Basics—7/

Lasers and Laser Spectroscopy



Basics of Lasers
* Principles of lasers

“Light Amplification by Stimulated Emission of Radiatiorn’
Continuous (CW) or Pulsed Lasers

“directionality, monochromaticity, brightness, coherence’

— Components of lasers:

Active medium (gas, liquid ave, solid materials)
Pump source (for excitation of meadium)
Optical resonator (for light amplification)

Laser medium

Laser Cavity

/ Pumping \

totally reflecting partially reflecting




— Laser action mechanism:

Pumping — Spontaneous Emission — Stimulated Emission

“population

inversion
(N > Np)”

“Incoherent,
random direction”

(c¢) Laser action
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(a) Equilibrium population

“coherent,
light amplification”
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Three—level systems

Four—level systems
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— Spectral characteristics: longitudinal, transverse modes

Longitudinal (or axial) modes
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Transverse modes (TEM.):

“Transverse Electric and Magnetic fields
with (m,n) nodal planes (usually use E—fields)”

Gaussian intensity distribution (important)

“...It Is sometimes aesirable to obtain a single longituainal,

single transverse mode to do high resolution spectroscopy...”



Mode competition: (in multimode lasers)

homogeneous

Occur when ov( free spectral range) < Av
— needs extra wavelength selection optics
e.g. (i) He— Ne laser (632.8nm), d =1m
ov=150MHz, Av ~30MHZ
. no mode competition
(ii) Ar™ laser
ov=150MHz, Av ~GHz
. strong mode competition
(iii) dye laser . Av ~10TH

. strong mode competition

Single mode laser:
use intracavity prism, grating (Littrow) or etalon

for selecting a single mode among multi-cavity modes



* Types of lasers: Gas, liquid, solid lasers

He—Ne Laser (632.8 nm)

Collision(He + Ne) > Ne. — Ne' — Ne
Brewster s angle (tan®=n, ~57°)

»\\‘ 1
{ He -Ne _ —H—‘
995% ¢ 99%

aischarge of 1 torr
He—-Ne mixture(10-1)

Art Laser (457.9, 488, 514.5 nm)

Discharge of 0.5 torr Ar — Ar

Art 3s23p44p! —» 3s23p44s':
2Ds)p —> 2P4, (488, 514.5 nm)
231/2 —> 2P1/2 (4579 nm)

+**

S Ar” > Ar*




N, Laser (337 nm)

C(v=0)-B(v=0) transition: 337 nm
Lifetimes: C(40ns), B(10us) — ns pulsed operation

Table 9.1 Molecular orbital (MO) configurations and equili-
brium bond lengths 7, of N, N+

State MO configuration r./A ZS e
Laser
Xz .. (0225)(m,2p) (0 ,2p)° 1.0977 output
Azt .. (6225 (m,2p) (0,2p)* (n22p)! 1.2866
B, . (025)(m,2p) (0,2p)  (n *2p)' 1.2126 |
c1, T (6:25)1 (nu2p)4(ag2p)2(ng*2p)' Idas7 Figure 9.14 Nitrogen laser cavity

Excimer Lasers (noble gas halides)

Discharge Ar* + F, = ArF* = Ar + F
/ “Pulsed operation”

v=0

> ArF (193 nm)
. KrF (248 nm), KrCl (222 nm)
y— XeF (351 nm), Xe(Cl (308 nm)

Interatomic separation, r——




CO, Laser: infrared laser

N,(v=1)+CO, - CO,(v,=1)—> CO,(v, =1), CO,(v, =2)

2331 cm™ 2349 cm- 1285 cm™! 1380 cm-!
| 96um ¢
| 10.6 um ¢
“Rovibrational transitions” 1 /"’1—{““«_1 1
_ 2000} 18 cm
P, R—branches occur E 106 fim 96 um
— Line—tunable > _4
51000
Most intense line: g
P(22), 10.6 um |
0 zero-point

