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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 HB
and Hy. The ion density so determined was used to compute the
temperature of the arc,
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List of Symbols

N = number of perturbing particles per c¢.c. here taken to be
equal to the number of ions per c.c.
Ng = number of electrons per c.c.
ng+ =  number of hydrogen ‘ions per c.c.
ngt = number of oxygen ions per c.c.
Ny = number of neutral hydrogen atoms per c.c.
ng = number of neutral oxygen atoms per c.c.
F = strength of electric field at a hydrogen atom due to the
surrounding ions
F0 = normal electric field strength
g = F/F,
W(g) = oprobability of F
I = intensity of a spectrum line
In = intensity of the mth Stark component
Cn =  Stark coefficient
Ay = wavelength displacement from undisturbed line centre
a = BCh
8(a) = a function of a
5 = a scaling factor
m = electron mass = 9,107 x 10728 gn
e = charge on electron = 4,80 x 107%° e,s,u,
k = Boltzmann's constant = 1,380 x 108 erg per degree
h = Planck's constant = 6,624 x 1027 erg sec
T = absolute temperature in degrees Kelvin
Byt = partition function for the hydrogen ion
BH = partition function for the neutral hydrogen atom
Bo+t = partition function for the oxygen ion
Bo = partition function for the neutral oxygen atom
Xg = lonisation potential of the hydrogen atom
Xo = first ionisation potential of the oxygen atom
AX = depression of the ionisation potential due to ions
¥y )
) = functions defined by equations(.3.7) and (4.3.8)
Vo )
= pressure (here taken to be 1 atmosphere = 1.013 x 10® dynes cn ?)
¢ - = function defined by equation (+.3,12)
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1. Introduction

The profile of a spoctrum line carries much inforination abcut (-
source from which il comes, This hoas led to theorctical and emn vitemibs |
work aimcd at und:ivlanding the relationship belween the, proverticn of L
radizting source and the spectrum line profiles, The cauces leadi v, to
spectrum line broudening may be divided into two categories, nonely, thooo
effecls which arc associated with the radiating atom itself and those offoctr
due to interference with a radiating atom by surrounding atoms, icus and
electrons, These effects are summarised below:

I Broadening associated with the radiating atom alone.

(a) Watural brosdening
(b) Doppler effect

IT  Broadening a:socisted with interference by surrounding psrticles.

(a) Impact broadening
(b) Stotistical broadening

In the cases of interest to us class I brozdening is small
compared with class II broadening and will be nepglected, In clags 11
broadening, intercst centres on plasmas which arc in thermgdynamic cquilibriun
and o large fraction of the particles are ions and clectrons, Tons and
electrons have a larger ceffect on radiating atoms than ncutral particles
because of the strong, far rcaching electric ficlds associated with ions
and electrons, In the following, only the broadening effects of charged
particles are taken into account.

A discussion and review of the phenomencn of spectrum line
broadening is the subject of another paper in preparation and will not be
dealt with in detail hcre. An excellent revicw has been given by Margenan
and Lewis?,

Spectrum line broadening has been of intercst in astrophysics
for many years and has recently become of intere:.t in work with high
temperature facilities such as welding arcs, high enthalpy hypcrsonic {'low,
strong shock waves and rapid electrical discharges,

The experiments described here have becn conducted using a
water-stabilised arc in which the arc is constricted and held steady by
being struck inside the core of a water-vertex, The water in conbact 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 cbservations described here, these broadened
profiles have been used to find the ion density by treating the profiles
according to Holtsmark's statistical theory of line broadeningz. lRecent
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 impoct
broadening due to electrous.

In the present wurk however the more simple approach of applying
the statistical theory of line broadening has been adopted since the
necessary computed data-were available and reascnable accuracy for ion
densities can be obtained with this more simple approvach. The ion
densities found using the profiles of HE and Hy were 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 voint for line broadening
studies in plasma spectroscopy. 'The case treated herec has received
considerable attention from other workers and has proved valuable in
gaining experience in the experimental technique and in gaining better
understanding of the theoreticcl work.

2./



2. The water-olobivised are
- . . . . . .
Lh}s.dev1cc, Tiret developed by laeker in 19513 attains high
current densities in Lic rrc column by constructing the arc flame inside
the cure of o water-vortex. The arc is shown in Mg.1 2nd plate 1,

The arc ic sirvck between hollow carbon electirodes by pacsing a
carbon sterting electrode aloag one hollow carbon electrode until it males
contict with the other cloctrode. The water vortex serves to constrict
the arc flame and nlso prevents it vandering too much, The hollow
electrodes make end-on viewing of the arc possible and all ocur ion density
determin: tions were made using this configurstion, An enlarged pictlure
of the arc running inside the water vortex is shovn in plate 2

5. dxperimental Procedure

3.1 Pover supply and circuit

The arc was run from a 240 volt d.c, supply with a ballast
resistonce of 1 ohm made up from a series-parallel arrangement of nine
1 ohm heavy duty resistors, The crc current, determined by mensuring the
voltage across a low resistance was 66 amps.

