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Shapes of pressure- and Doppler-broadened spectral lines in the core and near wings
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The Rautian-Sobelman approach describing the collision-Doppler shape of spectral line that takes into
account both soft and hard velocity-changing collisions is extended to the case when correlation between
Doppler and collision broadening as well as the dispersion line asymmetry should be considered. Numerical
calculations show that speed-dependent effects can produce the additional line narrowing as well as broadening
and also the line asymmetry. It is shown that speed-dependent profiles based on the soft and hard collision
models differ much more one from another than those which omit the speed-dependent effects.
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[. INTRODUCTION describe the Doppler shape of a broadened line due to
velocity-changing collisions two models are used that corre-

Spectral line shapes emitted or absorbed by atéons spond to so-called soft and hard collisidis,19.
molecules in a gas phase are determined by two main fac- In many cases collision broadening and Doppler broaden-
tors: (i) collisions between the emitting or absorbing atomsing occur simultaneously. The simplest expression describ-
(emitters and perturbing particlegperturbery and (i) the  ing the line shape in such a case and very often used in
thermal motion of emitters. analysis of experimental data, is the Voigt profiléP),

It is well established that the collisionally broadened andwhich is a convolution of the Lorentzian and the Gaussian
shifted line shape in the impact approximation can be deprofiles. When velocity-changing collisions occur the Gala-
scribed by a Lorentzian profile in the center and near wingdry profile (GP) and Nelkin-Ghatak profiléNGP) obtained
of the line[1,2]. More detailed investigation shows, how- using soft and hard collision models, respectively, are used
ever, that the finite time of the collision duration may cause 18—21. On the other hand, when velocity-changing colli-
the so-called collision-time asymmetry of the line that is de-sions can be neglected but correlation between collision and
scribed by a dispersion distributidi3—9]. The dispersion Doppler broadening occurs and dependence of collision pa-
asymmetry of the line can also be caused by other effectameters of the line on the emitter speed should be taken into
such as the mixing of overlapping lin¢s0] and collision- ~ account, the shape of the line is described by speed-
induced transitiong11]. In the first approximation the width, dependent Voigt profiléSDVP) [12,13. Experimental and
shift, and asymmetry of a collision-broadened line are lin-theoretical investigations of spectral line shapes performed in
early dependent on the perturber density. As was indicatetecent years have indicated that in some cases it is necessary
by Berman[12] and other authorgLl3—15 the collision pa- to take into account both the correlation between collision
rameters of the line profiles such as their Lorentzian widthand Doppler broadening as well as the Dicke narro2#-
and shift are, in the general case, dependent on the emitté8l-
velocity. In this paper a uniform formula describing the shape in

The Doppler broadening of a line can be treated sepathe core and near wings of a spectral line is proposed. It
rately from the collisional effects in such cases only whentakes into account all of the above-mentioned effects such as
the collisions that change the velocity of the emitter can béhe pressure broadening and shift, Doppler broadening, and
neglected, i.e., for the free motion of emitter. Then the emit<Collision narrowing, which are described using soft and hard
ter velocity distribution can be described by the Maxwelliancollision models, correlation between pressure and Doppler
distribution giving rise to a Gaussian profile of the line with broadening, and dispersion asymmetry of the line. To obtain
the width dependent on the temperature and independent §HCh an expression one can use an approach similar to that
the perturber density. Dickil6] has shown that if the mo- used Ref[28]. The intensity distribution(w) describing the
tion of the emitter cannot be considered as a free motion sdhape of a broadened line can be generally written as a real
that collisions may induce velocity changes then the resultpart
ing width of the line may become smaller than the ordinary
Doppler width at the same temperatiRicke narrowing.

For example, when velocity-changing collisions occur, l(0)=Rel(w) 1)
and frequency of such collisions is large enough, the emitter
motion has the diffusion character and the shape of the Dop-
pler broadened line is given by a Lorentzian profile whoseof the complex line-shape function
width is inversely proportional to pertuber densjty7]. To
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The complex profileZ(w) is a sum of complex profiles wherel’ andA are collisional width(half width at half maxi-

Fw;ve) corresponding to emitters that have different ve-mum) and shift of the line. The parametefsand 8 depen-
locitiesvg . These profiles can be evaluated using the follow-dent on the time of collision desc_nbe a collision d_e(_:reas_e of
ing relation: the line intensity and the magnitude of the collision-time
asymmetry, respectively. In general, collision parameters of

R 1 [+ o the line are dependent on the emitter velocity. Following

Fwvg)= ;Jl) dtj d3rf(r,ve,t) Baranger[10] and carrying out averaging over relative

perturber-emitter velocitieszp as in Ref.[13], the width
xexfi(w—wo)t—ik-r—Ng(t)], (3  and shift of the line can be written in the form

wherewy is the unperturbed frequency of the emitted radia- R .

