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Abstract -

The helfwidthe of isclated w.v.-lines of 1iI, Al1I, and SiI
have been measured in a common d.c¢.-arc., Colligional broadening by
neutral perturbers, electron and lon Stark effects have beenvcalc—
ulated, without and with addition of Cs, where the electron densit-
les were 1.64 x10 e end 3,54 x10'%cn*?, respectively, snd the
temperéture was about 5400 K. The calculated Stark widths were comp-
aféd with the relevant measnred values. The errofs rangsd between
B%Iand 3?%; although they involved another sources of error. It is
‘concluded that without Cs,Doppler and neutral collisional broaden-~
ing; are mainly responeible for the spectral line broadening, where
‘Stark wldths were relatively small. Wnhile with (g, Stark widthas were

dominant.Corrections by quadrupole lon impact widths were conaldered.

t.Introduction

Stark broadening has been widely investigated and developed

by several rau.u:hmrs.I'L+ Isolated 1inés { wﬁose widths are much smsll-

er than the separation between levels that contribute to the pert~
urbatlion )}, were treated using the ilmpact for electrons and the
quagl-static approximation for ions.5 Higher order effects have

6 an alternate treatment for isol-

been incorporated into the theory.
ated lines has been given by Sahal-Brechote.’ An extensive treatment
of Stark broadening including tables for Stark yarameters and prof-

1les based on semi-classical calculations were done by Griem.a Moat
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of the experimental work was carried out using different sources
of plasmas, e.5., wall stabiliigzed arcs,9'11 shock 1:u‘l:nas,."2"3 dis-
charge 1amps,14 inductively coupled.r.f.,l5’16 etc.B

This work infeétigatgs'stark widths of some isolated u.v.-lines
at 3232.61 A, 2681.578 A4, and 3092.713 4, Zor 1iI, ALI, and SiI,
respectively, in the coummon d.c.-arc, which are usually used in
spectrochenicel analysis. Tﬁelstudy is done under the normal condit-
ions wlthout and with addition of 2 ppm of Cs. The excitation temp-

erature T = 5LO0 % 62 K is determin:zd using two Fel-lines, while

the slectron density N, = Te64 x101% cm'z, and 3.54 210" en”3 1
determined using two Fel and FeII-lines withsut and with Cs, resp—'

ectively. The collision widths,éhc, due to aneatral perturbers are

calculated., Hence, estimation of the measured Stark width,é}?s =

b}L -’élc, ( where dAis the measured Lorents width of the line
ﬁrofile ) was available. Electron Stark width ,6;?5, { corrected
for ion broadening and shielding parameters_); and the quadrupole
ion impact widths,éﬂ%s, are calculated. Thus, the total calculated
Stark width & fglc =d :fs +6)\is was obteined. The measured and
caleculated Srark widths are comparable, end tke errors - ranged
betweeﬁ‘s% and 3?%,'although it involved other sources of error,
It is cqncluded that without Ce, Stark widths were relatively sﬁall,
while with Csz they were dowinant. Quadrupole ion impact widths were

-quite luportant.

2.Detérmination of the plasma parameters
The LTE state ls generally aszsumed to exist in the central

portiong of the d.c.-arc plasmas at atmospheric pressure. If this

2=



awgunpiion is accepied, speciroscopic technigques may be combined

with the Boltzuan energy distribution and the Saha-Eggert ioniz-

ation equilibriun relationshins %o yield teuperature ani electron
density distributions.1?'

The excitation temperature T may be determiaed from the ratio
of the intencities of tvo gptically thin lines using the followlng
relation '

_ - 5040(E - E,)

los( A ) - 103\Qél} - los(%%)

'T_= - (1)

The electron dengity N, may be calculated from the intensities

of the emission lines of the neutral atom ( o ), and the first ion-

ized species (V) vtz v

M= 48327015 L g A A% 43/2 ezp(&—_E"ﬁﬁ:_Aﬁ) ) (2)

1t g%0° At
AE; is the lowering of ionization encryy of neutral atoms by the
charged parlicles. Ths notalisns of Eqs.(1), aud (2) have their

usual significance.

