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SUMMARY 

The ion density in the plasma of a water-stabilised arc has been 
determined by applying Holtsmark's theory to the observed profiles of H/3 
and Hy. The ion density so determined was used to compute the 
temperature of the arc. 
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number of perturbing particles per C.C. here taken to be 
equal to the number of ions per C.C. 

number of electrons per C.C. 

number of hydrogkn'ions per C.C. 

number of oxygen ions per C.C. 

number of neutral hydrogen atoms per C.C. 

number of neutral oxygen atoms per C.C. 

strength of electric field at a hydrogen atom due to the 
surrounding ions 

normal electric field strength 

F/F0 

probability of F 

intensity of a spectrum line 

intensity of the mth Stark component 

Stark coefficient 

wavelength displacement from undisturbed line centre 

Pcm 

a function of a 

a scaling factor 

electron mass = 9.107 x 10-2QlIl 

charge on electron = 4.80 x ICr" e.s.u. 

Boltzmsnn's constant = 1.380 x I@' erg per degree 

Planck's constant = 6.624 x lCr2' erg set 

absolute temperature in degrees Kelvin 

partition function for the hydrogen ion 

partition function for the neutral hydrogen atom 

partition function for the oxygen ion 

partition function for the neutral oxygen atom 

ionisation potential of the hydrogen atom 

first ionisation potential of the oxygen atom 

depression of the ionisation potential due to ions 

functions defined by equations(4.3.7)and(4.3.8) 

pressure (here taken to be I atmosphere = 1.013 x I@ dynes cm-%) 

function defined by equation (4.3.12) 

1 l / 
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I. Introduction *_I -I__ 

.! 

, 

. 

The proft1I.c: cE n. spectrum line cnl:ri.es milch i.nfo~n:~.ti.on n!)cut lil. 
s cJurcr3 from which j L comes. This b:lr, led to th'.orctical :I nd C;II)' ri: i: 71 I,: I 
work aimed at und~i.: -landing t;llr: relationshi.!, bcl,wr:cn thr, ~~roy~1-I,i~ :, c,l’ {,,,I, 

radiating source alld the opcctrum line profiles il ‘l!hc c3ucf:s lr:;:iti lj, to 
spectrum line bro2dcning may be divided into two categories, n::I~~oly, ti~o:,~, 
effects which are associated with the radiating atom itself :J.nd kllo:;~: ol'f'f:cl,:, 
due to interference with a radiating atom by surrounding atoms, ions artcl 
electrons. These effects (are summarised below: 

I Broadening associated with the radiating atom alone. 

(a) Natural broodcnirq 
(b) Doppler effect 

II Broadening a,:.~ ociated with interference by sllrrouridin~; pcrticlcs. 

(a) Impact broadening 
(b) Statist lcal broadening 

In the cases of interest to us class I brozdcning is small 
compared with class II broadening and will be ney,lccted. In class II 
broadening, interest centres on plasmas which arc in thcrmydynamic cquilibriur;. 
and a large fraction of the particles are ions nnd clcctrons. Ions and 
electrons have a larger effect on radiating atoms than neutral particles 
because of the strong, far reaching electric fields Cassociated Cth ions 
and electrons. In the following, only the broridcnirg effects of charg+d 
particles are taken into account. 

A discussion and review of the phcnomonon of spectrum line 
broadening is the subject of another paper in preparation and will not bc 
dealt with in detail here. An excellent revicv! has been given by l’h?;;znal~ 
and Lewisl d 

Spectrum line broadening has been of interest in astrophysics 
for many years and has recently become of intero:,t in work with high 
temperature facilities such as welding arcs, hi& enthalpy hypersonic flow, 
strong shock waves and rapid electrical dischar;ies. 

The experiments described here have been conducted using a 
water-stabilised arc in which the arc is constri.cted and held steady by 
being struck inside the core of a water-vortex. The water in contact with 
the arc is decomposed to form hydrogen and oxygen at the high temperatures 
achieved with this device. The spectrum lines from the heated hydrogen 
are very broad and,in the observations described here, these broadened 
profiles have been used to find the ion density by treating the profiles 
according to IIoltsmark's statistical theory of line broadenirq?. Recent 
careful work carried out at Kiel has however shown that the statistical 
theory taking only the ions into account does not adequately describe the 
line profiles and strictly it is necessary to take account of the impact 
broadening due to electrons. 