O, Ny O



Dve Lasers: Liquid Lasers

Active medium: fluorescent dyes (Rhodamine, Coumarine, etc)
in solvents (e.g. EtOH)

fast relaxation

“ Wide tuning range (UV ~ IR) © (~10ps)

Wavelength/A
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Pumping Sources:

(CW operation) Ar* laser (usually longitudinal pumping)

(Pulsed) flash lamps, pulsed lasers (Nd-YAG, excimer, N,, etc)
(longitudinal or side pumping)



Ruby and Alexandrite Lasers:

Ruby crystal: Cr,O5 in Al,O5 (693.4, 694.3 nm); three—level
Alexandrite: Cr,O5 in BeAl,O, (720-800 nm); four level

Cr3* in O, field

T
2T2
T ?

2F :29 cm=1

Energy - 693/4nm m\
R4 Ruby Reflector
foenae- 1 eyl 6943nm Flashlamp /
720-800nm/ :

(a) (b)

Broadens in Alexandrite — Four—level laser
(T, vibronic, 4T, zero—level, A, vibronic, *A, zero-level)



Ti—-Sapphire Laser:

Active medium: 0.1% Ti,O4 in Al,O4
“...lasing occur between energy levels (t,,e) of Ti3* (3s23pf3d1)

In Oy, field coupled to lattice vibrations resulting in band
broadening...”

— Tunable in 670 — 1100 nm wavelength range
— Pumping: (CW, fs pulse laser) Ar* laser
(ns pulse) Nd-YAG laser

Nd—YAG Laser: neodymium-yttrium aluminium garnet laser

Active medium: Nd3* (4d104f35s525p6) in Y,Al:O,, matrix
“...lasing occur between #F5,, and 4l,,,, levels allowed by
Crystal field splittings around 1.06um (1.0648, 1.0612)---"
— Pumping: flash lamp

— High power ns laser (used as a pump laser for dye laser
and fs, ps Ti—sapphire lasers)



Diode or semiconductor Laser: 0V —— 0V

CB
C c Fermi level
I VB
ey |
) 2 ; ;
n-type p-type p-typé ¢ n-type
) pn junction
_~Polished
T . +V_>I__V
e Junction : :
Polished Tl CB O
= s

* ~mm length and ~um thickness

* multiple reflections by two polished faces

* temperature—controlled

e.g. InGaP, PbCdSe, PbSnTe, InGaAs, PbSSe, etc.



* Pulsed operations

— Q-switching (for ns laser)

“.-- maintain cavity in nonresonant condition with
population inversion building up, then allow resonant
condition only for a short period of time producing a short laser pulse---”

Pump
TR e.g. Pockels Cell as Q—switch
nnnresogant
(a) Low Qg PG Sl S
Mirror My -V +V Polarizer P Mirror Mo

Cavity resonant

(b) High Q Electro—optical materials:
for ns period Ammonium dihydrogen phosphate (ADP)
Potassium dihyadrogen phosphate (KDP)
elc.



— Mode-Locking (for ps, fs lasers)

. lock phases of multiple longitudinal modes by optical

modulators operated at the frequency of mode
separation f=2d/c...”

v=y, Bv=v,vtfhv vifvi2f.. by tmf

Active ML (AO, EO modqulators), Passive ML (saturable absorber),
Kerr lens ML (KLM), regenerative ML...

“Pulse duration becomes narrower as number of phase—locked

¢ =2d]c [Moaes increases, eventually by spectral banawidih

' of gain profile

| Af = 27 _ 27 _ 1

) ¢ 2m+1)Av NAv Ov

) E> ‘ <« m: no. of longitudinal modes

Output

power At N: # of phase-locked modes
ov: bandwidth of gain profile

Time, { —=




— Extension of wavelength range
Use of nonlinear crystals: KDP, BBO, LiINbO5, AgGas,, etc.

