
Vol . 101 (2002) ACT A PHY SIC A POLON IC A A No . 6

P r essu re B r oaden in g of J = 1 ê 0

R otation al L in e of Flu orofor m

C aused by Spheri cal P ertu rb ers

S. G ier szal a , J. Ga l ica a; Ê , E. Mi ƒ-K u ¢mi¥ sk aa and A . Li ber b

a I nst i t ut e of Mo lecul ar Physics, Pol ish Aca demy of Sciences

Sm oluchowskiego 17, 60-179 Pozna¥, Poland
b Com puter Science D epartm ent, W roc¤aw Uni versi ty of Technology

W ybrzeâe W yspia¥ski ego 27, 50-370 W roc¤aw, Poland

(Received November 2, 2001; revi sed ver sion February 25, 2002)

Th e fore i gn-gas broadeni ng parameter w as measured for C H F 3 molecule
interacting with spherical ( SF 6 , CF 4 , C H 4 , C C l4 ) perturb ers and the pressure

shif t parameter of rotational transition J = 1 ê 0 in the CH F 3 molecule w as
obtained . For the systems of tri Ûuoromethane molecule and four spherical
molecules as perturb ers the collisi on cross- sections w ere determined. Exp eri-
mental line w idth parameters are interpreted using A nderson {T sao{C urn utte

as well as Murphy{ Boggs theories. A ccounting for the disp ersi ve and induc-
tive interactions the cross-section was determined. T he theoretical values
are in qualitativ e agreement w ith the exp erimental results, but the absolute

values of the measured cross- section were larger than these calcula ted.

PACS numb ers: 33.20.Bx, 33.20.Sn

1. I n t rod uct io n

The studi es of the coll ision bro adening of m icrowave spectra l l ines at low
pressures pro vi de inform ati on about the nature of interm olecular forces whi ch
are responsibl e f or ro ta ti onal relaxati on processesoccurri ng in polar gases and in
m ixtures conta ini ng at least one polar gas. They are useful in interpreta ti on of
atm ospheri c and astro physi cal data . The wi dth of a m icrowave spectra l line is
cl osely related to the typ e of the interm olecul ar intera cti on responsible for the l ine
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bro adening. In a single com ponent polar gas, Â ¡ deÙnesa cross-secti on ¥ , and the
e˜ecti ve range of intera cti on b for the radi ati on interrupti on process,

Â ¡ = ( 1 =2 ¤ ) N v ¥ = (1 = (1)

where is the density of molecules and | m ean velocity . For gas mixtures the
to ta l l ine wi dth is a sum of contri buti ons from the di ˜erent col lisional partners.
Studi es of coll isions between polar and nonpolar m olecules can give an inf orm ati on
about hi gher order intera cti ons. The self-bro adening of some rota ti onal tra nsi ti ons
of C HF molecule have been reported earl ier [1{ 3]. The pressure-broadened l ine
wi dth of the rota ti onal tra nsiti on of Ûuoroform m olecule for foreign
di po le and nonpolar gas bro adening have been m easured [4{ 6].

The aim of the present study is to provi de a quanti tati ve inform ati on on the
m olecular coll ision cross-sections for CHF intera cti ng wi th SF , CF , CH , and
CCl m olecules.

W hen a di polar absorpti on line is perturb ed by noble gas or spherical mole-
cul es the molecular forces responsible for the bro adening woul d be the inducti on
forces (di pole-induced di pole, quadrup ole-induced di pole, dipole-induced quadru-
pole), the di spersion and exchange f orces.

The theo ry of pressure broadeni ng in m icrowave region was given by
Anderso n{ Tsao{ Curnutte (A TC) [7, 8], Murphy{ Boggs (MB) [9] and for the di s-
persion and exchange intera cti ons developed by Kri shnaj i [10]. W e use them for
the interpreta ti on of experim enta l resul ts in whi ch the l ine wi dth m easurem ents
are to determ ine the col l ision cross-secti ons of CHF intera cti ng wi th nonpolar
m olecules.