3.2  Optical arranpement (Fig.2)

The arc discharge, viewed end on, was focused on the slit of a
Littrow glass spectrograph, A mirror could be placed on the optical axis
so as to focus on the slit either a tungsten strip lamp for intensity
calibrotion of the plate or an iron arc for wavelength calibration. The
iron arc could also be interchanged with a Guild hydrcgen discharge tube
to obtain the spectrum of unbroadened hydrogen lines,

The plate wos calibrated for response to intensity by placing a
six-step rhodiuvm-on-quartz filter in front of the slit uniformly
illuminated by the tungsten strip lamp.

3.3 Fhotographic procedure

The exposure time of the plate to the tungsten calibrating lamp
was made not too different from the time of exposure to the water-stsbilised
arc so0 as to avoid reciprocity failure, The plates used vere Ilford LR 20,
These were developed in microphen (a fine grain developer) and were
brushed with a very soft brush during develoupment so as to reduce lhe
Wberherd effect,

3.4 Densitometry

The blackening profiles were obtained using a Jovece-Locbl ierk TIT
microdensitometer. Relative intensity was relrnted to plale blaclening by
means of the stepped filter calibration,

4k, Treatment of the Results

I | To obtain intensity profiles from the blrckening profiles

A curve of densitometer reading against relative exposure as
determined by each step of the stepped filter was obtainnd at the wave-
lengths of HB and Hy. The densitometer deflectiouns of the bl-clkening
profile could then be related to relative intensitiss to give the intensity
profiles of the lines,

The wavelengths corresponding to differcnt positions on th: nlate
were found by pletting wavelength against position fer th: iron lines and
using this graph to find the wavelength corresponding to any pcesition on
the plate,

b2/
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be2  lethod of obtaining ion densitiecs from the line profiles

The line profilec is the result of all the stark comoonents of the
line which are broadened by the random microfields and overlap to give the
whole broadened line contour. It can be shown that the probability W(ﬂ)
of a fizld F occurring at the atom is given by

g L
W(ﬁ) = - 'Fe-u uw sin (ﬁuela )du s e ()4-02.1)
o
where g = F/Fo. P, 1is called the "dormol field" and is given by
F, = 2.61eN3/3 eer (422.2)
where N = number of ions per c.c.

Schmal johann has found the value of this integral graphically
for various £ and tabulated the results in his report*, e also gives
a graph of W(B) ogoinst B. In a constant field F each line is split
into a number of Stark components, For the mth component let the
intensity be Im and the displacement from the field free position be
AN,  Then,

AN = CyF
= Cp8F,
where Cp 1is the Stark coefficient.
In a field due to random distributions of ions, the intensity

I, must be modified by the probability of the field, The contribution
from this component in the wavelength interval AN, AN + a(aN) is given

by

M a(an)
1a(an) = Ip w(——:) veo (ko2.3)
Cofo/ Cufo

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

Im a
I Fodn = j{j-— W (—-' do
_C, \Cg

il
= S(a)da ace (l{‘ozol’l‘)
In a
The function S(a) = X-— W <—-> can be calculated from
= Cn Cn
Stark data, This has been done by Schmaljohann for the lines Hy to
Hs. When F, = 1, a = O\, Therefore, S(e) may be regarded as the

line profile obtained when the normal field, F,, is 1 e.s.u.
Schmal johann's curves are normalised to give

+00

]' S(e)dx = 1. According to the statistical theory of line broadening,
-0 i
the shape of the line profile is the same for all Fo apart from a sc§11ng
factor. If the cbserved profile of one of the, Balmer lines is normalised

400
to make [ 1a(A\) = 1, and then plotted on a leg-log groph, it will,

-00

according/



-6 -

according to the theory have the same shape as a plot of 1log S(a) against

log «

but will be displaced horizontally and vertically by an amount

equal te the logarithm of the scaling factor, llence the scaling factor

may readily be derived and from this Fy may be calculated and honce N
determined?,

(a)
(b)

(4)

The procedure for the treatment of the results is set wut below,
The line profile I v. AN 1is obtained as described in 4.1.

The intensity scale is arbitrary. These relative intensity
units are multiplied by a suitable factor to mske

[:o Ia(an) = 1.

