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Hamiltonian dvouatomové molekuly

H:Flel+I:IN+I:ISO

BO aproximace:

2
[_ZLAR+86(R)_E]%N( ):0 Hellle(F};R):ge(R)We(?’.;R)

1
>

separace radialni a ahlové casti |

XN(RS) =W (R) v:(9,0)
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Tuhy rotator

2
AR:i/\QZ L [ 1 9 (sin9a>+ L 9 ]

R? R2 |sin6 06 00 sinzeﬁ
—A2yi(9,6) = 2uR?E v (9, 6) )
7 2 B
vi(¢,60) = Yiu "
J2 = RJU+1), J=0,1,2,... 5 |[———
J, = MR, My=—J..+J fl—
N —
E = _— = — 1
J 2] 2‘LLR2J(J+ ) _ 0
E
F(J) = — =BJJ+1)
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Korekce pro redlnou molekulu

e elasticky rotator (distorze odstredivou silou)

J 1
E = @+§k(Rc—Re)2, k(R.— R.) = pw?R,
!
F(J) = B,JUJ+1)-D,J*(J+1)°+H,P(J+1)3...
@ vibrujici rotator
h 1
B, = %WV(R)\@I%(R))
B, = Be—ae(v+1/2)+1(v+1/2)2...
D, = (RIS ()
v = o W R gslve

D, = De—Be(v+1/2)...
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Vybérova pravidla

[Rirl* = 1w |2t i) 1

Ux = HgsinOcoso cos® = /4m/3Y1o

Uy, = UosinOsin ¢ sinBsing =/ 27T/3I[Y11—|— Ylfl]

U = Upcos6 sinfcos¢ = —+/2m/3[Y11+ Yi_1]
2n

//Yj1M1YJ2M2Y13M3sin6d¢d97é0
00

pokud My = Mo+ Mz alJy, J» a J3 tvofi A

AJ=+1, AM=0,41, [y #£0

heteronuklearni molekuly s permanentnim elektrickym dip6lovym momentem
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Rotac¢ni spektra
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Rotace viceatomovych molekul

tenzor momentu setrvacnosti

1
Er = ia),-/,-jwj

4
h
a,b,c — hlavni osy rotujicici s molekulou

E =

podle symetrie rozeznavame

Absorpéni spektroskopie
0000000

2
(o
[AJ2+BJ2+ CJ?

spherical top A=B=C
prolate symmetrictop A>B=C
oblate symmetrictop A=B>C
asymmetric top A>B>C

linear rotor

Priklady
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L=Ilh=1I.=1
E_ S+ dprd S
' 21 21
F(J)=BJ(J+1)
@ jediné rotacni ¢islo J
@ stejna vybérova pravidla: AJ=+1, AM=0,+1
o Pr: CH4, SiH4, SF(,
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@ prolate symmetric top

L<lp=1I,

A>B=C
Er:47r

2c 4m’c
AL+ B+ D)) =

—l(A- B)J2+BJ?]
F(J)=BJ(J+1)+(A-B)K?
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@ oblate symmetric top

lL=1p <,

A=B>C

F(J)=BJ(J+1)+(C-B)K?
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Rotaéni stavy symetrického rotatoru

OBLATE PROLATE

dvé rotaéni kvantova ¢&isla J, K

vybérova pravidla: AJ=+1, AK =0
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Linearni molekuly

@ nema moment hybnosti vii¢i mezijaderné ose molekuly

BJ(J+1)+(A—B)K?, ale K=0

F(J)=BJ(J+1)
jedno rotaéni kvantové Cislo J
@ vybérova pravidla: AJ==+1, AM=0,%1
e Pr. CO5, N>O, CoH>

@ moment mohou mit i elektrony ve stavech A # 0

Priklady
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Rotujici oscilator

[—”“ARm( )~ Elxn(R) =

1 9 P 1
AR=paaR <R28R)+R2A2
w(7, R) = ve(F: R) - xn(R)
IN(R) = Wu(R) - vi(9,0) = =5~ ( )

2 2
gRSZ + 1‘2‘[5— <8(R)—|— w>]S(R) -

Ver(R;J)

- ¥:(9,0)
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Harmonicka a anharmonické aproximace

dv 1 d2v , 1 d3v 3
V(R)=V(R)+ % Re(RfRe)—&-E o Re(RfRe) + 31 47T Re(RfRe) T
@ harmonicka aproximace
L >
V(X)zikx , x=R—R.

