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Suggested reading

W. Demtroder, Laser spectroscopy

A. Corney, Atomic and laser spectroscopy.

S. Svanberg, Atomic and Molecular Spectroscopy.

J].M. Hollas, Modern Spectroscopy.

Ch. Chin et al,, Feshbach resonances in ultracold gases,
K. M. Jones et al.,Ultracold photoassociation
spectroscopy:Long-range molecules and atomic
scattering,



Suggested pre-reading

* ,Quantum Optics, an Introduction”, M. Lewenstein,
A. Sanpera, M. Pospiech

www.matthiaspospiech.de/files/studium/skripte/QOscript.pdf
o Statistical Optics”, Goodman

* ,Quantum mechanics: non-relativistic theory”,
L.D. Landau, E.M. Lifszic

* ,Nonlinear Optics”, Robert W. Boyd

* ,Quantum and Atom Optics”, Daniel A. Steck

http://atomoptics-nas.uoregon.edu/~dsteck/teaching/quantum-optics/
* Quantum mechanics textbooks in general



Spectroscopy — brief history

1621, Willebrord Snell, law of refraction

1637, Rene Descartes, studies of the rainbow

1664, I. Newton, sun light dispersion in a prism

1800, discovery of infrared radiation in sunlight

ca. 1800, T. Young, determination of wavlengths of different colors
1814, J. von Fraunhofer, construction of the first spectroscope
1859-61, G. Kirchhoff, law of thermal radiation, emission of black-body
radiation, discovery of sodium, cesium and rubidium

1913, N. Bohr, theory of the hydrogen atom

1925, G. Uhlenbeck and S. Goudsmit, the idea of electron spin

1926, E. Schroedinger, W. Heisenberg, quantum mechanics; W. Pauli, Pauli
exclusion principle



EM Limits of Microscopy and Spectroscopy
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A reminder: matter — field interaction

@ Quantum mechanical picture of absorption tells us
a photon of energy hv is absorbed by an atom or
molecule which leaves the atom or molecule in a
more energetic state

Eo El

The Quantum picture does not tell us much about
the interaction itself. Thus we consider a classical
model for some insight.



A reminder: matter — field interaction

® We must model three things to describe
absorption

@ Light (sinusoidal electromagnetic field)
@ Matter (simple harmonic oscillator)

@ Interaction (damped oscillator driven by
periodic force)



A reminder: matter — field interaction

@ Consider only the oscillating electric field (the
corresponding magnetic field is implied)

o

E(7,t) = Eo(F)elwtF90)

Amplitude vector including
polarization and spatial speed of propagation
dependence (mode) information c=w/k

“angular” frequency of the light

w=2mf :
wavevector of the light

magnitude is k=21n/Ao
direction defines propagation
direction of the light



A reminder: matter — field interaction

For the moment we will consider the 1-dimensional
description of a plane wave polarized along x,
propagating along z

—

E(Z, t) = E’Gez’(wt—kz—qﬁo)

Electric field has units of Volts/meter. The
intensity is the quantity more commonly measured

in the laboratory. It is related fo electric field by
€pC

I=ec(E% = 7E§

and has units of W/m?



A reminder: matter — field interaction

Treat atoms or molecules as simple harmonic
oscillators. For any molecule with an arbitrary

potential

V() & Via) + V' (@)(r —a) + %V"(a)(r _a) ..,
at equilibrium U’=0 and V(r)= %V"(a)(r — a)?
potential can be modeled

as a quadratic well V(r)
(i.e. that of a simple
harmonic oscillator)




A reminder: matter — field interaction

—V"x — x¢) = mi

The equation of motion for the simple harmonic
oscillator has solutions of the form

r = Acos(wol + @) or 1= Aetlwot+d)

Zl

with o \/% \//\//\\/ﬂ ?__
e £

natural frequency ®Q




A reminder: matter — field interaction

Now we add a velocity-dependent damping force

—

F = (-V"(x — xg) — ym#):
and find the solutions to

—V'x — xg) — ymi = mi

Solutions for the damped harmonic oscillator are

of the form
z(t) = Ae= 2 cos (W't + @) o = Ae T/ 2eiwtHe)
with W' = \/w?) — (v/2)? Xt
Y




