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Optical and other spectroscopy techniques

Goals of optical spectroscopy:

Characterize the electronic energy levels of a system by exciting electrons and observing the
energy of emitted light

Excitation can be done by light (photo-luminescence, PL) or by electrons
(cathodoluminescence, CL)

In some systems, optical absorption is measured (photoluminescence excitation
spectroscopy, PLE, absorption spectroscopy, or spectrophotometry/FTIR)

excitation

signal
source

detector

Other related techniques:

. Raman spectroscopy (inelastic
scattering of photons)

. EDS (emission of X-ray photons,
excitation by electrons)

AES (emission of electrons, excitation by
UV/X-ray photons)

. EELS (energy loss of scattered electrons)

excitation

probe energy

filter

specimen
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Example: The Hydrogen atom

 The electron in the Hydrogen atom can occupy any of many energy levels, from its
ground state (n=1, defined here at E=0 eV), to a free electron (ionized atom), at n=c and

E=13.6 eV.
* Excitation by an electron (e.g. in a discharge tube) or a photon of sufficient energy can

excite the electron to any level, from which it will fall to a lower level (event. to the n=3
ground state) by the emission of a photon.

Balmer series

Paschen series

n=4
 The photon energy corresponds to the energy difference between the levels, and can n=5 n=6
thus be in the UV, visible, or IR range. s | mmsl e
« The excitation energy should be sufficiently high! E.g. to see the full Lyman series, we e S,
A
need to excite with deep UV (E>13.6 eV or A<90 nm). The emitted photon energy willbe n=4 — —t M iIl 12.8 eV
between 10.2 and 13.6 eV. The Balmer series will show a photon energy between 1.9 R B e t oo AL
and 3.4 eV (excitation E>3.4 eV, A<360 nm), etc. % series
]
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https://en.wikipedia.org/wiki/Hydrogen_spectral_series  1(0() nm 1000 nm 10 000 nm https://files.askiitians.com/cdn1/images/20171212-202759211-7917-paschen-series.png
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Energy range

Important classification: according to wavelength (energy)
range

The electronic energy levels of the system determine the
wavelength of emitted light:

* Near UV range (100<A<400 nm): E = 3-12 eV (electronic levels in
atoms, insulators)

* Visible - near-IR range (400<A<1500 nm): E = 0.8-3 eV
(electronic levels in semiconductors)

* IRrange (1.5<A<10 um): E = 0.1-0.8 eV (vibration/rotation levels
in molecules, dopants and subbands in semiconductors)

The energy range determines the type of excitation
source and detector to be used

excitation

signal
source

detector

excitation

probe energy

filter

https://www.researchgate.net/profile/Roland_Macana/publication/326705984
/figure/fig2/AS:669064661831684@1536528854132/Electromagnetic-spectrum-
showing-the-energy-of-one-photon-the-frequency-and-wavelength.ppm
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In astronomy:

Typical applications of optical spectroscopy(1)

 Blackbody radiation allows to measure the temperature of stars, their velocity (Doppler shift) and distance.

* Absorption lines allow to identify elements and molecules in the atmosphere of stars and planets.

 Reflected light spectra can show the composition of comets.
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https://upload.wikimedia.org/wikipedia/commons/thumb/1/19/Black_body.svg/1920px-Black_body.svg.png
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In semiconductor research:

e Measurement of energy gap in compound semiconductors.

*  Measurement of light emission of LEDs and laser diodes.

*  Study of impurities and and defects in semiconductors.

*  Physics research of semiconductor nanostructures: Quantum dots,
nanowires, layered 2D semiconductors, graphene, nanotubes,...

Emission spectra of quantum dot ensembles (10 QDs)
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In (bio)chemistry:

Typical applications of optical spectroscopy(3)

* Identification of elements by atomic emission spectroscopy (AES).

* l|dentification of molecules by UV-VIS-IR absorption spectroscopy.

*  Characterization of chemical reactions by ultrafast spectroscopy.

* Investigation of chemical bonds by Raman spectroscopy.
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Typical applications of optical spectroscopy(4)

In police work:

 Quick automatic identification of drugs, explosives and other substances
by UV-VIS-IR absorption spectroscopy or VIS Raman spectroscopy.
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Optical spectroscopy: Energy vs. Wavelength
 Most optical spectroscopy is done with dispersive optics: prisms, gratings, etc.
* The link between energy and wavelength: E=hv and v=c/A, or: E(eV)=hc/eA=1.24/)(um)
 Typical photon energy in the visible range: A = 500nm, E = 2.5 eV

* Resolution depends on the derivative of the dispersion: AE=AA-dE/dA=-1.24-AL/\?

* It's much more precise to measure optical wavelength than photon energy!
 Example: In the visible range (e.g. A = 500 nm) we can easily measure AL =5 pm, equivalent to AE = 25 ueV.
It's difficult to find a photon detector with similar energy resolution!

* Particle (e.g. electron) and X-ray spectroscopy is usually done with energy-dispersive
instruments or direct energy-sensitive detectors (Si or Ge diodes etc.). It's possible to
measure energies of 1-10 keV with a precision of 1-2 eV.

 Thermal effects (phonons): At room temperature E = 26meV, which can cause spread in
detected energy. It might be useful to cool the sample! Detectors might need cooling too.

 In Raman and IR spectroscopy, it is customary to use energy units called Wavenumber: c=1/A
(unit=cm). So for A=500nm, =20,000cm* ; at A=5um, 6=2,000cm™.

* The unit conversion is: E(eV)=(100hc/e)c = 1.2410%c .
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Optical spectroscopy: Energy vs.

e Table of unit conversions:

Wavelength | Wavenumber | Frequency | Photon energy

Symbol | | A [nm] O [em™] V[Hz] E,[eV]
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Optical spectroscopy: Experimental setup — micro-PL

* In many systems there is an external excitation (Wavelength Excitation source
source. Its energy can sometimes be tuned Control) (e.g. laser)
* The sample might need to be held at low
temperature to avoid phonon interactions Focusing optics
IR camera
l dce(t:e]:)c tor Spectrometer Sample
TiSa Laser ]
7
D Collecting and focusing
] |
(1) Beamsplitter optics
(2) Sample
.. (5) Collecting lens
(3) M/2 waveplate ] Objective Wavelenfth Dispersive element
(6) Entrance slit contro
(4) Polariser i~
(7) Parabolic mirrors
Y Xy-position stage (8) Diffraction grating Detector

X
Typical low-temperature micro-plotoluminescence system




© B. Dwir IPHYS EPFL 2024

Optical spectroscopy: Experimental setup — PL

* Insome cases large-area and room-temperature PL is enough, leading to a simplified system.

