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Principles

a) |e— L—>|
Lambert-Beer law of linear absorption dJ = —a/dx .
_ —a(v)x | L0 %c° g lt = |0 " e L
I(v) = Ipe N
. o, 0 . £ Fe !.}";':‘ Q |

N,, N.— population densities of levels k and i o 8g2g

a(vki) = [Nk — (8«/8i) Nilo(vki) = AN-& Fig. ref. [1]
9., g; — statistical weights — number of possible orientation of the total angular momentum J of the levels
The absorption cross-section o, is related to the Einstein coeff. B,;: b) N 3

e i i
c
Byj=— [ o(v)d
ki hve (v) dv g=2J+1
v=0

Approximation for small absorption: N Jy

Iy(v) = Ip(1 —a(v)x) dk

Al Ly—1 AN=(NK-?NE) Fig. ref. [1]
== 0[ - ~a(v)L = [Ny — (8x/8)Nilo(vig) L = ANix - o(vi) L |
0 0

Minimum detectable intensity change 47 depends on the intensity noise level A7 ..
For detector signal S~ A7 and detector signal noise 65 ~ 41, . AN depends on:
Sensitivity is a signal-to-noise ratio: S5 path length
From condition § =488 = Al > Al e the minimum | — signal-to-noise ratio
detectable number density of absorbing molecules: AN 2 o(vki)L(S/85) absorption cross-section

[1] W. Demtroder, Atoms, molecules and photons



Principles

Spectral resolving power R
R = A/ Alpin

Rayleigh definition — lines are resolved if there is
a dip of less than 0.8 of maximum between them

A4, depends on:
* spectral line shapes Fig. ref. [1]
(natural line width, collisional and Doppler broadening)
* spectroscopic instrument — instrumental function

(spectrometer, interferometer)



Principles

Spectroscopic instruments Dispersing
Element
| /\ f
2

Spectrometers — allow the spatial dispersion of different wavelengths

* refracting prism
» diffraction grating

dx

Angular di jon 22 dli di ion —
ngular dispersion —= and linear dispersion —~

do
AX2=f2‘aA}\

Resolution limited by diffraction on the aperture a(of grating, prism, lens...)

A >2(A/a)/(dE/dA) (*)

X
Figs. ref. [1]




Principles

Prism spectrometer

From geometrical optics

sin(® + ¢
M = nsin(e/2)
The angular dispersion
d® dn _, dn _ 2sin(e/2) dn Fig. ref. [1]

dx - de’ Tdh - [T—nZsin(e)2) dh
depends on the apex angle €. For € =60°:
de dn/dx

dr /1 —=(n/2)?

For symmetric case a, = a, the diffraction limit for
Resolving power (from eq. (*)) is

A _ dn
YT

/

depends on the size and prism material



Principles

Grating spectrometer

Incident radiation is reflected on each groove into angular cone
due to diffraction

constructive interference for phase difference Ap =m -2n
path difference between two partial waves As = d(sina — sin )

Condition for constructive interference (when Ag =m2r = As =mA)

d(sina=£sin p) = ma (*) ( £ for reflection left/right)
Phase difference between neighboring beams
2

A¢=-T-d(sina:tsinﬂ) (**)
Superposition of reflected partial wave amplitudes

N—1
Ar =vR Z Age'™?

m=0

The total intensity is
sin2(N¢/2) /

Ir = SOCARAE =l R———— (***) N-2 small side maxima

sin®(¢/2)

R — reflectivity of grating surface
A,—amplitude incident on one groove

16

a)

b)

b Iy N=20
| l YAV
-2 0 +21 ¢
L Iy
AVAAVAVAVS A
-2n 0 +2n ¢
. Figs. ref. [1]



Grating spectrometer

For big N radiation with incident angle a and wavelength A is reflected
at narrow angular interval 44 around the principal maxima g,

Nearf..: f=p,T¢ (e¢<<p) onecan write: sin(By +¢€) ~ sin By, + €-C0S By

From (**) and (***): sin?(N§/2 in2(N5/2
Ir= 10R+/) ~ R-IoNzw
sin?(8/2) (N§/2)*
where 8= (2nd/A\)ecos B, < |
The first minima (left and right) appear for:
so, the width between minima is:

Né=2n = €12 = :t)x/(NdCOSﬂm

A
A = ———m8 —
P Nd cos B,y
Angular dispersion for given «a, from derivative of (*):
dB  m  sinaxsinp depends on angles, not
dA  dcosp  Acosp number of grooves

Resolving power, from two above eqns:
Condition for resolved peaks: max. I(A) falls into first min. I(A+AA)

dp A sina xsin B
—_— AL D> — D E—
da ~ Ndcos B Acos B Ndcos B
From the above and (*):
A . o _ A ASm
—>N-m or,since  Nd(sinaxsinp) = Asy —>» — = —
Al A A

Resolving power is a product of number N of illuminating grooves and
interference order m, or it is the maximum paths difference AS, in
spectrometer measured in units of wavelength

16

a)

b Iy N=20
| l 1 -
-2 0 +21 ¢
L Iy
AVAAVAVAVS A
-2n 0 +2n (0]
~—
A/(N-d)

f_'.

—
i s s
=
~—
~a
E
~—~

-------- -~ 17/ |

x(h)  X(ho) x

Figs. ref. [1]



Optical absorption spectroscopy

Classical infrared spectrometer

e.g. continuous blackbody thermal Reference intensity |, measurement enables

radlatIT: T'=1000 K = /sy at 3 um insensitivity to source power variations
Radiation Rotating Al() = Ig = h(v) =a(v)-L-Iy
source segmented mirror

Al/lly=a(v)-L

Q/ Sample cell BS
{7 R e s,
SN N S 4

N 7

Reference

beam D eessssssses DR \/
I\N“ __________ M
Empt Il N
= | m -

spectrograph

Computer [«— Lock-In

Fig. ref. [1]




Principles

Fabry-Perot interferometer (multiple-beam interference) A, A, A, A,

. . A l
Incident wave E = Age' @+ W///
R — reflectivity of surface T :

Total amplitude of the reflected wave

p-2 d
A= ZA el(m I)Ago_:l:AO\/_ |:l —(1— R)elAqJZ R™e mwajI l

m=0

m=1

forp - oo the sum of geometric series is

1
Z Ape™ma? = T— Roide Ap =21 As /A + ¢ - phase difference of two reflected waves

m=I1 N
As =2d/n? —sin? o

reflected amplitude

\/_ | — elA(p [/[ A
A==+ AO Re'A‘P T 01

And reflected intensity

5 2—2cos A 4R sin*(Ag/2
I =ceo|Al? = lpR—r 22820 _ ;RSN {20/

14+ R>—2Rcos Ap (1 —=R)>+4Rsin*(A¢/2)

Similarly, transmitted intensity 057

I = (1-R)?

