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ABSTRACT.

Theoretical and praoctical aspects of the application of
optical spectroscopic diagnostic techniques to the argon plasma
produced in a linear Z-pinched discharge are considered, The
approximate temperature and electron density within the plasna
are first deduced from the magnetiec pressure, the measured plasma
compressicn ratio, and the degrec of ionization estimated from
the spectral line enission. Subsequently & more accurate
terperature is calculated fron the ratio of line intensities
in the AIT spectrum, Jin analysis of the continuun intensity
distribution lead to no definite conclusion.

The possibility of stimulated emission frou the argon
plasnn is also considered.

Finally s rapid scanning Fabry-Pérot spectrometer hns been
developed and used to determine the varidtion of electron
dengity with time in a pre-ionizing discharge in hydrogen. This

spectrometer uses the piezoelectric contraction and expansion
| of a bariun titanate tube to sean the pfofile of a spectral
line with an effective exposure time variable from 10-7sec to
10-5 sec. and has been used to record lines with half-intensity
widths varying from 0.1 A° to 10 A®, Tt will also record up

to eight successive profiles of the same line within a tine
interval.of 10-6 gee, each with an effective exposure tinme of
about 10~7 sec. The complete theoretical and practical design
study of this instrument is presented.
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Part T,
1. THE LINEAR PINCH DISCHARGE.
1,1 Introductory remarks.

The growing interest in controlled fhermonuclear fusion and
the inherent necessity to uee fully ionized gases at extremely high
temperatures, has led to an increasing demand for knowledge of the
behaviour of gases under such conditions. One of the more obvious
ways of studying these plasmas is to examine the radiation emitted
by them. Tdeally a controlled fusion reactor would use pure
deuterium which at the required temperatures of 106 °K to 108 °K
wihuld be completely ionised, producing equal numbers of deuterons
and eleotrons, Then the only radiation emitted would be
bremsstrahlung and tke major part of this would be in the veouum
ultra-violet region of the spectrum, However most of the plasmas
produced so far have been impure to the extent of 1 or 2 percent,
with the result that there are always ions present which ocontain
bound electrons, then the emitted radiation consists of line
radiation, recombination radiation, and bremsstrahlung.

Furthermore it has been found that many of the unexpected
properties of these high temperature plasmas, particularly the
extremely rapid growth of instabilites leading to the break-up of
the plesma, can readily be studied at much lower temperatures
i.e. £ 10° °K, and in plasmas containing large quantities of heavy
ions,

Most of the experimental work so far undertaken by the High
Temperature Physics Group 2t Imperial College, has consisted of
optical studies of the production of an argon plasma in a linear

pinch device and its subsequent break-up due to instabilities.
These studies have been optiocal in that they have used the emitted
visible radiation to lecate the plasma and to observe the changes

in shape of its surface.



The ebject of the present work has been tc exbtend these
cptical studies in an effort to obtain detailed information regarding
the physical conditions existing within the argon plasma at any
instant during its life~time, In particular investigation of the
argon plasma by eptical spectroscopic techniques is considered.

- Part I of this thesis describes the linear piﬁch device, the
spectroscopic principles used in plasma diagnostics and their
applicatien to the argon plasma, with what is considered
conventional apparatud. Also included, because cf the chrenolegical
sequence, is the search for stimulated emission frem the censtricted
argen plasme, Part II describes the construcfion, experimental
testing and use of a new diagnostic apparatus, a rapid scanning
Fabry-Pé}ot spectrometer, Thia sPectromefer records the profile
c¢f a spectral line with an effective exposure time variabie from
107 sec. to 1072 sec. and hes been used o record lines with
half-intensity widths varying from 0.1 A° to 10 A°. It will
also record up to eight profiles cf the same Jine each with an
expesure time of 10~7 sec,, within a time interval ef 10-6 sec.

The thesis has been divided into two parts, because of the
natural division of the work and so that Part II, the rapid
scanning Fabry-Pérct interferometer could be reprcduced as a

separate repert without being re-written.

1.2 Apparatus for producing a linear self-pinched discharge.
Basiocally the apparatus, shown schematically in Figure 1.1l.,
consisted of a capacitor bank for storing electrical emergy, &
high-voltage high current switch and a discharge vessel. The
capacitor bank was made up of 72 capacitors, each cf 27 o F
conneoted in parallel by low inductance cepper strip leads, %o
give a total capacity cf approximately ZOOO/AF. The capaciters
were rated &t 5Kv with a ringing frequency of 50 ke/s., sc the




3.
maximum energy dissipated in one discharge was 25 K joules.

A high pressure, argon filled, three electrode spark gap was
used as the high voltage - high current switeh, it readily held off
5 Kv until primed with a fast rising pulse of -20 Kv., As ghown
in figure 1.2 the spark gap was of a disc like structure for ease
of manufscture, minirum inductance, and éase of Lfitting into the
low inductance strip leads, From the spark gap switch, the copper
strip leads were connected into a rigid concentric lead which fed
directly into the discharge tube. The concentric lead was merely
a length of brass tube, as the inner conductor, with a layer of

insulator wrapped around it and a sheet of copper wrapped around
this to form the outer conductor. The immer ef the concentric

lead, normally the live lead, ended in a flat copper plate which
formed the anode of the discharge system. The vacuum vessel, a
pyrex tube 20 inches long and 6.5 inches outside diameter was
fagtened to the flat copper electrodes gt each end by "O" ring
seals, ZElectrical comnection from the outer of the concentric lead
to the far electrode was effected by a fine copper gauze wrapped
tightly around the discharge vessel and clamped at one end to the
outer conductor of the concentric lead and at the other to the
electrode, In this way the discharge system was cylindrically
symmetric and yet the discharge could readily be photographed
through the gauze. Figure 1,3 shows diagrammatically the

concentric lead and the discharge system. Full details of the
dimensions, censtruction and characteristics of almost identical

linear pinch discharge systems have already been repyrted.
(Curzen, 1959; Natien, 1960),
1.3 ZEleetrical monitoring.

Two electrical parameters, the initial charging veltage and
the current flowing through the discharge tube, were recorded for
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every discharge. The initial charging voltage on the capacitor bank
was read directly from a dgc; voltmeter to a repeatability of about
1%, while the currént flowing in the discharge tube was recorded as
a function of time on an oscilloscope via the Blewett coil
(indicated in Fig, 1.3) which was built into the concentric lead.
The output of the Blewett coil was integrated by & simple RC circuit
te give current, '

Added to these, the instantaneous voltage across the discharge
tube could be recorded if required, via a 150 {2 tapping on a
resistive potentiometer which was permanently connected across the
tube, However, it has previously been found that for a given
discharge systenm at a given charging voltage and initial gas
pressure, both the curremt and voltage are extremely reproducible,
so that generally it was only necessary to record one of them to
cheock that the discharge was behaving; for this purpose the current
was always recerded., Figure 1.4 shows typical voltage and current
oscillegrams. ‘ ,

Normally three pieces of information were extracted from each
current waveform, i) the duration of any delay in breakdown, i.e.
the time elapsed bétween the trigger pulse and the initial rise of
current, ii) the time to pinch, and iii) the magnitude of the

ourrent at the pinch.

1.4 Previous ophical diagnostiecs.

Most of the experiments so far undertaken, have oonsisted of

observing the production and subsequent break-up of the comstricted
argon plasma with various high speed cameras. The first of these

cameras (Curzen; 1959) was a "drum camera' which ocould only be used
a8 a streak camera and had & writing speed of 12,500 ems/sec, Then
there was the magnetically focused image-converter camera based on

the Mullard tube, ME 1201, (Mullard Radie Valve Co. Ltd.) This
camera (Curzon, 1959) could be used either as a single frame camera
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with exposure times down to ~ 107 sec. or as a streak ocamera
with writing speeds up to -~ 5mm//:sec. on the phosphor,
Unfortunately the resolution of theimagé converter camers was
severely limited by the combination of magnetic focusing md fash
electrostatic shuttering, Figure 1.5 shows typical photographs
taken on these two cameras,

Much better resolution has been.. obtained with Kerr cell
cemeras (Folkierski, 1959). These are single frame cameras with
exposure times down to 10~7 sec, their main dis~dvantage being
that in order to build up & time history of the whole of the
discharge, one requires either many cameras, or to photograph
different times in many discharges. Figure 1.6 shows a brief
sequence of Kerr cell photographs, to a large extent these cameras
have now been superseded by commercially available rotating mirror

framing cemeras. (Barr & Stroud Ltd).

1.5 The present physical picture of the discharge.

Through extensive investigations with these cameras a
comprehensive picture hns been built-up of the shape =2nd movement‘
of the mrgon plasma throughout the duration of the discharge. For
these purposes one assumes that those regions of the discharge which
emit the most radiation in the -visible part of the spectrum, can be
identified as the hot, fairly dense ourrent carrying plasma,
whereas the dark regions are either cold unexcited gas or vacuum
(Fig, 1.7). Allowing these assumptions, which shogld be valid for
an argon plesma, the photographs taken with+t he high speed cameras,

show that the discharge starts as a very thin sheath around the
circumference of the discharge vessel. The current in this annulus

rises until under standard discharge conditisms: (initial gns
pressure 0,250 torr and charging voltage 2.5 Kv) it renches
approximately 100 K amps. by which time the magnetic pressure on



the current ocarrying sheath is much greater than the gas pressure
within and so the sheath leaves the walls of the discharge tube.
As the separation of the inner and outer ourrents of the discharge
system increases, so the inductance inoreases and therefore the

' current decreases, but at the same time the magnetic pressure
increases and the current carrying sheath is accelerated radially
inwards, At this stage the plasme has a directed motion with
a velooity ofapproximately 106 cms/sec. and is heated by ohmic
heating and shock heating, When the two opposite sides of the
eylindrical shock front meet on the axis of the tube, the radizl
directed motion is randomised giving an enormous increase in
temperature, Now the gas pressure is greater than the magnetic
pressure and the plasma expands again, As it expands the inductance

decreases, the gas cools and the process of self-constriction em
be repeated. This dynamic state exists until instabilities grow

in the discharge and the plasms column breaks up. With the
present apparatus and using nrgon as the filling gns, the times
of congtriction and expamsion are so leng that instabilities have

grown sufficiently to break up the plasma column by the time the
second constriction occurs; this effect can be seen quite clearly

 in the Kerr cell photographs (Fig. 1.6). The growth rate ef these
Rayleigh~Tayler type instabilites hos already been analysed in
great detail. (Curzon et al. 1960; Latham et 21, 1960).

The self-constriction of a current carrying plasma can be
represented mathomatically by any one of three approximations; they
are the single particle, shock wave, and snowplough theories. The
snowplough theory (Fig. 1.72) considers the inward propagation of
a ourrent c~rrying sheath assuming that the gas ahead ¢f the
sheath has no previous knowledge of its:. imminent approach, and
that =28 the sheath passes all the gas is swept up by it and adheres
to it, : ‘
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The shock wave theory (Fig. 1.7b) considers thet the current
carrying sheath acts as a driving piston and creates a shook wave
which travels radially inwards ahead of the sheath. Again all the
gas is swept up by the current sheath, leaving 2 near wvacuum outside
it, but in this onse there is ahead of the sheath first a region of
gas which has already been shock heated then in front of the shook;
wave & region of undisturbed gas,

The single particle theory (Fig. 1.7c¢) nssumes that each
particle in the previously undisturbed gas, on meeting the incoming
current sheath is reflected from it by a sort of "knock-on" process.

In this way there is 2gain an incre~sed pressure and temperature

ohead of the current sheath and 2 near vaouum outside .it,
Uhfortunatel& if from each model the time %o pinch, ¢, (i.e

to cellapse on to the axis) is calculated, the times are so similar

that they cannot be separated experimentally and since the variatiGn

of tp with each parameter is the same in each of the three

equations, they cannet be separated by varying any parameter,

4/ 4 .EW
Single partiocle : tp - /Fb Ro Lo
2
i v,
4 .2 o
Shock wave ; tp /10070 O, Ry Lo L
va
—
Snowplough : tp X j/loo‘ﬁ'fo Ry Ig
V2

Where }90 is the initial density
Ro is the initial radius

Lo is the circuit inductance

is the charging voltage.

Vc :
[g = £ = % the density ratio scross the shock.

fo §-t



The validity of the equation for tj has been thoroughly
checked for this sort of apparatus. (Nation, 1960).
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2, PLASMA SPECTROSCOPY.
This chapter conctitutes a brief review first of the

radiation emitted by plosmns, its origin and the processes of
emisgion, and second of the possible diagnostic techniques
involving this emitted radiation,

2.1 Radiation from plasmas.

Laboratory plasmas can now be produced with temperatures
cevering the whole of the range 103 °K to 106 °K and their emitted
" radiation (Aller 1953; Griem 1961; Wﬁlson 1962) has been detecied
at =11 wavelengths frem soft x-rays to microwaves., First of all

then, what is meant by the term "temperature" when applied to a2
plasma? For many plasmas, temperature can only be a parameter
which describes the distribution of energy within ~ specific mode,
i.e. the number of partiocles having a certain enerpgy, or the
probability of any particle having a certain energy. It is often
found that different values of temperature are required to describe

the distributions of energy in thedifferent modes, i.e. electron
kinetic energy, ion kinetic energy, or bound electron energy.

Optically thick plasmas.
A system of particles is said to be in complete thermal

equilibrium if the distributions of energy in each mode
associated with the system can be described by the same value of
temperature. For such a system, arguments involving statistieal
mechanics canbe used to derive, i) the distribution of bound
electrons among the discrete energy states within the atom, the
Boltzmenn distribution (Bernl951).

-B
nm = n o -g'_n}— e m/H

8o

2.1
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ii) the distribution of the kinetic energies of free partiocles,
the Maxwell-Boltzmann distribution (Barn 1951).

-F(v)dv = 4’|Tv2( m )3/2 e:x,p(-mvz) dv V 2,2
2T kT 2kT

and iii) the distribution of atoms among the various stages of
ionization, the Sahn equation (Aller 1953).

Nij+x? N, o 2U - 32  -E
Ni+? N = 20U j43(1) (270 kT ) Lx 2.3
N; U3 C r% ) ¢

While Planck's lnw for the distribubtion of the radiation intensity
within a plasma oan be derived by considering the detailed balance
of the reasctions involving one particular radiation producing
transition (Bo¥nl951, derives Planck's formula from consideration
of an harmonic oscillator)., For each radiation producfing
transition there are, in prineiple, three processes related to the

radiation intensi ty, which must balance,

spontaneous emission AE > 4 +ho 2.4
stimulated emission AFthww — A + Zhv 245
photo-absorption L +hv - LE 2.6
Then the radistion intensity within theeptically thick plnsma is
B(v,7) dv = 2hv? .4y ergs.cm'.'ZSeo.-lsterad—l(ﬁm: 1)

the flux escaping from unit area of the surface of such a plasma is

F(9. T) =T B(V, T) = 27ky’ _1 2,7
()) ()) ..__0.2_ em_:_\

and is known ns the "Black body emission", while the radiation
energy density within theplasme is

E{V,T) = 4% B(V,T) = 8Thy]
o, o ’ — —WJ‘EJ'——

e -1
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At low temperatures (< 5000°K) and wavelengths in the visible
region, the Black body emission formule reduces to Wien's law

N - ohe3  ~ho/n XT
B(X\,T) _Z_;h_g ¢ 2.8
The totnl radiation emitted by an optically thick plasma is

given by Stefan's law
E(T) = ¢ 74 ergs cm™2 sec™l 2.9
where 5 is Stefan's oomstant. ( ¢ = 5.75.10~Dergs cm 2seo™l o)
The partition function Ui(T)‘ in equn. 2,3 is defined as

-E, /&T 2,10

U(1) = > g e
y i

where the level 5 is any execited level belonging to the <«
ionization state of the atom,

Inoandescent solids, though optically opaque have emissivities
(&) less than unity so th~t their emitted radi~tion is less than
that of 2 blmok body of the mame temperature and can be
represented as

I)\ ax = ¢ (»7T) B(>» T) dax

The "brightness temperature" Ty of such ~ solid, at any
wavelength N, is defined by

I>\ = B(Xo TB) = € (>\o) B(XO,T)

e

where T , is the true temperature,

Cptically thin plasmng.
A plasma is said to be optically thin at a certain wavelength

if the mean free path for sbsorption of a photon of that

wavelength by an atom or ion in the plasm2, is equzal to or
greater then the dimensions of theplasm~; i.e. when the
frequenoy of oocurrence of equn. 2.6 is negligible. Then the
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population of any energy state (excited or ionized) can only be

determined by comsidering the balance of 21l processes involving
thnt state, Such processes are desoribed by eqns. 2.1l to 2,16

as well as 2.4 to 2.6.

collisional excitation L+B=4%+B 2.11
collisional de-excitation AE + B =L + B 2,12
collisionnl ionization A; +B=A347 + B+ € 2.13
coliisional recombinafion Li+1 +B+2 = A4 + B 2.14
photo~ionization L; +hy = Aj.q +E 2,15
radiative recombination Liyy *& = Aj + hv A 2,16

Within the volume of a "black body" eqns. 2,11 and 2,12
balance eash other, so algo do 2,13 and 2,14, and 2,15 and 2.16,
However within an optiecall y thin plasma, because of the low
radiation density (all radiation is lost frcm the plasma) the
occurrence of eqns. 2.5, 2.6 and 2,15 is negligible. Also because
of the low pnrticle densities required for optically thin plasmas,
the occurrence of eqn. 2,14, which is a three body colligion is
‘negligible, while theoccurrence of eqn. 2.12 is negligible because
of the very short life-time of the excited state. Therefore the
population of an excited state is given by the balance of 2.4 and
2,11,

For the jth excited level of any ionic species; Ajo is the
transition probability for a tramsition to the ground state, then
the rate of decay of the population le due to equn, 2.4, is

- ‘e)n-‘ = \‘L-A_.
ry o
| ™t 7d
If the particle B in equn, 2.11 is a free electron, which is
the normal case, the number of bound electrons excited into the jth
level per second from the ground state, is

?2?% = n, Neflgzﬂ3'uj>
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o .
where < 6.5 » V> is the collision integral for exocitation inte
the jth level. Therefore if the plasma is in a steady-state

. <
Ajo

assuming that population of the jth level by cascade processes
from higher excited states is negligible and that the only decay
"process is to the ground state, i.e. the level j is 2 resonance
level, |
Under the same conditions, thepopulation of two successive

ionic species is given by the balance of equns. 2,13 and 2,16, Then

. . i T
§%il = Vi vV 2,18
Ny T
Vi+l

where V% » Vi and VI 4 are the rates of ionization and recombination
Equn, 2.18 was first derived by Elwert (of. Aller 1953, Griem 1961)
tn explain the ionic pcpulations in the Solsr Corona.

Mmy laboratory plasmas are neither optically thick nor
optically thin. Very often, although the radiation density and plasma
dimension are so small that equations 2,5, 2.6, 2,15 and 2,16 do not
apply, the oollision frequencies for 2,11, 2.12, 2,13 and 2.14 are
g0 large that the excited and ionic states maintain their thermel
equilibrium populations, Then the plasma is said to be collision

dominated, Furthermore because at the rela’ively large porticle
densities acheived in many l~boratory plasmas, the mean free path

for cellision is very small, it is possible for a plasma to h-~ve
2 mecroscopic variation of temperature with position within its

volume, and yet at any particular point, x, with temperature ,™(x),
the populations of excited and ionic states follow the Beltzmann
and Sahe equations respectively., Such 2 plasma is said to be in
Local Thermal equilibrium (L.T.E. - Griem, 1963; Wilson, 1962),
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Mechanioms for the emissgion of radistion.

Rndiation is emitted when a charged particle jumps from one
energy state to a2 lower one, the photon frequency being given by
Einstein's equsgtbion

h = AE , 2.19

Three types of transitions are of importance in the production

of radiation and only these three will be considered.

a) Line radiation.

Line radiation is the result of the transition of an electron
. between two discrete energy levels within 2n atom or ion, i.e.

a bound-bound tramsition, In Fig, 2.1 such a transition is
represented by the arrow "a" indicating a jump from the jth energy
level to the ith; then the Einstein equation becomes

The total energy radiated in the line, is
JI\" dv = . n3y As5 boyg 1 2.21
e '
vhere 1 is the length of the plasma along the line of sight.

b) Recombination radiation.

This radiation is emitted when a free electron is captured

by an ion, it is represented in Fig. 2.1 by the arrow "b" which
shews na free-bound transition., If the free electron has

velocity v and it is captured into the jPB energy level in the

atom, then the frequency ef the emitted radiation is given by

hy = ‘% nve + Eeo - Ej 2.22

Since the number of electrons with velocity (v dv) is N, f(v)av ,
and the cross-section for the capture of these electrons into
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*
the jth state by an ion in its ground state is, G,; , the energy
radisted at (9,4v) inbo unit solid angle is

¥
I, d&v = 1_2 NiNSysv £(v) hvdv 2.23
4T

The total energy radiated into all space, is
o2 : kil >
P = 41\']0 I,dy = % N;N, h L crﬁ v £(v)y av 2.24

Because the veloecity v varies continuously, recombination

radiation is always a conbtinuum.

¢) Bremsstrahlung.

In classioal térms, bremsstrshlung is the radiation emitted
by 2 free electron when it is accelerated in the electrostatic
field of an ion; quantum mechanieally, it is the radiation emitted
when a free electron jumps from one hyperbolic energy level to 2
lower one; in either view a free-free transition as depicted by
the arrow "o" in Fig. 2.1 Kramers (Eramers 1923) gave the first
theoretical derivatien of the distribubien of emergy in the
bremsstrahlung continuum, but since then many simpler derivations
have followed, Unsold (Umsold 1955) and Mrecker and Peters
(Maecker, Peters 1954) consider the following argument which relies
on Kramer's derivation of the coefficient =, for the absorption
of a photon of frequency Vv, by a free electron of veloecity v, in

the presence of a hydrogenic ion ef charge Z .

a =4 72 b 1 ‘ 2.25
2 i3 hemev \VB

Therefore for an electron density N, , and ion demsity Nj
the sbsorption by electrons of velocity (v dv) is

a =161 22eb No N 1 -1 4u 2.26
W 373 on{zmm)2  (RDYZ %




]
where u= mv2 . The coefficient of abserption °<v is the
2kT ‘
integral of this over all electron velocities, whence
) .
L = 1612 2726 Yo Ni 1
v

3 13 on(znm)2 ()12 3

Allowing for stimuleted emission the absorption coefficient

becomes ;
Ky = oy (1 -g Y /ET) 2.27
and from Kirchoff's law, the coefficient of emission € is
€, " «; (1 - e “BY/ET) p(y 1) 2.28
- 6.36.2047 72 N;Ng ¢ ~BY/KT ergs
(kT)l/2 cms®sec.strad(en—t)

242 Radiation as a diagnostic.

The various types of radiation emitted by plasmas can now be
examined to see what properties of theplasma can be determined by
observation of that radiation. (Zaidel et »l. 1961).

Optically thick continuum emission,

Dense heavy atom plasmas have been produced which emit as
black bodies at temperatures from 5000°K to 250,000°K (Pischer 1957,
Vanjukov, Mak 1958) throughout the visible spectrum, The
temperatures of these plasmas can be determined by comparing the
- measured emitted intensity distribution with that of a black body
as given by equn, 2.7. ‘

Also in many plasma experiments the electron number density
N& is sufficient for plasms oscillations # to set-in at
wavelengths greater than about 0.01 mm. thus at longer wavelengths

theplasma is a perfect reflector. At the same time, the
absorption cross-section for a photon increzses rapidly Vith
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wavelength, with the result that in the far infra-red the emission
from these plasm~s is black body (Kimmitt, Niblett 1963).

# The plesmz freguency ‘VF is given by
ST
-
4 € Ny

VP= 1
21 3

Optically thick line emiasion.

As the dimensions of an optical 1y thin plasme emitting
line radiatien, are increased, the line centre intensity increases
until it ig limited by self-absmarption. At this point the
line centre intensity is just equal to the intensity emitted by
2 black body =t the same temperature and wavelength. Because
the absorption cross-section is large at the freguency ef a
spectral line, especially a resonsmce line, many laboratory
plasmas of guite small dimensions have been found to be epticsl ly
thick dt specific wavelengths., The temperature of these plasmas
can be determined by compsaring the line centre intensities with
the black budy emission (equn. 2.7) |

Total line intensities.,

For a plasma which is in local thermal equilibrium (L.T.E)
but is otherwise optical 1y thin (Griem 1963), the total
intensity emitted in a2 line caused by the de~excitation of the
ith  excited levdl of the ith ionization state is from
equns. 2,1, 2.10, and 2.21.

-EJ/kT
2.29

fI? dv = Ningj hvl e
U;(T) |
If the tetal pressure P exerted by the plasma is Imown

and constant, the variation of N; with temperature can be
derived from the Saha equation (equn. 2.3) and the sum of the
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partial pressures

P = M{Ne v Ni} - & by 2.30
where [\ B; is the decrease in ionization potential (see later).
A typical variation of Nj is shown in Fig. 2.2, which is taken
from Bosnjakevie et al (1959).

Since the total lineintensity varies directly as Nie_*Ej/kT,
and from Fig, 2.2 Ni goes from zero, through a maximum ~nd
back to zero, over a range of temperatures over which the
partition function U4 (T) shows no appreciable variation, while
E.'Ej/kT increases répidly, it is readily seen that the total
line intensity passes through 2 maximum at a temperature
somewhnat higher than that of maximum Nj. Thus if an optically
thin plasma, constrained by a known pressure, has a spabial
temperature distribution, it is possible vo locate & point on
this distribution by simply observing the position at which an
emitted line passes through 2 maximum of intensity. Fowler and
Milne (ef. Aller 1953) were first to use this property of
spectral lines when they estimated the electron pressure of
stars using ion absorption lines, having first determined the
temnperature of the star from it s colour,

Larenz (Larenz 1951) extended the use of the Fowler-Milne
method when he used the centre-edge intensity variation of the
same spectral line todetermine the temperature of an arc
burning in argoa at atmospheric pressure. Having determined
the temperature at one point in a spatial temperature
distribution usiang the above process, it is possible to
determine the whole of the distribution by observing the ratio
of the intensity of any spectral line at the point whose

temperature is known, to the intensity of the same line at
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some other point whose temperature is required. If the point
whose temperature is known has temperature T, and coordinate X,
then in equn., 2,22 the total line intensity emitted from this
point is

/ -E;/kT
XI{, dv = Ni(X;) g hvl e 3/

U3 (T1)

h second point of coordinate Xp hag an unknown temperature 15 ,

and a measurable emitted intensity for the sanme spectral line of

= I(Xq)

I(X,) , then the ratio of intensities is

I(Xp) = WN;(Xp) U;(Tq1)
I(x7) Ni(X1) Ui(T2)
and since Tq = T(X;) and Tp = T(Xp)
I(Xp) = F(Tp) 2.31

o) S )
Therefore Ty can be calculated (cf Olsen 1963), without
knowledge of the transition probability L , of any spectral line.