 The laser source might be inclined to avoid reflections into the spectrometer

Grating
spectrometer

Detector

Source Laser

sample

So
U/’Ce [as
er

Grating
spectrometer

sample

Typical room-temperature plotoluminescence systems

Detector
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Control) (e.g. laser)

Excitation sources

* In most systems there is an external excitation source. Its energy must be
higher than that of the studied transitions!

focusing optics

 Typical exceptions: characterization of light sources (LEDs, lasers), discharge [7¢ BpErT:
or flame spectroscopy, astronomy.

Focusing optics

Detector

 The excitation source can be broadband (white light or discharge lamp) or
monochromatic (broad source plus filter / monochromator, laser).

 Comparison of excitation sources:

Source type: Broadband Broadband + Broadband +
Filter Monochromator
Advantages: - Cheaper - Cheaper - Monochromatic - Cheaper - High intensity
- High light output - Selectable light at any - High power at a monochromatic light
wavelength wavelength narrow - Some tuning is
wavelength band possible
Disadvantages: - No wavelength - Powerlossin - Expensive - No tuning - Expensive
selection filter - Very low light - Tuning range is
- Source energyis - Filteris usually output per unit sometimes limited

spread over band broadband wavelength



(Wavelength Excitation source

© B. Dwir IPHYS EPFL 2024

Control) (e.g. laser)

Broadband sources

 Three main types of broadband sources:

Collecting and

e Thermal filament (e.g. Halogen-tungsten) focusing optics
* Gas discharge at high pressure GO e

White LED (recent types can emit high power)

Detector

* Typical image and spectra of broadband light sources:

. Halogen spectrum is blackbody (very
smooth, but low in UV)

*  High-pressure discharge lamps have many Halogen and Discharge lamps (Hg, Xe)

broad peaks that form a quasi-continuous . o o »;4 4 — |—1owrg
= TR i oA :
spectrum = (I Jj'""\! AN o
: : | - 1 /i Rt Wil —t————TTF——H
*  White LED has a moderately wide spectrum R 5 WO BT i
1000/0 k. 10 = E ‘! > \\ ‘\\//:“l:/‘% ’1 . \\ ’
ﬁ 1T A~
St =z il L o | S~ N e el
g 80% 2 = ': i, /// ''''''
=) - K. J ) @ ——100 W Halogen
& o g |o°_\:' / ,,/
§ ova T 1 /
3 g S y —30WD,
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Z = I} e f"wh
= 10" i —F S
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avelength [nm
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Control) (e.g. laser)

Broadband source + filters

 To obtain a narrower bandwidth, the light from a broadband sources is
filtered by a bandpass optical filter of fixed or variable wavelength focning e
* Typical bandwidth: 10-20 nm at WL=400-700 nm Coo

* Typical power at 340 nm, distance 25cm, filter D= 25mm, BW=10 nm:
 Halogenlamp: 0.014 mW
e Hglamp: 1.4 mW

Focusing optics

Transmission of a V|5|ble range linear optical bandpass filter (at 10 positions)

100

Transmission of a fixed UV optical bandpass filter
FB340-10 Transmission

i

80 https://www.thorlabs.com/
-

W W
(=] o
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Broadband source + monochromator

Focusing optics

* To obtain a very narrow and variable bandwidth, the light from a broadband
sources is filtered by a simple grating monochromator (see below)

* The bandwidth and transmission are determined by the monochromator
slit width: a simple 7.4 cm monochromator has a dispersion of 5.3 nm/mm,
so a slit of 1 mm width will have a spectral width of 5.3 nm. Light intensity is
also proportional to the slit width...

o Typlcal power at 340 nm’ Manual Mini-Chrom Monochromators Internal Layout

|
distance 25cm: Exit Sit = | £

* Halogen lamp: 70 nW = = £\
* Hglamp: 7 uW [ i o 7 4
Colimating/ \»\}{._/‘f
Focusing Mirror BT | TP
Monochromator efficiency - --f-/"”f,,/;a ‘

. “\__\y{f’_/f - qung
= e e Grating | Mirrors
= 7 D e \\\

Z'_T \‘\~ \‘\\ ‘ -
S 60 i X e
s . P il
o 50 e
.‘g O //-/-—“ \\-
— e
>3 = o N
= =3n oo )
= e & \
20 e e \ /

Entrance Sit =7 /* -

/
A

L J L] L] L] L] ~
200 300 400 S00 600 700 8O0 https://www.edmundoptics.com/f/manual-mini-chrom-monochromators
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— Control) (e.g. laser)
LED sources g « ————
E 350 + e SOLIS-385C == SOLI5-595C
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* New LED sources can emitatone g 300- T Sousanse Tsousene
wavelength band ("colored LEDs") x 0] B Colecingand
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_ . W 1501
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Control) (e.g. laser)

[aser sources

Focusing optics

[nm] operation
UV-A 325 He-Cd CW (10 mW
* Laser sources have several advantages: ; g
. . . UV-A 350 Argon CW (100 mW) Collecting and
. Monochroma’glc light (<< 1 nm): all the energy is s || g nas e focusing optics
concentrated in one wavelength pan ppmmenll | e —_ orparie

* Parallel beam of small diameter (mm): easy to focUS | visile 530 Na:vAG doubls  cw (10w

Detector

 The main disadvantage: limited or no tunability. | " %% foeen - CH 00
Visible 632 He - Ne CW (20 mW)
¢ Main types of lasers: IR-A 1064 Nd:YAG CW (20W)
° GaS |asers (HeNe Ar COZ ) IR-A 700-1000 Ti-Saph pulsed (1.5W)
4 4 ) °°°
. IR-A 800 - 1500 Semi CW (20 mW)
e Organic dye lasers* (less used now) : — e - o T
: . |
e Excimer lasers (ArF, KrF, ...) HF Diode e Cl
. . . CO Ar
e Solid crystal lasers (Ti:Saphire*, Nd:Yag, ...) . pame
. Ruby N,
 Diode lasers
. He:Ne  KrF
* Fiber lasers Soft-X-Ray
) | _ fIR Lésgrs’ Nd:YAG = He-Cd ‘Akis;ers
[} -
Free-electron lasers (huge, very expensive!) COy  Holo ol
| Ti:Al,Og ArF
l Far Infrared Infrared Visible  Ultraviolet Soft X-Rays
L1 1 1 L NS L 1 1
*Continuously tunable 30um 10pm  3pm ipm 300nm 100nm 30nm 10nm