In the present work however the more simcle approach of applying 
the statistical theory of line broadening has been adopted since the 
necessary computed data-were available and reasonable accuracy for ion 
densities can be obtained with this more simple approach. The ion 
densitjes found using; the profiles of HP and Hy mere used to calculate 
the temperature of the plasma. The temperature is not very sensitive to 
the ion density and is given with good accuracy even when the ion density 
is in error. 

This work is regarded as a starting coint for line broadening 
studies in plasma spectroscopy. The case treated here has received 
considerable attention from other v;orkers and has proved valuable in 
gaining experience in the experimental technique and in gaining better 
understanding of the theoreticr,l. nork. 

2.1 



This device, 
current dcnsitics 

Cir;,t dcvelcpcd by Ibaeker in 19513 attains high 
in 1, IC ?rc column by constructing the arc flame inside 

the CCIIY of a nater-vortex. 'he am is shown in Fig.1 and /'late 1. 

The arc 
carb WI 

i: cbJCk between holJ on carbon electrodes by pa:,:;ing a 
stc:rti:11; electrode nloii{; one holLow carbon electrode until it makes 

cont:;ct with the other oloctrode. The water vortex serves to constrict 
the arc flame and ::.lso prevents it vianderinl; tocj much. "'he hollow 
electrodes make end-on viewing of the arc possible and all our ion densit.y 
detcrmin: Lions were made using this confi~urntion. 
of the 3rc running 

An enlarged picture 
inside tile water vortex is shovn in nlate 2. 

7 
1. :*rimental I'rocedure -II_ --- VW -.m - 

3.1 1’0W?r su:‘l-,lx and circuit --me-. ,- em_____ 

The arc was run from a 240 volt d.c. supply with a ballast 
resistance of 1 ohm made up from a caries-parallel :Lrrangemeilt of nine 
1 ohm heavy duty resistors. The arc current, determined by me:,surink; the 
voltage across a 10~ resistance was 66 amps. 

3.2 ktical sr?,nnGement (Pig.2) - mm-- 

The arc discharge, viewed end on, was focused on the slit of a 
bittrow glass spectrograph. h mirror could be placed on the or)tical axis 
so as to focus on the slit either a tungsten strip lamp for intensity 
calibration of the plate or an iron arc for wavelength calibration. The 
iron arc could also be interchanGed with a Guild hydroL,en disch:>r[;e tube 
to obtnin the spectrum of unbroadened hydrogen lines. 

The plate was calibrated for response to intensity by pl::cini; a 
six-step rhodium-on-quartz filter in front of the slit uniformly 
illuminated by the tungsten strip lamp. 

3.3 Photoahic_procedure - -- 

The exposure time of the plate to the tungsten calibrating lamp 
was made not too different from the time of exposure to the wittcr-stzbilined 
arc so as to avoid reaiprocity failure. The plates used were Ilford :lK 20. 
These were developed in microphen (a fine grain developer) and were 
brushed nith a very soft brush during development so as to reduce the 
Kberhard effect. 

3.4 Densitoma 

The blackening profiles were obtained usin,? a Jovce-J,orbl 1.::~rk III 
microdensitometer. Xelative intensity v!as rely-ted to plate blncl-eni.ni- by 
means of the stepped filter calibration. 

4. Treatment of the Results ----- 

4.1 To obtain intensity profiles from the bl~ckeninnofiles -m-v m-w-- 

A curve of densitometer reading against relative expo:-:ure as 
determined by each step of the stepped filter was obtsinnd at the wave- 
lengths of F! and 11~. The densitometer deflections of the blgckeninG 
profile could then be related to rela.tive intensities to give the intensity 
profiles of the lines. 

The wavelengths corresponding to differ:?& pas-itions on th-: :-Ilate 
were found by plotting wavelength against posi.tion for th? iron lines and 
using this granh to find the r;avelenf;th correspondin, to any pcsiticn on 
the plate. 
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4.2 Method of obtnininf;;_ion densities from the line _tn-ofiles I_-- - -~...e- -." . -- --,-.w,- - --m-m.-- 

The line profile is the result of all the Stark comnonents of the 
line which arc broadened by the random microfields and overlap to Live the 
whole brondcned line contour. It can be shown that the probability '~$3) 
of a field I! occurrintr; at the atom is Given by 4 r i w(p) = - B" 1.8 sin (/J'$/s )du . . . (4.2.1) 

* 0 

where p = F/Fe. F, is called the "normal field" and is given by 

F, = 2.61e~=/~ . . . (42.2) 

where N = number of ions per C.C. 

