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ABSTRACT

A Flash Unit to supply a pulsed source of continuum
radiation has been constructed to provide the light required o
for the study of absorption spectra of plasmas. The unit
which contains the plasma has been designed to produce a gas

of high purity. ©Several transitions in the excited neon

were seen in absorption. At least two have not been reported

previously. A preliminary determination of transition temper-

atures has been made.
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INTRODUCTION

In the recent surge of interest in .plasma physics
research one of the major difficulties connected with deter-
mining the properties of the plasma has been the development
of suitable diagnostic fechniques. Four well-defined techniqﬁes
are presently in common use in plasma physics laboratories.

1. R.F, technique using microwaves

2. D.C. probes

3. Photographic techniques

4., Spectroscopic techniques
The first two of these, while providing much accurate, interest-
ing and useful data have the major disadvantage that they
introduce perturbations into the plasma, and the effect of
these perturbatlons may mask or alter the effect Wthh is belng
measured. Photographic techniques provide 1nf0rmat10n about
the location of the plasmas and their apprdximate densities,

but very little detailed knowledge-

Spectroscopic techniques, used in this laboratory for
observations of both emission and absorption spectra, have a
decided advantage over the first two techniques mentioned in
that the measurements have very little effect on the plasmé
itself; and over the photographic technique in that much more
information other than approximate density and position can be
‘gathered. Besides these advantages spectroscopy is capable of
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-2 .
giving information about the local properties of a plasma,

and when combined with electronics, time resolution.

In the interpretation of the data obtained by the study
of emission spectra, it is often necessary to know the relative
population densities of two levels and the probability of a
transition between these levels. Unfortunately in many cases
these transition probabilities ére not well-known and the dis-
tribution of electrons among the energy levels may depart
significantly from the usually assumed Boltzmann distribution,
due to presence of impurities, because of the particular exci-
tation mechanism or because of insufficient time to reach thermal
equilibrium, It is therefore desirable that experimental
investigations into transition probabilities and electron densities
be undertaken. Ladenberg has shown that these quantities may be
determined through measurement of anomalous dispersion and
absorption spectra., It is also foreseeable that, using an-
appropriate modern pulse technique to trigger a short duration
continuum source, we might study the time evolution of the absorp-

tion spectrum of a plasma,.

This thesis describes the preliminary experimental
work which has been done in preparation of the study of absorption
spectra of ionized gases. Namely, the construction of the back-
ground source the design of which was inspired by the work of
WeRo.S, Gartonlwho has improved upon the many previous attempts
to achieve a high brilliance discharge with the continuum in the

ultra violet,



Chapter I
' THEORY

1. Introduction 7

As was pointed out in the introduction, considerable
information about a plasma or a hot gas may be obtaihed by the
study of its absorption spectrum. The absorption spectrum is
obtained by passing light from a source of Pontinuum radiation
through the gas under investigation. The source may be a\carbon
arc or, as is used in this experiment, a flash discharge. Since
this gas is self-luminous the spectrum may exhibit bright lines
upon the darker continuum background or dark lines upon the
brighter continuum background. The result depends upon whefher
the background radiation is respectively hotter or cooler than
the gas.

These observations can be deduced quantitativély by
rearranging and solving equation Alk.

%%)4& = N(L)Ju,_ Au,_ hVUL" hv., (NL\}U,_BLLL = Nu\)u.. Bun_)l\)w.

Now write the first term on the right.

Aw. uL Y 1
qu.“ Au'l "‘\)w- = (NLV\A'-B‘“—N“V“"B“‘-) Buc ('z/":v‘é"B_ Nhu\) B ) . v

At this point we should recall two important relationships

between Einstein coefficients

Au‘_ = _2...,'\—\-)-&—“ Bul- (2)
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BL.LL 9‘_ = Bur_ 9U. . (3)

where g; is the multiplicity of quantum state 1 .

Using equation 2, equation 1 becomes

Nu\\)u‘. Aq,_ r\\)u.. = (Nl— Yul Bl_u - Nu\)m.Bm_) 2. h \Jz,_ h\)‘“ d , ()4')
. ‘——CT_ NL\)M BL-M. - l
Nu\)w. Bw.

If the gas is in thermal equilibrium then

E

- w.

Nu=N e X7
£

where T is the temperature of the gas, N the total number
of atoms present and 2 the partition function of the gas;

hence

- [E_-E,
Neo- g0 e =

KT ,
NL« 9“
From equation A6 and 3 we have
N hva.
LYy B‘ 4 — G*————K.r v (5:)
Nu Yur Bw_

Substituting equation 5 into equation 4, we get

(6)
NMVVL_ AL“_ h\)qL = thL( NI_VMLBLL&_ Nu\)u; B‘_“_) 2 h\)fL ___l_-——
Cl.

hV.
K‘;’“ - l

The specific intensity inside a black body at a temperature T is

3 1 =
e U ik
Define Ky, by

KVKL = hv‘«n_( Nun’B“‘_ - NLVL‘L B,_“). (8)



-5 -

This, from its appearance in equation 9, obviously is the
absorption coefficient. Substitute equations 7 and 8 into
equation 6, and use the resulting expression to transform

equation A1k4 into

g_—‘fv“ = Ko (B,u(T) -T..), (9

We now solve this equation under circumstances appli-
cable to the present experiment. In Cartesian coordinates the

equation of transfer is

(L.g_; + mgg +n§§>lv‘“ = K\)u\; (Bv«;(—r) _IV"“-)

where (1, m, n) are the direction cosinesof the path of inte-
gration. We choose to integrate along the y -axis, the equation

becoming . »

3lvee - Koo (B0 -Ty.)
ay °

The general solution of this equation is

— - Ky d
To.= G I™% | B,
If the absorption coefficient K, is constant along the

y-axis, that is N.,, and N.v._ are constant, the solution is

Ive. = & eI BT,

Let the plasma we are considering start at the y = 0
plane and extend in the positive y direction. If there is no
external source emitting radiation in the positive y direction,
the intensity at y = O, Tcoy , in the positive direction is zero

hence
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T.y) = Byn(1-¢e ™Y (10)

The expotential term represents self-absorption. If there is a
black body of temperature Tl radiating in the positive y
direction from y = O then I(o) = B(T!) and the solution to the

transfer equation is

To(y) = B(TI(1-e~ ™) « BTIe ™Y i

Equation 11 shows that I,, at the point of observation
will equal Bv(Tl) for any frequency away from those corresponding
to atomic transitions, for at these frequencies K)) = 0., We
thus see that if T % B, [T the line will be bright, if
I, ¢ By1) the line will be dark and if T, = B(T') the
line will be merged with the background. If the temperature
of the background radiator is greater than that of the plasma
the line will be seen in absorption. To show this we first
note that from the monatomic behavior of B(T)

B(r) > B() T'>T

From equation 11 we have
(I, -BJT)) = [BT)-B)] e

but Ci_K”y is restricted to (0,1) because K, is restricted

Ko y

to (0,00). Hence if
TOT L, =B > B(r') -80
or Iv > B»(Tl}

Similarly, we can show that if the temperature of the black body

is lower than that of the plasma, the line will appear in emission.
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If T = Tl, it follows immediately I = B(Tl), that is,
there will be neither a bright line nor a dark line. It will

have blended into the background.

It might seem that these results were dependent on
the assumption of thermal equilibrium in the plasma since this
was invoked in the derivation of equation 5. However, the
plasma temperature which we have been using to characterize
the emission of the plasma at the frequency corresponding to a
transition between a pair of levels 1 and u can be a trans-
ition temperature, Tj, defined in such a way that the ratio. of

population between these two levels is given by

_I\_}‘; = _2& e

w Iu

ik

This temperature is different for each pair of levels and applies

only to the transition occurring between those particular levels.

2, Transition Temperature

Gartong, because of uncertainty in the temperature of
his continuum source, was unable to obtain an exact value for
B(T1) so he used a procedure which would at least indicate how

well a common temperature could be ascribed to his plasmas.