The col l ision-cro ss section is deÙned wi th the integ ra l

d (2)

where is im pact param eter and is the weight f actor indi cati ng the di ˜erenti al
pro babi l ity of col l ision induced tra nsiti ons. The col lisional cro ss-section is related
to the foreign-gas broadeni ng parameter by the fol lowing relati on:

(3)

where | reduced m assof col l iding molecules, | absolute tem perature.
The functi on depends upon the intera cti on Ha mi l to nian of both the

absorber and the perturb er .
The expression of for the dispersion (D SP) and inducti on (IND ) inter-

acti ons, can be wri tten

(4)

where
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S ( b) D SP =
A DSP

b
(5)

(6)

(7)

(8)

(9)

(10)

and | di pole m oment of absorb er, | ionizati on energies of the col-
l iding m olecules, | ini ti al and Ùnal states of absorber, | com -
ponents of the polari zabi li t y along and perpendicul ar to the m olecul ar axi s of
the absorber, | m ean polari zabi l it y of the perturb er, | absolute tem per-
ature, | quadrup ole tra nsiti on probabi l i ti es,
| Racah coe£ cient, | Avogadro ' s consta nt, | functi on ta b-
ul ated by Tsao-Curnutte [8], | relati ve vel ocit y, | change in the rota ti onal
energy of absorb er.

The measurements of m icrowave absorpti on were carri ed out wi th a custom
m ade Stark spectrom eter (Fi g. 1) deta iled previ ously [6, 11], wi th a few m odi Ùca-
ti ons whi ch im pro ve the spectroscopic properti es. The m icrowave power suppl ied
by a synthesi zer Anri tsu 68367C (SM G) is passed thro ugh the calibra ted attenua -
to r (MA) and coupl ed to a conven ti onal H- band wa veguide: two -meter long Sta rk
absorpti on cell (SC), Ùlled wi th the absorbi ng gas. T apered tra nsiti on sections
connect the cell at both ends to the K- band wa vegui de. The cell is sealed f rom
the atm osphere by mica wi ndows placed at the K- band waveguide Ûanges. Af ter
the cell , the m icrowave power passesthro ugh the broad band isolator ( ) m odel
(K Y2021) and is detected wi th Schottky barri er diode (D ). The Sta rk septum is
connected to a conventio nal 10 kHz square wa ve Stark generato r (SG). The am -
pl i tude of the square pul se signal is conti nuously vari able f rom 200 V to 2000 V.
The vacuum insta l lati on connected to a SP-800 vacuum system (VS) pro vi des
an ul ti m ate vacuum in the Stark absorpti on cell of T orr. The sampl e
pressure of the carbonyl sulphi de (OCS) is m easured wi th an absolute pressure
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Fig. 1. Microw ave scanning spectrometer: SMG | synthesi zed microw ave generator,

C | coupler 3 dB, MA | microw ave attenuator, V S | vacuum system, SC | Star k

cell, SG | Stark generator, ˜ | isolator, D | detector D K 2, PA | preampli Ùer, A |

ampliÙe r, ' | lo ck- in detector, A D | analog- dig ital converter, DA | digital- anal og

converter, PC | personal computer, V | voltmeter, FS | frequency standard, RC |

receiver and comparator, S | start circuit,
P

| adder, FC | frequency counter.

Fig. 2. T he rotational transition J = 1 ê 0 of C H F 3 molecule obtained in gas pressure

of 6.20 mT orr: b | background, e | experimental line, L | the Lorentzian line, f |

Ùtted line, r | residuals betw een Ùtted and experimental lines, Â ¡ | half width at half

height of amplitud e of the line.

gauge MKS Baratro n 220C wi th a resoluti on of 1 0 À 5 Torr and 1% accuracy. The
pressure gauge MKS Baratro n was cal ibrated usi ng an oi l absolute meter wi th
the gas expansion m etho d by appl yi ng a volume di vi der. D uri ng the recordi ng of
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the absorpti on line the gas pressure is m ainta ined constant to wi thi n 0.1 mT orr.
The tem perature of the cell duri ng m easurem ents is stabi l ized and measured to an
accuracy better tha n Ï 0 : 0 5 K. The output of the detecto r (D ) is connected to the
phase sensiti ve detecto r ( ' ) vi a UNIP AN 233.5 typ e preampl iÙer (PA) and am pl i -
Ùer (A) ; the to ta l gain is 8 È 1 0 5 at a nonl ineari ty coe£ cient lesstha n 1.2%. The
absorpti on signal (Fi g. 2) obta ined at the output of the phase sensiti ve detecto r
and frequency m ark ers are added ( ) and di gi ti zed wi th a 12 bi t A/ D converter
(AD ) and vi a standard IEEE 488 bus interf ace to an Intel 486 PC computer (PC).