T 0= R)2+4Rsin?(A)2) “<—— Airy formulas

Figs. ref. [1]



Principles

. 1/l
Fabry-Perot interferometer (multiple-beam interference) i 01
Separation of two maxima — free spectral range

c c
v = = i
As  2d+/n? —sin’« 0.5
c
Sv(a =0) = —
=0 =5
Full half-width of transmission peak (in phase units)
. (1—R 2(1—=R) .
€ =4 arcsin R < for R~ 1 Fig. ref. [1]
(2&) VR
In frequency units:
1—R
Av = if)v ~ <

2 2nd nJR
Finesse F*

y dv /R

FR = =

Av 1—R

is @ measure of effective number of interfering partial waves

Resolving power of FPI: v/Av = (v/dv) F*

Or using optical path difference As between consecutive partial waves:
v F*f —
Av AL A

product of finesse (number of partial waves)
and optical path difference (in units of
wavelength) — similar to diffraction grating



Principles
Fabry-Perot interferometer

Resolving power of FPI can be much higher than that of diffraction grating

Scanning Fabry-Perot + diffraction grating spectrometer

high resolution low resolution - separation of interference orders
image Fabry - Perot fluorecs:"ence-
intensifier  —
] I= X
chromator gj \’(’J:I/
[ ] ; ; : calibration
=N L lamp
photomultiplier L, Lo \J
| l | Laser
to beam
pump
>
Free spectral range 'E
. . (V]
Change of: refractive index n (gas pressure) z

e =0)=— _
2nd spacer length d (piezo voltage)

shifts FPI transmission peaks

[2] W. Demtroder, Laser spectroscopy

Example scan of Doppler-broad

Convolution of the Airy formula
for FPI transmission and
molecular line shape

line and narrow single-mode Ay'laser line

ed Na, fluorescence

r

m-th/order|(m«+1)th order—__

a

of laserline

J\

n_-d (pressure)

Figs. ref. [2]



Michelson interferometer with continuously
and uniformly changed path length of one arm

m [ ]
\

Michelson interferometer &

Fourier Transform Spectroscopy
Incident radiation: E(w) = Ay cos wyt R — reflectivity
, , ) T - transmittance S
l(w) =cegE~ = CEOA(', Cos™ wol = |, c033 wol \ [
Amplitudes of two interfering partial waves: A; = v RT A s,
Intensity at plane B depends on path difference As =5, —s> E — v
I, =cep RTAS [cos(wot + ks ) + cos(w,f +ks»)]? BS M,

= RTIy[ cos®(wot + ks;) + cos*(wof +ks>)
+cos (2wot +k(s1 +52)) +cos (k(s; —52)) ]

Detector averages high optical frequencies: B
(cos wot) =0 (cos? wot) = 1
So its signal is: where /1421 4m 61 > A |- .S
v §> =S|+t
(1) o (1)) = RTlo | 1+cos (wo=1) k= onc
Optical frequency is transformed into much lower frequency
wy —> 2 =wyv/c
Mathematically spectrum /() is a Fourier transform of detector R
; —| |- o
Slgnal &t) T 2nc/ o v-t
[(w) = lim / S(t) cos (a)B r) dr Figs. ref. [1]
T—>00 C

=0



Fourier Transform Spectroscopy W/lo cos(“*—‘“z." t] cos[%."_‘]

Radiation containing two frequencies: w; and w,
Superposition of interferograms for two monochromatic waves
Detector signal is

S§(1) o RTTo[l +2cos (w, ;wg Br) cos (wl —;—wz E;)}

c C v-t
To find frequencies w,, w, from measured signal S(t) at least one beat Figs. ref. 11
: 2
period T = (%C)/(a)1 — w,) must be measured.
Relation between minimum frequency difference dw = (w; — w,) and
minimum measurement time At or path difference As = vAt
U8 o 2 L s> 2mc
t At — As
Max. path difference As between interfering partial waves (in wavelength
units) gives the resolving power w/dw of the interferometer
w 2mv  2ncAs  As
So  dw A dme _ x Intensity spectrum of the radiation source is a Fourier

o . _ transform of §f). T = At is measurement time
General case: radiation with many frequencies:

(0.¢] T

S(r)=a/70(w) [1+cos (a)(gr)] dw I(w) = lim B/S(I) cos (w%t) dr

T—>00 T
0 0



Fourier Transform Spectroscopy

Intensity spectrum of the radiation source is a Fourier transform
of S(t). T = At is measurement time
T

T(w) = lim 2/5(1‘) coS (wgr) dr
c

T—00 T
0

Mathematically FT has integration limits O to oo, therefore a gate
function is used for finite experimental data

o0

T(w) = f S(t)G (1) cos (wgt) dr
&

0
where

Imax = Asmax/v

G(t) = I for O <1 < thnax
0 fort > tyax

FT of rectangular function leads to (sin x /x)? diffraction-like
structure (like transmission through rectangular slit)

Gaussian function can be used instead of rectangle to eliminate
diffraction effects. Function can be optimized to minimize
influence on spectrum.

M,
He-Ne
f | ’ Incident
laser spectral
. - | \ radlatlon
Spectral
continuum Loy ¢
M,
D3| (D2
K‘—,‘M/M\m— Signal A
Time base B
Jr'— Trigger C
Figs. ref. [1]

Scheme of FT spectrometer with reference He-Ne laser
for time base measurement and spectral continuum for
t = 0 (equal arms, As = 0) measurement



Fourier Transform Spectroscopy

Advantages of FTS:

(comparing to traditional spectroscopy)

* high resolution o  As

Sw A
* high signal-to-noise ratio

(all frequencies are measured simultaneously)

(comparing to laser spectroscopy)

* faster broadband spectrum

;
|
I

v/em™
|

6400

6500

6600

6700

Figs. ref. [2]

Weak overtone band of C,H, with rotational structure

resolved by FTS



Laser Absorption Spectroscopy

* No need of dispersive wavelength separation

* Single-mode tunable laser — monochromatic
source

e Resolution limited only by molecular line width

*  Well collimated laser beam enables long path

Reference beam

Photo diodes

Absorbtion cell

BS2

Multiple reflection cell

PD2

|

I
A

PD1

—

Computer
screen

. . _ _ Tunable
absorption cell configurations (multi-pass or laser BS1
resonant cells) — high sensitivity

* No instrumental function — precise line profile f
Computer
measurement control

Al
Zl

Long Fabry-Perot-Int.

