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Raman instruments, elementary theory

 Initially, Raman a physics curiosity: low intensity signals

 The lasers and electronic detection (PM): crystals,
gases, liguid studies in physical-chemistry-
crystallography laboratories

« Raman microprobes: 1975-1978: Rosasco (USGS) and
Delhaye-Dhamelincourt (LASIR, Lille, France) +
Instrument company.

« CCD detectors in Raman microprobes + laser rejection
by filters
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Where is the information in a Raman spectrum ?
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Raman shift: in relative wavenumbers
with respect to the excitation radiation

1 pum < 10000 cm-1; 0.5 pum =500 nm < 20000 cm-1

V Raman wavenumber => absolute wavenumber abs

VR,j

R’J for a stokes Raman line:

= Vo = Vg

— bs _ o,
AR,j — ]/VS’? — (VO — Vi, ) wavelength of the Raman line

Raman shift in wavelength: AA R, ] — A R, j - AO
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Raman shift: in relative wavenumbers
with respect to the excitation radiation

Stokes Raman shift (4000 cm) in wavelength:

/]o (nm) I/_O(Cm_l) I/ijax (cm ) Rmax(nm) AA Rmax(nm)
250 40000 36000 277.7 27.7
400 25000 21000 476.2 76.2
500 20000 16000 625.0 125.0
660 15151 11151 896.7 236.7
785 12739 8739 1144.3 359.3
1064 9398 5398 1852.5 788.5

The Raman spectrum is scattered over a larger spectral interval range in
wavelength for red excitations than for green or UV excitation lines

A precision of 1 cm! < to 6.3x103 nm = 6.2x102 A for the 250 nm excitation

A precision of 1 cm ! < 6.1x102 nm = 0.61 A for the 785 nm excitation
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Raman line intensities: orders of magnitude
estimated by radiometric calculations

Differential Raman
Number of scattering cross
section

excitation photons

Numberof Raman | [N] = = Uy
photons Up~Ur A
Excited area of the Solid angle of Number of molecules in
sample collection the excited volume
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Raman line intensities: orders of magnitude
estimated by radiometric calculations

Nos, = S0 o),

A \ dQ

N, (0s) =W /[Eiphomn (1)) W_ =01Watt=0.1J.s"

Vo

N~ (Ls) = 4x10" photon

Evonoon (40) = (c/ ) = 662x10°*(3x10P/ 05x10°7 )= 4x1078J

(j_gjzlo—sstolo-ssmz.srl Ny =oAL memp N,,/A= oL

10° ~3x10%®moleculesn® L = 0.0l m

£~ 002 (602x10%)
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Raman line intensities: orders of magnitude
estimated by radiometric calculations

Monochromatic luminance of the light of the sun at 0.5 um wavelength with 1 cm?
line width

7 e o = |
luminance (W.m _sr _pm )

L T —

UV spectre visible IR
8000 K Y -
s 0.02 a 2 Raman photons s !
plus “froid”
" tempermjde - a narrow band photographic filter to create
Biiie e monochromatic light (violet), and a filter
e e (yellow-green) to block violet
monochromatic light
510
6000 K :: S -
2510 | \ \ soleil
Température 5000 K
h-_ —_— 4000 K
———————— R— 3000 K
o 1 1.5 2
longeur d'onde (pm) &G Dinzon 2007

l. Das Spektrum des zerstreuten Lichie:
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First Raman experiment

Hg excitation lines

v

-y gtot

Raman lines
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Raman experiment and eyes !

blog.lib.umn.edu/chaynes/

Rayleigh scattering St?c(;fter\;ﬁ]rgan

A =488 nm |

Rejection

filter of the
Cyclohexane 183 arf
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Figures of merit of a Raman spectrometer

« excitation source: high power and stable monochromat Ic source
N — =10"to10"
Vo~VRr
— 2 3 — 5 7
N~ Rayteigh = 107 010" N~ refiecion =10 1010'

* high rejection of the excitation wavelength
* high transmission of the dispersive system and high s pectral resolution

* high efficiency detector
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The different elements constitutive of a
Raman (micro)-spectrometer

Computer

Microscope or Focusing lens

focusing optics on entrance slit
Rejection

Entrance
slit

Vo Coupling Spectral Detector

optics analyser
Laser filter

Laser -
,,,,, Mirror
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The excitation sources