Harmonic generations:

By

2 —% 20,, 3@, ...

1st hyperpolarizability (x#’)

1 1
w=pu"+u?+u®+ .= ozE+§,BE2 +67E3 + ..

N\
2nd hyperpolarizability (x®)

: 1 :
E’ term oc A°sin® ot = EAZ (1-cos2wt) "second harmonic'

E = Asin wt

: : 1 .
E’ term oc A’sin’ ot = A3(§S|n ot — ZSIn 3wt) "third harmonic"

phase matching condition : k,(20) = k(o) + k(o)
I;3 (3w) = El (@) + El (@) + El (@)



Sum and difference frequency generations:

B,y

aQ
0 11 0 1

1
U= ...+§,6'12E1E2 + ..
E =Asinot, E,=A,sinw,t
: : 1
E’ term o« A A, Sinwtsinw,t = EAlAZ{cos(co1 - w,)t —cos(w, + w,)t}

— (v, — ,) - difference frequency; (o, + ®,): sum frequency

phase matching condition : k,(o, + ®,)=k (o,)+k,(®,)



Applications of Lasers: Laser Spectroscopy

* Hyper Raman Spectroscopy

2V,

2V e Chyperpolarizability FDw~s

2v, . Hyper Rayleigh scattering m-,T |h

(allowed only for molecules

with no inversion symmetry)

2v, v, . . Hyper Raman Scattering

C()xT(B,)xT(v") > A4,
if T(")=4,T(")=T(8;)

e /R active modes: HR active

« Molecules w/ inversion symmetry:

only U modades are HR active

7 7 &
2V v
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* Stimulated Raman Spectroscopy

With High power pulse lasers, parametric conversions
between incident light and Stokes or anti—Stokes lines occur
— |ncident and SR or ASR intensities are comparable

— used for wavelength extension “Raman laser”

observed only for strongest Raman bands
v=v,tnv (—:stokes; + :antistokes shift),
four —wave mixing . o, =0, + 0, t o,

(SSR) k, + k= k, + k_(automatic);(SASR) 2k, =k +k

3SR Laser —J u,_,ﬁ = N
Vi-=y Lens, L Cell, C Detector, D
A e a
Y01 R N SASR
green Vo +4Vy- ..
yellow ¥ + 3V, - -
bl pe B W orange Vo + 2¥- -/
t?_ t|_ f}l ‘:\I'I r? red f"b + V1 ------
P I IS I I P
Vi
1 A\
0 dark red, infrared ¥, Vo — nVy- -~

(b)



* Coherent Anti—Stokes Raman Scattering (CARS)
High sensitivity, high spbatial resolution spectroscopic technique

“four-wave mixing” .2 > |V/|— v

3

k3 k2
/F' \>
k, k

1

v, fixed | v, variable to match v, —v,=v

vib—rot

Ve =2V, —V, =V, +(v,—Vv,) @ v,—v,=v, "CARS"
2k, (v)=k(v,)+k(v,)

cf. v,,=2v,-v,=v,—(v,-v,)@ v,-v,=v, . "CSRS"

i,mol

ol

A 'Y
VL VL Nd3+ - YAG
Detector,
20 3a D
v, 532nm Lens, L 7. _
i Dye - = -
¥ EE- gl ewa— T o
532 2
+ dye Cell, C

Vi+V Filter, F
‘I-'qu=2b".-_‘h-".»- ( 1 2)



* Laser Stark Spectroscopy: “ Stark effect”

Stark effect splits rotational levels according to their |M,]
values and applied voltages E = ,UZEZ(Cl _czMj)

stark

. - B

/ @E \ Laser / \_’_,—|
S | M D
Voltage modulation and
Phase—sensitive detection Example: FNO, 9P-(8) of v,
‘% Y e = %T D M) 8 El)
ER /\\/—-— 5 4 9
a# 2 7859
o AN AN
5 FNO
: iél /\\ i)
zl \\/v’— 0 12 14 16 18 20 22
3 Electric field/kV cm-!




