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ABSTRACT

Photoelectric measurements were made of the shock-excited
‘spectrum of a mixture of”helium and argon, The electron density
:vbehind the shock wave and the temperatures of the plasma compoh»
~ents were deduced from the spectroscopic measurements, assuming
thermal équilibrium conditions in the shock plasma, The two
temperaturés were in fairly good agreement, supporting the equi-
librium assumption, On the othér hand, the temperature and electron
density differ significantly from values expected for a one-dimene

sional shock wave,
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CHAPTER I
INTRODUCTION .

Much has been said and written about the attractlveness‘of
h‘controlled fusion poner generators, and the role plasma "physics
might be expected to olay in such.devices.l’2 While this attrac- -
tiveness has not diminished, the possibility of'imminent~success
'.appears almost'as remote as ever.:-It‘is now generallj realized
| " that not much is known of the processes which occur in plasmas,
and much current research is concentrated on studylng these.
processes using plasma generators.whlch are not expected to pro=
.duce a self-sustaining fusion reaction. Information'thus gained
may be useful in de51gn1ng an operatlve controlled fu31on dev1ce.
One method -of generatlng a plasma for study employs the
electro-magnetlc shock tube. The shock tube'produces<a‘1ow.temf |
perature hlgh density plasma»from nhich useful‘obSerVations.oan'i%
be made. In this device, electrical energy stored in’'a capacitor
' bank is partly transferred in'a short time, to.a- gas under low
pressure, There are two basic types of electro-magnetlc shock
tubes - the electrodeless discharge type and the electrode type.
In “the electrodeless dlscharge type, the energy of the
charged capacitor is dlscharged through a coil around one end of

~ the shock tube, The gas in the tube breaks down because of the



“high electric fields associated with the time-varying current
wave-form, The gas absorbs energy from the c§il and a shock wave
- isfsubsequently generated.

In the electrode type shock tube, the energy of the capa=-
citor bank is discharged through a spark gapuéituated in one end
of the shock tube. Some of the energy is transferred.to the gas
near the spark gap and a shock wave is generated,

Spectroscopic diagnostic techniques are ﬁell éﬁited td
shock plasma studies, At the temperatures of laboratdry shock

Lo

plasmas'(apﬁroximately 10" “K) there is a generous radiation of
light, A decided advantage of spectroscopic techniques is>the
fact that no mechanical devices such as probes need be inserted
into the plasma.. Although probes are useful tools, it ié often
difficult to determine héw much the presence of'theipfobe affects
the local value of the parameter undef observation, - -

Assumihg thermal equilibrium, the line spectfa'of thevéas
under study can be readily related to a plasma temperature, Most
laboratory plaSmas contain hydrogen as an impurity, and electron
densities can be determined from the broadening of the H, or Hg
lines,

It is instructive to compare spgctroscopicvdetérmiﬁations
of:plésmé‘temperature,and eleéﬁ#oh densities with results ob-

tained from shdck theory, A fairly comprehensive shock theory ..

has been worked out for the case of a plane advancing shock front,



assuming thefmal equilibrium.behind the front, Such comparisons
were made by Barnard, Cormack and Simpkinsori3 using heliuﬁ and
argon plasmas in an electrode type electro-magnetié shock tube,
Their work revealed discrepancies betWeen the spectroscopic and ‘
shock theory values for temperature and electron density.

Sincé the writing of the above paper, a Kerr Cell high-
speed came?Pa Has become available for analysis of the p1asma. The
]Kerf Cell photographs revealed that the front face of the”advancing
plasma slug was definitely not plane, A description 6f this work
is given by Cormack.h Thus the standard shock equations are ih—
applicable, It is also'possible that the condition of thermal
equilibrium is_not met, so that a unique temperature cannot be
assigned to the plasma;‘fThe processes wiphin phe gas“shoulq'be
considered more closely to outli;e éﬁe néfﬁ;;-Qf:the problem of
temperature determipation.

Labg;atory plasmas.normglly cohsist.of electrons and gas
'idné_ana atoms intergcting fqr alghoft>pqriod pf time, The
electrons, mpch‘lighter and usually having a greater.thefmal
- velocity than the gas atoms and ions, rapidly attain a Maxwellian
velocity distribution by frequent collisions among themselves,
Calculations for the times taken to achieve thiS-stéte have been
made by Spitzer5 and Janku_lak6 and-are of the order of 10”1 se-

conds for the low temperature dense plasmas studied, Thesé times

are much shorter than the time, of the order of 10-6 seconds,



" when observations of laboratory plasmas are usually made, Thus,
under normal conditions of observation, a unique temﬁerature as
determined be the velocity distribution can be assignéd to the
electron gas,

The atoms and/or ions (hereafter referred to as 'ions')
will also possess a velocity distribution which may or ﬁay not’
be Maiwellian. If the distribution is Maxwellian, the tempera-
ture it determines may or may not be the same as the electron
temperature, The_ions collide with each otber gnd,with elect;qns.
The time for ions to come to equiiibrium with each other (ion-ion
relaxation time)is of‘the~9rder of 10-9 seconds, (see Jankulék)

The ions will also collide with the electrons, gpaduaily
establiéhing thermal equilibrium between‘these two plasma com=
ponents with an electron-ion relaxation timelof the order of 10-8
. Seconds, The state of thermal equilibrium is characterized by
the following consideratidnsz;

(1) A unique temperature can be asfsigned to the gas.
Thié implies the electron temperature and the ion temperature
are the same, |

'(2) The. populations of the various electron energy levels
of an ion vary as exp (-Em/kT), where |

Em is the energy‘ievel of the m-th excited state of fhe

i-th stage ion ' ' ' |



"k is Boltzmann's constant

T is the tempefatufe.