If two lines with known transition probabilities are emitted
by the samepoint in a plasma, it is particularly easy to
determine the temperature at this point, for the ratio of the

two line intensities is
~(E, - E1)/kT
Ip = g2 42 V2 ¢ (B2 2.32
11 g1 &1 Vi |
where subscripts 1 and 2 relate to the two lines. The above

formule is true for lines belonging to the snme ionic species;
if on theother hand, they belong to two successive ionization

states, i and 1 + 1 ,

I7(1) N3 Ui (T) g1 41 V1

2-33



23-

and substituting from the Ssha equation (equn. 2,3) this

becones,

2 ~(B +E>~Eq1)/kT
Ip(i+1l) = 2 (EkaTZB/ g2 dp Vo e (B2 2,34
I1(3) §, ) ;i1 | ’

Providéd N, can be determined by some other means, this ratio

can also be used to debermine the temperature of the plasma
(Griem 1961). Lastly for a plasma in L,T.E , the temperature
can be determined from the absolute total line intensity using
equn. 2,29 , if all the other terms in the equation are either
known constants or can be deduced from other measurements.

For a plasma of much lower density, L.T.E does not exist
and thepopulation of any excited state is governed by
equations 2.17 and 2.18. Then the total line intensity emitted
in the decay of level j to the ground state, is

I, = fuy hioh V5, 1

and if for any single ionic species, two such levels Jj and k
exist, the ratio of the two emitted line intensities is
<.
I = V5 S e 0>
Ty Vi {Tky . V)

For a2 Maxwellian electron velocity distribution, equn. 2.2

Ty
whence if the ezcitation cross-sections are known, Te can be

determined. (Heroux, 1964). _

Burton and Wilson (Burton, Wilson 1961) making use of
modifieations to both equns., 2.17 and 2.18, for a plasma not
in a steady state, were able to determine the particle
containment time for Zeta, by observing the variation of the
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intensity emitted in resomance lines of successive ionization

stages of the inert gases.

The Bremsstrahlung continuum,
Putting 2 = 1, and Nj = N, in equn. 2,28 gives the

intensity distribution of bremsstrahlung for a hydrogen or
heljum plasma to a resonable degree of rccuracy, but for any
other plasma, even nllowing for the Gaunt factor (g) , the
accuracy is very poor (Olsen 1961). In many laboratory plasmns
the temperature is such that the most accurate wavelength region
for measuring the slope of the bremsstrahlung distribution,
would be in the vacaum ultraviolet, and this is just the region
in which quantitative intensity measurements and time resolution
are most difficult. Added to this, recombination radiation of
the common impurity ions, eg. oxygen , is extremely intense in
the vacuum ultra-violet, to the extent that nbout 1% of
impurity would give recombination radiation equnal to the
bremsstrahlung in a deuterium plasma. (Kolb, MeWhirter, 1964;
Post, 1959).

If recombination radiation can be excluded or ~llowed for,
determinafion of the slope of the bremsstrahlung continuum,
provides a convenient method of measuring the electron
tenmperature in a plasma.

For a pure hydrogen (or deuterium) plasma the variation of
bremsstrahlung continuum intensity with wavelength through the
visible range is smnll, then the electron temperature can
conveniently be determined from the ratio of the total intensity
of a Balmer line (H, ) to the intensity in an adjacent
continuum band (Griem 1961). This ratio is almost independent

of the electron (and ion) density and no spectral calibration
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 of the recording instrument is required. Electron temperaturcs
in the range 1 — 10 &V can readily be determined to an accuracy
of =bout 4% by this method,

Recombination radiation.
The cnpture cross—-section for an electron of velocity v into

a bound level j , of gquantum number njy is given by

*
S.- 128 4 24 10 | 2.36

-

pA! 3]ﬁ? h™c’nv’n-

for a hydrogenic ion (Spitzer 1962) where g is the Gaunt factor

(g ~1). Tor heavy atom ions C;i is to a first approximstion
different from th~t for a hydrogenic ion only by a constant factor

and so shows the same dependence on v and ns. Then equn, 2.23

becomes »
2 ) .

I,av = 1 % Nl 128% mzlel0 (L 3/ e (BEj-b9)/kT

v 3[3 hzcgng \ 27 micT > 50

Because there is an appreciable energy difference between two
states with successive n values, for small n values in a
hydrogenic ion; recombination radiation caused by transitions

into a given energy state is well separated from that arising from
transitions into the two states above and below. This leads to
the well known "Series limit continua" in hydrogen, of which the
2, is

Balmer continuum given by ny =

I(2)av=1 UNi 167 n }3/2 h(\’g—\’)/k’.l? aw 2.38
v aw © 3(3“11203(21’ka
where V,= 8,22 1014 om=L (N = 3650 4°) and this sppears in

the quartz ultra-violet region, ALccurate electron temperature

measurenents can be mnde either from the‘slope of the series
limit conbtinuum, or from the relative intensity of & member of

the series to the continuun e.g. the ratio of EV3 intensgity to
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continuun,

Bremsstrahlung and recombination radiation from an argon plasma,

Assuming that the hydrogenic formulae for bremsstrahlung
and recombination radiation can reasonably be applied to an
argon plnsmn, with due allowance for the Gaunt factor, the
following analysis can be made (Unsold 1955; Mnecker, Peters 1954;
Olsen 1961).

The bound levels of an=rgon aton (or ion) form a simple
pattern (Pig. 2,3). Between the ground state and the first
excited state, there are of course no excited levels, and between
the first excited state and the ionization limit, the excited
levels are almost uniformly spread. They can therefore be
approxinated to a negative continuum of states, thus bremsstrahlung
and recombination radiation can be combined in one theoretical
expression, |

In equn, 2,26 the quantity W (proportional to the energy
of the absorbing electron) can now have negative values down to
- hVg/kT. For the absorption of radiation ¥V , where V & Vg,

"ET LU e,

therefore the absorption coefficient is

1]
o = Ne. N4 16“\22\ Z2 €6 o e hV/kT 2.3
v 313" on(2mm)>20m)Y2 33
and £ : . N ) therefor
and for V}/\)\a ’ kTg L wege | 'eeoe
1 hNg/kT
o« = NN, 165% 72¢6 g ¢ i 2,40

i L1
VT3 3 en(ewm)Y2xm)l/e 93

From Kirchoff's law therefore, the emission coefficient is

2 . 52 .6
€ =32Tc N N; 2° e” g for VL V. 2.41

LY 35N Beww) /() /2 )
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e,- 2@ w22 ebg e B0 /T oo Gy N 2,42
3{> cB(ZTTm)3/2(kT)1/2 A

For recombination to form neutral argon, 'V, corresponds
to about “ 3700 A°. ' d

Published experimental results show that the continuum
enission from an argon plasma (in the visible and quartz ultra-
violet) follows the general shape indicated by the above
Kramers-Uns®ld theory, and has the correct dependence on
N N;/7% (4lpher, White 1964 and quoted references). However
neither the absolute intensity in the visible, nor the slope
below ) 3700 A° agree to within a factor of about 5 (Olsen 1961
and 1963a).

The Inglis-Teller Relation.
Positive ions in a plasma cause quasi-static electric fields
(micro-fields) sufficiently strong to produce an appreciable

decrease in theionization potential of any remaining neutral

atoms, Since the ionization potential is reduced, several of
the bound states of the atom can no longer exist, for electrons
in these states would have more than the energy required for
ionization, therefore lines resulting from transitions involving
these levels merge into the series limit continun., Inglis and
Teller (Inglis, Teller 1939) calculated that for a hydrogen
plasma, the upper quantum number Y\“ of the lnst observable

line in the Balmer series is given by

Log N = 23,26 = 7.5 logn,, .
Wheress using the Holtzmark normel field, F, = 2.6le N2/3
(the field corresponding to the mean separation between charges)
the Inglis-Teller equation becomes
log N = 23,46 - 7.5 logn, 2.43

Yy
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which is in reasonable agreement with experimental findings
(Aller 1953). In the derivation of this equation the effect of
electrons is neglected on the grounds that during the time of
emission of a photon by an excited hydrogen atom, an electron -
passes by the emitter ond thus the average field of the
"perturbing” electron is zero., However in the line wings where
the perturbation (h By ) of the emitting level is large, the
life-time of the level is correspondingly small and electron
statistical broadening becomes important. Unsold (Uns8ld 1955)
ealculates that if T g 5.10% , the quantity N in the

n.

m
Inglig~-Teller relation is N = N; + N,
whereas if T > 5,107 N = Ny -

In either casge the formuls can only be expected to give
order-of-magnitude accuracy.

Depression of the ionization limit in heavy ions has been
discussed recenvly by Ecker and Kr¥1ll, (Ecker, Krtll 1963) and by .
Olsen (Olsen 1961 =nd 1963b) who also gives a comparisonAwith

,experimental resilts,

Stark broadening and shift.
- Electric microfields not only affect those levels closest

to the ionization limit, bubt can cause a marked broadening and
splitting of levels much deeper in the atom or ion, This is
particularly so for hydrogen and helium, for which a detailed
theory now exists. (Griem, Kolb, Shen 1962). After White
(White 1930) the cheange in energy D W of any emergy level W,

cauged by an electric field E can be written

AW = a8 + bE2 + oB34-- - -
where a2 is the linear stark coefficient and b is the quadratic
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stark coefficient.

The theory of Griem, Kolb and Shen divides stark
broadening into two major effects; i) slow moving ions in the
neighbourhood of an emitting atom or iom, cause quasi-static
electric fields which perturb the emitter., Since there is a
statistical {Holtzmark) distribution for the number of ioms
affecting any particular emitter, and whence the field perturbing
th~t emitter, energy levels in the emitters will not be shifted
(perturbed) by a constant amount but will be broadened by an
amount proportional to the Holtzmark distribution of electrio
field strength. For the.quadratic stark effect energy levels
will not only be broadened by the electric field distribution,
but will ~lso be shifted. ii) Fast moving electrons will cause
an average electric field in the vicinity of any emitter of
zero, but during the process of emission of a photon there is
sufficient time for an electron to collide with the emitter.
Becauge of the impact, the process of emission is perturbed and
the effective coherence length of the photon is cut short.
Quantun mechanically this is equivalent to changing the energy
of the photon by some small amount, and on average gives rise
to a distribution of photon energies or line broadening.

Over the range of temperature 1 to 8 eV, electron impact
broadening is only important in the line centre, while long
range electron statistical broadening ~dds to the line wings.
Using the G. K. S. theory on the line H4Z 1in a pure hydrogen
plasma, it is possible to determine electron demsities with an

accuracy of about I 5%.

Doppler Brondening and ghift.
The wavelength of light emitted by an atom or ion travelling
with velocity v townrds the observer, is shifted by an amount AN




to the blue, where AX is given by

An= AN 5 _ 2.44
’ <
This shift gives an ~ccurate measure of any directed

veloecity of an emitter.
Because in a plasma with gas temperature T, the atoms
have a Maxwellian velocity distribution, an emitted line is not
shifted but symmetrieally broadened, the intensity distribution
of the line being given by
X2/ .)\_:_)_\D\Z
I, = Ige ~ %! 2.45
The halfwidth ® of the line is given by
AN = 7.2.2077 %, [T° 2.46
T . j M
where T is the gas temperature and M the mass of the emitting
atom or molecule, in atomic mass units. Measurement of the
halfwidths of Doppler broadened lines is the only spectroscopic
method giving directly the gas temperature, other than the sodium
D-line reversal method which is only applicable at temperatures

below about 4000°X,

=
ﬁfx'is the full width of a line at half its peak intensity.
b4 .

2
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3., TIME-INTEGRATED SPECTRA.
3.1 ZExperimental.

Before progressing to moie elaborate investigations of the
spectra emitted by theplasmn produced in the linear pinch
discharge, it was necessary toexamine the time-integrated emission
from theplasma. To record the spectrun emitted by such a
discharge, the discharge can conveniently be viewed in one of two
directions. First the discharge tube mny have its axis
horizontal =nd perpendiculzar to theoptic axis of the spectrograph
(Fig. 3.12). This "side-view" of the discharge is limited in
two respects, a) the discharge tube is mnde of pyrex glass and
therefore transmits only between 4000 L° and 7000 A°, so that
using argon as the filling gas, only the spectra of AT and AIT
can be geen., Very small quartz windows approximately 1" in
diameter, have in fact been let into the pyrex tube in order %o
see radiation down to 2000 4°, but the size of these windows is
limited by thepermissible deformation of the inner surfrce of
the discharge vessel and by the decrease in physical strength
of the vessel when mutilated in this way., It has been found
in enrlier work (Curzon 1959) that instabilities of the
disoharge can be formed by irregularities in the discharge
vessel as well as by irregularities in the return conductor.

b) Because of the kmawn radial motion of the collapsing shell,
all lines will be Doppler shifted (equn. 2.44). Although the
shell velocity can be measured very sccurately from streak and
Kerr-cell photographs, there is the possibility that the
luminous shell velocity is not the ion velécity, whence
measurement of the Doppler shift would be interesting. However
as the radial velocity is a function of time, this experiment

requires f#ime resolution,
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Secondly the optic axis of the spectrograph may be aligned
parallel to the horizontal axis of the discharge tube (Fig. 3.1b)
and the dischnrge viewed through a hole in the electrode. Two
such systems were used, one with a 1" diemeter hole in the
electrode on the discharge tube axis, and one with o diametral
slot cut in the electrode vwhich could be-arranged either vertical
or horizontal and covered almost the whole diameter. It was
thought that with the slotted electrode, an elipsoidal
deformation of theplasm~ might set in after the first pinch,
but until that time there was no measurable effect. Other
difficultiés were found to limit the use of this "end-on view"
of the discharge. a) The end windows were made of quartz but
because of the apprecinble change in refractiwwe index of quartsz
with wavelength, it was impossible using 2 quartz lens, to bring
the whole length of this extended axial object into proper focus
over the whole wavelength range. This difficulty could readi ly
be overcome using & pin-hole camera, resulting however in
considerable loss of aperture., b) Because of tne lack of
uniformity along the length of the rlasmn column after the first
pinch, end-on photographs could only be meaningful up to that
time,

In these preliminary experiments no external time
resolution has been used, light from the discharge was simply
focussed on the entrance slit of at%ilger‘medium glass or medium
quartz spectrograph and the plate exposed to one or more
discharges; the records so obtained are referred to as time-
integrated spectra., Because light from the discharge was
focussed on the spectrograph slit, the centre of the slit
corresponding to the discharge tube axis, variation of ~ line

intensity along its length, gives directly the radial
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distribution of the emission of thnt line, averaged over the
whole duration of the discharge. However, using the information
 Already obtained (Chapter 1) regarding the shape of the plasma
at any time and photomultiplier records of the total visible
radintion emitted by the discharge at various radii (Fig. 3.2)
one can say that any radiation which i8¢ emitted only along the
axis of the discharge must be emitted at the first or second
pinch., Therefore when considering discharge conditions which
give rise to a single strong pinch, by using that radiation
which is emitted only along the axis, a "built-in" time
resolution is effected. This is a rather crude way of seperating
some of the radiation emitted at thepinch. From the
‘spectrograms shown in Fig. 3.3 it is rendily seen that this
method is applicnble to the continuum radiation, thus these time
intégrated spectra could be used to investigate its spectiral
distribution.

Spectrograms taken for the same capacitor charging potential
but at different initinl ges pressures showed very little
change in the emission, (Fig. 3.3). A4 nmuch greater variation
was obgerved with the voriation of capacitor charging potential
at the some initisl gas pressure (Fig. 3.4). The drastic
increage in the effect of wall materisls at voltages greater
than 3.kv. can readily be seen., This is direct evidence that
the second shells seen on streak photographs (Chapter 4.3) at
these voltages are in froct discherrges inwall materials.
Material nust be evaporated from the walls at the time of the
first pinch, whex the surface temperature rises rapidly due to
absorption of ultraviolet radiation emitted by thepinched plasma
column and the relatively poor thermal conductivity of the
pyrex. In time the inmer surface of the discharge tube becomes
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so badly crnzed that observing the plasmn through the tube is
difficalf, tihig in fact limits the useful life of a discharge
tube,

Lt the "standard" conditions wall material plays a very
snall part, of the lines observed the great majority have been
indentified as argon lines. No lines have been obgerved from the
first spectrum of argon, all the strong lines belong to the

second and third spectra, i.e. to the ioms A" and L

, While a
few very faint lines c¢~n be seen which belong to the fourth
spectrum, i.e to the ion A+, A disadvantage of working in
the optical region is that all of the principal rays of argon
I, IT, IIT and IV appear in the vacuum ultraviolet below about
1000 A® and rmch more energy is emitited as radiation at those
wavelengths. On close inspection of the negatives lines

+++ san be seen to be emitted

belonging to the ions A** and A
only near the axis of vhe discharge suggesting that these lines

are emitted at the pinch.

3.2 Conclusions,

Although time-integrated spectra are essential, .
particularly in respect of the identification of spectral lines,
only a very limited amount of information can be obtained from
them. The complete lmck of the AT spectrum suigests that the
first stripping process might be extremely rapid, end thet
mogt of the gas is ionized before the current sheath even lecves
the walls. However such suggestions must not be too strongly
pressed, because in fact there are only 2 few AT lines in the
visible region at A 4200 AO, the strong red lines at wavelengths
> ™ 7000 A° being outside the range of these experiments.

The identification of lines in the spectra AII, AIII and
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ATV is very useful for future experiments with a time~resolved
spectrograph 2nd a photo-electric recording monochromater, but
at present can only be used to set an order of magnitude to the
tenperature existing in the pinched plasma column, To determine
this approximate tenmperature, the total pfessure at thepinch
nust be assumed equal to the magnetic pressure, the radius of
the column must be taken from earlier work (Chapter 1., Curzon
et al. 1960) and it must be assumed that thermal equilibrium
exists, so that the Saha equation (equn. 2.3) can be applied.
Then the temperature is that at which under this pressure the
AIIT number demsity is a meaximum since frou the time integrated
spectra it is estimated that this is the approximate condition
at the first pinch,

Radius of plasma column ~~ 0,5 cms.

Current at pinch ~~53 kamps.

Magnetic pressure ~ 1.8.107 dynes/en?

Therefore using the entropy-enthalpy diagrans (Bosnjakovic
et al, 1959) or the calculations of Wheeler (Wheeler, 1963) on

the ionic composition of an argon plasma

T r~ 40,103 °K
The magnetic pressure is really 2 minimun value of the
total pinch pressure,-however, if the nactual pressure were
4,107 dynes/cm® the calculated temperature only rises to
~ 43.10° °K.
Alternatively it c2n be assumed that all the gas originally
in the discharge vessel has been swept into pinched column and

is ionised to ALITI. /Lpplying the formula

Pmagnetic (NQ + EiNi) kT

an approximnte temperature can again be calculated.
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Initial particle density -~ 1016 om™>
Compression ratio ~ 225

Approximnte temperature T ~ 24.103 °K.
In this case the Salculated temperature varies directly with

the total pressure.

The relative agreement of the two values of temperature for
the standard discharge conditions, is a measure of the validity
of +he simple physical b icture used todeseribe the discharge.
The disagreement suggests bhat the ionization is considerably
less than that assumed, i.e. the plasma always contains a large
propurtion of AITI, and thnt the total pressure is greater than
the magnetic pressure,

No actual measurements were made of the spectral
distribution of the continuum radiation for the following reasons.
Because at the time of thepinch, the plasma consisted of a
nixture of AIT ~nd ATII, bremsstrahlung and recombination
radiation should combine to give approximately constant emission
for all wavelengths down to about 1000 A° (equn. 2,41 =nd 2.42),
At the electron density anticipated i.e. N, ~ 4.1018 em™,
electron plasma oscillations become dominant above about BO)A .
Therefore throughout the visible and quartz ultraviolet spectrum,
the continuum emission is theoretically constant, and from
publisked experimental results (Chapter 2) the magnitude of the
continuum emission is many times more than the theoretical

estimate,
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Analysis of time-integrated spectra (Fig. 3.4)

i) At 2.5Kv the emission spectrun of the plasma produced in the
pinch systen is almost entirely due to the jons LTI, ATIT and AIV
In the visible region where only the AIIL ion emits, all lines
except three impurity lines (No I %5895.9 4° , ».5890.0 ~° ;
HE N 6562.8 4°) hove been identified as belonging to that ion.
The six strong lines used in Chapter 6,2 are clearly visible
(ATT ™ 4348,1 A° , »™4609.6 L° , X 4764.9 L° , N 4806.0 A® ,
24847.8 A® and X 5062.1 4£°)
Below X 3600 AC more th=n half the endtted lines belong to

the ion ATII, of these strong lines occur at X\ 2400 AC-> X 2440 L°,
X 2653 A%, X 2753 AC, % 2884 A®, 3336 4°, X 3345 A° and

A 3358 A°. TFor the ion AIV only a few lines could be identified,

N 2640 A°, X 2757 L° and » 2809 i°. Several strong impurity

lines were observed:

ion > (4°).

H 6562.8

NaI 5895.9, 5890.0

BIT 3451.4

Cul 3274, 3247

CII  2837.6, 2836.7, 2512.0, 2511.7, 2509.1
ZnII 2558,0, 2502.0 ‘

SiI 2516.1, 2506.9

BI 2497.7, 2496.8

CIII 2296.9

C, H, Si ~nd B nay be due to residunl oil vapour, vacuun grease,
araldite seals, or rubber "O" rings; Cu and Zn come from the
copper ~nd brass electrodes; and H, Na, B and Si nay be released

fron the glass discharge tube.
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ii) At 5Kv the emission frorm the pinch plasnma is'considerably
changed. In the visible regiom many of the AII lines are still
clearly visible but they are weaker thmn those due to impurities,
- In the quartz region no AIV lines are visible and only 2 few
AIIT lines (A 2400 LO-5 22440 4° , » 3336 4° and \ 3345 4°).
Although a few lines () 2750 A®— A 2800 4°) repain unidentified
‘it is alrendy cle~r that this is largely a dischrrge in wall

nnterinls.,
ion b (_Ao)
H 6562.8
NaI 5895.9, 5890.0 )
SiI 3905.5, 2987,6, 2970.4, 2881.6 ®, 2631.3 ¥, 2528,1%,
2516.1%, 2506.9%, 2435.2%. ,
SilT 6371.3, 6347.1, 5979.0, 5957.6, 5056.0, 5041.1,

4190.7, 4130.9, 4128.1, 3862.6, 3856.0, 3853.7.
8iIII 4574.8, 4567.9, 4552.7, 3806.6, 3796.1, 3791.4,
309608’ 369304’ 3086.2-

Cul 5218.2, 5153.2, 5105.5, 3274, 3247
Cull 2718,8, 2713.5, 2703.2, 2701.0, 2689.3
CIT 4267.3, 4267.0

CIIT 2296.9

ZnT 3345.0, 3302.6, 3282.3

ZnIT 2558.0, 2502,0

BI 2497.7%, 2496.8%

BII 3451,4

Lt this voltage the plasna nust also have a substantial cold
mnnt&l around it, since lines marked (*) show strong, often
assynetric self revérsnl.

References used HBr the identification of spectral lines:
LTI , Minnhagen L. 1953 Ark Fys. 25 203. "
LIIT + AIV Minnhagen L., Stignark L. 1957 Ark Fys. 13, 27 -



de Bruin T.L. 1937 Proec. Roy. icad. Amsterdam 40, 340
Moore C.E, 1959 N,B.S. Tech, Note 36.
Moore C,E. 1950 N.B.S. Circul~r 488.

Harricon G.R., 1939 Wnvelength Tables M.I.T.
(Wiley ; New York).
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4, TIME RESOLUTION WITH L ROTATING MIRROR.
4,1 The time-resolved spectrograph.

Because of the obvious need for time-redolution in the
investigation of the emission spectra of the linear pinck, »n
electromagnetical 1y driven stainless steel rotating mirror was
bought from the Atemic Weapons Research Establishment,
Aldermaston. This mirror was combined with a Hilger medium
quartz spectrograph to form a time resolved spectrograph fery
sinilar to that deseribed by Gabriel (Gabriel.l960). Ls it
was anticipated that there would be insufficiénmt light from the
linear pinch to produce a photograph of a single discharge, an
electronic control unit was devised which enabled the accurate
superpogition of records from many successive discharges
(Curzon, Greig, 1961 ; Greig, Curzon, 1961).

A small motor-generator set giving approximately 1000 c¢/s
was used to supply power to the two-phase induction motor of
the rotating mirror. This source was prrticularly useful in
that by adjusting‘thepotential on the d.c. exciter coils of the
generator, the voltage amplitude supplied to the rotating mirror
motor could be controlled, thus limiting the acceleration and
final speed of the rotating mirror.

The optical layout of the time-resolved spectrograph
(Fig. 4.1) was particularly simple. ILight from the source to
be investigated D, was focused by the lems L, on the horizontal
slit S3. The slit S; was in turn focused on the vertical slit
Sp , the entrance slit of the spectrograph, via the concave
mirror M;, the plain mirror M,, and the rotating mirror Mp. The
field lens L,, which focused the rotating mirror Mp on the
collimating lens of the spectrograph, must be used if the full
aperture of £/12 is to be realised over any length of entrance
slit, (full length 18 mm). However 2s in this prelininary
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experiment the lens L, was stopped down to much less than £/12,
the field lens Lp , was not necessary. In fact uniform
illumination is achegved over a fractional slit length

X (= slit length ) for apertures less than f/lz/(l—X) when
18 mm
the distance between My and Sp is 30 cm. Of course in all such

cases the spectrograph is not being used at its maximum light
gathering capacity and camot be so used unless the field lens
L, is used.

Not shown in Fig. 4.1 is the small direct current lamp which
was situated in the s~me plane as the mirror My and the axis of
rotation of the mirror M. This lamp reflected from Mp on to a
second horizontal slit S3, behind which was a photomultiplier P,
so causing a sharp pulse output every half-revolution of the
mirror, The slit 53 was arranged to be on an adjustable vertical
slide (1 mm. thread) just below the slit So. Thus light from
the lomp struck the photomultiplier a small fraction of a
revolution (normally £ lO/L-\SGCS) before the image of S]_r
appeared on the slit Sp.-

The rest of the system was fully automated so that in an
actual experimental run, the light source was first charged and
set ready for firing. The rotating mirror was switched on and
pulses from thephotomultiplier fed into the conmtrol unit (Fig.4.1).
When the rotating mirror reached the preset speed, the control unit
fired the discharge such that an image was cast on the slit S,.
I+t was only necessary then to switch off the mirror, re-charge
the light source and repeat to obtain a second image superimposed
on the first, ‘

A block diagram of the control unit is shown in Fig. 4.2,
Congider three successive photomultiplier pulses 4, B and C
arriving at the control unit (Fig. 4.3). Pulse L passes through
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the paralysis unit and the blocking unit, and sets the Miller
time b=se in operation, The pick—-off unit gives a pulse output
E when the time-~base has run down to n preset voltage, i.e. at a -
fixed interval ¢ after the firing of the time-base unit. This
pulse is fed after shaping into one side of the first coincidence
gate, if the second pulse B orrives at the same time the
coineidence gate is fired. ' As the first gate fires, the first
thyratron unit fires and holds down one gide of the second
coincidence gate., The third pulse from the photomultiplier,
pulse C, passes directly through the second gate and fires the
output thyratron unit, giving a very sharp positive pulse which
can be used to fire the triggered iight source, Thus the control
unit mersured very accurately the speed of rotation of the
mirror, since the half-period was LU , and in addi fiom
produced a trigger pulse for the discharge when the mirror was
in a known position, i.e. at the instant light from the lamp
was reflected into thephotomultiplier,

It was convenient to record time resolved spectra starting
the sequence with the rotating mirror at rest or rotating
slowly. Then as the mirror =ccelerated, pulse B (Fig. 4.3)
approached the delayed pulse E as shown, and coincidence
occurred whent he leading edge of B met the trailing edge of E.
" The time delay U was variable over the range 0.5 ms to 10 ms,
and with such a time interval the jitter on the pulse E was
found to be about 10 psecs. This means that although the speed
of rotation of the mirror was determined to better than 1%, the
time of firing of the first coincidence gate was variable by
up to 10/¢secs. Therefore it would have been most unsuitable to
fire the discharge from the first coincidence gate. However

using the second coincidence gate as above, the tine delay
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between the last determined angular position of the mirror and

the beginning of the record need be no more than 10 M secs., and
was adjusted by theposition of 83 below S,. Thus the error in

superpogition caused by a 1% error in the angular velocity was

only 1% of 10 Jrsecs. d.e. 0.1 pMsec.

knother source of error was that the rotating mirror was
accelerating. Using the control unit, the speed of rotation wes
measured over one hali-cycle and thepulse arriving at the end of
the next half-cycle was used to fire the discharge. By suitable
control of the voltage amplitude supplied to the rotating mirror
motor, (a small Variac on the d.c. supply to the exciter coils
of the genmerator) the acceleration of the rotating mirror was
kept belowvany desired limit as it approached the operating speed.
In practice, the acceleration was measured, by determining the
velocity of pulse B (Fig. 4.3) across an oscilloscope screen.
This velocity was 1 ms in 10 secs. when U was 2.5 ms., and was
consistent within 10%. Because of this acceleration the second
half- period, between pulses B and C, will be 0.25/*seq. 1eés
than that between pulses A and B, which is an error in angular
velocity of much less than 1% and was therefore negligible.