@ anharmonicky Morseiv potencial

V(x) = D[1—eP¥]?

Priklady
0000000000000 0000

@ empirické formule: Rydberg, Hulburt—Hirschfelder, Murrell and Sorbie, Thakkar,

Hua, Aguado and Paniagua, . ..
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Molekula jako klasicky harmonicky linearni oscilator

@ pruzna vazba nenulové rovnovazné délky R.

e sila pruznosti (k tuhost vazby, x = R — R. vychylka z r. p.)
1
Fr=—kx, V(x)= Ekx

@ celkem
d?x n k 0
AR TRARVI.
dt2  u

@ feSenim je Casova zavislost vychylky x(t)
x(t) = Asin(ot+ @),
@ redukovana hmotnost soustavy e W= \/5 thlova frekvence

U= mymp
my+ma
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Molekula jako kvantovy linearni oscilator

Potential
energy, V

Allowed energies, E,

Displacement, x

harmonicky pfipad
E(v) = ho(v+1/2), G(v)=aw.(v+1/2)
v = G(V)-G(V") =0
anharmonicky pfipad
G(v) = @o(v+1/2) = @exe(v+1/2)* + @eye(v+1/2)3...



Energy

@ mechanicka anharmonicita = sila neni linearni funkci x
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@ dipslovy moment molekuly neni linearni funkci x =R — R

1d%u
21dR2 IR,

_ du 2
HR)=Ho+ 5 Re(R—Re)‘i‘ (R-Re)
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Vybérova pravidla pro vibraéni prechody

pravdépodobnost absorpce/emise fotonu zavisi na
Rie[ = [(V' | (R)V")?

@ moment prechodu

0
d 1d?
WIn(RI) = o (VI + 55| V) 5 Gaa VBV
e dipdélovy moment musi byt funkci R
du
aRlr 7O

homonuklearni molekuly nejsou opticky aktivni ve vibraci
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Fundamentalni a vy3si harmonické vibracni absorpce

hot band

third overtone

..... . ...... second overtone
..... first overtone

fundamental

o fundamentalni — ze zakladniho stavu, Av =1
@ vy3si harmonické — ze zakladniho stavu, Av =2,3,4
@ ,hot bands" — pfi vibragni excitaci
_ drji
Av=+npro ;5 #0

Priklady
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Absorpéni spektroskopie
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Fundamentalni absorpce dvouatomovych molekul

molekula | ¥ (cm™1) | A (um)
12C1H 2732,46 3,7
12¢2p 2031,66 4,9
12C160 | 214323 4,7

2C 14N 2042 42 4,9
16014 3568,00 2,8
4N16Q | 1875,89 53
NI4N | 2329,92 43 X

homonuklearni molekuly IR zafeni neabsorbuji (N2, O2, Ha,...)

Priklady
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Vibrac¢né-rotacéni spektra

o
8 0.08
7
6
§ _ 006 2143
: ) % S
> [ — 1 0 g
Molecular -S( 041
absorption
on
excitation 0.02 4
9 ﬂ
;3 0.00 /\MAM ; " i s .
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° 2
N Z4
vétev P: ¥ = V9—(B' +B")J+ (B —B")J?
ol
P R vétev R: ¥ = 9+2B'+(3B' —B")J+ (B —B")J?
vétev Q: V= Vo+(B'—B")J(J+1) prostavy s A#0
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Stupné volnosti a pohyb molekuly