Z.Pressure brosdening

Agide from Doppler broadening, the main cont dbution to the
spectral line broadening at the full width ot hal/-maximum intensity
(FWHM} In tle d.c.-arc plaemas is from pressire effects. Pressure
broadening may be caused by collisions with neutral perturbers,
and/or wiﬁh charged particles. Charged particle cillisions prdduce
_Stark'efféct. However, all types of pressure broadening follow a
Lorentrzian distribution.
3.1 Colllslonal broadening by neutrals

Tn view of Linholnm's impact thsory, and assuxzng v.d. W-inter-

actions Letween emitier and ncutral perturbers ( llipole-dipole
~3

interacticns ), the haliwidth 51, 1ay be given by 10

bV, = 2.7 c§/5 go/% Ky (3)
where, 06 designates the 2iiference of the v.d.W constants in the
upper and lower energy ctatez of thne atomle¢ transitions, ?:(Skﬂyrlp}%
is the wean voluce of the relative veloeity of the emitter and pertu-
rber, p i tnc'redgced wass, and‘pris the perturber deﬁsity em™2,
Values of 06 can be calculated using a Coulomb approximation by some
relations stated elsewhere.19 These relations zre valid as long as
the mean emitter-perturber internuclear distance {th, where Pﬁ
1s the Weisskopf radius which represents the lower limit for strong

interactions.8 It may be given by
Pu= (31178 cgri )5 . | (1) k

ItTr Pﬁ, Covlon®t and exchange interactions should be involved
{ which way be caused by overlapping electrons ), amd hence, repul-
sion forces must be taken into consideration as well. In this case,
the trﬁe potential function would be represented approximately by
the Lennard-Jones potential. .
3,2 Stark broadening
ngrk broadening 1s caused by electric microfields‘from e;ect- )
rong aﬁd lons surrounding the emitting atoms or lons. The resulping 8
Staric profiles depend almost excluslvely on the electroi {iocn) den-
sity, and are only wesk functions of the temperature. Electron col;-
1slong cause broadening meinly at the line core, l.e., at FWHM,'
while ions act at the line wings.3 In genesral, isslated lines are
broadened‘primarily by electron impacts, and relatively by crude

corrections vidch may be suificient to allow for ion effects. Such
correctiocns may be ectimated considering eitner the impact or
A il



quasi-gtatic appro:rimations. To do co in a practical way, one
should keep in wing tie overriding indlueace of electrons, especia-
1ly in the line cores, and use a suificient condition for the quasi-

static approximation which nay be valid if

w /( v_J._Nj]_/S) Y (5)

where w is the eleciron impact width, vy o= (EkT/mi)% is.the lon

velocity, m; is the ion mass, and N, is the ion density cn™. Reve

ersing this inequality, the impact approximation will be valld.
Aecording to Griem,j’8 in view of the impa:t approximation, at

the FWHM, §R; of an isolated line is glven by
6 Rz 2w [1+1.758 (1 - 0.75R)) (6)

where, w is proportional to N, the ion broaden’ig parameter A £ 0.5
is proportionsl to N;/ % and R is the ratio of the mean distence
between lons Ty and the Debye radius o which 1s glven by

R=r/fp =673 16 (2nmt Nl/6 | @)

The R~term in Eq.(7) 1s a measure of ioﬁéion correlations and
Debye shielding. But Ior Heavy psriurbing ions, Bs8ey Nf. Ar+, Cs+,
etc, corrections may be.added to the FWHM of the ilsolated line prod-
uced by gquadrupcle ion impact width (ég% g~') which may be obtained
by [Ref.s, page 98, Eq.(ETBbi] .

sV =2 vymax 2w [@? - 32 nGo/2miPn) 2, 4 (B)

where N; 1s the ion density cm™>, n;a and n;a

are the scuares of
tha effective principal gquantum nuzters 27 tle tranetticn dealt‘with,
G, 1s the radius of Bohr;s first oruit, Y 1s the lonizevion stage
{Y=21 for neutrsl emitters), m is the masz of electron, and Z; is. -
the atoudc ﬁumber ol the periurbing ionic species.
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Another poesibiliity, newsly, ion broadening through s=cond
ﬁrder dpole iateractions {guadratic Stark effect), is not of much
interesé for isolated ;inesZ:It dsusily stays below Eq.(B) Indicat-
ing that quadrupole‘interactions involving diagonal matrix elements
arc typlcelly ctronger than dipole interactions with nondegenerate

ctates.