The remaining error in the timing of the rotating mirror
was  jitter on the pulses received from the photonmultiplier,
probably caused by vibration of both the lamp and photomultiplier
nountings. This jitter was measured on a Tektronix 545
oscilloscope to be better than 0.2 f*sec., being the jitter on
the rise-time of the phortomultiplier pulses, whichwas in effect
& direct measure of the jitter on thepulses thenselves because
the image of the lamp at the photomultiplier was a narrow
horizontal slot, and the photomultiplier was positioned behind
the horizontal slit-SB; Therefore it was éntiqipated that the

combined error in the superposition of records in the time-
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resolved spectrograph would be approximately O.B/Asec.

To show experimentally that the time-resolved spectrograph
did in fact acheive the superposition of spectra the complete
system was tested using as a transient light source a triggered
sp~rk gap working in air (Fig. 4. 1). The spark gap had steel
electrodes and was connected across a 10 /{F capacitor bank,
The capacitors were charged to 5Kv which was arranged to be Just
below the breakdown potential of the gap, then the trigger pin,
located in the earthy electrode, was pulsed to -12Kv by the
trigger unit (T, Fig. 4.1) so causing inmediate breakdown.
Fig. 4.4 shows the current through the gap ond the intensity
emitted in the line NII(12) '\ 3995 AC as recorded on an IP28
photomultiplier used in conjunction wifh the medium quartz
spectrograph., The first two hnlf-cycles of the discharge took
14 £ 0.6 psec. (Fig, 4.4), thus with a writing speed of about
1 mm/ pmsec. on the spectrograph slit, only 14 mm. of slit length
would be used., The distance between the rotating mirror Mp and
the slit S, was made 37.5 X * 0.5 cms., so that with a half-period

~© of 2.5t .05 ns. the writing speed was 0.94 T 0.04 mm//usec.

The experimental procedure was to charge the capacltor bank
to 5Kv, having first set the control unit. Then switch on the
1000 ¢/s supply to therotating mirror, and once the mirror had
begun to turn switch on the d.c. lamp which reflected into the
photomultiplier. The lamp had to be switched on when the mirror
was already furﬁing because at very low speeds the photomultiplier
pulse became so long that the first coincidence gate was -
automntically fired., By repeating the procedure fifty times the
light from fifty successive disch-rges was superimposed in the
spectrograph.

To determine with what accuracy the fifty records had been
superposed, thephotomultiplier record of the emitted light
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intensity in the line NII(12) W\ 3995 A° (Fig. 4.4) was
approximated to the form

e
I, = I, (1~ cos Ztgt) e "6/ T

where the half-period T = 7 psec. and X = 3. If the fifty
records were superposed witﬁ an accuracy of ES/ASGC. assuning

the fifty records would be umiformly distributed over the & . sec.,
the intensity recorded in thespectrograph can be calculated,

-oT(t - § + z8)

Iso(t) = I, [{1 - cos 21 2 (4-8 + _Q_)J =T 2 50

2 50 4,1

Since however %/@}Q?J., the effect of the error in superposition

will be negligible at the peak intensity,

T‘
2wt

ie. I50(T/2) = 50 I)(1/2) = 50 Io(1-cos ) e 4,2

whence I, was readily determined. Also the very worst case of
lack of sﬁperposition would have been that 25 records
corresponded to t - %/é and the other 25 to t + B/, , then the
intensity recorded on the time-resolved spectrograph at + = T

would have been .

or Igo(T) = 50 I, {1 - cos(2T + m’? )} e
SR VANIEES

.."""/x

gince

Fig. 4.5 shows the microphotometer record of the intensity
emitted in the line NII(12) W 3995 4° taken from & time-resolved
spectrogram with fifty shots superimposed on it: this record
is compared with t he hypothetical ideal record

-Tt
Isp = 50 1 (l - cos 2Tt ) e l / ,
‘ T
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and the photomultiplier record of a single discharge., The
microphofometcr record has been interpreted as the intensity
emitted in the line by assuming a linear plate characteristic.
This means that the neasured minimum intensity at t = T of
ISO(T) = 0,15 is a maximum velue for I5O(T), since allowance
for the non-linearity of the plate characteristic would reduce
the value; reduction of the value of I50(T/2) also caused by
non-linearity has been allowed for by fitting the ideal curve
at ISO(BT/2)° Substituting the value of I, determined from the
value of I5o(T/2) (equn. 4.2) into the above formula (equn, 4.3)

for Igo(T) leads to
2

Iso(T) = 1.4 & 4.4
whence if I5O(T) & 0.15, S < 0.3 psec.
Alternatively substituting the value of I,, and the
measured value of Igo(T) into theprevious, possibly more
reagonsble equation for Ign(T) , (equn. 4,1) leads to

Igo(T) = 0.4 &% 4.5
and S £ 0.6 pusec,

Thus it was determined that records could be superimposed’
in the time-resolved spectrograph to within a useful limit of
accuracy. In fact the above photographic method of determining
the accuracy of superposition of records is by no neans the
best method, and the error in the determination of % can
hardly be less than * 100%. Even so, the experiment was a
vseful trial of the complete time-resolved spectrograph system
and showed thoat the accuracy of superposition was adequate for
the intended experiments with the linear pinch system.

To determine more accurately the error in superposition
of records a light source of much shorter duration and thus

nore rapid variation of intensity (c.f. a spark light source
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with %/MSec. half intensity duration) and photoelectric recording
should be used.

4,2 Time resolved spectra,

At this stage in the researches, it was fully expected that
a careful investigation of the time-resolved spectra from the
lineny pinch and the subsequent application of known
spectroscopic principles (Chapter 2) would yield useful and
reasonnbly accurate information about the state existing within
the plasma. Iater it was realised that this was not the case and
in fact no gquantitative information has been extracted from
these records.

Fig. 4.6 shows two typical time resolved spectrograms
a) was recorded at a resonably slow speed ( 0.4 mm/fxsecr)
and so shows the emission from the first and second pinches,
whereas b) was recorded at higher speed ( 1.9 mm/}Asec.) and
shows only thefirst pinch. Both records were taken at quite
sm2ll nperture (£/30) and in each case only light from a very
sm~rll volume of the discharge tube wes observed.

At this point two practical disadvantages of the time-
resolved spectrograph became apparent.
i) Because of the relatively long slit length used there was
appreciable curvature of the image plane, which made the
evaluation of lineshifts difficult. This disadvantage is not
difficult to surmount because in principle by adjustment of the
time interval between S3 snd the centre position on 8, (Section
4,1) any portion of the emission from the plasma can be recorded
on the middle of the spectrogiaph slit where the inage is most
streoight. '

ii) Because of the variation in magnification within the
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spectrograph, with wavelength, the writing speed on these
spectrograms is a function of wavelength, i.e. the ﬁriting speed
on the spectrogram at 6000 A° is almost twice the writing speed
at 2000 A°, This again is not & serious problem if only a few
lines are being used as monitors of the discharge conditions,
but it woald be a nuis~nce and source of inaccuracy when comparing
intensities at several wavelengths.

The records (Fig. 4.6) show that the spectrum of AIT is
predominant at all times in the discharge, though at the pinch
there is an appreciable background of continuum radiation as well
as a few lines from the spectrum of AIII, The question is, what
information canbe extracted by a detailed analysis of the tine-
resolved spectrograms? First, the variation of intensity with
time for any spectral line, is governed not by the heating and
cooling of a gas at constant pressure, but mainly by increasing
and decreasing pressure, with added heating, i.e. neither
pressure nor bemperature are known. Consequently the intensity
variation cannot be interpreted as either teumperature or pressure
changes, though of course both are expected to be increasing up
tot he first pinch, and subsequently decreasing. From the
relative intensities of two spectral lines, it would have been
possible to calculate the electron temperature, however at that
time (up to March 1962) there were no published values of the
transition probabilities of either AIT or AITI lines, except the
theoretical caleulations by Garstang (Garstang 1954) for some
LIT lines. These had unfortunately escaped the author’s attention,
however measurements of total line intensity as required for this
method of temperature measurement are more accurately nade
using & photoelectric recording.nonochromator (c.f. Chapter 6).

Considering the background continuum enitted at the first
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pinch, ns described in Section 3.2., an approximate theoretical
treatnent sﬁows that the continuun intensity emitted by such

2 discharge should be constant from theplasna frequency down to
about 1000 A®. However the only published experimental evidence
(Chapter 2) shows that for n mixbure of AII ~nd LI, temperature
measurements from the continuum intensity are not reliable,

. The time-resolved spectrograph has a decided advantage over
the photo-electric recording monochromator when measuring the
widths of spectral lines,md it is very noticeable (Fig. 4.6)
that several of the AII lines are congiderably broadened., 4
literature search revealed that there was at that time as little
known about the stark coefficients of AIT lines as of their
trangition probabilities,

Subsequentiy'transition probabilities of nany LII lines
have become available (Olsen 1963) and stark coefficients and
impact brondening parameters of AIT lines will shortly be

available. (see Burgess 1964).

4,3 The gtreak Canera.

The time resolved spectrograph was readily converted into
a sinple streak cemera by placing a 10" x 2" photographic plnte
holder in the plane of the entrance slit of the spectrograph.
The photographic plate was held flat int heplate-holder, whereas
the inage plane of the streak camera was the arc of a circle,
however befiause the distance between the rotating mirror and the
photographic plate was long ( ~50 cns) in comparison to the
naxinun length of negative used ( ~10 cns.) the error in
assuning a constant writing speed onthe pl~te was negligible.
Figure 4,7 shows a sequence of photographs token with this
canera, it is readily seen that there has been a considerable

inprovenent in quality over those taken on the drum camera and
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the innge converter camera (see Section 1.3).

This sequence snows the effect of increasing voltage on
the capacitor bank for constant initial gas pressure. Clearly
the time to pinch decreases with increasing charging voltage,
and at the higher voltages, 3.5 Kv 2nd 4.5 Kv second or even
third luninous shells can be seen to leave the walls of the
discharge tube at ench pinch, These shells implode on to the
tube axis to give the second and third pinches, There are two
possible explanations for the existence of the second and
subsequent lurminous shells; whenthe tube breaks down initially
it does 8o, in such a way as to produce a system with the
ninimm inductance, whence the current flows in a narrow annulus
close to the wall of the discharge tube, As the first pinch
is forming the inductance of the system increases and the
current through the tube decreases. If at this stage another
low inductnnce path can be formed, current will flow through
it in preferemce to the pinched column., A low inductance path
close to the walls c-~n be produced a) by photo-ionization of
any gas not swept in by the first implosion, i.e. if the current
sheet is a "leaky" piston; and b) by boiling off wall materinl.
It is possible that the large radiation flux producrd at the
pinch is absorbed in the very surface of the walls of the
discharge tube and causeé sone of the material to evaporate.

As described in Chapter 3, this would agree with the extrene
crazing of the inside surface of the discharge tube. Most
likely both these mechanisms play sone part in the production
of the second shell, certainly on tinme integrated spectra lines
of both silicon and argon are visible under discharge conditions

which are known to produce second shells (Fig. 3.4).
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L most interesting effect is shown in Fig. 4.8 which is
the result of superpesing ten successive streak camera records.
Tt appears fron the record that the discharge is confined on
axis for nore than 10 jasec. after the second pinch, This is
not so, as seen from previous single shot records (Fig. 4.7)
but is the effect of averaging over 10 discharges. Clearly
serious nistakes could easily be nade if only average figures
were available,

No detailed analysis has been made of the variation of the
radius of the discharge with time, from these records, because
such an analysis has already been fully covered by both Curzon
(Curzon 1959) and Nation (Nation 1960).

4.4 hn approximate mnalysis of the linear pinch plasna.

Before proceeding with further experiments, it is convenient
to collect together all the information obtained so far, on the
physical conditions existing in the argon plasna at the tine of
the first pinch. Starting with initinl conditions;

Argon pressure ~v 250/A,

capacitor bank, C = 2000 ;F

charging voltage, V, = 2:5Kv 5

the total stored emergy is 1 C.V, ~ 6,25.107 joules , and

the argon aton density is

N

o (initial) A 1036 on™.
Fron the current and voltage characteristics, (Chapter 1.2) the
time to pinch is, T, ~15 Msecs. and the current, I, flowing at
the pinch is ~ 53. 103 amps. while the peak curremt was /86,103
anps. The cirecuit equation for the discharge systen is

o=y -151&9 - 4 (1I) + RI
c — —
c at
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where L is the total circuit inductance, R the registance and
Vi the potential on the capacitor bank at time . Since at
tine t = o , I >0 , the inductance can be determined fron the

initial ¥ate of rise of currenmt, (dI) ~ 1.5.1010 amps/seec.
. (dt)t=0
Therefore the total ecircuit inductance is L ~ 170 i umH and the

. /
discharge tube inductance is Ly~ 58 H/AH. The total energy input
to the discharge tube up to the time of the pinch is W = J'VI.dt
~ -5, 103 J‘cute&. °
while the rate of power input at thepinch is

P = (VI)y, ~ 102 joules/ pusec.

Fron streak camera records, the radius of the constricted
pinch plasnn is r ~ 0.5 ens'and the naxinun radial collapse
veloeity is ~~ 1.4.106 cns/seec. Thus starting from the tube
radius of 7.5 cms, the compression ratio is ~/ 200 and the total

ion density at the pinch is

ji_ni ~ 2,1048 on=3
assuning all gas particles are swept into the pinch plasnma;
furthermore the tctal emergy stored as kinetic energy during
the implosion is

K ~ nVolune 1 vl o~ 5.8.102 joules.
2

The noagnetic field around the pinched plasna column is
B = 2I ~ 21,103 gauss

r

and gives rise to a magnetic pressure
P, = _B2 . 1.8.107 dynes/cn?
81
Fron the time resolved-spectra, the intensity of the AIIT

lines at the pinch does not exceed that of the AII lines, thus



it is most likely that the AIT number density is always
predoninant, Making use of the enﬁropy—eniholpy charts for an
argon plasm” (Bgnjakovio et al 1959) and the calculations on
the ioniec oompoéition of an argon plasma (Wheeler, 1963), if
the total plasma pressure is agsuned equal to the magnetic
pressure, the AIT and AITII number densities are equal for a
temperature

T ~32.103 °K
while the plasma would consist almost entirely of AIT at =a
temperature T o~ 25.10° ok,
Thus we nust expect that the plasma temperature is

T ~30.103 °K
and the electron density is between 2.1018 en™3 and 3.1018 en™3
ice. m, ~ 2,51 0.5 1018 on3,
The Bennett relation
I2 =  4NKT

is applicable only to a fully ionised hydrogen plasnma, but the

eguivalent relation for an argon plasma

Po= (%&ng +n, )T+ Zn; AEy
with the added tern = n;AE; %o account for the depression of

the ionization potential, can be used to determine T, and
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should agree with the value determined above, For an ion density

of ~ 2,1018 on3 , the depression of the ionization potential
is AB; ~ 0,2 ¢V. (Ecker, Kr5ll 1963) whence the value of T
determined is
T ~ 28,103 ©°K

which is in good agreement with the previous value,

Finally for an argon plasma of temperature ~30,10° C°K
nnd pressure 2.107 dynes/cn® the entholpy is

i~ 9,105 kc«..l,/' ) {Bosnjakovic et al 1959)
k’ W\G'E.
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therefore the total thermal energy stored in the hot plasma in

the pinch colwmm is

H ~ 5.7.102 joules.
Thus the directed kinetic energy, K, stored in thesysten during
theinplosion stage is in fact sufficient to create the observed
plasna conditions of temperature and pressure, which is in
agreenent with the gimple shock wave model (Chapter 1.4) of the

production of the pinch plasnma.
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5. STIMULATED EMISSION FROM THE LINEAR PINCH.

5.1 Stimulnted enission from an: optically thiclk plasma.

" The idea that a gas discharge of this sort might emit
coherent radiation came originally from Dr. L. Mandel of the
Physics Department, Imperial College, who was at the tine
concerned with ruby lasers. Dr. Mandel in fact suggested that
any source of gufficient brightness, that lasted more than about
1076
this suggestion is that many demse, heavy atom, high temperature

sec, might produce stimulated emission, The reason for

plasmas approach optical thickness (Chapter 2.2.), then the
radiation emitted by them is described by the black body
enission (equn. 2.7)

F(V,T) = 2% hv3
CZ(e hV/kT - 1)

In this equntion, the term " B V/KT ", in the denominator is
due to the (stimulated) absorption of radiation (Einstein B,y
coefficient), while the tern " -1 " is due to stimulated
emission (Einstein B1p coefficient). At ordinary tenperatures
( < 1000° K) and wavelengths in the visible region (A~ 60004°)
hV/kKT . 1010
whence sbimulated emission is ver& unimportant. However for a
bemperature T = 104 °K and X\ = 60004°, oEVAT 1.3,
Therefore if the argon plasma were opbically thick to its own
radiation, at the time of the pinch, when nost radiation is
emitted. (Fig., 3.2b); since the temperature was estinated to be
30,000°K  something like 50% of the enitted radintion would
be due to stinmulated emission., In the absence of experimental
evidence to the contrary, the argon plasnma produced at the pinch
could well be optically thick, indeed because of the high
particle density ( ~ 1018 on™3) and extended length of the



69.

plasma column ( ~ 50 cms), the plasma was expected to be
“optically thick when viewed end-on. This expectation could not
be checked theoretically at the time because of the lack of
knowledge of transition probabilities; however any reasonable
value of transition probability would have produced optical
thickmess at the line centres (Wilson 1962).

Accordingly experinents were devised to determine whether
or not stimulnted emission contributed significantly to the
radiation emitted by the pinch discharge, on the assumption that
stinulated emission could be detected because of its coherence,
as indeed is the case ot longer wavelength (cf. microwave
generators) |

Th~t the plasma could be optically thick at some wavelengths
is readily seen fron simple energy balance considerations. The
total energy stored in the discharge tube up to the time of
the first pinch is

.b..
W o= _f vV.I. at
.0
.b<
which is W o= f § RPI2 + L,I.4I + I% 3L ) da%
o L dat dt

where V is the voltage across the discharge tube assembly, L
is the total inductance of that assembly, R, is the plasma
registance, and I is the current in the discharge. Although
neither RP nor L is known, the maximum power input to the plasna
can be deternmined by assuning that all of the power input W goes
into plasma heating. For the standard discharge condi tioms,
thepower input W was calculated nunerically from current and
voltage traces recorded on a Tekronix 551 oscilloscope
(Chapter 4.4)

W = 1.5.103 joules.
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and the rate of power input a2t the piuch was
P = 1.03.102 joules/}Asec.

If the constricted plasma column were radiating as a black body,
the total energy emitted E, would be given by Stefans' Law
(equn. 2.9) , then

E = 7.3.10% joules/jssec.

Also fron enthalpyéentropy charts (Bosnjakovie, 1959) the energy
stored in the argon plasma at 30.103 °K and 1.8.107 dynes/cm2 is

H = 5.,7.10° joules.

Of the energy W put into the discharge tube before the pinch,
some will be lost as radiation and some by conduction to the
electrodes, however about half this energy is stored in the

plasma as directed kinetic energy, X.
K ~ 5.8.102 joules,

This energy reaches the plasma through its ncceleration in the

" self magnetic field of the discharge current, and this is

effectively plasma heating due to the tern jn’f[ 2(L.I).dt
ot

[}

in W. A further portion of W, due to ‘ERI dt constitutes
ohmic heating of the plasma, while shock heating of the plasma
during the implosion stage extracts a little more energy fron

the self-nagnetic field,

5.2 A simple double slit experiment.
If the rndiation erdtted by the pinched plasna column, =2t

various wavelengths were coherent for 1-72 msecs at the time of

the first pinch, a large fraction of the total emission on those
lines would be coherent radiation. Therefore if the plasma
colunn were viewed end-on (Fig. 3.16) and a simple horizontal
double-slit assembly placed between the disoharge tube and the
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sﬁeotrograph, those 1ines consisting nainly of coherent radiation
would be characterised by a) strength of emission, (they nust be

the stronger lines) b) the double slit diffroction along -hhe
léngth of the line. The separation of the double slit and its
distance fron the spectrograph slit were chosento give approximetely
1l nn. separation between light and dark fringes. Using time
integrated spectra no line displayed the second characteristic,
though the system was readily checked by putting a single slit
between the original double slit and theplasma column.

This experiment must be taken as proof that the argon
plasma is not optically thick (at 30.103 °K) at the pinch i.e.
when the nmajor part of the radiation is emitted, not even at the
line centres, However this is not proof that the plasma is
optically thin, when viewed end-on, for if the plasma were only
partinlly optically thick, stinulsted emission would decrease

rapidly, and become undetectable.

5.3 Stimulated emdission from an opticnlly +thin, collision

doninnted plasma.

Since the plasma was ﬁot opbically thick even at the line
centres, the population distribution of bound electrons among the
excited states of any ions present in the plosna, must be governed
by electron-ion collisions, i,e. ~t the expected densities and
temperatures the pinch plasma is collision dominated. Furthermore
the collision-cross section for excitation from the ground state
to any excited state, varies considerably for the different
excited states. Thereforé, in a plasma whose life-tine (or the
time within which conditions change appreciably) is short by
comparison with the life-tine of netastable excited states, one

nust expect that the population of such s tates will always
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"lag behind" that of states closely comnnected to the ground
state i.e. when the plasna is being heated meta-stable states
will be under-populated, and whenthe plasna is cooling meta-stable
states may be over-populated. The life-time of a state decaying
directly to the ground state is typically 1078 - 10~7 sec while
that of meta-stable states moy be 10-4 - 1073 sec., at the time
of the pinch, conditions within the plasn~ change appreciably
in about 10~6 sec. thus it wes felt that population inversions
nay well exist, | .

At the time of these experiments (July 1961) it was naively
thought that any such population inversion would readily be
seen by stinulated emission or "laser action", and crude
experiments were undertaken to investigate the problem. Having
realised that no sinple single transit experiment (Section 5.2
and the comp~rison of relative {ine intensities in side-on and
end-on time integrated spectra) could distinguish whether the
plasna produced in the pinched dischrrge, were optically ~ctive
or not, A speecial discharge tube was built, on which multiple
transit experiments could be tried (Fig. 5.1). The dinensions
of the discharge tube itself were kept as before, length 50 cms.,
internal diameter 15 cms. and the electrodes were again copper.
Bach electrode had a 1" diaweter hole at its centre, -nd behind
the hole on a short extension tube, was = fused silica window
attached via an "O" ring seal. The windows were 1.5" dianmeter
and vere polished flat to X/ZO. Putting the windows some 6"
behind the actual electrode, meant that they were well away from
the discharge and so remained relatively clean for several
hundred discharges., The return conductor was again a copper
gauze stretched tightly around the disch~rrge tube. Electrical
connections to the gauze and to the "live" electrode were made

by four copper strip-leads, At their other ends, these four
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leads were connected to a short piece (18") of 7" diameter
coaxial lead, similar to thot described in Chapter 1.1. The
coaxial lend acted as a spreading tube, allowing the current
vhich came from the capacitor bank on o single lead, to divide
and flow nore or less equally through the four short leads to
the discharge tube itgelf. In this way a reasonably unifornm
current distribution was produced at the "ILive" electrode.

Two optically flat, partially transmitting mirrors, in
fact a pair of etalon plates, were held in adjustable mounts
just a few centinetres outside each window. The two adjustable
mounts were attached to a2 Dexion frame which stood on soft
rubber pads; the pads being sufficient to isolate the frame fron
vibrations caused mainly by the discharge current in the strip
leads. To complete the isolation the whole discharge tube and
leads were supported on soft rubber pads. To align the nmirrors
plane and parallel, light from a point source, a high pressure
nercury lamp behind a pinhole, was collimated by a long focus
lens (f ~/ 400 cms) and passed axially through the discharge and
mirror system, The reflection off the back of the first mirror
wag arranged to fall close to thepoint source, then the second
nirror was adjusted until successive reflections fron it becane
coincident with the reflection from the first mirror. Up to
gseven or eight reflections from the second mirror could be seen
to coincide, which means that although the two mirrors were not
sufficiently aligned to form a reasonable Fabry-Pérot etalon,
the effective length of the plasna column was increased to about
400 cns. |

As both mirrors were partially transmitting, it was posdille
to view the plasma column end-on through one nirror, leaving

the point source and long-focus lens in position behind the
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other; this meant that the mirror aligmment could easily be
checked and if necessary corrected. In fact up to thirty

discharges hnd no visible effect on the mirror alignnment.

5.4 Calibration of Photosraphic Plates.

One of the difficulties experienced in the spectroscopic

investigation of short duration light sources, is that of
calibrating photographic plates, for it is well known that the
slope of the plate characteristic varies not only with processing
but also with the time of exposﬁre. Because of this reciprocity
failure, ns it ic called, a photographic plate should always be
calibrated with exposures sinmilar to those on which neasurenents
are to be made, This can easily be done if the discharge being
investigated is reproducible.

In the case of the linear pinch discharge under standard
conditions (Chapter 1,5) a photographic image of reascmable
density could be obtained from a single discharge for tine
integrated spectra viewing only the exis of the discharge in the
end-on position. As shown by photo-electric records (Chapter 3.1)
photographs taken in this position were effectively records of
the‘light»emitted at the first pinch with an exposure time of
about S/ASGC. and the amount of radiation ewitted in this time
was almost constant. (£ 54). Therefore it was possible to
calibrate the photographic plate by reducing the collecting
aperture so that strong lines were reasonably exposed on one
discharge and over—exposed on sixteen dischnrges, then the plate
choracteristic was derived by plotting density on the photographic
‘plnte against the logarithm . of the number of discharges., This
has been done using HP3 and Zenith plates (Ilford Ltd) on the
nediun glass and medium quartz spectrographs (Hilger & Watts Ltd).
and conpored on.thd sapeiplate with the charncteristice obtained
fron sixteen discharges and a cnlibrated seven step filter
(Hilger & Watts Itd). To derive the complete plate

characteristic at any wavelength
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measurements were made at strong line centres, weak line centres,
and on the continuum, all within about 100 4°. From the results
(Pig. 5.2) it was coneluded that satisfactory plate calibration

could be determined from numbers of discharges.

