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ABSTRACT

In this paper, the concept of the self-absorption coefficient is discussed
using the concept of escape factor. The calculation methods of the escape
factor for any profile and any atom cavity are discussed. For the spherical
geometry, the escape factors A(r) at any position r in a spherical geometry
plasma (with the radius R) for L orentzian and Holtsmarkian profilesare cal-
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culated for the first time, and a general expression is obtained. As an ex-
ample, for the sodium 330.3nm resonanceline, thetotal radianceand thereal
radiance are cal cul ated, and the self-absorption coefficient for the resonance
line is discussed. This discussion will be useful for the study of escape

factor and the self-absorption of spectral lines.
© 2009 TradeSciencelnc. - INDIA

INTRODUCTION

Theanaysisof spectra lineisanimportant diag-
nostic tool for physicsand chemistry. In order to ex-
tract useful spectroscopicinformation from atomva-
pors, one hasto takein account al the physical phe-
nomenaoccurring in thismedium. Specidly, onehasto
estimate the self-absorpti on phenomenon, which gives
gpronounced non-linearity inthe cdibration function at
increas ng concentration of theelement andisoftenne-
glected™. The sdlf-absorption effect of theatomic spec-
trd linesemitted by the plasmacan be used to measure
the population density of the metastable and resonant
atomsinthedischarge. The self-absorption lead to un-
derestimation of theintensity of the resonancelines
emitted by no optically thin plasmaand to underestima-
tion of the concentration of the species deduced from

thisanalysig3. For that reason and in order to correct
theexperimental measure of theintensity (study there-
absorption of resonancelineswhicharegenerally more
affected by the self-absorption than non-resonances
lines), alargenumber of lettershad for subject the prob-
lem of sdlf-absorptionin optica emisson spectroscopy;
several methodswere proposed to estimatethe reduc-
tion of thelineintensity dueto thiseffect!>9.

Inthis paper, we suggest estimating quantitatively
the saf-absorption phenomenon for theresonanceline
of sodium resonant line. Theory showsthat we can treat
the self-absorption of resonance line by means of the
escapefactor. For theresonanceline, the escapefac-
tor isdefined astheratio of theradiation, fluxesescap-
ing from the plasmato the fluxes escaping from opti-
cdlythin plasma. Discuss onson theescapefactor have
been devel oped grestly in recent years, and many use-
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ful resultshave been obtained’®*. In general, escape
factors have been used intwo similar sensesto model
theradiationtransfer of gpectrd lines. In onesenses, an
escapefactor multipliesthe emission expected froman
optically thin plasmato alow for the effect of opacity
ontheemitted lines. Inthe other sense, an escapefac-
tor isaparameter, which multipliestheradiativetrang-
tion probability to alow for theeffect of photo-excita-
tion on popul ation densities.

Theory of self-absorption

With theassumption of loca thermodynamic equi-
librium, inthe case of an optically thin, homogeneous,
andisothermd plasma, thetotal radiance (W nr?sr?) of
aparticular lineisgiven by!*7,

130" (1) = Lao(TIR, [ () ®

where L1 (T) is the Planck distribution for the blackbody ra-
diation (W m2sr't m?), R_isthelength of the emitting plasma
region, and kA'(T) isthe monochromatic effective absorption
coefficient corrected for the effects of stimulated emission(*®.,

| e Om _Em
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where e isthe elementary charge, c the light velocity, ¢ isthe
electrical permittivity, m_isthe electron mass, n_isthe popu-
lation number density of the emitting state, f _ isthe oscillator
strength of the trangition, g_ is the degeneracy of the upper
energy level, En and Em are the energies of the lower and
upper energy levels respectively, k; is the Boltzmann con-
stant, Q(T) isthe internal partition function, and P() the nor-
malized lineprofile.

If thelineisnot self-absorbed, itsintensity isgiven
by Eq.(1). If the self-absorption phenomenonissignifi-
cant, Drawin and Emard have shown that thereal line
radiance can bewritten ag?.