Laser absorption spectroscopy setup

PD3

Ll

Y

LLITILILI

Frequency marks

Figs. ref. [1]



Laser Absorption Spectroscopy — frequency modulation scheme

Elimination of laser power variation influence

Modulation with frequency () changes the laser frequency w; by Aw, .
Transmission difference AP is detected

APr = Pr(w. —Awr/2) — PT(a)L-i- Awy /2)

with phase-sensitive detector at freq. ().

tunable sample

Taylor expansion i . laser 1 cell |~ detector

_ 1da > ) o (@) ! i
APr(w) = dw Aoy + 2! dew? AwL + - frequency reference . ;?ﬁ'&;'ﬁg'r

. . . N Y A I S dulat

The first term (dominant for small Aw, ) is proportional &rs ) pp Ol i

to derivative of absorption coefficient \/ order
da(w) 1 dPr AR
do =~ PrL do

W Figs. ref. [2]



Laser Absorption Spectroscopy — frequency modulation scheme

Higher derivatives of a can be also achieved

For modulated laser frequency wy (f) = wo+ asin 2t
from Taylor expansion

a ()
aH o dn PT
Pr(wL) = PT(on—Z - sin’ .Qr( T )w
n 0 Y
for low absorption (aL < 1) we obtain from Pr(w) =~ Py[l —a(w)x]
dr Py d"a(w) @
do" = —FPox do
w o w w0
From trigonometric transformation — one obtains for small modulation (a/wy < 1) a)
that signal after lock-in amplifier, tuned to frequencies n(l (n=1,2,3) is L o
proportional to n-th derivative of a dof
da
S(2) = —al— sin(§21) ,
dw
a’L d*a NE)
SQ2R) = +—— —— cos(220) r
4 dw-

c)

AL dPa

§ =vy/3

_’;:‘—

d)

Figs. ref. [2]



Laser Absorption Spectroscopy — frequency modulation scheme

Phase ¢ modulation scheme with electro-optic modulator (EOM)

w = dp/dt sidebands at o+ 2

sidebands with opposite phase
cancel each other don’t cancel

Absorption profile

\/;\4 > T_Q |

n—L
O 0+Q 0 ® 0+
Es(t) Eo(t) Ej(t)
Single mode _‘ | inm —
tunable | | EOM Absgéﬁtlon || Photodiode
diode laser '

RF-Driver | | Oscillator | Lockdn |

5001000 MHz to-100kHz | | oC B

Phase-modulation spectroscopy setup

no modulation

\>

phase
modulation

Difference-absorption signal
Absorption 0.05%

4000

2000

0

-2000
5 AM/PM-Signal o
L Absorption 5*10
—4000 SNR 330:1

—6000 - .

| 1 1 1 1 1 1 1 L

Figs. ref. [1]

Improvement in SNR of H,O absorption line
due to phase-modulation spectroscopy



Photoacoustic spectroscopy

Ei_

B
.

N absorbing molecules in a cell with volume V

Collisions
Excited E; = E; +hv molecules can transfer excitation energy into other

molecule kinetic energy by collisions E,;, = %NkT
and gas temperature increases

AT — Nl hv
3Nk N, — no. of excited molecules f

This leads to pressure change E, —
Ap = nkAT n=NV

Laser

laser beam amplitude is modulated with frequency
f<inverse of energy transfer time (1/tcon+1/7rad)

Then presure is modulated with frequency f. _
This accoustic wave is registered Laser BEWSter windows
by microphone - -
Absorbed photon energy is converted 'Chopper T S -1,\ Condensor
into acoustic energy R microphone
. Pream - -
Frequency f can be tuned to accoustic P Lock-In Recorder
eigenresonance of the cell — standing wave
Figs. ref. [1]

Amplitude increased by Q factor of the cell



Photoacoustic spectroscopy

Sensitivity of PAS can be further increased by using multipass
cell or a resonant optical cavity

. z «100.6 kPa
/\/ Acoustic = 387 kPa
[}@:] Gas inlet B Microphone __~resonator E
A —x T "'gJ
> o 2 o
=
V) 1 v ‘
= ~ v
Entrance Optical
cell —_
- 950 > = ; | ;-:a T
= 5 15 sl e 2 |
Fig. ref. [1] g oo PGB ke, AR s SRS x4
¢ o 0 Wi i '-._.'r. ol r| I‘J' i 'I';"\J! fy l‘? A"‘..- AR AT
20,02 T
-0.02- |

: 45 40 50 5 10 15
achieved frequency detuning (GHz)

high sensitivity requires relatively high pressure (accoustic
wave), like e.g. detection of trace gases in atmosphere Gills et al., Rev. Sci. Instrum. 81, 064902 (2010)

noise equivalent absorption ~ 107% cm=! Hz"Y/2 can be

PAS spectra of O,, A-band line



Laser induced fluorescence

Selective excitation of one or a few levels in the upper state of atoms
or molecules

Spontaneous emission in all directions

If one upper level is excited — spectrum gives energy differences
between lower states

AE
v P
‘ 7
% Pl Fluorescence
Laser Vg
\l —
‘1 ! /f"1 0
\ L] 8 9
{ v 77
\ v /6
\ Yy /5
\ /4
\ Yy /3
Iy 72
71

Dy

Laser
Calibration Jy
lq.!
lamp o
Qbi ( i :"
BR
Fluores-
cence
cell
Y

Monochro-
mator

CCD

Computer — >>

Laser induced fluorescence experimental setup

PR i
VII=_1
PR PRPR
3 PR 1314
PR
2 7 orPR PR
PR | PR 9 PR 15pR
e et | T
T1T1le]l | 117 I
480 490 500 510 520 530
Figs.