The l ine wi dth of the tra nsi ti on of the Ûuoroform m olecule in the pressure
of the perturb er is determ ined from the f orm ula

(11)

where is pressure self -broadeni ng coe£ cient, is pressure broadening
coe£ cient of the gas m ixture, are the correcti ons to the m easured l ine wi dth,

are the parti al pressures of CHF , and perturb ers, respecti vely. Af ter the
value of is determ ined the l ine wi dth is m easured, using the pure
CHF at the ini ti al pressure . Gradual ly, the perturbi ng gas is added and the
l ine wi dth m easured, hence, the di ˜erence , resulti ng
from col l isions wi th the perturb er, can be calcul ated. The pressure broadening
coe£ cient m easured for pure CHF is 34 49 0 24 MHz/ T r.

Thi s value is m ore accura te tha n tho sereported elsewhere obta ined at 293 K:
35 7 [12], [13], 35.32 [14] MHz/ T orr.
Adj usted for the tem perature dependence of 0 82 0 03 [3]) these

values and our resul ts m easured at 301 K agree wi thi n the experim enta l error.
The centre frequency and the l ine wi dth of the di giti zed absorp-

ti on signal were found using the Lorentzi an line shape Ùt metho d. A quadra ti c
polyno mial base l ine correcti on was assumed. The centre frequency of tra nsi ti on

CHF molecule kHz was measured at 5 m Torr and
corrected f or the residua l shift. The experim enta l ly measured pressure shift pa-
ram eter 2 23 0 08 MHz Torr is in excel lent agreement wi th the numb ers
( MHz/ T orr reported in l i tera ture [3].

For the m olecules perturb ed by foreign gas the col lision cross-section given
as [15]: , where is the exp erim ental ly obta ined f or-
eign gas broadening parameter and SF CF CH CCl .

The col l isional cross-sections for CHF m olecule was measured and calcu-
lated for the D SP, IND and D SP+IND forces. Al l these forces have considerable
e˜ect on the l ine wi dth.

W e assume tha t the functi on is indep endent of the energy levels struc-
ture of the col l ision partner and i ts value is denoted [15].
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W hen we ta ke into account IND + DSP intera cti ons, then

¥ =
5

4
¤ B 1 = 5

" ˚
I 1 I 2

I 1 +

=

= (12)

where

(13)

=

=

(14)

and

(15)

The experim enta l ly obta ined cross-section vary l inearl y wi th (Fi g. 3). Such l inear
dependence is also predi cted by Eq. (12), suggesting tha t the sum of di spersion
and inducti on forces plays the leading ro le duri ng the observed coll isions.

The theo reti cal ly and experim ental ly obta ined cro ss-sections for CH , CF ,
SF , CCl (T ables I and II) are pl otted as a functi on of (Fi g. 3). W e have
also calcul ated the l ine broadening coe£ cient using Murphy{ Boggs theo ry [9].
The values are smal ler tha n tho se obta ined using ATC theory (T abl e I). The
exp erimenta l resul ts of l ine wi dth and l ine shift are pl otted versus
pressure of gas in Fi g. 4a and b.

Fi gure 5 shows the col l isional diam eters obta ined theo reti cal ly , experi -
m enta l ly and the ki neti c di ameters as a functi on of .
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T ABLE I

Pressure broadeni ng coe£cients C w [MH z/T r] , collisi on cross- sections ¥ [¡A 2
] ; collisi on

diameters b [ ¡A ] determined for the J = 1 ê 0 transition of C H F 3 molecule in the
mixtures with nonp olar molecules (calculated w ith data given in Table I I).

C w

I nterac- [MH z/T r] C H 4 C F 4 SF 6 CC l4

tions ¥ [¡A 2 ]

b Ê [ ¡A ]

A nderson I N D C w 2.01 1.69 1.96 2.37

¥ 56.08 81.80 104. 43 126.87

b 4.23 5.10 5.76 6.36

DSP C 1.84 1.63 1.87 2.13

¥ 51.45 78.66 99.46 114.24

b 4.04 5.01 5.63 6.03

I N D + DSP C 2.22 1.91 2.20 2.6

¥ 61.99 92.20 117. 16 139.09

b 4.44 5.42 6.10 6.66

Murphy{ I N D+ DSP C 1.98 1.69 1.95 2.29

Boggs ¥ 55.28 81.85 103. 78 122.68

b 4.19 5.10 5.75 6.25

Exp eriment C 3 : 5 Ï 0 : 1 3: 2 Ï 0: 2 3: 4 Ï 0: 2 4 :6 Ï 0 :1

¥ 9 8 Ï 3 155 Ï 9 181 Ï 10 248 Ï 5

b 5: 58 Ï 0 : 08 7: 0 Ï 0: 2 7: 6 Ï 0: 2 8: 85 Ï 0 :08

calculated from formula p. 516 [16]

T ABLE I I
Polarizabil ity and ionizati on energy of molecules and molecula r constants used in theo-

retical calcula tion s (cf . Table I ).