IA,(T)=1""A (T)A, (AO) 3
Where A (10) isthe so called “escapefactor.” Thisdimension-

less parameter whose value lies between 0 and 1 is defined as
the ratio between the real radiation flux escaping from the

plasma and the radiation flux in the optically thin case.

3. The concept of the escapefactor in plasma

According to the effect of the escape factor, we
will discussthe escapefactor on two aspects. In atom
absorption measurement, because of the existence of

o
Figurel: Thediagram for photon escapes

the photon escape factor, thetransmission of thelaser
will deduce, and wecall theeffect on transmission; For
atom emission, for the photon escape and photon cap-
ture, the spontaneous emission coefficient will deduce,
and wecall the effect on emission. Wewill discussthe
two conceptsat follows:

(1) Effect on transmission

Inplasma, weassumethat an atomisexcitedtothe
higher lever by somereason. Whenit radiatesto the
lower lever, aphotonwill emit. Beforetravelingto the
surface, the photon maybe captured, maybe escaped.
If the photon emitsat |, it travelsto s at the surface
and escapesfrom thispoint asshowninfigure 1.

Then the photon escape probabilitiesfor all over
the surface, that isthe escape factor isgiven by!'9:

o) = —j T \—#)“ —5)ds @

where 1, isthe optical depth in the line center, T(ro‘ 51) de-

notes the probability that a photon escape from s, ¢S denote
theintegral isall over the surface.

For thiseffect, the escapefactor canbe called pho-
ton escape probability, and has been discussed in detall
in Ref.?%, From figure 1 we can find that the plasma
geometry hasimportant effect on the escapefactor, so
wewill discussthisprobleminlater section.

(2) Effect on emission

Consderingatwo lever syssem asshowninfigure
2, weknow that aphotonin higher lever j will emitto
lower lever i . For optical thin plasma, the photon can
emit to thelower lever without being captured, and we
denotethe spontaneous emission coefficient A. But for
optical thick plasma, the photon will be captured (or
absorbed) before emitting to the lower lever, sowe
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Figure2: Thediagramfor photon emission

think the spontaneousemission coefficient will deduce
to AA(r) , Where A(r) isthe escapefactor. The escape
factor can bewritten as

A= 1¥ (5)
where WV isthe average capture probability, and it isafunction

of position ; and timet, ¥ (r,t) isgiven by

— 1 — - -

rt)y=—— r,nG((r,rdv 6
v == f o 0 ) ©

where p(r,t) is the distribution of the number density of the
atom, G(F',F) denotes the probability that a photon is cap-
tured in the volume of | .

A solutionistheamplitudeof «(r,t)is p(r) , but will
decrease asthetime
n(r.t) = p(r)exp(-pt) (7)
where p(r) and p satisfy theequation

a-Byo) = [ o167 Nav ®

4. Calculation of the escapefactor with different
profiles

For different widen profiles, the esapefactor can
be cd culated indifferent gpproximationformula

Gaussian profile

For thetherma motion of the plenty of atoms, ac-
cording to the Doppler effect, wethink thewidenis
described by the Gaussian profile:

f(o) =f exp[-4(c-0,)?In 2/AvD?] 9)
where c is the wave number£-—f  is the radiative intensity of
theline center.

The escapefactor for the Gaussian profileisgiven

by

1+ To /(2+ 10)2

1+ 14,/ In(1+7,)

G(to) =

(10)

=  Pyl] Peper
Lorentzian profile

For thefrequently collisionsamong theatoms, we
think thewiden isdescribed by the Lorentzian profile:

s Av
f(o)=— >
T (6—0p) +Av,

(1)

where sis a constant with the radiation.
Theescapefactor for the Lorentzian profileisgiven

by

(1+7g)
(24 1y)
L = 12
(TO) l+\/1t‘l.'_o ( )
Voigt profile

Thevoigt profileistheconvolution of the Gaussian
profileand theLorentzian profile, and it ispresented as
anintegra form:
=Y [0,
T Joy 4 (X—-1t)
Wherey = Av /Av x (In2)¥?, x = v-v JA x (In2), f' = VAv x
(In2)¥2, We have done some work on the Voigt profile.

