Experimental methods in trace gas research
14-04-2011

Please use the provided paper sheets to write down the solutions of the problems. Write your name
and student ID number on a first page and enumerate all subsequent pages. Do not forget to hand in
your paperwork after the examination.

Problem 1.

In first approximation, acetylene C,H, can be considered as a molecule of linear structure with a

rotational constant B = 1.17 cm™ L.

a) How many vibrational degrees of freedom does this molecule have?

b) What rotational level of C,H, does have the larger population at room temperature: the level
with the rotational number /] = 5 or that with | = 20?

c) Aresearcher is going to measure the ratio between concentrations of isotopic molecules
C,H; and C,HD. He estimated the distance between the spectral lines of these species at
wavenumber around 3400 cm™ to be of order 0.2 cm™. Can these lines be distinguished at
room temperature? Molecular weights of C,H, and C,HD are 26 and 27 g/mole, respectively.

Problem 2.

Concentrations of OH molecules in air are measured by using the tunable diode laser absorption
(TDLA) method. Measurements are performed at room temperature (T = 300 K) and atmospheric
pressure (P = 1.01325 - 10° erg/cm?) in vicinity of the P(5.5) spectral line with the wavenumber

7 = 3367.038 cm™! and intensity S = 2.622 - 10720

cm™?!
molecule-cm™2"

a) The wavenumber of the P(6.5) line is 3324.577 cm™. Find the rotational constant of the OH
molecule.

b) What ratio between initial and transmitted signal is expected in cell of length L = 1 with 100
ppm OH in air when the laser is tuned to the center of the P(5.5) line? The spectral line
profile can be considered to be Lorentzian with the width A% = 0.06 cm™1.

c) Does the width of the spectral line profile decrease or increase if the temperature increases?

Problem 3.

A researcher is going to build an optical setup for measuring sizes and concentrations of non-
absorbing spherical particles. It is expected that the particles are monodisperse with diameters
smaller than 50 nm.



a) The researcher has two lasers for using in his setup with wavelengths 0.75 um and 0.5 um
and powers 5W and 100 mW, respectively. What laser will provide a larger scattered signal?

b) The researcher decided to determine the particle number density by measuring the
extinction coefficient. Sketch the experimental setup for the extinction measurements and
explain how to derive the number density from the extinction measurements if the particle
diameter d, and refraction index m of the particle’s substance are known.

c) The number density of particles is 10" m™. What is the diameter of the particle if the
volume fraction of the particles is 1 ppb?

Problem 4.

a) Which "masses", i.e. ion beam signals at a certain m/e number, can we expect to find in a
mass spectrum of pure CO, and what ions are they derived from?

b) Measuring CO,, cryogenically extracted from air, which isotopomers are collected at
m/e=46?

C) Why is it physically possible to separate HD from *He by magnetic mass spectrometry, as
both have the same mass of 3 atomic mass units?



Physical constants and conversion factors

Velocity of light in vacuum c 2.99792458-10" cm/s
Planck’s constant h 6.626076-10 erg/s
Electronic charge e 4.803206-10™° abs.e.s.u.
Electronic mass me 9.109390-10-28 g

Mass of proton m, 1.672623-10' g

1/12 mass of the C'” atom M; 1.660540-10-24 g
Number of atoms in mole Ny 6.022137-10%
Boltzamann’s constant k 1.38066-10™° erg/K

Gas constant per mole R 8.31451-10" erg/K-mole

Conversion factors for energy units

1) lerg 1eV 1K 1cm™
1) 1 10’ 6.2415-10" 7.2429-10% 5.0341-10%
lerg 107 1 6.2415-10" 7.2429-10" 5.0341-10"
leV 1.6022:10™° 1.6022-10™ 1 11604 8065.5
1K 1.3807-10% 1.3807-10™ 8.6174-10” 1 0.69504
1cm™ 1.9864:10% 1.9864-10™° 1.2398-10°* 1.4388 1
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Formulas

HYR,, ...Ry, T3, o, Tn) = E¥(Ry, .. Ry, T2y s )

2= h? N A j ZZ]e e? Z;e?
e = S~ T e Sy * S~ S
5 h2 nAj ZiZje?
¢ Tme ”I Z”l | YITRR)]
Aj
HN———ZN ‘