The latter two relaxation times referred to above apply
to elastic collisions, The inelastic electron-ion and ion=-ion
relaxation times are considerably longer. |

Griem7 concludes that, in laboratory plasmas, the level
populations will not be strictly in accordance with an expo-

- nential law, Some of the excited levels may be populgted in this
manﬁer, but the ground state will almost certainly not be. Where
an éxponential law can be fitted; the témperature in the_expresf

sion Wiil be the electron temperature,. In cases of. thermal equi-
.1ibrium,-this temperaﬁure will also be the»iQn temperature,

In view of the above coﬁsiderations, it‘seemed‘advisable
to investigate the problem of equilibrium experimentally. A mix-
ture of argon and helium was used and line intéﬁsitié;‘qf ad~-
Jacent spectra* of each element wére'measured. From each of these
meaéurements a temperature could be galculaﬁed‘aésuming therma;
equilibrium conditions. By cqmpafing‘;he two temperatures 1t was
' hopéd that an estimate coﬁld be made of the completenqss of elec=~

tron-ion interactions at the time of the observations,

*AdjaCGnt spectra are spectra of an atom and an ion (or of two ions)

each possessing the same nucleus but whose complements of' electrons
differ by one,



CHAPTER TII

THEORY
Spectroscopic Theory

(a) Temperature Determination from Spectral Intensities

Spectral intensities.can be used.to calculate a temperature
for a plasma. {See Iptroductipn}. Although lines of the same
spectrum can be used a more sensitive determination can be made.
using lines of adjagént spectra, The difference in the ioniza-
tion energies ofnadjagent:species éf'an’atom or ion is*fa; greater
- than the difference in excitation levels of -a species, Thushthe
level populations, depending on exp (fEm/kT)9 are less néarly
~ equal when édjgcent spectra are consideréd.and a more accurate
temperature»determination 1s possible,

| The absolute intensity of a speétral;linejrésulting from
an e}ectron.trangition befween energy levels Em"ahawﬁn of*an‘icth"
stage ion is given-by: (See for example Condgn and ShortleyB)
1 M) sl i
g Ay

I st

ees(1) .

where: Nl(m) is the density of i-th stage ions of energy Em‘
g; is. the degeneracy of the energy level E "

A4 is the wavelength of the line



c is the speed of light
Si‘is the theoretical line sirength of the transition
E =E/ (here and henceforth E is ¢on§i§efed the”upper

' level), |

Following Condon and Shortley, the term line strength is
taken to mean the sum ofithe squares of the electric dipole
matrix elements, The line-strength for the helium and argon lines
used in this experiment were evaluated by Simpkihson9'using the
Coulomb approximation as described by Bates and Damgaard.lo The
results are tabglatéd_in the Appendix,

In thermal equilibrium at a temperature T, the value of

Ni(m) can be given as:

Ni(m) =0 g:{; exp /<=’ _Il_l__) -00(2)
: N kT 4 :

where C is a constant,

Thus
i i
N~ (o) E N (o) .

W e Zt(n) = — %gmem(-ﬁ—>= — 2 wee(3)
gO . ’ go .

where: 2% is the partition function for the i-th stage ions.
Nl(o) is the density of i-th stage ions in the ground state
(E, = 0)

g;‘ is the statistical weight of these ions,



i
Here we have set C = Ni(o)
€o
From equation (3)
i i " S
N"(m) N7(o) Em\ N E
- D e OXP = ——= —— eXp [ - — eee(lt)
i i W) 7t \T
€ €
N(m)
On substituting for —y— in equation (1) we get
€n
. eudest <Em) )
I = - exp  m—— ’ 0005
3)\E zt KT S

Writing Saha's equation in a form giving the ratio of the numbers

of ions in various stages of ionization we have, approximately,

il zi o o fofim kY2 v, | |
el B me exp |- —= )
Nz N\ on® . KT

where: Ne is the number density of electrons
m, is the massAof an electron
Vi is the ionization energy of the i-th stage ion (the
energy required to remove the (i+l)-th electron)
h is Planck's constant,

An improvement on Saha's equation is sometimes written by

A



including a factor of the form

on the right hand side of equation (6).

The'sécond term in the brackét arises from thershifting of
the excitation levels of an atom or ion by the electric flelds in
the plasma, Equation (6) implies the neglecting of this correctlon
.terﬁ. A célculation for the conditions of this experiment discloses
that this procedure in#rpduces an error of about 5% in the popula-
tions of the various ions. Since the dependence.oh the'intehsity
term is logarithmic (see equation (9) ) the error in omitting the
correction terﬁ ié negligible,

If we write equation (5) for (i#1)-th stage ions as

. 6u“h i+l il ' £
Il+1 exp - —E— -00(7)
i+1 i :
‘and combine equations (5), (6) and (7) we finally arrive at
B Ne w2 [V, +E_-E
: V34l e S i p™m
i+l = exp 000(8)
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Taking log,, of both sides of equation (8) and rearranging we get,

3(V +E ~E)

IS : vee(9)

