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Absorption, Induced, and Spontaneous Emission

» probability per second that a molecule absorbs one

photon [1]
d
—Pi2 =8B 1
Eo—p g "1z = Brp(v) (1)
h-v ] » probability per second that a molecule emits one
T R induced photon
a a
: d
N = b —P21 = Bo1p(v) (2)
[a0] om < dt
[
= » probability per second that a molecule emits

spontaneously one photon

d Spon
Epz? = An (3)
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Line profile
L 1o
////% 45 line kernel
vy L 15/2 (il
I line wings
T s, |
V4 Vo Vo Vv

» The energy levels have a finite width due to the energy—time uncertainty principle
» The function /(v) in the vicinity of vy is called the line profile

 E—E

Vo ; (4)

ov is the FWHM of the line
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Natural Linewidth

harmonic oscillator

T() J(w~cdo)
o @
X4 wix=0 (5)
x(t) = xo coswot (6)

Conclusions

damped harmonic oscillator
TL(w)
_/’6_6}/2)1 =

- ’damped osctllation (A

X4 yx+wix =0 ()

x(t) = xpe~ 2t[coswt + lein wt]  (8)
w

2
w=fuf — 2 50w 9)
x(t) = xpe” 2 coswot (10)

» atoms modeled as damped harmonic oscillators with central frequency wg = 27wy that

corresponds to wjx = E”;LEk
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Lorentzian line profile

» damped oscillation as superposition of monochromatic oscillations

1 > iwt
x(t):m/0 Alw)e™ dw (11)

» amplitude A(w) as Fourier transform

> real intensity is /(w) < A(w)A*(w)

A ()
1r C
Hw — = 12
o) = e o P
0.5r Y » normalized intensity
/2w
L{w —wp) = (13)
L — .0\ 2
™ - (w—w0)? + (7/2)
with FWHM = ~
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Broadening of the natural linewidth

Saturation broadening

Power broadening

>

| 4

» Collisional broadening

» Transit-Time Broadening
>

Doppler broadening
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Spectral linewidth Doppler-free spectroscopy

Linear Doppler shift

v -

k

oy
cco'=ml_-F-v+
mL=m°+F v

» In first approximation there is a linear relation between the particle velocity and the
frequency shift with respect to an energy level gap fuwg

> excited molecule with velocity v = v, v, v, emits

we=wo+ k-v (14)
> excitable molecule with velocity v = vy, v, v, absorbs
wWa=wo+ k-v (15)
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Doppler Width

» At thermal equilibrium, the molecules of a gas follow a Maxwellian velocity distribution

» Intensity profile for such distribution with central frequency wq is a Gaussian distribution

I(w) = lpexp l— <Mﬂ (16)

wo Vp

with most probable velocity v, = /24T
» Doppler width dwp is the FWHM of such Gaussian profile

&UD:‘E,/WKWM/I (17)
C m m
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Voigt Profile

» convolution between Gaussian and Lorentzian

exp(( c wo w/)2>
I(w) = C/OO Yo &0 dw'’ with C = L (18)
b (w—w)2+ (7/2)? 2vp 3/ 2wy

: o ((1)) 0 in

<

Voigt
Doppler

w; = g (1 +Vzi/C)
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Two-photon absorption

_ —_— I f

1f> I i >

Tw — lkp> lk> Ik>
1Kk > —— Voo LV ——

[} A |
— lky> o o T s

Tw LI

li> —— —l li> lis 4 —

» Theory from Maria Goeppert-Mayer in 1929 [2]
» Transition E; — Ef given by several photons of energy w; such that Ef — E; = 1), w;
Yichh
[wif —w1 —w2 — v - (ki + k2)]2 + (7ir /2)?
» For ky = —k; the Doppler broadening vanishes

vieh o

A,‘f 0.8

x another factor (19)

A,‘f X

x another factor (20)

[wir — w1 — w2]? + (7ir/2)?
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Doppler-free multiphoton spectroscopy

ko,
Faraday kr E—
rotator B — fuores-
o photo- L
spectrum multiplier  Ei
analyzer
» Using two photons out of the same laser is disadvantageous
_ E—E
2w = == (21)
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Two-photon spectrum

NUMBER OF \
L E LORENTZIAN

EXCITATIONS
GAUSSIAN
T o

» The spectrum contains two contributions according to the origin of the two photons:

» Doppler-broadened Gaussian < photons from the same beam
» Doppler-free Lorentzian < photons from counter-propagating beams

» The Gaussian background can be eliminated using polarized beams
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ISOLDE at CERN

CERM
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Spectroscopy at ISOLDE

ISOLDE-RILIS

auto-ionizing state

target ion source || extractor mass separation
=== s ok & & iOnization potential

J

Rydberg state

laser beams

excited states
experiments

ground State
®projectiles ) target material ~ @neutrals 9 ions

Isotope of interest

Universita degli Studi

Davide Serafini

» Radioactive species are

produced in a thick
target during its
bombardment by
proton beam (ISOL
technique)

Multiple laser beams
with specific
wavelengths are used
to match a series of
successive electronic
transition energies,
unique to that
element [3]
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Introduction to the experiment

IP:
33690.81 cm™?

87Rb, 1=3/2 » Laser ionization scheme for rubidium

» The hyperfine structure is depicted along with the
corresponding shifts (not to scale) and the possible

55703.498 crml ij:i::z :i::’ 2-photon transitions

4p®5d 2D, J=5/2 Tsoaif] F=2 » The goal of this work is to measure the
F=1 Doppler-free linewidth, in order to determine the

_ feasibility of laser linewidth limited high-resolution
Yirtual state(s).... in-source spectroscopy
» At 2000 K the Doppler broadening is 2.2 GHz for

F=2 stable rubidium isotopes

0.000 cm™! . s

_— 84GHz o .

4p°5s 7S, 1=1/2 » The fr(.equency of the spectra is glve_nlrelatlve to the
F=1 transition centroid at 25703.498 cm
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Simulated Spectrum
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» The individual
transitions can not be
resolved under the
experimental
conditions

» The 6.84 GHz split of
the ground level can be
resolved

» Assumed laser
linewidth ~ 10 MHz
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Collinear Doppler-free 2-photon resonance ionization

50 m single mode
optical fiber

Ti:Sa Ring laser
Linewidth <30MHz

RILIS laser laboratory

CRIS laser laboratory

CW seed light

Sirah Matisse CW Ti:Sa

. < Pulsed laser light
NB Ti:Sa: 800 MHz
linewidth

GHz linewidth
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Transfer line
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» First demonstration of Doppler-free 2-photon in-source laser spectroscopy at the
ISOLDE-RILIS [4]

» Mirror realized with a flat molybdenum foil
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ISOLDE two-photons results

T
—— Cumulative peak fit J Collingar illumination
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» narrow Doppler-free signal

» Doppler broadened and shifted background:

» the atom source, transfer line and ion source geometry results in an atomic sample
with predominantly velocity components towards the extraction electrode
» the reflectivity is less than 100 %
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ISOLDE two-photons results
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» the atom source, transfer line and ion source geometry results in an atomic sample
with predominantly velocity components towards the extraction electrode
» the reflectivity is less than 100 %
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Conclusions

» Doppler broadening is a major limitation in laser spectroscopy
» Doppler-free spectroscopy can be achieved through two-photon absorption

» At CERN-ISOLDE this technique was used to measure the spectral profiles of rubidium
atoms
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Thank you for the attention
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Questions

» How long is a laser pulse?
» Is it possible to have no crossing of the forward and back propagating beams in the source

» What is the maximum time interval to have two-photon absorption and not one photon
absorbed after the other?
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Spectroscopy
o O H Na Fe H FecCa
761 687 656 589 527 486 431 327
~— A [nm]
Fraunhofer lines in the spectrum of the sun
Spectroscopy

> Spectroscopic investigations allow us to study atoms and molecules structures [1]
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Maxwell-Boltzmann distribution

Distribution of Speeds for Noble Gases at Room Temperature

0.004

» this implies that the momenta p and
kinetic energies Ey;, of the various particle
species follow a Maxwell-Boltzmann
distribution 0.000

0 500 1000 1500 2000 2500
Speed (m/s)

Maxwell-Boltzmann equations

2

1\, 2
= _ 2mKgT
n(p)dp \/§7TN<7T KBT) p°e 25T dp (22)

where N denotes the total number of particles in the system and m their mass
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Cavity Modes

assumptions [1]