A reminder: matter — field interaction

Finally we add a the driving force of the electric
field evaluated at r=0

—

F=|-V"(x —x0) — ymi + eEge’@tto) |
and find the solutions to

—V"(z — o) — ymd + eEpel“t90) = mi



A reminder: matter — field interaction

Solutions for the (complex) amplitude of the
damped harmonic oscillator with an external
driving force are of the form

[A: 2 _62/m- Eﬂ}
Wi — w* — 1yw
which means the physical displacement is

(e/m)Ey

V(@ —w2) 420

. W
with tan 3 = g and FE(t) = Ejcos (wt)

x(t) =

cos (wt — )




A reminder: matter — field interaction

The absorbed power is
P=(F-7)

P:<—eE- tle/m) E>

2 2 _
WG — W= — 1yw

>
Wo

P pel_ iw(e?/m? E3
—w? —iyw 2

[P _ (w2fyw2e2/(2m) B2 }

5 — w2)2 + ,)/20}2




A reminder: matter — field interaction

@ Absorption is frequency dependent with a
Lorentzian lineshape

LORENTZIAN LINESHAPE
peakis at w=m,

At what frequency is
the power absorbed
reduced by 42?

P..(®)

= = /2
o—o, =ty/2

The full-width at half~-maximum intensity (FWHM) is ¥ .

b P (2m)
T @)




Spectral lines

« Atomic and molecular spectra: Absorption
and emission of electromagnetic radiation
(I.e., photons) by atoms and molecules
occur only at discrete energy values.

« Classical physics would predict absorption
or emission at all energies.



Spectral lines

« Every element has a DIFFERENT finger print.

Mercury

650 600 550

500 450 400 350
Wavelength(nm)




Spectral linewidth

1. Natural broadening
®» Result of finite radiative lifetime

Lorentzian
Homogeneous (affects 2. Collisional/pressure broadening

all molecules equally) » Finite lifetime in quantum state owing to

+ Gaussian ®» (Convolution of 1-3

______________________________________________________________________________________________________________

collisions
| ____________________________________________________________________________________________________________
Gaussian _
" Inhomogeneous 3. Doppler broadening
. (affects certain class of ®» Thermal motion
: molecule) .
b e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 1
Lorentzian 4. Voigt profile



Spectral linewidth

= Natural line broadening

1. Heisenberg uncertainty principle: AE At >h/2x

i S ////// .

1 j;////;/ //////// 7] (U.ppef leVel)

LLL

J TH
horeeeiaadeoeco=2 [ (Jower level)

AE = uncertainty in energy of u
At, = 7, the uncertainty in time of occupation of u
AE, =hAv, =(h/27)/(At =1, ,) »|Av, =1/277, | “lfetime” limited

2. Ingeneral 4 0 for ground state
Av. =Av +Av _L( 1 n l,r'J(naturaI broadening)
N — I~ Ve
z

27rr_

i



Spectral linewidth

= Natural line broadening
3. Typical values

= FElectronic transitions:
7, ~10"s > Av, ~1.6x10"s™

Aw,,em™ =Av, /c=5x10""cm™
= Vib-rot transitions

r. ~107%s—>Av, ~16s7  Aw,,cm™ =5x10""ecm™

= These are typically much smaller than Avy and Av

4. Lineshape function — “Lorentzian” — follows from Fourier transform
1 Avy /2

¢(V)N N T (V -V, )2 + (A Vy/ 2)2
#Note: a) ¢ =¢(v,)= 2 1
T Avy

b) ¢(V_V0 :AVN/2)2¢(V0)/2




Spectral linewidth

Line broadens due

1. Uncertainty

2. Doppler effect

3. Pressure AL _

elocity

4. Electric and magnetic fields Ay C




Spectral linewidth
Thermal Motion of Atoms

« Atoms moving randomly. g it (G
: : .
- Redshifted, blueshifted, “E':'; : e
and unshifted emission et ] = Retshift W
lines created with respect o ..l
to the observer. " £ J

* In the detector,
individual redshifted
and blueshifted

|
- I
o L ® += I
emission lines merge §| lwme O Lerge
. . . = redshift =~ : blueshift
with the unshifted lines N —
to produce broadened o et O Frecpuency
spectral lines. v, [2kT
Av, =

- C \ mn



Spectral linewidth

affected by the
relative motion between the source and

Wave crest 1: emitted when

light source was at S, th Observer

Wave crest 2: emitted when
light source was at S, 1

Wave crests 3 and 4:
emitted when light
source was at S;and "

S, respectively /(

Motion of\
4 light source

This observer
sees redshift

This observer
sees blueshift



Spectral linewidth

Doppler Effect: Rotation

* Rotation of star/gas
will produce a
broadening of
spectral lines.