- A
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Main laser sources used 1n spectroscopy = g

* Laser sources for spectroscopy usually have power of 1 mW — 1W, tunability is a plus

Focusing optics

Collecting and

* Fixed-wavelength types, for simple applications: focusing optics
«  HeNe (628 nm) i lement

. Fixed-wavelength diode lasers (wavelength can be chosen)
. Nd:Yag and Doubled Nd:Yag (DPSS) (1062 and 532 nm)

Detector

*  For UV excitation, high-power pulses:

. Excimer lasers (ArF, KrF, ...) Some high-power lasers

CIE band Wavelength Medium Typical
¢ Tunable lasers: [nm] operation
i ; r ' ' | I l [spectral domai
. Ti:Saphire HE  Diode IR C) specindl ! InEe 325 He-Cd CW (10 mW)
. Some diode lasers co L, UV-A 350 Argon CW (100 mW)
-p——————— e 1
Ruby N2 Visible 441 HeCd CW (10 mW)
HelNel KrF Visible 458, 488, 514 Argon CW (15W)
; Soft-X-Ray i ‘
: FIR Lasers Nd:YAG | He-Cd Liscie Visible 530 Nd:YAG doublé CW (10w)
l co, He-Ne Orgamc l?}'i Visible 568, 647 Krypton CW (10W)
3 ; Visibl 2 He -N W (20 mW
! TI:AI203 ArF isible 63 e - Ne CW (20 mW)
| - -
’ IR-A 1064 Nd:YAG CW (20
‘ Far Infrared Infrared Visible  Ultraviolet Soft X-Rays )
’ IR-A 700-1000 Ti-Saph pulsed (1.5 W)
L1 | ! L NS | 1 1 |
30pm 10pm  3pm ipm 300nm 100nm 30nm 10nm| IR-A 800 - 1500 Semicon CW (20 mWw)
- A
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Focusing optics

 The focusing optics brings the light from the source to the sample,
covering the required area: from cm? (liquid absorption) to um?
(micro-photoluminescence, uPL)

* In many systems, the light intensity is controlled by attenuators
* Insome cases, the light polarization is also controlled

* Inthe case of large areas, illumination homogeneity can be important;
sometimes a "white" diffuser is needed.

* When focusing on small areas, microscope objectives are used to
obtain a diffraction-limited spot (D=1.22A/NA)

 Optical fibers can also be used to bring the excitation light to the
sample. They have the advantage of small size and flexibility (e.g. in
moving systems) Light ——

* Inrare cases, an elliptical excitation spot is needed; the optics should Cone
then include a cylindrical lens. .
NA=sin(o.)

—
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(Wavelength Excitation source

Size considerations — optical etendue ™ ==

Focusing optics

The source size and emission angle form an optical invariant called the

optical etendue. In air, it is the product of the source area and the solid angle fousng i
of the emitted light: G = A ().

Wavelength Dispersive

element

In a system with axial symmetry (as most optical systems are), we can use a
1D version: G = hg6; .

In practice, this means that we need to match the value of G between source
and image, otherwise we lose part of the intensity.

SOURCE OPTICAL SYSTEM IMAGE OPTICAL SYSTEM

ENTRANCE ‘ +
APERTURE EXIT APERTURE  h, / \

A, f 0, \ Zezf

https://www.newport.com/t/light-collection-and-systems-throughput
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Control) (e.g. laser)

S1ze considerations — optical etendue

 Example of the use of the optical etendue:

Focusing optics

Collecting and

*  Most lasers emit a TEMOO mode, which is a Gaussian beam; it has the property that: focifing optic
G - WO 90 - /1/77: =~ 2 * 10_7m . Wavel:nfth Dilspersi\;e
* The diffraction limit of a lens gives: hg = %1 ,50: G = hgO, = hyNA = 0.6141 = 3.6 - o

10~"m.

« Comparing these equations, we see how it's easy to focus a laser beam to a diffraction-
limited spot without much loss.

1/1(0)

* Another example:

* A halogen or discharge lamp with a size of 2 mm and emission angle of 1 rad, will have:
G =10 =1-10"3m. Since a focusing lens can not have a much bigger angle than 1
rad, we can't focus this light to a smaller spot than the lamp's size, unless we limit the
size with an iris and lose light.

BEAM

h, !
SOURCE 0. |MA2GE
CONDENSER 9 MAGNIFIED

2 BY f 1,
SECONDARY
FOCUSING LENS

“COLLIMATED”  |== f, .‘
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Collecting optics

* The collecting optics brings the light from the sample to the dispersive
element, covering the required area: from cm? (liquid absorption) to
um? (micro-photoluminescence, uPL)

* When collecting from a small area (in uPL systems), microscope
objectives with high numerical aperture are used to collect the
maximum light. The same optics is then used for excitation and
collection. Semi-transparent mirrors are used to direct the incoming
and outgoing beams.

* In many cases, especially when the same lens is used, filters are
needed to remove the (much stronger) reflected excitation light from
the dispersive element entrance.

* In some cases, the light polarization is also controlled, and can also be
used to distinguish between the reflected excitation and the signal. Light ——

 Optical fibers can also be used, sometimes a single fiber can send the Cone
excitation light and bring back the PL light. They have the advantages .
of very compact size and flexibility, but the disadvantage of a small NA=sin(a.)

optical etendue. Fiber luminescence can sometimes be a problem. ==
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Control) (e.g. laser)

The dispersive element

 The dispersive element is the most important part of the system. It allows
to distinguish between different photon energies (wavelengths)

Focusing optics

 The type of dispersive element to be used depends on the needs:
 Resolvance or resolution (distinguish between close wavelengths)

 Insome cases (e.g. Raman spectroscopy), the rejection ratio is very important
Wavelength range of operation

Throughput (or efficiency, or losses): the transmission of the element
 Speed and ease of use

* We look here at several types of dispersive elements:
* The diffraction grating (the most common)
* The FTIR spectrometer (also very popular)
*  The refractive prism
 The Fabri-Perot interferometer
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The diffraction grating spectrometer

* The diffraction grating spectrometer is the most widely used in physics research and industry.
* |t combines high resolution, wide spectral range, moderately high efficiency, and simple use.

* |ts operation is based on the wavelength dispersion properties of the diffraction grating.