» cubic cavity with the sides L at the temperature T
» walls of the cavity absorb and emit electromagnetic radiation

» at thermal equilibrium = P,(w) = Pe(w) Yw

stationary radiation field E

E=> A,expli(wpt — k- r] +c.c. (23)
P

Davide Serafini Universita degli Studi di Siena 8 /32
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Thermal Radiation and Planck's Law

Rayleigh-Jeans law

» classical oscillators applied to the cubic cavity

8mlk
3

p(v)dv = n(v)kTdv = Tdv (24)
Planck’s radiation law

» only discrete amounts ghv with g integer can be absorbed/emitted by the radiation field

82 hv
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Spectroscopy Instrumentation

» the nuclear time scale is -

Th = T"F (26)
where E, is the nuclear energy reservoir, L is the luminosity and F the fraction of reservoir

available
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Power Broadening

» Fermi-Dirac distribution must be used

8w p? 1
n(p)dp = 3 (1 n en+Ekin/KBT>dp (27)

» in the case of electron degeneracy the electron pressure does not depend on the
temperature

5/3
P =1.0036 x 10'3 <Mﬁ) (28)

Davide Serafini Universita degli Studi di Siena 11 / 32



References Appendix Level transitions Spectral lines

Other sources of spectral line broadening

» collisional broadening

» power broadening
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Quadratic Doppler shift

The momentum p; of an atom absorbing a photon with momentum fik and energy hiwj, ~ Ex—E;

changes to
P« = p; + hk (29)
Using relativistic energy considerations:
heoie = /P2 + (Moc? + Ec)2 —\/p?c? + (Moc? + E;)2 (30)
Use Taylor expansion:
v? hw?
b= k-v, - 0 . 31
RN w032 T ome2 Tt (31)
at rest  linear Doppler

quadratic Doppler — recoil

Davide Serafini Universita degli Studi di Siena 13 / 32
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Cross section

number of incident photons

stimulated emission rate = o(v) , (32)
area - time
with )
 N2Ay
o(v) = - S(v) (33)

it depends on:
P spontaneous emission rate Aoy
» lineshape function S(v)

» transition wavelength \

Davide Serafini Universita degli Studi di Siena 14 / 32
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Lasing
]
Incident — T 0 © e} o
radiation 9 o o
of frequency o)
V=V 5 O T
21 5 o) o O

Suppose a beam of photons of energy hiv,; passing through a medium:
» N, < Ny — absorption — g <0
» N, > Ny — amplification — g >0

Having defined the gain coefficient g as

50) = o) (e~ £ )1, (34)

Universita degli Studi di Siena 15 / 32
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Two-level scheme

Pumping Laser transition

Ground level 1

» Just two levels do not allow for population inversion

» The pump will also contribute to the depletion of the higher level

Davide Serafini Universita degli Studi di Siena 16 / 32
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Three-level scheme

Fast decay

‘_______

2

Pumping Laser transition

» Population inversion is possible having decoupled the pump from the laser transition

- P—-Tx
P+To

Ny — Ny =

Davide Serafini Universita degli Studi di Siena
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Four-level scheme

Fast decay

Pumping Laser transition

Fast decay

Fa—

0

» Population inversion is guaranteed (N> — Ny > 0 always) choosing a medium with
spontaneous emission coefficients such that g > p1

Mo—"T2 PN M10>721,P P

Mol21+ Plai + Pl P +To

Ny — Ny = N (36)

Davide Serafini Universita degli Studi di Siena 18 / 32
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Equations ruling the states’ populations

dN,
0 —PNy + MNoN;y (37)
dt
dN.
d_tl = —T1oN1 4+ T12Ny + o (v) (N2 — Ny ) D, (38)
dN
d—: = PNo — M1 N> — o(v) (N2 — Np)®, (39)

assuming that the decay 3 — 2 is much faster than the others so that N3 ~ 0
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Nd:YAG

3 A . » Neodymium-doped Yttrium Aluminum Garnet —
1 t \ p % Nd:Y3A|5012
3
% & " » Neodymium impurities are in a +3 oxidation state
(Nd(111))
9 > Nd(II1) typically replace about 1% of the Y atoms
" in the crystal structure of the YAG
fast decay
A » Nd:YAG laser is approximately a four-level system
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Saturation
» Assume a two-level system with no pump
» The steady state solutions for the number of atoms in the two energy levels are
1 /sat
N =1 2+IV/,/, I/Vlgat
L
TR
» |, is the intensity of the photons with energy hv in the medium
» |, is not related to the pump intensity, that is not considered here