5.5 Comparison of line intensities.

In the previous experiment (Chapter 5.4) the mirror at the
far end of the discharge tube from the spectrograph had been
covered so that effectively the discharge was viewed through the
first mirror as » filter; in this experiment, the density on the
photographic plate for a given number of discharges with the
far mirror covered, (1) was compared with that for the sane
number of discharges withthe far nirror uncovered, (2). If the
plasmﬁ were optically thin and the total intensity collected
by the spectrograph in case (1) were I; , and in case (2) I, ,
then the ratio of Iy to Iy is given by.

/1y, = 1/
if there ~re no absorption lossess in the systen, where R the
reflectivity of the mirrors is -ssumed equal. The two mirrors
h~d not been aluminised recently and their reflectivity was
estinnted to be sbout 70%, whence Tp/y, ~ 3. Secondly comparing
the relative inbtensities of lines on each spectrogran, any line

enhanced by stimulated emission should be characterised by
12/11 v 3.
Despite the observation of both weak and strong lines, no

line was obscrved for which Ig/Il was appreciably greater than

unity (Fig. 5.2). In fact over the range 2390 A® to 4070 4°

the mean value of the ration Ig/Il , for continuum emission, was

determined as
12/11 = 1,15 ¥ 0,10
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Since if any compomnent of the emitted radiation were likely to

be optically thin, it would certainly be the contiruun radiation,
this resalt is damning, however it is in agreement with the
conclusions of Chapter 4.4. Neglecting recombination radiation,
which would nake the plasmn note optically thick, the aebsorption
coefficient for continuum radiation is that due to bremsstrahlung
(equn. 2.27)

-y
%, = 4(2W) Nyz2eb g (1-V/HT),
3 3kT 3
heng v
allowing for stimulated emission, thus
2 by /KTy
X, = 3.69.10° 2 No” g (1-e ) ea
pl/2 3
Using the plasma parameters derived in Chapter 4.4
N, ~ 3.1018 on™3 T ~ 3,10% °K
ot~ 5,107 en™l  at N = 2000 A°
~
and & v 8,107 et at N = 6000 A°

Radiation emitted by theplasma and reflected by the far nirror
into the spectrograph, travels an average distance through~the
plasna of almost 100 cms. (o double transit). Therefore

following the normal absorption law

I=1, e_%ve;

I/Io ~ 0,6 at N= 2000 4°

and  I/1  ~ 3.107% at  h= 6000 4°. Whence it is
reasonable that in this multiple transit experiment with p~th
lengths throught heplasna of more than 100 cms., the plasna
should appear optically thick even to the continuum radiation.
| Even for path lengths of about 10 cms,, this argument
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suggests that thepiasma will be partially optically thick to
bremsstrahlung nnd should therefore approach opbical thickness
for line radiation. This in turn requires that the simple
 double slit experinent (Chapter 5.2) be re-assessed. Does the
fact that stinulated emission becomes an important term in the
equation for the radiation emitted by o very hot black body,
req.uire that the emitted radiation be coherent? Cert-inly at
very high temperatufes BV/KT _, 1, and all radiation is
produced by stinmulated emission transitions. However the black
body emission will still be isotropic and at the very short
optical wavelengths, photons emitted into different solid angles
nay not be coherent. Thus if observed over only a very small
solid sangle the high temperature ( ~ 108 °K) black body emitter
is expected to be a 2oherent source, but if observed over a
relatively large solid angle, it nay not behave as a coherent
source.

In this particular experiment (Chapter 5.2) the plasna
temperature is only ~ 3,10% °K so that at nost only half the
emitted radiation is produced by stimulated emission. The solid
angle accepted from the source was as 10=3rad, which would
probably have been sm2ll enoughto have seen coherence effects
had the plasma enitted as a coherent black body. We nust
therefore conclude that either the plasma at 3.10% °K does not
behave as o coherent source or that the simple un-time-resolved
experinent was not sensitive enought o detect such behaviour
wkich may have existed over some very short period of tinme closge

to the first pinch,

5.6 Stinul~ted emission from ~n optically thin argon plasma.
Since the tinme of these two unsuccessful attempts to observe

stimulated emissione ffects in the radiation enitted by the plasna
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produced in the linenr pinch system, several experimenters h-ve
obsefved lager acticn in the emisgion fron optically thin argon
plasmas, (Patel et al, 1962 ; Bridges, 1964 ; Gordon et =l 1964 ;
Bennett et al 1964) and it is now possible to e xamine in nore.
detail thepossibility of lnser action in the pinch discharge
systen, in the light of their results.
In the very early stages of the pinch discharge, there is

_a low current density and conditions will be sinilar to those
i\in a alow discharge. Thus there is a cold alnost neutral argon

gas, low electron density and possibly a non-Maxwellian electron
energy distribution, electrons gnining energy between oollisions
by acceleration int he electric field: Electron collisional
exoitation of AI atoms (Fig. 5.3) in the ground state 3p8(1S,),
leads preferentially to popﬁlation of the groups of levels
3p5(%p%)4s , 3p5(2P°)5s , and 3p°(%P°)3d because these levels
ere closely coupled to the ground state (Patel et al, 1962),
These levels then have higher populations than levels in the
group 3p2(%P°)4p , which however ke below the 5s and 3d groups,
Levels in the groups 4s, 58 and 34 becone in effect metastable
because de- population by radintive deczy to the ground state
isimmediately followed by absorption in another ground state
atom due to "resonance trapping". Population inversion can be
maintaingd between t he levels 53 - 4p and 34 —-» 4p, provided
the 4p levels are de~populated sufficiently rapidly. The 4p
levels are readily de-populated by radiative decay to-the 4s
levels so long ns the population of the 4s levels fenaihs low
enough for population of the 4p levels by electron excitation |
from the 4s levels or radiation trapping, to be negligible. So
far (Patel et 2l 1964) the population of the 4s levels has been
suppressed by using small bore (7 nm) dischnige tubes, when -
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de~excitation at the walls limits the population of these levels.
Under such conditions, laser action h~ns been observed on several
of the transitions 5sg —>4p and 3d —> 4p, >\1.618/U, X 1:694 juy

A 1.793 s and>2;0616/m. In thepinch discharge, laser action
on these transitions nay be observeble during the first micro-
second or so after imitiation, and then close to the walls of
the discharge tube, In the late afterglow, when the plasma h=as
cooled to suitable temperatures once nore (100 - 200 Jrsec after
initiation), the current density is zero, snd electrons becone
the means of losing energy rather than gaining it; then the
population inversion probably does not occur.

As the current density increases, the electron density and
electron temperature also incrense, but the gas temperature is
still sufficiently iow ( 4 10,000°K) for nost. atoms (99.9%)
to be neutral =and in the ground state. Electron collisionAal
excitation moy now cause direet ionisation of the argon aton
(Bennett et al 1964).

AT(1S) + e —> AII(3P)dp + 2e
when because of the coupling between electronic configurations,
ATII ions (Fig. 5.4)‘wi11 be formed preferentially in the ground
state AIT 3p5(2PO) or in the excited state AIL 3p#(°P)dp.
Furthermore the rapid decayrate of the ternm 4sP to the ground
state ( X\~ 720 4°) ensures o population inversion on the
strongly allowed [transitions 4p2P —» 4s°P. This population
inversion is destroyed when the AII ground state population
rises such that the level 4s2P is populnted by electron
collisional excitation from the ground state or by resonance
trapping. In the recently published work (Bennett et al 1964 ;
Bridges 1964 ; Gordon et =l 1964) over-population of the AIT

ground state was again nvoided by using small bore (5 tm)



discharge tube, when recombination at the walls linits the

population. Thus laser action haw been observed on the following

wavelengths.

N A° levels

4545 | 2P°/2 - 4s2P3/2
4579 4p sl /2 - 45%Py 1,
4658 | 4p Pl P 4sZP3 /2
4727 | 4G/, — 45%P5 1,
4765 1%/, — 4571/
4880 Y s 45y
4965 4203/ — 4s7Py/p
5018 D%/, — 48°P3/;
5145 41>4D5 /o — 432P3 /2
5287 44/, —» 45%P1p

In the pinch diséharge, laser nction on these transitions
nay be observable in the first few microseconds of the discharge
and close to the discharge tube walls.

There is evidence (Bennett et al 1964) that the observed
population inversion is caused by high energy electrons not
associated with a Maxwellian energy distribution, therefore in
the late afterglow of the pinch discharge, when electric field
excitation of the electrons no longer exists, it is unlikely
that population inversion will be observed on these transitions
in AIT. '

At the tine of thepinch and for standard discharge

-3

conditions, the electron and ion densities approach 1018 cm
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(Chapter 4.4) and the temperature is approximately 3.104 °K.
Under these conditions the collision rates are so hight hat
departure from thernmal equilibrium is unlikely. However a2 short
‘}ime ( ~/10 secs.) after the first pinch the plasma becones
‘unstable and fills the discharge tube., At these tines the
expected temporature is still ~ 10% °K , 80 that the plasma
is fully ionised with nj ~ ng ~ 1016 cn’B ; if the initial gas
pressure is reduced, n, is reduced accordingly. -Then it is
possible that electron collision~l eRcitation of the ground
state AIT ions (3p5 2P°) will lead to the population of levels
closely coupled to the ground state; that is 3p6(25), 3?4 4s ,
3p% 3d and 3p% 58 and 3p4 44, while the levels 3p* 4p will be
relatively unpopulated, In this way a population inversion
night be acheived between the levels 3p4 58 and 3p4 4d and the
levels 3;4 4p. This population inversion could be maintained
providing thepopulations of the levels 3P6(2S), 3P4 45 and 3p4 34
renain low enough to exclude population of the levels 3p4 4p by
collisional excitation or radiation trapping. Iaser action
should then be observable oﬁ some of the neny transitions
3p4 58 ~?-3p4 4p and 3@4 4d.4,3p4 4p, which occur at @#avelengths
around W4000 L° (Minnhegen 1963) e.g. N 3979, 4p 433/2 - 4d4P1/2
Under normal discharge cotiditions, at the ~xis of the tube,
along which it is 1108t convenient to view , the populatioﬁs of
the levels 3p6(28), 3% 48 and 3p* 3d are not limited and the
population inversion_canﬁot be naintnined, However if glass
surfaces (e.g. glass rods), wede placed purposefully in the
- vieinity of the tube axis, de—exdifation at the surfaces nay
possibly lirit the populations of these levels, and the
population inversion could be mnintained. Further experinents
using up to date techniques (Figi 5.5) such as Brewster angle
end windows and confocsl reflectors; with s~y, a cage of glass
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rods sur rounding the discharge tube axis, thus forming a narrow
bore (5 mm) de-excitation surf-ce, but at the sane tine allowing
the plasna to move freely within the main discharge vessel, are
certainly worthwhile.

At even later times in the Z-pinch discharge (100 - 200 prsec.
after initiation) the argon plasna cools below 5000°K and
becomes predominantly AT atoms., This cooling process starts
with hot excited AIT ions, passes through the stage of hot
excited AI atoms, to become largely ground state LI atoms. During
the process it is q}xite probable that the metastable AT levels,
3?5(2P°1/2>) 4s {J=Ol and 3\>5(2P°3/2) 4s {J=2] , becone
quite highly populated, whereas the other two 4s levels, both
J = 1, which can decay directly to the ground state should
naintain their thermal equilibrium population. Thus a
populstion inversion may occur on the forbidden transition
(Fig. 5.6) 3p5(%p¢,) 4s [J=o} - 3p7(%P%, /2) 4s [3=1] , which 1
is = nagnetic dipole transition {AJ =0, ti; DL =10, ¥ AS = Oj
Stinulated emission on this line, )\12.5/A, has been predicted
(Walsh, Courville 1963), but experimental observation has yet
to be reported,
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6 PHOTOELECTRIC INTENSITY MEASUREMENTS.

6.1 Conti i ngity Ieasurenen

Using approxinmate data from previous experiments (Chapter 4.4)

free-free absorption coefficients have been calculated
(Chapter 5.5).

PN o,
(4°) (em™t )
2000 5,103
4000 3,102
6000 8.1072

For a plasma of dimension ¥(cms) o be optically thin within
10% .

1l- e-%é} 0d x¢.
while for the plasma to be optically thick

Thus for plasma lengths greater than 10 cms even the continuun
radiation is no longer optically thin and for plasma lengths
greater than 100 cms. the whole of the visible region of the
spectrun becones optieal 1y thick to continuum radiation.
Therefore for the plasma column produced in the linear pinch
systen under standard conditions, i.e. length ~50 ems. diameter
~ 1 cm., we nust expect the continuum radiation to be optically
thin when viewed eide-on but not when viewed end-on. Already
photographic measurenents (Chapter 5.5) have shown that the
" plasme is optically thick for "effective" path lengths greater
than 100 ems. If thepinch plasmn is optically thin to the
side-on view, bremsstrahlung and reconbination radiation are
produced bty the interaction of free electrons with AII and AIIT
ions. Since the population of AI is negligibly small,
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recombination to form AI nmust be snall and the recombination

radiation rmst be largely produced by the reaction,

ATIT + e Z¥ AIT + hvy
In either case the variation of emitted intensity
(Bremsstrahlung and recombination radiation) throughout the

visible spectrum is given by equation 2.41.

€, - 3272 N, N; 220 g
3 ﬁ 03'(2’\&1)3/2(.'!:'33)1/2

i.e. it is independent of the emission frequency. In terns of
wavelength A
€, (recombination + bremsstrahlung) o& i/xz

For bremsstrahlung alone the enitted intensity would be

~hV/kT
éx(brensstrahlung) < e__ /

————

Both these intensity variations are ideal theoretical
approximations and in practise some form of weighted average
may be expected.

To investigate the variation of intemnsity emitted throughout
the visible spectrun, a small comstant deviation wavelength
spectrometer (Hilger & Watts Ltd) was fitted with a photomultiplier
attachment (R.C.A, IP 21), Signals from the photomultiplier
were anplified (x12) and recorded on a Tektronix 551
oseilloscope (Fig. 6.1). Results were taken for two completely
gseparate experiments, _

i) with the spectrometer close to the discharge tube and
‘viewing only a narrow diametral volume (-2 cms, diaueter)

ii) withthe spectrometer further fron the discharge tube o
that light fron the whole volume, excluding about 5 cus. at
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each end of the tube was collected, i.e. electrode
instabilities were not seen. 1In both cases ample‘ light was
collected by the spectrometer without the use of focussing'
optics., Contiruun intensities at the tine of the first pinch
i.e. peak intensities, were neasured at six wavelengths
throughout the visible spectrum a2nd were corrected to fela‘bive
intensities (I )\) by calibrating the spectroneter-photomiltiplier
systen against A tungsten lamp. This intensity distribution is
compared in figure 6.2 with that expected from a black body at
T ~ 30.10% °% (B, ), from the addition of bremsstrahlung and
recombination radiation | ; € (B+R) % and fron bremsstrahlung
alone Le (B)>\ 7( . Un:f'ortunately all three have very nearly the
sazme slope in this region whereas the neasured intensity (I >\)
is almost independent of ™ .

Two measured points in the I, distribution (% 4340 A° and
- %™ 5510 A®) are clearly in error, the first probably due tothe
inclusion of two ATI lines, X 4337 A° and X 4338 4°, and the
second due to the presence of several weak ATT lines around
A5510 A®. Of the other measurements, during botht he calibration
and the continuun intensity measurenents the maximum current
taken fron tﬁephotomultiplier was 100/,uamps. and the signal to
noise ratio was excellent, thus the photormltiplier should be
well within its linear amplification range. The amplifier used,
was calibrated against the Tektronix oscilloscope. Each point:
represents the average value of three neasurements on each of
the two separate experiments, and the deviation over these six
‘readings was always less than * 10%, Thus it appears that
these continuum intensity measurements are good neasurenents
and that the intensity is independent of the wavelength »
Because the thrée theoretical curves, By , 6(B+R)>\ and 6(B)>\’
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have almost the same slope, continuun intensity neasurements
eannot be used to determine whether the plasna is optically

thin or not.

6.2 Total line intensity measurements.

Recently published experimental values for the transition
probabilities of selected AIL lines (Olsen 1963 - preprint 1962)
agree well with previous calculated values (Garstang 1954), thus
suggesting that the transition probabilities of these lines are
now accurately known; Therefore if the pinch plasma is
optically thin when viewed side-oh, the temperature can be
determined from the relative total line intensities, (equn. 2.32).
0f the many lines in the visible region, there are six strong
lines well separated from neighbouring lines, whose transition

probabilities are known, they are the following

line A Configuration g E hym

A® Tn - To(upper) en™t x10~%ec
4

(1) 4348.1 4s%P5/p - 47Dy )5 157234.9  11.5

(2) 4609.6 ('D)4s°Ds/p - (1D)4p?Fy/2 170531.3  9.06

(3) 4764.9 45%1/5 - 4 %P3 160240.4 5.4

(4)  4806.9. 48%P5/n - 4p°P5/2 155044.1 7.9

(5) 4847.9 4s4P3/p - 4p*Py s

(6) 5062.1 4s%P1/2 ~ 4 “P3/0

Since fron equation 2,32, the accuracy of this method of

-1

155709.0 0,95
155352,0 2.2

RS A Y o N - S o« I+ +

temperature neasurement is a strong function of the energy
difference (En(2) - Ep(l)) between the upper levels of the
two lines,
b1 = A(Ti/1p) k
2 (/) (& - E)
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reasonably accurate temperature measurenents ean only be
obtained from ratios of the intensity of line (2) with each of
the other lines. _

Total line intensities were neasured in the sane two
experiments es continuunm intensities (Chapter 6.1), and again
each line intensity measurement was the average of six readings,
three from each experiment. Allowance was made for the
background continuun by neasurement of thé continuun intensity
close to each line, and direct subtraction. Because of errors
in the intensity nmeasurements each of the five temperature
neasurenents was expected to have an error of 50%, however
this was not quite sufficient to cover the spread in the

readings.
N, (8% Aa(2°) T(°K)
4610 4348 3.1.10%  —(allowing for error in
4765 1.9.10%  continuum intensity neas.)
4807 4,0.10%
4848 = 6.6.103
5062 1.24,10%

The mean tenperature determined by this method, was
CT= (2.2 t 0.6) 10% %K

which is in good agreement with the previous estinate of
3.10% °K  (Chapter 4.4)

The fact that the total line intensities lead to a single
value of temperature for the pinch plasna, is a good indiéation
that the plasma is optically thin and that local thermal
equilibriun exists, (Chapter 2). If the plesma were opticall&
thick, total line intensities would be meaningless and would
produce odd temperature values.,
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Current

. Continuun intensity (™ 4620 A°)

Current

_ line intensity (\4609.64°)

Fig. 6.1 Oscillograph records
time base 10/usec/cm.
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STUDIES OF THE RADTATION EMITTED BY SHORT
DURATION ELECTRICAL DISCHARGES.

- PART IT.

THE RAPID SCANNING FABRY-PEROT INTERFEROMETER.

96.
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1, INTRODUCTION

In 1897 Ch, Fabry and A, Pérot (1897) reported "Sur les Frangés
des Lames Mipces Argentées et leur Application a la mesure de petite
epaisseurs dlair',

Since that time many modifications have been made and many words
vritten about their findings,

The most outstanding improvement came in 1948 when Jacquinot:
‘and Dufour (1948) described the first scanning Fabry-Pérot
interferometer, the F~P spectrometer, Scanning was achieved by the
variation of pressure, and hence refractive index between the two
etalon plates while line profiles were recorded from a photo-electric
cell which received light from a small diaphragm placed at the centre
of the Haidinger ring pattern (see later), The time taken to scan
a line profile by this technique was minutes and the repetition rate
slow, but the finesse was high and by ingenious series of etalons wide
ranges of the spectrum could be covered (Jacquinot, 1960) and
(J.E., Mack et al; 1963), Subsequently various systems have been
devised to give scanning F-P interferometers, most of these were
reported at the International Conference organised by the Centre
National de la Recherche Scientifiquey which was held at Bellevue in
1957, (Int. Con, 1958).

So far the emphasis with all F=-P spectrometers had been on high
resolution (finesse) while the time to scan a line profile and the
repetition rate were considered unimportant, With the growth of
laboratory plasma physics and the current interest in rapid measure=-
ments, time resolution and repetition rate have become major problems,
Of course many instruments already exist which can record line profiles,
total line intensities or even wide wavelength regions of the emission

spectrum of transient plasmae wxith the necegsary time resoluticn,
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Each of these instruments is particularly useful in certain
circumstances and limited in others, but none has the versatility nor
simplicity of the scanning F-P interferometer for measuring spectra?
line profiles, .

The development of the "mechanically driven, oscillating F=P
interferometer" (Tolansky and Bradley; 1959; Bradley, 1962) reduced
the time resolution, i.e. the time required to scan the free spectral
range, to 100 usecs keeping the finesse better than 25. However; ,
transient plasmas often have lifetimes, or.characteristic times,
measured in microseconds, consequently; it is necessary to record the
profiles of spectral lines in a microsecond or even less, The following
sections describe in detail the construction and use of a new
scanning F~P interferometer (Cooper and Greig, 1962 and 1963a) which
has an ultimate time resolution of about O.1 psec and can record as
meny as 8 profiles of the same line within aboﬁt one-usec, Scanning
of a line profile is achieved by the physical displacement of one of
the etalon plates by the rapid extension and contraction of a piezo=-
electric tube to which the plate isattached, Previously Dupeyrat
(1958) had investigated the possibility of using the piezo-electric
effect in both cr&stalline guartz and barium titanate; he concluded
that the technique was unsatisfactory, vhile Xolosknikov et al (1961)
suggested that the time Presolution would be limited.to 10 - 20 psecs,

Concurrent with this work, Ramsey and Mugridge (1962) were

- independently investigating the use of the piezo-electric effect in

barium titanate for the autometic control of a F-P etalon,



2, THE THECRY OF THE FABRY-PéROT INTERFEROMETER

Before proceeding with the discussion of this interferometer
and the special considerations associated with its particularly
rapid scanning rate; a brief account is given of the theory of the F=-P-
etalonj- for greater detail reference should be made to Chabbal (1953);

whose notation has been followed as much as possible,

2¢l The Ideal Fabry-Pérot Etalon

In its simplest form the F~-P etalon consists of two infinite
plane-parallel surfaces with reflectivity R and transmission T, The
surfaces are at a distance d apart and the medium between them has a
refractive index p,

When such a system is placed in a beam of monochromatic light
of wavelength l; interference fringes are observed at infinity or in
the focal plane of a convergent lens (Figure 2,1), These are known
as Haidinger fringes and their intensity distribution is given by

the well-known Airy formula (Appendix A):

I=1I Tz i |
o .
1-rm% 1+ & sin® A
(1 - R)? 2

vhere A is the optical retardiation and is given by:

A=2pdcosi, 2%
A
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Intensity maxima occur when:

ni

2ud cos i where n is integral

ands

r 3
Tmax = T (17 A ; :
L 1 ~-R "

where A is the absorption in the reflecting surfaces such that:
A+R+T=1

For ah etalon, with fixed separation d, successive maxima of intensity
for increasing i, correspond to ny n - 1, n - 2, etc,
The wavelength interval between successive maxima All, 1,84

corresponding to 6n = 14 is termed the "free spectral range" and is

given by:
M o= AP ~n~ A8
2 fad cos i 2d

for cos i~ 1 and o= 1,

100

The half intensity width of any particular fringe in the transmitted

intensity distribution is exactly the half-intensity width of the Airy

function:

A1) = T 1

—

(1 - R)Z I + 4R sin
(1 = R) 2

[~

Whence the half intensity width ist
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fiv S = AN e 1 =R

xR

As this is a function only of the free spectral range All, and the

reflectivity RI a constant NR’ can be defined, such that:
Nh = x JR
1 =-R
then:
AKA = All
Nk

NR is known as the "reflection finesse" of the etalon; it is, clearly, a
measure of the optical resolution attainable with the etalon,

The effect of absorption of radiation in the reflecting surfaces
is twofold; first, it reduces the maximum possible value of R and
thus reduces NR’ second, it reduces the peak intensity (Imax) in the
fringe pattern, Both these effects are undesirable and much effort is
continually directed towards the production of better surfaces with
higher reflectivity and less absorption, (Tolansky, 19463

Tolansky and Ranade, 1949; Davis, 1963; Hefft et al, 1963),

2.2 The Practical F=P Spectrometer

The normal system for using a F-P spectrometer is shown
schematically in Fighre 2,2,
Light from an extended source passes through the collimating lens

Ll’ through the etalon, to the camera lens Lz. The Haidinger fringe
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pattern is then produced in the focel plane of Lz and at the centre
of this pattern is a small aperture, Light passing through the aperture
falls on the photocell placed irmediately behind it,

Scanning of the profile of a line emitted by the source can be -
achieved in either of two ways, First after Jacquinot and Dufour (1948);
the mean wavelength accepted by the scanning aperture is that

corresponding to i = Q4 i,e,:

A= 2pd

n

Thus if the refractive index, py of the medium between the reflecting
surfaces is caused to vary with time, then the wavelength passing

through the scanning aperture also varies with time:

D= 2
2t w st

Alternatively, the Separation d, may be @used to vary vith time,

then:

ot d 2t

The source emission can be characterised by the function B(})
while the function recorded on the photocell is Y(t). In order to see
how this function Y is related to B; various other functions and
combinations of functions must be defined; whicﬁ characterise the
modification of B; caused at successive positions in the spectrometer
system,

These will now be elucidated,
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a) _The Souree function:

The "ﬁrightness" of a source of light is defined as the energy
radiated by unit area of the source into a unit solid angle; per unit
time interval; per unit wavelength (or frequency) ihterval, and is

dosignated B(}),

\

As in this case, we are concerned with line sources; B(A) is taken

to represent a line profile, The half-intensity width of this profile

is defined as AXB; the peak height as BM' and the total brightness as
B such that: 0?
B = J B(A) o ar
- a0

For a single line, B()\) lies between two extremes of function

shapey namely, the Gaussian profile:

- _ o Y2/ 2
B(M) = B. e AT N 7»01 Py B

M

or the Dispersion profile:

B(M\) = . By,

2 /02
1"'!*(7"'7‘0) /M‘B

where lo is the line centre wavelength,
For the derivation of Liry's formulay the source was assumed to be

monochromatic, such that:

B(M = B 8 (A=-2)

where: oG

\f&()\) d\ = 1

- 80



and:
5(}\,):0 fOI‘?\.;éO

and B represents I° in that proof (Appendix 4A),

b) The Etalon Function: E(\ -~ xdi)

The etalon receives from the source a bundle of rays whose
brightnéss B is independent of their angle of incidence, It transmits
them with a transmission E which varies with wavelength (or frequency);
angle of incidence and with the separation d of the etalon plates,

For rays arriving at incident angle iy the etalon whose separation

is d, is a filter, which if its bandwidth were zeroy would transmit only

radiation of wavelength ldi' Then the wavelength Kdi is described as
that which is associated by the etalon, with the incidence i and

separation d, and hdi is given by:

nhdi = 2 pd cos i as before

In fact, the bandwidth being finite, the etalon transmits
radiations adjacent to kdi’ with a transmission E(\ - Kdi)' Then

the brightness leaving the etalon at incidence i, is:

-

B(» , Agy) = BOD E(L=20)

The function E is then dimensionless, and represents the transmission

of brightnessy it is the "Etalon Function",

This function is defined as the total brightness transmitted by an

etalon whose separation is d, at an angle of incidence i:

104
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gy = [ B0,

!

