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Overview of Raman scattering signal origin and instrumentation

DUV ROA spectrometer

Measurement of non-resonant and pre-resonant spectra
and their interpretation

Outlook for further development of DUV ROA spectrometer



Origin of Raman scattering signal

1. Raman scattering from a single molecule:
- wavenumber of scattered radiation
- geometry of scattering
- polarization of excitation and scattered radiation
- molecular properties

2. Raman scattering from a bulk sample - volume source of radiation

3. Properties of spectral analyzers:
- optical throughput, étendue
- spectral resolution
- spectral range
- efficiency (transmittance)
- signal/noise, sources of noise

4. Optics for transfer of scattered radiation to spectral analyser



1. Raman scattering from a single molecule

Radiant intensity of Raman scattering from single molecule:
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1. Raman scattering from a single molecule

Radiant intensity of Raman scattering from single molecule:

I %=IBE0
/ AN

1 .
[W sr] Irradiance [W cm™?]

Differential Raman scattering cross-section:
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2. Raman scattering from a bulk sample - volume source of radiation

Radiant emissivity (radiant flux from unit volume into unit solid angle):

J=2"s -DpE, dQ

concentration of molecules [molecule cm™]

Radiant flux of Raman scattering:
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2. Raman scattering from a bulk sample - volume source of radiation

Radiant emissivity (radiant flux from unit volume into unit solid angle):

concentration of molecules [molecule cm™]

Radiant flux of Raman scattering:

d°® =JTdAddzdQ)=D B'T d® ,dz dQ)
transmission factor

often possible to evaluate as:

® = D,Bqnojg(s)r(s)ds
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Scattering geometry:
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Right angle scattering
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Collinear (back / forward) scattering
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Calculation of transmittance factor in dependence of position in object space

Dependence on distance between lenses 1 and 2
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O Q @out—of—focus spot

d=f/ +1;

h1 (mm)
h1 (mm)

c)

h1 (mm)
h1 (mm)

d)



Collinear (back / forward) scattering
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sample cell

Collinear (back / forward) scattering

liquid

crystal retarder

Sample volume:

Numerical example:

f= 26 mm

/, = 100 mm
D20
NA,, =0.12

= 1.6 mm

V=05uL
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Real-life volume (path-length 4 mm): 30 uL



Comparison of right angle and collinear scattering
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Radiation transfer: from sample to spectrograph
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analyser
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Collinear (back / forward) scattering

Radiation transfer optical system:

spherical and chromatic aberration:

Pupil Radius: 14.0000 Millimeters

=184 sr

B. Schrader: Infrared and Raman Spectroscopy 1995

Intensity from NIST calibration target
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Raman and ROA Intensity calibration

Relative intensity correction: standard reference source needed

NIST Relative intensity correction standard reference 2242
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V. Profant, V. Baumruk et at., J. Raman. Spectrosc. (2014)



Collinear (back / forward) scattering

Design of new optical system

Parameters for radiation transfer optics (excitation wavelength 532 nm)

Required parameter

Value

Collimating objective

Diameter

Focal lenght

Material
Sample

Water

Max. distance from optical axis
Distance between focusing and collimating
lens
Numerical aperture of focusing lens
Wavelength range

Aspheric singlet lens
30 mm

26,0 mm (for 780 nm)
S-LAH64

0 — 4 mm, center at 2,0 mm
0,05 mm
200 — 400 mm

0,118
530 — 600 nm



Collinear (back / forward) scattering

Design of new optical system
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3. Spectral Analyzers
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3. Properties of spectral analyzers

- How to compare and evaluate various spectral analysers?