- m—— o
R
—

iR
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The diffraction grating — physics (1)

* A transmission grating is a regular array of N slits, with a periodicity a,
illuminated by a plane wave. Each slit can be modeled as a source,
emitting a field: E; = E,eltkr=wt) 'F = E. /N, oranintensity: [, =
Iin/NZ

* The waves emitted at an angle § have an increasing phase lag, each
: : 2ma &
successive wave has an extra phase: Ap = k- Ar = kasinf = %smﬁ :

, SO wave no. jhas a phase : Ap;= (j — 1)Ag relative to the first wave.

* The sum of all fields gives a total intensity: I = |Z§V=1 Ege'®i|” =

/ N idp(-1) |2 _ ; 1—pldeN |2 _ eIAPN/2 (o =iAPN/2_oiApN/2) 2 B
0 |Zj=1e | 0 [ 1—eide | T U0 | eibg/2(p-ibe/2_eidp/2)

I ‘—2isinA<pN/2‘2 __, sin? ApN/2
O [ —2isinap/2| ~— "9 sinzagp/2 °



T The diffraction grating — physics (2)

' Second-order

. o sin? ApN/2 . . inb
* Thetotal intensityis: I = Iy —— PNJZ | et's analyze this expression: o
sin? ¢/ e
 The big peaks correspond to: sin? A@/2 = 0, or: AQ, . = 2MT7 . / — Central
- hit
m=...,,-2,-1,0,1,2,... is the diffraction order. The intensity is: I=N?/y=1,,, . \ — \: Ite '
Irst-oraer
*  The minima (I=0) correspond to: sin? AN /2 = 0, or: A@, = 2m'nt/N. - rainow
7 Second-order

 The small peaks correspond to: sin? AgN/2 = 1, or: AQy.y = (2m'+1)1t/N . rainbow

 The emerging waves are parallel, so a lens (or curved mirror) is needed to focus them on a screen. If its focal
length is L, the focused point on the screen will correspond to: y=L3 .

* In a typical grating, N = 105; the function sin? A@N /2 is extremely narrow! The first zero corresponds to: Ag, =

27t/N=10"4 . Diffraction grating, N=20
WA X
I 0.8
= Pl
el e Y 0.6
> | Lt WIS e
o B = H) é
_____ — 04
- : -----
— - 0.2
W' B
Grating L y 0 HAas ol e N
) < S e 0 5 10
https://sites.google.com/site/puenggphysics/home/Unit-11/diffrac Jcreen A(p (rad)
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Second-order

. ° ° ° rainbow
The diffraction grating — physics « s
M rainbow
If the arriving wave has an angle o, there is an extra phase between the - — Central
- white
= First-order
AQpc= — 27TTaLsin a , which adds to the phase difference acquired after the ::Z:\;V_Omer

21Ta rainbow

grating: Apgp= 7 sinf .

Total phase difference is then: Ap = 2% (sinf8 —sina) .

successive emitted waves, due to the path difference before the grating: x

. : : : : A
The condition for a maximum: A@,,., = 2mm gives now: sin§ — sina = % : __cﬂ_f‘--/ /ﬁ
The intensity of the peaks is the same: I = N?[,=1,,. | /
. - ' . . . A , /‘:ﬂ.’/
The condition for minima: Ag,,,, = 2m'n/N gives now: sin f — sina = P ﬁ
) — B P
mr/A . ] e _
L (L, = total grating size). ) | /
The transmission grating has two drawbacks: 7
, A\B

* Loss of light by the opaque regions (25-50%). oy |

* The transmitted intensity is divided between the diffraction orders.
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The diffraction grating — physics (4)

* It is more efficient to use a grating of mirrors (reflective grating). It allows to choose the mirror angle 6.

* The condition for the maxima is the same: sinf — sina = .

* Choosing the angle allows to maximize the reflected intensity in a specific diffraction order, by satisfying the

reflection condition: @ — f = 2605 as well ("blazing"). This gives: 2sin Oy cos(a — 0p) =

MAmax .
———, SO Apax IS

determined by system geometry (o, ;). The optimized "blazed" wavelength can reach >80% efficiency; for other

wavelengths, the intensity is lower.
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The diffraction grating — physics (5)

* Let's suppose that wavelengths A; of an order m and A, of an order m+1 are diffracted into the same angle 3.
m/11 _ (m+1)/12
— =

The grating equation gives: sin f — sina = ,orrmAd; = (m+ 1)A, .

e The differenceis: Al =1, — 4, = e R

m m+1’

* The result: there is an overlap between half the first order and the second order, a third of the second order and
the third order, etc.

Incident light{Ai1~Az) O-order Light

st order

wn  Second-order ,A _ Light
rainbow f‘i‘f'}"“d“ - ,[-— —— ~Ist order
W L A /~_Light
B First-order T ~ON
/ s rainbow - \\>
3rd-order " _ -~ 2nd-order
- [ Cﬁrt]teral Light Kgm
wni
\ P  First-order A% <\‘\_,>
B rainbow i N \ \ -3rd-order
™~ \ \ Light
W= Second-order N
rainbow N \
|
https://s3-us-west-2.amazonaws.com/courses-images-archive-read-only/wp- https://www.shimadzu.com/sites/shimadzu.com/files/opt/guide \ I|

content/uploads/sites/222/2014/12/20111410/Figure_28_04_01a.jpg /diffraction/k25cur0000003vph-img/oh80jt0000001ux;j.gif
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The grating monochromator/spectrograph

* A typical grating spectrometer is composed of two spherical mirrors and a grating:

Optical path inside
the monochromator

Detector Inside view

(cco) R

\ Spherical
mirrors

COLLIMATING
MIRAOR

TNTRANCT .~ l / o F.ER-'-L'.’H ON
SLI = DIFTNACTION CNATING TURNET % In 1

LIMITEH CAATING http://www.horiba.com/us/en/scientific/products/monochromators/
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Using the grating monochromator

* As afilter, using a broadband light source at the input to obtain a (low efficiency) source of monochromatic light.
* To measure the spectrum of the sample emission. There are two modes of operation:

* Spectrometer: A narrow output slit selects the output wavelength, then a single detector measures the intensity. To
. . : : . A
obtain the full spectrum, we turn the grating according to: sin f — sina = m7 :

* Spectrograph: A camera or detector array at the output measures simultaneously a full or partial spectrum. The position

. . . . A ..
of the spectrum peak on the detector is determined by: sm% —sina = mT . If the detector size is D, the measured

: D : :
spectral range is: AA = % . For a larger spectral range, several spectra should be measured by turning the grating.