Energy levels and LIF spectrum of Na, molecule

ref. [1]




Laser induced fluorescence Laser

Total fluorescence signal is proportional to the absorption spectrum: g?nhgranon

Excitation spectroscopy - very sensitive technique g jl

Signal S (rate of photoelectrons 1) is:

Fluores-
. . cence
S = Mpe = nanﬂnph5 "cell Computer — >>
where: 1, — rate of absorbed photons per second Fig ref. 1]
ig. ref.

Ng— quantum efficiency of fluorescence (1n,/n,) Laser induced fluorescence experimental setup

Non — quantum efficiency of photocathode (1n,./ny)

& — geometrical collection efficiency

. o N, — number density of molecules in the lower state
And absorption rate is: 11, = Nyoy;jn; Ax o, — absorption cross section
n, —number of incident laser photons per second per cm?
Ax — absorption path length
Achieveble parameters:
Npn = 0.2 (photomultiplier)
6 = 0.1 (solid angle 0.4n)
g =1 . better than any
hotoelectron rate n,, = 200/s
n, =3 x 108 /s (1 Watt laser at A=500 nm P . pe i i
Ldf /s ) ‘ for dark current 11,,(0) = 50/s dlrect.absorptlon

anaftor technique

] e, ® . _15
n, = 10%/s (relative absorption /, /I, = 3 x 101°) absorption sensitivity < 10



Doppler-free spectroscopy in molecular beam

Gas at thermal Slit collimation

equilibrium A Le}lser angle €
Overcome resolution limit caused by the Doppler width Ml I

2In(2)kT R — 1 1
. . . r — _— 3 b
Enables investigation of: D me:© \
* hyperfine structure le—d —
a) B Cell

e Zeeman splitting .
e rotational structure Cotljlggfr’lted

VX
Reduced v, speed in the beam v, < (b/2d)v = v, tane %V
€

!n the beam the density n of molecules having speed v within b) >V, 5 >V,
interval dv: cos 6 : Figs. ref. [1]
n(v, r.0) =C 2 noe " dv (%) vp = (2kT/m)'/?> - the most probable velocity
where 0 < t¢, r=(2+x2)/2 n =[n(v) dv C=@/ym/v,
The absorption line profile:
a(w, x) = / n(vy, xX)o(w, vy) du,
From v, = (x/r)v and cos8 = z/r from eq. (*):
n(ve, x)dv, =C- n%vf e_[(""-"/"""’)zldv_\- e‘[:::::gé]z wy = wo(l+v,/0)
Absorption profile is Lorentzian shape (natural and collisional vw)=a (w—wy)* + (y/2)? “o

width) Doppler-shifted by kv, Voigt profile with reduced Doppler (Gaussian) width

(y/2)°
(w—wo — kv )2+ (y/2)> Awp, — Awpsin e

o(w, vy) = 0y



Doppler-free spectroscopy in molecular beam

Laser-induced fluorescence in molecular beam

Mono-
PM 2 chromator
Heaters Skimmer
—>__Molecules|c o q J/
Argon or 20 8 N R L W -/".'
atoms [ood O\
50 uym
SR ORORONS)
Oven nozzle
Spatial
filter
PM 1

L1

Doppler-limited and Doppler free spectrum of SO,, (A ~ 300 nm)

j absorption
cell
T=190K
a)
*a,(13)
_ | wme pure SO, beam
h R Trot ~ 100 K
1,5 GHz "thﬂ
—
B(6)
(l'?iﬁo) rQ,(Q)
" 0,5 A6 ‘13'7’ '}‘5’ - |
Q,(s 0
3\ l PR,14) PR,(4)
a,(8)

U R AT

I 4 1 1 =
32 868,400 32868,500 32 868,600 32868700 VIcm™)

b) Figs. ref. [2]




Nonlinear absorption spectroscopy

Attenuation dl of a plane e-m wave dJ/ = —a/dx

where absorption coeff.
a(w) = [Ny — (gk/&i)Nilo(w) = AN - o(w)

AN — population difference, o — absorption cross section

dl =—-AN -o(w)-I-dx

/

For small / population densities N,, N; do not depend on /
Then a independent of /| — Lambert-Beer law [ = [je ™" = [,e~4N*

For highl: dl = —-AN(Il)-I -0 -dx (finite relaxation rate)
Intensity dependent population density (power series expansion)

dN, 1 &N,
Nie=No+ 71+ 3730

> +. ..
for lower and upper level:

dNy/dIl < 0and dN;/dl >0
Population difference

d(AN)
AN(I) = ANy +

d/

1 d2(AN)
2 dI?

2

I+

I+

Attenuation d .
dl = —[ANyol + E(AN)[’O’ +...]dx

T [ N

. . d(AN)/dl <0
linear nonlinear

b)

Fluorescence cell

>

/

\

Fluorescence

Detector

Figs. ref. [1]

Nonlinear absorption can be observed on fluorescence

3
Fluorescence
Absorp-
tion
Relaxation
Ny
a)
IFy
A
- Laser
'
(LIF) signal

- decrease of absorption



Saturation (Doppler free) spectroscopy

- Doppler broadened absorption line centered at w,

- laser beam at w

Doppler shift: Aw = kv,

only molecules with given velocity may absorb radiation

w = wy(l +kv,)

Nonlinear absorption — decrease of N, (v,), increase of N;(v,)

Double pass configuration
decreased absorption at w = wy(1 + kv,)
at line center doubly decreased absorption — Lamb dip

Width of Lamb dip depends on homogeneous line width

- natural width
- collisional broadening

Overlapped Doppler-broadened lines can be resolved

A

Ni(vx)
A =)

g, K

—_—

R

Ni(vx) X : X
A : X
[\ N L Ews=o)o+k Vy

b 0y )

reflected laser beam

&
ey

C)
both beams interact with
the same group of molecules

Figs. ref. [1]



Saturation (Doppler free) spectroscopy

From BS

laser Chopper

Pump and Probe beam configuration:

Doppler-broadened shape can be eliminated \

Pump beam .
Lock-
Saturation spectroscopy inside the laser resonator In
higher power S
standing wave (two directions) Absorpﬁoﬁ
\ Detector
M, Laser Absorption Etalon M,
cell
I // /////\ // [ {2 /J\M\ Intracavity FM spectroscopy of I, — derivative spectrum
Dete‘ftor (used for laser frequency stabilization)
~N Tuning
Fluorescence J\AL device
a) detector
IFI IL Y “
A= : _
b ® o, ® ;
) o ° I, B, (V=581 =99 «X'3, 0/ =1,J"=98)