Schmaljohann has found the value of this inte ral graphically 
for various p and tabulated the results in his E report . He also gives 
a graph of W(p) against /3. In a constant field F each line is split 
into a number of Stark components. For the mth coml)onent let the 
intensity be I, and the displacement from the field free position be 
AA. Then, 

AX = CmF 

= C&F, 

where Cm is the Stark coefficient. 

In a field due to random distributions of ions, the intensity 
Irn must be modified by the probability of the field. The contribution 
from this component in the wavelength interval AA, A& + d(A1) is given 
by 

A1 

( d 

d(Ah) 
Id(AX) 3: I, U - - . . . (4.2.3) 

CmF CmFo 

If we write AX = aF, and *sum over all Stark components, the intensity 
at displacement Ah in the interval Ah, AX + d(AX) is given by 

IF,& = x;W(;) da 
mm 

= S(a)& . . . (4.2.4) 

The function S(a) can be calculated from 

Stark data. This has been done by Schmaljohann for the lines 1% to 
Hg. When F, = 1, tl = AX. Therefore, S(a) may be ref;arded as the 
line profile obtained when the normal field, F,, is 1 e.s.u. 
Schmaljohann's curves are normalised 

I'" s(a)da = I. According to the 
-CO 
the shape of the line profile is the 
factor. If the observed profile of 

I-+- 

to give 

statistical theory of line broadening, 

same for all PO apart from a scnlinc 
one of the, Rnlmer lines is normnlisod 

to make 
J 

Id(A1) = 1, and then plotted on a log-log graph, it 7irili, 

-CO 
according/ 
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according to the theory have the same shape as a plot of log S(a) against 
log a but will be displaced horizontally and vertically by an amount 
equal to the logarithm of the scaling factor. Hence the scaling fector 
may readily be derived and from this F, 
determined5. 

may be calculated and hence N 

The procedure for the treatment of the results is set out below. 

(a) The line profile I V. A1 is obtained as described in 4-.I. 

(b) The intensity scale is arbitrary. These relative intensity 
units are multiplied by a suitable factor to make 

I 

+00 

00 Id(A,X) = 1. 

(c) From Schmaljohann's tabulated results of S(a) a plot of 
logic S(a) against log,, (a) is 
graph, lo&:0 1 against logi (Ah P 

repared. On the same 
is plotted, using the 

values of I adjusted to give the normalised profile. 
LOElO 1 is plotted along the same axis as logi S(a). If 
Holtsmark's theory holds good, the two curves should be 
parallel to one another but displaced. 

(d) To obtain Q 

A curve of S(a) against a gives the line profile for 
F, = 1. If the statistical theory holds good, any line 
profile may be obtained by suitably scaling the profile of 
S(a). 

Let 

I = @(a) 

Ah = aF, 3 

1 

.  .  .  (1+.2.5) 

where ~1 is a scaling factor. 

Since the profile has been normalised, 

J 

+a3 
Id(AA) = i 

i-03 
S(a)& = 1 

--oo -CO 
. . . (4.2.6) 

From(4.2.5) 

I 

4-00 

Id(Ah) = fl sb >h . . . (4.2.7) 
-00 --oo 

Comparing(4.2.G)and(4.2.& 

PF, = 1 . . . (4.2.8) 

From(4.2.5) 

log,, I = log10 P + 10th~ SW 

3 
. . . 

10g,~ (Ah) = ' 
(4.2.9) 

loglo a + loglo F, 

From (4.2.8) and (4*2*9), 

log%0 I = -logLo F, + 10:;~~ S(a) 

3 
. ..!~+.2.10) 

log10 (AA) = loglo F, + loci0 (a? 

iWl/ 
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From(ic.2.10)it is seen that a plot Of lOGi I ac,:;inst 
lb&, Ah will give a curve parallel to that obtained b:,r 
plotting logi S(a) ag:jin::t logtO a. The former curve 
however will be displaced downwards and to the right relative 
to the latter curve by loGto F,. This displacement is 
readily measured and hence logi0 F, is obtained. The ion 
density is then obtained from the rektionship 

3 
log,, N = - log,, F, + 13.3536 

2 

4.3 Calculation of the tempertlture from the ion dens&* - ----- ---.I I.-w.---%-. __c ---w-s._* 

are 
In the Plasma of the water-stabilised arc suppose that there 

ne electrons per C.C. 

nH+ hydrogen ions per C.C. 

no+ odxye;en ions per 0.~. 

nH neutral hydrogen atoms per C.C. 

no neutral oxygen atoms per c.0. 