From Schmaljohonn's tabulated results of S(a) a plot of
logso S(a) against logo (@) is prepared, On the same
graph, logso I against logso (AN) is plotted, using the
values of I adjusted to give the normalised profile,

Logyo I is plotted along the same axis as logso S(a). If
Holtsmark's theory holds good, the two curves should be
parallel to one another but displaced.

To obtain ¥Fgo

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

Let

I = pS(a)} ees (4.2.5)

AN = a F,
where p 1is a scaling factoer.

Since the profile has been normalised,

k00 +o0
f Ta(an) =[ S(e)da = 1 eer (Bo2.6)
-00 - 00
From(4.2.5)
+ 00 +00
[ 1a(AN) = pFJ S(a)da veo (5.2.7)
- 00 -00
Comparing (4.2.6) and .2.7),
uF, = 1 oo (4.2.8)
From (4.2.5)
logso I = .10510 B+ logso S(a) } L (h2.9)
logao (AN) = logso @ + logio Fy

From (e, 2. 8) and (4+2.9),
= -log logse S(a)
logio I logio Fy + Logao ( } (h.2.10)
logio (AX) = logio Fo + 10010 (a)

Frcw/
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From(4,2,10)it is seen that a plot of log,o I ajuinst
logso AN will give a curve parallel to that obtained by
plotting logso S(a) agvinst logyo@. The former curve
however will be disploced downwards and to the right relative
to the latter curve by logio Fy.  This displacement is
reodily measured and hence 1logso Fo is obtained. The ion
density is then cbtained from the reletionship

b)
loggo N = = logyo Fo + 13,3536
2

4.3 Calculation of the tempersture from the ion donsity*

In the plasma of the water-stabilised arc suppose thut there

are
ng electrons per c,c,
Ny hydrogen ions per c.c,
ngt+ oxygen ions per c,c,
ny neutral hydrogen atoms per c.c.
ng neutral oxygen atoms per c.c.
N ions per c.c.

The plasma as a whole is electrically neutral., Therefore,

it

o+ + Dok n, eoe (4.3,1)

ne = N oo e (1F03'2)

Using the fact that for every oxygen atom there must be two
hydrogen atoms,

nI'I + n}l* = 2(no + no+) Xy (A‘a}o})
The Law of Pgrtisl pressures gives
nH + nH+ + no + n°+ + ne = p/kT T Y (403.4)

where p is the total pressure in the arec.

The Saha formula gives

Nelyy+ (2xmkT)3/3 2 By+ Xg - &X
- . oxp {- vee (8.3.5)
nyy h? By KT
nen (2nmkT) /2 2 By Xo = X
] , exp {- } ven (4.3.0)
n, h® B, T

where/

—~

* The treatment given here is substanlinlly the sawme ous thet ;diven by
W. R. 5. Garton in a course of lectures on "The Onectroscopy of Hot
Gases" given at the Imperial College of Science and ecchrnolofy in

1958,
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where B is a partition function and % is the first ionisation
potential,  The cuffices H, HY ete., indicate the atom or ion bein;
considered, Ay ic the lowering of the ionisation potentirl due to
surrounding ions®,

The ionisation potential of the hydrogen atom is 13,595V and
of the oxygen atom is 13.014eV and concidsrable simplification is
achieved if XH and X ere both taken 1¢ be equal to 13.6eV, If wie now

(2nmkT)®/2 2B+ X - Ay
let llfH = . eLp {"' - } cen (h’l}c?)
h® By T
and
(2rmkT)®/2 2B+ ¥ - Ax
’Iko = . G}Lp badien o s (b‘n508)
h? Bo kT

then, the condition that equations may be solved for nyu+, ngt, nyj and ng
is expresced by

by -N 0 o 0

0 0 ¥, -N 0
p

1 1 1 1 "'<—-- N) = O 'R (4.3-9)
kT

0 1 U 1 -N

1 1 -2 -2 0

This reduces to

0 ...(k.3.10)

i

p
( =) [ 20 (ho) + 4ol | - ) (hom)

If now the following numerical values are inserted:

By+ 1
By 2
Bot
= = 0,445
Bo
ye = 13.6e.v
1
oy = 7x107 N¥ e,v
k = 1.380 x 107*% erg per degree

and the arc is assumed to run at a pressure of 1 atmosphere so that

p = 1 atmosphere = 1.013 x 10° dynes em ~?

equution/
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6. Discussion of the tocults

et v et

Although there i1s s difference of 20,, between the ion densities
obtained from the Llvo lincs, the lempersture difference is only 3.,. The
temperature i not very sencitive to ion density Tor, as more heat is added
to the plasmn, most of this enerey goes to forming nore ions and the
temperuture Joes not incrcase very much. Tt may rcadily be shown from
the equutions thrt the uncertsinty AT in the bemperoture 1s related to
the uncertuinty Al in ion concentration by