Figs. ref. [1]



Doppler-free two-photon spectroscopy

Two photons simultaneously absorbed — induce optical transition with
AL = 0 or AL = £+2 depending on two-photon spins

Ef —5— Ef —5— Ef—5—
- much weaker than one-photon transitions hoy, c ho, ho,
- probability enhanced if intermediate level E, is present o n
—-{--
. —— En
From energy conservation E;— E; = h(w) + ?) - -- En 4 —
ho, ho, ho,
For moving molecule - Doppler shift o/ =w—k-v
Ef—E; = h(w, + w>) — hv(k; +k>) E,—— E,—— E,——
For two beams from the same laser with opposite direction Figs. ref. [1]

w| = w? and k[ = —k2

Molecules with all speeds contribute to the Doppler-free two-photon
absorption



Doppler-free two-photon spectroscopy K
Faraday —
rotator K M Er—F Fluorescence
Experimental setup for two-photon spectroscopy — - oo
fluorescence detection T !
Dye laser . E
Filter -4- m
== i
h(!)1 —_
i £
i i i Photo- i
Two photons travelling the same direction (equal k) — Spectrum  multiplier
Doppler broadened spectrum a) analyzer b)
Two photons travelling opposite direction (opposite k) —
Doppler-free spectrum (two times more probable)
Doppler-free peakis 2 x Awp/Aw, times higher than \ "fl
Doppler-broadened background !
! Doppler-free
: >V,
6p? 3P, - 7p°F, (225.2nm) Pb 208 ’ '
I LLE Rl Doppler
, background
Pb 206 Pb 207 i
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\ E(‘}lf
. Figs. ref. [1]
Isotope shifts of lead — |

two-photon spectroscopy (I) 50(|) MHz Laser frequency v




Raman spectroscopy

Inelastic scattering of photons by molecule: . hay ho,
huwg + M(Ey) — M*(Er) + hog
AE = h(wg—ws) > 0 Stokes radiation
E—— E—
(VII' ______Stokes (v|l' ______Anti-
AE corresponds to vibrational, rotational or electronic energy radiation rsatgig%n
of the molecule hoy hoy,
" _AE AE E;

Super elastic scattering on excited molecule:

AE = h(w, — w,) <0 anti-Stokes radiation
(elastic scattering)
Resonance Raman effect — if a virtual state (v| coincides Rayleigh

with one of real molecular eigenstate

Stokes Anti-
Stokes

| -

Vo v

Schematic Raman spectrum Figs. ref. [1]



Raman spectroscopy

Classical description

Electric dipole moment of molecule:
permanent

p(E)=po+a&E «— induced (*)

pand & depends on nuclear displacements @, of the vibrating molecule
For small displacements g— expansion to Taylor series:

= ap Q Ba,-j
r(q) =P(0)+Z % g @ij(q) =aij(0)+z 5, qn
n=I 0 n=1 n/0

n-th normal vibration: ¢, (t) = ¢, cos(w,1)

electric field amplitude: E(f) = Eycos wt

From eq. (*): Rayleigh

scattering

infrared spectrum
intensity ~ dp/0dq,

0 .
0
p(t) = po+ Z (d—p) qno €OS(wy 1) + ;i (0) Eg cos wt
0

— n
permanent/ "=l
0

dipole | aaij
moment T §Eo 2 (% ' qnolcos(w +wy)t + cos(w — wy)1]
n=

Raman scattering
intensity ~ da/dq,,

Infrared and Raman spectroscopy supplement each other

& - electric polarizability (tensor [aij])

Q - number of normal vibrational modes of molecule
(3N-6 or 3N-5 for linear molec.)

/

i [ Figs. ref. [1
Normal vibrations of CO, molecule: lgs. ref. [1]

v, —Raman spectrum, v,, v; —infrared spectrum



Cavity-enhanced laser absorption spectroscopy

Optical cavity is used to L

* increase absorption path length

<
R ,
effective path length Ler=L/(1-R+A) — ——— 3
LASER &{v) A
A - all other losses except for transmission . P
supermirror

) ™ » fotodiode

* separate frequencies — increase resolution
* increase radiation power

e.g. saturation effects 1 7

|
! |
I I
! !

0.5 1 | —»|ije— Ay,
1 | !
I I
! !




Absorbing medium inside the cavity

Near resonance transition, absorption and dispersion of the field E(t,z) is described by the imaginary and
real part of the complex refractive index: A

”d(""') — ”'r('-,!) — H‘C(L’)

The electric field in the medium having an optical resonance:

X

E(t,z)=E o —kKx(v)z gi{27vi—k[n+n'(v)—1]z}

related to each
other by Kramers-

1
1
1
1
1
1
! Kronig equations

(a) E,

\o \o \o gﬂ"‘*«@

Transmitted field: W. Demtroder ,Laser spectroscopy”
Y /S ’ "}T i I Friaei 1]
Er = sz‘_ﬂE kx(v)L ef‘{:_...' vi—k[n+n'(v)—1]L}

| — p2e—2kx(v)L p—i2k(n+n'(v)—1)L

Transmitted intensity (modified Airy equation):
(1— R)z e—a(v)L (1— Re—tx[v}L)E
(1 —Re—a(v)L)2 (1 —Re ¢VIL)2 L 4Re—a(vIL Sil]z( v )

VESR (V)

It(v)=1I Vesr(V) =c¢/[2L(n+n'(v) —1)]



Consequences of gas absorption in the cavity

» The presence of absorbing medium modifies properties of the cavity

» As a result of refractive index changes in the vicinity of molecular transition cavity modes

are broadened and shifted

» Dependence of FSR on frequency can be calculated on the base of Kramers-Krdnig realtion

for the real and imaginary parts of the complex refractive index

absorption coefficient

empty cavity

)\ 1__.,“\

cavity with absorber

)

N ‘ l

Detuning (GHz)

0.2 0.4 0.6 0.8



Cavity ring-down spectroscopy

After the first impulse pass through the cavity laser impulse optical cavity envelope -
F dacaying
Iélmp) (I/) — T21155(1/)€—Q(V)L, - > § impulses
c
—> > . /
Next impulse decreased by R%exp(—2a(v)L) -
: : has(V) . -
I,(\',mp)(u) — (()lmp)(V)R2Ne—2Na(u)L ' - 1 R .