ﬁel}le(ﬁl’ "'R)N‘ 7_21, ...,‘Fn) = Ee(ﬁl' ...,ﬁN)We(ﬁl, R)Nl?ll ...,Fn)

IIU(I_-\;l, "'I_?)Nl ?1, !?TL) = Zk q)n(ﬁll iy ﬁN)qjéc(ﬁl, "'R)N' Fl' '"'?TL)

( ZN - -+ Ee(Ry, - ,RN)> @ (Ry, o, Ry) = E®(Ry, ..., Ry)

f® = 1e((®) - (0)) = (@) -2 (")

ﬁrotcbr(%‘) = Erotcbr(CIr)
chbv(‘h) = Elq)v(‘h)

Eror = I(I+1)—BJ(I+1)

Be(Qur s Quiy) = Eo(05, 0811 Q8,y) +5 2555 (@1

- P’

Eyip = h X w; (Vi + %)

Evib = hzi(ui (vi + %) - hZi WiXije (vi + %)2

Eep: Epip: Eror~1: ’ N:Z_;

E = Eq(R) + hoo (v +3) + Byo/ U + 1)

(2.1)

(2.2)

(2.3)

(2.4)
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(2.6)

(2.7)

(2.7)

(2.10)

(2.11)

(2.12)

(2.12)

(2.13)

(2.14)

(5.1)
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Wi = —— (WU;
ik 3h2cgy (:ulk) Pw

Wik = Bixpu

Wit = Api + Bripo |

2hw? gi
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_ photons
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L
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v
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—_ Bik
Oy = =, hwyg

[1,(x) = 1,,(0) exp(= 0y N; )]

10 (%) = 1, (0)exp(=kyx)|

_ yoexe()
MmN

Z(T) = X giexp (— %)

|Z(T) = Zy0t (T)  Zyip(T) + Zoy (T)]

_Bj(j+1) 2
Zrot(T) = Zj(zj + 1)3 kT = f 2xe BX dx = .

. B Bj(j+1
Nyj = Ny(2j + 1) —exp (—%)

_h(um-bn 1

Z (T =Y e krt =—0 " __
vzb( ) Zn 1“”"’(“2_?)

(5.2)
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(5.4)
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(5.8)
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(5.14)
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N, =N, exp (— M) (1 —exp (— M)) (5.20)

kT kT
ki (@) = Ky Loy ()] (5.21)
lo(@) =23 (1) = 2nchy(9) (5.22)
240wy 1
L((U) T on 4(w—wki)2+Awnz (5'23)
dwy, =%:Zi‘4ki (5.24)
_ 2
L(w) = ﬁ mTzexp (—4 In2 (—“;w‘:‘)) ) (5.25)

_ o Wo (2 In2)RT
Awp =2 . f—M (5.26)

L() = [2, Li(@)lp(w - o) do’

i 2 (527)

_ 4lwy, ln_2 0o 1 _ w —Wo l

T mlwpA ™ f—oo 4(w' -w-we)2+Aw? exp ( 4ln2 ( Awp ) ) daw

hw=E'"—E" =E, + Eyy, + Eloy —EY —Ey, — E/L (6.1)

b rot vib rot

[V =Elot —Ejoe =BJ'U'+ 1) = B]"(J" + 1) (6.2)

[9=BU+1)J+2)—BJ(J+1)=2B( +1) (6.3)

~ I ? ] 14 1 o~ ! 1 A !

V= Evib+Erot - Evib - Erot =V (v +E) + B] (] + 1) - (6 4)
~ 1 " '
7y (v” +5) —B/"(J" +1)

|95 =0 + BU— 1)) = BJ( + 1) = ¥, — 2B]| (6.5)

|9 = o + BU + DU +2) = B] ( + 1) = 7, + 2B + 25| (6.6)

hV N; i N

Sik =7v;(1 —%F’f) B (6.7)

2(Trep) exp(-2H) (1-exp(-2ik

Sie(T) = S (Trer) (Z(T)f) ( CZTEi) ( ( ngik)) (6.8)

exp( 221 (1-om(-522)
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