The total energy P falling on the photographic plate
per unit time is given by

»fIv cos & dwdv

which for an emission line becomes by equation 10

P= C B (-7 (12)

LINE
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where —BvUﬁ may be taken out of the integral because it is a
slowly varying function of V, and C 1is a constant representing
the integral over an appropriate solid angle. The value of P,
measured for different lines, need only be relative. The total
absorption (or equivalent breadth) of a line from a gas backed

by a source of temperature Tl is

\/\/ —- f Tw — Ty Ci\)

Line Vv
now Tv = BI) e ©Y if Tl is>> T
and T, = BV&T7 SO
—Ky

W = Jﬂ <l - y) dv
thus cine

PW = C Bull).
The -1 term representing forced emission in the denominator of

hv

the Planck formula can be dropped since C KT = /O for = 7000 A°
and T = 8000 OK, conditions typical of the plasmas we are

studying. This done, we have finally

__‘_E_ —_— P — \jo
/—n U, ConsT "'\<T

If a plot of Lwﬁ%%%v} against V, results in a straight line,
it can be concluded that the levels corresponding to these trans-
itions have a common transition temperature given by the recip-

rocal of the slope of the line.

In the present experiment a different method is used.
The photographic plate is exposed to the absorption spectrum for
a time t5, that is, for the duration of the flash, after which

the emission spectrum is superimposed for a time tg. It is
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possible to adjust the time tg until neither an absorption
nor an emission line is seen on the photographic plate. In an
experiment one must take notice of the intermittency effect
which will be prﬁnounced with such short exposures. This is
discussed more fully in Chapter III. This time, t,= td, is
called the disappearance time. Essentially the emission line
fills in the absorption line, It is difficult to expose the
plate for the exact time tg so two pictures are taken with
different tgs, allowing the disappearance time to be inter-
polated. The relationship between the disappearance time and

the transition temperature T 1is

1 —_L —-_K._[Ln't« —Lm(tu+td)]

T T hw (13)

where Tl is the black body temperature. Interpreting the
transition temperature as a parameter expression the relative
population densities, we have
Moo g ta o p2 aw)
NL go  ta+td '

These formulas are derived from the following édﬁsid—
erations. Define P as the total energy entering the spectro-
graph slit per unit area from one line. P will be manifest as
a density on the photographic plate. The exposure P 1is, by the

definition of I, , given by

P :~II} cos & dw dvdt (15)

=¢f(zvdv) de
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e}

where C allows for the geometrical integral. From equation 11

we have P, of the flash exposure given by

Po s Cta BN fL-€¥)dy v oty Bl [ €y, (16)

Liné

’

The integrél over t 1in equation 15 is obviously just the time
exposure t,. As before, B(T) and BJT') are removed from the

integral and replaced by their values at the centre of the line
BuT) and B,,(T') respectively. P, incident from the emission

spectrum of exposure time t, 1is

Pe = cte ByT) f(i-ﬁ'“)dv

The total exposure is then

L4

Cltarte) BulT) /(- ") + ctu BW(T')fe’“ydv, (17)

—ine Line

If the time tg 1is equal to the disappearance time t4y then
Par Fe = Cta BuolT),
This equation combined with equation 17 results in a relationship

between the temperature and time ty namely

C'tog. Bvo(Tl) = C(‘tq, *te) ’Bvo(_r)f(l_'e-kvy)(‘v T C e BUQ(T)fe:KU7C{\)

Line Line

or

(ta. + 'f:oL) Buo(—r—) = ta Bpo(Tj)

Neglecting the term for forced emission in the plasma and using

Wein's law for the black body (a doubtful step), we have

- h — hVo
e kT o Lo @7
+a+td t

By taking logs we have equation 13.

%
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It remains only to determine ty. We measure on an arbitrary

scale, the exposures Pj; and Pp of a particular line (of fre-
quency V.. ) in the two different pictures mentioned above. We

know from equation 11 that

P\ = CK’tq -f“Ce‘) B\)Q(T) f(l "C—kuyjdv + Lta Bw(Tl-)fe-kvydv

and

Pos clta~te) BT Ja-€)dv +cea BulT) [ Y,

Line t-1n¢

where tel and te2 are the corresponding emission exposure
times, These equations are arrived at in a manner identiecal to
that used for equation 15. With the above two equations we can

solve for

. C B,(1)Ja-eT v and ¢ BAr) [ ey,

Cine Cine

enabling us to write an equation~ for the intensity as a function
of the exposure time +tg. If we measure the background éxpdsure

P4y, we find tqy by solving the general equation, to be

. P4 -P -
ta = 73‘—_7';; (te —te) + te . (172)

Another determination of transition temperature may be
made by exposing a plate separately to an absorption spectrum
for a time t5 and to an emission spectrum for a time tg. The

exposure for the absorption line is

e~ Chen vee) B s+ cen BT e,

Line

The exposure for the emission line is

Pe = Cte BT J(L-e™dv,

“ine

The exposure for the continuum is

Po = C ta_ BVQ(T.)’

I
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The difference between P, and P, is

Pofus [Cte BAT) ~clrere) 6)] fiL-em 9,

Ling

The ratio of the difference to Pg 1s given as

Po-Fa _ ta 1&U7_1] _ te
Pe te B, () te

By establishing the exposures Py, Py, P, on an arbitrary scale,
from the observed densities on the photographic plate (remember-
ing the intermittency effect) and knowing the exposure time tg
te and tgy , we can calculate the ratio of the continuum radi-

ancy to the plasma radiancy. If we know the continuum temperature

we can find the transition temperature.

Both these methods are used in the experiment to

estimate the transition temperature.

3. Relative A Values’

The measurement of the anomalous dispersion in the
neighbourhood of an absorption line but outside the region of
absorption combined with the measurement of the transition temp-
erature allows us to calculate the relative transition probabil-
_i#ies for lines 1 which correspond to transitions to a common

level® . The anomalous dispersion is given by

nw) =4 % et ) Fu o (see Korff and Breit)™
2T m '\)‘:L*__))’-

where

- RV
FMLL = N,_ Axu- Yul mcs 5 <_’[ - e N T, )
e g £ Y .

Since we know ny) , N) - corresponding to the lines i,
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we know F.,. | Fu ---
Then _hy .
AK'L Fu; L 1-¢ K%
S sk Gus Vuu) T
Ul Fugl g, Ve 1l - c KT

that is, we can find all the transition probabilities with respect

to that of line 1.

The absorption spectrum affords another method of
determining the relative A values. From equation 11 we see that,
if the black body temperature is much higher than the transition
temperature and the absorption coefficient is small (conditions
which certainly exist in the present experiment) the intensity

is given by

To.. = Bu(T] e foy

e

thus

Ling IDL«L

o - B 18

But from equation 9

SR dv = hvc (No B - N.BL)

since

S Nodo = Noo [ M dv= N

e “ing

from their respective definitions. From equations 3, 5 and 18

we have

b3

L BT du = ¢ e —hvy,
7 Jle LI gmTVr L“'é%fci‘ < KT) (19)

which gives us the same information as does a measurement of

anomalous dispersion.
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gives us yet another advantage in that it is not necessary to
calculate the true intensity as Ladenberg had to, in order to
determine the relative A values for transitions with a common
upper level., Supposing we have measured the anomalous dispersion
for several of these lines J (a measurement of the integrated
absorption coefficient would serve as well) we have

— A - h\)ut.j_
FuwL; - wey 9o, ’ \)ut.:x L 1 — & TrT

Fuls '7AuL1_ 9Ly Vuej 1 - @—hvw—v

but we know

KTy

f\)“’ hVuls
Ni’ = e e kT,
and “ ER
. hvue;
SO Jd =«
NL . he Vo, VWV
K)-:i_ = 9:; e |<C -_‘—,T’ —’T‘:":EL>_
That is 9L
/Aut_i - Fu;f \}u_l_ﬂ BU—)
AL, Fac, Vue, *“JB (T2)

In summary, we gain two advantages which Ladenberg
did not have when we know the transition temperature. Firstly,
we can calculate the reiative A values for common lower level
transitions when there is a high transition temperature and
secondly, we can calculate the relative A values for common
upper level transitions without evaluating the integral of

equation 19.

4, Correlation of Electron Temperatures to Excited Level
Populations3’6.