focusing mirror ; . Detector
collimating mirror Typlcal values: 2N
a=0.83 pum
Spectrum | == 7 A Upper
L=550 mm !W/" Mirror
. _ a
2 D=25mm “"\4
S > Me3sm , =
£ Reflection ' /
https://www.researchgate.net/profile/Jianwei_Qin/ ‘
. )\’3 publication/312956040/figure/fig1/AS:45660814158 Sample I ‘
. ! ; /Wavelength-dispersive- . Lower
entrance slit  m' e . b it cli izn?lgzggl—iizﬁfozgzsiﬁi—a—prism—grating—prism—PGP— O - .
Q ““ ,"' A)D exit slit transmission.png I error
= ’ . 4 V https://blogs.maryville.edu/aas/wp- Entra_nce
. S s content/uploads/sites/1601/2015/04/monochroma S||t
light source detector ter.jpg
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Performance of the grating spectrometer/spectrograph

* The angle of the peaks: sinf§ — sina = sin% —sina = %1 (y=Lp is the position of the peak on the detector).

* The dispersion (difference in peak position for a given wavelength change) is: a . ea sin =2 cos f :

dy mdy L mL

* The resolution is given by the Rayleigh criterion to distinguishing between two wavelengths: the coincidence of
the peak of a wavelength A; with the zero of a wavelength A, = A; + A4, for the same grating angle.

: : : A A : : '-mN
* The corresponding angles are given by: sin 8 = mal = n;\;az ; the wavelength difference is : AA = 1, mm;: . The
. , .. AA . _ A
resolution corresponds to: m-mN=1, giving: CEaE The resolvance is: R = = mN.

* Typical values: d=0.83um (1200 I/mm), L=55cm, N=91200, 3=28° ; for the 1%t order: % = 1.35 nm/mm, ATA t
1.1 - 107> . A typical element of a CCD detector (13 pm) corresponds to AA=17 pm, and the Rayleigh resolution is
11 pm at A=1um. The resolvance is: R=N=91200 .

* The spectral range is 38 nm for a 2000 pixel (25.4 mm) CCD.

Detector

Spectrum I [—— —\ Upper
F Mirror

Reflection
Grating

Sample
O l Lower
| Mirror
Entrance
Slit
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Summary of grating spectrometer properties

* Advantages:
* High resolvance
* Large spectral range
* Weak dependence of resolution on wavelength

* Disadvantages:
* High resolution instruments are large, expensive
* Medium efficiency, wavelength and polarization-dependent

* Main applications:
* "Workhorse" spectrometer in most physics laboratories,
when high resolution and large spectral range are needed
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The FTIR spectrometer

* The Fourier-Transform IR (FTIR) spectrometer is widely used in (bio-)chemistry research and
industry, where it is used to measure the absorption spectra of molecules.

* It combines moderately high resolution, wide spectral range (usually 1-10 um), high efficiency,
and simple (automatic) use.

* |ts operation is based on light interference in the Michelson interferometer.

https://www.bruker.com/fileadmin/_processed_/csm_Bruker-Optics_FTIR-Spectrometer-
INVENIO-S_Touch-Display_Platinum-ATR_Kachel_d9fc2bdbea.jpg
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The Michelson interferometer

ITHRHRRRRRRRRRRTTITS

 The Michelson interferometer (1885) is composed of a 50% beamsplitter beamsplitter

and two mirrors. Light coming from v, is split into the two equal beams
(v; and v,), that are reflected back and redirected by the beamsplitter in

the direction v towards a detector, where they interfere.
* If the initial beam is described by: E; = E, cos(kx — wt), then the

(N
A R

: E
detector receives the sum: E; = E; + E;, = =[cos(kx; — wt) +

V2
cos(kx, — wt)] = V2E, cos(kx, — 2wt) cos(kAx/2), where:

X,=(x;+x,)/2 , and: Ax= x;-x, is the optical path difference (OPD)

=
* The detector measures the intensity: I; & (Eﬁ)T = 2E&(cos?*(kx, — i
20t))r cos?(kAx/2) = I,[1 + cos(kAx)] = I{[1 + cos(2mAx/2)] = & j}"
I,[1 + cos(2mAxo)] . 1 Souree g

1. :
* 0 = isthe spatial frequency, |,

usually measured in cm ]
(1 um =10*cm™) I

»  Detector

T 2n 3t Ap=wAr/c
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The Michelson interferometer can produce a spectrum

* We build an interferometer with one fixed and one moving mirror. The detected intensity varies with the moving
mirror's position x : [; = I¢[1 + cos(2moAx)].

* |If the source contains two frequencies, the intensity will be their sum:
Iq(Ax) = 15, (Ax) + 15,(Ax) = I5(01) + I5(02) + I5(01) cos(2mo, Ax) + I5(02)cos(2mo,Ax)

» For a multitude of frequencies: I;(Ax) = X,; I(6;) + X, I5(0;) cos(2ma;Ax) = I sorar + F(I5(a)) is the Fourier
transform of the spectrum I;(o) .

* The spectrum is the inverse Fourier transform of the interferogram [;(Ax) : I;(6) = F ‘1(Id (Ax)) .

) Ef | Interferogram
Stationary Mirror E
/ 5 § o Vo
- E
Sprtrem (o a1 =l
Moving Mirror . + - —- > —r 2 ] )
< > AXZ Optical e -
r X]_ AN Source A - % - ' ; + + + =
- T o : el . - Mirror Retardation
G i I —-c . } i I - F FT
N ~ i
0. Beamsplitter |
’ ";- T Spectrum
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: R = -t Vv
Monochromatic Souroe T Sample }\ C A
B . v."‘- \ "_ \ ; -
/ / " N ’ .
T ot e S - \
I | |
] 1 AX o v a W P Yay ’ f T 1 T 1 1 T T T T
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. Da ~aog . ’ ’ .. i
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The FTIR spectrometer

The FTIR spectrometer is usually used to measure the absorption spectra FTIR spectrometer
of molecules. We measure the spectrum of a broadband (white) light

source, then insert in the optical path the solution and measure again .
The absorption spectrum is obtained as the ratio of the two spectra.