2,30
KT =
o 7i ).E si+l

2//
3/2 logy, ! KT + 3/2 10g10< > e>+ IOglO
h

i+l A 4 i
Ne I '>‘i+l 5

Inserting numerical values in (9) we obtain

: (V +E_ -E )
kl‘ = 2 303 p .+l . -oo(_lO)
T 2 4 gt
3/2 log,. KI + 21,8 + log
10 10 £ I T ]
N I | ')\i 1 S;
where KT' is in electron volts,
We see that equation (10) is of the form
_ A -
Hr -~ 3/2 10810 M +.B 000(11)

which is an implicit equation in KT with three unknowns XTI, A,
and B, This equation can be solved graphically by introducing a
scaling parameter p such that pA is constant, For c_onvenience

pA is set equal to 10 so that equation (11) finally becomes
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%-Sf - 3/2 1oglb(pk'1')= (B + 3/2 log,, TAﬁ) =1 ...(12)

A plot of L versus pkT is given in Fig, 1 from which kT can

be obtained for given values of A and B,

(b) Stark Broadening of Hydrogen Lines

We note that appliCA£iop‘of-the'theory_deyeloped in part (a)
of this chapter requires a knowledge of the electron number density,
Ne' An estimatg of‘Ne can be dbtained‘by line broadening techniques,

) The principal line brdadening mechanismraffectihg the emission
spectrﬁm of a iight source are:

(1) the Doppler_effeqt”inf}uenciné the observed frequencies

| becaﬁse of the random thermal motions of the radiating
atoms and ions;
(2) perturbation of one or both .of the associated energy
" levels of the atom or ion by the electric fields due to
neighbouring ions’ and electrons (Stark effect);

(3) perturbation of energy'levels byiﬁan'der Waals forces
" between atoms and/or ions (pressure broadening) .

The above processes are widelymdiscussed.;vA ggodﬁ;éview

article on the subject is one by R,G, Breene Jr.llm It can be shown

that, under the conditions of thié éxpérimentv(a dense, low tempera-
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ture piasma) the Doppler and pressure broadening are only”é few
tenths of an angstrom, Thus Stark brpadening is the dominant pro--
ééss, The Sfark effect can contribute to line broadening and line
shifting, Line broadening without shifting results from the linear
- Stark effect, |
N The spectrﬁm of-hydrogen, present as an impurity in

almost all laboratory plasmas, exhibits the most pronounced linear
Stark effeét.' The broadening of one of the hydrogen lines (He )
was.measured_in this experiment, |

In 1919, Holtsmarkl? developed the first theory for line
broadening due to the linear Stark effect, He calculated the effect
due only to the field of the stationary ioﬁs,.qn the assumption
that the frequency of perturbétions by electrons was too high to
allow the energy levels.to_reqund.l The calculatibns wére carried
out for stationary, singly charged ;th of ngmber density NI_éurf
rounding a radiating atom, A natural unit, arising out of these
calculations, for the field strength is'FO where -

- 0.6l 6N, /3 B
F = 2,61 6 Ny | 0ee(13)

where e is the electronic charge, L.8 x 10ﬁlo.statcoulombs. F is

usually called the,Holtsmarkﬂnormalwfield strength. The p?ofiles-of

a hydrogen line for different N_ can be represented on a single curve

I



T

by pldtting the spectral intensity versus the parameter

AN

[¢)

ol =

'wheneék%is thg displaqemént in angstroms_f?om phe line centre,
The Hoitsmafk theory can he'genepaiized to include multiply.

charggd'ioné.using.regults derived by_Cpagdrasekhar}Bﬂ  WeVmereiy

repiace NI in equaﬁion‘(lB) by an teffective density"given‘by

N =N + 23/2 e332n 4 -2 2y L)
eff 1 3 _ i .
i=1
where S is the degree of ionization of the most hlghly charged ion -
present.‘ The electron dens1ty N o2 Can be approx1mated by N of f gr

a moderately ionized gas,The electron density'is accurately given

by

. . ! ‘.‘ S . .
Ne=Ni+2N2+3N3 4 see =i§1i Ni 001(15)

-~ A'more fgcent theory of line broadening has been developed
lby’Grigé,'Kolb gnd>3hén.lh As with the -Holtsmark theory, the re-
sults appl& to amplé§ma of aﬁoms, eiecty&ns and singly charged
ions. Account was taken of electronic and ionic fields, and the

numerical calculations of line profiles have shown better agreement
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:
with.Fxperiment than the Holtsmark . theory.

| The theorstical profiles of Griem et al are moderate cor-
rections to the Holtsmark theory., Thus it will be assumed that, as
before, generalization to multiply charged ions can be effected by
ff

replacing N_ by N_.. as given by equation (lh)f Also we now have

F =261 6N 2/3 . eo(16)
(o] e ‘ o

The vélue of Fo in a laboratory plasma can be obtained by
comparison of an experimentally determined line profile with a
theoretical profile calculated for a temperature and electron den=-

siﬁy nearest that anticipated in the plasma, From

O =<F ' eee(17)

the constant by-which £ is multiplied to get the best fit is'Fo,
which can be used to find Neff'

The above fit is made quiﬁe simply by replotting, on a log-
log 'scale, the theoretical profile_(spectral responsé_yersus A) and
the experimental curve (spectral respénse versus AA?\>. ?hg»hori-
zontal scale is iﬁ bothvcases the same, The hori§6htg}'shift;fe—
quired to align the profiles is Fo' The vertical shift results -
from the choice of intensity scaies aﬁd is unimportant,

It should be remembered that line broadening measurements

may give only Neff (see equation (1L)) and not Ne as required for
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insertion in equation (10). In such cases, N_.. is used in equa-
tion (10) to solve for the first approximation to kKT, Saha's
equation is then’solveds using theseéapﬁroximations to N_ and KT,
to find the populatién densities of the various stages of ions,
Then, using equatidﬁs(lh) and (15), an imbroved value of N_ will
be found, This value can then be substituted into equation (10)
to find a second approximation to kT, The procedure is repeated
until consistent values of‘Ne and kT are obtained.