The equilibrium distribution in the populations of the
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levels of excited atoms is dependent upon the electron distri-
bution functioﬁ;g This function is governed by Boltzmann's
transfer equation

3,{- + VUt o 'QVWX' 2 = ff)cmnsms
where the number of electrons n enclosed by the volume dx

dy dz at the point xyz and with velocity between V|,V +dV, ,
Vy i Vy+dVy and V, , V, +dvy is given by

dn. - ﬂ-f(ocgg Vx Vy V3 ) dxdy dy d\/xd\/;dv}

n is the density of electrons.
If the field is in x direction only and %?~is a constant in

space the equation reduces to

3 . ex 2f - _Q_f_)
it m 2 Vy Jt Jcoilisieny

On the assumption that the plasma can be modelled
after a Loreniz'gas, that is one where m the mass of an
electron is much less than the mass M of the molecules and the
density of the'electrons is small as in a weakly ionized?gas,
the velocity distribution is nearly isotropic except for small
deviations due to electric field and diffusion. The equation is
solved by expanding f in spherical harmonics and ‘equating

corresponding terms., The answer depends on our approximation

for Qf)
dt JCollrsions

Margenau, considering only elastic collisions and a
constanf electron mean free path, found that for small high
frequency fields of amplitude x5 and angular frequency W in
which ionization can be neglectedsthe distribution function is

Maxwellian with  Te = Ty + Mer X7 /G K m*wz,
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Though the model used was only approximate we can expect to

have a distribution which is nearly Maxwellian.

Under certain general conditions, theoretical consid-
erations show the existence of a statistical equilibrium
betﬁeen electrons and excited atoms and the validity of the
Boltzmann law for the excited atoms. To demonstrate this,r
it is necessary only that the velocities of the electrons in the
plasma have a near Maxwellian distribution and that the current
density be very high so that collisions of the second kind
between the electrons and excited atoms destroy per second
approximately as many atoms as are excited by electronic col-
lisions. That is to say, these two processes of excitation and
de-excitation must predominate over those of collisions with the
walls, collisions with other atoms, spontaneous radiation and

radiant excitation.

With these two conditions it is shown that the ratio
of the populations of two atomic levels corresponds to a statis-
tical equilibrium at the electron temperature. At higher
pressures this statistical equilibrium will be reached for lower
current densities. This is a natural consequence of the decrease
in the rate of diffusion to the walls of the excited atoms as
the pressure is raised, and the increase in the number of slow
electrons responsible for collisions of the second kind with the

excited atoms, with a rise of pressure at constant current.
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5. The Neon Spectrum
The lowest state of neon is the configuration 2p6, which
gives rise to the single state lSo. This configuration is Very
stable and a large energy is required to bring the atom into
the first possible excited state 2p5.3§ which lies over 130,000
ems—1 higher. ‘All the excited states lie in thg region between

130,000 and 174,000 ems=1 from the normal state.

The lowest configuration of the neon ion is 2p5 which
gives rise to an inverted 2P sﬁate, with a doublet separation of
780 cms~l., Thus the excited states of neutral neon in a first
approximation can be considered to arise from the additisn of an

electron to the core in either the QP% or 2P% state.

Acébrding to Shortley, the LS designation can be
assigned significantly to only the following cbnfigurations,
the 2p5.3p and the series 2p5.ns. The three lowest levels of
2p5¢3s, the first excited configuration, form the inverted‘3P
state, 3P§i8° The 31P1 state is 1070 cms~1 above 3PO. The 3P2
and 3PO levels are metastable while the 3Pl and 1P7 levels com=-
bine with the normal state to give the ultra violet resonaqcé
lines 743 and 736 g. The levels 3P210 all have approximately
the same population densities, even though 3P1 is unstable,
since at room temperature the mean energy of the neon atdm ié
of the same order as that of the energy difference between tﬁese
levels, aiiowing the population of the 3Pl term to be replenished
by collision with the metastable states 3P2 and 3PO° The 2p5°3p

configuration gives rise to ten levels, 18 381, 1PO, 3P012,

0
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1D2 and 3D123. The terms of the above configuration combine
to give about thirty spectral lines. In figure 1, the lines

which were observed in the experiment are indicated.



Chapter II
APPARATUS

1., Introduction

The general arrangement of the equipment used for the
investigations described in this thesis is illustrated in figure
2, Light from a high temperature source of continuum radiation,
the flash unit, passes through a plasma generated in the plasma
unit. In this éxperiment the plasma is created by a Radio fre-
quency discharge but the plasma source could be replaced by other
sources such as a shock wave. The light, having passed through
the plasma, 1s photographed with a spectrograph to record the
resulting absorption spectra. In one phase of the experiméht
it is necessary to control the relative exposure times of the
plasma and flash units. This can only be accomplished witﬁgrapid
shuttering of the spectrograph since the plasma unit is a con-
tinuous radiator and the flash unit a pulsed radiator. The flash
unit has to be synchronized with the shutter unit. This is
achieved by firing the flash unit with a pulse from the trigger
unitvwhich is tripped by the output pulse of the delay unit.
This aelay unit pulse is initiated by a signal from the shutter
unit which occurs at a fixed time in advance of the opening of

the spectrograph shutter.

2, The Flash Unit
The flash unit, to fulfill its function adequately,
was constructed with many different operating characteristics,

- 20 -
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From a preliminary experiment using neon in the plasma unit and
employing the positive crater of a carbon arc for the continuum
radiation with a spectral steradiancy approximating that of a
5000°K black body, it became obvious that we would require even
higher spectral steradiancy. Since in the future it is hoped
to apply this diagnostic technique to other plasmas at tempera-
tures of tens of thousands degrees Kelvin it was decided to use
an impulsive discharge for the source of radiation. Besides
reqﬁiring the high spectral steradiancy from our sourée it is
also advantageous to have the spectrum free of lines and bands
in either absorption or emission so that absorption coefficient
integrals may be easily evaluated and fhe spectral distribution

may be compared conveniently to that of a black body.

In future experiments it is hoped to investigate with
this technique, transient plasmas decaying in the order of
milliseconds. To do this with good time resolution the pulse
discharge should have a duration of only microseconds. However
in the steady state experiment described in this thesis the
short duration of the source proved to be more a nuisance than

an advantage.

In order to produce a useful photographic record of
the absorption spectrum resulting from the passing of the dis-
charge light through the plasma unit, it required the super-
position of at least four exposures. Two pictures, and pre-
ferably fcour, are required to provide sufficient data for the

determination of population densities and transition probabilities.
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We must thus have the flash unit output identical for at least

eight discharges.

As was pointed out in the introduction to this chapter
it is necessary to trigger the discharge at a precise moment.
In the present experiment a jitter time of the order of twenty
microseconds between the triggering pulse and the discharge in
the flash tube is tolerable. However future experiments dealing
with transient plasmas will require much smaller jitter times.
Hence it was decided to design the triggering system with as

small a jitter as possible.

In the experimental evaluation of the flash unit
electronic measurements are made simultaneously with the discharge
in-the flash tube and for this reason it is desirable to choose
a geometry for the electrical leads which has a low radiating
efficiency. The choice of construction materials and design of
the flash unit was made also with the purpose of assuring it a
long life, of facilitating its alignment with the other units
and making it easily replaced or repaired. The design of the
flash unit is illustrated in figure 3. This final choice was
made in an attempt to embody all the considerations mentioned

above and to arrive at a compromise where conflicts existed.

In principle, the operation of the unit is very simple.
The aluminum electrode El cemented to the discharge tubey is
connected to the copper collar Cy 4.8 cm, long, 2.7 cm. I.D.y,

by means of eight radial screws. This copper collar is connected
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to the centre of the condenser through the plane lead Ly. The
aluminum electrode E, is attached to the copper collar Cp
by a wire gauze soldered to the collar and necked down to the
electrode where it is secured by a metal strap. Collar Co is
connected to the outside of the condenser by the plane lead Lo.
Thus when the trigger pulse is applied to the trigger leads
TL, the condenser current rises up through plane lead L, travels
down the outside of the flash tube through C;, in through the
eight screws to the electrode E;, and then down the inside of
the quartz flash tube, initially under a vacuum of .l microns to
the electrode Ep, where it returns to the condenser via the wire

gauze to Cp and Ls.