* Photons emitted
from side spinning
toward us,
blueshifted.

* Photons emitted
from side spinning
away from us,
redshifted.

Observed spectral line

is broadened.

| This side
blueshifted

Observer
sees:

B
b
3%&

e — | This side
/ lr JL | "redshifted

&
Observed "Natural
5 hn% !"_‘____..-""III'IE
n |’I |l
y
i

Intensity |

N i
"r \Frequency
Rece'ding { Apéroaching
sile | side
Line
center




Spectral linewidth

Doppler Shifts

. The object is moving away from the
observer

. The object is moving towards the
observer

AMA, = ViC

Al = wavelength shift
L, = wavelength if source is not moving
v = velocity of source
¢ = speed of light



Laboratory spectrum
Lines al rest wavelengths

Object 1

Lines redshifted: Object is moving

away from us

Object 2

Greater redshift: Object is

away faster than Object 1

Object 3

Lines blueshifted: Object i

moving toward us

Object 4

Greater blueshift: Object is moving

toward us faster than Object 3

moving

Spectral linewidth

Doppler
Shift

* The
greater
the
velocity
the
greater
the shift.



Doppler effect and 2019 Nobel Prize

100 —

A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauverny, Switzerland

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of periodic variations in the star’s radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.

V;(ms)
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Title: ELODIE: A spectrograph for accurate radial velocity measurements.
Authors: Baranne, A., Queloz, D., Mayor, M., Adrianzyk, G., Knispel, G., Kohler, D.,,
Journal: Astronomy and Astrophysics Supplement, v.119, p.373-390




Spectral linewidth

= Collision broadening

1. Also lifetime limited — time set by collision time interval
S

- D EhanLETEEE A) |o,
Effective area (7 ‘

—

O , = optical collision diameter of B

Optical cross-{7//7/

section 2 R v )
o,+0,

Z,, =#collision/s of a single B with all A

e (o \/W
= nA . ﬂ-O-AB |l e = —_
Tt 45

m mp

Hip =
m,+m,

Lineshape function — Lorentzian qﬁ(v) —l Ave/2
— COi]_ﬂ(V—VO)2+(AV(,/2)2




Spectral linewidth

= Stark broadening
= Important in charged gases, i.e., plasmas.
= Coulomb forces perturb energy levels

= Types of instrument broadening
= Instruments have insufficient resolution
= Powerful lasers can perturb populations away from equilibrium

(saturation effect) o
= Transit-time broadening jokm 7 :: = 3_,.,
= Another type of lifetime-limited broadening is transit-time 1" ‘ "
broadening LA A .
Laser beam Transittime=D/V ’\"\ ;r-"":."M

for apparent broadening of an abs. line

Reference: Demtroder p.85-p.88

sinz[(w - wo)T/ZJ

(w - “’0)2



Spectral linewidth

Intensity of spectral lines

* The transition probability between the two
states (selection rules)

Transition dipole moment

la

L

i, =j\11f,m}g dr= (¥, |H¥,)

Only if this integral is non-zero, the transition
is allowed



Spectral linewidth

Selections rules
Electric dipole moment operator

+ The probability for a vibrational transition to occur, i.e. the intensity of
the different lines in the IR spectrum, is given by the transition dipole
moment |; between an initial vibrational state v, and a vibrational final

state ;.
o

A

U

The electric dipole moment operator depends on the location of all electrons

and nuclei, so its varies with the modification in the intermolecular distance “x”.
10 is the permanent dipole moment for the molecule in the equilibrium position

Re



Spectral linewidth

.. ou 1 @2# 2
My = 117 0, dr+[— J.Uf X0, dt +— 5;7 J.Uf xvdr+...
0 0

o
. »
. .
. +
. .,

The higher terms can
be neglected for small

and v, are displacements of the
nuclei

The two states v,
orthogonal.

Because they are solutions of the
operator H which is Hermitian



Spectral linewidth
- Uy = [8;1] qu xv, drt

/

First condition: pg= 0, if |ow/ 0x =0

In order to have a vibrational
transition visible n IR
spectroscopy: the electric dipole
moment of the molecule must
change when the atoms are
displaced relative to one another.
Such vibrations are * infrared
active”. It 1s valid for polyatomic
molecules.