tion, N is the perturber densit¥ is the wave vector of the F(UE)'HA(UE):ZWNJ dvepfm (vetvep)vep
emitted radiationK= wq/c, c is the speed of light g(t) is a

function described by changes of the phase of the emitted e 1

radiation in the time during collisions between emitter and X fo dp p{1=SiSi angav: ()

perturber. The functioﬁ(F,JE,t) is the probability density
that the emitter, which has velocity: and is in the point O at Velocities I;E, JEP occurring in the above expression are

time 0, will be at the positionf at timet. ; o P
. . . . connected with perturber velocityp, by the relation
In this approach the spectral line shape is determined by - P Ye DY vp

o L ye+vep. Here
choice of the form of functiong(t) and f(r,vg,t). vETUEP

3/2 2
Il. COLLISION BROADENING, SHIFT, AND ASYMMETRY f N Mp _ MpUp 6
mp(UP) = (6)
. . P 27kgT 2kgT
In order to describe the core and near wings of a spectral
line emitted or absorbed by a gas at low pressure, it is often ) o )
sufficient to use only a linear approximation to the functioniS the Maxwellian distribution of the perturber velocity,

g(t), which fulfills the following relation1,3,4,7,9: is the perturber mass, is gas temperature, ark} is the
Boltzmann constant. Similarly using results obtained in Ref.
Ng(t)=&+iB+(I'+iA)t, (4)  [9], the expression foé and 8 can be written in the form

+ oo

- - - +DO
g(UE)'HB(UE):ZWNf dstmeP(UE+UEP)UEPJO dPPf_Do dto

X (14 ;S = Uji(to, — @)U (tg, =) — Uji(+0,t0) U 1 (+%,t0) Yang.av- (7)

These results can be obtained using semiclassical theory, in _ .

which the motion of emitters and perturbers is described in a §:f dPvefm (ve) é(ve), (10)
classical way and the evolution of emitter states is described

using quantum mechanics. The time-evolution operator

U(t,,t;) describes the evolution of emitter states during the B:f d3U_Eme(JE),3(UE)_ (11)
emitter-perturber collision from time,; to t,. The well-

known scattering operator 8= U (+%,—). The symbol hat th fth h
(- )ang.av.denotes angular averaging over all orientations of I_t appears that the erende_nce of these parameters on the
the collisions and subscripts and ff identify the elements emitter V?'OC'W is particularly |mportant when the perturber
of the time-evolution operator in initial and final states, re-Massme Is greater than that of the emittatz . This depen-
spectively. dence can be neglected in the case, wmgre mg and then
Collision line-shape parametes) and(7) averaged over the parameterk, A, &, and 8 may be often treated as inde-

o . . - . pendent of the emitter velocity.
distribution of emitter velocmesme(vE) are given by fol- The validity of Eq.(4) is limited to the cases whel¢

lowing relations: +ipB|<1, thereforee™¢~'# in Eq. (3) can be substituted by
1-ip (in the first approximation Re( ¢ '’)~1 and
F:f d?’v_Eme(JE)F(vE), (8) Im(e_ ¢ 'ﬁ)w_—,B). The assumption t_hatlg(t) is a Im_egr
function of time leads to the conclusion that the collisional

line shape is a sum of Lorentzian and dispersion distributions
A= | oot (oA 9 [1,3,4,7,9. Other approaches to the collision effects lead also
- vefme(ve)A(ve), © 1o the asymmetric line profil¢2,5,6,9. Asymmetry of a
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spectral line caused by other effects such as line mixing ofhe real part of this profile is identical to the asymmetric
collision-induced transitiof10,11 may be described by an Voigt profile (AVP). This profile is often used to analyze the
analogous dispersion function but the nature of its parammeasured line shapes including collision-time asymmetry
eters may be quite different. [29] or line-mixing asymmetry. Fog+iB=0, the well-
Although all calculations in this paper are performed tak-known Voigt profile(VP) is obtained from Eq(15). This is
ing into account collision-time asymmetry as a main reasorthe simplest profile that is most frequently used in analysis of
of the dispersion asymmetry of the spectral line shape, thexperimental data taking into account Doppler and pressure
general conclusions and expressions for line profiles obbroadening and shift of the line. The Voigt profile is a con-
tained in the following sections can be also applied in casesolution of Lorentzian and Gaussian distribution for which

when this asymmetry is due to other effects. the half widths(full width at half maximum arey, =2I" and
vo=wp2yIn2, respectively, wherewp=kv me and Umg
. EMITTER MOTION = \[2kgT/mg is the most probable emitter speed.

In this approach, the emitter motion is described by the In gene.ral, coIIisipn parameters of the line are dependent
. - . . . on the emitter velocity, and the pressure and Doppler broad-
function f(r,v,t), which in a great part determines a final

f fthe i file. The choi £ th ion for thi ening cannot be treated as statistically independent effects.
formt.o € dlne prg Iet' ?hc oice dc')t' € exp;gs;lf)hn ?r '.STaking into the account the dependence of collision param-
unction 1S dependent on the condition in WhICh e 1IN€ IS g0 of the |ine profile on the emitter velocity and using Egs.