Absorpéni spektroskopie Priklady
0000000 00000000000000000

stupnl volnosti molekuly s N atomy 3N

na translaci 3
na rotaci 3(2)
zbyva na vibraci 3N—-6 (3N-—5)

velké rozdily ve frekvencich vazeb — charakteristické vibrace vazeb
skeletarni vibrace
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Normalni vibraéni médy viceatomovych molekul
@ valenéni (stretching) — zména vzdalenosti jader
e symetricka
e asymetricka
e deformaéni (bending) — zména ahla mezi
spojnicemi jader https://youtu.be/1PQqDf JKXvA

e niizkové (scissoring)
e kroutivé (twisting)
e kyvavé (wagging)
e kolébavé (rocking)


https://youtu.be/1PQqDfJKXvA

propustnost

kombinaéni a vyssi harmonické frekvence
2,7 um (3737 cm™1) — vy +v3
20 um = vy +2vo 4 v3
1.5 um—=2vi+2vo+v3

0.96 L L L L L L
4000 3500 3000 2500 2000 1500 1000 500

«4O0>» «Fr «=)» «

v, (1388 cm)

v, (2349 cm)

v, (667 cm)

a5,

782,8 nm (12774 cm™1) — v 4+ 5v3
789,1 nm (12672 cm™1)

869,9 nm (11496 cm™1)

('"Venus bands’)

>
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Absorpce vazeb

Instrumentace
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c=cC CE:ON
C—N c—c
4000 N-—H O-—H 3200 2800 2300 2100 1800 1500  Finger print
IX,H Attached to heteroa. C-H . Triples
(. | | L1 [N T T - | (. |
l ‘ | | 2380 L460 1380 { cm!
4000 3000 €O, 2000 nujol 1000
‘Wavenumbers
4000 3000 2000 1500 1200 1000 900 800 Ll 25
T T T T T T T
- E e—
OH &MNH c=0 c0
Sireiching  Sireiching  Sirelching
- -
cH =Y (o]
Stretching  Stretching Stretc hing
-
C=X C=X=YCC cC
Strefching Stretching Streiching
Pere} cH
Bending Rocking
— —
CH
Bending Rocking
OoH
Bending
I A I Y SN I S I |
Z 2 4 5 6 7 8 9 W 11 1Z 13 4 B

Microns
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Specifika instrumentace v IR oblasti

IR oblast je rozsahla (100 umx 1 um)

propustnost materiald (kfemenné sklo propousti do 2,7 um)

°
°
@ v monochromatoru dochazi k absorpci (vodni para, COy,...)
o kiemikové detektory jsou citlivé do 1100 nm (9000 cm—1)

°

vétsina aplikaci méfi absorpéni spektra



@ dvoupaprskové mrizkové/hranolové spektrometry (spise historie)

@ spektrometry s Fourierovou transformaci (dvoupaprskovy MI)

«4Or «4F»>» «=»r 4«
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Instrumentace — Michelson@iv interferometr

Stationary mirror

non .
—_—{ 1 AN
h N Unmodulated
] N N incident beam
Moving 1 N
mirror Hi N O
1 : AN Source
i N
—_——> '—t: : \\\
———————————————— =1 N
1 i
He—Ne laser light C—, : : : * Beamsplitter
., [
% ! : : Modulated exit beam
|
7 .
White light i !
U o
__________ S P ——
Reference
interferometer B

Vyhody
@ soucasné méreni vinovych délek, rychlost
@ presné méreni vinové délky He-Ne laserem('Connes advantage') — odecitani po A /2

@ vysoka prichodnost ('Jacquinot’s/throughput advantage’) — obecné pro
interferometry
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Instrumentace — Michelson@iv interferometr

So

idealni délic svazku: dva svazky o stejné intenzité E(V) = <
F(V,x) =2E(V)[14 coskx] = 2E(V)[1+ cos(2mVx)]

@ drahovy rozdil x = 2d cos 6

@ pro kx =0 dostaneme F = 4E, kde se vezme?



pro monochromaticky zdroj
3A
2

2 5\

F(x :O/F(f/,x)d\"/:0/°°2E(\"’)[1+cos(27r\"/x)]dv

0
pro bilé svétlo

«40Or «Fr «=Zr « =)
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Instrumentace — Michelson@iv interferometr

F(x)

F(-z) = F(x)

F(0)

I

0

interferogram — po odecteni stejnosmérné slozky

I(x) =2 / E(¥) cos(27¥x)d¥
0



Zavedeme-li
E(-Vv)=E(V)