The above method is déscribed for a plasma in which the
ambient gas is composed of only one kind of atem or molecule, .In
this experiment, a mixture of gases was used; so a slight ext;néion
of the theory is required,

We consider a plasma conposed of two types of atoms X and

Y whose relative abundance is given by

% - R | | .00 (18)

where R is greater than or equal to 1,

It is now possible to analyze the spectra of the plasma cbmu
ponents in the manner outlined above to obtéin the firgﬁ approxie=
mation to Ne and kT, The second approximation can be made with the

help of equation (18) in conjunction with equations(1l) and (15).
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Shock Theory

An estimate of the pafameters»Ne and kT can also be made by

applying the shock equations to the piasma. We consider a shock

" heated plasma generated by the rapidly-moving 'piston' composed of

‘driver gas, The driver gas, near the driver at the onset of the

dischafge, is heated by the arc and moves down the shock tube at

a high velocity.

We will consider a strong, one-dimensional shock wave

propagating into a gas mixture at rest. The symbols which appear

in the analysis are tabulatedﬁbeldw.

n,, nt
i1

N
e
T
p
U
v.

1%

1

. np,nt

Table I
Symbol Meaning
v shock velocity
L flow velocity
n,n! " initial density of gas atoms of types A and
B respectively ahead of the shock, _
m,m! masses of gas atoms of types A and B respectively

total ion densities of gas atoms of types A and

B respectively behind the shock

~densities of i-th stage ions of types A and B

respectively behind the shock

‘electron density behind the shock

temperature behind the shock "

pressure behind the shock

internal energy per ion behind the shock
ionization potentials of the i-th stage ions,

as defined on page 8.
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Assuming 'complete mixing' behind the shock, we may write

n n
‘zg .r.:_.; . . . 000(19)

i

We alsc write

eee(20)

n' =xn
and, using equation (20)
! = '
I veo(21)

Since a strong shock is considered; we have P, << P;
05 << U,where the subscripts refer to conditions éhead of the
shock, The shock equations for the conservation of pafticles,

linear momentum, and energy become

n+nt)ve= (nI + ni)'(v - vy eeal22)
o= (mm ) (v - vp) v | e (23)

P Vf = %(m.nI + m!n_}:) (v - 'Vf) Vg + (nI 4+ n:"{) (V o Vf)-U 0_-0(2)4)

We also know that the elsctron density is given by

Ne = f i(nl b ni) . : . . 000(-25)
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We now write

»

n, © nf .
el SRR A
I I ,

From equations (21) and (26) it follows that

n!

i
X F=xr}
S 1

We can now write
. T i (r & { = b
Ne n 513- 1(*]._ + X ri) Foapr

4“ N '
= . '
r Z;. :L(ri + X ri)

Using equations (20), (21) and (28) we can re-write

tions (22), (23) and (2L) as

n({n, = n)
I V2

n

pe=(m+xmt')
o I

n
p=%(m+xm) B—(nI-a n) v (1 + x)
A

I’lI’.‘LI

an-

n

U

ceel26)

| ..§(27)

eee(28)

eee(29)

squa=

s (30)

0.'(31)

eee(32)
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Solving equations (31) and (32) for n we find

= P ,
?1 - 2(1 4 X) U + p/nI . -0.(33)

_From eQuation (30) we find

' ~“p/ni +2(L+x) U
. Ry

- L.
G G0 0 |

~“Equations (33) and (3L) express the experimentally known

quantities'h‘éndbv in terms of the unknown quantites p, n. and U,

I
Theééftﬁree ﬁnkhbwns depend on KT and Ne and it might appear that
réQarrénging the equations would yield expliéit expressions for kT
aﬁd Ne' waevér,Athebquantities‘p, D1y and U are complicated func-
tions of temperature and electron density and the equations rapidly
become intractable, We will proceed/in the solution of the problem
by writing expressions for p, nI,_and U in terms of KT and Ne and
substituting these values into equations (33) and (3&).
Assuming thermal equilibrium between ions and electrons,

we can supplement equations (33) and (3L) with the equation of

state and the equation for the internal energy of an ideal gas:
= t ! E
p = (Ng+np+np) kI C eee(35)

(nI + n:'[) U = 3/2 1::r(1\re + .nI + n:'[) + nlvo + 112(\1O + vl) $oee

B n{Vé + né(Vé + Vi) . vve(36)



'Equation (36) implies'neglecting the excited states of the
various stages of ions in the gas mixture, In this experiment ths
temperature is of the order of a few electron volts and so the exci-
tation energy of an ion, given by

L E g exp (- E/kT)
E = >

L g, oxp (= E/uT)
n

is small compared with the ionization energy.
With the aid of equations (20), (21) and (28) we can

write equations (35) and (3€) as

v o= (1 + ' (37
1% (Ne + nI(l + X)) kT ooo\.Bf)
(L+x)U=3/2KkK (L+x+0x) ﬁbriVO * 7, (Vo %_Vi) Foee
& x(r{Vé + wé (Vé " vi) Yeve ) eee(28)
‘Assuming thermal equilibrium, the ry are given by the Saha
equations,
N3/ 2
T 2 Z 2// m_ KT\ Fv
o L 2 } exp | - -2 ) v e (39)
r N 2 h kT

whera Zq 1s the partition function for the q-th stage ion, and by

Z ri = ] : ...(l‘LO)
i ;