En?IyZEd' Hc.’t\tN Iongt isbthe rr|1ea_? frﬁe pgth of I;[_h_e en;ittgrz) and (3), the complex speed-dependent asymmetric Voigt
etween emitter-perturber velocity-changing collisions? orofile (SDAVP) can be written in the form

what kind are these velocity-changing collisions, mainly soft
or hard? 1
. Zspavp(w)= —J d3JEme(JE)
A. Free motion ™

The simplest model describing the influence of the emitter exd — &é(vg)—iB(ve)]
motion on the shape of emitted or absorbed spectral lines is : - -
based on the assumption that the motion of emitters can be I've)—ilo—wo=A(ve) —k-ve]
treated as a free motion on straight-line trajectories. (16)
Velocity-changing collisions of emitters and perturbers are

neglected in this case. Then the kinetic equation for the funcrhis profile was used in an analysis of their experimental

tion f(F,J,t) has the following form: data for the calcium resonance line by Lewis and his co-
. workers who have taken into account the collision-time
af(r,v,t) - = asymmetry and the correlation between the pressure and
— =5V f(Fu,Y), (12~ 2symmety P

Doppler broadening30-33. The speed-dependent asym-
metric Voigt profile is a simple generalization of the speed-

whereV, is a gradient operator invariables. Looking for a dependent Voigt profiléSDVP) given by Bermar{12] and
solution of this equation, one assumes that the emitter at timanalyzed by Warat al. [13]. In these papers the dispersion
t=0isinthe positiorfzo and the probability that the emit- asymm.etry was neglepted. It should be noted that in gener'al
ter has velocitvg is aiven by a Maxwellian distribution SDVP is not symmetric and can be narrower than the ordi-
er has tyv 9 y ' nary Voigt profile. This narrowing was first observed by Mc-
which means Cartan and Lwir{34] for the Li-Xe system. The SDVP was
- - - - recently used to describe the shape of the Cd-
f(rv,0= 8% fm (v), (13 intercombination line perturbed by the X@&5] (for the

. ) ) ) ) Cd-Xe system the perturber-emitter mass ratics close to
where 8%(r) is the three-dimensional Dirac function. The one.

ot

solution of Eq.(12) for any timet, obtained with this initial When the Doppler width is negligible in comparison to
condition, can be written in the following form: the collision width, the SDAVP can be transformed to the
. - - asymmetric weighted sum of Lorentz profile8WSLP) of
fe(ro,t)=38%r—ovt)fp (v). (149 the form
The subscripte means that the distributiof=(r,v,t) was 1 A . exg—&ve)—iBve)]
obtained for the free motion case. IAWSLP(w):_f dstme(ve)r( ) i[0—wg—A(ve)]"
Substituting Eq(14) in Eq. (3) and assuming that colli- & Ve W= wo UE(N)

sional line shape parameters are independent of the emitter

velocity, the complex line profile, Ed2), can be written as Such a profile was given by Pickdtt4] who neglected the

Zavp(w) collision-time asymmetry. In general the weighted sum of
Lorentz profileSWSLP) given by him is also not symmetric.
&ip 3~ - This is caused by dependence of the collision shift on the
- j d UEme(UE)F_. T _A_f.o, emiter velocity. This profile was used by Farrewal. [15]
o= "UE) 1o describe asymmetric line shapes obtained in their experi-
(15 ment.

e~
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B. Soft collisions

1+ 37 30 N g

The soft collision model was the first theoretical model AP ®)= ;JO dtJ d UEJ d*rW, (. tve) fm(ve)
that made it possible to describe the shape of the spectral line .
taking into account velocity changing collisions for their low Xexp{—&—iB—Tt+i(w—wy—A)t—ik-r}.
as well as high frequency. In this approach, one assumes that
N i , ) o (24
individually velocity-changing collisions are negligible but
collectively are significant and the emitter motion can beThe real part of this expression is identical with asymmetric
described in terms of the theory of Brownian motion as aGalatry profile(AGP). The Galatry profilg(GP), which is a
stochastic process. Assuming that the emitter motion is &ymmetric version of this profile, was first derived by Gala-
diffusion motion, then following ChandresekH@6] the ki-  try in 1961[18]. The soft collision approach and application

; ; P ; of the kinetic equatiori18) in the line shape theory was also
netic equation for the functiof(r,v,t) can be written as investigated by Rautian and Sobelm@g], In general, the

> - Galatry profile is used in analysis of molecular line shapes in
of(r,v,t) e e o oo . . .
=—v-V,f(r,0,t) +Df(r,u,t), (18  Wwhich the Dicke narrowing effect occurs.
ot In the case, when collision parameters are dependent on
the emitter velocity, the complex line profile, E®), should
where be written in the following form:
L L vhvs 1 P(w)zif”dtf &% fd3FW (F o), (00)
Df(l’,v,t)=VSVU~[vf(r,v,t)]+ 5 Avf(l’,v,t), SDAG 7)o E v\ LUE) Im \VE
(19 x exp{— £(ve) —iBve) ~T(ve)t
andvg is the coefficient of the dynamical friction undergone +i[lw—wo—A(vg)Jt—ik-r}. (25

by the moving emittergor the effective velocity-changing

.. > . . Hereafter this formula will be referred to as the speed-
collision ratg, V, andA, are a gradient and Laplacian op- P

dependent asymmetric Galatry profigDAGP. It should be

erators inv variables, respectively. noted that the expression given by Eg5) can be different
As in the free motion case one assumes that the distribifrom the expression that can be obtained using the exact
tion function fort=0 is given by the relation solution of Eq. (18). A general formula for the speed-
dependent line profile in the soft collision approximation was
f(r,0,0)= 33(()me(5)_ (20) obtained in Ref.[28]. The speed-dependent asymmetric