AN

Second condition: jUf XV, dr =0

By introducing the
wavefunctions of  the
initial state v, and final
state vy , which are the
solutions of the SE for an
harmonic oscillator, the
following selection rules is
obtained:

Av = +1




Spectral linewidth

Note 1: Vibrations in homonuclear diatomic molecules do not
create a variation of u = not possible to study them with IR
spectroscopy.

Note 2: A molecule without a permanent dipole moment can be
studied, because what is required is a variation of pu with the
displacement. This variation can start from 0.



Beer-Lambert law

total area A absorbing species of
T, cross-sectional area ¢
| = -y |
I0 I l-dI lout
—-||-— gz molecules
- Z - N= 3
t— path length b —e cm
=925 CHR
dl
— =—gNdz
Iz

In(l)—In(I,)=—-oNb

—In [Il] =—oNb



Beer-Lambert law

y A ‘— T I
continuum V. . V hoto-
light source absorption cell ) spectrograph etector  recorder
a
tunable
laser photo-

7 diodes

Aag % P =Py reference beam P2 —

absorbed computer
fraction D multiple reflection cell 5P
'\§§ 50%| , P, . 2" 11
g BS {Po1
% e— d  —» 2
7Y [
ﬁé R , | PD3
@ o ;
long Fabry - Perot Int. requency
b) markers

Fig. 1.1 Comparison between absorption spectroscopy with a broadband incoherent source (a)
and with a tunable single-mode laser (b)

Pr=Py-e “l~ Pyl —aL)
AP = P() — PT = PQ(XL
Pa(h) =a[Py(h) — Pr()] = a[bPr(n) — Pr())]
Pa(w)dw = a[bPR(a)) — PT('a))] dw
a(r) = N; o))

S=aAP=a-Py-N;-oj-L



Transmittance, Absorbance, and Cell
Pathlength

% Transmittance

0 10 20 30 LW 50 1] o B0 ad 100
I I I R R A R A
ot rrTr T |
2015 10 08 07 06 05 0.4 0.3 0.2 0.1 0.05 0.00
Absorbance
100 + 16
a0 4 ]3 |
1.0+
%T . A sl
an 4 05 +
0.4 4+
07 02+
1l } } } } i
0 0 02 04 0B OB 1

0 02 04 06 083 1
Pathlength / cm
http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/beers1.htm

Pathlength / cm



http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/beers1.htm

Deviations from the Beer-Lambert Law

Concentration

The Beer-Lambert law assumes that
all molecules contribute to the
absorption and that no absorbing
molecule is in the shadow of another

http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/beers1.htm



http://www.shu.ac.uk/schools/sci/chem/tutorials/molspec/beers1.htm

Sample Concentrations

Wavelength (nm) Wavelength (nm)

Solution too concentrated Diluted five-fold



Enhancement of absorption with cavities

\ mode-matching

/'1 D I optical / lens
\20\

diode M, M,
—— _Z P/ \\ 2'
\
and exit hole Q’
\
5! \ /

detector 1

° ’ feedback
I | .5 4 - 3
' d ' \ «. o-® control voltage e
~-_41__- etector
z 4./ £
ayn=3,k=1 b) cos® = (1 - r/d)

Fig. 1.2 Multipass absorption cell. (a) Beam geometry, (b) laser beam spots on a mirror surface

Increase length
exp[—2(1 — R)].
Ipexp[—2¢q(1 — R) —2gaL]

Increase power: resonant cavities
Pi=Py/(1 = R)

190mm 12mm
-

A

| '\ Mirror #2

L
ii— -
Rend )

Laser pulse |

3mm

Horiz. plane Vert. plane



Lock-in detection

Input DC
Signal Out DC Out
LPF b Y
LPF
Phase
e Sensitive
Sensitive ) Pp— Detector
Reference Detector Sine Shift R = V(X2+Y?)
Signal Zfrlase-Lock Loop Out 8= tan™(Y/X)
) |
Local Oscillator User Phase
Setting
Reference Sine
Signal Phase-Lock Loop |I| Out

or
Local Oscillator

sin(a) sin(b) = [ cos(a-b) — cos(a+b) ]/ 2
sin(a) cos(b) = [ sin(a=b) + sin(a+b) ]/ 2

input signal s(t)= \/2V S|n(2nf t+ esig) whereVSi is the RMS signal

sig
ref. oscillators r(ty=sin(2zf _t+ 0 ) ; r (t)=sin(2zf t+ O ~+n/2) =cos(2xf _t+ 0 )
PSD outputs: Vps ax= s rt) VIOS ay= S(t) ry(t)
Vooax = (V N2) {cos(2alf, —f 1t + 8, - 8,.) - cos(2alf, + f ]t +6,.+8, ) }
Vioeay = (Vg gl\/2) { sin(2x[f, ~f Jt+6_ -6 ) +sin2z[f +f Jt+6_, +86 ) }