1

i} ]
uy B(A) E(A - xdi) d\ =B E

As d, and whence Kdi varies, T(Kdi) is a curve whose typical point
has for abscissa a wavelength kdi and for ordinate the brightness emerging
from the etalon in the direction i, If E(A\ - Xdi) were & Dirac function
S(A - Kai) . T(Rai) would become identical with B(lai).

For a perfect etalon, i,e, truly infinite plane parallel reflecting

surfaces, the etalon function E(X\ - kai)rbecomes the firy function, and:

A

A(N - ka.) =T 1
1 2
1+ 4 __  sin’ 4
(1 - R)2 2

where TA = Tz/(l - R)z, is the transmission coefficient,

Then if the source were monochromatic, such that:

B = B(h =)

the brightness transmitted by the etalon T(Kai) would be:
Tg) =B A0 = Ay,)

and the half-intensity width of this function would be just that of the

Airy function, which is:

A?\A = Z\v—?. ™ 1 -R
2d xR
= A'Al N 1l -R
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This half—inténsity width is a function only of the free spectral
range Al and the reflectivity R of the etalon plates, thus a constant

R’ the reflectlon finesse of the etalon, can be defined such that:

AXA = 531 N
NR
thens:
Nh = =vR

1 ~-R

However, in reality the etalon plates are curved, their surfaces are
not perfectly smooth and they are not parallel., The result is that the
etalon is the\juxtaposition of an infinite number of elementary etalons
of different separations and so of variable associated wavelengths,

The assembly of elementary etalons of separations in the range
d + x to d + x + dx, which can be associated with wavelengths in the

range Kdi + At to Kdi + A' + dA!'y has an area dS given as:

ds = D(AT) dnt ,

where D{A') is the "surface defects function",

This assembly of etalons transmits radiation R, with a brightness:

B(?, Ayy) = BV Al - (hgg + A ]
and with intensity:

dr(h yhy ) = B(A, Ay;) o dS

=B A[A- (O, +2)] D) an
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Therefore the total intensity transmitted by the etalon of nominal
separation d, at angle of incidence i, is:
. | 12
= - - A7 ' 1
I, Ag;) = BV J AL =2g) -] D(A) ar

11 and 12 being the two extreme values of kdi + AL,

The mean brightness is therefore:

- ~

B, hgg) = T, Byy)
S

where S is the total area of the etalon,

Then the etalon function E(\ ~ kdi) is:

E(\ - xdi)

i

=

f al v-ny)) - Al p(ar) an

*
= AD

S

The total brightness T(Kdi) of this imperfect, but realistic

etalon becones:
20y = [ ) B - 2 @

= _18‘! B"‘)f AL =2g) - M] DOM) ant . ax




N.By S is the total arca of the etalon plates, thus:

>

S =fds = j D(ar) ant

M

d) The Surface Defects function:

- e e G W G M G W e W ee W e e

As before,y any deviation of the surfaces of etalon plates from
perfect flatness and parallelism, results in the etalon being, in
effect, the juxtaposition of a large number of elementary etalons
each with different separation; d, Then the assembly of elementary
etalons with separations in the range d + x to d + x + dx; which
are associatedAwith wavelengths in the range kdi + A' to )

Kdi + A + dA', has an arca:

as = D(A') ant ,

and D(A\') is the surface defects function,

The defect of etalon plates from perfect flatness and parallelism
falls into three categories, curvature; random irregularities, lack of
parallelism, As the curvatures considered are always small;-they can
be approximated to spherical curvaturey and at the same time, the random
irregularities can be essumed to follow a Gaussian distribution,

Since also the value of Xdi + A' depends only on the sepafation d + X,
and does not discern which of the two etalon plates causes the defect x,
it is permissible to consider that the etalon consists of one perfect
plate and one imperfect plate, In this way; formulae can be derived

for D(A\'} for each of the three major surface defects, i,e, spherical

108



curvature, random irregularities, snd lack of parallelism,

i) Spherical curvature Dl(k')

If the radius of curvature is r:
dS = 2% »r dx

Lrea of a sphericzal zone

S=2rr xl

where x. is the sagitta,

1
t
ant = ldi dx
d
Therefore Dl(l') = ds .

ant

= S d = constant
X Mg

(Figure 2,3)

Therefore the surface defect function Dl(k') caused by sphericel

curvature is & rectangulsr function, and is zero for all wavelengths

outside the range:

M= oha Tt Mg _’il_
a 2
to:
A= M Y M

%
2
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The width of the function Dl(K') in terms of wavelength is:

By

it
>

. x
1 di 1

*1
Mai
Then if X, is expressed ass
X, = A i
™
AKDI = Ahl « 2
i

Thus a finesse NDl can be defined such that:

e
2
then:
A = A\
7\Dl 31
NDl

Y

ii) Surface Irregularities nz(xl), [Figure 2‘43

Since the irregularities have been assumed to be random, i.e. to

follow a Gaussian distribution:

110
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2 2
DZOU) = dS/d\! = e-l‘blnz'.)" /AN Dy

where AN,  is the half-intensity width of DZ(N). Since \' is related
2 .
to the defect x4 by:

At = X 4 A

2 -

and the half intensity width in terms of x, is:

Ox =

7
*
&
o
N

But for a Gaussian function:
52 . Ax
8 1n 2

whence?

o Ay V8 1n 2 /72

2 s

d

= M. LV2in2 32

mdi

Then ifﬂrﬁz is expressed as:
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X - Kdi L
)
2 n
2
Therefore a second finesse ND can be defined so that:
2

AJDZ = All

ands

NDZ = n

"

o
.
\J

iii) Lack of parallelism . DB(X') {Figure 2.5}
If the two etalon plates are not parallel as indicated, let the
diameter of the plates be a and the meximum linear displacement from

parallelism be x_,

3

Then the area @S at x is?

s = 2 (a2 - V2 4

P'ID

but:

NID’
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therefore! )
as = a2 (a1 -4x2)Y%ax.
X 2
3 x 3
and: ‘
an? = dx . Z\.gi- : A "X?\-dl
d d
therefore:
D_(\)= as
3 a
- 22a (1 -nnZ® V2
A..X 2 2
di’3 S ai¥ 3

Wﬁence the surface defects function caused by lack of parallelism

is a parabolic function, which is zero for wavelengths outside the

range:
xl £ A £ )2
where: '
2d
and:
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The half=intensity width of the function D_, is:

3

A =J3 & . x

", LS
di

so that if Xy is expressed ass

3 i
s
Mpy = M. VB

1n

3

and a third constant of finesse ND3 can be defined such that:

then:

In practice the surfece defedts function 6f an etalon will consist
of a combination of the three separate effects considered here, resulting
in an overall surface defects function D(A!')., The shapes of the functions
Dl, Dé and D3 are respectively rectangular; gaussian, and paraboli¢;
all of which can reasonably be approximated to rectangular function of
the same half-intensity widths, At the same time NDl is usually much

less than ND2 and N s the result being that the function D{AY)

D3
is close to a rectangular function and the surface defects finesse ND

is close to N_ ,
Dy



115

In the limit that the reflectivity of the etalon plates _
approaches unity, i,e, NR approaches infinity, the etalon function E(\ - xdi)

becomes:
D(N - xdi)

Then the finesse of the etalon N_, which is defined by the relation:
AXE = All
NE
where A%E is the half intensity width of the etalon function, reaches

its maximum values

NE = ND

-

whence the custom of referring to ND as the limiting finesse of the
etalon, Experimentally this means that starting with etalon plates
which are only flat to Mn, the finesse N_ cannot exceed n/2,

E
For NR # a@ , the etalon finesse is obtained from the convolution:

E

|1

*®
A D/S

such that:

NE = NR 18 N

However, to a first approximations

2

B

2 2
1/N_° = 1/NR » 1/ND )

which is exact if ND is a rectangulsr function {as is the case for

spherical curvature, ND = ND )
1
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e) The Scanninpg fSystem Function F:

The etalon is followed by a scanning system designed to record
the curve T, In principie the scanning system should scparate each
successive wavelepgth mdi; in order to determine the corresponding
intensity ST(Kai), and should have a transmission of unity at that
wavelength and zero at all others, Such a2 scanning system is approached
in practise by selecting a single angle of incidence iF with an
annular diaphragm or more often with a small circular aperture (iF = 0)
placed centrally in the focal plane of the camera lens of the etalon
system (Figure 2,2); then scanning is achieved by varying the
separation d. To carr& out a perfect scan of T, the scanning aperture
should be infinitely small but then the energy received by the scanning
system would be zero, Thus the scanning aperture must accept a certain
angular breadth AiF; corresponding to a wavelength intervel AXF. The
exploratory system is then characterised by a function F equal to
one for angles of incidence within AiF about iF and to zero for all

other incidences, The function F is clearly a rectangular function,

the width of which is AKF about ka i

b
Since:
nhdi = 2pd cos i .
dei = Olcos i)
hdi cos i

while the element of solid angle subtended within the scanning aperture
is 0w = 2n &(cos i}, Therefore at i = iy = 0y this element of solid

angle is equivalent to an element of wavelength Gxdi given by:
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Sw = 2% &,
di
A
where:
nla = nld,o = 2pd
Also at iF = Oy the scanning function F can be written as:
F(?\di-'}\.d) =1 for ‘)\.d-A?\Fg 7‘.di“’ 7\d+ A.}}"
2 2

and zero otherwise, The total solid angle subtended by the scanning

aperture is:

A“?:ZKA)‘F
-Alternativeiy:
. Y
kF . “ﬁ 2%
2
=p7\d
8r>

where p is the diameter of the scanning aperture and F is the focal
length of the camera lens L2 (Figure 2,6), It is convenient to

express the width of the scanning function as a finesse NF’ where:



although unlike all previous finesses, NF iz a function of both Akl

and Kd.

{} The Recorded Function Y3

This is the final form of the function B, after its passage

through the entire spectrometer., The recording system produces

deviations proportional to the fluxes of radiation received by a photo

cell placed immediately behind the scanning aperture, This recorded
function is characterised by the function Y, giving the variation of
the flux received by the phcto=cz2ll, with the variation of the wave-

length kd "seen" by the recording system for i_ = 0, The function Y

F
is therefore a curve on which the typical point has as abscissa a
wavelength Kd’ and as ordinate the flux conveyed in the solid angle
accepted by the scanning system, whose mean wavelength is associated
with Ka.

The intensity passing through the ctalon and the scanning
aperture is:

I(Kdi, ka) = 8 F(kdi - Rd) . T(kdi) '

and the flux received by the photocell is:

\
YO) = j IOy, 1hy) @w.
¥
Pat By
2 -
= s f T(hy,) Flgy = Ny @y,
d
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=288 L, TF
kd
Therefore:
L N N R
Y(A.) = 28 o BADF
d o——
7\'d

Ve can now define the overall "instrument function" H(A = Kd)

such that:
L I
HA~-2A)= 2x ADF
d ——
Kd

. *
Then the recorded function is Y(Kd) = B H,

When using the F-P spectrometer, we first determine

experimentally the instrument function by recording on the spectrometer

the profile of a2 line which is effectively monochromatic, then

B(A) v 8(N - Ko) and Y(la)fv'ﬂ(ko - kd). In practice one adjusts
the spectrometer separation d, so that the free spectral range Akl
is large compared with the half-width AKB of a convenient source,
Because the shape of.E(K - xdi) is independent of d, and F(?\.di - kd)
varies in a known simple way with d, this is a valid method of
determining the shape of H,

On the other hand, if the half-width of H, A\, (the instrument
width) is small compared with AAgs then H(\ - ld)’“ S(n - kd) and
Y(kd)'x’B(kd). Under these conditions, since nkd = 2pd it is
readily seen that for constant n, as the separation d is varied, the
abscissa %d changes and Y recordé the source function B,

For a given value of d, the equation:

n')\d = 2'ud

is satisfied by many values of hd corresponding to successive integers n,



the difference between these wavelengths being the free spectral
ronge All. To avoid complications arising from different values of
n, we restrict ourselves to a single value for any given value of d,
by arranging that the wavelength'interval received ffom the source

( v ZAKB) is less than All. As d changes“by 1/2; the spectrometer
scans the wavelength interval All about Xd, then further change

of d, now for the next value of n (i,e, n * 1) repeats the scan of
Akl, and s0. on,

As Axl = li and N/2<< dy for a few successive scans pf the
free spectral %gnge we can put d equal to its average value do’
then the variation of do allows us to change the free spectral range
at will,

To repeat; if AlIm(< A}B < Akl (i,e, if the finesse N is
reasonably large) then Y(Kd)‘”u B(Xd), and successive scans of B(})
are obtained every time d changes by A2, The rate at which the scan
occurs depends on the rate of change of d; i.e, for a given n;
a0) o ala) .

at at

In fact; it is customary to make d(d) = constant, so that the
linear time base of the recordlng system becomes the linear wave=-
length scale, then furthermore the distance on the record between
successive maxima of the recorded profile is equivalent to the free

spectral range All, whence the wavelength scale is readily determined,

ql An Approx1mate Consideration cf the Effect of Finesse cn the

is:
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Then a source width AAB will be recorded as AKM where AKM is the half-
intensity width of the recorded function Y, and regardless of the
shapes of both source and instrument functions, the following
approximations can be made,

First the least effect, the instrument function can have on the

recorded function is zero, then:
A}B = A)M

This is approximately so for gaussian functions, when:

By = BN, {1 -1/2 (a)? }
(Eh,) 2

e
]
”

fﬁ_I_<<1

By

ferondly, the worst effect, the instrument function can have, is that:

m\B =AM-A7»I .

which is the case for dispersion, triangular, and rectangular functions,
again assuming:
-

By

In the absence of any Jetailed knowlédge of the function shapes, it
can only be assumed that the source width AKB lies somewhere between

these two limits and the mean value must be taken,
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Therefore:
AZB = ARM - Akl + Akl s
2N 2N

and the most accurate measure of AKB is given when AlM/Akl,is made as
large as possible. The maximum value of AZM/AKI is limited by the
requirement that successive orders of the interference pattern must not

overlap so that in generzl:

A’M $ m“1 !

and:

A'}h=A7\M(1-%I_ _+

2=

This approximate consideration shows that even in the absence of any
knowledge of the shapes of the source and instrument functions, half-

intensity widths of spectral lines can be determined to an accuracy of

+ 100/N % .

of course; if one analyses the instrument function experimentally and
can argue from theoretical grounds that the source function should have
a certain shape, then line widths can be determined more accurately
(cf, Peacock et al; 1964) by doing the reguired convolutionsj at the
same time if the continuum intensity is low, some degree of overlap of

interference orders can be tolerated,

h) The Transmission Coefficient of the Etalon'

-— e — S o e Gm et e e e e e mEm wun e e Gwe e e e —

An etalon is said to have a transmission coefficient 1 given by:
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where Yﬁ is the peak flux recorded on the photo~detector and ?, is

the flux that would reach the detector if the etalon were removed, i.e,.

?, = §°SA‘L‘

To determine 7 and its dependence on the various functions relating to
~the etalon, we consider the transmission of flux through the successive
parts of the etalon system (Chabbal, 1953),

First the transmission coefficient of the scanning aperture is

defined as:

F
T o= /e
where:
(pl = TM 8 £I1‘.,
and once mores + EZE
Y =  ox8 2{\ T(A) ax .
M T
(s}

(Kb is the line centre wavelength so that YM = Y()b)c)

The flux ¢1 is that which would be collected if the whole of the
scanning aperture "saw!" the actual line centre intensity transmitted
by the etalon,

Therefore:



T(A) an

A)F e Ty

%
i S B

"The value of TM is given by:

f\
T, = T('ho) = , B(\) E(\ - 7\0) an -

and the flux per unit solid angle at maximum intensity leaving the
etalon is S T, whercas the corresponding flux without the dispersion

M
of the etalon would be:

9 = BBy .S

whence a transmission coefficient TB can be defined such that:

B ‘
T = STM = TM

?, B.E

This transmission oocefficient asrises simply because the source is
not monochromatic,

EM is the peak value of the function E, i,e, the transmission of the

etalon at the line centre:

1 J ACN = %) DOV an
g o]

But the flux per unit solic¢ angle from a monochromatic source geing

through a perfect etalon would be:

P35 = By oAy oS
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compared with the flux of BM‘* Eﬁ -

Therefore a third transmission coefficient TE due to the surface

defects in the etalon can be defined:

E
o= By

n
[

{ A=) D(V) ar
S . AM WJ
Lostly, AM‘ the peak of the Airy function, is as before TA.

Therefore the transmission coefficient T of the whole system ist

A E B F
T = T T T T

and the flux received by the detector is B 7 S. Lw.

Chabbal (1953) deals in great detail with the transmission coefficients,
deriving curves for the variation of TB, TE and TF with the ratios
A%B/AKE, AXE/AXL and ARF/A%T respectively, where AXT is ﬁhe half-
intensity width of the function T(kéi).

Of the transmission coefficients, we are particularly interested
in TE; for if during the{repetative scanning of a given constant line
profile; the defects of the etalon surfaces should be caused to vary
then the variation‘will.appear as a variation of TE. Whence the
peak intensity YM of the recorded profile will change, Figure 2.7;
which is taken from Chabbal (1953) shows the variation of‘TE with
NR/ND; for the two cases D{A) a Gaussian and a rectangu;ar function,

Clearly if N decreases during the repetative scan, ND/ND will

increase and TE decreases; YM which is directly proportional to T



126

must also decrease, This means that if one can measure ND at some
particular point in the scan, its variation can readily be followed

through the variation of TE.

To a first approximation, the transmission coefficient of the

etalon is:

BE
~J
T NE/NR
where NE is again the etalon finesse, and:
wn 2 o2 s o
=& R w

Therefore NFTE is a maximum when NR = N_ o then TE = 0,73 furthermore
¢Eexceeds 8;% of its maximum value if N;/z < N}2 < ZND' There is
‘little point in making NR‘very large since increasing oneEof these
with réspect to the other, outside this range decreases ¢ without
appreciably altering NE' 4l1so vhen NEA“NE’ mF ~ 0,8,

In fact, Chabbal's conclusion is that the optimum condition for
the use of an F-P etalon; with regard to light gathering capacity

and resclution, is thot:

NR ~ ND r NF

Then the overall finesse N, given by:

- A
N=N, @ NBN,

-

whichy tince we Leve srrroximatelys

2 ‘2 2 2
LAV
1/N l/NR + 1/ND + 1/1\1F

N ~0,6 ND



3

127

LIMITS OF THE SCANNING FABRY-PEROT INTERFEROMETER

In Chapter 2, we have ccnsidered the physical optics of the F-P
etalon (i.e. with fixed separation) and the F-P spectrometer (i,e, the
scanning etalon), and shown that the profile of a spectral line can
be derived from the recorded function provided certain properties
of the etalon are known, Clearly as the recorded function Y(Xd) is
also a function Y(t); the F-P spectrometer is not just an apparatus
for obtaining spectral line profiles from steady sources, but can be
used to follow the variation of a line profile with time, In this
Chapter we shall consider various limits on the use and resolution of
the F=P spectrometer, which arise when the time taken to scan 2 line
profile once, is reduced, in order to scan the line profile in the
minimum possible time, Clearly with any apparatus designed to record
the profiles of spectral lines emitted by time varying sources; the
time taken to scan the line profile once; must be less than the time

teken for the emission of the source to change appreciably,

3«1l The Resolution Time Atl

In connection with a F-P spectrometery the resolution time is
conveniently described as the time required to scan the free spectral
range, Akl. Then if as in the spectrometer described here, scanning

is achieved by the variation of 4d:

vhere v is the velocity of the moving etalon plate, One uses this

definition of resolution time, because this is the time reduired to
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scan a line profile once, and we are interested in recording complete

line profiles rather than part of that profile,

3.2 The Minimum Resolvable Time AtRes

This time interval is defined as the time required to scan the
minimum resolvable wavelength change, i.e, the time required to scan
A)»l/N .

Therefore:
At = A

Res Eﬂ;

Resolvable

3¢e3 The Theorctical MinimumATime Ot .
- nin

Though in practice the minimum resolvable time is usually sef by
some practical 1imit; such as in this casey the breaking strain of the
moving system; there is a theoretical minimum resoluticn time, This limit
is set by the time taken for a wavefront to pass through the F-F etalon,
forming a2 large number {ideally infinite) of transmitted wavefronts
which interfere to produce the Haidingef fringe pattern, The question
immediately arises, how many transmitted wavefronts approximate to an
infinite series, In Appendix B, it is shown that I(n); derived from
the sum of n successive transmitted wave amplitudes; approaches I(00)

to within 1% if the number n of tronsmitted wavefronts exceeds 2N The

RR
minimum resolveable time Atmin’ is therefore defined as the time taken

for a wavefront to make ANR transits of the etalon separation, i,e,:



Atmin = 4NRd
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For visible radiation, K"’SOOOAO, a free spectral range of Aklru 1A6, and

a finesse N, ~/ 30:
R -9
Atmin ~ 0,5 . 10 s5eC,

Clearly for all F-P spectrometers:

AtRe.‘.’. 7 Atmin

or there will be no fringe pattern,

Therefore:

8Nh d

Longhurst (1957), comparing the resolving powers of the F-P

etalon and the diffraction groting, finds:

P(grating) = Nm

where N is the total number of rulings on the grating and m is the order

of interference; and:

P(etalon) = Nn

where N is the finesse and n is the order of interference,
analogy the effective number of secondary wavefronts required to set up

the interfcerence pattern for an etalon is N, compared with the above

By direct

figure of 2N, The reason Loﬁghurst finds less transmitted rays necessary
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to form the interference pattern is that he considers successive
transmitted rays to have the same amplitude, as indeed they have for a
diffraction grating; in fact the amplitude of successive rays
decreases whence e greater number are reguired,

The separation of the etalon plates at any time t; ige

a(t) = a + *®

where do is the separation at t = 0, if for the time being we assume
& uniform velocity v Then if ¥ is such that the distance travelled
by the moving plate in Atmin’ is less than the distance corresponding

to the minimum detectable wavelength change, i.e,:
vht L & WaN
ory as before:

AtRes)§ Atmin

the recorded function Y(t) is a function only of the instantaneous
separation d(t), whence:
Y(t) - Y(A,)

as in Section 2,2(f).

3. The Resolution Time of the Recording System AtRec ¢

The function Y(Kd) is the output of a photocell or photomultiplier
and may be recorded on either a chart recorder or an oscilloscope,

depending on the time scale involved, In either case,y if a
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. : :
"square wave''light signal were presented to the photo detector, the

recorded signal would not rise infinitely quickly: The resolution time
or rise time of the recording system, AtRec’ is the time taken for
the recorded sighal to reach (1 - 1/e) of its finzl value,
In order thet none of the resolution cbtained in the
spectrometer be lost in the recording systém:

AtRec

AtRes

W

i.e,¢

Atl Vs NAtRec

3«5 Fringe Distortion caused by the Velocity of the Moving Plate

Due to the Doppler effect, the change of wavelength of light

reflected normally from a mirramoving with velocity v, is:

A c

Therefore for the ZN th reflected beam (9’ where n = ZNR, Appendix B)
On = 4N v/c A, and 1f this is less than the minimum resclvable
wavelength interval AM /N, the decrease in finesse will be smalls
i1.0,0

All ;> LN, v/c A

N

A "square wave" light signal is one in which the 1ntens;ty rises
from zero to its full value in zero time,
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or:

ves A

SNR d

This, however, is the same criterion as that arrived at in Section 3.3
for At > Ot . 4 whence distortion due to the Doppler effect causes
Res - min

no further limitation to the use of the F~F spectrometer,

3.6 Luminosity

We shall now consider the overall light gathering capacity or
luminosity of a scanning F-F interfercmeter and compare this with the
luminosity of grating or pristy instruments, which have the same
resolving power, This compariéon is particularly important for the
recording of spectral line profiles in the emission of short=lived
sources for there is a limited number of ways of recording line profiles
in times of the order of one microsecond, First let us note that the
normal types of photoelectric recording spectrometers in which either
(i) the photo detector is moved across the image plane of a spectro-
graph, or (ii) by rotation of the prism or grating, the image plane
is moved past the detector, have not been made to scan even narrow
line profiles in such short times, Therefore we are left with the photo
electric recording monochromator, the photographic recording spectrograph
with a fast shutter, or the time resolved spectrograph which again )
has photographic recording, ‘In the near future, 2 further instrument
will become available; that is; the‘combination of a low dispersion
monochromator, an F-P ctalon (fimed separation), and a scanned image
intensifier; this instrument will almost certainly surpass its rivals

in terms of resolution of time, space, and wavelength,
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The photoelectric recording monochromator in its normal form, i.e,
with a single exit slit and one detector suffers a major disadvantage
in that it records the temporal variation of intensity at only one point
on the line profile for each shot of a transient source, Therefore
té build up a2 complete line profile involves recording over many shots;
each of which gust be identical; This technique has been used with
great success in recording hydrogen and helium line profiles in the
emission of plasmas produced in electromagnetically driven shock tubes
(Berg et al, 1962; Elton et al, 1962).