Galatry profile is a simplification of the general expression
. . . I . obtained in[28] for the core and near wings of a spectral
Inserting the solution of Eq(18) with the initial condition ;e In[28] the speed-dependent Galatry prof8GP was

(20) to Eq. (3) and assuming that collision parameters arey|so derived and their properties were investigated in detail.
independent of the emitter velocity, the complex line shapgyperimental investigation of simultaneous occurrence of
can be obtained. This complex line shape is identical withspeed-dependent effects and velocity changing collisions
that which can be obtained using the function given by theyas done by Duggaet al. [37,23. In particular, Duggan

following expression: et al. [23] have used the soft collision model and included
speed-dependent effects to interpret their earlier experimen-
f(r,o,t)=W, (r,t;0)fn (0). (21 tal data[37] on the broadening of CO lines. It should be
vghio E

noted that the speed-dependent Galatry profile was used to
. e . analyze experimental data and to find the magnitude of the
The.subs’cnpts means.that this distribution function was systematic errors of measured broadening and shift coeffi-
obtained in the soft collision approach. In B1) the prob-  ijents caused by neglecting the speed-dependent effects
ability W, (r,t;v) of finding a particle after the timeat the  [38,39. The problem of applicability of the SDGP for the
position, if their initial position was 0 and initial velocity CO-He and CO-Ar systems was experimentally tested and
thoroughly discussed by Duggaat al. [27] (in their paper

the SDGP was termed as the correleted speed-dependent
3 Galatry profile.
W, (F.t0)= (_) exp{—A[F— J(l—e’ vty pg]2), _ In the Iimit pf h_igh frequency of velocity-changing. colli-

S T sions the distributiori22) can be transformed to th&Dirac

(22 function form

wasu, is given by[36]

where lim W, (r,t;v)=8%r). (26)

vg—®©

2
_ Mgy (2KgT) (23  Insuchacase, the profiles SDAGP and SDGP can be trans-
2vt—3+4e vst—e 2t formed to the AWSLP, Eq(17), and WSLP, respectively.

Using Eq.(21) and assuming that collisional line-shape C. Hard collisions

parameters are independent of the emitter velocity, the com- The other way of taking into account the velocity-
plex line shape, Eq.2), can be written in the form changing collision is the hard collision approach. In this ap-
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proach the emitter velocity after collision with the pertuber isrameters on the emitter velocity should be taken into ac-
determined only by this collision and is independent of thecount. In this case, speed-dependent asymmetric Nelkin-
velocity that the emitter had before collision. In this case theGhatak profile(SDANGP can be written in the form
kinetic equation for the functiof(r,v,t) can be written in

the following form[19]: Zspave+ (o)

Tspance @)= .
1- mvyZspyp+ (o)

(31
af(r,v,t)

i —0-V,(r,0,t) —vuf(r,o,t)

The speed-dependent Nelkin—Ghatak profil8@DNGP in
which the dispersion asymmetry of the line was neglected
n me(J) VHJ A3 f(F.0' 1), (27) has been used by Lanet al.[26] to analyze line shapes o_f
the GH, perturbed by the Xe. However, an extended version
of the SDNGP was given for the first time by Robettal.
22] to interpret the non-Lorentzian features in the profiles of
-branch line of H broadened by heavy perturbers. This

wherevy, is the frequency of the velocity changing collisions
in the hard collisions approach. To obtain the expression fo

the shape of the spectral line in the hard collisions approachprofile will be referred to here as the correlated speed-

both side§ of t.rliseequgtion shou!d be multiplied by [etp dependent Nelkin—Ghatak profil€CSDNGP because it

—wo—A+iD)t—ik-r—¢—ip)/m and integrated by parts over  takes into account correlation between phase-changing and

andr. As the result the equation for the functicf w,v) velocity-changing collisions. Neither SDNGP nor SDANGP

becomes can be explicitly obtained using the approach presented here
1 but this is possible starting from the equation for the time-
i - > 37 ) dependent classical dipole, as was done in the more compli-
_— Bme(vamE(v)va d*’ Flw,v") cated case of the CSDNGP by Robettal. [22].

= —i(w—wo—A—E~J+iF+iVH)T(w,l;). (289 D. Hard and soft collisions

After some manipulation, which includes integration of both  The soft and hard collision models give different descrip-
sides of this equation over and using the definition of the tions _Of the D_oppler _broadened I_|ne shape affected bY the
AVP (15) and the definition of the complex line profi(@), velocn.y Chang'ﬂg collisions. For h|gh freguency of veloc_|ty-
the following equation is obtained: changlng collisionsy both models give rise to a Lorenzian

profile for the Doppler broadened line in their core and near

Tavpr (@) + mryZyps (0) H 0) =1L o). (29)  wing. The width(FWHM) of this profile is equal tav3/v.