I(x) =2 / E(¥) cos(2m¥x)dV = / E(¥) cos(27vx)d7
po Upravé
I(x) = / E(9)e27*dy

FT par x, v — I(x)=Z[E(V)], EW)=7"1(x)

E(V) = / I(x)e277%dx

—o0

«4O0>r «Fr «=r» « > = o>
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Instrumentace
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EL(v)
2L
ov—] |— ~ %
AL A NNEIYS
1%
V! U
_’{ZP— 0 Vo t 5L
skenujeme zrcadlem tak, ze drahovy rozdil x = —L...L

teoretické rozliseni vlivem délky skenu

oscilace funkce sinc — apodizace

EL(V) = (%)« E(7)
fL (V) = 2Lsinc(2nvL)

FWHM =1,207/2L

Priklady
0000000000000 0000
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Vliv diskretizace
skenujeme s krokem Ax:

X, l, xi=jAx,j=—=N...N-1, [ =I(xj)

oo

Priklady
0000000000000 0000

N-1
E(fl)://(x)e—QﬂTVde — E((’/):AX. Z Ije—127rv_/Ax,
—oo J:_N
| 1 |
I Ax !
l=+1 k=0 . =0 1
E1¥(v)
AN LA A AN LA A
VU'V"” I VV|Vv
0 Vo
| l |
I Ax !

periodicita obou "vétvi"s frekvenci 1/Ax (dosazenim V' =V + k/Ax ziskame totéz)
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Volny spektralni rozsah

E{(v) = > 2V
1 | 1 1 Ax

“Vmax O Vmax

Wy (v) * E(v) oo

= << 2 Vmax

prekryvani past nenastava, pokud
1/Ax > 2V

P¥. zaznam intenzity v kazdém minimu interference He-Ne laseru:
Ax =2 =633nm—1/Ax =15800cm ! Vmax = 5% = 7900cm™1 = 1,26 um

Spektrometry FTIR dokazi s patficnym vybavenim pracovat i v UV/VIS (do 200 nm,
50000 cm~1). Musi pak skenovat jemnéji.



lens area = 4

)

area = Q

posun vinové délky %—g’r"
rozsireni (FWHM) %

«Or «Fr o«
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Apodizace

0000000

Potlaceni oscilaci funkce sinc pomoci pomalejsiho ,,ofiznuti”

WAL(V)
Ag(z) Lsinc®(mvL)

I
S
<

Sirsi centralni maximum, utlumenéjsi vedlejsi maxima
specialni funkce: Blackman-Harris 3-Term

Priklady
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Interferometer
[E—]

Electronics

s

Detector
compartment

ouT1

L ouT3

rj‘

v
U

A
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Bruker Vertex 80V

Vacuum valves and fittings

Electronics unit with

ur position automatic
ter changer unit

High resolution TrueAlignment
n Interferometer with
ree air bearing scanner

Inte
storage pos
(without BMS-c.
option only)

External input
beam ports

Remotely controlled beam exit ports
with vacuum tight window flanges

tance sample mount
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Bruker Vertex 80V

VERTEX Series

Performance

Spectral Range

Instrumentace

0000000000000 0800000

VERTEX 70v

Mid-IR, NIR, Far-IR/ THz, Visible/UV
10 cm to 28,000 em (360 nm)

Absorpéni spektroskopie
0000000

VERTEX 80

Mid-IR, NIR, Far-IR/THz, Visible/UV
10 em-' to 50,000 em! (200 nm})

VERTEX 80v

Mid-IR, NIR, Far-IR/THz, Visible/UV/
5 cm-! 0 50,000 cm-' (200 nm)