For continuous-wave laser

I(V, t) o Io(l/)(R e—a(u)L)ct/L

= threshold value

empty cell ringdown

ringdown signal with
absorbing gas present

l 200-

I(v,t) = Ip(v)eR)—a@)L)et/L = [y(v)exp( — t/7(v)) 3150_

Time constant of the light decay: % 100

L o]

Tiv)= T 50

¢(—In(R) + a(v)L) ;

Assumingthat In(R) =~ R — 1 01 -
owehof

a(v) = : ( ! 1) To = L ' i

=i e Tl 0= c(1—R) Decay time const. for empty cavity

20 30 40

time (us)

50



CALIPSO CloudSat

Spectral line shape and line intensity .
line shape _ — remote sensing
P number density — Doppler thermometry
\l/ I/ — determination of physical constants
I(V)dV — 087 - |so’que |_rat|o measureme.nts _
— verification of molecular interactions
1‘ potentials , .
speed of light intensity e —

Satellite remote sensing accuracy requirements: <1%
<0.3% (for CO, variations)
Database accuracy: ~2-4% (intensity)

Good knowledge of the line shape e.g. 0, B band ~300 MHz (line position HITRANOS)
~50 MHz (line position HITRAN12)

1/(ct) [10€ cm']
W b 00 O N

. X : : v pressure and Doppler broadening

0.014 - VP v speed-dependent effects Pressure and temperature dependence of spectral line shapes
0f v Dicke narrowing W— ,
-0.014 : : : GP' v phase- and velocity-changing collisions correlations o 25 s 75 100 i
0.006 r v 70 P (R N |
0 —-—-JW’*—- |
-0.006 o
0.006 - NGP 0. :
0r Good performance of an experiment =
-0.006 : . : ! 2 40 |
0.003 F SDbvP v high spectral resolution c !
o oog s . . ' v high precision s i
0.003 sDGP v high accuracy 24\ !
0 W v’ wide dynamic range of measurements , i
-0.003 ! : L ' v" high speed of data acquisition b |

0.003 SDNGP v  very stable frequency axis oL,
0 W V..
-0.003 L L L !
-4

dv [GHz] Important parameters: line position, width, shift, intensity, ...



Spectral line shape and line intensity

line Tape number density
J‘ I(v)dv = 03,7/ H,0 v; 44,-303 line + N, (3838 cm™?)
1.004 (@)
t i
speed of light intensity © 0.996 -
2 0.992
9_.) -
Systematic error of line intensity < 0.988 -
determination caused by simplified \ 0.984 1
H 0.98 1 | 1 | L | 1 | 1 | 1 |
line shape model 0 02 04 06 08 1 12
- HTP p (bar)
. . . -~ qSDNGP
Voigt profile (VP) — several percent error - qSDVP
~+ NGP  H,0 2v,+v; 4,,-3, line + N, (10687 cm™?)
* Hartmann-Tran profile (HTP) < 0.1 percent error - GP (c) :
-~ \/P 1 e—-@——‘e'f
* HTP —-recommended for new generation of 2 n 98_'
spectroscopic databases g ]
2 0.96-
 Experimental accuracy ~ 0.1 % is a challenge - 1 =
' P N I U MU
0 01 02 03 04 05

p (bar)

N.H. Ngo et al. JQSRT 129, 89 (2013)

J. Tennyson et al. Pure Appl. Chem. 86, 1931 (2014) D. Lisak et al. JQSRT (2015)

doi: 10.1016/j.jgsrt.2015.06.012



Cavity ring-down spectroscopy @ “w/om=omsices 1

5 0 5 10"
OV/OVeen 0
N . . : P
Excitation of the optical cavity with short laser S S S N
pulse, having various spectral widths Av, t, .

(b)  Avp/8vegg=1, Atp/tr=0.64 ! 1
Exp. decay for Av, << Avigg — o
Avger — cavity free spectra range ‘ j Z& 05 o 1 2 3 s s
0.5 vty
0 OoT——T1 771 "7 T T T T

Single-mode CRDS 0 1000 2000 " 3000 4000 5000

1/8vesq

Multi-mode CRDS

0 1000 2000 3000 4000 5000
tt,



Transverse modes of the optical cavity

Transverse modes may have different
decay times

- different optical frequency

- different mirror losses & diffraction

(== Cavity tuning )



Modes of the optical cavity

Gauss — Hermite modes:

Wimn c

2 =E

L )] L — distance between mirrors

2
l+—(m+n+ 1)arctg . ,
T r — mirror radius of curvature

longitudinal modes

10 20
Gaussian mode

mode|spectral width év = 20 kHz

L

o JL N

I v { T T v T T T v T T 1
1

FSR = 200 MHz (R = 0.9997%)




Mode-matching
Gaussian beam

F= Blz.yzm0,t) = U{z,y, z)e_i(‘*’t—k"‘) concave-mirror
cavity

From the wave equation AE + k?E = (
we get modes U_.(X);2.

Gaussian mode @(z) is a complex phase shift
Ulz,y, z) = e~ (@)+E/20r7) Ulz,y,z) = e w()? =i((kr/ R () ~ig(2))
1_1 .2
g R ku?

From the wave equation Width and radius of curvature of Gaussian beam
. B 1 9 %%
dg _,  dp_ i v =y g
dz ' dz q
] '
2
oo o)
kw?

q=<10+z=z'T+z



Mode-matching of laser to cavity

laser beam optical cavity
(1) (2) (3) (4) (5)

NY

-

\NO(D) ;

z=0 z=dyy z=d,;y z=dg, z=dg,

ABCD matrix formalism

for Gaussian beam Gaussian profile of TEM,, mode

qz = A B q1 ’2 . \/L(QT—L)
i S o Yo(e) = ~

. kw? "
k=1/(Cq1 + D) R(z)=2 |14 ( 270)
11 2 )

q R "kw?