Sample: Fourier Transform

4 o
! hltel‘ferogratll 4 Sample
9 Z}a
2 =1
= ]
o) 2
* I' =7 Spectrum
e w '
L EI
- - bir-o e e jam 350 300 250 2000 1500 100 ‘snn - ”
Data Points Wavenumbers g
c
o
64 s
= Moving Mirror
54 ; RN NG
2 < >
£ i
Background: Fourier Transforn 4 s R i
— D N T -
g
400 3500 300 250 2000 1S@ 00 500
< o : Wavenumbers
{ Interferograr N Background .
4 £ o Typical Resporse for a
= . Monochromatic Source
8 % 28 8 _ 3
o e RpY. o] [P ~ ~
o Z 3| \
-H ' https://www.bruker.com/fileadmin/_processed_/csm O s ~rt i
2 18 _Bruker-Optics_FTIR-Spectrometer-INVENIO-S_Touch- 3 i y | l
N Display_Platinum-ATR_Kachel_d9fc2bdbea.jpg g -A 0 A
2300 2200 2100 1900 1200 1700 4000 3500 3000 W[/ 2000 1500 1000 500

Data Pointe : Wavenumbers http://www.ece.ucdavis.edu/misl/Web/Pages/LSMweb/FTtran99.htm Mirror Retardation
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The FTIR spectrometer: performance

 The optical spectrum is calculated by a numerical Fourier transform (FFT) of the sampled interference pattern:

[4(Ax) = X I5(07) + X 15(0y) cos(2moiAx) = s porar + :F(I (U))
 For a broadband source, the detected signal has a maximum for Ax=0 (all wavelengths interfere positively).

* If oxis the sampling interval, the first data point after x=0 is at x=0x; the corresponding frequency is: 0;,4,0Xx =

1/2,giving: 0,qx = % , Which is the highest detectable frequency. This results also from the Nyquist-

Shannon sampling theorem.
* The ability to distinguish between two close frequencies is related to the maximal path 2Ax,,,, : suppose that

the frequencies g7 and g, correspond to n and n+1 interference cycles: 01 2AX,,4, = N and 020x 0, =N+ 1

1 A -0 _ 2Ax
. The difference is:(0, — 01)20Xx 0 = 1, 0r: Ao = . The resolvance isthen: R = — = — = —/—"%=
20X max Al Ao
Ax

Rmax = =5, 5 (um) mm_

: 7.9103 1.27 4.7-103

 Typical values for FTIR spectrometers: 0.633 20 .

0.633 3 0.17 7.9-103 1.27 4.7-10

0.633 30 0.017 7.9103 1.27 4.710°
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Material and structure 1ssues

* The performance of the FTIR cspectrometer depends on the beam splitter
* To work at long IR wavelengths, special materials are needed: ZnSe (to 20 um),

KBr (to 25 um), Csl (to 50 um).

 The detector should also be broadband (vis to FIR), usually a bolometer.
e To avoid water absorption, the spectrometer volume is filled with dry N, .

* Another issue is the stability of the moving mirror along its trajectory (< 0.5

um) and beam alignment.

* |n some instruments, alternative methods are used (cube retroreflectors,

rotating mirror assemblies).

https://upload.wikimedia.org/wikipedia/commons/8/8e/Interferometer_schematics.jpg
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How to increase resolution

* To obtain high resolution at long wavelength, we need a long mirror trajectory with high-resolution, stable linear
movement. This is not easy to achieve!

* Asimple method to overcome the mechanical deficiencies is to add an internal standard. Usually it's a HeNe
laser, emitting at 632.816 nm. It passes through the interferometer in parallel to the source beam, and into a
separate detector, which provides a reference sinusoidal voltage corresponding to the spatial frequency of
A=0.633 um, which gives the precise position of the mirror independent of the mechanics.

* The zero point of the mirror path Ax=0 is also detected as the strong maximum of the
interferogram at that point, which also coincides with a maximum of the reference Stationary Mirror

signal. /1
Moving Mirror
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as the ratio of the light passing through the molecules and the source's light.

Transmission (%)

Vibrational levels

The use of the FTIR spectrometer

Typical absorption peaks are related to molecular properties:

Rotational levels

The FTIR spectrometer is usually used to measure the absorption spectra of molecules
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https://www.bruker.com/fileadmin/_processed_/csm_Bruker-Optics_FTIR-Spectrometer-INVENIO-S_Touch-Display_Platinum-ATR_Kachel_d9fc2bdbea.jpg

https://upload.wikimedia.org/wikipedia/commons/thumb/d/d9/IR-spectroscopy-sample.svg/2880px-IR-spectroscopy-sample.svg.png
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Summary of FTIR properties

Advantages:

* High transmittance (full beam size is used, no slits)

* Hispeed (full spectrum taken in one fast sweep), averaging can be used to reduce noise.

* Wide wavelength range (1 - >10 um)

* No strange resonances

Disadvantages:
* Low resolvance, unless long trajectory

* Needs good alignment and stability of moving mirror path

Main applications:
* Organic chemistry and bio-chemistry laboratories

e Forensic laboratories

I T
4000

T
3500

T T T
3000

T ” T "
2500 2000

o (cm')

T T
1500

T T
1000

1
500



© B. Dwir IPHYS EPFL 2024

The prism spectrometer

 The oldest (Newton 1670) and simplest spectrometer is the prism spectrometer.
* |t uses the dispersion of light by a glass prism.

https://upload.wikimedia.org/wikipedia/commons/b/bd/Dispersive_Prism_|llustration.jpg - http://www.scitechantiques.com/special%20instruments/090HTML/images/90PrismSpectroscopeB.jpg
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The refractive prism — physics(1) N

 The simple glass prism can be used as a dispersive element. | i \\_
* The deviation angle de of light passing through a prism is: o\ , - >
§=04=60—a+sin"!VnZ —sin2fsina — sin 0 cos a] g
O dependson @,a and n. The dependence of 6 on 8 has a minimum at 0 =9, ; this =1 e
angle corresponds to the symmetrical situation when the beam travels inside the
prism parallel to its base. W0
SIn[(8,+a)/2] 0 L Total deviation angle 6
* Inthis case, we can find n through: n = ——=
sin(a/2) 60
600 - e ‘ s0 L Symmetric case
Ome (48,59, 37.18)
| — 45 3718 |~
30
| | | | | | | | l:l
32 40 3 56 64 72 80 88
?

00L

)O 90° _
( ¢/ Ih=48,59
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* The usefullness of the prism in spectroscopy
is beacause n depends on wavelength: n=n(\)
e The relation between o, and n produces:

sin[(6,,, + @) /2] =

e Choice of the prism material allows to get the

The refractive prism — physics(2)
A way to characterize glasses is by the Abbé number: V; =

; d, £ C=atomic spectral lines (587.6, 486.1, 656.3 nm)

n)
sin(a/2)

wanted change in n(A).