The escapefactor for theVoigt profilecan begiven
by the non-linear combination of that of Gaussian pro-
fileand Lorentzian profile:

(13)

V(10)=G(z,) +F(at )L (7. (14)
where
F(o,to)VaZ ¥ (15)
° 1+ (to\/a+a\/¥ )
Z hasthefollowingform
at, o
Z= 1- 16
\/n(1+1w.2)|: \/n(1+1m2)] (19

where a is the damping constant which is a measure of the
half-width of Lorentzian profilerelative to that of Doppler pro-
file thatis

Av,
a=,/|n 2——
Av,

In Eq.(17), G(t,) and L(z,) are the escape factor
for pure Doppler and Lorentzian line profiles, respec-
tively. Thefunction Ho.,7)) must satisfy thelimiting cases:
for a—0:F(a,t,)—0, G(t,) = L(z,), for any 1,
for 0<a<3: F(a,t )L (7)) - G(z,), larger,, and
for a>3:V(r)—L(z).

(17)
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Holtsmarkian profile

For thefrequently collisions between the absorp-
tion atoms and other atoms, wethink thewidenisde-
scribed by theHoltsmarkian profile:

.27
5sin(—
(%)
P 5/2
ArAV1I+| —
(AVJ

where Av isthe half width of the Holtsmarkian profile.

The escapefactor for the Holtsmarkian profileis
givenby:
H(z,) =0.451/x *° (19)
Where 7, isthe optical depthintheline center. For the absorb-
ing volume of width L, the optical depth in theline center is
given by:
1,=oNLP(0) (20)
where o isthe Ladenburg cross-section given by cs:(nezlmc)-fij,
where fij isthe oscillator strength of the resonance transition,

and it is given by?Y

f(o)=

(18)

_Eomc gy Ao

2ne’ O Ty
where g is permittivity of free space, ¢ is charge of electron,
mismass of electron, cisspeed of light, gis statistical weight,
1,, islifetime of excited state, and A, is the resonance wave-
length of the atom transition. In Eq.(20), Nis the number den-
sity of the absorbing atoms in the ground state. The relation
between N and the maximum absorption coefficientk _ for Voigt

distribution is

Nok (Bhy+AN )AL [7 mc?
m M In2 g2

where Av,, Av, and Av_ arethe natural, Lorentzian and Dop-
pler half-widths respectively.

TheDoppler haf-widthsisgiven by:
Av, = 060(7.1623x107)(T/M)"> (23)
where T isthe absolute temperature of the gas, M is the mass
of lithiumatom.

Thenaturad haf-widthsisgivenby:
Av, = 1277, C (24)
where t,, isthe lifetime of excited state, ¢ is speed of light.
TheLorentzian haf-widthsisgiven by:
AvL=2r_ (296/T)"P (25)
where n is the temperature coefficient, and in general gas,
n=0.75, r, isthe widen coefficient in atmosphere, r, = 3.34x
10%cm?/atm

i (21)

(22)
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Figure3: Theinfinitedab geometry

5. Theescapefactor for spherical geometry atom
cavity

There are three geometry atom cavitiesin atom
absorption measurement, slab geometry, cylindrical
geometry and spherical geometry. The escapefor dab
and cylindrica geometrieshasbeen doné?. Herewe
will givethebreif description of the brivation.

Infiniteslab geometry

Congder asourceof infiniteplane-pardld dabge-
ometry asshowninfigure 3, inwhichthez axisisnor-
mal to thetwo surfaces (which correspondto z=0 and
z=D) and a. denotesinclination to the z axis. Such a
geometry corresponding approximately to aplasma
wherethe emissivity and absorption coebcient drops
rapidly with distancefrom thetarget surface, but istypi-
caly approximately constant in the plane of thetarget
over thefocal areaof the plasma.