N ions per c.c. 

The plasma as a whole is electrically neutral. Therefore, 

nH+ * no+ = n, ..* (4.3.1) 

ne = N . . . (4.32) 

Using the fac.1 that for every oxygen atom there must be two 
hydrogen atoms, 

hi + %+ = 2(no + no+) 

The Law of +rtial pressures gives 

% + nH+ + no + no+ + ne = P/kT 

where p is the total pressure in the arc. 

The Sahn formula gives 

nen,+ (2mkTya 2 qp- 
-= . 

nH h3 
e,exp c-*z] 

nenO+ (%a)"' 2 Bo+ 
-= --. 

A0 ha 

. . . (4.3.3) 

. . . (4.3.4) 

. . . (4-. 3.5) 

- I  -_I- -  -y**-w - - . . ^ - - .w --_I_ 

* The treatment given here is substnnLi:?lly the :;alce zs t:~:, I; ;,i.ven by 
A'{. R. S. Garton in a course of lectures on Vhe S~,ecCrcscopy of hot 
Gases" given at the Imperial College of Scicncc, a::d “i:cl~noi.o~y in 
195s. 
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where l3 is a partition function and x is the first ionisatl on 
pctanti:CL. The suf'f'iccs 11, H+ etc., indicnte t;he atom or ion beinl: 
considered. Ax6 is the lotverirq of the ioni:;ati.on potenti dur: to 
surroui1diri.g ions . 

The ionisation potential of the hydr~[:cn atom is 13.595eV and 
of the oxygen atom is 13.61&V and consid?rahle simplification is 
ackieved if XH and x0 are both taken to be eril~nl to 13.fjeV. If TJC Y1OW 

(2~mkT)~'~ 2BHi- 
let $.I = -. 

h3 
-Q- cxq- y] . . . (1+.3.7) 

and 

(z?mnKT)3'a 2Bo+ 

$0 = . 
11 3 

B, cxp [- F3 1 . . . (4.3.8) 

then, the condition that equations may be solved for nH+, no+, nH :ind no 
is expresced by 

0 

$0 

I 

0 

-2 

0 

-N 

1 

1 

-2 

0 

0 

( 

P 
- -- 

kL!r 

-N 

0 

N 
> 

This reduces to 

(k-N) c 
2'bH($o+N) + $o($H+~) - 3N(911+N 

If now the following numerical values are nserted: 

= 0 

‘) (If o+N 

. . . (Ic.3.9) 

> = 0 . ..(4.3.10) 

BH+ 1 

- = - 

?-I 2 

BO+- 

- = 0.445 
Bo 

x = 13.6e.v 
1 

AX = 7x1Cr7 N’e.v 
* . 

k = 1.380 x 10'~~ erg per degree 

and the arc is assumed to run at a pressure of I atnosphcre SO thr+t 

P = 1 atmosphere = I.013 x IO' dynes cm-" 
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6. Discussion of the Ii.~>~~U.ttj 1__- -....- "--l"(l---.-ll . -. _-----,- 

Al.Ch CIII C-h -t'~rc is s difference of 20,; between the ion densities 
obtained from the Lrio lines, the icm~)cr:Gture difference is only 3,;. The 
temperature is 
to t;llC pln::m:1 , 

not very sensitive to ion density for, as more heat is added 
most cf this encr{_y gee:, to formin;; more ions and the 

temperature d oc3 not increase very muc:l. It. may readily be shown from 
the CCJ~W t ions tint tlle uncertainty AT in the i;empel*:>ture 3 s related to 
the uncertainty AN in ion concentration by 

AT AN 

-M 0.15.- 
T N 

Thus, quite gocd temperature values are obtained even when the ion density 
is subject to quite large unccrtaintics. 

When the experimental errors have been taken into account there 
remains a real diff,,rence between the ion density determined from I@ 
and that determined from 1-1~. To undcrstond how tl1i.s difference nrlscs 
it i.c instructive to compare our results with tho:,e of other workers. The 
lines of the Balmer series have been invcsticated very thorou;;hly by the 
group at Kiel working under Dr. Loch&-IIoltgreven. JffrC,cns7, in 1752, 
me:lsured the ion density and temperature in a water-stabilised arc in many 
different ways :~nd obtained the same result, within the limits of 
experimental error, for c:lch of the dil'ferent methods. This indicated the 
existence of local thermodynamic equilibrium. The question of optical 
thickness of the s!)ectrum lines was investigotcd experimentally and JUrGcns 
found that II@ and the higher members of the Cialmer series are optically 
thin for end-on observation of the arc. 'I/e did not make experimental 
observations of the optical thickness of HP and Hy but since the 
conditions under which our arc was run were very simil, r to the conditions 
in JLlrgens work, it may be assumed that vre were looking; at optically thin 
lines. Therefore, the difference in ion density cannot be traced to 
distortion of the line profiles due to optical thickness effects. 