* Dense glasses (La-doped) are best

=
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Using the prism spectrometer

* Alensis used to transform light coming from an entrance slit to a parallel beam entering the prism. A similar lens
focuses the parallel beam coming from the prism onto an exit slit.

* To maintain the condition of minimum deviation, both entrance and exit angles should change simultaneously.
This is not very convenient!

* A solution of this problem is the Pellin-Broca prism, which is a double 30° top prism plus internal reflection at
90°. In this prism, the beam deviation is always 8,,=90° if: sin(6;) = n/2.

* In this configuration, we keep entrance and exit optics at 90° to each other, and turn the prism to satisfy the

refraction condition sin(0;) = n(A1)/2 . This allows to filter a single wavelength(according to the slit width),
either as a filtered source or as a spectrometer.

objective
collimator
.87e
\ e A
< g C,
\ 8/029(8 X
object plan e »
(slit) image plane

(detector)
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Performance of the prism spectrometer

* The prism equation: sin[(8,,, + @)/2] = nsin(a/2) allows us to calculate the prism dispersion (difference in

angle for a given wavelength change) is: Lom _ = 2(1/sin?(a/2) — n?)~1/2 an _ K@ : Typical values for a=60°,

dr dA
n=1.5: K = 0.756. If the focal length of the focusing lens is f, the linear dispersion is: — = Kf
* The resolution is given by the size of the diffraction-limited focused spot: dx,,;;; = 1. 2 — =1.2 D/—Zf Using the
equation above, we get the resolution : AA = id/ln , and the resolvance: R = A _Kbdn Typical values at
KD AA 2.4dA
1=500nm: K=0.756, D=76mm, °2 = 5.6 - 102 um™? ; AA=0.37 nm , R=1340 .
)l objective
collimator
.87e
— A+AX
) < < > FOQ?/O,.
\ /Sta%@
object plan d
Sy (slit) image plane

(detector)
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Material 1ssues

* The performance of a prism cspectrometer depends directly on

1.5

the material properties: 14
 The resolvance is proportional to: z—z (in most materials it's non- )
linear, changing strongly with wavelength). N
 The material should be transparent at the required wavelength .
(limited wavelength range).
* Typical example: Fused quartz L1
e Can be used from UV (200 nm) to IR (3.5um). 1 2 waveienth, 5 6
e Refraction index varies a lot (from 0.95 um at A= 220 nm to Wavelengtgh (um)
0 1 2 3 4 5 6

0.011 umt at A=1.3 um) and in a non-linear way. 0
100 01 \

— - AT
u / [ T V "vl‘ . -0.2
il 1 Yl r Refraction index derivative of Fused quartz
. 0 [ by -0.3
2 60 J f |l ' 0.4
g 50 | 1' | ‘ g
E ‘ II 1‘ l - -05
§ 40 ] — reflection lass l 0.6
€ 9 | ——— Seprasi®311/312/313
= . | ——— Seprasi® 3001/ 2002 / 200 0.7
20 I f — Seprasi® 2301/ 2302 |
10 ] é' Sample thicknesz: 10 nn ‘ -0.8
o L/ | [ ’ A\ 0 o
150 200 250 300 1000 2000 3000 4000 5000

WQvelength (nm) https://www.heraeus.com/media/media/hca/doc_hca/products_and_solutions_8/optics/Data_and_Properties_Optics_fused_silica_EN.pdf
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Summary of prism spectrometer properties

100
* Advantages: "t — T
* High transmission efficiency (close to 100%) il ;" [." ’1 )
 Large spectral range lsam | l\
Sl |
[ Cheap § 40 “ | ; ——— reflection lass “
. Sl N ey \
* Disadvantages: B | — srmame =
0 H— Sample thicknesz: 10 an
* Transmission wavelength range depends on prism material . l [ U \
150 200 250 300 1000 2000 3000 4000 5000

Wavelength (nm)

* Non-linear dispersion, depends on n(A) curve.

* Medium resolvance
* Resolvance depends on material, can vary a lot for different wavelengths

1.6

* Main applications:
* Simple spectrometer in demonstration laboratories

* As afilter to choose the diffraction order of a grating
* Filtered light sources |

13

1.2

11
1 2 3 4 5 6

Wavelength, um
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The Fabri-Perot cavity spectrometer: principles (1)

* The Fabry-Pérot cavity is made of two high-reflectivity mirrors, each with transmission t and reflection r,
separated by a distance L. The light beam enters the cavity from the left, and gets partially reflected and partially
transmitted at each passage, exiting at the right.

* Each passage (back and forth) in the cavity contributes a component: Eqy;; = Eoutj_lrzeiZkL . The total output

1 e _ g 42,0kl (1.2,02kLY) _ ¢ 12 ,iA@/2 y0  2j iApj — [ +2,iA@/2 : _
field is: E, s = Egt~e Zj=0(r el2kL)" = [ t2ethe/ Dj=oT e = Ejtce ¢/ Toagime » With Ap = 2KL.
* The output intensity is: I —It4‘—1 ‘2— fot* = lot* =
€ QUIPULINTENSIY 15 four = lob " |1z 00| — (1-12e89)(1-12e~1¢)  1+r4—r2(eibPte~ide)
Ipt* . Ipt* _ Iot* _ Imax with: I — It  _ I
14+74—2r2 cosAp  1+r*—2r2(1-2sin2 A@/2)  (1-12)2+4r2sin2 Ap/2 1+(%)2 sinZ Ag/2 ’ Timax = (q_p2)2 — 707
VR . . .. flect reflectance
and F=-"_ = VR , Where R=r? is the mirror reflectivity. * ?? e T,
1-r2  1-VR
* Toincrease F, Rshould becloseto1: R F ———
 such hioh R. dielectric m 0.73134 10 el " . )
To reach such high R, dielectric mirrors 5 9-99737 100 < : . 1. IE,
are needed. 0.99686334 1000 E., — - N .

A
-
\
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The Fabri-Pérot cavity spectrometer : principles (2)

* The output intensity: I, = Imax , With: Ap = 2kL = Ak

1+(¥)2 sin? Ap/2

nr _ mVR

TE1—r2_1—\/E'

« We have maximal intensity I,y = Inqy When: sin? Ap/2 = 0, or:
AQ=2tm (m=1,2,3,...) . This corresponds to: L=Am/2 . The phase

difference between peaks is thus: A¢, =21, corresponding to AL =A.