(1) initial Gaussian beam measurement

q(l) _ ikwg(o) /2
1 1

(2) Translation to distance d,,

9) _ (1 %qw) (90
1 0 1 1
(3) Transition through lens f, and translation by d,;
q@) ) _ (1—ds/fi das) [aqe)
1 -1/ 1 1
(4) Transition through lens f, and translation by d,
qa) | _ (1—dsa/f2 d3s) [q)
1 —1/f> 1 1

(5) Transition through the cavity mirror with curvature
radius r and translation by d,

(Q(S)) _ (1 +2L/7‘ L> (Q(4)>
1 2/r 1 1



Mode-matching of laser to cavity

He-Ne laser

Diode lasers may have Transmission through a single-
strongly non-Gaussian mode fiber will clean the beam
beam shapes shape (and decrease power)

\

Diode lasers

0000




Cavity ring-down spectroscopy - CRDS

LASER LASER RING-DOWN
LIGHT HIGH-FINESSE LIGHT EVENT
INJECTED RESONANCE CAVITY LEAKED

Exponential decay:
t

» I » < ,’/\\\\/{,,\\\\/’M\\\ >] » I(v)=1,(v) e_r(v)
’ /

Beam shutter High reflectivity mirrors
t
Decay time -1
L [CT( Vq)] :abg( Vq)—l_ aabs( Vq)
r(v)=
al- R+a(v)L)
:abg(vq)+nc E Sigi(Vq_Vi)a 1
! CSV",(V) ~
2ant(v)

A(v)
high sensitivity (long optical path) s
high spectral resolution (cavity filters frequencies) _ .
insensitive to laser power fluctuations (time is measured) | .
self-calibrated absorption (no cavity L needed to measure a)



Frequency-stabilized cavity ring-down spectroscopy FS-CRDS

Vibrations and thermal drift of cavity resonances

&HJ“
OO

FS-CRDS * — Frequency-Stabilized CRDS

Active stabilization of the optical path length in the cavity

\

Frequency reference

Hodges, Layer, Miller, Scace, Rev. Sci. Instrum. 75, 849 (2004).

Residuals (10 cm)

A. Cygan, et al., Phys. Rev. A. 85, 022508 (2012)

8 R7Q80,line
7k P= 933 Pa
£
(&)
2 6
=
—5F
6
=4r
3 1 1 1 1 1 ]
0.01 ~ SN R:140C: o FS-CRDS (a)
f\» I\ J\ 1 Wi
0 ¥ ot ol AL Wy ﬂﬂu\{fwf‘
_0.01 [ 1 1 k [ 1 ]
0.01 - SNR~6000 PDH-locked FS-CRDS (b)
0
_001 1 1 1 1 1 1 1 ]
0.01 PDH-locked FS-CRDS (1040 scans) (c)
0 - _— e — I
001 SNR~220 000 | , , ,
T3 2 -1 0 1 2 3
dv (GHz)



Experimental setup for FS-CRDS

Ring-down detection

Absolute frequency measurement PDH-locked laser Frequency-stabilized cavity
PZT Ring-down cavity
M PBS 24 oM 7 oM PBS M
Rbref |« GPS - y d I\ / ~ L

= LYpBS ' - - - - . -

v 3 £ : g £

; w 3 Low-bandwidth S o

OFC T = =z feedback servo i

' (:E 3 1 '

Pol—— CEEEE - . . '

.||.Ll.|.|J ] | P + _____ U T
T PDH lock .

PBS B ADC |-4+¢

Pes [ 4 4 ((90)) Npes e M(VIJ,’ AOMa [ Reference , ;
M Aa PBS asel 4

2 2 S Aome [~ ECDL DDG |- -

; PBS .
: ............. .‘_ .............................................. .‘_-----------.I
resolution ~ 1 MHz to 10 kHz depending Detection limit of absorption coefficient
on the reference laser
a_. _ _ . . .
mn_ ~75%x10" em™ Hz"? (with 300 ppm mirrors)

3000 decaysin 0.2 s, f ., = 15 kHz min_
fr
A\ 'rep



Locking the laser to cavity mode with Pound-Drever-Hall (PDH) scheme

Fast phase modulation (with EOM)

o
w

] Av,~5MHz — Transmisja przez wneke
S 7| Av,~300kHz — Sygnal bledu PDH
% 02 °
el
E] i
do pom wiot O =
P Py 2 E' 0.1 4 wslegi boczne
t } £
0 LN S N R B N R B NN BN N ENN H H S i |
689 nm Pol k]' 001 ]
- 0 __——/\’-J\-—\/-—_——
001 - ¢ =-90°
LI U N N N I E B N B N NN H B B B |
a -
MC o 0.01
! 3 o] v VAN
g ¢ g 001 $=0°
g ? < 1 r 11 T 1] 1t 111 1T
o g 0.01
@ g 0] [~ \ o~
E 001 - ¢=90°
1D [} T 1 T 1 1 1 1T 17 T 1 111 1T
o s. biedu S. wejsciowy -60 -40 -20 0 20 40 60
Out_Inej+~— NF | {g} 'DetpDH v (MHz)

PDH lock setup

Transmission and PDH error signal
PDH vs phase of the reference signal



Laser lock to the cavity

low-bandwidth lock FS-CRDS

|

llmlL N N

>
t

high-bandwidth Pound-Drever-Hall lock PDH-locked FS-CRDS

1L \ N AN

t

Increase of repetition rate— faster signal averaging — increase of precision



PDH-locked FS-CRDS

PDH error signal

I

I

L

T
20

[ I 1 1 1 ]
=40 =20 0 40
4 _— $ ||||| .
|
| |
[ [ f
o 4 i
[ I T 1 T 1 ]
-40 -20 0 20 40

|
|
|
L
T T 1
0 20 40
Frequency [MHz]

interrupted PDH lock

(@)
2 - - 8
) - N
ERTE - 6
o
2 _ N
5 14 4
0n
ki - =
£ 05 4 - 2
c
E — =
=
0 1 I ] I 1 1 1 1 ] 1 o
0 50 100 150 200 250 300
Time [us’
(b) [us]
2 - - 8
= N
€ 15 - 6
2
g - N
& 14 4
1]
ki - -
£ 05 - -
c
B! -
0 ) 1 ) I I I I I I 0
0 400 800 1200 1600 2000
Time S
(C) [us]
= 27 1 ms - 8
b= - L
£ 1.5 - - 6
(=2
- i |
5 14 4
[
@ - -
E 0.5 -
c
g U t i
0 1 I 1 1 1 1 || I 1 0
0 1000 2000 3000 4000 5000
Time [us]