Spectral Botter than 0.4 cm” (apodized), | Better than 0.2 cm” (apodized), | Better than 0.2 cm” (apodized),
Resolution optional 0.16 cm" optional better than 0.06 cm” optional better than 0.06 cm’
Optics Bench | Optics Standard vaouum or purgeable, | Standard sealed and purgeable | Standard vacuum or purgeable,
Housing includes dry vacuum pump includes dry vacuum pump
Input Ports Upto2 Upto2 Upto2
Output Ports Uptos Upto§ Uptos
mple
Compartment Vacuum or Purgeable Purgeable Vacuum or Purgeable
Accessor
Recogntion Standard Standard Standard
c ot
Recognition Standard Standard Standard
Optional Detectors Up to two 24 bit dual-channel ADC | Up to two 24 bt dual-channel ADC | Up to two 24 bit dual-channel ADC
Components |internal DigiTect™ DigiTect™ DigiTect™
& Electronics
E)Z‘:frg”s Four, multiplexed up to 16 Four, multiplexed up to 16 Four, multiplexed up t0 16
Interferometer RookSolid™ UltraScan™ UltraScan™
Sources Internal MIR, optional Tungsten | Internal air cooled MIR, optional | _Internal MIR, optional Tungsten
NIR and external water cooled | Tungsten NIR and external water | ~NIR and external water cooled
MIR, Tungsten and Hg-Arc | cooled MIR, Tungsten, Hg-Arcand |  MIR, Tungsten, Hg-Arc and air
air cooled Deuterium cooled Deuterium
Dual Channel
R Standard Standard Standard
Interface Ethernet Ethernet Ethernet
Bolometer 2 optional T optional 2 optional
Internal Valids-
tion Unit and Standard Standard Standard
Aperture Whes!
Dedicated | Rapid Scan 70 spectra/sec at 16 cm” >110 spectra/sec at 16 cm >110 spectra/sec at 16 cm
Techniques specral resolution spectral resolution specral resolution
Slow Scan 100 Hz (0.0063 cm/sec), Phase

& Step Scan

modulation and internal demodula-
tion, Temporal resolution

10 Hz (0.00063 cm/sec), Phase
modulation and internal demodula-
tion, Temporal resolution

6 psec/2.5 nsec

10 Hz (0.00063 cm/sec), Phase
modulation and internal demodula-
tion, Temporal resolution

6 sec/2.5 nsec

6 sec/2.5 nsec

External HYPERION Series FTIR Microscopy and Imaging System, RAM II FT-Raman and PL Il Photo-Luminescence Modules,
Accessories PMA 50 Polarization Modulation Compartment, HTS-XT High Throughput Module and TGA-IR Coupling
Software

Integrated OPUS operation and evalution software, fully validated, I0/0Q/PQ test standards, 21 CFR Part 11 compliant

Priklady
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Zdroje spojitého spektra pro IR oblast

He Ne LASER
7 =0.6328 ym WAVELENGTH
250nm i T 10 100 pm 1000 pn
t t t t t

EMITTANCE —>

. Ay
T25000 13000
40000 | lioo0 4
<« TVIS i ONR

WAVENUMBER [cm']

Planckovy zéafice s teplotou 1300-2000 K
e Globar (SiC), Nernstav zaFi¢ (ZrOz...) — MIR (200-4000cm™1)
e wolframové vldkno — NIR (do 2,5 um)
e vysokotlaky Hg oblouk — FIR (35-200 cm~1) — sviti kfemenna banka
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Propustnost latek v IR oblasti

L Gemoniom |
——
[ HBKT |
| WV Fused Silica |
E T T T T T -
3 [ - S |
3 [ Tinc Sulfde [Clartran] |
'E T I I I T T T
5 | i 1]
[ Ce (i |
01 02 03 04 05 06 07 1 2 6 8 W 15w 5™
W | Vible ——|inred
Wavelength (ym)

@ okénka z Si, Ge, CaF2, ZnSe, NaCl, KBr . . .
@ odolnost kyvety viici vnéjsimu podtlaku
@ moznost ohrevu stén kyvety

@ vice priichodu (Whiteova, Herriotova cela)




250nm
|

He Ne LASER

A =0.6328 um

P

WAVELENGTH
10 pm
1

100 pm
I

1000 pm
|

EFFICIENCY —>

T602
CaF2 UV/VISINIR

T401 :
CaF2 VISINIR

Multilayer T222

25um T204

50um T205

125um T208

WAVENUMBER [cm’]