For the case in which velocity changing collision can be
Here the profiles marked as A¥Rand VP are the AVP and  omitted, which means when= 0, both models give the stan-
the VP, respectively, in which the widih is replaced by the  dard Gaussian distribution with the Doppler widgg . Con-

sumI"+ vy (this change is designated by an asterisk trary to the fact that these two models yield different results
The solution of Eq(29) is given in the following form:  in the intermediate frequency range. In real experiments, the
assumptions required by those models are not fulfilled com-
Zavpr () pletely so that there are both soft and hard collisions. To

Tancplw) = (30

describe the influence of the soft and hard velocity-changing

collisions occurring simultaneously, the kinetic equation

Hereafter this profile will be referred to as the asymmetricshould be taken in the form proposed by Rautian and Sobel-

Nelkin-Ghatak profile ANGP). Such a line profile was used man[20]

by Bermanet al.[40] in studies of line mixing asymmetry in A0

which also the Dicke narrowing effect was taken into ac- Jdf(r,v,t) - . .. D > -

count in the hard collision model. The symmetric version of st v Vel (v, +DEr . O = wyf(ro.b)

this profile, which means Nelkin-Ghatak profilGP), was

originally derived in order to describe the shape of Doppler > 37057 7

broadened Mssbauer line§19]. Rautian and Sobelmd20] +me(U)VHf dRf(r,o"0). (32)

have used the NGP to describe the line profiles for cases

when the Doppler and pressure broadening as well as Dickéhe effective frequency of velocity changing collisions

narrowing effect occur. They also discussed the problem ofvhich can be written as the sum of the frequency of the soft

the correlation between phase-changing and \/elocityand hard collisions, is connected with diffusion coefficient

changing collisions(different in origin from the speed- for emitter in perturber gas by the following relation:

dependent correlation between the collision and Doppler

broadening The profile given by Rautian and Sobelman _ _ kgT 13

[20] for that case is the NGP with, replaced byvy—T v=vet YSTmeD" (33

—iA and hereafter will be referred as correleted Nelkin-

Ghatak profile(CNGP. To solve the problem formulated as outlined above we
Profiles AVP and VP in Eq. (30) should be replaced by should note that the modified distribution function obtained

speed-dependent profiles SDA¥Pand SDVP, respec- in the frame of the soft collision model, labeled by the index

tively, when the dependence of the collision line profile pa-S* and given by the relation

1- TrVHIVP*(w) .
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for(F0,t) =€ "M o(F,0,1) (34) profiles AGP and GP should be replaced by speed-
Y st dependent profiles SDAGPand SDGP. The proposed re-
fulfills the simpler differential equation sult is
of F,J,t) . e e e - - Zspace (@)
(—=—v-Vrf(r,v,t)Jer(r,v,t)—va(r,v,t). Zspars @) = : (42
at 1-7mvyZspep(w)
(35

It should be emphasized that the profile given by &) is
Inserting the distribution functioi34) into (3) the expres- not derived but only proposed as a useful expression from
sion for Fagp«(w,v) can be obtained. On the other hand which other profiles presented above can be obtained. Such a
multiplying both sides of this equation by difw—wy—A  speed-dependent asymmetric Rautian-Sobelman profile
+iD)t—ik-r—&—ig) and integrating by parts ovérandr,  (SDARSP can be used to describe the shape of a spectral
one gets line taking into account the Doppler and pressure broadening
and shift, the correlation between the Doppler and pressure
broadening and shift, the dispersion asymmetry and the col-
lisional narrowing caused by the soft and hard collisions.
The speed-dependent Rautian-Sobelman prg8®RSP
Here the operato6 is defined as can be obtained assuming thét-i3=0, which means,

omitting the dispersion asymmetry of the line.

A -1 . -
G]:AGP*(wyU):;eigilﬁme(U)- (36)

G=—i(w—wg—A—k-v+il+ivy—iD). (37
IV. LINE PROFILES IN STANDARDIZED FORM
To obtain the complex line profile for the soft and hard
collisions case, both sides of the full kinetic equati@2) It is very useful to rewrite the profiles given above using
should be multiplied by e>{i3(w—w0—A+iF)t—iIZ- F—¢ reduced variables such as those introduced by Hefdéft
T=owpt, U=(w—wy)lwpy, 0=Tlwp, d=Alwp, z
=vlwp . Following Wardet al. [13] we also introduce the
velocity-dependent dimensionless function:

—iB]/7 and integrated by parts overandr. As a result the
following equation is obtained:

1 :
G )= —_e &I ) > 3 o I'xvm)
GHw,v) 71_e me(U)-Fme(U)VHj d*v' Aw,v'). B (X ) = FmE , 43)
(38)
Using relation(36) one can show that E¢38) is fulfilled by N A(Xvme)
the functionF(w,v), which fulfills the following equation: Bs(xa)=—73—, (44)
Flw,0)=Fagp(@,0) E(Xv )
Bp(X;a)= o (49)
+wvHe§+iBFAGm(w,J)j d3’ Fw,v').
IB(XUmE)
(39 Ba(X;a)= B (46)

Integrating both sides of this equation byone obtains the  These functions, which depend on the reduced emitter veloc-
equation that should be fulfilled by the complex line profile ity x=vglv,,, the perturber-emitter mass ratiar
E,

(@) =Tpgp () + mryZop ()L w). (400 =mp/mg, and first of all on the emitter-pertuber interaction,
generally differ from each other. When the emitter-perturber
The solution of Eg.(40) is the asymmetric Rautian- interaction potential can be written in the inverse-power

Sobelman profildARSP form C,/r9, then as was shown Eq8l3)—(46) can be writ-
ten ag[13]
Tarsd @) = M- (41 Bw(X;a) =Bg(X; @)
1-mvyZep(w)

. . . L . . _ —(a-3)/29-2)pm| _ q-3 3 2
The symmetric version of this profile is identical with the =(1+a) M 2q9-2'2" )
Rautian-Sobelman profileRSP [20]. A detailed analysis of
the influence of velocity changing collisions on the shape of (47
spectral lines was thoroughly studied in their pioneeringand[42]
work by Rautian and Sobelmdg&0].