CCD

refocusing Iens

grating ’ @ mirror

recollimating

slit %[ lens
A

- spectral resolution (resolving power) R= i
- spectral range di  dv

- geometrical throughput

i d*G =n’dAcos 0dQ)
- source size (confocal/bulk) naAacos



3. Properties of spectral analyzers

Required resolving power for various excitation wavelengths:

4y (nm) |V, =600 cor' | v, =1800 om™! dv =7 cm! R=A/dA
1064 1137 nm 1316 nm 1.0 nm 1200
532 550 588 0.22 nm 2500
356 364 380 0,095 nm 3900
229 232 239 0.038 nm 6100




3. Properties of spectral analyzers

Etendue, geometrical throughput: @G = n"dAcos 6 dQ
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Evaluation of ,,throughput” of spectral analyzer (spectrograph)
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3. Properties of spectral analyzers

detector

focusing
lens

\| diffraction
grating

y
collimating
lens

Signal/Noise considerations:

- shot noise limit (UV, VIS): dispersive multichannel spectrographs
- readout noise limit (IR): intefrerometers — Jacquinot advantage (high throughput)

- background noise limit (fluorescence): go to NIR or UV spectral region



Evaluation of ,,throughput” of spectral analyzer (spectrograph)
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Evaluation of ,,throughput” of spectral analyzer (spectrograph)

- Throughput

- Diffraction grating:
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Cross-section transformer

spectral
spectral
analyser analyser
detector
cross-section transformer -
fog
I
radiation transfer:
sample -> spectrograph olarisation
) ] te analyser /
collimatir sonditioner
lens
focusing
lens
=)
—~  \J
laser polarisation
state

generator



wo¢

Utilization of geometrical throughput — cross-section transformer
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Cross section transformer

Solution 1: fibre optics

fibre
fibre output
input
frequency-doubled
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Nd:YAG laser beam
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sample cell

B =
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CCD detector
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CCD image:
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W. Hug, J. Raman Spectrosc. 30, 841 (1999).



Cross section transformer

Solution 2a: slit slicing Solution 2b: pupil slicing
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Solution 3: interferometers

Michelson interferometer
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Cross section transformer

Solution 4: use of coded apertures
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Raman Optical Activity

Raman scattering: two-photon process

1. Excitation wavelength

= 488 — 532 nm
= 785 nm

L. A. Nafie, Appl. Spectrosc. 2007, 61, 1103
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Raman Optical Activity

Raman scattering: two-photon process

1. Excitation wavelength Raman scattering cross-section
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L. A. Nafie, Appl. Spectrosc. 2007, 61, 1103
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Raman Optical Activity

Raman scattering: two-photon process

1. Excitation wavelength Raman scattering cross-section

= 488 — 532 nm do’ k? -]73

= 785 nm ﬁ’EdQ h(j F(ﬁappppfﬁ)

» 244 nm (this work)

+ higher intensity of Raman/ROA scattering ROA ~ V7]

- but lower laser power (photo-damage)
+ absence of fluorescence background

% 532 nm % 244 nm

+ pre/resonance enhancement
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Asher et al. Chem. Rev. 2012, 112, 2604-2628



Raman Optical Activity

Raman scattering: two-photon process

1. Excitation wavelength 3. Modulation scheme

" 488 — 532 nm
= 785 nm - M .
= 244 nm o E R |kt
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ROA first observed (as ICP) in 1973 by L.D. Barron, M.P. Bogaard and A.D. Buckingham, JACS 95, 603 (1973).



Right angle scattering ICP ROA Instrument

sample cell
palaroid Vv
lens L
R
// \ electro-optic
% modulator
spectrograph detector loser

L. D. Barron, J. Raman Spectrosc. 18, 281 (1987).

W. Hug, Appl. Spectrosc. 35, 115 (1981)



Backscattering

ICP ROA Instrument

W. Hug, Raman Spectroscopy (1982)
L. D. Barron, JACS 111, 8731 (1989),
L. Hecht, L. D. Barron, J. Raman Spectrosc. 23, 401 (1992),
L. Hecht, L. D. Barron, J. Raman Spectrosc. 30, 815 (1999).



Backscattering

ICP ROA Instrument

transmission focusing
gratting \ lens
CCD

> sliq 7.
y & collimating

lens

aperture
"notch" filter
(ﬂl u'
NS
[T o -
':({c )!( A/ sample cell
laser polarizer |aser Y NI lq— .

focusing 48°-mirror \ Lyot

lens collimating

lens

W. Hug, Raman Spectroscopy (1982)
L. D. Barron, JACS 111, 8731 (1989),
L. Hecht, L. D. Barron, J. Raman Spectrosc. 23, 401 (1992),
L. Hecht, L. D. Barron, J. Raman Spectrosc. 30, 815 (1999).

