
I 

II 

.. DAY-RA 69-0504 
r 5 ? t ... 

SilO C K TUB E S Y ~I l' 0 S J U ~I THE PHYSICS OF FLUIDS SUPPLEMENT I, 1969 

Shock-Tube Measurements of van der \Vaals Broadened 
Silicon Lines 

RICHARD A. DAY· 
Harvard College Obscr/lalory, Cambridge, M assachusclls 

The widths of van der Waals broadened Si I spectral Jines were measured by using a conventional 
sh?ck tube :lnd a scannin~ FabJ):-Perot interferometer. The experiment' have been performed by 
USlllg argon ::t.5 l he perturblllg gas III lhe reflecLed regIon of the shock wave at 11 temperature of about 
5500 0 K and over a pressure range of 2-10 atm. The tcmpcrature was dctcrmined by n. line reversal 
tcchnique; the pressure was measured tl~ing a quartz transducer. Thc scannincr F'abry-Perot was 
driven by a piezoelectric crystal operating at its resonant frequency (1 0.5 kc/se~); thc line profiles 
were detected photoelectrically and disp1n.ye~ on an osci~osc?pe for photographing and analyzing. 
A sct of calculated cllrves was t~eu to obtam the contrIbutlOn of the pressure broadcninO" (,0 the 
widths of the spcctrallines. The experimental wid ths thus determined arc within a factor of two of 
the results obtaincd from theory. 

I. INTRODUCTION 

The shock tube is an excellent spectroscopic light 
source for studies of atomic and molecular properties 
of interest to astroph~·5icists . In the temperature 
region of 5000- S000°l( and can'ier gas densities of 
the order of lO tS cm- 3 to 5 X 10 19 em-3

, obselTation 
times of the order of se\"Cml hundred microseconds 
nre nvaibble for the studies of line profiles. This 
paper describes an experiment devised to measure 
damping consbnts (half-widths) of spectral lines. 

III the shock tube uncier the above-i't:1tecl condi
tions electron densities \yill range from about 5 X 
10 14 to .'5 X 10 16 cm- 3

• "Whether a spectral line is 
broadened by electron impacts or by collisions \\'it h 
neutral perturbers depends on the deta iled struc
ture of t.he atom, but t~'pic::tlly when the ionization 
of a gas is less than 1 C;~, the spectral lines emitted 
from energy levels lying lo\rer in the atom, that 
is, " 'here t.he leyel spacing is large, will more [jkel~' 
be broadened by neutral pertmbcrs, especi:111~' if 
one of the level::; i::; all oS ·bte. Spectral line::.: emiUcd 
from high er-lying lenls :1I"C more apt to be bro:tdened 
by elcctron impacts. 

A S:1 prelude to lhe .,:tmly of Stark (electron) broad
l'ning proCCSSC::i ill a shock tube, the present experi
ment \\":tS performed to assess the reliability of the 
van del' Waals theory as gi\'ell by Griem.

1 
Since 

the tllf'ory as qlloted in Plasma S I)CC{rn.~('o 1'!I i::; an 
:tdiao:1tic theory, thi;; cxpcriment, which is performed 
at rela(ivc!~' hi~h tcmpcr:ttures, pro\'ides :l. rough 
mcasure of the importance of incln::;Lic processes in 
vall der \Y:l:Il s bro:HIPning. 

• Pt"('~f'lIt addl"cs;;: Df'partnH' lIt of Phy,-it'", UniversiLy of 
Okl:1honlll, :\'1)1"1ll:llI, Okl:th"ma. 

1 11. Il. C:ril'l11. I'lll .<1I1fJ "';pc("/rOSI'OP!I ( :'Il cCraw-Hill Dook 
CIIII1P:III.\·, ~('w York , .I\lli4 1. 

II. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

The experimental equipment was a diaphragm 
type shock tube used with hydrogen as the driver 
gas. The test gas arg6n with a 0.1% admixture of 
SiHCI 3 • Typical diaphragm breaking p ressures were 
in the rangc of 60-600 lbs and the corresponding 
pressures of the test gas were in the range of 15-
120 Torr. These conditions g!we a reasonably con
stant temperature (between 5500 and 70000K) and 
dcnsities of neutral particles between 2 X lOIS 

and "-'4 X 1019 em-3
• The temperature range of 

about 25% was not significant for the measmernent 
of V;1n del' '" aals broadening since the pred icted 
temperature dependence is slow, proportional to 
T3 / 10. 

The various measurements were made in the flow 
region behind the reflected shock wave; about 100 
f.lsec were allowed for the shock wave to equilibrate 
juclged from thc time behavior of the intensity of a 
spectral I inc. Theil, the tem pera ture of the g:tS was 
measured spectroscopicall y by means of a line 
revers:l1 tcchnirlllc. If the shocked gas is assumed 
to be in 10c:tllhC'J"mal eqll ili brilll\l,~ the temper:lture 
can be determined by mea::; lll'ing the emissi\'ity of 
the gas and lhe intensity emitted in a given spectral 
range. 

The total pressme of the ga's was measured with 
a quartz transduccr. Then, by using the measured 
temper:1.ture and pressure and the known percentage 
composition of the g:lS, all of the properties of the 
gn$ can be calcul:tted, i.e., den:;ities of atoms 
molecules, :111(1 electrons. ' 

t W. R. S. Cnr"l.on, W. If. l'arkill';OIl, and Eo J\L Reeves 
P roc. Pity:>. ~<)C. (London) 88, 771 ( l OGO). ' 
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During the temperature measurement, the spectral 
lille is scallned m;ing an oscillating Fabry-Perot. 3 

Figure 1 shows a bl ock diagram of the apparatus. 
The interferometer plates are epoxied to a barium 
titanate crysLal G in. long which has a resonant 
frequency of about 10 kc/ sec corresponding to a 
half-period of oscilhtion of approximately 50 Ilsec. 
The interference pattern is focused on the entrance 
slit of a monochromator ,,'hich acts as a narrow band 
filter and the dispersed light is monitored by a 
photomultiplier " 'hose output is displayed OIl an 
oscilloscope screen. Since the interferometcr dis
placement is sinusoidal \"ith time, part of the voltage 
applied to the barium titanate tube is picked off 
and phase shifted, and then used to drive the 
horizontal s\\'eep of the oscilloscope. Slight modifica
tions to the oscilloscope electronics enabled it to 
be used in fl. single s\\'cep mode, 

Adjustments in the phase could be made to insure 
that the s\\'ecp of the oscilloscope was lineal' ,,"ith 
\yayclength to bettcr than -4:%. Then the display 
recorded photographically could be used directly 
for the profile reduction. Since only three profiles 
arc scanned in 50 Il _ec, this technique gave many 
photons pCI' resolulion timc, a prime requisite in 
this experiment which studies optically thin lilles 
emitted from a GOOOoK plasma. Even then, for 
narrow lines, intensity was often a problem so that 
signal to noise ralios were of the order of fi\'e at 
profile maximum. 

A typical set of data acquired during a single 
shot is shmYll in }' ig. 2. The wuveforms of the in
tensity of the opticall~' thick line Si I A3905 is ex
hibited along with the prC55\ll'e pulse and the Fabry
Perot scan. From such a scnn the -half-\yillth of 
the profile could be me:\surecl in units of the free 
spectral range, the dist:mcc bet\\'cen fringcs. The 
calibration of this type of sweep is mnde simply 
by measuri1lg the sep:\ration of the plates with n. 
telemicroscope . .-\ debiled dC:3criplion of the d:1Ul 

reduction proces.::i c:\ll be found in Hef. 4. 