The ARSP was obtained here in a formal way. In the 3 3

approach presented here, when collision parameters of thBp(X;@)=Ba(X;a)=(1+ a)sl(zq_z)l\/l(m,z,—axz),
line are dependent on the emitter velocity, the similar calcu- q (49)

lation cannot be carried out. To obtain the line shape taking
into account the speed-dependent effects in expregdibn whereM(a,b,z) is the confluent hypergeometric function.
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Using the above reduced variables and dimensionlessr
functions the asymmetric Voigt profilVP), Eq. (15), can A
be given in one of the equivalent forms: 7 3 e &8 +°°d e X
2 ave(U) = T Xg—i(u—d—x)'

1(+=
7, u=—f drexp —é—ipB+iur—idr—gr——1, . . .
ave(U) mJo T p{ ¢-1p T TaT 4] Also the speed-dependent asymmetric Voigt profile
(49 (SDAVP), Eg. (16), can be written in two alternative forms

2

(50)

4 + o + oo )
Zspavp(U) = —f drf dx x’e *X"sindxr)
0

+32) ¢
Xexd — £Bp(X;a) —iBBa(X;a) +iur—idBg(X;a) 7—gBw(X; @) 7], (51

or

+

2 *® 2 .
Zspave(U) = W_g/zf dx e xexfg — {Bp(x;a) =i BBa(X;@)]

— oo

2
X

. +u—dBS(x;a)+x
arctan—————
9Bw(X; @)

[ { (u—dBS(x;a)+x

+§|ﬂ 1+ 9B @)

] , (52

where sincy) =sin(y)/y. Equation(52) is more convenient from the numerical point of view. The standardized asymmetric
Galatry profile(AGP), Eq. (24), may be written in the following form:

1 [+ 1
IAGF’(U):;JO drexp{—g—iﬂ+iU7——idr—gr—E(zsr—1+e‘287)]. (53
S

The standardized form of the speed-dependent asymmetric Galatry p8DIRGP), Eq. (25), is given by

4 (+= 1
ZspacHU) = —3,2j dr exp‘ — —2(2257-— 3+4e 57— e—2zsf)}
TJ0 4zg

+ o0
X J dx x%e ¥’sind x(1— e~ %7)/zg]
0

Xexd — éBp(X;a) —iBBA(X; @) +iuT—idBg(X; @) 7—gBw(X; @) 7]. (54)

And finally the speed-dependent asymmetric Rautian-Sobelman pi®@BARSP, Eqg. (42), can be written as

Tspace(U)
1- 724 Tspep (U)

TsparshU) = (59

where SDAGP is given by

4 (+= 1
Zspacp(U)= _3/2f dTeXp| ——(2zg7—3+ 4e 57— @ 2%sT)
7o) 4z

+
X f dxx2e ’sind x(1—e~%7)/zg]
0

Xexf — &éBp(X;a) —1BBA(X;a) +iur—idBg(X; a) 7— z47— 9 Bw(X; @) 7]. (56)
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Soft collision collisions case by Henrgt al. [25] who used a convolution

of the WSLP and NGP, which will be marked here as NGP
NO YES ®WSLP. Such profiles were used by several auth®8s25—
SDNGP | SDRSP