SCP ROA Instrument

frequency-doubled
Nd:YAG laser beam

polarization 'scrambler’

sample cell

.
Z
= d

beam-splitting
cube

edge

liquid filter

crystal retarder

twin fiber optic arms

spectrograph

AR

CCD detector

W. Hug, J. Raman Spectrosc. 30, 841 (1999).
W. Hug, Comprehensive Chiroptical
Spectroscopy, Vol. | (2012)



State-of-the-art ROA spectrometer

W. Hug, J. Raman Spectrosc. 30, 841 (1999).
W. Hug, Appl. Spectrosc. 57, 1 (2003)

SBicTools

mechanical
| shutter

Polarization
conditioner

sample . ; polarizing beam
S i
cell : ) splitting cube, Tiber optics
gradium < cross section
lens ~ transformer

notch

filter . .
liquid -
crystal retarder

Spectrograph

Instrument control,

data acquisition and treatment CCD detector

Building blocks of an SCP ROA spectrometer.

W. Hug, Comprehensive Chiroptical Spectroscopy,
Vol. |, 147 (2012)



UV Raman spectrometer

Excitation wavelength 244 & 257 nm UV enhanced CCD
976 x 256 pixels
26 um pixels
Q.E.~10%
Spectrogon refocusing lens
P3600UV L
Al-coated grating Mrror
edge filter < 500cm’ j recollimating
edge Z tens CaF, f=100mm /2
laser i mﬁ, S Camera lens (B-Halle)
f-ULlI‘\iI'I“ 1 _,-* camera lens
lens J " 5" collimating lens
LA
Ar+ laser fd, ===\, ( -
244 & 257 nm !
~ 10 mW 1|1!.’.‘1'T.'l]ll.i" mirror
sample
cell

L. Hecht, J. Raman Spectrosc. 37, 562 (2006)



CCD
ICP UV-ROA Spectrometer
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CCD
ICP UV-ROA Spectrometer
refocusing Iensﬁ/%
X grating 4/_4 _ mirror
z _ /@ recollgrrm:ting

Polarization optics Optics for scattered
for incident radiation radiation



CCD
ICP UV-ROA Spectrometer

refocusing Iens
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CCD
ICP UV-ROA Spectrometer

refocusing Iens

gratlng (E mirror
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z recolllmatlng

slit lens
y edge 7
filter |
\ //>§ .
éﬂ focusing lens

laser
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_ beam analyser
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l

= Beam focusing

sample
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= Spatial filter



CCD

ICP UV-ROA Spectrometer

refocusing Iens

gratlng (E mirror
@/

z recolllmatlng

slit lens
y edge 7
filter ( 39
\ﬁ{/)

laser
aperture

polarizer focusing Lyot bF J
lens sample
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* 4x4 mm rectangular quartz cell
* Rotating cylindrical cell &5

10mm path, 19mm diam (~20 Hz)




Reflectivity (%)

CCD
ICP UV-ROA Spectrometer
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CCD
ICP UV-ROA Spectrometer

refocusing Iens

grating v @ mirror

z recolllmatlng

slit lens
y edge 7
filter
\ //j .
(T] focusing lens

laser
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%%@ | collimating lens
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polarizer focusing L;/ot
lens sample
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f=35 mm
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Singlet/Triplet



Glasgow ICP UV-ROA Spectrometer




Comparison of DUV and VIS Raman Intensities
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Glucose

Comparison of DUV and VIS Raman Intensities
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For same laser power and accumulation time and
wavenumber of scattered radiation:

VIS/DUV ~1400

e

500

1000

Wavenumber /cm™

1500
1

Spectrometer DUV VIS Factor
element efficiency (%) (%) VIS/DUV
CCD 10 80 8
Diffraction grating 40 80 2
Lenses 50 90 1.8
Mirror, vignetting 70 95 14
Edge/notch filter 60 90 1.5
Polarization optics 50 70 14
Total: 90
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Non-absorbing samples