* Two—photon and multiphoton absorption

. + MIOHIZGIIOI'I .
“Multiphoton brocesses” (2+1) REMPI, tinuum’

M R s 0 T 2 [ 2 2_Ph0ton Fl
Va
" , 2
va| | | 8 v B ;
_____ ---V Va Va | Fluorescence Va
—~ T __-v WE SRS Y
2 Va B T f’a[ ﬂ ’ ! '
Va v
1 1 1 1 Va "
1 —

. . Two—-photon fluorescence excitation
SeleCt|On rU|e° Two-photon energy/cm™"

“two—photon absorption” 5 T

/] 'B,, < X4,
Ly, )xT(S; .

ifT(y.)=A,

F(y.)=T(S, .. )=T(a,) /J\uw
or T(y!)xT(y!) =T(a,) maiEk

0

)xI(y,,) > 4,

17b,

il 2 1 1 1
D :‘ 141 ";IQaO 1?60 1630
2u 0.
Yaae®




* Multiphoton dissociation (MPD) and isotope separation

B Dissociation EEEREEEEEE
- continuum =

~ High DOS LIF

~ Quasicontinuum

Photomultiplier

Probe
laser

3 e CO;
Energy 2 laser

Near—-resonance

.| On-resonance
MPD of 32SF, — depletion
— |sotope separation T 1 8F; SFs 1 lazspe
MPD of single isotope
by using isotope shift e i SBSFGl
of vibrational frequency “SFel
AT E L

Wavenumber/cm™ Wavenumber/cm™!



* Light Detection and Ranging (LIDAR)

With pulse laser, determine the concentrations of objects
(aerosols, atmospheric molecules, etc) as a function of
distance in tropo— and strato—spheres by measuring
return times

Atmosphere
! (') '
LIDAR | i,
T s e y-2 Laser
: %Ma : o
. e.g. Ozone Monitoring
: r: I\\ : .
FiEE concentration ~ background
] ¢ ! | 1
: l| | : : c
: :; L |I \‘,. " '%\\
{4 4 b L] S
E:’ !I " ‘t\: G
R
P —"n, 8 \
|
bt
¥ i e Aot
|

Wavelength

Detector



* Cavity Ring—Down Spectroscopy (CRDS)

“High sensitivity absorption technique: enhance sample
length by multiple passes and measure the transmitted
intensity as a function of time...”

Good for measuring sbectra of reaction intermediates

Beer — Lambert law : A=log, (I,/1)=¢cl

— In(1,/I)=al (a: absorption coefficient)

s AT =exp(—al) =exp(—act,)

"light intensity decays exponentially as cell length [ or travel time t"

", from decay rates — determine a(v ) "absorption spectrum"

99.93% reflectivity

/R
v ]

Pulsed laser M, Cavity M, Detector Time

Intensity




* Femtosecond Spectroscopy

..With fs pump—probe pulses, ultrafast molecular motions and
transient reaction intermediates can be directly monitored...”

Atomic Resolution
Single Molecule Motion
Transition States &
Reaction Intermediates

IVR & Reaction Products

Radiative Decay Fotatanal Molion l Vibrational Motion Fundamentals

Wibrational Collisions in
Internal Conversion & IntPrﬂ.,aTPnn l,r'ﬁ'-'ln]

Relaxation quulds Physical

Radicals

FPredissocialion arpoo NS |El|.;-uc atmn

&

L4 |
Reactions | Proton Abstraction, Exchange Die I"' Alder

| Transfer & Elimination
i TR Cage Recomb

“hemical

Photosynihesis (ET)
i ; . Biological
Protein Mations Vision (isom.)