Becausethedabisinfinite, wecan chooseacircle
element of surfacearea. So

\da = 2nsds= 2us{?-§(da (26)
and
el - vl = _
|r|_ Slélis = |r SI ||_S| C;;I):(n “ =-2rsina.cosad o

r— r—
=2ncos ad cos a= 2rpdp 27)
where p = cos a£the following relation has been used
sina = ﬂ_ (28)

-5

Bringing Eq,(27) to Eqi(4), noticingthat r—s=——and
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theintegra isover thewhole surfacearea, wehave

o) =5 [T L [TCC 29
Atthe centre of theslab
o)), TC5 30)

I nfinitecylindrical geometry

Condder theinfinitecylindrical geometry asshown
infigure4, we canfind that

dS= 2‘F-§1da secakdé/ cosp
then

(31)

(F - é).d§/|F - E{Z = cosa cos[3d§/|F —§|2 =cosad adp (32)
s0 Eq.(4) canbewritten as

9(r) I d¢j T(ro€seca)cos ada (33)
where the relation of § and ¢ is

E2+2r€ cos ¢-(R*r?)=0 (34)
At thecenter, r=0, £=R, EQ.15 can bewritten as
G(E) = j:'i’z(toR seca)cos adao (35)

Spherical geometry

Inthissection, wewill discusstheescapefactor for
spherica geometry using thismethod.

Inplasma, weassumethat an atomisexcitedtothe
higher lever by somereason. When it radiatesto the
lower lever, aphotonwill emit. Beforetraveling to the
surface, the photon maybe captured, maybe escaped.

If the photon emitsat 7, it travelsto gat the surface
and escapes from thispoint. For the spherical geom-
etry plasma, afigureisshowninfigure5.
Then the photon escape probabilitiesfor al over
the surface, that i sthe escapefactor isgiven by
(r —9).dS
Ei

where k, is the peak absorption coefficient, T(kO‘F—E{) de-

AQ) = [T -9 (36)

notes the probability that a photon escape from g, gsdenote
theintegral isall over the surface.

For the spherical geometry plasma, we can choose
acircleplaneasshowninfigure6. Wecanfind

=  Pyl] Peper
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Figure4: Theinfinitecylindrical geometry
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Figure5: Thespherical geometry plasma

d§=RaR sin odl=21R*sn od o 37)
Soin Eq.(36), wehave
‘F—é{.dé _ ‘dé{ cosf _ 2nR? sin a.cosP )
-4 - =
From figure 6 wecan find that
‘F—;{2=R2+r2+2chosa (39)
Sowecanrewrite EQ.(38) as
‘F‘%-dé_ 2nR? sin a.cosp
- -3 - 2
R o

2nR? cosp

-— dcosa
R +r“+2Rr cosa,

According to Eq.(36), the escape factor can be
rewrittenas

2nR? cosp

TR dcosa
R +r“+ 2Rr cosa

A(F)=-4—HT(|<O\F-§()

T(5o)| em-wo)é(u)du

(41)
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where T (k) isthe transmission factor, which denotesthe aver-
age probability that a photon propagates at least an optical
depth through the source without being captured, i.e.

T(ro [ em(=ro)(u)du

which hasthefollowing asymptoticforms:

Lorentzian profile, T(t,) =/(nt )"

Holtsmarkian profile, T(t ) = 0.451/7 ¥
Infigure6wecanfindtha  islittleand varieslittle,

S0 we can choose cos B=1 as an approximation. In

Eq.(41), wecan obtain

(42)

R RZ?+r?+2Rr

AF =—1In
(r) &  RZ4r’-2Rr

T(ko)=

R 4Rr 43
—In(l+————)T(k
ar "Rz e g O
UsingtheTaylor series
2 3 n
IN(L4+%) = X=X (=) (44)
2 3 n
Remaining thefirst order, wehave
- R 4Rr
A)=—Inl+ ————)T(ky) =
4Rr 4Rr
——————T(ky) = T(k (45
R?+r2—2Rr (ko) r2 r (ko)
I+ —+-2-
R R

Becauser<R, we can neglect r#/R? in Eq.(45), so
wehave

A(r) = T(to) (46)

1-21
R

Eq.(46) isthe escape factor at any positionr for the
spherical geometry. Theca culation fomulaof optical
depth in the line center can be find in Ref.24. If we
choosetheoptical depthinthelinecenter t,=10° and
the radius of the absorbing sphere R=2m, the escape
factor a any pogtionr for Lorentzian and Holtsmarkian
profilesareshowninfigure?.