Menthol in methanol

HaC OH

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

T

CHj

~2.3g + 1.0g Methanol
0.5 hours
16 hours
~30 mW
~3.mW



(I, +1)/10%€e cm
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(R+19710" e cm

(R-15710* e cm

ROA Spectra

—— (-)-Menthol
(+)-Menthol

0.25x

600 800 1000 1200 1400 1600

Wavenumber / cm™

Menthol in methanol

Comparision of selected CID ratios

600 800 1000 1200 1400 1600

Wavenumber / cm™

Band position/cm DUV x 10> VIS x 10 DUV/VIS
847 26 —42 6.2
877 4D ~36 28
926 2.2 8.2 27
954 06 ~30 2.0
972 1.7 45 38
1225 3.0 6.7 4.4
1242 3.4 6.9 49
1272 11 28 39
1293 —4.1 —122 34

expected values ~ 2.2-2.5




(-)-Menthol

AE = 0.0 kcal/mol AE = 0.0 kcal/mol AE = 0.2 kcal/mol

B3LYP 6-311++G* CPCM (methanol)
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(I+1)/10%€e cm

(I-1)/10%€ cm

(R+15/10" € cm

(R-15710*e cm

ROA Spectra

—— (-)-Borneol
51 —— (+)-Borneol
0 1 1 1 1 1
2 4
0 AMAMMA«AMA‘A}V\/\J\ M [\ a e o, "
AN A
2
600 800 1000 1200 1400 1600
Wavenumber / cm’’
5 .
0
} MM
0 M A..MQ'A_VT VVVVW\W\/W\NW%V%AV 4
-5 \/v\/
600 800 1000 1200 1400 1600

Wavenumber / cm’’

Exc. 532 nm

Exc. 244 nm

Non-absorbing samples

Borneol in methanol

Hg_c CHEI

HgiZ

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

CH

1.0g + 1.0 g Methanol
0.35 hours
28 hours
~80 mW
~3 mW



(+)-Borneol

AE = 0.0 kcal/mol AE = 0.4 kcal/mol AE = 0.4 kcal/mol

B3LYP 6-311++G* CPCM (methanol)
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(I, +1)/10" e cm

(I-1)/10%e cm

(R+19710" e cm

(-1 710*e cm

ROA Spectra

—— L-Glucose
—— D-Glucose

600 800 1000 1200 1400 1600

Wavenumber / cm’'

600 800 1000 1200 1400 1600

Wavenumber / cm™

Exc. 532 nm

Exc. 244 nm

Non-absorbing samples

Glucose in water

CH,0OH

OH

OH OH

OH

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

CH,0OH
O OH
OH

OH

3 mol/L
1 hour
58 hours
~240 mW
~3 mwW



Raman Intensity (UV counts) x 10

w

o
)

Enhancement estimate of preresonance samples

L-Ala-L-Ala (0.5 mol/L)

VIS
UV 257 nm
—— UV 244 nm

i
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1 1
800 1200
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Raman Intensity (UV counts) x 10*

Ac-Ala-NHCH, (0.5 mol/L)
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ROA Spectra

Absorbing samples

CHy , ©
i N on Ala-Ala
O CHj

O

H3C¢ cyclo(Ala-Ala)

HM
CH3
0

Ala-Ala-Ala-Ala



(R+1hx10°®

(R-1" x10°

ROA Spectra

—— D-Ala-D-Ala
—— L-Ala-L-Ala

-0

L Vi

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

—— D-Ala-D-Ala
—— L-Ala-L-Ala

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Exc. 532 nm

Exc. 244 nm

Absorbing samples

Ala-Ala

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

0.125 mol/L
41 hours
46 hours
320 mW
~4 mW



(R+14x 1078

(R-1"x10°

ROA Spectra

—— cyclo(D-Ala-D-Ala)
—— cyclo(L-Ala-L-Ala)

o0 ™
0O N
I W0
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SR

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

1450
1480
1523

WV’NWV’\/

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Exc. 532 nm

Exc. 244 nm

Absorbing samples

cyclo(Ala-Ala)