A modification to the photoelectric recording monochromator
{Breton et al; 1961) which allows the simultaneous recording of up to
ten separate wavelength intervols within a line profile; is
unfortunately very limited in the line widths it canaxcept., The limit
arises because the line profile, at o dispersion fixed by the
monochromator, is imaged on to a fibre optic bundle; which is divided
into layers each selecting a separate wavelength interval, If the
line width is much less than or much more than the fibre optic bundle;
difficulties arise, |

Spectrographs with fast shutters and time-resolved spectrograpﬁs
(Gabriel, 19603 also Curzon and Greig, 1961) which achieve time
resclution by sweeping a horizontal slit image up the vertical entrance
slit of a spectrograph, using a rotating mirror; have the same
luminosity, Their overall sensitivity is less than that of the F-P
spectrometer by a factor of apprdximately 1Olt for the difference
between photographic and photoelectric recording; and approximately
100 for the difference in luminosity of a prism or grating Spectrometer;
and a F-P etalon, i.e, such instruments are about'106 times less

sensitive than a F-P spectrometer,



For the determinaticn of the luminosities of prism, grating,

and F-P spectrometers, we refer to the work of Jacquinot (1954).

each case the actual flux passing through the spectrcmeter at a line

centre, is:

£=Y, == B s, Agt

where, as before, T is the transmission coefficient 'Section 2,2(f)),

B is the source brightness (Section 2,2(a), S is the area of

cross~section of the beam of light passing through the speétrometer

(Section 2,2(c), and Auﬁ is the solid angle subtended by the scanning

system (Section 2,2(e)), First Jacquinot shows that:

£(prism)

n
o
-
S |

#(grating)

forbany prism spectrometer in comparison with the Littrow mounted
grating spectrometer, Best use can be made of the '"blaze" of the
grating if the Littrow mounting is used,

Then he shows that when comparing the F-P etalon to the same

grating spectrometer, for the same resolution:

30  BF-P) < 4o

é(grating). |

depending on the angular slit height of the latter, In the derivation

of both these formulae, the area S has been tzken to be the same for

all three instruments,
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When using a monochromator to obtzin 2 line profile, it is necessary

that this monochromator is able to fill the F~P solid angle, or the
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above. gains are not realised,

3.7 The Photon Noise Limitation

In principle the scamning finesse can be made infinitely lerge
simply by reducing the scanning aperture to a very small hole, However;
the flux reaching the photo detector is proportional to the solid
angle subtended by the scanning aperture; and the brightness of the
source:

YM=¢'1-3-"S'A‘F 1
so that in the limit that the scanning finesse goes to infinity the
recorded signal would become zero (Section 2.2(e) and 2,2(f)), ;
Furthermore; as the emission of electrons from a photocathode is a
statistical process there is always a statistical fluctuation cn the
number of electrons emitted in a given time, The significant time
intervgl in this case is the resclution timg AtRec of the recording
system, i,e, the photomultiplier, amplifier, and oscilloscope, for
high scanning rates; as before:

Bigge € B4 N )

N 2Nv

Then if Zihoto electifons are emitted in the time AtRec:

Z = i At

where is is the current at the photocathode, and e the electron charge,

The signel to noise ratio S is given by:
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S=f2 = i At

s Rec
e

For a simple triangular recorded function (Figure 3,1) Jthe effect
of a signal to noise ratio S is readily scen as an error in the
determination of the half~intensity breadth, If A?»r is the true
half-intensity breadth of the recorded function then the measured

value will be:

M‘M n A?xt (1 + 1/28)

To make this error small compared with the error due to the finesse
of the spectrometer:

s > N
ors

is At'Rec ) N
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THE F-P SPECTROMETER WITH PIEZO-ELECTRIC DRIVE (I)

Preceeding Chapters have shown how it is theoretically possible
to record the profiles of spectral lines using a scanning F-P
spectrometery and have noted that the first F-P spectrometer
(Jacquiro t and Dufour, 1948) relied on pressure scanning., Since 1948
many systems have been developed to procduce scanning F-P
interferometers; in which scanning is achicved by varying the separation
of the etalon plates, Most of these systems were reported at the
International Conference on Interferometry (Int, Conf, 1958) which was
held at Bellevue; Paris, in 1957, under the auspices of the C,N.R,S,

At this time the emphasis was on the production of F-P spectrometers
with very high finesse aﬂd large aperture; little or no attention
was pald to the time teken to scan a line profile nor to the rate at
which the action could be repeated, The development of a
"mechanically driven" oscillating F-P spectrometer (Tolansky and
Bradley; 1959; Bradley; 1961 and 1962) made it possible to scan a
free spectral range in 100 psecs, which at a finesse of 25, meant that
the minimum resclvable time was 4 psecs, This oscillating F-P
spectrometer; though fast enough to be useful in many plasma physics
experiments; was still not fagt enough for the particular experiments
envisaged by the present authérs, namely, the investigation of spectrall
line profiles emitted by the plasmas produced in fast pinch
expefiments. These plasmas were expected to have maximum electron

18 -3

densities of around 107 cm ~ at the time of maximum compression,

but the electron density was cxpected to fall below 1017 cr:f-3 within
less then 1C pseos, Consequently a spectrometer was required which

would scan a line profile once in about 1 psec and would repeat this



action several times in successive microseconds; such an instrument

did not exist at that time (summer, 1961) but it was realised that the

oscillating F-P spectrometer would be just such an instrument if the
velocity of theAmoving plate could be increased a hundred—fold; i,e,.
if the velocity could be increesed to ~ 30 cms/sec and the amplitude
of oscillation could be maintained at somc tens of wavelengths,

It was then realised that these velocities and amplitudes of
oscillation could be attained with piezo-electric ceramics based on
barium titanate,

Consider a rectangular slab of barium titanate (Figure 4,1)
("Casonic" Grade 3, Plessey Company (U,X,) Limited),

Take length 2 in the y—directiOn., breadth b in the x-direction,
and thickness z in the z-direction, and let us assume that the
direction of polarization is along the z-axis,

Then if a static electric field 'V is applied parallel to the .

z~axis, the extensions 8% and 8z are:

¢ =4 V end 8z =4d, V ,
[ L z B 2

where the d coefficients are the piezo-electric constants,

Typicallyy for ceramic material:

a,. =0,k a__, ™ 3,5, 10"6 cm/kV

31 33

while the breakdown strength of this meterial is:

~ 30 kV/cm
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The velocity of sound in berium titanate is:
Cs’\'k,s x 105vcm/sec

Therefore the resonant frequency fr of the lengthwise resonant mode of

oscllliation is:

]
.
(e}

S
——

2¢

If now the applied voltage V is made to oscillate so that:

\'s Vv sin 2r £t )
(o] r

the piece of ceramic will cscillate in its lengthwise resonant mode
(Figure 4,2)., At a distance x, from the mid-plane of the slab, the

amplitude of oscillation y is:

sin X sin 2w fr t

£l

Y =VY°

.

and because there is resonance (series resonance) we gain a factor of
Q on the static disﬁlacement; ie€,2
Y m Qe X a LV
° 2 31 _;9
‘where Q is the quality of both the mechanical and electrical resonance,
Typically Q > 100 since the eramic is resonsting in air,
Furthermore at x =52/2; the velocity for zero displacement; i.e. at

y = 0, is: '
v = Qy)
wx T @)y-o

arf . . Yo

n
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For a typicai ceramic slab er1g = 7.5 cm and z = 0,3 &My
fr ~} 30 Ke/s and for Vo =»100 volts and Q = 100; we have
Y, = 4,5 . 10-4 cm and Voax = 90 cm/sec, Therefore if the wave-
length of the spectral line *» be investigated is:
Av .6 . 107 cm
the line profile will be scanned in:

bt v 0.3 10'6 sec

as the moving etalon plate is passing through its eguilibrium position,
Since also the velocity of the moving plate which is sinusoidal, is

constant to + 5% at 0,95 of its maximum value vaax) over a period:

St 5, 10-6 sec

centred on the equilibrium positicn, it would appear that as many
as 16 successive profiles of the same line could be recorded on a
linear wavelength-time axis in this period, (Section 5,2 and 5,5),

Therefore if one con design an oscillating F=-P spectrometer
arcund a piezo-electric element which is driven at resonance, this
will be just the instrument required,

AY
Two separate designs for such a spectrometer came to mind,

1) Using a tube of Barium Titanate

Barium titanate ceramics are readily available in the form of
“tubes, with diameters up to 4 in and lengths up to 6 in. If now
one of a pair of F-P etalon plates were cemented to the end of a tube

of barium titanate (Figure 4,3) and if the tube were polarised radially,

140

having fired=-on silver electrodes on its inner and outer cylindrical sur-

faces, then the tube could be excited in iis lengthwise resonant mode

of oscillation (fr = CS/2€) by the application of a vcltage:

V=V sin2x £f_t
Q r
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between these two electrodes, Whereupon the etalon plate cemented to
the end of the tube could be made to move with the same amplitude as the
tube, Furthermore since there is a node of vibration at the centre of
mass of the tube, the tube may be held at this point without restricting
its rescnant vibration, Therefore an interferometer was constructed,
with one of the etalon plates (the moving plate) cemented to the end

of a tube of ba?ium titanate ceramic which was clamped at its mid~

point in a fixed mount; while the other etalon plate (the fixed plate)
was held in an adjustable mount (Cooper and Greig; 1962),

in this way, the etalon plates could be aligned plane parallel;
while a further sliding adjustment allowed the static separation d°
to be altered, Figure 4,4 is a schematic diagram of thé first
interferometer; the important dimensions were that the etalon plates
were 1 in diameter and were flat over this to a little better than
A10 at A = 5461 Ao; while the barium titanate tube was 3 in long by
1 in outside diameter and 3/4 in inside diameter,

The alternating voltage V was applied to the barium titanate tube
via two very flexible leads (in fact two pieces of very fine copper
screening) and it was found that sufficient amplitude to demomstrate the
pPrinciple of the device could be obtained directly from an Advance J8.
audio-freguency signal generztor, Preliminary investigations were
carried out by scanning the profile of the sodium Deline doublet in
the emission from a DB,C, Sodium vapour lamp., The scdium lamp was
chosen as a trial source for the following reasons: a) it was very
convenient to use, b) the known separation of the doublet (6 A°) formed
a "built-in" wavelength calibration; and c) it was anticipated that line
widths up to about 6 A° would be encountered in the emission from the
dense plasmas to be investigated later, ’

With this first spectrometer an overall finesse of 5 was obtained
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when the free spectral range was scanned in 3.5 psec and this required
a power.éf 0,01 watis at the tube, This compares very favourably with
results obtained by Koloshmikov. (Koloshnikov et al, 1961) who

scanned a free spectral range in sbout 50 usec, Furthermore increasing
the input power to 1 watt, reduced the scanning time (Atl) to 0,5 Psec;

a limit determined by shot noise in the photomultiplier,

2) Using a Disc of Barium Titanate

The second spectrometer design used the barium titanate ceramic in
the form of a disc, these alsc being readily available, This was a
reflection F=P spectrometer with the fixed etalon plate held once again
in an adjustable mount, and the other cemented to the centre of a disc
of ceramic (Figure 4&.5) which was itself held around its circumference;
at its mid~-plane,

For a disc of barium titanate of thickness z (~J 1 cm) and
polarised parallel to the z-direction, we have:

£, = CS/Zz ~ 225 Kc/s

Again for V_rv 100 volts and Q™ 100, the amplitude (yo) of vibration
is equivalent to abcut a wavelength of visible radiation,

Furthermore, an etalon plate atiached to the disc scans through the
diSplacément once every half-period, i.e, once every 2 fsecs, Therefore
a F=P spectrometer built on this design would be useful for scanning the
profiles of spectral lines in less thon 1 psec,

One disadvantage of this spectrometier arises because it is by nature
a reflection F-P etalony for reflection fringes are dark fringes on a
bright background sc that the photon~noisc on the signal is proportional
to the background rather than to the signal itself, To remove this
photon-noise it is necessary to reverse the fringe pattern and this
can be achieved by combining the F-P spectrometer with a Michelson

]

LN
[N
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interfercmeter (Figure 4,6) or by the use of "clarified layers",
(Shkliarevskii and Avdeenko, 1959)

| Llthough this combinntion system (Figure 4,6) was tried with
a fixed etalon and proved successful; no further effort was put into
the exploitation of this system because of the success and simpler
design of the previous one, _

One advantage of this type of system is that the effect

equivalent to dynamic bowing (Section 5.5) is considerably reduced
and so spectrometers with much larger apertures could possibly be

produced,
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THEORETICAL LIMITS OF THE F-P SPECTROMETER WITH PIEZO-ELECTRIC DRIVE

Following the successful early experiments described in Section k.1
and the decision to proceed with a more elaborate spectrometer on that
design, various thecretical approximations were considered to determine
the probable limits to both time resclution and finesse which might be
achieved with this spectrometery and the dependence of these limits
on its dimensions., One part of the system which we found impossible
to consider theoretically; was the feasibility of using a F«P
etalon with one of the etalon plates cemented to a ceramic tube which
was clamped only in a rubber ring (Figure 5,1). A# there is a node of
vibration at the centre of the tube; mounting in a rubber 'C' ring
should give an effectively "free" suspensioﬁ with minimum reaction
between the ceramic and its supports, Whether or not this suspension
would enable the etalcn plates to be meintained plane-parallel to;
better than /50, as required, could only be determined by constructing
the spectrometer and actually trying it,

All other parts of the system could be considered theoretically
and the formulae produced could be expected to be accurate to within
a small factor, Figure 5.2 shows the dimensions of the ceramic tube-
etalon plate assembly and Table 5,1 lists the relevant parameters of

both barium titanate and fuséd silica.
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PROPERTIZS OF B/RIUM TITANATE CER/MIC (Casonic, Grade 3)
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Velocity of sound . CS'NI Lo,6 . 105 cm/sec
Density p A~ 545 grms/cm3
Specific heat Cv ", 0,6
Poissons Ratio &~ 0.3
Youngs lModulus E v 1,1 o 1012 dyne:s/cm2
Breaking stress : 'Gb. ~L9 . 108 dynes/cm2
Breéking strain 7b ro k5 . 10—[* ]
Piezo~electric constents d31 PR R 633 3.5 o 10 0 cm/kV
R.M.S. depolarizing field E ~3,5 kV/em
Blectro mechanical coupling factor k31 Ay 20%
Relative dielectric constant K~ 103
Linear Coefficient of Thermal -6
expansion “l ~/ Te¢3 o+ 10

Gy ™ k5 e 107

with respect to the direction of polarizetion

Dielectric constont e=K.K = L1 . 107

(X, = 1/9.10™1)
PROPERTIES COF FUSED SILICA
Density Py v 2,6 grms/cm3
Poissons Ratio 6'1 rt 0,17 1 .
Youngs Modulus E1 o Te3 « 1077 dynes/cm
Linear €oefficient of Thermal 6

expansion ' @) 0.2 x 10
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5.1 The Equivalent Circuit of a Piezo~electric Resonator

When a piezo-electric body is energised at high frequencies; it is
convenient to consider its performance from the point of view of a
circuit element. For this purpose the equivalent circuit in Figure 5.3
is often used, ("Piezo-electric Ceramics", The Plessey Company (U.K.)
Limited) Co rgpresents the normal capacitance as measured for the
element at low, non-rescnant frequencies, C. has such a value that on

1
energising the circuit with voltage V the energy cstored machanically is:

2

1/2 ¢, V = 1/2 Liz)

1

L is defined in such a way with Cl, ag to account for the frequency
of mechanical resonance of the system in the particular mode concerned,
and R represents the losses in the system, ‘

The electro-mechanical coupling of the system can be defined by:

k = {;Electrical energy converted to mechanicel enerqull/2
Applied electrical energy ' /
. 2 2
iees k7 = 1/2 c.v = c; N
2 2
i/2 cV + 1/2 c,v C,*C, C,

Cl/Co is known as the "capacitance ratioc" and k as the "electrow
mechanical coupling factor", For barium titanate ceramic, k A,0.,2,

Therefore, for tube dimensions as in Figure 5,2%

3

clm‘ 1.2 . 10 PF

ands
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The equivalent circuit has two conditions ofresonancej a series
resonant condition (resonsnce) when the L, Cl; R branch resonates and
gives an impedance low compared with that of Co’ and a parallel
rescnant condition (anti-resonance) when the L, Cl’ R branch is
inductive and tunes with Co to give a high impedance., The impedance Z

at any frequency is given by:

R +jlvr - 1)
L‘wCl

and a typical variation of Z with'#f is given in Figure 5.4,

The two resonant conditions are strictly those in which the
impedances of the circuit are purely resistive, but to a close
approximation the conditions of meximum and minimum impedance can be
taken,

Therefore at resonance (series):

L - 1 ~ 0
r . ————

uzrcl
whence$
tﬁiz = 1
1C
1
and:
z &’/ R (R<<__1 )
wic
o)
and at enti-rescnance (parallel):
'.,‘“aL - 1 f\ vl 1
wC éad C
al a a
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whence:
w 2 = W 2 (1 + c.)
a r 1
C
o
= 14} 2 (1 + kz)
and$
Z 1 (WC R <xX1)
a > 2 o
L) °C "R
r o
: . : . 2
From this we can determine k  as:
2 2 2
k = W -‘ﬂ}
2
b“r
therefore:
kznu 2 dwi
Lﬂ}
where:
S = W W and it is assumed that:
» 2 ”
W oS Lu 1-e0 k -\.< 1
a r

Furthermore the quality of the resonancey both mechanical and electrical,

is by definition:
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= wl . = _1
qn R WC R

Once again for the barium titanate tube, (Figure 5.2):

L
- : qll .
with QM 100 and fr ant 1,5 , 10 ¢/s
therefore:
R ~ 1001,
L™~ ,09H,
and:

Za ~N1L25 , 103.0,,

Since Q is defined as Q = WL , and aboveg»gfdbur, Q is the same

R R - .
at resonance and anti=-resonance, Alternatively Q can be defined as:

Q= 2n Energy Stored (1/2 Li%)

Power dissipated per cycle

and the energy stored per unit volume is 1/2f;2E where E is the Youngs
Modulus for barium titanate ceramic and q is the strain, Therefore
for a given power dissipated in the ceramic, the strain W:must be the
same whether at resonance or anti-resonance, Of course this implies
that at anti-resonance the displacement is not just Q times the static
disblacement for voltage V across the ceramic, Simple theory gives a
displacement (proportional to the current in the R branch of the
equivalent circuit) to be l/k2 times the static displacement at anti-

rescnance,
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52 Time Resolution

The resolution time of a F-P spectrometer (Sectidn 3.1) is the

time required to scan the free spectral range Akl, whence:

At = A

where v is the velocity of the moving etalon plate, For an
oscillating F-P spectrometer, the displacement of the moving etalon

plate is (Section 4,1):

Yy = Y, sin x , 8in Zﬁ‘fr t

Then the velocity at which the moving plate travels as it passes through

its equilibrium positiony iss

Qy)

™ . o
260, x=¥/2

v
. mnax

i

2n £ . Y,

and the resolution time of the spectrometer becomes:

At 1 = ?\ 1]
éﬂfryo
ors At = 7‘.&

Zﬂcs.yo
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The maximum strain, % = 3y/0x, on the ceramic tube occurs at the time

of maximum acceleration and at the mid=plane of the tube, it is:

This maximum strain cannot exceed the breaking strain Ny, of the ceramic

material, thus the minimum resolution time is:

Atl(min) = A
2C Y
s'b
and is independent of the resonant frequency of the vibrating system,
For wavelengths in the visible region and barium titanate ceramic

(Table 5.1):
Atl(min) ~J 0,1 psec

though with more recent mixed titanate-zirconate ceramics this may be
teduced by a factor of 3 or 4, As the minimum time resolution is
independent of the frequency of oscillation, it is an advantage (Sectioﬁ
5.3 and 5.5) to use the lowest frequency available, At the moment the
longest tube available has length,e.; (Figure 5.2); corresponding to a
lengthwise resonant frequéncy of f_ n15 kc/s,

If we assume that the spectrometer is only practically useful during
the time that the linear time-axis on the recorded signal; is also the

linear wevelength axis, then the maximum useful resclution time is:

Atl(max) oy 10 psec,
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as during this time the sinusoidal velocity of the moving plate does not
fall below 0,9 of its maximum value; i,e, it is constant to within
+ 5% at 0,95 of its meximum value,

Thus it is seen that the proposed piezo~electrically driven F~P
spectrogefer should be practically useful in recording the profiles of
spectral lines ateffective exposure times varying from O,l1 psec to
10 psecs,

In assuming that the minimum resolution time is limited by the
breaking strain of the system we have assumed i) that the voltage
necessary to achieve this strain is not so large that the ceramic would
beccme depolarized; and ii) that the power dissipated in the system in
the time taken to build up oscillations to such an amplitude; is not
so large that thermal effects (Section 5,4) would become important,

i) For the system, the amplitude of oscillation is (Section 4,1) at

resonance (series):

if the applied voltage is: V = Vo sin 2% fr t.

Barium titanate ceramics become depolarized in an alternating field, if

the R, M,S, voltage V is such that:

> 3.5 .« kV/em

o<
[}
<

Ze

Therefore if the ceramic tube is to break before it depolarizes:
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T yo(max).) N

1

ors
otz. Q dg) ‘é)h’b

Thus for barium titanate (Table 5,1) the tube will break before
" depolarizing provided:
Q > 16,5
and since the Q of resonance is typically é} 100, the tube can be

expected to break,

ii) At resonance the electrical energy supplied to the resonator

just compensates for losses due to internal friction, etc, These losses
ceuse local heating which is a maximumlat the centre of mass of the

tube Qhere the strain is greatesty this heat on being conducted along the
tube will cause distortion of the etalon plate attached to the tube
(Section 5,4), Since the power dissipated at resonance is V%/BR, the

. R < R .
mean rise in temperature AT C for time At is:

vZ At =C M AT
v

———

2R

where M is the mass and Cv is the specific heat of the ceramic, The
build-up of stored energy in a resonant system being driven at
resonance is:

v, =W (1 - o2, /R
where Wo is the steady-~stoate stored energy. Therefore the approximate

time taken for the system to reach dynamic eguilibrium is:



1654

t = Q/'itfr

Substituting this value of t, in the above equation gives the rise
in temperature during the time taken to recch dynamic equilibrium,
This rise will be a maximum when the tube is driven at maximum power,

i.e, wvhen:

<
it

o 2 e
ﬂQ.dBl

Then substitutingy M = p.ﬂa@.e

Q

1]

2 . 2
lA*JCo R.k (since C,v k Co)

and:s

Co' = e.af

be

where g is the dielectric constant of barium titanate ceramic,

we have:
2.2 . ' . -
AT = %b k° e (independent of Q and dimensions)
3 2
o .pcvd31
or:
AT = 0,007°C in time t = Q/mf,

100 t V2,1 , 10 sec

For the barium titanate tube in Figure 5,2 and Q
and as a rise in temperature of up to 1% is abceptable (Section 5¢4),
thermal effects are not the limiting factor for times as long as 100t,

even at maximum power,
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53 Attaching the etalon plate to the barium titanate tube

For the proposed spectrometer to work satisfactorily considerable
care must be taken in attaching the moving etalon plate to the end of
the ceramic tube, In fact, three Separate recuirements must be
sotisfied, ;

1) To ensure that the "would-be" moving etalon plate does in fact follow
the movement of the end of the ceramic tube as it oscillates back and
forth, the etalon plate mustbbe "rigidly" attached to the tube, Rigidly,
in this éense meaning that however the two parts are held together;

the jcin must be capable of transmitting stresses at the fregquency

of vibration of the tube, Because of the relatively high frequency of
vibration ( n15 kc/s); the etalon plate must be cemented to the end of
the tube; with a cement which sets hard enough to transmit the required
stresses (Figure 5,2),

2) The cement used must "set" sufficiently strain free to allow the
optically~worked surface of the etalon plate to retain its figure

(i.e, flat to N/50), , A

3) The join must be strong enough to withstand the nigh stress

produced at the extremes of vibration; when the spectrometer is used

at its minimum resclution time (Section 5.,2),

Requirements (1) and (2) are satisfied by many commonly used
glues, among them:

beeswax
a special glue used by Hilger and Watts Limited

*
optical araldite (C,I,B.,A, AR.L, Limited)

s

. -
Optical araldite must be allowed to cure slowly at room temperature if the

join is to be strain free at that room temperature,
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The maximum longitudinal stress G, at the join due to acceleration

2 ..
W Y e 1S-A

2.2
G=1m fr Py El v 2 o ¥,
e
A
which on substituting for the maximum value of ¥, (yov='}b . g}- Section
K

5
5,2) and £ = Cs/th becomes:
2
G=17 Cs Pl -e-]:.a.lb
ltz e

2 and e, are respectively the density and thickness (Figure 5,2) of

1
the etalon plate, which is made of fused silica

~J
{Pl 2,65 and e1~0.6 mm}

For the barium titanate tube (£~v15 cm), this gives:

G = 10° 1bs/sq.in

which means that of the glues satisfying conditions(1l) and (2) ahove;
only optical araldite (or scme similar resin glue) meets the third
requirement, The breaking strength of optical araldite is '
epproximately 3000 1lbs/sq,.in,

Ls the stress G is inversely proprtional to the lengtrxg;
it is advantageous to use as long a tube as possible; i.e, &as low

frequency as possible,

5.4 The Effect of Thermal Expansion on Finesse

Because there is a significant difference between the coefficients of
thermal expansion of fused silica (al) and barium titanate (a); a
change in temperature will cause the etalon platey which is cemented to
the ceramic tubey to be strained and to bow, as the tube contracts or

expands radially., Suppose the ctalon-plate/ceramic tube system is strain
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free at temperature TOC, which for the sake of argument we shall call
fhe fflatness temperature! because at this temperature, the optically
worked surface of the etalon plate should reach its maximum flatness,
Then for a rise in temperature ATOC, the tube wculd expand a

distance & more than the plate in the radial direction; if both were

free (Figure 5.5(a), where:

& =2a AT (a ~a,)
2 .

Becgusge it is joined to the plate, stresses Vo and bending movenents Mo
exist (Figure 5,5(b)) and constrain both the plate and the tube, Assuming
that the system can be approximated to the case of a thin plate and a
thin walled tube, i,e.:

el<(( a

and: ‘ e €K a

we can refer directly to the work of Roark (1943).r§Roark} R.J.;
"Formulas for Stress and Strain", McGraw Hill, 1943, p.261, cases (10),
(11) and (12)}

Therefore if © is the change in slope at the discontinuity and Q;

is the radial displacement, for the ceramic tube:

Q@ = M - v
- -2 5
AD 2D\

er = MO - VO
2DA2 2003

where:?