The insulating plate Ip, 1.5 mm. thick, is cemented to
the insulating cylinder Ic, allowing the plates L; and L, to be
placed close together. Finally the light from the discharge is
observed through the window W,, while through window W3, the unit

is aligned.

In the course of designing the flash unit, primary
consideration was given to achieving a uniform continuum and high
temperatures. Contributing greatly to the uniformity of the
discharge spectrum was the use of quartz instead of glas; for
the discharge tube. With a glass tube the discharge specffum
always showed the sodium D lines strongly in absorption. This
occurred because sodium from decomposed glass near the walls

was cooler. The quartz tube showed no strong absorption lines.
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As is well=known from the work of Anderson7,the par-
ameter which determines to a large extent the uniformity of the.
continuum is the current density in the discharge channel.
From his investigations it is seen that a current of twenty or
thirty thousand amperes per square centimeter is necessary. The

current which flows during the discharge is given by the expression
‘ £ ) e*‘- I
= 3 N}
“© = R ] s (i 49" ¢).
As is seen from this formula a low inductance is important for
high current densities. For this reason coaxial geometry was
initially considered for the flash unit. The low radiating

efficiency of coaxial geometry added appeal for the choice of

this form.

It is fortunate that a uniform continuum and a high
temperature are products of the same conditions. An equation

expressing the conservation of energy for the discharge can be

written .
df - (R -ERT)FT) — AT
dt
where dE 1is the rate of change of the total energy of the tubey-
at

123 is the rate at which energy is added to the dischargej; E(tT)
is the energy of the discharge at a given time and given temper-
ature. ©Since the plasma is a gas, it is an increasing function
of temperature; f£f(T) is the fraction of total energy lost per

second by mechanisms other than radiation. It is most plausible

that this is an increasing function of temperaturej; the term Aa’T)+



represents the power loss by radiation. In a steady state
i.e. Q% = 0y we see that we would have an increase in temper-
ature gith an increase in current. From the foregoing consid-
erations we conclude that to achieve a uniform continuum and
high temperature large currents generated by the use of low
inductance circuits in the leads and discharge tube, high
voltages, and large capacitances are required. The condenser

used was a 1.6 m.f.d. low inductance, 25 mMh, high voltage,

25 kv, manufactured by Cornell-Dubilier, model NRG 323.

The use of large currents creates a major problem.
Since the currents are flowing in opposite directions in éhe
two plates which are separated by only 1/16 inch of. perspex
(to keep the self-inductance low) a strong repulsive force
exists between them. The magnitude of this force can be esti-
mated by using a very simple calculation. Supposing the current
is damped out in two periods we have approximately one-quarter
of the stored energy dissipated in a half period. If all of
this energy were converted into the kinetic energy of the plates
their final velocity would be

Vo= E g5

where E is the condenser voltage and m the mass of one plate.
These plates acquire the velocity inahalf period. Hence the

force from F. QT = m.AV is
_ E( m2r\k4 4
r=p(-—~<) (21)

where P 1is the period,
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In substituting values we have
F == /05 NewTons.

This force would be applied to the quartz-electrode junctions if
the gauze collar which absorbs the shock were not used to join
the electrode E5 to the plate P,. This made it possible to use
black an to cement the electrode E, to the quartz tube. The
electrode E; had to be cemented with epoxy because screws were
used to connect the electrode to the copper cylinder, enabling

easy alignment.

Even with the gauze a small force is exerted on the
tube., If the tube is glass this force tends to shatter it after
a few firings since the strength of the glass is reduced by
crazing caused by the discharge. It was found that quartz did
not craze as readily as glass allowing the tube to withstand
many more discharges. This is another reason for the choice of

quartz over glass in the construction of the discharge tube.

The high voltages employed necessitate special insul-
ation precautions. Figure 4a shows the details of the electrodes
El and E2. The electrodes are grooved so that the quartz-
electrode junctions inside the vacuum of the discharge tube
occur recessed in the electrodes, a region of low electric

field. This is in accordance with the findingé of Kofoidag

The hollow cylinder I of perspex allows the discharge
tube td be easily withdrawn and replaced simply by undoing the

gauze strap and the screws. The cylinder extends 3 cms. on either
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side of the insulating plate and by extending the effective path in
air between the copper plates, breakdown is prevented, The
increase in inductance from 3.6 m puh, with the return conductor
flush with the discharge tube to 12 muh,with it removed by o8

cm., was considered worth the sacrifice for the simplification

of the removal and insulating problems.

In order to have the discharge spectrum reproducible
to the demanded degree, five different arrangements were tried.
The first trial (figure 4a) had the windows placed flush wifh
the electrode. They became opaque after two shots because of
deposition resulting in fogging andebulation resulting in pitting.
It appeared that this deposit was from the electrodes and walls
since one part could be dissolved from the windows with nitric
acid and another part with hydrofluric acid. The deposition was
examined by constructing a pinhole camera (figure 4b) at one end
of the discharge tube. The material was deposited lightly over
the whole window except for a dense ring centered on the axis of
the tube. This ring corresponded with the optical image of the
opposite electrode. The ebulation was confined to a circle in
the centre of the window. While the pinhole camera was attached
it was decided to measure the directional dependence of the light
output of the discharge by using sensitized paper. It was found

to be essentially constant for at least 10° off the axis.

These findings in mind, a second try was made (figure

Lc) with a glass baffle of such size that, placed near one
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electrode, part of the nearby window could not see the far
electrode. This failed because there was diffusion and scat-

tering of electrode material.

In the next attempt a window was moved from the main
discharge path by placing it on the end of a branch of a wye
(figure %d). After one shot, the window became contaminated
due to the condensation of the discharge debris. From this
observation a mechanism by which the main discharge tube keeps
clean is suggested. It appears that the discharge evaporates
the material condensed during the latter part of the previous
discharge. At present experiments are being concluded to

develop a window system which exploits this self-cleaning process.

In the fourth design it was hoped to make use of
electrostatic deflection. One window was moved away from the
end of the discharge tube and electrode by adding a section of
glass tubing (figure Ye), Two metallic deflection plates D,
length Ly, were placed diametrically opposite on the outside
of the extension thus separating them by a distance S= 1 cm.
They had a voltage placed across them equal to that of the
condenser potential. Assuming that a particle would convert all
of its potential energy to kinetic energy, that is

K.E = qV
where V is condenser voltage.
By the equation of motion, and assuming plane parallel electrodes
;:':‘15; = gﬁi = Ma

where E is the electrostatic field inside the extension tube.
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Hence the time required for a particle to travel from one side

of the extension to the other is
2

to= 5 V_T'é/m

The time to go from one end of the extension to the other, a

distance L is

_L—_—” =
t, = /= vV Y

If these times were equal no particle would reach the window.

That is if
L = 28.

When such dimensions were used no improvement was nocticed. Thus
this suggested the discharge was in the form of a neutral plasma
since the particlescould not have recombined to form neutral

molecules in the short transit time.

The fifth design (figure 4f) and the one used in the
present experiment was a partial success. As in trial four,
extensions are used but this time, to keep the windows cleén,

a glass tube at one end of which there is a constriction in the
form of a slit, was placed inside each window extension with

the slit towards the electrodes. This arrangement kept the
windows clean for twelve discharges. The length of the ex-
tension, 3 cms. is determined by a compromise between two advan-
tages. The further away the windows are from the discharge the
cleaner they stay because they subtend a smaller solid angle to
the discharge; however the nearer the windows are to the slit

the smaller the f number . they allow for the system. This design

does not take advantage of the large diameter of the discharge
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tube which could be used to present a source extended in area

for the experiment.