DA
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o tepelné (teploméry, spise pomalé)
pneumatické: Golayova cela

odporové: bolometr (odporovy teplomér — Pt/Ni/termistor)
termoelektrické: thermopile (baterie termoclanki)

pyroelektrické: spontanni polarizace dielektrika teplotni zménou (LiNbO3, TGS
(NH2CH>COOH)3- H,S04)

o fotoelektrické (vnitini fotoefekt)

e fotoodporové
o fotovoltaické (diodové)

o InAs
%"\/u'zq Material Betiehs- £V jum ¥ fenr 2 3 5 6
tempera-
" tur /K / |
v PbS 295 2 5 R T e |
295 042 29 3500
PbSe 195 023 54 1800 \
Photo-  Phy.Sny,Te | A !
ox Halbleiter i 0.1 12 850 y H &L
10°4 Hg, Cdy,Te ) X ™ 7
Ge : Hg 0.09 14 700 N pa VA P
.cd 0.06 21 500 / (€
Dioden- B 00104 120 90 1R
04 Halbleiter Si :Ga 00723 17 600
tAs 00537 23 450 4
:Sb 043 19 350
5000 3000 2000 1000 500 Zﬂ.l’) 100 o 50

| la: 0.4 —
v Eg — gap, pfip. donor-vod., akc-val Golayova cela: 0 8000 um



MIR detector

e o B Bom
o ® o N »
@

Signal (a. u.)

o
S

0.2 4

0.0 A

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm~1)

MIR — pyroelektricky detektor DLaTGS

Signal (a. u.)

0.8

FIR detector

0.7 9

0.6 -

0.5

0.4

0.3
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0.0
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Absorpéni spektroskopie

@ studujeme pohlceni zareni v latce
@ OAS s bilym svétlem (broadband absorption spectroscopy)
@ OAS s monochromatickym svétlem: vybojky s tzkymi ¢arami, lasery

LambertGv-Beerlv zdkon
I0) =1\ exp(- o(A)-N-£)

spektrometr absorbujici médium
tloustky £
. .
|
\ kyveta se vzorkem bilé svétlo

chladny plyn
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Veli¢iny popisujici absorpci

@ intenzita proslého zareni pfes homogenni sloupec délky x

1(V) = lo(9)e™ T KO = fo(¥)e )

propustnost T (V)
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Databaze infracervenych spekter

@ HITRAN — https://www.hitran.org/ — hlavni databaze prechodi v infracervené
oblasti, laboratorni teplota

@ HITEMP https://www.hitran.org/ — vysoka teplota, malo molekul, mnoho ¢ar

@ HITRAN on Web https://hitran.iao.ru/molecule/simlaunch — online
vypocet spekter

@ ExoMol — High temperature molecular line lists for modelling exoplanet
atmospheres https://wuw.exomol. com/

@ NIST Chemistry Webbook — https://webbook.nist.gov/chemistry/

@ CDMS - Cologne Database for Molecular Spectroscopy — zejména rotacni spektra
molekul https://cdms.astro.uni-koeln.de


https://www.hitran.org/
https://www.hitran.org/
https://hitran.iao.ru/molecule/simlaunch
https://www.exomol.com/
https://webbook.nist.gov/chemistry/
https://cdms.astro.uni-koeln.de
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Databaze HITRAN — parametry