SFEE"- Reactions Reactions || Heachons hea-hma |



)+I(R,,,°F,,)

/2
frobe S Na —> Na+hy

Example 1: Nal —""*—>Nal —[Na---IT — Na(°P

A =307nm A =~600nm

pump probe

s (a)A %\ Al | =|57onpn @ /?Wp = 300mmn

& Jb \/ N VAR / /N N
BN R

P | g VM YT

§ i “}vaw § “ \ /\Apu:,\p = Z1nm

: SIVIA%SaS

s :;::, e, off 1\ | Al =f1Prm O | | Ao — 3B9nim
e ot JINNVAY N A AR

Time delay/ps Time delay/ps

Directly monitor the wavepacket
motions along dissociation path

Signal




Example 2: Direct Observation of Vibrational Motions of |,

10-3V(ho)~1/em™1

60
55
50

45

- NN B
O OO

10

T i I 1 I

Aos

i

Energy (cm")

B
[=]
[=]
(=]
T

o -
1 DDUAI:

5000 - " wave packet =

T e

riA

‘Young's Double Slit Ir

EYEEY
Bond Distance (A)

| 3.3 THz |

0.1 THz

(a)

I,(X'L))—frm >IZ(B3HOZ)(wavepcket) Fre 5 1,(f0))= hv

Wave Packet Amplitude

IJ!I[IIIJLIIIIIII

620/310 (340)

—Jom [

620390 (426)

Time Delay (fs)



* Spectroscopy of molecules in supersonic jets

— Supersonic jet: expansion from high to low pressure regions

Vy p

Probability

hole diameter >> mean free path cold molecular beam
(7—#3/75 ~I1K 1,00~ 10K T ~50K)

— directional flow
— collision—less molecular flow

mass flow speed(u) oy (;/k L )1/2
m

High Mach number: M = ;
J speed of sound(a)
y=C,IC,

“Due to adiabatic cooling, weakly bound clusters are formed”



— Fluorescence excitation spectroscopy: on clusters
. perform high resolution spectroscopy on

naiviaual cluster isomers by measuring fluorescence
as a function of excitation wavelength...”

s—tetrazine dimer (two isomers)

A'B,,« X'A (n—to—r" transition)

—N

v, = 18272 cm™" S

1 T-shape
AW AMM. (stem ex)

.“N._-J\"N” Wi NV W

¥, = 18083 cm™"

T—-shape

¥, = 18100 cm™"

Wavenumber/cm™

anili

ne—Ar cluster

~

1020141000 1020146000
Frequency / MHz

(@)

A'B,«X'A

@

~NH,

Em

1018575000 1018579000
Frequency / MHz

(b)



— Single vibronic level fluorescence spectroscopy

Excite uncongested, single vibronic level and detect its pure
fluorescence in collision—free conditions
— qgetermine PES of ground state very accurately

A'A—X'A(S, «S,) 0 band =% 0}

p
N

o

torsional mode

I 429

4 (Vao) 1o

e

o 97 5400R0 0 299

T 04 a0 0 0 0 0 0
243 7 L 5\? \ 279 \
T T T T T T ‘
3000 2000 1000 _ 0

Avlem~1 P ——

Torsional PES :V(¢)=[1070(1—cos2¢)—275(1—cos4g)+ 7(1—cos64)]

— Minimum Energy @ ¢ =0" "' planar due to conjugation



— Zero kinetic energy (ZEKE) photoelectron spectroscopy

Detect only zero—kinetic ke (T

Energy photoelectrons via “ = M" ()

state—selective ionization and D hov || 172

delayed pulsed field extraction f M (S1)
hcvy|  hcvy

“High resolution spectroscopy

on excited neutral and | o

cationic states” @ () (©)

p-DFB: Dy S,0°

0° | 6" i
/EKE spectrum s |/ - 5
of 1,4—difluorobenzene ;| ‘
< | 8!
% 171\ 21 /2151
% g 3?1\ e aF 214

E 1 T
741000 75l000 76 000 77000
(V,+7,)/em™!