In order to achieve satisfactory triggering two
entirely different methods were tried. The first was an attempt
to use ultra violet light recognizing the‘fact that if it worked,
it would be very safe as there would be no electrical connections
between the triggering system and the high voltage of the con-
denser. Light from a triggered spark passed through a quartz
window and fell on the negative aluminum electrode El (figure 5a),
For this to trigger the discharge the voltage of the condenser
had to be set too near the breakdown valve, causing spurious

discharges,

This method was then abandoned in favour of introducing
trigger electrodes directly into the discharge tube as shown in
figure 5b., Initially one trigger electrode was used allowing it
to arc to the discharge electrode E;. This would only trigéer
when El was negative with respect to E2, regardless of the‘
polarity of the 32 kv.. trigger pulse. Hence it was concluded
that the electrons emitted from the trigger discharge were
necessary to initiate the flash discharge. (It was not the
photo-electric electrons from Ej, since both polarities of the
trigger pulse do not work equally well). For more reliable
triggering it was necessary to introduce another trigger‘electrode
running it into the space between Ei and E2 and to have the arc
occur in this space where the electric field would accelerate the

electron towards the far electrode. This arrangement is used in
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the final design. It is necessary however to keep these trigger
electrodes as near to the cathode Ej as possible so that when
they are immersed in the resulting discharge their potential

will not rise too high.

Upon completion of the flash unit determinations of
several of its operating characteristics were made. The time
derivative of the current as a function of time is shown in
figure 6a. This was photographed from an oscilloscope display
at a sweep speed of one microsecond. per centimeter of the
voltage induced in a search coil placed near the discharge.
This voltage is given by

V=»M

Q

&

1

[oh
ct

where M is the mutual inductance between the coil and the dis-
charge circuit. The observed waveform corresponds accurately

to the calculated one in Al7. This shows that the model used

to derive equation Al5 is quite good. Using the method'outiined
in the appendix and the observed values of P = 19.6 £ ,09 x lO"6
seconds and LD = 1.52 ¥ ,07 we find

/r]

L

3.3% x lO6 t .15 seconds

i

56 L 5.6 x 1079 henries

R .087 ¥ ,007 ohms,

"

The value of the period in the calculation must be taken from
two successive zeros and not from the time zero and the first
zero as half a period since there is a phase angle (equation Al7)
to be considered. Using the values of L and R the current is

given to 30% by
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- 5
i = 82,700 x 103 e Zig3§%ghtx 106%

By observation di =0 at t = .6 x 10% seconds.

Hence the maximugtcurrent is 48,700 amperes. From these values
we see the current density in the discharge is 75 11 x 103
amps./ cm°2. This is well above the threshold for continuum

radiation.

The change in output spectrum as a function of the
condenser voltage was examined. At low voltages or equivalently
low current densities there are lines and bands, but as the
voltage reaches 15 'kv. the continuum becomes quite uniform

except for several bands most likely originating from silicon.

The spectral steradiancy integrated over a 931 photo-
multiplier sensitivity curve was investigated as a function of
time. This was carried out with the intensity unit, the output
of which was displayed on an oscilloscope with a sweep éﬁéed of
one microsecond per centimeter and photographed (figure 6b).
The appearance of the second higher peak is easily explained.
One must first note that the time constant for the decay of the
discharge intensity, after all the energy has been pumped into
it, is long compared to the period of the discharge current.

The total energy P pumped into the system as a function of time

Rfﬁ dt

is given by
t

Pl =fLZRAt

(4]

1
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where to a first approximation R is assumed constant during the

discharge.

This integral is evaluated graphically below

L(t)
/ i N
* \/
@)
.t
B
P(t) A
n

Allowing for the expotential decay of the discharge
energy at regions A and B in the graph above we find the energy
of the discharge as a function of time is shown in the following

graph

E(t)
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If the rate of radiation is proportional to the energy content
of the discharge, as it most likely is, this will be the observed
light output slightly distorted by the response curve of the
photomultiplier. This distortion results from change in the
distribution of energy as the temperature of the discharge is
lowered.

As Spitzer’

shows, the temperature of a plasma can be
deduced from a measurement of its resistivity. The resistivity
of a plasma in which electron-electron collisions are considered

is given by

i

N = (22)
"where Y. is a function of the state of ionization of the %as.
Z = 1 2 3
Vo= 582 683 .785
and 4“_ is the theoretical resistivity of a Lorentz gas. /ﬁg is
given by ‘
3 L g :
M= T zwze?_Z:T)CstLn)\ (23)

where e 1is the electronic charge in esu, K the Boltzmann
constant, m, the mass of the electron, and T the absolute

temperature. PN is given by

//l
A = 4 (KT )
é% 2z e’ <Trne

where ng is the electron density. A table of Ln A for

different values of T and ng is given by Spitzer. Sgbstituting
the numerical values for the constants in equations 22 and“23
for a singly %pnized gas we find

T = 3.49 (Lgﬁ?k_)% (2l)


http://id.ll
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A more convenient variable than Ln A

is K =

LnA /T ;,

The table below gives this for different values of T and ng.

T°K ELECTRON DENSITY electrons /cc.
1 10° 1012 1015 1018 1021
102 | 1.6x10-2 | 9.43x107
103 6,21;;‘10“LF u,ouxlo“'LF 1‘.88x10‘l’r
10t 2,32x10‘5 1.63%x10-2 9.43x10‘6 5, 57x10~0
107 | 8.41%10=7 | 6.21x10-7 | 4.04x10-7 | 2.97x10-7 |1.87x10-7
106 | 2.97x10~8 | 2.28x108 | 1.59x10-8 | 1.24x10-8 |8.96x10="|5. 5ux10=9
The temperature is best found by plotting logjoT against logloK
for the value of ng during the discharge. ng can be found by

ng, = 3.22 x 1019 P z
where P is the final pressure of the discharge in mm,of Hg. and
Z 1is the degree of ionization. K is given by
| K =1.53 x 107% RA/L (see equation 24)
where R is resistance of the digéharge; A is cross section of

discharges; L is length of discharge. This equation is based on

the assumption that the discharge has uniform cross section.
ng ~ 101° and

For the present flash tube ng has the value

K has the value K = 3.9 x 106, This results in an estimate

of the temperature at 40 £ 10 x 103 °K.

It should be noted that this result depends upon a
theoretical expressidn for ATL which is good only for low

densities and high temperatures. Furthermore the theory requires
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that the energy gained between collisions from the electric
field be much less than the average kinetic energy. A quick
check shows that the conditions of the discharge are in the

domain of applicability of the theory.

This estimate was made in an attempt to establish
the spectral distribution curve for the diséharge, At present
a more direct approach to the problem is being used. The
spectral steradiancy of the discharge is compared to that of a
standard carbon arc using the intensity unit attached to a mon-

ochromator.

3. Plasma Unit

The plasma unit was designed to generate a uniform
plasma in a gas of any desired purity and composition. The
absorption tube in which the plasma is formed is a glass tube
two centimeters in diameter and fifty centimeters in length, as
shown in figure 7a. Glass wiﬂdows througﬁ which the flash unit
light is passed are welded to each end of the ébsorption tube.
The discharge which produces the plasma takes place between two
electfodes P and N, setin side arms A and B respectively.
With the electrodes in the side arms, only the plasma in the
D.C. discharge of the positive column will be present in the
absorption tube. The rest of the discharge will be in the side
arms, and furthermore the electrodes will not obstruct the
optical path. Because the electrodes are watercooled it is
possible to seal them to the glass with De Khotinsky Wax, in

spite of the large amount of heat generated in the order of
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400 watts at the cathode for a D.C. discharge and of 10 watts

for each electrode in an A.C. discharge.

Attaining a discharge of sufficient purity presented
a difficult problem. During a D.C. discharge a metal film is
sputtered onto the wall of side arm B. Gases will occilude on
this film and when the next discharge is run the heating of the
wall boils them off, releasing them to the discharge. This
source of impurities is eliminated by making side arm B U-shaped
and immersing it in a bath of liquid nitrogen. This procedure
also freezes out a large amount of oxygen. When there is an A.C.
discharge this problem occurs at both side arms A and B. How-
ever there was not sufficient time to modify side arm A. To
remove the remaining active gases, a chamber to contain fihely
divided uranium was appended to the absorption tube. This

follows the method of G. H. Diekelo’ll.

Two grams of uranium turnings, cleaned in nitric acid
shortly before, are introduced into the chamber and baked for
two hours at a high temperature under vacuum. Hydrogen gas is
then allowed to fill the system to a pressure of about one
atmosphere. The reaction of the uranium with the hydrogen was
started by an initial hard heating of the turnings after which
the temperature is maintained at about 250°C. In about one-half
hour the effect of the reaction can be seen - whiskers form on
the turnings. After several hours the reaction goes to com-
pletion leaving uranium hydride powder. The hydrogen is then

pumped off and the uranium hydride is heated to 400°C to reduce
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it to a finely divided uranium. This powder is prevented from
entering the absorption tube by placing a wad of glass wool
between the chamber and the tube. It should be noted that the

uranium powder can ignite spontaneously if exposed to air.