Absorpéni spektroskopie
0000e00

Priklady
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Parameter  Meaning Field length of the Type Comments or units
(100/160) character records
M Molecule number 2/2 Integer HITRAN chronological assignment
I Isotopologue number 1/1 Integer Ordering within a molecule by terrestrial abundance
v Vacuum wavenumber Real cm!
S Intensity Real cm!/(molecule cm—?) at standard 296 K
‘R Weighted square of the transition moment Real Dehyez (for an electric dipole transition)
A4 Einstein A-coefficient Real s
Tair Air-broadened half-width Real HWHM at 296K (in cm~' atm™')
Year Self-broadened half-width Real HWHM at 296K (in cm™" atm™')
E" Lower-state energy Real cm!
Ryie Temperature-dependence exponent for ;. Real unitless, with y,; (7) = 7,,(To) x (T, /T)"ir
Buir Air pressure-induced line shift Real em'atm™' at 296K
v Upper-state ““global” quanta Hollerith see Table 3
V" Lower-state “global™ quanta Hollerith see Table 3
Q Upper-state ““local” quanta Hollerith see Table 4
Q' Lower-state “local” quanta Hollerith see Table 4
Terr Uncertainty indices Integer Accuracy for 3/6 critical parameters
(058, 750/ 00 8. irs Veeirs Maies Oair ), se€ Table 5
Tref Reference indices 6/12 Integer References for 3/6 critical parameters
(2,8, Vi /0, 8. Vaies Vsetr Haies Oai)
* Flag 0/1 Character  Availability of program and data for the case of line mixing
g Statistical weight of the upper state 0/7 Real See details in Ref. [3]
g’ Statistical weight of the lower state 0/7 Real See details in Ref. [3]

https://hitran.org/



https://hitran.org/login/
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Databaze HITRAN — Gcinny priifez absorpce

'Spectral line intensity’ — absorpéni G€inny priifez integrovany pres profil ¢ary

AU g/e_CZE///T (1_e—C2V,'j/T)

Si' — a
/ 8mcv; Q(T)
o E
o) = Yaww(-22).
k
64n* .g” ~36

Q(Trer) exp(—c2E"/T) [1—exp(—cvjj/T)]
Q(T) exp(—c2E"/Trer) [1 —exp(—caVjj/ Tref)]

CGS: g = (4n)7L, wo=4m/c?

SU(T) = Sij(Trer)
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Databaze HITRAN — absorpéni koeficient

'monochromatic absorption coefficient [1/(molecule cm=2)]" — absorpéni Géinny prifez

O-fj(vv T,p) = Sfj(T)f(V; Vijs Tvp)
absorpéni koeficient dostaneme po vynasobeni koncentraci N v [molecule cm~3]

k,'J'(V, T,p) = NS,'J'(T)f(V;V,-J-, T,p)
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Koronovy vyboj ve smésich No—CHg

MKS mass flow

controllers |

L1

IR gas cell

FTIR spectrometer

|Transformer H HV source |

@ atmosféricky tlak
@ analyza stabilnich produktd

@ Casové nerozlisené méreni
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Koronovy vyboj ve smésich No—CHg

04t §

03 Csz 1
NH3
02 I 1
HCN
0.1 2 22 H,0

rdont .'M\,.‘“u‘(uu'ﬁ‘m.w‘h\'“/‘w ki g
0o :l ) MMM i ‘ vww

1 1 1
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Analyza produktd koplanarniho vyboje — N2 /Oo

1.0
0.9
0.8

3 0.7}

$0.6

€05

(2] L

g 0.4 O,

= '_ v ]
03 L 1042 |
0.2

[——100W — 120W — 140W —— 160 W O3 ]
0.1l 18w 200w 233W —— 266 W Vs
300w ——350W —— 400 W

0.0 L 1 1 1 L 1 L 1 L 1 L 1 L L 1
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)
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Analyza produktd koplanarniho vyboje — No /Oy — overtones

1.01

Instrumentace

0000000000000 O00OO000

Absorpéni spektroskopie

0000000

Ptiklady
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Transmittance

o o o =
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~ (0] (o] o

h Vv,
2906
0.96 [—100W —120W 140w — 160w | 3055 NO i
) 180 W —— 200 W 233W ——266 W | O3
—— 300 W —— 350 W —— 400 W 2V, VitVs
095 1 1 1 1 1 1 1
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Analyza produktt koplanarniho vyboje — vzduch

o o =
fo°) © o
o o S

Transmittance

o
N
o

0.60 —1o00w ——200W — 300 W —4oo‘w\
2400 2200 2000 1800 1600 1400 1200 1000 800 600
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Analyza produktii koplanarniho vyboje

1.000 [
0.995
Q Q
2 2
g g
€ ‘E 0.990
g 2
= =
0.985
[ x_meas. —N,0y —— HNO, —— HNO, —fif 0980 - [ x meas. ——HNO, —— HNO;, —fit] 1
O I e S S N e T
950 925 900 875 850 825 800 775 750 725 950 925 900 875 850 825 800 775 750 725
(@ Wavenumber (cm™) (b) Wavenumber (cm™)