To use the shock theory described above in calculating values
of kT and Ne satisfying the experimental conditions, a semi-iterative
method was adopted, First, estimates were made of the expected
values of Ne and KT, Equation (39) was then used to find the ry
and !, Next equation (29) was used to calculate r, Equation (28)
was uéed to find Ny which was then used in equation (37), along
with the estimate of Ne to calculate p, Equation (38) was used to
find (1 + x) U, Then equations (33)‘and (3L) were solved for n and
Ve These two results were compared'with the known values, The in=-
itial estimates of Ne and kT were then adjustgd,to obtain a second
approximation to n and v, The process was repeated until the cal-
culated n and:vvagreed with the known values.,

It may be_remarked that a‘fully‘iterative method would be
superioritd.the somewhat ciumsy approach adopted above, Such was
also the Opinibh_qf‘the"author‘at one time, The equations above
were fe;arranged_to permit iterative solutions for Ne and kT and a
solution attempted, However, the interval of convergence'of the
method was so small that none of the attempted solutions;coﬁVefged.

This method was subsequently abandoned,
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CHAPTER III

EXPERIMENTAL DESIGN AND CONSTRUCTION

Shock Tube

“The shock tube used in this experiment-was a quaitz tuB;,of
2.5 cm,‘inside diameter, approximately 1,5 meters léng, An elec-
trode.typé,electro-magnetic driver was placed at one end of the fube.
A séhématic.dréwing of ‘the apparatus is shown in Fig, 2.

The driver (see-Fig. 3) was of the co-planar type, The
éopper éléctrodes wefe embedded in epoxy resin, Construction of the
driVervprpceéded‘by poﬁring successive layefs of epoxy resin, after
'allowing the~previous layer to hardeh. The driver has proved to be
qﬁite sturdy; even at voltages up to 20 kv, The driver geometry
gives fairly closé coupling of the arc current to the current iﬁ
the backstrap. This coupling gives the arc a strong magnetic. re=
pulsion, ﬁhué aiding in attaining a high shock veloéity.‘

The capacitor bank consisted of {hréé SH£f. capacitors
capabablé of operating at 20 kv, The design permitted the use of
one, two or all three of these capacitors in parallel, Preliminary
-experimentation seémed to indicate that the maximum shock velocity
for a given energy in the capacitor bank cccurred when the cap-
acitance was a minimum, The ringing frequency of the electriéél

circuit (dapacitors, switch, leads and driver) was highest when
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’ dnly bne cepaéitor ﬁas used..‘This experiment involved one caﬁacitor
charged to lé.kv.v-TLuevthe enefgy.in the capacitor.bank before dis=
charge was 366_35@155.- |
_ ‘The’ewitch used (see Fig ly) was-an open air spark gap switch,
“triggered by a high voltage pﬁlse. The switch was of very simple de-
sign-and inCorperated an adjustable gap to allow use of various fir-
ing voltages.b The only wear noted in over one year of operaﬁion was
a slight erosion of the tungsten firing pin.

The shock velocity was measurea by noting the time interval
between the responses of two photomulﬁiplie?s, stationed at differ-

ent positions along the shock tube, to light from the luminous front

following the shock,

Mixing Chamber

.Tne’experiment used a mixture ef gases in the shock tube,
The mixture‘Was:prepared in a mixing chamber,

._vThe_ehamber.was a cylindrical brass container of about l,5
litres fitted ﬁo aliow evaeﬁation by means of the same pump used to
Vevacuate the eheck tube. (See Fig 2); qunnectiees were also made to
allow admiﬂting_heliﬁm.and argon gas from separate storage bottles,
An aneroid gﬁageb(b-Téoemm;) indicated the pressure in the chamber,

and the gas mixture was introduced into the shock tube through a
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metéringAvaivefﬁo'the tube, The ratio of helium to argon was assumed

-"1 to;Be thé éage as the ratio of the pressures of the two gases in the
mixing chamber, | _
The shock tube is similar to the one desciibed by Cormack.l>

The only innovations are the capacitor bank, the driver, and the mix-

ing apparatus,

Spectroscopic Equipment

A Hilger E1l spectrograph was used to obtain time-integrated
spectra of the shock luminosity, These spectra were used to iden-
tify the various emission lines frpm the ambient gas, and the.rn-
purity iines present, The choice of lines used for the final in-
| tensity measurements was made on the basis of the time-integrated
spectréa'

| Théﬁfirst time-resolved measurements were made using a
'Bausch-ahd’mep.grating‘monoéhromator. Two photocells were avéil-
ab;é{.an_RCA;;PLéé photomultiplier in the region 3000 - 6000 &

- and a Philii?é‘iSO’CVP photomu}tiplier‘fqr wavelengths in the
regidn‘hoob ;:SOQQ Xg':Durinéiphe experiment arJgrrell-Ash_g;ating
’ mqnochfbmato;vhodel 82-010 became available for}use, ‘The latter
instrumeﬁtfhad;a greater resolving power than the“qumé?. The

same photoelectric cells were used on the new instrument,
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Elsctronic Equipment

The electronic equipment used consisted of a 0-20 kv,
power supply, tﬁo variable, calibrated 0-1,5 kv. supplies for
the photomultiplier tubes, a Theophanis16 trigger pulse unit
and a_fektrenix type 551 dual beam oscilloscope fitted with a
single input preamplifier, a difference preamplifier and a Dumont
trace recording camera,