A three litre glass resevoir guarantees a ready supply
of the major constituent under study. It is located near the
énode where cataphoresis may be exploited, G. H, Diyekelg°
Cataphoresis is the concentration at the cathode of the minor
constituent of a mixture of gases. This works whether the
minor constituent 1s an inert gas or a monatomic molecule.

The desired gas in the resevoir will have the impurities in

it swept toward the cathode and powdered uranium where they are
removed, if active, and concentrated in the side arm B, if inert.
If the side arm fills, the resevoir is shut off, the absorption

tube pumped out, the resevoir reopened and the process started

again. This is repeated until the desired purity is reached.

In summary, two main processes are used in purifying
the gas, cataphoresis for the inert gases and gettering by

uranium for the active gases.

Once the gas is purified the desired impurities can

be introduced through the arrangement shown in figure 7b.

4, Shutter Unit
The shutter unit (figure 8) as mentioned in the intro-
duction of this chapter, is used to control the exposure of the

plasma and to time the triggering of the flash unit. There are
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two diametrically opposite slots A and B in the rotating disc;
Slot A, near the rim, to control the exposure by adjustment of

its width, and Slot B, near the axis, to control the timing.

The minimum exposure is three milleseconds, this being
determined by the f = 20 of the spectrograph, the speed of the
disc r.p.s. = 1725, and the distange s = 3 cm. between the
spectrograph slit and the disc. The minimum exposure is given by

t,, = 1s
N FSWR X rop.s.

where R = 3.7 cm. is the mean distance from the axis to Slot A.

Since Slot A will expose the spectrograph about twenty-
eight times per second, a compur shutter, which is open for
just under the time of one revolution of the disc, is placed
in front of the disc, thus limiting the number of exposures to

one. This exposure will occur when the shutter is open.

The flash unit firing is timed by a pulse from the
photomultiplier Pj produced by a burst of light from the lamp
L, as Slot B passes in front of the photomultiplier. This
event is arranged to take place in advance of the coincidence
of Slot A with the spectrograph slit by placing the photo-
multiplier off the diameter formed by the spectrograph slit and
the disc axis. The photomultiplier pulse is delayed by the
Tektronix 545-A oscilloscope until the spectrograph slit opens.
This pulse gets through to the trigger unit only if the compur

shutter is open.



- 40 -

Low jitter in the order of ten microseconds is
assured by having a large slope to the photomultiplier pulse.
This slope of .2 volts per microsecond is achieved by imaging
lamp B in the plain of the disc with lens L and placing stops
on both sides of the image. The synchronization of the flash
firing and the spectrograph opening is accomplished by the fol-
lowing procedure. The pulse from the photomultiplier, P;
triggers the display sweep of the oscilloscope. Input A is
connected to another photomultiplier P2 located at the plate
position of the spectrograph. A carbon arc used to simulate
the plasma produces a pulse (displayed on the oscilloscope)
when the spectrograph slit is open. The delayed output pulse
of the oscilloscope is fed to input B and displayed. Synchroni-
zation takes place when these two pulses coincide, as the

delayed pulse fires the discharge tube.

5. Electronic Units

The two remaining units of the six used in the experi-
ment, namely the trigger unit and the intensity unit are
electronic in nature.

The triggering unit was designed after the work of
G.A. Theophanisl3° Two three-meter long, type R.G. 58U
coaxial cables, in parallel, are charged to 16 kv, with a high
frequency and high voltage supply of the type used in television
receivers.,. The far end of the cables is terminated with a
SO,AVM\faPadS 20 kv. condenser in series with ten one-megohm
resistors, in parallel, arranged about the condenser. This is

essentially an infinite termination. The sheaths of the coaxial
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cables are grounded while the inner conductors at 16 ku ', are
connected to the anode of a hydrogen filled thyatron. When a
signal is applied to the grid of the thyatron it shorts the
end of the attached cable. Since the cables are at 16 kv .
this sends a - 16 kv . pulse down the cable which is reflected
with a coefficient of +1. In order that the voltage across
the condensor remains constant, e.g. 16 ku ., the far side
must fall to =32 kv . This pulse is then taken off across the
resistors,

The hydrogen thyatron is fired with a 2D21 which is
fired in turn from a delay pulse. The compur shutter is con-
nected to the grid circuit of the 2D21 so that control is
exercised over the firing of this tube. The turn on time of
the 2D21 is longer than the duration of the delayed pulse from
the oscilloscope, so a univibrator was introduced into the
circuit with an output pulse of 50 microseconds duration. This
introduced a delay of 35 microseconds with a jitter time of
five microseconds. With this jitter, the total jitter time

of the system mounts to about 25 microseconds.

The intensity unit is used to determine the integrated
light output for the flash unit, and will be used to determine
the spectral distribution of the output as compared with that
of a carbon arc. This unit consisting of a photomultiplier
931A and a transistor (type 2N1177,'144 mec, alpha cut off |
frequency) is completely enclosed, with its power supplies, in

a brass box., It is necessary to use this particular design in
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order to avoid pickup of the electrical noise from the discharge.
The transistor is in the common collector configuration, so
matching the high generator impedence of the photomultiplier 9314
with the 52 ohm characteristic impedence of the cables connecting
it to the oscilloscope is made possible. By arranging an imped-
ence match at the oscilloscope end also, there is very low noise

pickup from the cable. This unit works very satisfactorily.

Besides the units designed and constructed for the
experiment, several other pieces of available equipment are used.
They are: a Tektronix oscilloscope type 545&, a tuned grid 28
megacycle oscillator, a Jarrell-Ash microphotometer, Hilger
automatic glass-quartz spectrograph and two high voltage supplies,
one for the plasma unitvcapable of delivering two amperes at
1200 volts, the other for the flash unit capable of 30,000 volts

at 30 milliamperes.,



Chapter III
RESULTS AND CONCLUSIONS

1. Introduction

Upon completion of the construction of the present
apparatus, a preliminary experiment was run to demonstrate
the effectiveness of the theory and apparatus. There follows
in this chapter an account of the experiment with its results
and conclusions suggesting efficient operating conditions and
possible improvements in the equipment. In addition, experiments

in which the flash unit could effectively be used are proposed.

2. Experiment

Neon was chosen as the gas in which the discharge
occurs, since in future experiments its use will enable the
results to be compared with the investigations of Kopfermann
and Ladenberg. The discharge, taking place in the neon at a
pressure of 2,2 millimeters, was excited by the radio frequency
oscillator generating about 20 watts, an unknown {raction being
dissipated in the discharge. This energy was introduced
through the two electrodes P and N, The neon was not free of
impurities in spite of the aids employed since the metal com-
ponents of the absorpticn tube outgassed toorapidly. It should
be noted that the apparatus was carefully arranged so that all

portions of it would flood the spectroscope prism.

The data obtained is derived from one plate containing
four spectrograms. One consisted of an emission spectrum only.
Two consisted of six shots each of the spectrum resulting from
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the passage of the continuum light through the neon plasma.

These twelve shots were taken through the same discharge tube
window. These two spectrograms differed by having an exposure
time tg, equal to .45 milliseconds for one and .76 milliseconds
for the other. The fourth spectrogram consisted of a twenty-five
shot exposure of the continuum source only through a seven step
graded filter (platinum on glass, essentially a neutral filter
for the wave length range studied). Uniform illumination of the
plate was assured by forming an image of the discharge on the
callimator lens of the spectrograph with a lens in close proximity
to the step filter and spectrograph slit. The flash continuum,
rather than other sources, was used to establish the character-
istic curve by exposure of the plate through the step wedge since
this exposure must be made under the same conditions as were the

spectrograms to which the curve would be applied.

The pertinent data and results for the different lines

examined are given in the table below.