27] to describe experimental data in cases when the SDGP or
NGP RSP

NO YES

SDNGP can be applied. As was shoy@8], this approach
gives quite good results for higher values of collision nar-
rowing parameteg, but worse for smalk. It was shown by
Dugganet al.[27] that the values of the collision narrowing
parameter of CO lines perturbed by He and Ar, obtained
from the fit of GRRWSLP to the experimental data, can be
unreasonable. Moreover Lanet al. [26] have shown that
values of the collision narrowing parameter ofH; lines
perturbed by Xe, obtained using NGRVSLP, are not lin-
early dependent on the perturber pressure. These convolu-
tions have also unsuitable asymptotic behavior fer0.
They cannot be transformed to SDVP. Calculations of pro-
files that are the simple convolution GRVSLP or NGP
®WSLP require a similar or much longer computing time
NO YES than direct calculations of the SDGP or SDNGP, respec-
Dispersion asymmetry tively. , ,
In general, the correlation between pressure broadening
FIG. 1. Diagram of line profiles. and shift and velocity-changing collisions should also be
taken into account. In the approach presented in this paper it
All standardized profiles presented here are normalized twas not done. Rautian and Sobelman first considered such a
unity if £=0, which means/“Zdul(u)=1. It should be correlation in Ref[20]. As a result of inclusion of this cor-
noted that in many papers the other conventional normalizarelation is the fact that the parametetsand vy, occurring in
tion is often usedf " Zdu I(u)= . expressiong24) and (30) are in general complex. As was
To describe the Doppler and pressure broadened linghown in this case, even fg8=0 those profiles can be
shape, one can use four “elementary” line profiles: Voigt asymmetric{20]. Pine[43] has used the correlated profiles,
(VP), Galatry (GP), Nelkin-Ghatak (NGP), and Rautian- correlated Galatry profile(CGP and correlated Nelkin-
Sobelman(RSP. The last three profiles permit one to de- Ghatak profile(lCNGP), with the complex narrowing param-
scribe the collision narrowing of the line. All those profiles eters to describe the asymmetric line shapes of the HF lines
are symmetric. To analyze the data, in which the collision-observed in his experiment. A more general description of
time asymmetry, line-mixing asymmetry, or collision- the influence of these correlations on the shape of the line
induced asymmetry occur, the asymmetric profiles, AVP(CSDNGB, when the speed-dependent effects occur, was
AGP, ANGP, and ARSP, should be used. In the case, whegiven by Roberet al.[22] in a hard collision approach and it
correlation between pressure and Doppler broadening is imwas used to a very accurate analysis of the experimental data
portant, speed-dependent profiles, SDVP, SDGP, SDNGH24]. The analysis of experimental data carried out by Dug-
and SDRSP, will be helpful. The speed-dependent asymmeganet al. [27], who used SDGP, shows that such a correla-
ric profiles, SDAVP, SDAGP, SDANGP, and SDARSP, taketion is very important also in other cases and so it seems that
into account those two effects: the dispersion asymmetry othe correlated speed-dependent Galatry profSDGH
the line and the correlation between Doppler and pressurgould be useful. Unfortunately it is difficult to say how to
broadening and shift of the line. evaluate the CSDGP and the correlated speed-dependent
Figure 1 shows the diagram in which all sixteen profilesRautian-Sobelman profillCSDRSR, obviously. Results ob-
described above are placed. The place of each profile is déained by Duggaret al. [27] for CO lines perturbed by Ar
termined by effects that this profile takes into account. Allshow that their interpretation would be cleariif in the
these profiles can be obtained from the speed-dependeBDGP is replaced byd 1—(I'+iA)/v1], wherevy is the
asymmetric Rautian-Sobelman profil@DARSP making total collision rate. Such a change was first proposed by Rau-
suitable simplifications. If the Doppler broadening of the linetian and Sobelmaf20] for GP to take into account correla-
can be omitted the SDARSP also can be transformed to thidon between phase-changing and velocity-changing colli-
asymmetric weighted sum of Lorentz profile&WSLP) or  sions.
weighted sum of Lorentz profileSVSLP). The correlated speed-dependent asymmetric Rautian-
In order to take into account the speed dependence of thBobelman profilgCSDARSP can be given only in a phe-
collision parameters of the line and the collision narrowing,nomenological way using in Eq42) for the SDARSP, fol-
the convolution of the WSLP with the GP or NGP in the lowing Pine[43], complexv, and vg. Some interpretation
form that describes only the pure Doppler line shape is ofteof these parameters can be done using relatipr- vg
used[23,25. In the present work a profile proposed by Dug- =1[1—(I'+iA)/v;] wherev=kgT/(mgD) is the effective
ganet al.[23], which is a convolution of the WSLP and GP, frequency of velocity-changing collisions, which is conected
will be marked as GRBWSLP, where the symbol & de- with diffusion coefficientD, obviously, the assumption that
notes a convolution. This idea was extended on the haray andvg are speed independent is an approximation.

YES

YES

NO

ANGP ARSP

Hard collision

YES

NO

Speed-dependent effects

VP GP

NO
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FIG. 2. Comparison of line shapes obtained &+ 1.6, d= 4
~2.7,2=2.7,a=2. (3) The GP and NGRfull line), the SDNGP 2510 L m— — T

(dashed ling and the SDGP(dotted ling. (b) Differences: 4.0 2.0 0.0 20 4.0
SDNGP-GP(dashed ling and SDGP-GRdotted ling. (c) Differ- u

ences: SDRSP-SDG@ee in the text FIG. 3. Comparison of line shapes obtainedder1.6,d=0.0,

z=2.7,a=2.(a) The GP and NGRfull line), the SDNGPRdashed
V. RESULTS line), and the SDGP(dotted ling. (b) Differences: SDNGP-GP
(dashed lingand SDGP-GRdotted ling. (c) Differences: SDRSP-