/ 
III, RESULTS 

Fi~llre 3 sh()\l'~ t he ~t lid ies of two c pectra I lines 
l11ea':llI'cd ill thi,:; m:11l111'l'. ;,\;iD.Jn is a 4s'1'o - ;ip'D 
trnn,:ition alld :-.. .i .... OS is a 4s~ 1'0 - 5lP tran~ilion. 
f'in('c thcy C011\C from rat hcr hi~h-I~' inp: lenl,:, both 
of lhc,:e lilies It:lH' :l ('(lll!'idcrabic Slark br():ld('llill~ 
contrihlltion, :llld thi . ..; hct i:-; reflected in the r:11her 

a J. Coop!'1' nlld.J. n. (;ri l' ~, J. S(·i. Ills tr. 40, ·\-1:, ( I'Hn) . 
'It. A. Iby, ~hn('k '1' 11 1)(' ~I'c('(ro~('opy 1,:11 " >l':1Iury, 

1Ial'\·:\I'(.I ClllI ('v;c Ob"el'V:llory, ll{'porl :\0. IS (lDli7 1. 
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FIG. 1. Schematic diagram of oscillating Fabry-Perot. 
interferometer. 
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FIG. 2. (a) Upper trace: interferometer scan of speclr:ll 
lines; total time of trace 50 }ltiCC. Intensity 0 .2 V/ cm. Lower 
trace: prc.-;slII'e t.ransducer output (1 V Icm, 20 }lsec/ cml. 
( b) Upper trace Si A3!JU5 emis~ iOIl with attenuated flash 
lamp signal. Unaltenualcd fln..~h is also shown 0.1 \ / cm. 
5 Ilsec icm. L·)\\,cr trace: same displn.y at slower sweep :;prcd 
(0.2 '" / em, 50 }lsec/ cm), 
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FIG. 3. \\, i(lt.hs of silif'C1I1 lin('s plolled liS :\ func! ion "f 
(nt :d dl'lI.;ity of pcrtllrhill~ :,rJ.!:()1I atom.;. '1'1", t hcon'( i, ,I 
HIIlI !'xl,,' rilll l'llt:tl wid ths al'r' ill IIl1its of J O-~O A/ cite' A:'~P' : 
:?li, 2.:; ± t]A A.j\J-W: J.G, :U ± f).5. 
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FIG. 4. Widt h of Si I >.4103 line 

plotted agains t numbcr densi(.y of 
perLurbing argon atoms. Theory 
predicts a slope 7 X 1O-~1 A/ cm-3 

and experiment gives 5.7 ± 0.6 X 
10-21 A/ cm-3. 
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large scatier in the data points. The indicated lines 
are "least-square" fit s to the data. The temperature 
dependence of the ,,-idths is very slight since it is 
proportional to 7'3/10; therefore , slight corrections 
to the widths of the order of 3% \\-ere possible and 
the various dab points could all be Ilorm::llized to 
5800oK. The results in this figure, though , 'were 
typical, i.e., the measured widths were less than 
the theoretic:ll widths as calcuhted from the formu
las of Griem. 1 These widths were calculated by 
simply adding the \yidths of the upper and lower 
states. 

Figure '1 gives the data obbined for the 8i I 
,,4103 line. This spectral line was negligibly affected 
by Stark broadening; the improvement in the 
scatter of the data over Fig. 3 reflects this fnet. 
Again, the experimcntal widths are smaller by about 
30% than the theoretical widths n,nd the width of 
the spectrnllinc is finile n.t zero dcnsity. 

A n ide:, of the accuracy of the technique cnn be 
obtained by noting thc finile width of the spectral 
line n.t zero density. Although isotopic splitting 

could cause such zero dem;ity "'idths5 still Kusch6 

in a recent report on arc measurements of the van der 
Wn,als bron,dening of silicon lincs by nrgon did not 
observe such effecis. His work was performed on 
uv lines using n spectrograph for dispersion; al
t.hough he hns not performed studies of any of the 
presently reported spectral lines, in principle, one 
would expect that they would have the same be
havior. In spite of tIllS present deficiency, the inter
ferometer-shock-tube combination holds great 
pronllse in line broadening studies, and this work 
is being exLended to the measurement of Stark 
broadening constants. 
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