AT AN
—_— o 0,15 ——
T N

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

When the experimental errors have been taken into account there
remains o real diff-.rence between the ion density determined from 1B
and that determined from Hy. To understond how this difference arliscs
it ic instructive to compore our resulils with those of other workers. The
lines of the Balmer series have becn investigated very thoroughly by the
group at Kiel working under Dr, Lochte-lloltgreven, Jﬂrgcns7, in 1952,
mensured the ion density and temperaturc in a water-stabilised arc in many
different ways und obtoined the same result, within the limits of
experimental error, for cach of the different methods, This indicated the
existence of local thermodynamic equilibrium, The question of optical
thickness of the spectrum lines was investigonted experimentally and Jlirpgens
found that HE and the higher members of the Balmer series are optically
thin for end-on obscrvation of the arc. Ve did not make experimental
observations of the optical thickness of HS and Hy but since the
cenditions under which our arc was run were very simil' r to the conditions
in Jlirgens work, it mey be assumed that we were looking at optically thin
lines, Thereforo, the difference in ion density cannot be traced to
distortion of the line profiles due to optical thickness effects.

In particular, Jlirgens apolied Holtswirk's theory to the wings
of the line profiles of Ha, HB and Wy and obtained good agreement
between these lines for the ion density. The ion density in his work
turned out to be (8,4 *0,3) x 10%® em™® corresponding to a normal field
strength, F,, of 250 e.s.u.

In 1954 Wolf-Dieter Henkel8 investirated Stark effect brondening
of the higher members oi the Balmer series and found on anplying Holtsmark's
theory that at small normal field strengths he cobtained the same value of
Fo .{rom all the Balmer lines and also, at very lar;c normal field strengths
he again obtained the same value of Fgy from all the Palmer lines,

However, as the field strength incrcases from very smell values, the higher
members of the Balmer series yield velues of F, waich are greater then
those given by the lower menbers. The smollest and larcest values of Fy
mecsured in Dieter-lenkel's cxperiments were 22 e.s,u. and 151 e.s.u.
respectively, OQur results give values of Fg of 197 e.c.u. for HF ond
221 e,s.u, for lly, This moy st1ll be in the tronsition region.describod
by lenkel whereas Jlrgens results would correspond to the high field
strengths giving the rame value of Fq for all Balme? liaes, The _
greater broadening of the higher Balmer lines is attributed tlo tho.f}nlds
due to electrons, The higher members of the series arve more sensitive

to the Stark effect and therefure the influence of the electrons becoanes
more marked for these lines.

More 1ecent work by Bbgen? (1957) b shown, {rem very car~ful
determinations of the line profiles of Ha, ¢ and Hy that the eftect
of the electrons must be taken into ccciunt. 1o proves thic by sheving

that/
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that the experimentally determined contour lies scmewhere belween the
contour obtained by arsuming N = ny end that obtained by assuming

N = Nj + Ng, From these remarks it seems very likely thnt the
discrepancy in our results between the ion decusity derived frem HB and
Hy separately can be explained by the broadening duc to electrons, which
we have not taken into account.

10 The asymmetry of HB seen in Fig.3 has been discussed by
Griem'"”, He attributes the asymme try to three effects. These are
(1) the quadratic stark effect, (2) the dependence of the intensity on
the fourth power of the 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 Lewis who discuss the results of the workers mentioned above, Only a
brief sketch has been given here to show that our results, although
probably lacking the accuracy of the later Kiel work, do fall in line with
the Kiel results, ¥rom this discussion, we may say that HS probably
gives a better result for ion density than Hy when statistical broudening
by ions alone is considered to influence the line profile,

This phenomenon has obvious applications to determinution of
electren densities under hypersonic rc-entry conditions, Blectron density
and its relrtionship 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 brosdening to the dbserved
profiles of 1§ and Hy., Temperatures have been deduced from these ion
densities, The lack of agreement between ion densities is attributed to
the greater effoct of electrons in broadening Iy thon HB.  Temperature,
however, is not very sensitive to the ion density and a good measurement
for temperature is obtainecd. Taking HF as the more reliable result, the
ion density is (6.2 #0,5) x 10%® ¢cm™®  and the temperature computed from
this is (412,030 #150)°K.
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Water-stabilised arc.
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PLATE 2

Arc constricted by water vortex
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to the observed profiles of HF and Hy. The ion
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density so determined was used to compute the
temperature of the arc.
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