1928 1960 1963 1969 2000 2005
Sun, Townes suggests Firstlaseruse Ar * Krt Nd-Yag Laser diodes
Hg lamp  the use of lasers (Porto-Weber) 532 nm

1964 (He-Ne) on

Cary spectrometer

End of Ar */ Kr* lasers in 2013-2015 ?
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The excitation source: lasers

Laser = Light amplification by stimulated emission of radiation: 1957-1960

Charles Hard Townes, Arthur Leonard Schawlaw (Bell labs); Gordon Gould (Columbia
University); Theodore H. Maiman (Hugue Research lab)

Excited level E, -9-0-9-9-9-¢

@~ ~ O-lo-

Ground level E, —e
Pumping:
. . Spontaneous _
Light absorption emission popula_non
inversion

Defines the type of laser
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The excitation source: lasers
Transverse modes

Resonator modes can be divided into two types: longitudinal modes, which differ in
frequency from each other; and transverse modes, which may differ in both frequency
and the intensity pattern of the light.

Only TEM ,, mode is used
In Raman spectroscopy
and microRaman
spectroscopy

Gaussian beam profile
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Polarization of the laser beam

At the Brewster incidence angle, the windows transmit all light polarized parallel to the
incident plane (P). Light polarized perpendicular to the incidence plane (S) is reflected
out the cavity.

. 'I tg(‘gBrewster) =N

7
-
-
%
-

Polarized incident line => access to polarization state of Raman lines

o ] ] Mirror
Measurements of depolarization ratio of Raman lines

Consequences of the light transmission of gratings
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Divergence of the laser beam:
Figure of Merit M?

. "__%_ _;f:_ﬂ:*’ WI:Z')
—— .,
V2 W[]I 0w I| . i I
. 'O 7 Perfect Hermite Gaussian
e laser beam
o = ------- EH eo HHH.
e \\

The quality factor, M 2

Wh o X
(called the “M-squared” factor), is defined to describe 2 _ "OR HO,R

the deviation of the laser beam from a theoretical
Hermite-Gaussian beam.

Wy X 6,

For CW lasers and helium neon lasers, 1.1<M2<1.3 less than 1.1;

For diode lasers 1.1<M2<1.7
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Wavelength of lasers and laser choice

Art: 351.1; 364; 457.9; 488; 514.5
Nd-YAG™*: 256; 365; 532; 1064:

Kr*: 350.7; 406.7; 413.1; 530.9; 647.1; 676.4

Laser diodes: 405; 635; 660; 785

o Ar Ar N;’:;‘G He-Ne| Kr | |Diodo *Fuda?g
: n
458 nm ||488nm| |514nm| o, 632nm|647nm| |785nm| -

=

i . s
s

The choice of the excitation source

 luminescence of the usual samples;

» Consequences on optics, gratings, detector
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Rejection of A,

» either by a double or triple spectrometer

e either by a rejection filter with DO = 6

Iog( Iltransmitted j -—-DO=-6

O,incident

» super-Notch filter: well centred on A, 30 cm-l

e edge filter: high band pass filters.
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Rejection of A, and Raman lines separation

1785 1928 1953 1972
Gratings prisms ruled precision holographic
Hairs ! gratings gratings
. J
Y
Diffraction based

\4

Refraction based:
n=1f(A)

Cary: double additive
Czerny-Turner
spectrometer
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GRATINGS to separate the different radiations

» Gratings work either in transmission or in reflection

» Transmission gratings are made of parallel elongated domains which
transmit the light and opaque domains: thus they can be considered as
arrangement of parallel slits corresponding to the transmission zones

» Reflection gratings are an assembly of elongated mirrors acting as slits;
the grooves are the opaque parts.