Fromfigure 7 wecan find that theescapefactor for
theHoltsmarkian profileislarger thanfor the Lorentzian
profilewith any r; astheincreasing ofr, the escapefac-
tor will increase, which showsthat the photon near the
surfaceiseasy to escapefrom the surface.

There are other widen profilein the discussion of
the escape factor, such as the Voigt profile, and we

Physical CHEMISTRY o

Figure6: Acircleplanewe choosed

Theescapefactor
L%
"

o I3 I I 1 I r 1 r
o oz o< dE OB 1 12 14 18 1B a

Theposition of photon emission
in aspher egeometry (cm)
Figure7: Theescapefactor with differentr for Lorentzian
and Holtsmarkian profiles

have done many works on the Voigt profile?28, But
here we only discussthe Lorentzian profile and the
Holtsmarkian profilefor the conmplexity of theVoigt
profile.

6. Theself-absor ption of Na 330.3nm

According to Eq.(1) and EQ.(2), because P()) is
normalized, wehave
I:P(x)dx =1 (47)

ThePlanck digtribution for theblackbody radiation
LA(T)ig?™.

2nhc? 1

Ly, (M= A5 hoirkeT _q

(48)

where h is the Planck constant, T is the temperature of the
atoms.
Thepopul ation number dendity of theemitting Sate
n_canbegivenby
Em

ks

- “9)
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Figure8: Thetotal radianceof thesodium 330.3nmr eso-
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Figure 9 : Thereal line radiance of sodium 330.3nm
resonanceline

TABLE 1 : The transition characteristics of the sodium
330.3nmresonanceline

Em(cm™) En(cm™)
30272.6 0

fnm

9x10-3

Mnm)  Gm  On
3303 4 2

Where E_ isthe energy, K, is the Boltamann constant.
Theinternd partitionfunction Q(T ) ig%®
E
QT =D giekT (50)
For the sodium 330.3nm resonanceline, itisfrom
theelection transition of 2p,3s-2p 4p, and thetransi-
tion characterigticsareshownin TABLE 11,
When the temperaturevariesfrom 1000~2000K,

thetotal radianceof theNa330.3nmwecalculatedis
showninfigure8.

= Pyl Paper

Let us Consider any temperature, such as
T=1500K, thetotal radianceweca culatedis|™, (T)=
3.8x10%. Accordingto Eq.(3), thered lineradiance
at any position r in aspherical geometry isgiven by
figure9.

From figure 9 we can find that for the sodium
330.3nm resonanceline, thered lineradianceisless
than thetota radiance, which we call self-absorption.
Astheincreasing of the position r, the escape factor
will increase, and the sl f-absorption of theresonance
will decrease.

7.CONCLUSIONS

Inthispaper, the self-absorption coefficient of so-
dium 330.3nmfor the spherical geometry atom cavity
Isdiscussed using the escapefactor, for Lorentzian and
Holtsmarkian profiles. From discussion, thefollowing
conclussionscan bedrawn:

1. The escape factor can be denoted by the ratio of
thereal radiancewith thetotal radiance, which can
be used to explain the self-absorption for aspectra
line

2. Theescapefactor for the spherical geometry iscal-
culated, and asmpleexpressonisobtained. Asthe
increasing of the position r, the escape factor will
increase, which showsthat the photon near the sur-
faceiseasy to escapefromthe surface.

3. For the sodium 330.3nm resonance line, thereal
lineradiance of islessthan thetota radiance, which
we call saf-absorption. Astheincreasing of the po-
stionr, theescapefactor will increase, and theself-
absorption of theresonancewill decrease.
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