» the saturation intensity
sat __ hv Az,

v 20(v)
provides the measure of whether a given field intensity /, is large or small in terms of its
ability to saturate the transition 1 — 2

Davide Serafini Universita degli Studi di Siena 21 /32
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Saturation

The absorption coefficient is

c(W)N _  ao(v) (43)

a(V):U(V)(/\_/l_I\_I2): 141 /Isat = 1+ 1/ /Isat

> |, K /Sat — /\_/1 ~ N, Nz ~ 0, a(y) ~ ao(l/)
> 1> 5t Ny~ N/2, No=~N/2,  a(v)~0

» as [, grows the stimulated absorption and emission processes overshadow the spontaneous
emission ones
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References Appendix Level transitions Spectral lines

Power broadening

» Consider a homogeneously broadened transition having a Lorentzian lineshape of width
(51/0

30(1/0)51/8
(v —10)? + v

a(v) = (44)

with
v = dvo/1+ 1, /152 (45)
and A N
. 21
ao(V()) = —871'2(51/0 (46)

» \We can interpret the saturation of the transition with increasing intensity as an effective
power broadening of the linewidth
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Power broadening

Normalized Lorentzian lineshape

104 — L/ =01
— L/=10
— L/IP=100
0.8 — i/ =100.0
i 06
s
K
2 044
=
0.2
0.0
-100 -75 =50 =25 0.0 25 5.0 75 10.0
v-vy

Davide Serafini

Universita degli Studi di Siena

In general the saturation intensity /52* will
depend on both upper- and lower-level
decay rates associated with collisional as
well as radiative processes, and it can also
depend on the level degeneracies

what matters is that absorption a(v) and
gain g(v) coefficients saturates increasing

the intensity as /1 + I, /152, whatever

the form of /5t
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Saturation for a four-levels scheme

» We consider a four-level scheme with pumping rate P

» Gain coefficient

g0) = B (47)

P saturation intensity
52t = hydst (48)

» saturation flux
P+Tx
o(v)

the saturation coefficients depends also on the pumping rate P

sat __
P =

Davide Serafini Universita degli Studi di Siena 25 / 32
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Spatial Hole Burning

» In most lasers there is a standing wave

‘ rather than a traveling one
0.01
1.00 £
¢, = o) 4 o) (50)
T 0.7 B
av) » Therefore, the intensity of the field /, is
%) oso0p affected by the interference of the two
oppositely propagating waves
025} ™ o+ gt =1.0 i y gating
» The gain g(v) has a term sin®kz that
0 5 5 18 modulates its maximum, small signal
kz=2m2/3—> value go(v) along the cavity — spatial

hole burning
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Spectral Hole Burning

» Consider an inhomogeneously broadened
medium where the atoms have different
central transition frequencies 1/

a0 » The cavity mode frequency is v

» The absorption or gain is more strongly
25v 1 saturated for spectral packets with
frequency 1§ =~ 1

=
=
=

» The selective saturation leads to spectral
hole burning in the gain curve
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Hole burning

» Spectral hole burning is the origin of the Lamb dip in Doppler-broadened lasers [5]

» This dip in output power at line center was predicted by W. E. Lamb, Jr. in 1963, and is
called the Lamb dip [6]

20vy —

S
=
v
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Saturation spectroscopy

I
2 detector o

» https://www.youtube.com/watch?v=hY21ndCeZ9I
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Experimental arrangement for ionization spectroscopy with pulsed laser

? laser 1 +2
L/

- beam

ion
optics

on \N
multiplier k\ discriminator

anode T ]

» experimental arrangement for photoionization spectroscopy in a molecular beam
» ionization is the most sensitive detection method

» suitable for small absorption coefficients «

| = lpe™ )z (51)
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Linewidth and Lifetime
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Natural linewidth of absorbing transitions

I (z) |
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dl = —aldz (53)

_ 8i
ajr(w) = ojk(w) {Ni - _Nk] (54)

8k

2

a(w) = ¢ ) (55)

4egme (w — wo)? + (7/2)?
Lorentzian profile with FWHM Aw, =~
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