Uuv

M2 - Out-coupling Mirror Unidirectional Ring Cavity
M1 - In-coupling Mirror

Coherent 899 (P(w)~ 1W ) Wavetrain Delta cavity
P(2w) ~ 0.3- 1.5 mW

«External temperature controlled etalon for short term drifts

*Wavelength was monitored with wavemeter (acc ~ 3MHz ) 5/12
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Four-mirror external cavity

M1 (R =35 o) BM1(R =35 1un]

BBO % Piezo-loouhted
]  Lom Lol

o L | Dye laser

Coherent’s Monolithic Block Doubler



‘ Cd isotopes — Deyan Yordanov

L -

.Q : , o» G 1 "
"’
< [ |
R 47 ' ‘ °
\ (¥ - g
:
-* L \ - J
— \ ’ : u _—rr COLLAPS @ ISOLDE / CERN
ol i 4 rovee
y i
: 1 s . v

transition in Cd Ii:

5525,,, - 5p 2P,

b -

35 mW output maintained over 5 hours

»

— N . -
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The magneto-optical trap (MOT or Zeeman trap)

An atom trap needs:
* A velocity-dependent force — to provide damping of the atoms’ motions
* A position-dependent force — to confine atoms

Laser can provide both for

........................
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The velocity-dependent force
L ASER A LASER B
atom
Viaser Viaser
Iﬂ/z\'n
/’{1 Tune laser slightly below the
— ) | atom’s resonant frequency:
) J Az
_r—.—.*’:.’.._.z...E...g....;.——.—.—ﬂﬁx Viaser — VO—SOMHZ
Vo

If atom velocity = 0 it (weakly) absorbs photons from both beams (no net force)

If atom velocity = + 30 m/s it absorbs photons from laser B
(Doppler shift: (1 + V/C) Vigeer = Vo )

Atom repeatedly absorbs (and emits in all directions) photons which slows it down
until it is back to zero velocity



Y
er

The Universit
of Manchest

MANCHESTER

1824
Position-dependent force

LASER B

LASER A

. . Excites Am = -1 transitions
Excites Am = +1 transitions

Anti-Helmholtz colls produce null magnetic field at trap centre, but
Increasing field away from centre which Zeeman-splits the atomic state

Net force due to photon
momentum pushes atom to trap
centre
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* Trapping works in 3-dimensions
 Laser spectroscopy possible with single atom sensitivity

 But it needs a cycling transition that does not pump out

1500

Single Atoms MOT Paramecters:

1 P““"'i“l1~ S00 uW, Ac ~-10 MHz, Prepumning" 30 uW,

dB/dz =270 Gauss/em, [ =20 A

21000 4

S

C,~993

(counts/S0m

(fl~593
500+

Photon Counts in S0ms Time Bin

C,~193




Laser polarization in collinear beams geometry

Photon counters :
Magnet coil

Ton bea “ B-scintillators
® % S— - 1
OO B G [CCCa A S

\

Doppler tuning

/

Resonant optical pumping with circularly polarized
laser light to polarize the atoms and nuclei

crystal

B-scintillators

Laser beam Magnet coil

Detection of HFS via
asymmetric nuclear 3-decay

0.ov

2 -1 0 1 2me

0,06
0.05
0.04
0.03
0.0z

2 1 0 1 2 mg

Total atomic spin F gets polarized through pumping !

o0

-0

-|III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

I




Future plans — CRIS@ISOLDE

Mass Separator J\f\/‘ /J\/JJ
Laser beam
>

l = lMpProving sensitivity of collinear beam method:

[
o
_.L J_E CRIS — Collinear Resonance lonization Spectroscopy

" Electrodes

+40 kV
1 The sensitivity of in-source RIS with the resolution of

lon source

(1+ ions) collinear beams method
T=2500 K
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CRIS method: synchronize ion bunch
with laser pulse

2 Us
10 ns Y
(about 0.5 m)

> < Dump
...... @O0 00

Vv
Beam conmms mixture of Lasers only ionize ‘
isobars selected element

TIon detector

* Measure ion rate as function of laser frequency to find resonance

» Works well with even low repetition rate lasers — 10 Hz.
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2 Collinear Resonance lonisation Spectroscopy
= CRIS@ISOLDE
©
1. Bunched ion
beam of ~1us
5. lons deflected on to | 2. Doppler tuning voltage temporal Wil;th
decay spectroscopy station applied to ion bunch

6. Alpha-gamma coincidences used to
identify the decay ofMR049.mFr to 200At

3. lon bunch neutralized
by alkali vapour charge
exchange cell

when on resonance

with laser
(two-step resonance ionisation)

4 .
i% s‘j@%
LRIy
%Qg;zs{}s
~ - o
h"LﬂEH{_H}""I A ER KATHOUIEKE UNIVERSITEIT
1824 EUV

From K. Lynch, ARIS-2011 poster
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250lelinear Resonant lonization Spectroscopy (CRIS) on 2 Fr

@ |eft component
e—® Right component

200
5th October 2012 5.
, 150 Ground state and two isomers in 2%%Fr  -off :
E I I I I
-
O
O | | | | '
1 i i | G St S S R :

0.4 0.6 0.8 1.0 75 e
Wavenumber [cm '] +1.1835e4
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Determining the nuclear spin, |

-
J=3/2 & 2 Intervals depend on A, , Byoper @nd 1,
[ ‘3, F
324.8 nm

3

J=1/2 I Interval depends on A, and |, J, F
2

| Al Ratio Apper /Aiower 1S INdependent of

| nuclear moment (ie same for all

Experimental | Isotopes)
spectrum 1 | A |

If the wrong value of | Is used to fit the hyperfine structure then:
* May be impossible to fit structure (position or number of peaks)

* Deduced ratio A o /Ajguer IS Wrong

upper
* Deduced relative peak intensities are wrong (Racah coefficients)