A. Cygan, et al, Meas. Sci. Technol. 22, 115303 (2011).

Trigger amplitude [V]

Trigger amplitude [V]

Trigger amplitude [V]



Saturation CRD spectroscopy — Lamb dips

frequency step = 50 kHz

Non-exponential ring-down signal ~~ 1 MHz-wide dips

1 1 N
due to nonlinear absorption ~ part
£ * ¢
o
. 85-
_ = R
1600 —| s &
o
f o84
2 0 2 4 6 8 =
_ 1200 125 - Detuning (MHz) g
5 i o
2
f=
H 83 -
S 800 — -4 2 0 2 4
2 Detuning (MHz)
£ J
~— 100 -
400 —| £ -
- (¥
© —
0 — L £
\ \ = < 68
20 — e P g
e = -
— exponential fit o =
S 84
:—‘G
3 67
3 2 4 [ 8
50 Detuning (MHz)

0 20 40 60 80 -2000 0 2000
me (k) Detuning (MHz)

D. Lisak, J. T. Hodges, Appl. Phys. B, 88, 317-325 (2007)



Some alternative methods based on CEAS

Empty cavity

In the vicinity of absorber cavity modes are spectrally broadened ]
. . . . . 0.8 —
due to the absorption and shifted due to light dispersion. i
0.6 —
U The radiation intensity transmitted through the cavity filled with an absorbing E
gas is given by the expression: 04 —
( ) (1 7R)2e—a(V)L (1 7Re—0£(v)L)2 p—
Ir(v)=1 ' J
_Re—0(VIL\2 (1 _ pa—o(V)L)2 —a(v)L gin2( 7V -
(1—Re )> (1—Re )2+4Re sin (VFSR(V)) . i
where a(v) — absorption coeffcient, L — cavity length, R — intensity reflectivity of the 0 0.2
cavity mirrors, vegz(v) — free spectral range of the cavity.
O Measurements in the time domain — Cavity Ring-Down Spectroscopy (CRDS) A(v)
Z'(V) ~ L -« decay time constant
= c(1-R+a()L) recorded in CRDS
0 Measurements in the frequency domain — Cavity Mode-Width Spectroscopy (CMWS) A(v)
ov (V) ~ 1 cavity mode width
m 2rn Z'(V) recorded in CMWS

O Measurements in the frequency domain — Cavity Mode-Dispersion Spectroscopy (CMDS) v ¢g(v)

VEsR bg v) cavity free spectral range
B w recorded in CMDS

Vesg (V) =

1

¢ FSR far from
477 0 VFSR bg absorption resonance

<« Jv

Cavity with absorber




Some alternative methods based on CEAS

(=]

&)
=
)
1/(ct) (105 cm™)
L ‘

2
T
e

1D-CMDS

A(v) A(v) A(v)

Residuals

Avp
Vi
¢ ) Jl J\ —~ ¢ |- CMWs
t v v s '_ ,ff\.
L °f £
Es 4 - 4 L
Spectrum of TEM,, mode of the optical cavity A T E R SR T S
14 — § o.o: [ VP & SDNGP
—_ I U(Avp)=97 mHz 3 - R? g QF=332 & 7183
S 105 A/(D) Y Yy R TR A Wil
L) L
o i
g o7 8= 1451.52(33) Hz __ 6 1DCMDS A
s T F
Eoss 52t A
z P
0 0 ———.-w V“‘-———‘
w0.012_ wo{12_| 1 1 . M R
© T VP & SDNGP
S Lorentzian fit the same g ok
=l 0 ‘@ 'Wﬁﬁz:tyﬁ iyt
@ frequency on & ol 5T QF=244 & 1639
o 0.012 both axes Of N‘: 05 o 0.5 1 15
5 4 -3 2 1 0 1 2 3 4 5 spectrum Detuning (GHz)
Detuning (kHz)

A. Cygan et al., Opt. Express 23, 14472 (2015)



Some alternative methods based on CEAS

Advantages of cavity mode-width spectroscopy:

* linear high-bandwidth detectors not needed
* higher dynamic range than CRDS

Increase of absorption leads to:

Shorter decay in CRDS (worse)

Larger mode width (better)

Advantages of cavity mode dispersion spectroscopy:

* based on frequency measurement only
* insensitive to nonlinearity of detection system
* more sensitive to the line-shape model *

* Wang et al. JQSRT 136, 28 (2014)

Simulation of CRDS & CMWS sensitivity

— CRDS R=0.99985 Tau_min=2us
— CMWS R=0.99985 Sigma_freq=0.05kHz
— - Transmission

100 R = 0.99985
\
\ @,,=2.05479 10+
AN

0.01

0.001

0.0001

A. Cygan et al., Opt. Express 21, 29744 (2013)

iy

e
-
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=
o
=

0.001



Frequency-agile, rapid scanning (FARS) spectroscopy

Method:

* Use waveguide electro-optic phase-modulator (PM) to generate tunable sidebands
* Drive PM with a rapidly-switchable microwave (MW) source

* Fix carrier and use ring-down cavity to filter out all but one selected side band

MW source )
side-band spectrum
S BT ring-down cavity
cw laser l N Detector
Advantages:

e Overcomes slow mechanical and thermal scanning
* Links optical detuning axis link to RF and microwave standards
* Wide frequency tuning range (> 90 GHz =3 cm™?)

nature

. LETTERS
phOtOﬂlCS PUBLISHED ONLINE: 28 APRIL 2013 | DOI: 10.1038/NPHOTON.2013.98

Frequency-agile, rapid scanning spectroscopy

G.-W. Truong'?, K. O. Douglass’, S. E. Maxwell', R. D. van Zee', D. F. Plusquellic’*, J. T. Hodges'
and D. A. Long™*



FARS measurement principle

cavity
resonances

(30012) - (00001) CO, band
_I |_ 80 Spectrum recorded in 8 min
= frequency
Vc+8 T scanning
‘ :l: = . ,I_E
Q
_I I : S | o 25
V+O+FSR § E.
HUWL‘UUULJW
_I i I 20 T RAAMIMAMA,
I 0.0 0.6 1.2

vc+§;2FSR frequency detuning (THz)



Thank you for your attention

Torun, Poland