L. Experimental
4.1 Instrumentation

A B.HaEbert-spectrograph (Jarrell-Ash) was used, with a 152x64
mme grating (530 grooves/mm). The grating was fully illuminated
yielding a theorestical resolving power ol about 90,000. The recipe
Tocal Yinear dlspersion == 4.9 ﬁ/mm 1s approximately constant in the
wavelenéth range between 2000 A and 4000 A. hin entrance slit of 10 m
width was used to limit the field of view to a suall axisl region of
the arc plasmé. The resolved spectrd vas directly recorced uslg .
either a speclal dlrect profiling hesd attechnent (model 15-820,
Jarrell-Ash), or a dlue sensitivé photographic plate (Kodak). The
spectral lines on the photographic plates were identifi=d and scan-
ned by Eomparison with a master plate using a digital comparator
microphotometeor (Jarrell-Ash).

h.2 Samplgs -

Spectroscopic pure carbon powder, LiCOB, A1203,_Sioa, CaCl,
and Eezo3 (Johnson Matthy Ltd.)vere uced. Carbon watrices contain-
ing 2 ppm of Li, Al, and Si, and 1 ppm 0f Fe were prepared separat-
ely. Another matrices were prepared containing the game concentrat- -
ions of elements with addition of 2 ppm of Cs.

4.3 Meagurements

6=



Each element was arced (without and with Cs) under the optimal
counditlions: arcinz currcnt, 7 Amps exposure time, 20 s; gap-width,
5 ma; a cup-chaped cathode; and an anode angle, 45%. The value of
7 Amp exceeds the proper value (6 Amp) for ihe elements, but it is
preferred to overcome the probable decrease of temperature of the
arc plasma by C&. Fe was U.'"rac] a; 2 thermometric element. According
. to Eq.(1), end usifg the FeI- l:Lnes at 3719.94 A, and 3753.79 A, it
was found that T = ;400 + 62 K. The electron densities were deter-
mined using Eg.(2) for the FeI-iine =t 2522.85 A and the FelIl-line
at 2505.85 A. We found that N_ = 1.64 x 10™% en™3,and 3.54 + 0.2x10'%
en™? without and eith Cs, respect:.vely. The data used for E], Eyy
E+,' E° Ez gy and A were obtained by B:Ldges et al.o According 1o
Unsold, a value of 0.05 eV (403 cn™ ]) was substituted for AEi
Values of the intensities vere obtained accordlng to the following
section.

S.Methad of evaluation

The intensities of fhe investigated lines at 3232.610 A (L),
2881.578 A (Al), and 3092.713 A (5i) were evaluated from their prof-
1les. The measured intemsities I, were corrected to be optically

thin I, , using the following relationZ?

’

- I
I, = - B, 1n[1-—-5§-—] , (9)
where By is the Planck-Kirchhoff function. The measured intensity.
can be obtained most conveniently in units of By (si.e, I;\/BA)frbm
the direct photoelectric scan. B may be glven for each line by
the plateau of the optically thick line core.? This could be done
oy a photoelectni.c scan for the lines recorded on the photographic

rlate by connecting the microphoiometer with an X¥-Infélse recorder.

The corresterd FWHM of the optically thin line profiles were
HXRIn, g ALhick _ 5 89, 0,81, and 0.70 + 0.02 for 11, Al, amd St,
respectively. .

The instrument functio:n was debtermined to be 0.049A,and the
Doppler widths were celculated to be 0.0646 A, C.0314 A, and 0.0286
A for Li, Al, and Si, respectively, at the lince referred to before.

. 2 %

Calculatlon of the Gaussian component éA; = Ubﬂinst) + (6;\])) ] .
at FWHM of the line profils wac then available. Thus, deconvoluting
the c¢orrected FWIM, 6Xchin, the measured Lorentzlan widths,b?\L,

were obtalned, Table 3.

6.Results and discussions

The Lorentzian width, 6A;, of the line at FWHM may be attrib-
uted to two Lorentzian components produced by collisions of the
emltters with neutral perturbers, 67\c and with charged particles
(electrons end ions), b}\s, i.e., Stark width. é?\L is a sum of
& A, and b}\s,. since they sre scalarly additive. Thus, using the .

c
measured values of 67\L, the measured values of 6& cen be estim-
ated once, valuss of 67\ were known.