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

0.1 mol/L (15 mg/mL)
45 hours
40 hours
320 mW
3.5 mW



AE (kcal/mol)

10

cyclo(Ala-Ala)

—— B3LYP/6-311G**
—— B3LYP/6-311++G**
—— MP2/6-311G**
—— MP2/6-311++G**
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ROA Spectra

—(D-Ala),
— (L-Ala),

Wy, VAR

s

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

A f\\r’\v,\r/\/\f\!'\v/\ A I\/\ /\[\/\/\/\ A AN A g

| i

600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Exc. 532 nm

Exc. 244 nm

Absorbing samples

Ala-Ala-Ala-Ala

Concentration
Accumulation time VIS
Accumulation time UV
Laser power VIS (532nm)
Laser power UV (244 nm)

15 mg/mL (0.04 mol/L)
39 hours
106 hours
320 mW
3 mW
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UV Raman/ROA spectra of proteins
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Insulin
pH~ 3
1.5 mg/mL

Human serum albumin
pH~7
1.5 mg/mL



Further development of UV ROA spectrometer

Development of custom made lens-based spectrographs and transfer optics

Collaboration with Meopta company

spectral
analyser

detector

cross-section transformer

fodusing
lens ]

radiation transfer:
sample -> spectrograph

collimating
lens

polarisation
state analyser /
conditioner

focusing
lens

laser polarisation sample
state
generator




Spectral analysers utilized in VIS/NIR Raman spectroscopy

Kaiser Holospec /1.8 volume holographic dv=7cm’
grating
' o= p=45°
/) g = 2400 mm-’
input m=1
slit /1.8 A =565 nm
Yo, = 6,7 mm
f 1.4 | b
f,=f,=85mm
W— "=z
detector

G = 0,10 mm?2.sr

NIR (785 nm)

i
\1’_’y;'m”" -

RoperScientific
Acton



Spectral analysers utilized in UV Raman spectroscopy

Czerny-Turner spectrograph

= Advantages:
/ »-#f»u-~::_~;;;;:;,};—:;fﬁfﬁ: -
. - large reflectivity of mirrors
e - achromatic
= [ - low level of stray light
= ] centre H
____________________________________ (double mochromatori/triple
g k- spectrograph)
ST g P
e 4* +
Czemy-Tumer in top view \1 T —]| B ‘f:*—-\_;::—‘_,
v MG “»b_:\;:;:j_‘:.:f—- Cam #1

/
x/f
|
||
H

sli T ) : III] | ——

It : M’é ’ ::ﬂh”' = ;T::?:EE -—ml_;<

@ | | - /LE"_[ ‘;,_{::::-——)—f-_ »
_f,.—, ~——

detector nt

|
|
— ,° Solar-blind
ICCD Detector Bykov, Appl. Spectrosc.
2005, 59, 1541




Spectral analysers utilized in UV Raman spectroscopy

Czerny-Turner spectrograph Limiting factors:

Entrance .
oW - low numerical aperture (f/# ~ 4)
’% """" - coma & astigmatism (correction
S :
Jering optics needed)
| gygﬁé" Instrument
centre
::::ZK B
cor : SR
AN 8 : .
U Exit

Czemy-Tumer in fop view ==




Lens based spectrograph (UV ROA spectroscopy)

Glasgow 2006
UV enhanced CCD
976 x 256 pixels
CCD/' 26 um pixels
Q.E~10%
Spectrogon refocusing Iens

P3600UV

Al-coated gratlng f} mirror
@/

8 — recollimating

7t ] slit %«[ lens CaF,, fused silica,
6l - . f=100mm f/2
£
S 5l ChiralRaman 1. Camera lens (Halle)
5 ChiralRaman 2
2 4 UV ROA j
%
o 3

2 L

10— ' ' ' .