‘The outputs fram the two monochromator photomultipliefsn'
were 1ea into cathode followers of standard design. fhe cathode
follower outputs were led through shielded cables to the single
input preamplifier on the oscilloseope. The output of the vequ
cityiphotomultipliers was led th¥ough shielded cable directly into
the differenee preamplifier. | '

"A small piek-up coil near the main cufrent_leads was used
to trigger the oeeillescope from the“main discharge current,

The variable high voltage‘pOWerlsupplies for tﬁe‘pheto-
multipliers allowed adjustment of the photomultiplier output
pulses witheut varying the slit widths, Thus spectrel'lines of
widely different intensities could be stud@ed without varying the
monocﬁromator geometry, Camparing two spectrophotometer pulseés
obtainea wiph different photomultiplier voltages required a cali-

i

bration to determine the depehdence of response on supply voltage.
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CHAPTER IV

EXPERIMENTAL WORK

Preliminary Investigation

Three sets of time—inﬁegrated spectra were takep% using
first argon, then heliﬁm, and lastly a mixture of argon and helium
as the ambient gas in the shock tube, The shock velpcitinOuid be
changed.by'varying the energy stored in‘the dapaciﬁor bank, Ade-
quate exposures resulted from ten firings of the bank, The spectra
obtained were analyzed with the aid of an iron arc reference spectrum
taken on the same plates. After analysis, certain linesvwere_cppsen
for time-resolved studies. Choice was made on the basis ofmygméte-
ness from proximate impurity lines and ifvppssible,_prqximity t@
other lines of themsame and adjacenp spectra, _4t the time of.the
experiment there was no way to check the spectral sensitivity of
the'mondchromators. Manufacturer's data giviqgmspectral sensi--
tivity vérsﬁs wavelength for the Qausch an@'Logp spectrophoto- °
- meter were available, A subsequeht experimehtal calib?at@qn of
the monochromator-photomultiplier combinations by Simpkinson, wﬁs
in reasonably good agreement with the manufacturer's values,

The preliminary results showed that He I and A III lineé'_
were visible in time-integrated studies, An ambient gas of 1 part

argon to 20 parts helium at about hOO/u pressure and a bank voltage
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of 1L kv, were useds~ It should be noted that (inmthe“region:2500-
5000 X) the equipment for time-resolved studieé gaﬁe a strong re-
sponse to lines which were weak on the spectrograph plates, In
particular, the HeII line of wavelength hégé‘x.gave a strong re-
Spohse on the monochromator, but was not visible‘on the 'spectro~
graph plates, There may be:several reasons for this, The.ex-::
planation may be merely a difference in sensitivity of the two
optical instruments, one responding to weaker signais thah the
" other, Also, the shape of the time=-resolved pulse is importéhtg
A. reasonably intense line of short duration would give a good |
tﬁne—resolvedlsignél while éppearing very'weékbin time-integrated.
studies, The line He IT h686;2:was well separated from impuriﬁy
lines, As a check, the monochromator was set to respond to this
line wheh"pure helium was the ambient gas in the shock tube,
Adding a sma%l amount (5%) of argon reduced the pulse by about
50% and when the mixtureﬁcontained bo%iargon,'the line disappeared,
| Several lines were chosen for}time-resolved studies in the

gas mixture, These lines were:

He T ‘ He II A IT A ITI

o : o o) 0
5876 A L686 A 3388,17 & 3301.88 A
o

3336,13 A
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The settings of the monoghromatbrs for these lines were
determinéd by scanning the relevant spectral regions when the
ambient gas was eiﬁher pure argon or pure helium, Thisvwas par=-
ticularly necessary for A II lines, since these were algost‘com-
pletely absent from the spectrum of £he gas mixture, The lines
thus located were also examined in ‘the mixture to detenniﬁe their
intensitiés'uﬁder the final experimental conditions.,

The presence of the H impurity line in the gas mixture
was élso verified. The Hc profile was found to be free from im-
purities on the shért wavelength side, The line profile was~aeter-
mined by scanning through the wavelength region of the line using
the Jarrell-Ash monochromator (which was found to have a resolving
power of about 2 X) and recénstructiﬁg the profile fram the oscil-
loscope traciﬁgs. _ . »

.H At first the 1line A II 3376.5'2 was considered for time-
resolved studies,‘since'the Specprophotometer gave a strqng signal
when set to this wavelength, prevef, pre&ious»calcﬁlafigns dfb
~ XT and N, by'Simpkinéon9 using this line‘gQQe inconsistent resuits
and it is possibie an imﬁﬁrity'line may be present af_this wave-

length.A The line was not used in this research,
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Measurements

Al] observations were made at the‘lovcm. station with an
initial voltage of 12 kv, on the capacitor bank, The ambient gas,
a mixture of 20 parts heiium to 1 part argon, was initially at a
pressure of 375 microns.

| Time-resolved osCiiioScope traces éf the monochromator re-
- sponses to He T 5876 2 and:Hb\IIthéSétE;werelphOtographed with the
£rac§ récordiné camera; The Jarrell-Ash grating monochromator N
fitteﬁ ﬁith.the IP 28'photoce1i was used, The same lines ﬁére
also studied using the Bausch and Lomb monochromator andithé IP 28
photoéeil. Final caléulations were made using the experimentally
determined calibr;tion curveslf§r the Jarrell-Ash instrument, In
. the studies of the argon épectrum the lines used were not widely
sépafatédlih'waveiength and ﬁhe specfraljresponse of the inéﬁru—
ment.was assumed constant over‘the’region.