Line 6163 6143 6334 6074 6096
Trans- From [3p(3P7) R3p(iPq) 3p(3D2) [3p(3Py) | 3p(3P2)
ition To [3s(3Py) 3s(3Py) 3s(3Po) [3s(3P1) | 3s(3P3)

tey J45%x10-3sec.

te, .76x103sec.

tg °1+5x10’6sec,5’+x10‘6sec.,.65x10"6 . 57%x10-9 ,58x10-° sec.
B(T)/B(TL) |.00uL .0036 .0030  [.003k .003%

Tp 1.02 1

T 4730 L4240 4000 4220 - 4200
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For the two pairs of transitions with different common lower
levels 3P and 3P2, the ratio ry of the values B(T) /B(T1)
gives the relative population of the upper states of each pair.
The temperature T is calculated on the assumption that the
discharge is a H0,000 OK black body. The transition temperatures
appear to be quite reasonable, since when a carben arc at a
temperature of about 5000 °K was used as a continuum source,

the lines were seen faintly in absorption.

During the construction of the apparatus many plates
were taken upon which no calibration exposures were made but
which did show interesting results; One plate revealed sixteen
transitions in absorption between the 3p5.3p and 3p5.3s con-
figurationy while another plate showed two transitions which,
to the best of cur knowledge, have never been reported as seen
in absorption. These transitions occurred between the states

3P1(2pz3p> - 3P2(2p5 s) and SPo(2p23p) - 3P1(2pis5s).

The values of B(T)/B(TL) are in error by at most 30%
estimated by tracing the maximum errors in measurements through
the calculations involved. There are three important sources
of random error; arising from measurements of time, density
and intensity. The greatest difficulty in the measurement of
the time tg, resulting in an error of 5%, is caused by the
finite mechanical opening time of the slit. In the determination
of the percentage transmission of the plate an error of about
2% arises, not from the Jarrell-ish microdensitometer which is

used for the measurement, but rather from the general noise level
of the plate. ‘
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The absorption line appears as only a 4% variation of the
continuum, and since the difference between the absorption and
background exposures is used in these calculations, a large
source of error is introduced. This error could be diminished
considerably by shortening the exposure time tej. The third
error arises from the graphical evaluation of the exposure from
the transmission of the photographic plate. The twenty-five
shots used to eétablish the characteristic curve resulted in
over-exposure, allowing only the lower portion of the curve to
be well established. However, only an approximate curve is
needed, since small variations in exposure are measured.
Unfortunately, this inaccurate curve did not allow the second
method, mentioned in Chapter I and requiring a measurement of
both emission and absorption spectra, to be used since large

variations in exposure are involved.

Besides the above random errcrs, several systematic
ones were present. All the formulas developed in Chapter I
were dependent upon an integral over line width, but since the
lines are so slightly in absorption or emission, the maximum
depth cor height of the lines was taken as a measure of their
integrals, that is, it was assumed that they all have the same
line shape. Another error is introduced by the progressive
darkening of the window from the discharge debris. This was
allowed for in a first approximation by assuming that the two
sets of exposures were taken with black bodies of different
temperatures, necessitating the use of the slightly modified

formula
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b
£ = (Py- - Pp)(teo + ta) - (PoP _ Poy(ter + ta) _ ta
(Po - rP7)
. . - b b b b
instead of equation 17a where r = Pp°/Pq and P31~ and Po

are background intensities of the exposuresl and 2. The other
symbols are the same as those in Chapter I. If it is assumed
that a fixed quantity of material is deposited on the window
after each discharge, then the exposure of the plate from the
nth discharge is given by
Py = crm-1

where T is the transmission.

By measuring the above plate we find T = .9938.
It has been explicitly assumed in calculating the temperature
of the plasma that the plasma column examined was uniform and
at a common temperature. The diameter of the absorption tube,
2 cms., may make this assumption invalid. Another error which
is as yet undetermined results from the time behavior of the
temperature of the flash discharge. ©Since the source peaks at

a very high temperature this error would be relatively small.

Other errors which may be important result from an
intermittancy effect and the failure of the Reciprocity Law.
The intermittancy effect will arise from the superposition
of the six shots, with a time interval of about one minute, to
form a single spectrogram. The Reciprocity Law may fail because
of the different exposure times of the continuum and plasmaj

and of the step wedge and spectrograms., It is believed however
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that thiserror will be slight because of the short times and high

intensities involved.

3. Future Work

After running the experiment, areas which are open to
improvement became evident. To observe transitions at higher
temperatures it will be necessary to construct a shuttering
mechanism with an open time approaching that of the duration
of the flash. This short time will partially eliminate the
difficulties caused by the intermittancy effect since the ex-
posures of the plasmas which at present are for time te, will
be composed of a series of exposures each of duration tg but
which will total to time tg. To avoid difficulties encountered
with the purity of the neon, it is suggested that an absorption
tube be built which will be entirely free of electrodes but still
incorporates uranium as a getter. In this tube the plasma would

be generated by an electrodeless R.F. discharge.

From a detailed study of the time behavior of the
discharge spectrum a better estimate of time ty; would be avail-
able., It is also recommended that the spectral radiancy of the
source be compared to that of a standard black body so that
transition temperatures may be determined with a degree of
certainty. Further investigations of the discharge may suggest
changes in the design of the flash unit to improve on the uni-

formity of the continuum.

It is hoped that in the future several interesting

and important experiments will be conducted with this flash unit.
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The adaptation of this technique to the study of transient
plasmas is of considerable interest to work in this laboratory,
since it may be used to check assumptions made in determining
temperatures of shock generated plasmas. Another projected
experiméﬁt will determine the effect of impurities on the rela-
tive population densities of a steady state plasma, a work of
current interest in the development of optical masers . Absorp-
tion studies of plasmas are very likely to become a very
important diagnostic technique now that high temperature con-

tinuum sources are available,
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Appendix I
THE EQUATION OF TRANSFER

1. Definitions and Fundamental Notions.
(a) The specific intensity of radiation at a point P and in a
given direction: Consider a point in a field of radiation.
Through this point construct a small elemental surface d o ;
in a specific direction s construct cones of solid angle dw ,
with apex on ds at every point of do- . Then during the time
interval dt, the energy traversing the area do and from the
semi-infinite volume so defined can be written as

dE = I cos8 dw do dt. (A1)

where £ 1is the angle between s and the normal tc do .

I obviously depends upon the point P and the direction s. It is
called the specific intensity or steradiancy at the point P and
in the direction s. In an isotropic radiation field I is inde-

pendent of s,

(b) Monochromatic Specific Intensity. The monochromatic specific
intensity is so defined that

I, cos@de dw dt qv (42)
is the total energy in the frequency interval (V ,V + dV )
which crossed the elemental area 40O in the direction & R

in a solid angle d w and in time dt. From the definition

- 50 -
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(o]
jIV av = I.

Q

it follows that

We call I the integrated intensity.

(¢) Amount of Radiant Energy ilowing Through One Element of

Surface to Another,

M,

pad

Let I be the specific intensity at Pl, in the direction of
PlP2. The energy which traverses do ; in unit time and which

also traversed dO‘2 is from Equation (A1)

dE = I cos B, do dw dt
where d w 1s the solid angle that d0° , makes at Pq. That is,

dwq = cos B o do o
2

r

SO
dE = I cos O, cos &, do4 do o dt
* CEE - (43)

r

(d) Energy Pensity of Radiation at a Point. The energy density,
u , of the integrated radiation at a given point, is the
amount of radiant energy per unit volume which is in ccurse of
transit, per unit time, in the neighborhood of the point con-
sidered. Consider a point P surrounded by a small volume V

of convex bounding surface ¢ . OSurround the volume with
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another convex surface ¥ such that the linear dimensions of 2
are large compared to those of o , but small enough that the
intensity in a given direction is constant for all points inside
Z. All radiation crossing V must have crossed Z., Consider dZ
an element through which some of the radiation has passed.
The energy flowing across dX and do- , an element of o , 1is
from Equation (A43)

dE = I cosP cosf do 43

r2

Let 1 be the distance traversed by this radiation through V.
The time of travel is 1/c¢ where ¢ is the velccity of light.
Hence the amount of radiant energy due to this pencil of light
is
I cos A cosh dgo 43 1
re e

)

But the element of volume dV of V intercepted by this ray is
av = do- cosb 1.
The solid angle subtended by d T at P is

dw = cos B 43

re

Hence the total energy Ein transit through the volume V is
E=;ij I dv dw =1 JAI d,
c c

The energy density u = E =1 Uf I dw., (A4)
v C }
u =4I

If the radiation is isotropic I,

C

This follows identically for I, and u, alsoc,
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(¢) The Emission Coefficient: Consider an element of mass m.
The amount of energy emitted by this element into a solid angle
dw in time dt in a frequency interval (V, V+dV) is given by
iy, m dw dt dv. (4%)
J, 1s called the emission coefficient. To get a physical
interpretation of this we discuss the details of the atomic

processes involved.