In particular, JUrgens ap,,lied 1Ioltsm:rk's theory to the wine s 
of the line profiles of Ha, H/3 and 1-Q and obtained good agreement 
between these lines for the ion density. The ion density in his work 
turned out to be (8.4 20.3) x 1016 cmw3 corresponding to a normal field 
strength, F,, of 250 e.s.u. 

In 1954 Wolf-Dieter Henke18 investigated Stark effect bro,idening 
of the higher members 01' the Balmer series and found on anplyinG Holtsmnrk's 
theory 'chat at small normal field strengths he obtained the same vnluu of 
F, *from all the Balmer lines and also, at very lsr;;‘ nolmnl fi.eld strengths 
1-19 (again obtained the same value of F, from all the )1almer lines. 
However, as the field streni;th increases from very small values, the hi[:her 
members of the Bnlmer series yield velues of Fo which are I;reater tlwn 
those given by the loser members. The smallest and lar&est values of F, 
measured in Dieter-Henkel's experiments y;ere 22 e.s.u. and 151 e.s.u. 
respectively. Our results give values of PO of' 137 e.5.~. for I-13 end 
221 e.s.u. for hy. This may still be in the transition region described 
by IIenkel whereas JflrC;ens results mould correspond to t'le hi& field 
strengths giving the same value of F, for all Balmer li-les. The 
greater broadening of the higher Balmcr lines j.s attributed to the fields 
due to electrons. The hj.$er members of the series are more SF:ilSYi.tiV:: 

to the Stark effect ;lnd therefore the influence of the electrons becolles 
more marked for these lines. 

More l*ecent work by BBgen9 (11957) 11%: silo:.;n, i‘rcm v-ry car~P1.11 
determinations of the line profiles of Ha, ?&i-I13 and Hy t11rL t I;:10 ei'l'?ct 
of the electrons must be taken into account. TTc Dl-ove:, Sll-i:, t12: shc'3 I lltr; 

ti:CL t/ 
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that the experimentally determined contour lies somewhere between the 
contour obtained by n:,suminG I? = ni and thi; obtained by a:;;;\lming 
N = Nj,+Ne. From these remarks it seems very likely thnt the 
discrepancy in our results between the ion dcusity derived from HP and 
HY separately can be explained by the broadening due to electrons, which 
we have not taken into account. 

Griem". 
The asymmetry of II@ seen in Fic.3 has been discussed by 
He attributes the asymmetry to three effects. These are 

(1) the quadratic Stark effect, (2) the dependence of the intensity on 
the fourth power of tile frequency and (3) the distortion due to plotting 
the profile on a wavelength scale instead of a frequency scale. 

The whole subject has recently been well reviewed by Margenau 
and hewis who discuss the results of the workers mentioned above. Cnly a 
brief sketch has been given here to show that our results, although 
probably lacking the accuracy of the later Kiel work, do Pall in line with 
the Kiel results. E'rcm this discussion, we may say that H/? probably 
gives a better result for ion density than Hy when statistical broadening 
by ions alone is considered to influence the line profile. 

This phenomenon has obvious applications to determination of 
electron densities under hypersonic rc-entry conditions. Electron density 
and its rel:ltionship to spectrum line profile is the subject of a paper in, 
preparation, in which some promising shock tube experiments will be discussed. 

7. -- Conclusion 

Ion densities have been measured in a water-stabilised arc by 
applying Holtsmark's statistical theory of broadening to the observed 
profiles of II/3 and Hy. Temperatures have been deduced from these ion 
densities. The lack of agreement between ion densities is attributed to 
the greater effect of electrons in broadening IIy th:in II@'. Temperature, 
however, is not very sensitive to the ion density and a good mensuremcnt 
for temperature is obtained. Taking Hj3 as the more reliable result, the 
ion density is (6.2 20.5) x iois CBI-~ and the temperature computed from 
this is (~2,030‘t150)°K. 
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The ion density in the plasma of a water-stabilised 
arc has been determined by applying Holtsmarkfs theory 
to the observed profiles of H,8 and Hy. The ion 
density so determined was used to compute the 
temperature of the arc. 
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