C H F 3 CH 4 CF 4 SF 6 C C l4

A verage polariza bi li ty [cm3 ]

˜ 1 ; ˜ 2 È 10 24 2.079 2.593 3.860 6: 48 10 : 5

Di ˜erence of polarizabi l ity

( ˜ 1 À ˜ 1 ) È 10
24 cm3 0.8647

I onization energy I 1 ; I 2 [eV ] 12.77 12.61 16.20 15.32 11 :47

b [ ¡A] 3.132 3. 55 3.96 4.163

Force constants of L À J potential E = k [K ] 210 148 152 200.9 327

b [ ¡A ] 2. 803 3.818 4.7 5.51 5.88

[ 17] ; [ 18] ; [19] ; [20] ; [ 21] ; calculated from formula (17) [ 14] ; [ 22] ; [ 23]
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Fig. 4. (a) Line width Â ¡ versus pressure p for J = 1 ê 0 rotational transition of

C H F 3 molecule ; (b) the line shif t Â ¢ versus pressure p for C H F 3 molecule.

Fig. 5. T he collisi on diameters obtained theoreticall y bca lc , experimentally bex p and the

kinetic diameters bk i n , as a function of X (see Eq. (14)).

The theoreti cal values are in qual i ta ti ve agreement wi th the exp erimenta l
resul ts but the magnitudes of the m easured cross-sections are about 40% larger
tha n the calcul ated ones.

5. Co n clu si on

The col l ision cross-section depends l inearl y on the magnitude of X whi ch
deÙnes the dispersion and dipole-induced dipole intera cti ons wi th the excepti on
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of the other inducti on. The results obta ined experim enta lly indi cate however tha t
the dependence of ¥ on the param eter X i s l inear (Fi g. 3).

Hence i t may be concl uded tha t the arbi tra ri ly adopted param eter X may
be used to account for the exp erimenta l results.

R ef er en ces

[1] C.O. Britt, J .E. Boggs, J . Chem. Ph ys. 3877L (1966).

[2] S. Murphy , J .E. Boggs, J. Chem. Ph ys. 4152 (1967).

[3] W. A . W ensink, C . N oorman, H .A . Di j kerman, J. Ph ys. B , A t. M ol. Ph ys.
1687 (1979).

[4] B. T . Berendts, A . Dymanus, J. Ch em. Ph ys. 1361 (1968).

[5] D.S. Olson, C .O . Britt, V . Prak ash, J . Boggs, 206
(1973).

[6] S. Gierszal, J. Galica, E. Mi ƒ-K u¢mi¥ska, 8976 (1998).

[7] P.W. A nderson, 647 (1949).

[8] C.J . T sao, B. Curnutte, 42 (1962).

[9] J.S. Murphy , J.E. Boggs, 691 (1967).

[10] K rishnaj i, S.L. Sriv asta va, 2266 (1964).

[11] S. Gierszal, J. Galica, E. Miƒ- K u¢mi¥sk a, 451 (1991).

[12] J. Galica, S. Gierszal, E. Miƒ- K u¢mi¥sk a, 648 (1996).

[13] S. Gierszal, J. Galica, E. Miƒ- K u¢mi¥sk a, 8976 (1998).

[14] S. Gierszal, J. Galica, E. Miƒ- K u¢mi¥sk a, 581 (2000).

[15] H . Odashima, M. K aj ita, Y . Matsuo, T . Minow a, 4875 (1989).

[16] G. Birnbaum, , Vol. X II , , Wiley ,
N ew York 1967.

[17] , D. R. Lide, 78th ed. , C RC Press, N ew York
1997{1998.

[18] Program MI N DO /3 PO LA R PREC ISE.

[19] A . Rosenb erg, G. Birnbaum, 1396 (1968).

[20] A . Rosenb erg, G. Birnbaum, 682 (1970).

[21] Y .J . K ime, D. C . Driscoll , P.A . Dow b en, 403
(1987).

[22] S.M. Breitlin g, A .D. Jones, R. B. Boyd, 3959 (1971).

[23] J.O. H irschf elder, C .F. Curtis, R.B. Bird, ,
Wiley , N ew York 1967.