Example of peaks fit in 950—720cm™! region for power of (a) 100W and (b) 120 W
and humid ambient air. The HNO3 absorption peak is clearly replaced by HNO,
absorption.
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Analyza produktii koplanarniho vyboje

Trasmittance
Trasmittance

094 | ' R 097 | g
X meas. ——N,O N0, ——HNO, —— HNG, I_ﬁq *x_meas. —— N,0 —— N,0; —— HNO, —— HNO, ——fif
0.3.3400 1350 1300 1250 1200 1400 1350 1300 1250 1200
(@ Wavenumber (cm') (b) Wavenumber (cm™)

Example of peak fit in 1400-1180 cm™? region using four curve fitting for powers (a)
100W and (b) 120 W in air. The shape is different because of strong decrease of N,Os
and HNO3 densities between these powers. (Note the different scale of y-axes.)
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Analyza produktt koplanarniho vyboje — kyseliny

I IHNO; & H|\I|O3 —=— HNO, air 822 cm"”

—e— HNO,

1.0x10%

8.0x10%

6.0x10%* | -

4.0x10% -

Density (m™)

2.0x10% | -

0.0 .
100 150 200 250 300 350 400
Power (W)
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Porovnani uziti rtiznych moda NO;

2.5x1022 | (C) N02 . ..................... 7

2.0x10%% -
&
§ 1.5x10%
g

22 | .
8 1.0x10
N,:0O,
5.0x10%* [-A— 40:60 1618 @~ 2906 cm ™}

80:20 1618 2906 cm I
—E—air 1618 > 2906 cm

100 150 200 250 300 350 400
Power (W)

|
—v— 60:40 1618 % 2906 cm™}|
-1
-1

0.0 F—tb—p—A—A—A—
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Vliv rozliseni a pfistrojova funkce
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Vliv rozligeni a pristrojova funkce

1.00 S

0.95 A i

Tansmittance
o
[{e)
o
L
L

x 0.2cm? FTIR
0851 0.2 cm! fit 2.21 102 m™3 ]
x 2cmtFTIR
2cm?2.20 102 m™
— Hitran true profile
0.80 <+

T T T T T
1830 1832 1834 1836 1838 1840 1842
wavenumber (cm™)

@ bez zahrnuti pristrojové funkce nelze fitem dospét ke korektnimu vysledku
@ pri Siroké pfistrojové funkci Ize podcenit moznost saturace
@ je zapotrebi znat skutecny profil car
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Vliv profilu €ar pfi saturaci CO

7x10% = limit saturace skuteeného profilu je pro 20cm kyvetu 1€23 m-3
vySe se projevuje tvar profilu
6x10” -
CcO x X
°
23
5x10” 4 .
e " : [ ]
£ [ ]
= 4x10” 1
5 o e
= ”»N v ,
8 = rozsifeni na vzduchu
= 3x10™ X e = 60W
2 . e 230W
8 2x107 X
® rozsifeni argonem
. X 60W
1x10% o
¢ 230 W
a
)_¢
. T . T . T . T . T .
0 200 400 600 800 1000

Gas flow (sccm)
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Hot bands — CO

predpoklad stejné vibraéni a rotaéni teploty pfi vypoctech



molekula V(em™1)
N>O vi NN stretch 2224
N>O vz NO stretch 1270

N>O v, bend 585

NO 1876
N02 V3 1618
Cco 2143
C02 V3 2349
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Software

@ https://github.com/qedsoftware/brukeropusreader — balicek v Pythonu
pro konverzi soubort programu OPUS

@ https://github.com/hitranonline/hapi — skript v Pythonu pro pfistup do
DB Hitran, vypocet spektra

@ https://irpal.soft112.com/ — stary program vypisujici vinocty znamych
absorpci


https://github.com/qedsoftware/brukeropusreader
https://github.com/hitranonline/hapi
https://irpal.soft112.com/
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