6.1 Calculat:n.on of é?\

From Table 1, 1t is obvious that the calculated values of the
Weisskop? radii P (using Eq.5), were quite larger than the tnter-
nuclear distancea botween the emltters and perturbers (,e.g., N.,).
consequently, the repulsive forces were neglected, and the Lennard-
Jones potentisl was excluded. However, the attractive v.d.W.-forcee
were considered, and then using a Coulomb approximation, valyes
of the force constants Cq,were c:a:!.culz-zt‘c.ua-d,16’]9 (Teble 2)., Neutral

perturbers at t atmospheric pressure in the d.¢. arc plasmas congt-

-8-
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itute maiply‘of W, {vhich is Jowinaut}, 02' snd 02.22 Thus, using
Eq.(3), values of‘é?\c werc calculated, Table 3. These velues might
be conzldered c:,ns"'c.aut épp_ro}::'.ma'tely, vitaout and with Cs.
6.2 Calculation of b)s
On L Iu;:l."-‘.i:'. uf Lindholim-Folyts impact theory, é)fs, were calc-
ulated ucing Eg.(6). The eléctron impact widthsz,w, and the ion
broadening parameters, A, were determined from the tables of Griem,a'
to fit the values of N, = 1.04 x10'% en™3, anc T = 5400 K. Velues
of R were calculated by Eq.(V).
7 For ion broadening, ithe inequality” givern by Eq.(5) was examined.
Congidering that N1=Ne=l.61; x10”" cm—3, it was found that w/(viNiVB)
= 0,03, 0.02, and 0.003fo'r 1i, Al, and Si, respectively, i.e., & 1.
Hence,' the impact approximation was valid. The ionic specles are
¥, 0%, and ¢¥ ( §' are dominant ).2% The quadrupole ion impact
widths, 6) g+ were calculated using Eq (8). Values of §¢ g» and
é,;\ g are reported in Table 3. '
In a presence of Cs, the intensities of* the sp—ectral lines
were enhanced and broadened. Such broadening might be attributed
_to stronger Stark effect. For an electron density N, = 354 X 1014
cm—3, values of 67\es were calculated ﬁsing Eg.(6), as 1t was expl-
ained before. But for ion broadening, it should be taken into cons-
ideration that Ny= 3.54 x10' en™> is a sum of 1.64 x10'4 cu™
wlthout Cs, and 1.9 x10' en™> of cs*. The quadrupcle lon impéct
- wldths, 6X';, due to Cs* were calculated,(plus those attributed to

another ionic species without Cs},and included also in Table 3.

6.Conclusions
From Table 3, it could be concluded that:

-

1} Without Cs: the spectrél lines were essentially broadened by
Doppler, (S)\D, ond by collisions with meutral perturbers,b}c, while
Stark widths were r;elatively suall. Broadening by electrons wag very
small such that it may be neglected, while quadrupole ion broadening
was remarikable. The total Starl vidth was 6?\(:31‘::6?\93 +h :\is

2} With Ca: although ‘aroadcniilgs by Doppler and neutral collisions
were stlll considerable, Stark effect was dominant. Quadrupole ion
broadening played a major role, such that its contribution was quite
larger than that of either Doppler or neutral collisional broaden-
S8, +ON (Ni=1.'61+x10u"cm'3) + 6N
(N,=1,9x10 4en™3 oz csh).

3) The values of calculated Stark width, & X:alc’ were coumparable

ings. However, & )Eal

with the relevant experimental values é?\s. The errors ranged bet-
ween 8% and 37%, although they involved uncertainltles associated

with A7, and § A
ACKNOWLEDGMENTS
The suthor would like to thank Professor Abdus Salam, the International

Atomlc Energy Agency and UNESCO for hospltality at the International Centre for
Theoretical Phyiscs, Trieste,

-10-



" REFERENCES

1. M.Baranger, Phys.Rev,it2, 855 (1958). ’ Table 1
. A.C.Kolb and K.R.Griem, Phys.Rev.111, 5ik (1958).
. H.R.Griem, Phys.Rev.128, 128, 515 {1962).