If there are transitions of atoms of the medium from
guantum state u to L then the freguency of radiation is given by
h "V = By - B (46)
where E,; and EL are the energies of the two corresponding states.
This emission process is described by the Einstein coefficients
A,1 and Byp. They are defined as follows. The probability that
in an interval of time dt an atom in the excited state u emits
a quantum of energy h V ul in the direction confined to an
element of solid angle d (J , and in the absence of an external
radiation field is
Ayp 4w dt. (47)
This spontaneous emission is uniform in all directions. If
the atom is exposed to a radiation field the probability of a
transition increases. This is taken care of by introducing
ByuL defihed in such a way that the probability that an excited
atom in state u is stimulated by an external radiation field
to emit a quantum h 1)uL in the direction specified by dw,
in time dt is

By, Iy, 4w dt, (A8)
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where I,) , is in the direction defined by dw . That is,
the emission takes place in exactly the same direction as the
incident radiation. The total energy emitted by a single atom

per unit time, by Equations (A7) and (A8) is
Wy Ay * Byp Tyyy) dw = hyg <’+TTAuL+BuLfIVuL aw)

If there are Nud)uL atoms per unit volume in the state u which

can radiate at frequency l)uL’ from Equation (A5) we see that

Jvgr © (Ayg, + B.L Iyuy) BVyr Nuval (29)
d
where d is the density.

Einstein's coefficients are also defined for emission
and absorption in isotropic energy densities and intensities.
The relationship between these coefficients is shown below.

The total number of transitions per unit time per atom must be

the same under any system. Hence

auL * by Uyun = M4y + Buva Ty, de

where ayp, and byp are defined for isotropic energy densities but

Yur = % ur Iyyo dw

so
ayr = B Ay and b, = © Byp

Also

1 1 _
agL T obur Ivyr =% Apn v Byg fIVuL dw

where a%L and b%L are defined for isotropic intensities.
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For isotropic intensities

jIVuL dw = I\)uL b Tr o,

Hence

all = WA and blp = MWTByp .
(f) The Absorption Coefficient. A pencil of radiation traver-
sing a medium will be weakened by absorption. If the specific
intensity I, of radiation at frequency becomes I, +dIy after
it has traversed a medium of thickness ds, we can write '

al, = -k I, ds (A10)

It should be remarked that I, + dI,, is the intensity of the
emergent radiation which is in phase with the incident radiation.
The quantity k, so introduced is defined as the "mass absorption

coefficient" for radiation of freguency V.

If we consider the case of absorption between two
stationary states u and L, then the absorption of radiation
of frequency V ul arises from the excitation of the atoms
from the lower state L to the higher state u. We express
this quantitatively in terms of the Einstein coefficient of
absorption BLu’ defined in such a way that the probability of
an atom in the state L, exposed to radiation of frequency l)uLa

absorbing a quantum hV,j in time dt is given by

By [ Ivgg dwadt (411)

where the integral is extended over the complete sphere.
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(g) Total Absorption. Consider an element of mass m exposed
”‘to é radiation field. To calculate the amount of radiation
energy absorbed in frequency interval dV per unit time,
enclose the mass in a large surface >, chosen such that the
bounding surface ¢~ of m has linear dimensions smaller than = .
The energy passing an element d X of & and inégaent upon do
an element of o , is from Equation (A3)

dE = I, cosB cosh do dF dv
2
r

of this energy the amount absorbed from the pencil when traversing

length lof the masstk,, 1 , dE that is

I, cos 92003(9 do- dz dwv k, 1
- :

= I, k dm 4V d

where dm = 1 cos 8 4d:d> is an element of mass of m
and dw= d3 cgse . the solid angle subtended at the mass
r

point by d2Z2 . The total energy absorbed is

dv\[f I, k, dm dw = dv kvm\f&v dw,

If the number of atoms in state L present per unit volume which
can absorb energy at this frequency, yﬁL are Nu)ﬁ; the

total amount absorbed by them by Equation (All) is

dv hy, wmdvi , B, j‘Iu‘AL d w
d L

hence Kvue = BV Ny B, (A12)
3 :




2. The equﬁtion of transfer.

Consider a small cylinder of crossection do and
length ds normal to doo , Let Iy be the intensity of the
radiation of frequency incident on one face of the cylinder in
the s direction. The intensity emergent from the second face
in the same direction is Iy + dIy . The amount of radiant
energy crossing in time dt and in the direction of the solid
angle dw about s is

I, dv dw do dt,
of this
ky d ds I, dv do do dt
is absorbed by the cylinderj; the amount radiated is
d ds do j, do do dt
hence in the steady stafte
d Iy dvy dw dodt = gqg( j,-k,I,) o dY dwdtds

1.e. i_ég__ d(j, - ky Iy (A13)
This is the equation of Transfer. We can write this eéuation
in term§4of Einstein's coefficients using equations (A9) and
(a12),
d Iy, - Nupyr (AuptByr Iyyp)hul = VL ouL BoahMarIvul
(A1k)



Appendix II
DISCHARGE MODEL

A model for the electric circuit of the flash unit

is shown below.

2L 4220

It is derived from an obvious correspondence between physical
elements of the unit and common circuit elements. C is a
capacitor of 1.6 microfarads or that of the flash unit capacitor.
The inductance Ly represents the inductance of the unit condenser
and leads, about 37 millj microhenries. The resistances Rg anq
R4 assume the values of the lead and discharge resistances
respectively. The Battery B represents the charging unit with
Rp the charging resistance 200 K ohms and Ly the charging
inductance. When the discharge is triggered the charging unit
resistor Rp and inductance Lp essentially disconnect the

battery B from the condenser as RgC = 3.2 seconds while the
discharge period is about three microseconds. Thus we simplify

the circuit to that shown below
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The equation for this circuit is

Ryd?i L Ry di 4+ 1 =g
dt? d c

where Rt = Rf+Rde The appropriate solution when the switch

is moved from contact a to contact b at time t = 0 is

P - RT
i=_B_. g = sinot
/r( L -
-
where M=l -[(R v
A Le 2L,/ |

The switching corresponds to triggering the discharge.

()

equation (Al) the time derivative of the current is

di =3 2t
t

- - g 2 - i +
AT e 2L ( mncosnt sin ms)

popet
MPJ

or

= =Rt
/Y?Lj/ac?ﬁ”ezm cos (/qt-*-@)

where § = arctan _R
-
N L

(A19)

(418)

From

(A17)

o
(=)
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The equation for this circuit is

Rid?d L Ry di 4+ 1 =g
dt2 dt c

where Rt = Rf+Rde The appropriate solution when the switch s

is moved from contact a to contact b at time t = O is
- — bl RT 4
i=_B_ ¢ 5T sinmt (A1%)
ﬁlL =
o3 %
where mo o= 1 NIL_E) [» . (P]..C;\
5 Le oL/ | SRS

The switching corresponds to triggering lhe discharge. From

equation (Al) the time derivative of the current is

e Q%
BB o E Cneonns - g sined
or
- -Rt
i 77 o 5 e 2L cos (mt o+ e) (A17)
where § = arctan _R_ .

2L m
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The logarithamic decriment LD defined by

- di di
LD)= lo — —=
(D) i dt) at | .
‘ T T+ 2T

is given by

(Lp)= 21 Bt .

With the expression A3 and A4 it is possible to calculate

£ for a discharge by observing di . Measuring
dt
LD and P the period we have L = P° 1 and R = L(LD).
P

¢ LIT2 +(LD)?2

b . Rt and L
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