Thé H,; pfofile was méasﬁfed using.the Jarre1i-Ash monoL
chromator gnd thé 150 CVP photocell, A sharp cutw-off red éilter
was placed éver the entrance slit to preven%‘sup?rposition gf_ﬁhé
second order spéctrum on the desired intensity pattern, Readings
were taken at one angstrom intervals.near the lineAcentre; grad= -
nally ihcreasing to five aﬂgstrdms in the wings of the Iine.

The‘final argon and helium line'profile photographs were

triple exposures, in anvattempt to minimize shot-to-shot variations
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in the Spedtrum, o
The response of the photomultiplieriin’theirggionuofaa
spectral line is made up of the response to the line itself plus
the response to the continuum radiation near the 1:_’L_ne'. AAfter' the
response to a line was photographed, the monochromator was set to
a nearby region free frqm spectral lines in order to bhotograph '
the continuum, or background, response, '
.‘The H. profilé.tréces were doublé exposures, initiallyf
The shofftb-shot reproducibility was found to be quite good and
the'final photographs'in.the;set were single exposures.v Mea-
surements were taken over about 30 angstroms on each side of the
line centre,
The time histories of the lines of yarious species of iQng
-possessed certain characteristic qualifies;%aln the case 6f_helium,
the He II line rose to_maximum value sooner than the He I lihe
and-alsovfell to,zero-intensity-more quickl&. (See Fig 5),
| N Previoué investigation showed the shock-velocity=to’;_v,
possess‘good shotfto-shot;reproducibility. A triple exposure
photograph of the output from the velocity photomultipliers con=-

firmed the repeatability of the shock velocity.



a‘.

| - 35 -
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Analysis of Data

The Spectrophotometer traces were examined and the tem-
peratureé evaluated at the time when the He II trace was at its
maximum height, The background respohse was subtracted from the
spectral response and the net value used in the calculations,
Traces made at varying photomultiplier supply voltages were
scaled with the aid of a éalibration trace, The calibration
trace Was‘mérely a photograph of spectrophotometer response to
a giﬁen line ﬁhen the photomultiplier supply voltage was altered,

“ -In the analysis of the helium lines, the spectrophotometer
sensitivity as a function of wavelength was,required. A speétro-
" photometer sensitivity curve_‘(Frig 6) wés constructed from the
. experimentally meésured calibration intensities,

| The H,c line profile was plotted from the instanta.neous-
pulse heights of the relevanﬁ photomultiplier traces, evaluatéd

gt the time of the maximum value of the He II trace,
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CHAPTER 'V

RESULTS

"2’ Determination of N, from H. Broadening

The H_ profile as determined by the method described in
chapter II was fitted best by the theoretical profile for ..
N, = 107 en?3, T = 20,000%, The ratio 22 = F_ for the best

oC
fit was approximately 800 statvolts/cm. From Fo = 2,61 e Neff2/3

_ | 17 -3
Ne = Neff = §5x 107 cm,

This value of N_ was substituted into equation (10) when
solving to obtain the first approximation to XT. The value of Ne
is lowered after using this value of kT .and an approximation to -
the populations of various ionized states to solve equations (1L)

and (15) for the second approximation to Ngs

Observed Line Intensities

| The intensities of the yarious épectral lines were assumed
to ‘be proportional to the maxima of the luminosity traces, Strictly
speaking, the area under the profile when intensity is plotted
against wave]_.ength in the region of the line is the correct measure

of intensity, The instantaneous line profile for a narrow line
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like He I 5876 Eiis difficult to determine, Time-integrated spec-
fra on the spectrogrgph plates revealed that the He I and He II
lines had épproximaﬁely,equal'widths, while the A IIT lines %ere
'broader thén the A IT 1ines; If it were assumed that, at any time,
“the line profiles are in the same proportion as onithe spectral
plates, the helium intensities wouid not bé muéh changéd,'while
the A III spectrum would be weighted over the A II séectrum.

As will be seen later, such a procedure would not change
the nature of the conclusions arrived at from the experiment,

The observed line intensities are displayed in table II,

glong with upper energy levels Eﬁ, and ionization energies V

; 8s
found.in Moore.l7

| Table IT

Multiplet Intensity | Em(ev.)

0

Line A (upper level)

He I (L) 12.8 22,97
5876

He IT | (l) | 6.9 50,80
V= 2bb ev. | U686 '
EIT (96) 0.3 23.53
V.o =15068 eV, 338805
A IIT ¢ (1) 5.3 25.25
V., = 27.76 ev. 3311.25




w J0 -

The intensities are merely corrected values of the
spectrophotometer voltage pulses at a certain supply voltage., The
important quantity is, of course, the ratio of the two helium
intensities and of the two érgon intensities, éo actual values of
the intensities are not important, |

The intensity values shown above were used in equation
(11) to determine a value of XT for the argon and the helium spec-
tra as described in chapter II, The resulting temperatures were
bﬁsed to determine the second approximation to KI. The following

table shows the results,

Table IIT
N, in cm.“.'3 ke (ev.)
Argon Helium
First 5,1 x 10%7 3.35 3,66
approximation ' '
Second 5,0 x 10%7 3,28 3,66
approximation

The discrepancy between the final two temperatures is

about 12%.