2
3
L. H.R.Griem, Plaswma Spectroscopy, McGraw-Hill Book Co., New York(1964).
5
6

Elewent 1i Al si
. H.R.Grlem,M.Baranger,A.C.Kolb,and G.Oertel, Phys.Rev.125,177(1962). euen
. J.Cooper,and G.K.Oertel, Phys.Rev.180, 286 (1969). : P D85 h.90 2-12
YR sfséhal—Brechot,Astron.Asérophys-lr91(1969); 2,322 (1969). : r A i.b5 1.25 1.10

8. H.R.CGrlem, Spectral Line Broadening by Plasmas,Academic Press,
New York (1974).

r (NE) = 1.75 A

9. E.Cullman, and F.Labubn, JQSRT 20, 205 (1978).

10. W.E.Ernst, B.H.Miller, and Th.Zaengel; Physica 93C, 414 (1978),
11. W.L.#Wlese, D.E.Keller,”and V,Helbig, Phys.Rev.11, 1354 ('1975).
12. T.Bach, JQSRT 19, 483 (1978).

13. A.Lesage, and S.Sahal-Brechot, Phys.Rev.16, 1617 (1977).

Table 1. Values of the Welsskops radii, Pw, and the atomic radii,
r, of Li, al, anf 3i; rnd the moleecular radius r of N2 as

a perturber.
14. G.Gousset, B.Sayer, M.Ferrasy, and J.lozingot, JQSRT 19, 239{1977).

15, D.J.Kalnicky, V.A.Fassel, and R.N.Knigeley, Appl.Spec.31,137(1977).
16. G.W.Johngon, H.E,Taylor, and R.K.Skogerboe, Appl.Spec.34,19(1989).
17. P.¥W.J.M.Boumans, Theory of Spectrochemical Ih:citat':ion, Hilger

and Watts, London (1966).

18. F.Schuller, and W.Behmenburg, Phys.Rep.l2c, 4, 273 (1974).

19, A.H.Bagsyouni, JQSRT, In Press.

20, J.M.Bridgeé, and R.L.Kornblith, Astrophys. J. 192,793% (1974).

21. H.W.Drawlin, and P.Felenbok, Data for Plasmas in Local Therm¢-
dynemic Eguilibrium, Gauthler-villars, Paris (1965).

22. W.dehte—ﬁoltgreven, Plesma Diagnosties, North-Holland,Amsterdanm
(1968). '

23. J.T.Davie, and J.M.Vaughan, Astrophys. J. 137, 1302 (1963).

~19-
-11-



Table 3

Table 2
Element . il 1 s MIT SiI
> 3232,610 A 2092.713 4 2881.578 A
. ) 2 * 6 -~
Klemont | Transition | Wavelength}  nf Ny G onu! _ without Cs| with Cs|without Cs| with Cs|without Cc| with Cs
. . - -31 ; 5 L ]
i 25-3p 232,610 A | 2.522 | 8.769 | 2.64x1077 tothlck, | g q350 0.2400 | 0.0950 0.1450 | 0.1000 0.1200
Al 3p-3D | 3092.713 A | 2.272 | 6.900 | 9.17x10722 IXELR 41 0.1200 0.2150 | 0.0768 0.1200 i 0,0700 0.0845
s P-4 2661.578 &,[ 1,670 | 1-160 8. 50x10m32 6hp, A | 0.0630 0.1800 | 0.0298 0.0900 | 0.0193 0.0440
dAp A | 0.0646 0.0314 " | o.0z286
HoRe & | 0.0416 0.0188 0.0158

bAs A ] 0.0030 0.0063 | 0.0009 | 0.0020 | 0.0002 0.0004

dhg A | 0.0117 | 0.1209 | 0.0062 | 0.0611 | 0.0020 | 0.0195

Table 2. Values of the squares of the effective principal quantum

2 Y- ale ' . , -
numbers of the :Ln:i.*l::‘u:\l,rx‘l , and final, o ,states for the i 6XS A 0.0147 0.1272 | 0.0071 0.063 0.0022 0'9‘99-

transitions dealt with; and the relevant force constants CG' 6£s A 0.6214 _ 0.1384 .0-.0110 0.0712 | 0.0035 - :0.028'2

JLErrox% 31.30 ‘8,10 |35.50 11.40 37,14 29.40

o different types

Pable 3. Values of the halfwidtns at WM due t

' of broadening.
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