0 1000 2000 3000

Wavenumber(cm'1)

Hecht L et. al..: J. Raman Spectrosc. 2006, 37, 562
Kapitan J. et al.: J. Raman Spectrosc. 2015 46 392



State-of-the-art of spectrographs for the deep UV Raman spectroscopy

Echelle spectrograph JJL,_’_

Mé

Double spectrometer |

| o Gy, inwater sobution i j M5
' i = /M4 . ;
"""""'_"'__"/__________"__'________'"'-:’L- --—""""'-'-'T'-"""“""":","Jw : A ;

K
|
1

4—-“"':J' Echalle spectrormeter e ! i 5
; — _ L M3 N PRy
— | ! ! '
. ' ' i AX 3
0 200 400 600 800 1000 1200 A I ] y
— ! I
Pixel # (----;(----.r

Bykov, Appl. Spectrosc. 2013, 67, 873



Development of new spectrograph for UV Raman spectroscopy

Spectrograph design requirements

Requirement

Value

Spectral resolution

7—15 cm’!

Spectral region

205272 nm — see table below

Point spread function (PSF) for 1/€* criterion

<27 pm (pixel size 13.5 um)

F-number of focusing objective

2

Focal length of focusing objective

100 mm

Detector size

7 X 26 mm

Diffraction grating

3600 gr/mm, 1. diffraction order

1 2 3 4 5 6

Weight 0.5 1 1 1 0.5 0.25

Wavenumber shift -, 500 1150 1800 2400 3200
(cm)

Conf. 1 [250.0 2532 2574 261.8 266.0 2717

Conf. 2 [240.0 2429 246.8 250.8 254.7 260.0

kw(i‘iil)ength Conf. 3 [230.0 232.7 236.2 239.9 243 .4 2483

Conf. 4 [218.0 220.4 223.6 226.9 230.0 2343

Conf. 5 [205.0 207.1 209.9 212.9 215.6 219.4

Excitation wavelengths




Development of spectrograph for UV Raman/ROA spectroscopy

arjopts i
. Focusing objective

prisms - D; f/2, f=100 mm
I may

anamorphic
magnification P2

P‘IA

P _
FL\B H Dispersive elements
M1 M2

Collimating objective

fl4, f =200 mm

OP
CG j’%

diffraction
grating
3600 gr/mm




Imaging spectrograph

A = konst.
a) c)
sin -+ sin B = mG Anamorphic magnification: Magnification of slit dimensions:
dx,  cosa f,
Reciprocal linear dispersion: 4 _cosp dx, cosf f,
a cosa

dAl  cos [} dy 7

= b, =b —S == 2
de me2 2 ! df] fl



Development of spectrograph for UV Raman/ROA spectroscopy

Point spread function Configuration 1 (worst case)

1.000

20 0.889
10 02667
o -
>-4 0.222
-10 0111
20
20 -10 0 10 20 20 18 0 19 28 40 20 0 20 40
a) X (um) b) X (pm) ¢) X (npm)
250 nm 257.4 nm 271.7 nm
Spectral resolution: according to geometrical parameters (2x 13.5 um pixels)
B Incident Spectral resolution (em!)
XC.
Configuration | wavelength 3?§LZ;?OH
(nm) . 500 cm! 1800 cm! 3200 cm’!
grating (deg)
1 250 -1.12 4.4 34 3.8
2 240 1.0 4.9 3.9 2.6
3 230 2.9 5.4 4.5 3.3
4 218 5.2 6.2 5.3 4.2
5 205 7.75 7.0 6.2 5.2

Relative Intensity



Development of spectrograph for UV Raman/ROA spectroscopy

Focusing objective

Collimating objective



Comparison of “throughput” of the state-of-the-art spectrographs

©="Bdir S
4" (rmy
P =7 S det
(f )
Transmittance | Effective detektor F-number Total
T area S, (mm?) (sr.mm?)
Meopta UV spectrograph 0.15 6 x 20 2 4.5
triple grating spectrograph 0.05 1 x 26 6.5 0.03
Echelle spectrograph 0.2 6 x 26 6.5 0.73
Corrected Czerny-Turner 0.3 6 x 26 3.8 3.2




spectral

spectral
analyser analyser
detector
cross-section transformer -
foqusin
lens
radiation transfer:
sample -> spectrograph olarisation

collimatir:

lens
focusing
lens
—r—a0—)
—~ \J
laser polarisation
state

generator

[

te analyser /
conditioner
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