. Comparison With Shock Theory

The method outlined in chapter II was used to calculate
the values of Ne and KT as determined by shock theory. The ex-
perimental conditions were an initia}. pressure of 4375 mm, Hg
ét 78? F (corresponding to a total initial particle density

(n + n') of 1.k x 100

cm.-3) and a shock velocity of L.5 em/M sec,
The results are given in table IV. along with the spectroscopically
determined values for comparison, It will be noted that KT is

greater, and Ne smaller than the values given by the spectroscopic

observations,
Table IV
N__in emD> KT (ov)
Shock theory : 2,15 x 1017 - 1,10
Spectroscopic Argon 5,0 x 1017 3.28
theory Helium | 5.0 x 1017 3,66
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CHAPTER VI
CONCLUSION

The two spectroséopic temperatures calculated in this thesis
are equal within experimental error (3‘10%).' It should be remem=
bered that there is some uncertainty in the argon spectrum, and the
‘quoted argon température is probably lower than the'true value,
Thefe are two reasons for this:

(1) the difference in the profiles at A II and A III lines
as seen in the spectrograph platesy

- (2) the uncertainty due to the portion of the argon spectrum '
that could be obsefved. The only strong lines were A III lines; the
A IT spectrum was barely present; no signvcouidlbe found of A IV
lines, If a temperature of 3,66 ev, is assuﬁed instead of 3,28 ev,
and Saha's equation used to determine ion populations for argon,
the greatest percentage change in the abundance of any specles is
20% for A IV (a change from 2,1% to 2.,5%)., The value of 3,66 ev,
fof the temperature of argon woﬁld thus seeﬁ to give values com-
batible with spectroscopic 6bservations, although the A IV spec=-
trum should perhaps be observable at this temperature,

~The Qeterminiqg of Newby'Hx; broadening appears to be a
good technique. The line broadening theory is not strongly de-

pendent on thermal equilibrium, The time-resolved analysis used in
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this work is superior to time-integrated measurement since the
lattervis heavily weighted by édditional luminosity due fo ring-
ing of the éircuit; The driver current associated with this
apparatus is anioscillatory discharge of high frequency.

| “ This expefimént measuféd eleétron level populations in an
attempt to gain insights into thé problem of thannél&equilibfium“in
a plasma, The levels were found to'bg ﬁopuiated in a manner cone
sistent with an assumption‘ofvthermai equilibrium, The'questioﬁ_
remains as to how accurate a method this is of checking the assump=
tion, It is certginly-possible; for?example, that the ion tempf-
erature is different from the electron temperature in spite of the.'
above mentioned results,

The general nature of comparison éf the shock theory and-_
spectroscopic values of Ne and kT is the same as that found by
Barnard et al, The argon temperature is much lower than the shock
temperature while the helium temperature is in reasonable agreement
with the shock.iemperaturef, Had the comparisons for the ;gas mix-
ture differed substantially from those for the pure gases used by
Barnard et al, some new information regarding the mechanism pro=-
ducing the aiscrepancy might have been obtained, In view of the
known non-planarity of the shock front, comparison with the stan-
dard shock thgory can serve at best as an approximate guide, Pref

ionization ahead of the shock may also be taking placé, but it is
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difficult to see how this mechanism would explain the anomolous
temperature since one would expect it to cause the shock tem-
perature to be lower than the spectroscopic- temperature.,

The methods developed in this experiment may be the be-
ginnings of a promising technique. Plasmas consisting of mix-
tures of gases have desirable spectroscopic characteristics,
since observable spectral lines come from ;nitial‘levels of
widely varying energy, A more accurats determination of level
populations than in the case of a pure gas is therefore bossible.
A questién'which remains to be answered is how good a measure of
the temperature of a mixture can be obtained by spectroscopic

' . 8
measurements., Trlchél

discussés the steady-state d.c. arc spec-
tra of mixtures and concludes that calculations from such spectra
will lead to inaccurate temperature determinations. Unfortunately
his»treatment is of a purely qualitative.nature and cannot be
readily used to assess the accdracy of the experiment described
in this tﬁesis. Further work should be directed, in;part,'to the
processes occurriﬁg in mixtures and their effects on level popu-
lations,

| Experimental investigation of line broadening theory may
be possible using mixtures of gases, Spectral data of line pro-

files could be obtained from the emission spectra of two different

gases for which theoretical line profiles have been calculated,



- 15 -

An obvious pair of gases is hydrogen and helium, Since the electron
number density is the same for both specﬁra, a comparison of this
quantity using emission lines from the two elements should give the
same results, Such work would require some refinement in the tech-
niques of measuriﬁg the profiles of narrow lines,

| Further work should includé the results of éalculatiqns
from a more complete set of spectral intensities, A better idea
of the consistency of thé results would be possible., The spectrum
of helium was rather sparse under the conditions of thé experiment,
and more argon'lines from various species of ions would be desir-
able, Perhaps different capacitor enefgies or gas pressures should
be tried, as well as various driver designs. o

‘It is somewhat difficult, at this stage, to assess the

validity of the experiment, More sophisticated experiments might
aid in such an éssessment. The results are encouraging enough to
inspire further experimentation and refihement,'and a useful

technique may evolve,
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APPENDIX
OSCILLATOR STRENGTHS

The table of oscillator strengths, S, given below is ex-
tracted from the M,Sc, thesis of Simpkinson, in which the theo=

‘retical justification for the Values,can also be found,

‘Table V {
Line Wavelength S
| in X
He I 5876 32,9
He II L686 126
£ II 3388,5 9.2
A TII 3311.25 10.8
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