2
* The width at half-maximum is obtained when: (g) sin? Apq/2/2 =

1. For F>4 we can use the linear approximation of the sinus, giving:
Ay, = /F . The ratio of p-p distance and full width at half-maximum
(FWHM) 8¢=2A@, is: R =A@, ,/0¢ = F .

* As the width at half-maximum is small, most of the phase values lead
to low intensity, with the minimal intensity occuring when:

sin® Ap/2 = 1, or: A@,=n(2m+1) (m=1,2,3,...), or: L=A(2m+1)/4 .

A )

~
S~

~

0.5

1.0

WI|N

2sin” 1(1//F)

¥

F = 200
R =0.87

5mnx = 2nm

x—51/2 o zémax +61/2

Omax = 27(m + 1)

o
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The Fabri-Perot cavity spectrometer : principles (3)

* We saw that the maxima correspond to: L=Am/2. Typically, L=10mm, so:
m=2L/A=2-10%. 1o
* To pass from one maximum to the next, we need to change L by A/2, or m \

2sin"1(1//F)

lt/(ll)mﬂx

change the wavelength by: AA=A%/2L. We call AL the free spectral range

(FSR). In our example, L=10mm, A=1pum, so AA=50pm ! } & \ F =200

* The wavelength resolution is the FWHM: 0A=AL/F . In our example, and 0 o e
with F=1000, 0A=50fm ! The resolvance is R = F . e ('szam+5l/2

* Due to the small values of AAL and oA, we often state them in MHz/GHz
(f=c/A\): Af=cAN/A? = 3:10%°AN . In our example: Af=15GHz, 8f=15MHz .

* Ina plane mirrors cavity, if the angle between the beam and the mirror
is not precisely 90°, the beam will go out of the cavity after several S i
reflections, which will reduce F to a much smaller value. AN I

i v

* To maintain a finesse F, the maximal angle error is : o,,,=tg*(H/2FL), By | _ -e— — :‘ .

where H is the mirror radius. In our example, for H=c cm, ‘F =1000, we E, fg)--;

get: o, =0.06° | - L -
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The Fabri-Pérot cavity spectrometer : instrument

* We saw that the maxima correspond to: L=Am/2. Typically, L=10mm, so:
m=2L/A=2-10%.

* The Fabri-Pérot spectrometer is usually constructed with spherical mirrors, to
avoid the sensitivity to beam misalignment. This design often doubles the optical
path, giving the condition for maxima: L=Am/A4.

* To obtain precise cavity tuning, a piezoelectric actuator is used to displace the
mirrors. Typical movement range is of a few um, with a resolution of a few nm.
* Only dielectric mirrors have sufficient reflectivity needed for a high finesse value.

Input Output

Iris ) Iris
Confocal Mirrors

SA30-73: 630 - 824 nm - —Bequency p(Hz)
. — ———— ===
S ( 0.8 - o -
~ 99.75- L4000 = ; Cu
1) = 0.7 /
c o Y06 / -
© = 2 /
+ 9950 L3000 S 05| =
3] - 5 +
Q S 24 27 .
— (1) 15} == -
Q n & N~ """ Au
¥ 99.25 2000 & 03/~
Reflectance 02 \) A 7]
) eflecta ! g
——— Mirror Finesse 0.1k
99.00+— A —————— Al — 11000 p V I T
550 650 750 850 950 300 500 700 900 1100 : :
Wavelength (nm) Wavelength A (nm) — Invar Piezoelectric Removable

. . . . .. Cavity Transducer — Photodiode Deiectm
Dielectric mirror for FP cavity Reflectivity of common metals
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The Fabri-Perot cavity spectrometer : use

* The special property of the Fabry-Pérot spectrometer: periodic series of very narrow transmission peaks.
The main use: linewidth analysis of light sources (e.g. lasers, quantum dots). The cavity is a very narrow filter, and

we sweep the transmission peak through a small wavelength range to trace the form of the measured spectrum.

The FWHM (resolution) of the transmission peak must be much smaller than the measured linewidth.

Mesured output intensity

input peak form reconstructs the input peak form
(periodic) F.P. = F.P. peak sweep =
Transmission peaks = direction 2
—

/

AN |

0 5 10 15 -15 -10 -5 0
Af (GHz)

-15
Af (GHz)
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Summary of Fabri-Pérot cavity spectrometer properties

Input Output

Iris . Iris
Py Adva ntages: Confocal Mirrors
* High transmission efficiency (close to 100%)
* Extremely high resolution — better than other spectrometers.

* Disadvantages:

* Periodic transmission peaks — no absolute wavelength measurement. I
Invar Piezoelectric Removable —
* The high-reflectivity mirrors can work over a limited wavelength Caly Tranetucer — Photodiode Detector
range (about 20% of the center wavelength).
input peak
form
« Main applications: {periodic) F.P s L peak sweep
. issi 2 direction
- - o - Transmission peaks = Irecti
e Linewidth measurement of narrow emission lines.
SA30-73: 630 - 824 nm
100.00 5000

99.75 4 -4000

99.50 -3000

(
|

j Reflectance |
Mirror Finesse / / )
99.00 v

— 1000
550 650 750 850 950 15 10 5
Wavelength (nm)

Reflectance (%)

(-]
(<]
N
(3]
assaul4 JouI

Af O(GHZ) 5 10 1t
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Comparison
of
Spectrometer

types

Prism spectrometer Grating spectrometer Interferential Spectrometer FTIR

Pellin-Broca iHR 320 (Horiba-Jobin-Yvon) PF -Thorlabs SA210-3B IRTracer-100 [Shimadzul
Price low medium medium / high medium / high
absorption mode yes yes yes yes
emission mode yes yes yes no
simplicity simple intermediate sophisticated sophisticated
stability (mechanical) low intermediate high high
stability (thermal) low intermediate high high
spectral domain 0.19 pm - 2.5 pm (max 5 pm) 0.15 pm - 1.5 pm (max 40 pm) 0.3 pm - 2.5 pm 0.8 pm - 25 pm
detector PM - CCD/CMOS - bolometer PM - CCD/CMOS - bolometer PM, Avalanche diode InGaAs, bolometer, Golay
resolvance 2135 [0.06 nm at 435 nml 7250 [0.06 nm at 435 nml 10¢ [60 MHz at 6x10 3200 (0.25 cm-1 at nm at 800 cm-1)

dispersive element size

25 mm (F2 glass)

68mm x 68 mm (1200g/mm)

1 mm beam O

1mm beam O

||

LAV

]
Py

WA

......

'/'v.\ LA