PHYSICS MODELS: ARRANGEMENT OF MANY PARALLEL
EQUIDISTANT SLITS WITH THE SAME WIDTH

1 SLIT -2 SLITS — N SLITS



GRATING THEORY: 1 single slit: Fraunhoffer slit

- [ﬁj
A

_ nxbxsing
A

Y Y Y Y

14

Single-slit diffraction pattern

Intensity
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GRATING THEORY: 1 single slit

_nxbxsingd

P A

« Symmetric distribution of maxima and minima

. 7bsing . 2k +1)A
e Secondary maxima for (= (2k +1)§ = j'n =sing,., = ( o )

7bsing . 2k +1)A
« Secondary minima for B= (2k +1)7T: ; = sing,;, = ( - )

» Width of central max =2 (A/b) ©- 0 if bis large with respect to A: point source

«if (A/b) =1, then at k=0, 6., =172 => large central maxima
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GRATING THEORY: 2 single slits

SAEM
auejd
uapiu|

adojaaua
s 3jbulg

Single slit term
enveloppe

I :2|0>1[Si222’8]x‘0052y

" uondeayIg NS 21qnog

| y=(n/A)dsing |
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GRATING THEORY: 2 single slits

_ Tbsin@

s

A

Single slit term
enveloppe

| :2|0)1[Si222’8]x‘coszy

Represents the interferences
resulting from two beams of
equal intensity

| y=(n/A)dsing |

When the slits are narrow, the positions of the maxima are determined mainly by cos2y

Maxima occur for cos

2y:1

y=(n/A)dsin6=0,n,2n,3n,...
dsind=0,4,24,34,..m/
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GRATING THEORY:

IT;:I::dni-m Five Slit Diffraction

Wave

Single slit
envelope

N single slits

Represents the interferences

_ 77bsin9 Single slit term

resulting from N beams of equal
Intensity arising from N slits

IB ) enveloppe

X

(sinNy)

(siny)*

_7Txdxsin

A

EMU-CNRS International School: Applications of Raman Spectroscopy
to Earth Sciences and cultural Heritage : 14-16% of june 2012




GRATING THEORY: N single slits

- 2|Ox(sin2ﬁ]x (sin Ny )
B? (sin y )’
T xdxsin 8
a )

(Sm Ny) - xlwheny - mmr Maximum value

(N'siny)

dxsind=mxA=0,A4,24,34,..m/
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GRATING THEORY: grating equation

d x(sini +sind)=mxA =0, A, 24,31,..mA

7] | diffraction order

Positive orders : m>0

assini +sing <2, \rd% <2

Mirror, specular

m=0= reflection
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GRATING THEORY: grating equation

http://hyperphysics.phy-astr.gsu.edu/
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GRATING DIFFRACTION

http://h2physics.o I

Monochromatic
diffraction
Superposition
Polychromatic of Orders
diffraction
dXSinglszxAl | Red: 600 nm 3
dxsing, =m, x A, m=2m=3= /]125/]2 | bleu: 400 nm

0,=6, = mA =m,
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GRATING DIFFRACTION and Raman spectrum

| [

m =0 Aaser = D14.535 nm
Raman spectrum; m=1;
No possible overlap
with different orders




GRATING DIFFRACTION and grooves density

d x(sini +sin@) = mx/

groovedensity. G :% =numberof grooves/mm

G =150- 3000- 6000(VPHG)

sini +sin@=Gxmx A |

at constant m and wavelength, diffraction angle is pr oportional to groove density
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and

RULED GRATING

IOLOGRAPI

IC GRATING
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GRATING DIFFRACTION and Raman spectrum
Angular dispersion versus wavelength

Dispersion on the screen of the different wavelengths for a given
diffraction order results in different angular dispersion

d x(sini +sind) = mA andAD E%

(dcost)d=m™ — ap=_M - OCM
dé dcosé cosd

AD : proportional to m and G



GRATING DIFFRACTION and
Chromatic resolving power

R= 4 = mN
A/]

Resolved lines

gred, M. Fremcan.ar

Just resolved line: Rayleigh criterion

| Unresolved lines

The first diffraction minimum  of the image
of one source point coincides with the
maximum of another.




GRATING DIFFRACTION and
Chromatic resolving power

\
R:i:mN
AA L
. '\|= R=m—2 and|d x(sini +sing) = m/
N=—0 d
d \— _J
) ~

2L
bes{ij —_ 9
A/ A

The spectral resolution is proportional to the length o f
the grating (perpendiculary to the grooves)
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GRATING DIFFRAC

ION and

Resolution In wavenumber scale

Wave-vector K = Zﬂ/A A/M = k/Ak =mN

At the first order, if

A =0.5um

K=2m—= Ak =27xbo—dpp=Y =_1_
MmN AMmN
d=Ad=axA |av,,=——=2
dxN Lg
1 1
= Av_ .. =—=0.1cm