Lock-in detection

— DC out
Signal " . »
= égin | LPF :»—;:(_‘—»‘;}\
Phase
Sensitive
|nput DC Detector
Signal Out DC Out
LPF b v
LPF
Phase
e Sensitive
Sensitive . Pp— Detector
R_eference — — Detector Sine Shift R = V(X2+Y2)
Signal orase- ock Loop Out 8= tan"(Y/X)
Local Oscillator
User Phase
Setting
Reference Sine
Signal Phase-Lock Loop I Out

or
Local Oscillator

sin(a) sin(b) = [ cos(a-b) — cos(at+b)]/2
sin(a) cos(b) = [ sin(a=b) + sin(a+b) ]/ 2
input signal  s(t)=V2 VSi sin(2 = fSi t+ esig) where VSi is the RMS signal
ref. oscillators r(ty=sin(2xf _t+ 0 ) ; r (t)=sin(2xf t+ 6  +7/2) =cos(2xf t+ 6 )

PSDoutputs:  V_ =st)rt) V=S rut)

= (V,/"2) yeos(2x[f, ~f It + 6 -0, ) - cos(2[f, +f ]t+6_ +86 )

pst sig sig
Voeay = (Vi /V2)  sin(2a[f, ~f Tt + 8, -8 ) +sin(2=[f +f t+86, +8 )

The “DC” term The “2f” term




Frequency modulation

tunable sample H I
laser H cell detector

frequency reference
modulator, amplifier

A

When laser is tuned through the absorption spectrum

APr = Pr(op — Awr/2) — Pr(oL + Awr/2)
do(w) 1 dPr

do  PrL dw

recorder

o

For sinusoidal frequency modulation

w1 (1) = wo + a sin 2t

a dm P
Pr(wy) = PT(CUO)—FZFSin” .Qt( T)

dwﬂ

(d” PT) (d”oz(a)))
= —Pyx
dew” o dow” »




Frequency modulation

a(@) e A Pr I a ( d*« _l_a3 d*a L
© — =—a - — — —
Py 4\ dw? w0 64 \ do* w0
Y ;
[/ da a’ (Ao .
W Y c + 1| — + 5= + ... |sin(£21)
\/ | \dw o0 8 \ dw- 0
LN - a2 3 b
2 ™y Ve a(d« a’ (d'w
&5 (i RS ) I B
-2 /43 4 /a5
A AL _a (¢« a (e sin(382¢
+_ 24(dw3)wo+384 de” wo+"' sin(342¢)
™ y/\/g
el lez¥/8
c) d) —I—}
For small modulation amplitudes, the first terms in brackets are dominant.
:gforc?ccggzorpuonswgnal With IOCk'in detection:
S(n$2) = (APT) —al b, sin(n§2t), forn=2m+1
WJVW\’ Po /.0 cpcos(nf2t), forn =2m.
—a ’ do
4000 N ' ’ ' S(§2) = —aL—ssin($21),
l dw

a’L d’a
S(252) = +TwCOS(2QZ),

2000

AM/PM - Signal

Absorption 5107 3 3
4000 SNR 330:1 b a

o
S(382) = +E$ sin(3£21).