>
e
PN
n
n
-
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and:
D = EEB
12(1 -g2)
Por the etalon plate:
6 = 6(1-1%'1)Moa
3
E1 el
& = a (1 -61) v,
2E1 E—
1

In both casesy, E and E. are the Youngs Moduli for barium titanate

1 )
and fused silica, respectively, and € and 51 are the Foissons Ratios,

barium titanate fused silica

Efn1,1 , 1012 dynes/cm2 ElfV Te3 1011 dynes/cm2
€ ~ 0,3 g~ 0.17
a = o v 75 1070 a, ~ 0.2 . 1076

Since the tube and the etalon plate are held together with an assumed

non~yielding cement, we can say, i) the outward displacement of the

plate plus the inward displacement of the tube, ecquals the free

displacement &, and, ii) the chsonge in slope for the tube must egual

*

therefore neglected;

N
- The €. of the plate caused by Mo is of 2nd order of‘s (r) ana is
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that for the platey i.e, we are r ssuming that the perturbations are

smally whence the superposition of perturbations is valid, therefore:

B = v - M + (1L =-6G.) av
Q [o] 1 o
ZDXS 2D')»2 2E1e1
ands
v - M = 6 -61) M a
D2 AD E o 3
11
whence:
. 3
£ = Mo(l - 61) ( B, e
3 i 2, -
El 91 2DA7(1 .1)

-+ A\ae 2 + 6a + 6(1 -¢ )az D Xz ]
1 {— 1 f
B e )

When the etalon plate is constrained (Figure 5.5(b))the curvature
of the optically worked surface can be described in terms of the

displacement 3} (r) from a flat plane:

S5() = -301 - €)1 (a® - urP)
3

2E1 el

(Roark, 1943) _
Substituting for Mo and at the same time for D and As
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- - ez 3 _ 1/ 1/2 2
5(:‘) = % [;_1. V3 (1 -€7°) a:l +{12(1 (2)} %5‘3 ey

(1 -61) e

+ 32 32 Y2 g - 6)) J5 ac? _’-1 e (a2 - 4r2)

f5(1 -3} VA B, =632 o -

1

and for the dimensions of this system:

S~ - g fae @)

Therefore if the s;jectrometer is operated at an eperture of 2r, where
2r £ a, the surface defect, x, csused by thermal expansion of the

ceramic tube, is:

x a8 - do

whence:

x VvV 2g (r/a)z

or, substituting forg §
‘ 2
x ™ a AT (o - a.l)(r/a)

The dependence on r2, means that this defect represents spherical
curveture, ‘

In the above equation for x, the relevant coefficient of thermal
expansion for barium titanatel, ‘a., is o (perpendicular to the direction

of polarization), whence substituting in the equation:
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x ~N12 per °C (A ~ 5461 A°)
for full aperture (r Anra/2) and:

x X M50 per %

for an aperture of 1 cmy i.e, rms 0,5 cm,

Thus so long as the temperature of the tube remains within + 1%
of the flatness temperaturey a surface defects finesse of 25 can be
realised, for a 1 cm aperture,

If instead of fused silica etalon plates, glass etalon plates are

used, this temperature limitation is almost entirely removed because:

o (glass) ~ a (barium titanate)

5.5 The Decrease of Cptical Resolution Caused by Dynamic Effects

In dynamic equilibrium the finesse of the system will be
limifed by bowing of the moving etalon plate vn@er the action of the
inertial force, which is caused by the accelerationnuzy; towards the
equilibrium position, This force will cause an increase in the
cdrvature of the etalon plate and whence a decrease in finesse,

As the moving etalon plate passes through its equilibrium position;
the optically worked surface must reach a flatness equal to its static
flatness; for at that time there is no inertial force acting and
damping proportional to the velocity {i.e, internal friction in the
plate and air resistance) is negligibly small,

If the displacement y, from the equilibrium position; is now

written as y(r), (Figure 5,6) then as before®

v(a/2) = ¥, sin 2n £t
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and the bowing of the moving etalon plate can be defined as:

B(r) = ylo) - y(xr) = x .
y(a/2) y(a/2)

where x is the surface defect from flatness over an aperture of 2r,

The displacement y(r) may first be deduced by ccnsidering the problem
of a thin disc driven into oscillation (R,V, Southwell, 1941, pp 240=-

241), The approximation to a thin disc, is valid, providing:

e
1< &

which is almost so (Figure 5,2 = e ~ a)
L

The equation of motion of a circulor disc, being driven at frequency

“‘I" is:
aZ - - e 2 E vlty = - W Zy
;——xz 1 1 r
t

12 p (1 - 6’12)

2 . .
where V in polar cocrdinates, is:

g2 =2 1 02 o+ 2
‘)rz r »r rz ‘392
If we put:
b 2 2,
K" = 12w " p (l-o"l) ’
2
B &

the steady state solution is:

y(r) = Yy (r) ei”rt
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where W(r) = AJ (Kr) +BY (Kr) + CI (kr) + DK (Kr)
(o} o ] (o]

Since both: Yo(Kr) -3 X7 ‘
and: K (Kr) —> ~
as: r >0,
B=D=0,
ands Y(@r) = A Jo(Kr) + C I (Kr)

To procead further we must invoke the boundery conditicns which are:

i) At r = a/2 s y(a/2) = ¢(a/2) eiwrt

ii) Because of the method of supporting the vibrating etalon plate, i,e,
cemented to the ceramic tubey there are restrictions on the slope of qb
at the edge of the disc, Two extremes of boundary condition ii) can be

considered:=~
a) If the ceramic tube is assumed infinitely rigid (Figure 5,7):

Ay = o at .r =a/2

Then:

y(r) =y(a/2) 10t ¢ Il(Ka/Z) J (Kr) + Jl(Ka/z) I_(kr) }
" 1, (Ka/2) J_(Ka/2) + J,(Ka/2) I_(Ka/2)

Resonance occurs when y <> 00(i,e. when the dempominator vanishes) that is for
K a/2 = 3,2

For the properties of Bessel functions see Jefferies and Jefferles,
Mathematical Physics, p.582,
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and the resonant frequency of the fused silica disc is:

2
fo=w, = (3.2)" 2 E e
2 - £.2
2n * a 12 p, 1 -¥,2)

Expanding $(r) for Kr smell, i,e, foru(r _,s LA

B(r) = Y(o) - W(r) = Kl* alk {(r/a)2 - g(r/a)z"'&%
¥ (a/2) 128

Therefore:

Blr) = 3x° £ (1-6.2) a* ((r/a)? - 2(r/a)* |
r Py 1 1

SRRV A AL LA

b) The effect of the ceramic tube may be assumed negligible, then the
disc becomes a free plate, for which boundary ccndition ii) is that the
stress couples should vanish at the edge of the discy then:

33y + & AW =0 at r = a/2

—— 1 amnw
32 r dr

Substituting in the steady state solution of the equation of motion:
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{Io(Ka/z) -1 -4 Il(Ka/z)}Jo(Kr) +{J°(Ka/2)a.
Ka/2

1

%
1 -6 Jl(Ka/z)j IO(Kr)
Ka/2

Y (r)=a/2)
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iIo(Ka/z.‘-— 1 -q I

(Ka/z);J (Ka/2)+5J (Ke/2) -
o] L o]
Ka/2 '

1

?
1 -6 Jl(Ka/z)E I_(Ka/2)
.E;;Z
and resonance occurs at Ka/2 = 2,23

giving a resonant frequency:

2
f, = (2.22) e 05 1
b (320 a

Expanding again for small Kr, (fr < fb/3)

Blr) = W0) =p(x) = K., (3+¢) [(/a)?-20+6) /a)* ]
(a/2) T +¢&,) 5 +&)
or:
Be) = 3% 5% 0, - 5 2 5 +6) [/ -2 as) (/g
B, el2 (1 +¢"1) (3 +51$

whichy on substituting, becomes:

Bir) w350 (£,/2)% (/)% - 3/ue/e)* ]
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Clearly in the practical case, the ceramic tube is neither
infinitely rigid, nor is its effect negligible, but the bowing will be
somewhere between these two extreme conditions,

Alternatively the inertial force acting on the moving etalon plate
may be considered instantanecously as a pressure acting uniformly over the
area of a discy which is supported about its circumference, Then stresses
and bending moments are produced (Figure 5.,7) and once more reference may
be made to Roark (Roark, 1943),

If G is the stress at the join between the tube and the platéxand w
is the instantaneous pressure on the plates

'na.eG’-:W.'Jnaz

whence:

Again if © is the change of slope at the discontinuity and & is the

radial distortion, for the ceramic tube:

& = M - v, -~  4Ga
2DNE oDAS 2E
and:
e=M - V \ (Roark, 1943, p, 261)
DA 2DN2

where V0 is the radial stress and Mo the bending moment at the join, and

for the etalon plate:

e ' = a(l -n,fl)vO

2E1 e1
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and:
ot =6(1-61) Moa - 3Wa3 (1-61)

3
1

3
E e 16 E e
(Roark, 1943, p. 190)

In tti H = t
putting er er

and: e = o
it is interesting to consider three separate conditions,
c) If the effect of the ®ramic tube were negligible:

Vo = MO =0 (Figure 5,8(2))

then the displacement of the optically-worked surface of the etalon

plate from a flat plane is just due to W and G, i.e,:

. 2 2 ‘
L ) = 3wl -6 (5 +€)) a2 vort - (3 +€) rz]
‘ 3
32 El e 8 (1 +€l) a2 (1 +€1)

(Roark, 1943, p.190)

The defect from flatness x, over an aperture 2r is:

x =:S(o) - :S(r)

therefore:

, 4 2 | 2 | L
x =3 Va(l =€ %) (3 +6.) ~(r/a)° = 2(1 +S) (r/2)*~
g a 1 [ 1 ]

3
E e (1 +6) (3 + %)
d) 1 "1 1 1

If the ceramic tube has a finite rigidity, as is the @se in practice,

the distortion of the etalon plate comprises two components:
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'5 ﬁggultant = SG(r) - \SI )

(o)

As in Section 5,43

Smér) = =3 _(1 - 61) M (az - lgrz)
3

2E1 el

whence$

[3Wa3(1 -{1) + 3D7\2 Walt(l -d’l)z -ﬂaz }
3 L

3 ” ) 16\ E1 e, 16 El e, 8Ee
2
3 2 2.2
Elel +7\ae1 + 62°DA" (1 -6;];)_ +.6i -i
2amZ(1 -q) By L

which for the barium titanate tube in Figure 5.2 becomes!

S kS;g) N 0,17 %?ZI {1 - W(r/a)? ]

if we approximate ans 2 cm., The variation with r/a is still correct,

Therefore:
S r ~ 0,41 Wa2 1-16 (r/a)2 + 16 (r/a)lt
Igegultant * —_— [ 3 5 J

Elel
and the surface defect from flatness is:

xwW2,2 Waz l‘: (r/a)2 - (r/a)hj ‘

£
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e) 1If the ceramic tube has infinite rigidity (Roark, 1943, p,189) then:

5 (r) = 3wa£*(1 -Klz) {1 -8 (r/a)2 + 16 (r/a)l*}

3
1

E
256, 1 e
and the surface defect from flatness is:

x = 3 va'1-€% [ a?-awm* ]
52

3
By e
The pressure W acting on the etalon plate at a displacement y(a/3)
is simply the force per unit area at that position due to the acceleration
Uuzy(a/z), therefore:
2 .2
W=pe £ yla/2)

Substituting for W in the various cases we have:
c)
B(r)

1]

J({ = 31;:2 frz pl(l - flz)a& (3 + 6"1) «
y{a/2) 8 'El elz (1 +-615

{:(r/a)z - 2(1 + 61) (r/a)4 :}
(3 ;gli

which, as it should be, is identical with that derived in case b),

a) ‘
B(r) = 2,2 4n2 frz Py a2 ‘[ﬁr/b)z - (r/a)u‘]
1
e)
B(r) = gﬂz £2p, =62 o [ (/a)?-20/a) ]
2
E e
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which is identical with case a),

The practical case d) can be rewritten as:

B(r) ~26 (fr/fa)z [(r/a)z - (r/a)I*]

B(r) ~ 26 (fr/fa)z (r/a)2 since r £ a/2

Although each term in this formula is dimensionless and the diameter
ay of the etalon plate features in the formula; it is only correct for
the particular dimensions of the present tube-etalon plate assembly, Also
since the formula is only strictly correct for a thin plate and a thin-

walled tube, i,e, ¢ v e, £ a/8, it is approximate even to this assembly,

It should be noticed thai the value obtained for B(r) is alweys

between the two limitivq casegy and heré is almost midway between them,
The most important results to be drawn from these calculations

are i) that the bowing of the moving etalon plate becomes extremely large

as fr** fa or fb whence the dimensions of the tube-etalon plate assembly

must be such that the rescnant frequency fr of the tube is much less than

“the resonant frequency fb of the etalon plate; ii) that the bowing is

proportional to the square of the resonant frequency fr of the ceranic

tube, whence this should be kept as low as possible, i.e, use the longest

ceramic tubes available,

For the fused silica etalon plate (Figure 5,2):
fa ~ 150 ke/s

therefore the defect from flatness for a displacement y(a/2) = + 2n, i,e,
4 fringes scanned either side of the equilibrium position, is x ~v %/8
(NDnn)k) for fall aperture, and x~ V50 (NDHJZB) for a 1 cm aperture,
Ag the amplituile y(a/2) increases, x increases and therefore N, decreases;

however subject to a loss of light ND increases as the aperture is
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decreased,

Previous pdragraphs ccnsider the bowing of the moving etalon
plate under inertial forces for cases in which the edges of the plate
are attached to the ceramic cylinder., If however the edges of the plate
(now of radius b/2) are extended beyond the ceramic cylinder (radius
a/2) an inertial ccuple tending to recduce the bowing is set up.

The bowing of a simply supported plate is sﬁown in the sequence
Figure 5.9(a) to 5.9(d) for increasing b/a, Minimum bow over the
aperture a is obtained for b/a vV 1,5 (as in Figure 5,9(c)) when the
bow at the centre is zero, i.e, y(o) = y(a/2), Under this condition

the bowing is a factor & ; 5 4-63. less than in Figure 5.9(&), in fact:

5y1 : 6y2 : 5y3 : By& 33 5 +-6i t 1 :1/4 s 1

é
1+ 1

and the bow is - 6y1 for b/a NJ1,8,

In the practical case (Case (d) above) the bowing of the plate is
found to be approximately half that for thg simply supported plate
(Case (b) above and Figure 5,9{(a)) so that it should be possible to

reduce this by a factor of about 8 by a suitable choice of b/ae

5.6 The Effect of Mass Loading the Ceramic Tube:

So far we have neglected any effect on the resonance of the ceramic
tube caused by mass loading the tube with themoving etalon platej the
purpose of this section is simply to justify this, The mass of the
barium titanate tube is:

M 156 grms
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vhereas that of the fused silica etalon plate ist

m~ 8,3 grms
whence?

n/M £.1/20

vhich is much less than unity, Therefore we are justified in saying
that whatever the effect of this mass loading; it will be small; and so
an approximate determination of its value will be sufficient,
At the join; és far as the tube is concerned, it '"sees'" the load
as an extra length of tube of mass m (cf, Kinsler and Frey, De73) e
Therefore the effective extra length of tube ist
AN B, ¢
M
band the node at the centre of the tube is shifted by an amount A€/2
towards the load, i.,e. the node remains at the centre of mass, Also the

frequency of resonance fr becones:.

f Veyf = AfF
r ) of ) of

where:
by = M-t
£ T M 20

As before, without mass loading:

and the amblitude of oscillation is Yor With mass loading:?

sin ix ., . sin wc_t

y=yY
o) : 17 S
0+A( ’+A-~Lﬂ1

15
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and the amplitude of oscillation of the etalon plate is that

corresponding to x = !: - Af
2

" which is:

gy,

7 -2

"67 YA
~ Y gl‘_ -2-2 %2}

Therefore the resolution time of the spectrometer becomes:

<
o]
]
fode
=
niA
N

+11

Atl (with loading) a7 Atl (without) . { 1+ Ez §Q§22
1 M

2

.d’

~J Atl (1 + 1 )
- 8o

iesc., the change iz of the order 1%, which is quite negligible,

5.7 Other Effects

The major problem remaining is that due to lack of parallelism
of movement, and the resulting decrease in ND.

The lack of parallelism caused by modes of oscillation othen
then the lengthwise mode (i.e, transverse mode) will be negligible
owing to the small emplitudes of these modes; for by using a tube of
suitable dimensions these other modes have frequencies removed
from that of the lengthwise mode, However, that due to inhomogencities
of the barium titanate and twisting due to reaction on the suspension
(i,e. the '6' ring suspension which ought to be "free") is difficult to

estimate and one must have recourse to experimental tests,
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THE FABRY-PEROT SPECTRCMETZER WITH PIEZO-ELECTRIC DRIVE (II)

Preliminary experiments in Section 4,1 have shown that with a
crude spectrometer mount n piezo-electrically driven F-P spectrometer
can be produced which has an instrumental finesse of 5; while the
theoretical considerations of Chapter 5 suggest that there is no
cbvious reason why the spectrémeter should not achieve a finesse of
about 25, So it was decided to proceed with the construction of a
spectrometer designed to realise an overall instrumental finesse of
about 25, The ceramic tube-etalon plate assembly chosen (Figure 5,2)
was based on a 6 inch long tube of barium titanate (Plessey Company
Limited) and a pair of F-P etalon plates selected as flat to better
than A/50 at A5461 A°, (B 306 or B 308, Hilger and Watts Limifed)*
This was the longest ceramic tube commercially available, and from
the previocus calculations, if used in conjunétion with these etalon
plates, which were approximately 26 mm in diameter and 6 mm thick,
should achieve the desired finesse over an aperture of about 1 cm,

To get experiments underway quickly, it was decided nct to design
a spectrometer mount from scratch but to modify an oscillating F-P
spectrometer designed by Dr, D,J, Bradley of Imperial College, This
spectrometer was originally similar to that described by Bradley and
Tolansky (1959) and Bradley (1962).

Ve are grateful to Mr, H,W, Yates of Hilger and Watts Limited
for his cooperation znd assistance in obtaining a satisfactory tubee
etalon plate assembly,
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6,1 The first Piezo-electric Spectrometer

The spectrometer is shown in the photograph (Figure 6.1),

It consists of a heavy metal U-shaped base (D s on which two stainless
steel rods {2) and (5)'(1 inch ground stock) are clamped to form a
kinematic slide, O©On the slide, are two stands @ and @., which can be
clamped rigidly to the slide when adjusted to a convenient separation,
Three phosphor bronze screws @ are tapped through the vertical section
of each stand and locate with the point, planev, and slot markings on the
tilt-plates @ and . These screws are threaded at 40 T,P,I, and
are f)laced at 1200 to each otherﬂ, to produce a normal three-point
suspension, The two tilt-plates are each held on to the three

screws @ by three springs @ « This three-point suspension forms
the "rough! adjustment., with which the two etalon plates can be aligned
plane-parallel to about /10 or 3/20,

A plate @ attached to tilt-plate @ has a tubular extension
which passes back through the tilt-plate and through a large clearance
aperture in stand @ . 4t the end of the tubular extension is the |
clamp (11) in which the barium titanate tube (@ is held, The barium
titanate tube passes with clearance through the tubular extension to
plate . ; the end of the tube with the moving etalon plate cemented to
ity cen be seen protruding through the plate @ The electrical
connections to the titanate tube can also be seen, at the opposite end
of the tube,

The plate 13} attached to tilt-plate @ is in fact the remains of

"]a previous "fine" adjustment which was unsuccessful, It remains in the

present design only because the three jaw chuck @ which holds the
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fixed etalon plate @ED attaches directly to it,

"Fine”" adjustment of the etalon plates to plane-parallelism
is achieved by tensioning the springs Ga on stand Cj o Tension is
applied to the springs by unscrewing the three nuts (ED o« Starting
with the springs under suitable tension it was found that this sort
of fine adjustment was quite convenient for aligning the etalon plates
to betterthan /50,

Several systems of fine adjustment for aligning the two etalon
plates to be plane~parallel to better than A/50 were triedj all of
them were more complicated than the spring tensioning system, and
much less effective,

This mount, though no more than a "cannibalisation" of Bradley's
spectrometer, did provide the movements which we required to test;
namely: '

a) the kinematic slide, which ennbled the etalon plates to be
separated by any distance less than abcut 2 cms

b) the "fine" adjustment desighed to align the etalon plates to be
plane-parallel to better than %/50; and to maintain this aligmnment over
a reasonable period of time, and

c) the F=P etalon, with one of the etalon plates cemented to a barium
titanate tubey which was itself clamped at its midplane in a rubber

'0' ring.

6,2 Experimental Results Obtained with the First Spectrometer

2)_ Thermal Bffects:
To study the effect of the variation of laboratory temperature
on the static flatness of the etalon plate attached to the barium

titanate tube, Fizeau fringes produced by placing the two etalon plates
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in contact were observed., Permanent records of these fringes were
obtained on Polarcid film, by mounting a ceramic tube-ctalon plate
assembly in the vertical position (Figure 6,2) with the second etalon
plate (fixed plate) resting on top, for which ﬁurpose a simple "Chemiw
frame!" stand was built,

Fizeau fringes are produced when the etalon plates are not quite in
contact, but are held apart, at a very small wedge angle, by minute
dust particles. With the above arrangement, they were observed in
radiation incident normal to the etalon plates,

If the two etalon plates were perfectly flat reflecting surfaces,
the Flzeau fringes produced would be equidistant stralght parallel
lines, however, due to the curvature of the etalon plates, the frlnges,
which are no more than contours of constant separation, are curved
(Figure 6.3). |

If for a fringe of length a (Figure 6,3(b)) the curvature is
characterised by displacement 8b, and fringe separation b, the defect

from flatness over an aperture a, is approximately given by:

x v 5b »
b

ol

The variation of the defect from flatness as a function of
temperature is shown in Figure 6.4, DMeasurements were made for a

constant aperture of 1,25 cms using the mercury green line X5461 A°

-e

the tube was of barium titenate and the etalon plotes of fused silica
(B 308, Hilger and Watts Limited), The theoretical variation (see 5.k)
for a similar tube-etzlon plate assembly with = flatness temperature of
18.5°C is also ahown, Since:

xnia AT (a - al) (r/a)2
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wvhere: amy 2.5 cms
o - a nTed o 2070
and: (r/a)~ 1/16
fors AV 5.5 . 1072 cms (5461 A°)
therefore: x v 0,02 A AT

Although the Fizeau fringe test shews quite clearly that the
flatness temperature of this particular tube-ctalon plate assembly
is about 18.500, and that the variation of the defect from flatness
is reasonably represented by the theg¢retical formula produced in
Section 5,44 it was not sensitive enough over the small aperture used,
to give an accurate measure of the static flatness of the etalon
plates at the flotness temperature. Subsequently (Section 6,2(b)) an
accurate measure of this flatness was obtained from the analysis of the
instrument function (Section 2,2) of thc spectrometer for the
particular point when the poving etalon plate is passing through its

equilibrium position,

b) Dynamic Effects:

From Section 5,5 we expect that the finesse of the F-P
spectrometer will vary with both the aperture used and the displacement
of the moving etalon plate from its equilibrium position, Furthermore,
as the moving plate passes through its equilibrium position, the
surface defects finesse of the spectrometer should reach its "static!
value as the inertizl forces become zero,

To measure the "static" surface defects finesse and observe
experimentally the variation of finesse caused by dynemic effects, it
was only necessary to observe the variation of the instrument function
of the spectrometer, A convenient source for this experiment is a

direct current sodium vapour lamp (Csram D,C. Sodium Lamp), which



179

has a line-width Alsé 0.1 2° (see Section 6,2(d) eana
provides a built-in wavelength calibration through the known separation
of the doublet of 6 Ao. The spectrometer was set to a free spectral
range All = 19 £° so that the source width became negligible; i.e,
(see Section 2.2):
B(\ - ko)mb(x - 7\0)

then with the scanning finesse set =t NFPJ 57y profiles were recorded
(Figure 6.5),

The reflecticn coatings of the etalon plates were measured as
R ~v 90%, T~8%, and A ~2%, for sodium D radiation ¢ vhich gave a

reflection finesse of NRl\fBO. Then using the approximate inequality:
2 2 ) 2 2 2 2
NY - N 2 NS /N - (/N 1/NT)

the surface defects finesse N_ was calculated for the point et which

Iy
the moving ctalon plate was passing through its equilibrium position, as:
ND=32_4;2

During the cxperiment the laboratory temperature remained constant at
18°C; and the etalon'aperture was stopped down to 1 cm,

Having determined the finesse of the gpectrometer at the eguilibrium
position; the variztion of finesse with'displacement of the moving plate
from this pdsition can be determined by observing the decrease of the
etalon transmission (Se-tion 2,2(h)),

The etalon transmission coefficient is:

TErd NE/NR

" silves '
These etalon plates were freshly coated with edumiidum, for vhich we
thank Dr, D,J, Bradley of Imperial College,
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where NE is the etalon finesse and:

2 2 2
1/NE P 1/NR + 1/ND

This coefficient is a sensitive function of ND

comparable (Bradley, 1962) so the cecrease in the value of Nﬁ as the

moving plate moves away from the equilibrium position, can be

s wvhen N_ and N,;7 are

determined by observing the decrease in TE, From the record presented

in Figure 6,5 the overall surface defects finesse falls from 32 to 20

for a displacement y(a/2) = 2\; whatever the shape of the surface defects
function at the equilibrium position, these figures are consistent

with a curvature caused by dynamic bowing such that:

V50 & 2§ VLo at y(a/2) = 2\

and for an etalon aperture of 1 cme

This figure is in good agreement with that predicted in Section

55

c¢) Experimental Techniques:

In the above experiment (Section 6,2(d)) certain experimental
techniques were developed which enabled the satisfactory use of this
spectrometer, ' »

First it was found that the average barium titanate tu?e resonating
in air achieved a G of resonance of about 300; therefore (Section 5.2) the
power required to drive the spectromcter even at maximum time resolution
was only about. 24 watts, Alsc when obscrving the emission of
continuously working D,C, sources, such as the D.C, sodium vapour lamp,
and working at "slow" scanning rates, i.e, scanning one free spectral
range every one or two microseconds, it was possible to run the

spectrometer continuously without any problem of overheating (Secticn 5,.4),
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This being the case, the electrical circuit wzs as shown {Figure 6,6)
with the recording oscilloscope (Tektronix 555) being triggered from
the voltage appearing across the ceramic tube,

Single exposures on the oscilloécope records (Figure 6,5) were
obtained by selecting "single shot" operation on the oscilloscope,

Because of the sensitivity of the F=P spectrometer to spurious
vibrations, it was found necessary to stend the spectrometer on an anti-
vibration table, A convenient and effective table (Figure 6.7) was
made from a few sheets of foam rubber, at negligible cost, The anti-
vibration table consisted of avwooden platform which straddled an
optical bench, then several layers of foam rubber (about 2-1/2 inches
thick in all) and on top of this a 1/2 inch thick mild steel plate; a
second similer plate with three adjustable legs stood dn the top, and
provided a small zdjustment in vertical positiocn ané tilt,

During the experiment it was found that the finol adjustment of
the etalon plates to plane-parallelism was best done with the
spectrometer running continuously. Then watching the repetitive
scanning of several fringes on the oscillcscope the fine adjustment
was moved until the fringes became most "spiky'" with the peak intensity
at the centre of the scan; this is maximum finesse (Figure 6,5).

There was some indication that the optimum alignment of the etalon
was in fact different for static and dynamic equilibria, This was
minimised by supporting the tube~etalon plate assembly as accurately
as possible at its centre of‘mass, and allowing it to "settle! by
running the spectrometer continuously for several minutes before
really tightening the '0! ring support clamp,

In this case an interference filter was used to isolate the
sodium D lines,

At one point during the experiments, it was found that the
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mechanical rigidity of the two electrical connections (wires) to

the ceramic tube, was influencing the parallelism of the vibration,
This in fact occurred shortly after a new tube-etalon plate assembly
had been installed, and it was fcund that the leads put on by the
manufacturers were not supple encugh, Furti:ermore they were soldered
to the respective electrédes at almost the same poinl on the
circumference of the tube, This fault was cured by using as leads.
very fine copper braid, normally used as coaxial screening.

Any residual effect of-the leads can be bslanced out; by
soldéring the leads to the electrodes at diametrically opposite positions
on the circumference, though this was not always necessary,.

If the scanning aperture is not accurately positioned at
the centre of the Haidinger fringe pattern produced by the etalon and
lens system, assymetric line profiles will be recorded (Bruce, 1954;
Thornton, 1954), In practice, by clamping both the collimating and
camera lenses, and the recording photcmultiplier to an optical bench;

no difficulty has arisen from this poinf.

d) Measurenent of the Half-intensity Widths of Sodium D lines:

— v e G We B W) e N MU SR e S e S e M e SR e e e S G e S e

Finally as an experimental test for the spectrometer and indeed as
a necessary measurement to back up previous calculations, the holfe-
inﬁensity widths of the J~lines emitted by the D,C, sodium vapour lamp
were measured, To obtain an accurate measure of these half—widths;
several spectrometer records were required, First with the free
spectral range Set at 19 A° the instrumental finesse was measured as
N~ 21 (cf, Figure 5,5), Then the etalon plates were moved apart until
the freec spectral range was Ehlfv'l.l Ao; the free spectral range
wzs determined by measuring the separationy d, of the etalon plates

with a microscope and a calibrated eyepiece, At this separation the
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half=intensity width of both D-lines was measured astlM'VO.OB A%,
Lastly, the separation of the etalon plates was increased to

Adrg 3,30 mmy 2 free spectral range of Allfsl 0,55 Ao, when the half=
intensity widths were again measured as AhMﬂmto.OS AO.