Lg =10cm

10
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GRATING DIFFRACTION and line intensity

P=TM

S=TE

grating S=TE

blaze arrow

The polarization state

The incident angle vs the blaze angle . e
J J of the incident radiation

Efficiency curves are function of wavelength: 1) Absolute = Incident(A)/Diffracted(A)

2) Relative = Diffracted(A)/Reflected(A) by mirror with same coating
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GRATING DIFFRACTION and line intensity

100

90

------------
- -
.......
=
-
-

80 ) Blaze angle, maximum
70 ™ efficiency

/"'-'-\\- I -
60 - :
//”*’ hjﬁa\\\ ~..__unpolarized
50 i - B

) S
40 —
/ SN .t '/ _‘Jr \
30 ,f - lri'
’.’.- ',4‘\\ f‘ N
20 [ 7™ #——
l“ ._;'

Relative efficiency (%)

10

300 400 500 600 700 800
Wavelength (nm)

Grating efficiency depends on
Wavelength , polarization inincident light, incidence angle , diffraction order
groove profile and coating material .

Selection of the grating from  the exciting radiation

wavelength
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CZERNY-TURNER SPECTROMETER:
Basic principles

Lo

Entrance slit

Exit slit or ; . .. .
/ multiplexing detector | @€ IN a fixed position: Dv

Sources and detectors

= deviation angle

D, =6~i

sini +sind=Gxmx A|

1+
2xsm(

=

0 Ij = 2><sin(
2

| +

Hjxco{zvj:meX/l
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CZERNY-TURNER SPECTROMETER:
Actual optical design

exit shit
focusing
mirror

diffraction

grating
collimating
mirror

entrance slit

files.chem.vt.edu
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CZERNY-TURNER SPECTROGRAPH:
Actual optical design

Crossed Czerny Turner Spectrometer Spectrometer
Image Plane

linear array detector

opticalea.com
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CZERNY-TURNER SPECTROGRAPH:
Actual optical design

= rotationang Ie| , | Angular refationstips |
---.-.-.-.:::::::::::::::::1::‘,'jjjj,'jj_',jj'jjjj_f_','f."'f.'.'_'.'_"'."'.':“_'_:’: """""""""""""""""" |¢ =D,/ 2|
.................. e
16=c-¢|
[=¢+c]
|(i +6)/2= ccl
i-6)/2=9¢|

Entrance slit

12xsinewxcosp =GxmxA|
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CZERNY-TURNER SPECTROGRAPH:
Sine bar for grating rotation

Ru

________

central line
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DETECTORS

1928 1940 1950 1964-1967 1986 2012
Eyes, Photomultiplier Image Intensifier CCD
photographic tube Vidicon Camera

plate

(yand \RC . TER

(L R S AT

- ‘1“ | SPECTRE “RAMAY'

“l ARC » MERL URE

ILT1TRER IR B URRER R
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CCD DETECTORS

Invented in 1969 at AT&T Bell Labs by Willard Boyle and George E. Smith
Nobel Prize of Physics in 2009

2D Array of individual « detectors » = pixels

1024 x 256 pixels (26 pm x 26 pum)

Formation of an electron/hole pair in p-dopped silico n
layer if E(photon) > Si band gap

200-1100 nm

Front or back illuminated: consequences on quantum e fficiency

Electrons are stored in a potential well characterized by is Full Well Capacity and
read-out by an electrode

Cooled at -90 °C (Pelletier effect) or -130°C (liqui d N,) to eliminate thermal noise

EMU-CNRS International School: Applications of Raman Spectroscopy
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Relative QE (%)

CCD Detectors:
guantum efficiency curves

Quantum efficiency Qg (A) = number of electrons generated per incident photon

100%

— BV (550nm)
BR

90% | Andor Company To choose as a function of

80% -
BU2 (250nm) the excitation source

70% "

60% i

CCD detectors: high Q ¢, low
dark current, low read-out
noise => great input in the
use of Raman spectroscopy,
in Earth sciences.