6000 i




Cavity length modulation
PR R V=g - (c/2d)

K g Av = —g(c/2d*)Ad

Electro-optic modulation
v y
A d
amr()= 200, 99L)
dt

Ag

S

==

M

(_1)" /, (m)e—fmr }emn

E . =E,[1+imsinQt |e™".

pm

B Eoef'[a)z‘-l-msin!)z‘] =£, D-'/,e(m)e"m‘#

k

b
1]

0



Intracavity/external resonator
laser absorption spectroscopy

M absorption cell detector
1 laser e L

ve /i diode
VA / 2 A Y,
7 =1 SRR ’/
laser 7 .2 S Z
< > 2 7 BN
v tuning device ‘

fluorescence
detector

tuning
device

voltage

detector

1 Rr=1-17 q:1/T2 al <1

P int — ¢ Pout
power absorbed at the frequency w in the absorption cell (length L)

AP(w) =a(w)L Py = qga(w)L Pyy

2 g Ay g Ay

AP/P = o~ , for Ay <y
go—YVY+Ay v go-—vV

Laser output power

Pump power



laser

A

Cavity Ring Down Spectroscopy

/\ A
— —>po
—0 [|—»Dp, | detector > — 2|
0 A —wp, \ / S o
l I L _H Computer Laser pulse '\\ /_,-~'
Mirrors

Input power P,, T=1-R-A

Py =T?%%L. p,
R? - exp(—2uL)

Po=[R-e 1" P =[(1 =T — A)e L] P,

P — Pl ) e—|—2n(1nR—oz-L)
n —

Or for high reflectivity mirrors InR = R—1 = -(T+A)

Pn _ Pl . e—2n(T—|—A—|—aL)



Cavity Ring Down Spectroscopy

TR:2L/C f:2ﬂL/C

ro:(24, 120.0 Hps
P(t)=Py-e /"

al/%

=]
o
w
2 -
S 03t
(]
o -1
=
! /C » 02t Time/[s
2 Without NO,
0.1

T1

e With NO,

— T — A 4+ « - L Lol Teosoons

L/c L/c

Y

0

— ~ _ threshold value
rT+4 1-r  @=0)
S
E 150
g ]
— o .
1/‘r1 T 1/‘[2 - C ’ a i 100+ 3 empty cell ringdown
o .
8 j : ringdown signal with
© 50 g absorbing gas present
=] .
g

light source 20 30 40 50
switch off .
time (us)



Fluorescence Excitation Spectroscopy

laser

Absorption

Internal

\ conversion

Y

\,
Y

Y

Intersystem crossing

yry

Vibrational
relaxation

-
[ -|-1

Fluorescence

Triplet state

Phosphorescence

probe A
o
§=d2/4m |

0}

4

18]

=

Ll
So

Excitation

Ng = Nl'l/lLO'ikA)C‘

L

Emission

number of photons absorbed per second along the path length Ax

where ny, 1s the number of incident laser photons per second, oj; the absorp-

tion cross section per molecule, and N, the density of molecules in the absorbing
state 7).

photoelectrons counted per second

nel = N Ak = nank

A = Zm Akm
Nk = Ar/(Ax + Ri)

Npe = NaNikNphd = (N;0jnL AX)NEnphd



Fluorescence Excitation Spectroscopy

parabolic
reflector
elliptical
reflector laser \
\ \ - | |
lecular
| mo holes
' beam Ifor |
| molecular spherical
beam reflector
fiber
b) fluores-
to entrance slit cence
of monochromator ¢

Excitation spectroscopy has its highest sensitivity in the visible, ultraviolet, and
near-infrared regions.



Photoacoustic spectroscopy
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is proportional to the density N; [cm 3] of the absorbing molecules in level |i),

the absorption cross section o;; [cm?], the absorption pathlength Ax, the cycle pe-
riod At, and the incident laser power P;..
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Optothermal spectroscopy
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With the heat capacity C of the bolometer and a heat conduction G(T — Tj) the
temperature 7" is determined by

dT
Nhv=C—+G(T = Tp).

Under stationary conditions (d7 /df = 0), we obtain from (1.42) the temperature rise
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lonization spectroscopy
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Fig. 1.36 Level schemes of ionization spectroscopy: (a) photoionization; (b) excitation of autoion-
izing Rydberg levels; (¢) two-photon ionization of excited molecules; (d) one-photon ionization of
a high lying level, excited by non-resonant two-photon process; (e) three-photon excitation of a
level which is ionized by a fourth photon; (f) non-resonant two-photon ionization
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lonization spectroscopy
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lonization spectroscopy
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Fig. 1.36 Level schemes of ionization spectroscopy: (a) photoionization; (b) excitation of autoion-
izing Rydberg levels; (¢) two-photon ionization of excited molecules; (d) one-photon ionization of
a high lying level, excited by non-resonant two-photon process; (e) three-photon excitation of a
level which is ionized by a fourth photon; (f) non-resonant two-photon ionization
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