I_n order to compare theoretical profiles resulting from$DGP(See in the text (d) Differences: RSP-GRsee in the text
various models discussed above we have performed numeri-

cal calculations for different line profiles and the same physiz,,=0.6z, zs=0.4z; z,=0.4z, zs=0.62; z,=0.2z, z5=0.8&
cal conditions corresponding to those in an experiment ofnarked by numbers 1, 2, 3, 4, 5, respectiyely
Pine [43] on pressure broadening of tHy(5) line of HF Calculations in whichd=0 were carried out to show the
(v=1-0)perturbed by argon at a pressure of 500 Torr. Theole of the collision shift on the final line shape. All other
values of reduced parameters in this case are closg to parameters are the same as in the previous case. In(@g. 3
=1.6,d=—2.7, andz=2.7. In these calculations it was as- the profiles GP, NGP, SDGP, and SDNGP are compared.
sumed that=0 andB8=0 and that the dependence of the Speed-dependent profiles are narrower than the GP and
collision width and shift on the emitter velocity can be de-NGP. The difference between the SDGP and SDNGP is
scribed by Eq(47) with g=6 (for the van der Waals inter- much smaller than that obtained in the case for the nonzero
action and a=2 (for the HF-Ar system collision shift (d+0). The differences between the speed-
The comparison of four profiles GP, NGP, SDGP, anddependent profile6$SDGP and SDNGPand GP are shown
SDNGP is shown in Fig. @). It can be seen that GP and in Fig. 3(b). Figure 3c) shows differences between the
NGP are very close to each other. On the other hand thegDRSP and SDGP obtained fog and z, that are the same
differ markedly from the speed-dependent profiles SDGRas in Fig. 2. It is interesting to note that the largest difference
and SDNGP. It is surprising that the widths of speed-is obtained foiz,;=0.8z andzg= 0.2z, which means the case
dependent profiles, in particular SDGP, are larger than thosgat is not the pure hard collision one. In FigdBthe analo-
of the GP and NGP. In this case, speed-dependent effects, gous plot of the differences between the RSP and the GP is
particular speed-dependent collision line shift, cause the agsresented.
ditional broadening, not narrowing, as might be expected. As was shown, differences between the SDNGP and
Contrary to the GP and NGP, the difference between th&DGP in both cases under investigation are much greater
SDGP and SDNGP is much more significant. Figufe)2 than those for the NGP and GP. Particularly, it occurs in the
shows differences between the speed-dependent profiles andse when the collision shift is large enough. The SDGP and
the GP. As can be seen, the SDGP is more asymmetric the8DNGP can be asymmetric. The asymmetry observed by
the SDNGP. This asymmetry is generated only by speedPine[43] can also be caused by speed-dependent effects. The
dependent effects. The fluent transition from the SDGP tanagnitude of this asymmetry is connected with the collision
SDNGP can be achieved using the SDRSP. In Fig) &if- line shift and its dependence on the emitter velocity. It was
ferences between the SDRSP and the SDGP are shown. TBhRown that speed-dependent effects may cause the additional
SDRSP was evaluated for a few combinations of values;of narrowing or broadening of the line. This can be manifested
andzy parameters,=1.0z, zs=0.0z; z,=0.82, zs=0.2z; by a too high or too low magnitude of the collision narrow-
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ing parameter compared to its real value. The narrowing ocRautian and Sobelmaf20] should be used. On the other
curs for small collision line shifts and the broadening appearsiand in a real situation there are many systems with inter-
for large collision line shifts. This is in good agreement with mediate mass ratio 05a<<2.0, for which the assumptions
experimental observation87,43,23. of either pure soft or pure hard collision models are not ful-
In the present calculations the dispersion asymmetry waslled completely and the speed-dependent effects should be
omitted. The influence of the dispersion and speediaken into account. As shown by Hereyal.[25], diffusion
dependent asymmetry on the resulting spectral line shapepefficients obtained in such a case using profiles based only
was experimentally and theoretically investigated in Refson the pure soft or pure hard collisions model, can be differ-
[30-33 and[42]. ent from their real value. The SDRSP or SDARSP give the
possibility to carry out calculations of line profiles in these
VI]. CONCLUSION intermediate cases. It may be that the use of the SDARSP
) ) will help to reduce divergences between results of the analy-
_ The speed-dependent asymmetric Rautian-Sobelman prgs of experimental data and their expected results in the case
file proposed in this paper is a uniform formula that yields ingf cO lines perturbed by A7) caused by the fact that such
corresponding limits results of various theoretical profilesy system cannot be described by the pure soft or hard colli-
collected in a diagram in Fig. 1. This profile takes into ac-gjon model.
count the correlation between the collision broadening and |; yas shown, that the experimentally observed additional
shift of the emitted or absorbed line and the thermal motionarrowing and broadening37,43,23 can be caused by
of the radiating particle as well as the change of velocity ofspeed-dependent effects. It seems that the asymmetry of the
this particle during its collision with the perturber and also|ine reported if43] may be also caused by speed-dependent
the dispersion asymmetry of the line caused by different efpffects. As was shown, this is possible. Speed-dependent col-
fects. Using this expression one can perform calculations thagjonally narrowed profiles can be also used to analyze of

include the soft as well as the hard velocity-changing colli-the experimental results obtained by Rotetral. [44,45.
sions.

The hard collision model is valid for the perturbers much
heavier than the emitters. In this case also speed-dependent
effects play a great role and the description of the line profile The author wishes to express his gratitude to Professor J.
proposed by Robest al.[22] should be used. The soft col- Szudy for fruitful discussions and valuable help in the prepa-
lision model is valid for the emitters much heavier than per-ration of the manuscript. This work was supported by Grant
turbers. In this case speed-dependent effects can be omittétb. 673/P03/96/1(2 PO3B 005 1Dfrom the State Commit-
and the approach proposed by Gald§| and developed by tee for Scientific Research.
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