50%
40%
30%
20%
10% 1

200 300 400 500 600 700 8OO 900 1000 1100
Wavelength (nm)
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CCD : intensity and wavenumber coding

< 1024 pixels
A
256 pixels Intensﬂy: ve_rtlcal
binning of pixels
v
! Entrance slit

Ve va Vi Vi, BWTEK

Dispersion of Raman lines along the CCD length Grating

Mirror 2

Linear dispersion of the
different radiations:
deduced from the
angular dispersion
produced by the grating  Mirror 1

EMU-CNRS International School: Applications of Raman Spectroscopy
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RLD is linked to AD by

2><sin(I

CCD : wavenumber coding

dA
dx

Where wis the rotation angle of the grating

For a spectrometer with a focal distance f dx = f xda

For a Czerny-Turner spectrograph

+9jxco{bj = 2><s.in(I +9jxco D, =GxmxA
2 2 2 2

d/]: 2d >(COSQJXCOS¢:Zcosccxcosq)
dx fxm Gxfxm

Average wavelength dispersion or  Reciprocal Linear Dispersion RLD =—
‘ da
d/]:d/]xdco RLD = AD x 2%
dx dw dx dx

EMU-CNRS International School: Applications of Raman Spectroscopy
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Numerical application: small

CCD : wavenumber coding

d)I: 2d ><COSWXCOS¢:2(:osa,><(:os¢

dx. fxm Gxfxm

1st order diffraction; ¢@=30°

dA _ 2x0.5xcod30°)

wangle (cos w =1); f =800 mm; grooves d = 0.5 um;

At 1000 cm Raman shift / 514.5 nm

=1.08x :]_O'?’Mm_mm'1 | In wavenumber scale
dx 80C d;_daxd/l
= dv _ 1 _ -2 dv_ —2_dA dx  dA dx

AS ‘V:]/A‘—:——:—VZ:—:—VZX—

d/ A dx dx

Av

v 367cm™/cm== 880 cm ‘coveragef CCD
X

Vinew =1943%M™ = Vioooems =1843Em ™
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AV

CCD : wavenumber coding

=7 =367cmt/cm 1 pixel 26 um = 2.6 10 -3 cm

AX

1 pixel 26 um corresponds to 0.95 cm

-1 /pixel = pixel size resolution

intensity

Limiting resolution of the
spectrometer including the detector

Av spectrometer — oV pixel X 3= (

tv
AX

]xd’vcco X3

/ \

1 2 3 4 5 6 7

pixel
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Spectral resolution

spectrometer )2 ‘S?; - \/(AD dlit )2 + (A; spectrometer )2

‘SRA = \/(A/]sm )+ (A/]

dv y - magnifyingpowerof thespectomer
AV gic = x| x— cod|
=y dx y = S() L =land y=1
cos(é’) L LB
| =slit width
Thus , for the same numerical application
dv _ 4 ~ - 1
&—367cm /cm,| =100 pm Avgit =3.67/cm

R =4.74cm™
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Band Shape

F(D):ZL(;)xA(;,ao)xd;:

Lv)o Al,vo)

I I
Source Apparatus function
Instrumen Modification of the band profile
Spectometer — by the instrument.
entrance slit CCD pixel AV it = OV pixel
Lorentzian => Gaussian, mixtures
® o Condition of no modification of
the band profile and no
— enlargement:
— <+—>
AV i SV i AVt + 6V i Instrumental resolution < 1/5
FWHM of natural profile
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Coupling sampling system with spectrometer

\

Entrance slit / Detector

/ Spectrograph
Collection optics and transfer

Optimum coupling conditions: constant flux of photon s transported from
the sample to the detector without any loss (except thos e resulting from
absorption): Etendue or throughput is constant

EMU-CNRS International School: Applications of Raman Spectroscopy
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Radiometric calculations

Calculation of number of Raman photons from the source

Calculation of number of Raman photons collected by th e sampling system
(lens, microscope objective)

from the value of transmission of each optical element (T=11,),

from the value of the QE of the detector, the number of photo-electrons can
be calculated.

EMU-CNRS International School: Applications of Raman Spectroscopy
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Spatial resolution of confocal
Raman microspectrometers

Sample Relay Optics Pinhole

To Spectrograph

FFFFFFFFIFFFFFFFFF]
N

In Focus Plane

144
(N.A)?

| Axial resolution

| Lateral resolution I@(y — O46/]/(NA)‘
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Degradation of spatial resolution by refraction

Use of immersion objective

(a) Oil immersion objective

P=80pum Nh=1.4 Nm=1.55

(b) Dry objective

<D

g
!
)
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RAMAN SAMPLING VOLUME
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