Using the formula (see 2.2(g)):

~ -
M ™ My = B x M

where Aks is the half~intensity width of the source, the most
accurate measure of the half-intensity width of each of the D-lines

was:

AN, = 0,07 + 0,01 A°

In these experiments the time taken to scan All was approximately
5 psec whereas the resolution time of the recording system wes
AtRec~' 0.2 psec, Therefore resolution was not limited by the recording
system (Section 3.4}, The photomultiplier used in the recording system
was an R,C.i, ¥P21,

To check this measure of the source width of the sodium vapour
lamp; emission from the same lamp was photographed using a 21 ft
grating spectrograph " on Ilford R4O photographic platej; the exposure
time required wes about 3 seconds, Although the instrumental width of

this spectrograph is 0,04 Ao, it was possible to estimate the half=-

* : ‘
For the use of the 21 ft grating spectrograph, we thank

Professor W.R.,S, Garton of Imperial College,
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intensity width of the D=lines as: .
A, ™ 0,065 + 0,015 &°

This simple experiment shows vividly the difference in luminosity
between a photoelectric recording F-P spectrometer and a photographic
recording grating spectrograph when the two instruments are required to

have the seme optical resolution,
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THE FABRY-PEROT SPECTROMETER WITH FIEZO~ELECTRIC DRIVE (I1I)

It has now been shown thet the rapid scanning F-P spectrométer is
not ohly theoretically possible but is quite definitely a practical
proposition, Therefore a new spectrometer mount was cdesigned
specifically for use as a piezo~elecirically driven F-P spectrometer.*
The first of these new spectrometers was built specially so that it could
be used on an experimental programme to record the prefiles of
hydrogen and helium lines emitted by transient plasmas., This work was
carried out in collaboration with Dr, N, J, Peacock * at the Ltomic
Weapons Research Establishment, Aldermaston, Berks, Subsequent
spectrometers have included several modificatiocns develcped during the
experiments described in Chapter 6; these experiments actually ran
concurrent with the work ot A,W,2.,%.y {ldermaston,

So that the spectrometer cculd be used ot maximum power and be
synchronised with the production ef a transient plasma; an electronic
control system was devised, This system is only useful for observing

the emission from plasma devices which can be triggered electrically,

. .
We are grateful to Dr, D.,J, Bradley of Imperial College, for his

agsistance in the design of this spectrcmeter mount,

E Dr, N,J, Peacock is now at the Culhem Laboratory, Abingdon, Berkshire,
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7.1 The Control System

The control system for the I'=P gpectrometer divides naturally
inté two separate sections; first there is the driving section which
provides power for the piezo~electric resonator, then there is the,
synchronising system which allows the recording oscilloscope and the
plasma source to be synchronised to the spectrometer,

Ag the maximum power required for the spectrometer is 2L watts
(Sections 5.2 and 6,2{(c)) at a freguency of 15 kc/s, a normal
audio frequency amplifier is a convenient driving source, We have
successfully used a Guad II power’amplifier {(Accustical Manufacturing
Company Limited) with a special high impedance (100s:) output transformer,
In most of the experiments, an Advance J-2 oscillator was used to
drive the power amplifier, thcugh we have alsoc used a Muirhead-Wigkn
Decade oscillator, Between the oscillator and the power amplifier
there is a "switch" (Figures 7.1 and 7.2) which was designed so that
power can be applied to the rescnator "cleanly"; i.,e, Without violent
transients,

To synchronise the spectrometer with electrically triggered events
is somewhat more difficikt; first it nust be realised that the
spectrometer is an oscillatory device which runs up to fill speed
a few milliseconds after power has becen supplied, It is very
similar, in this respect, to the rotating mirror type of framing
camera, but speeds up in milliseconds rether than seconds, Because of
this, both the recording oscilloscope and the plasme source must be
triggered from the spectrometer, Furthermore; due to thermal effects;
dynamic bowing and the requirement that the linear time base be also
the linear wavelength scale, the following conditions must be satisfied:e

i)} Observations must be made closze to the equilibrium position

(Sections 5,2, 5.5 and 6.2(b))
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ii) The spectrometer must be run intermittently
(Sections 5,4 and 6,2(a) and (c))

These conditions are satisfied if the following (Figure 7.,2)
electrical circuit is used,

In a preliminary experiment the oscillator must be tuned to
resonance, so that when the "switch" is closed, an alternating voltage of
the correct frequency is applied to the piezo-electric resonator via '
the power amplifier, The pulée forming unit produces a sharp pulse
each time this voltage passes through zero and the train of pulses is
fed into the counting unit, This unit allows the resonstor to bgcome
firmly established in its dynemic equilibrium (Section 5.2); but by
counting only 102k pulses, ensures that the temperature rise is very
small, At the end of the count, a multichannel delay unit is
triggered, which produces one output pulse for synchronising the
oscilloscope and another to fire the plasma source, The delays must
be set, so that the moving etalon plate is passing through its
equilibrium position at the time the discharge has reached the stage
to be investigated, In this way about 8 line profiles of maximum
finesse and minimum scanning time can be recorded on the oscilloscope,

The pulse forming unit (Figure 7.3) is designed to accept a
sinusoidal voltage variation from the piezo~electric resonator and to
give out a sharp negative pulse once every half-~cycle when the input
voltage goes through zero, The input signal goes first through a
variable attenuator to a single valve amplifier, Vl, so that the rest
of the circuit is independent of the actual voltage amplitude applied
to the piezo~electric tube, V2 is a carefully balanced phase splitting
valve, the two outputs from which are mixed in the double cathode

follower V. The‘output from V_ is therefore effectively a full-wave

3 3

rectification of the original sine wave (Figure 7.4),.
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~ The solid state diode Dl, lops the cutput from Vs, so that
the input to V4 is a series of small (w 5V) negative pips centred on

the zeros of the.input signal, Vk’ which is normally biassedeon,

therefore gives out positive pulses also centred on the zeros of

the input signal. These pulses are clipped and zmplified by V5;'

which is normally biassed-off, to give large (~/80V) negative pulses
virtually coincident with the zeros of the input sine-wave, The output
signal is taken through 2 standard White cathode follower, %; and Y%.

The output pulses from the pulse forming unit ore then negative
pulses of 80V amplitude with & rise«time of 0,2 psec and a jitter of
much less than 0,2 usec,

The counting unit (Figure 7,5) is fundamentally a standard binary
;ounting unit, consisting of a series of scale-of-two circuits, It is
designed to count the 80 volt negative pulses from the pulse forming
unit and to give a single positive output pulse of about L0 volts
amplitude, coincident with the 102L4th negative input pulse, The first
scale~of-two is more sensitive than the others because the 12AT 7has a
sho¥ter grid-base than a 12AU7; this is standard practice in counters
where the size of the input pulses cannot be guaranteed, It is most
likely unnecessary in this case, The remaining 9 scale-of-twos are
identiéal standard circuits,

The Output stage of the unit is a modified Scale~of-two circuit;
giving a single positive pulse out coincident with the first negative pulse
iuto it, The putput pulsé is then taken through a simple cathode
follower, This stage has been deliberately made single éhot, to
avoid rewrite on the oscilloscope, Before each exnosure the counting
unit must be returned to zero by depressing the "reset!" switchj

the neon indicator light comes on when the unit is ready.,
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702 Emission~line Profile Measurements in a Transient Plasma

Profiles of hydrogen and helium lines emitted by the plasma
produced in a critically damped Z-pinch, were studied using a scanning
F-P spectrometer (Peacock, Coopervand Greig, 196L). From the line
profiles, electron densities vire
determined throughout the life of the plasma. The purpose of the work
was threefold; first for the present authors, it presented a unique
opportunity to test the F-P spectrometer under just the experimental
conditions it was designed to meet, Second because of the multiplicity
of experimental techniques used to determine electron density in the
same plasma, these experiments gave a good indication of the accuracy
of the various techniques, Then there was the original purpose
of the experiment, which was to determine the physical conditions
existing within the plasmé produced in a critically damped Z-pinch and
its suitability as a pre-ionizing discharge for magnetic compression
experiments,

a) The Source Characteristics:

The critically damped Z<pinch was produced by the discharge of a
3pF capacitor bank between ring electrodes placed 180 cm apart in a tube
of diameter 9 cm, The pyrex tube was filled with hydrogen or helium
gas to a pressure of about O,ltcrr and the capacitor bank was charged
to a maximum of 30 KV, After initiation, the current through the
discharge rose to 25 K amps in about 4 pisec, The time to pinch was
about 3 psec and the electron density rose to approximately 1017 cm-s.
The system was almost critdcally damped,

Because of the interest in the discharge as a pre~ionizing dis=-

charge, the emphasis in the research has been on the decay of the

electron temperature and number density at relatively long times
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( 220 psec) after the initiation of the discharge, At these times

it is known from axial framing camera photographs that the plasma more or
less fills the discharge tube, Line profile measurements were made
viewing the discharge axially through one of the ring electrodes,

Electron temperatures in the helium plasma were determined from
the ratio of intensities of the lines He II A 4686 A° and He I A Lk71 A°,
In the calculation thermal equilibrium was assumed and electfon densities
calculated from the line profiles were used. The temperature reached
apﬁroximately 3.5 eV during the pinch and had fallen to 2,7 eV after 20 usec,

In the hydrogen plasma, electron temperatures were determined from
the ratio of intensities of the line HB and a portion of the Balmer
continuum (Griem, 1962), Again thermal equilibrium was assumed
(Mcﬁhirter, 1961), 1In this case, the temperature reached 3,5 eV
during the pinch, but had fallen to 1 eV after 20 psec. ‘

Only approximate values of the electron temperature are required
since over this range of temperatures, plasma microfield broadening is
almost independent of temperature, e.g. for 0,5 eV and 2,0 eV values of
n, differ by less than/7% from the value at 1,0 eV Sdmmaker and Wiese,
1962), Doppler broadening of the spectral lines, due to ion temperatures
assumed equal to the measured electron temperatures must be compared with
the observed line breadths to determine whether this effect ean be
neglected, _

For comparison, a time resolved spectrograph (Gabriel, 1960) was
used to record the spectrum of the discharge both in hydrogen and in
helium, In the afterglow the time resolution wos severely limited by
lack of light, For instence, when the light from fifty discharges in
hydrogen was superposed on the same photographic plate the time resolution
had to be reduced to 7 psec, On the other hand, the discharge in helium

was sufficiently luminous to allow a time resolution of 0,5 psec during
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the pinch, for a single shot spectrum, For the helium plasma,
photographic line profile measurements on the line Hs II A 4686 A°
16 =3

led to an electron density of about L x 10 e © at the pinch, Electron
densities determined for the hydrogen discharge are shown in Figure 7.10,
In both cases the absence of impurity lines suggested that the impurity

concentration was small,

b) The Spectrometer:

The actual spectrometer used in these experiments is shown as a cut-
away section in Figure 7.6,

As can be seen, the basic design has been retained (Figure 6,1)
in that there is still a kinematic slide consisting of two stainless
steel rods, with two vertical stands clamped to it, There is also a
spring loaded "rough!" adjustment on each stand and in this case a spring
loaded "fine" adjustment on the nearest stand., (This adjustment hes
since been modified). Cne difference was the use of a.3" long tube of
barium titanate (Plessey Company Limited) but the ctalon plates were
again fused silica plates (Hilger and Watts Limited - B 308) selected
as optically flat to M/50. (4 6 in, tube would have been better,)
. The interferometer was used in the normal optical system of
interferometey monochromater or interference filter, and photomultiplier;
a typical record is shown in Figure 7.7. When recording the profiles of
the HB line in the late afterglow; it was necessary to use an interference
filter and not the monochromator, to make full use of the high_
luminosity of the etalon ({Section 3.6); even so some noise was
observed on the recorded profiles (Figure 7.9). To zvoid saturation
effects in the photomultiplier when recording profiles in the afterglow;
the photomultiplier wss gated off during the period of intense radiation
from the pinch,

The contirol system used was exactly that described previously
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<

(Section 7.1) and optical aligmment of the spectrometer was accomplished
using a D,C, sodium vapour lamp (Section 6,2},

Even at the smallest free spectral range, the scamning finesse
was so large ( %5 100) that the instrument function was governed by the
reflection and surface defects finesses (Section 2), both of which are
independent of the free spectral range, Therefore the instrument function
was conveniently measured by setting the Spectrometer to a relatively
large free spectral range (" 20 A®) to which the linc emission from the
late afterglow was effectively monochromatic, In the late afterglow
(times » 100 psec) lines were broadened only by Doppler broadehing at
a temperature of azbout 1 eVy a line-width of approximately 0,35 4° for
HB. |

It was found that a reasonable approximation to the measured
instrument function (Figure 7.8) was given by the Voigt profile
d/b = 0,35 (Allen, 1963); while the finesse for these experiments was
9.5 + 0,5 and was entirely limited by the reflectivity of the silvered
etalon plates, The line-wdiths to be messured varied from 0,6 4° to
5 4°, |
(¢f., in hydrogen 2.10144£ n, é; 4.1015 cm-3; in helium ne’\"lo17 cm“3
and for all measurements the free spectral range was set at approximately

three times the line~width,)

c) Experimental Results?

Profiles of the H‘3 line were recorded well into the afterglow; 1.€4
at times up to 100 psec after the initiation of the discharge, To
czlculate the electron density ne; from the G;iem; Kolb and Shen Theory
(Griem, Kolb and Shen, 1962 and 1962 N,R,L, Report 5805), the following
self-consistent analysis was used, First the instrument function was

determined as a Voigt profile (d/b = 0,35) and the finesse as 9,5 * 0.5
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(Section 7.2(b)). Because the H, line has very broad wings
there was always overlap between adjacemt tine profiles and the
oscilloscope trace never fell to the zero intensity line, However,
the contribution from the continuum over the Bandwidth of the
interference filter used, was negligibly small compared with the line
intensity even in the wings; the oscilloscope base line was therefore
taken as the zero intensity line, Line widths were then measured from
the oscilloscope traces at various times in the afterglow; noise in
these traces giving an overall error of about i+ 5%,

Stark broadening theory, in botthuasi—static and impact
approximations, leads to a broadening of the components of the line
of approximately disﬁersion formy; a dispersion form for Hp was
therefore assumed. Line-widths could then be calculated from the
formula (Allen, 1963):

2] 1/2

B = {(dl + d2)2 + 2,80 9, J + (d1 + d2)

where dl and gl refer to the instrument function and vary with the free
spectral range, B is the recorded line-widthy and the source width
(width at half-itensity) is 2d,.

a third) of the free spectral range, this led to a constant final

Since B was a fixed fraction (about

error of about + 6% in the value of dz. ‘
To check the assumptions made for the use of the above equation,
a detailed calculation was made for one timq; namely 20 psec after the
initiation of the discharge. Uéing the Gtjegm,; Kclb and Shen Theory,
the calculated line width indicated an electron density of 2.7 . 1015 cm"3
at an electron temperature of 1 eV, Their theoretical profile for these

conditions was convoluted with the instrument profile to give a "recorded'
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profile (Figuré 7,8), The width of this profile was found to agree
within 1% with the actual récorded line width; which was thought to
be sufficient justification for the use of the above equation for B,

The calculated '"recorded" profile was then superimposed on the
oscilloscbpe racord for t = 20 usec making due allowance for the
overlap of line wings; this is shown in Figure 7.9.

Calculated electron demsities during the life of the plasma are
shown in Figure 7,10y in vhich allowance has been made for + 5% error
in the Griem, ¥olb and Shen Theory. For times greater than 70 psec
uncertainty in the Doppler broadening has led to larger errors,

Estimates of the self-absorption even at the higher temperatures
would lead to corrections of the recorded linewidth B; within the
+ 5% error of reading from the oscilloscope traces, (J. Cooper, 1963)

Measurements were only made on the helium discharge during the
pinch, i,e. when the electron density was a maximum. Typical
profiles of the line He II A L4686 A% are snown in Figure 23 as can
be seen the effective exposure time is 0,2 psec. The maximum line
width corresponded to an electron density of 5,6 , 1016 gm-B.

For comparisony electron densities were determined from
measurements of the refractive index of the plasma at 3,39 pm and 2 mm,
The 2 mm microwave interferometer (for which we thank
Mr, A,A, Newton of AW,R.E,) gave results for electron densities

~3

less than 1014 cm ~ and had a time resolution of about 0,1 psec,

The helium=~-neon laser interfecrometer (Ashby and Jephcott, 1963) working
at 3,39 pm gave results for electron densities greater than 1014 c:m—3
but with a time resolution of only 1 fisec. (For the use of this
instrument we thank Dr, J,M.,P, Quinn of A,W,R,E,) Electron densities
evaluated with these techniques are shown with the Fabry-Péfot results
in Figufe 7«103 the close agreement between the various results

(better than + 10%) is readily seen,
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7.3 The New F-P Spectrometer Mount

By the time all the experiments reported here had been
completed, many modifications had been made to the spectrometer mounts,
Finally a spectrometer was designed combining, we hope, all the
experience gained in these experiments, This spectrdmeter mount is

shown in Figures 7.114 7.12
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CONCLUSIONS

A rapid scanning F-P spectrometer suitable for recording the
profiles of the line spectrum emitted by a transient plasma, has been
designed, constructed and used, During the experiments, the instrument
was shown to be copable of an overall finesse N ~ 20 for an aperture of
1 cmy and a minimum resolution time of about 0,1 psecy this being the
minimum time required to scan one free spectral range,

The time resolution cen be varied from fractions of a microsecond
to 10 jisec, At a time resolution of 10 psec a line profile is
scanned once every 33 Psec, while at the fastest scanning rate some
eight line profiles of maximum finesse can be recorded in 1 psec,

The main dlsadvantmge of this instrument is that it can only be used
at scanning pa%es of less than 1 psec per free spectral range, with

plasma devices which can be triggered electrically or are continuous
working,

It is understood that the spectrometer mount will be available

in due course from Messrs, Hilger and Watts Limited,
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APPENDIX A

The Dexdyration of the 4Airy Formulat

I =1 Tz 1

(1 -r?2 1+ 4R sin® Y

Consider the multiple reflection of a ray of monochromatic light between
two infinite plane-parallel surfaces, AA' and BB', The incident ray (o)
has amplitude %’: (Vo elgﬂ(vt'- x/\)

where y end A are respectively the frequency and wavelengthy and its

(Figure A.l,)

: 2
int R . -
intensity is I } Y’o. . |
If the power reflection, transmission and absorption coefficients for the

two purfaces are respectively Ry T and A, such that:
Re«T+ A=1

then the amplitude reflection, transmission and ebsorption coefficients

are:
I‘:JR
=Jdr
a = JﬁA
respectively,

Referring to the point\D on BB', the reflected ray travels along
DEF while the transmitted ray travels DG, the points G and F lying on -
the same wavefront, Then the phase lag between the transmitted rays

@ and () is A and:

A =2 Pd cos i ,

b
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Therefore the amplitudes of successive transmitted rays resching some

arbitrary wavefront CC', are:

@ q)l =‘Po tz eizmv

-~

- 2 .2 i(zry T - A)
\%) Vz =LP°1" t e

L .2 i(2ry T ~ 24)
@ LVB .-_-qlo r t e
:n:f}-\‘:”l - ?o L2n #z ‘ei(Z'Jtv 7 =~ nh)

and the resultant amplitude (f)total is the algebraic sum of the

amplitudes of these transmitted rays, thus:

2 iomp g § -id L =2iA
= P con
q)total Wo t° e Z_1 +r e +1r e
2n =ind N
ese + I coe Jl

As n => % this sumation cf a G,P, becomes:

2 i2ny .T
e

Lytota_l = {‘Fo t

The intensity along CC!' is:

2 2 .k
I | =Y, t 1

'1 - rz e-iA‘z

=1 qtotal

Therefore:
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I= I T 1
1+ R2 - 2R cos A

I =1 T 1
2 .2
(1~R) 1 + 4R sin® A/2
(1-r)?

A is known as the Optical Retardation,

Maxima of the Ziry Formula occur when:

A = 2nw
i.e, when:
nh = 2 pd cos i
Thent
1= 1. 1 =1 (-_a)®
(1-R)2 1-R

- and this approaches Io as A approaches zero, ' Circular fringes are

observed because the angle i is symmetric about the optic axis,

At the minimum of intensity:
(2n + 1)x

>
]

and:

2
I (1) .
min o ‘—-1 R

as A«>» 0O and R -9 1, Imin-—? O.

)
1

For an etalon of fixed sepzration d, successive maxima of intensity for

increasing i correspond to n, n-1, n-2, etc,
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‘The change from one fringe maxime to the next, is given by a change

of (2 pd cos i) such that:

5 (2 Pd cos i) = N 4

i.e. corresponding to a change 6n = 1.

b

However, this change could equally be effected by o change in the

wavelength of the radiation, such that:

5(\) = A2

2 dp cos i

as stated in the text, this wavelength interval is termed the "Free

Spectral Range! Akla

1.8.°
2 2
All = A ~J 3;
2 pd cos i 2d

for p= 1 and cos 1 /1,
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APPENDIX B

The Theoretical Minimum Resolavable Time,

Again have two reflecting surfaces:

1=R+T+A
R=r
’.'I:'=‘t'.2
2
P - l
ifs Io = | Vo!
2
wl =Wot
Vz =‘¥0 r2 t2 e-lA
@ .2n 2 -ind
anxl "tor t e

where A = 2 Pd cos i which is the optical retardation,

If these are n reflections before the beam is lost

Lf’(n)

therefore:

]

=y

Wg tz 1 - an e-lnA

.1 =R e-1

| W(n) | 2

1

I(n)



202

. 2
- ﬂ) 2 té 1 - R® o ind
o
1 -R e-lA
= I 2, 1+ R® - 28" coser
1+ R2 - 2R cos A
= Io Tz N (1 - R“)2 + LR" sin2 nd/2

(1 - B)® + LR sin® A/2

ise. Adry's formula for a non-infinite number of reflections

and for n —3 o

160 =1 12 , 1
o]

(1 - R)2 + LR sin® A2

Can assume (1 - R™)? <> 1 for any reasonable n

Therefore:

I(n) = I_ ™, 1 + 4R sin® nA/2

(1 - R)2 + 4R sin® A/2
Therefore for:
b1 - 1(n) 155 0,01 , 169 i.e, 1%

at the half-intensity points ,
W sin® nA & 0,01
> N
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But !sin2

“IE

] < 1

Therefore considering worst case ofs

sinnd =1 = .
2

4" £ 0.01

Therefore:
n 1n R K 1n 1/400

But A P -2_73 = 1-R
ZNR ;R

where 8, is the retardation corresponding to the half-intensity points

of I(vD
and for R —> 1 Ac(;*}l-n

Therefore:

nin (1 - 4,) S 1n 1/400

Therefore:'
- n b, $-6,0
Therefore:
‘ nd 2 6,0
Therefore:
n 2{ 6.0 NR = ZNR
=

Therefore: n 2, 2N,  for I(n) within 1% of I®® at the half-intensity

points,
For A& =0 (or 2nr) I(n) = I(69



s N = 2N

Therefore to set up the fringe pattern with finesse N R

. R
reflected wavefronts are required,
Therefore distance travelled = 2nd = Qth

Therefore time required to set up fringe pattern:

At wn = [kNRd

[
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A complete treatment of this problem with a rigofous
solution is referred to in Born & Wolf 'Principles of Optics'
pege 345 for the similar case of the Lummer Gehicke
interferometer. The results are expressed graphically.

For a patticular example of a finesse of 20 the approximate
treatment requires 40 beamswhile the rigorous one gives 30

beams.
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Abstract. A scanning Fabry—Pérot interferometer has been used to record the
profiles of hydrogen and helium lines emitted by the plasma produced in a critically
damped Z pinch. Individual line profiles were recorded in less than one micro-
second while many profiles of the same line were recorded in successive time
intervals during the course of a single discharge.

Broadening of the lines was caused mainly by plasma microfields and so inter-
pretation according to Stark broadening theory has led directly to the electron
density. Results obtained with the Fabry-Pérot interferometer have been com-
pared with those obtained with other diagnostic techniques over the range
10 < ne < 107 cm~3,

1. Introduction

Investigation of the spectral characteristics of the light emitted by transient plasmas
is perhaps the ideal diagnostic technique, inasmuch as it is guaranteed to have no effect
upon the subsequent behaviour of the plasma and yet gives information about the con-
ditions within it.- In particular the shape of emission lines yields information on the ion
temperature (Doppler broadening), the electron number density (Stark broadening), or
the magnetic field (Zeeman effect). In current research, transient plasmas often have
lifetimes or characteristic times measured in microseconds; consequently it has become
necessary to record the profiles of spectral lines in a microsecond or even less.

Profiles of hydrogen and helium lines emitted by shock tube plasmas have been
studied with photoelectric recording monochromators (Berg et al. 1962, Elton et al.
1962). Different wavelength intervals within the line profile were recorded on successive
discharges of the shock tube so that after many discharges, the complete history of the
line profile was determined. On the other hand, Breton (Breton et al. 1962) was able
to divide a line profile into ten wavelength intervals, using fibre optics, and recorded all
ten intervals simultaneously on separate photomultipliers. If the transient plasma is
highly luminous, wide regions of its emitted spectrum can be recorded photographically
on time-resolved spectrographs (Gabriel 1960, Gabriel and Waller 1963). However,
with many laboratory plasmas light from a large number of discharges has to be super-
posed on the same photographic plate to obtain a usable photographic image.

Recently electron-optical devices with large light gains have been used to record.
either the direct line spectrum image from a spectrograph (Butslov et al. 1962) or the
image produced by crossing a Fabry-Pérot etalon with a monochromator (Malyshev
et al. 1963). Unfortunately image intensifier tubes are themselves still very much in the:

‘ 803
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development stage and such combinations of techniques, though showing considerable
potential, are seldom experimentally possible (Bradley 1964). )
This paper describes the use of a relatively simple interferometric technique which
scans a line profile in less than one microsecond and records many profiles of the same
line in successive time intervals. The interferometer under discussion is a scanning
Fabry-Pérot interferometer (Cooper and Greig 1963) in which the physical displace-
ment of one of the etalon plates is produced by the rapid extension and contraction of a
piezoelectric tube. The interferometer has been used to record profiles of the hydrogen
line, HB, and the helium II line 4686 &, in the emission from a critically damped
Z pinch (Peacock 1964, Peacock and Hill 1963, Culham Report). Discharges were
studied both in pure hydrogen and pure helium, measurements being taken in the helium
discharge at about the time of the pinch, i.e. in the first 5 psec and in the afterglow of the
hydrogen discharge, i.e. from 10 pusec to more than 100 psec after the initiation of the
discharge. Electron number densities calculated from the line profiles have been com-
pared with those determined from line profiles recorded on a time-resolved spectro-
graph, electron density measurements with a 2 mm microwave interferometer, and
electron density measurements at 3-39 um with an infra-red laser interferometer.

2. Discharge characteristics

2.1. The source

A critically damped Z pinch was produced by the discharge of a 3 uF capacitor bank
‘between ring electrodes placed 180 cm apart in a tube of diameter 9 cm. This Pyrex
tube was filled with hydrogen or helium gas to a pressure of about 0-1 torr and the
capacitor bank was charged to a maximum of 30 kv. When the discharge was initiated
the current rose to 25 ka in about 4 psec. The time to pinch was about 3 psec and the
electron density rose to approximately 107 cm~3. The system was almost critically
damped.

Because of the interest in this discharge as a pre-ionizing discharge for future
magnetic compression experiments, the emphasis in the research has been on the decay
of the electron temperature and density at relatively long times (> 20 psec) after the
initiation of the discharge. At these times it is known from axial framing camera
photographs that the plasma more or less fills the discharge tube,

Line profile measurements were made viewing the discharge axially through one of
the ring electrodes.

2.2, Electron temperature measurements

For the discharge in helium, electron temperatures were determined from the ratio
of intensities of the lines He IT 24686 A and He I A4471 A. In the calculation thermal
equilibrium was assumed to exist and values of electron density calculated from the line
profiles were used. The temperature reached approximately 3-5 ev during the pinch and
had fallen to 2-7 ev after 20 psec.

- - For hydrogen, the electron temperature was determined from the ratio of intensities
of the line H B and a portion of the Balmer continuum (Griem 1962); again the assump-
tion of thermal equilibrium was justified (McWhirter 1961). In this case, the tempera-
ture reached 3-5 ev during the pinch, but had fallen to 1 ev after 20 psec.

Only approximate values are required since over this range of temperatures plasma
microfield broadening is almost independent of temperature, for example for 0-5 ev
and 2 ev values of 7, differ by less than 79, from the value at 1 ev (Schumaker and
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the moving plate, was connected to the end of a piezoelectric ceramic tube. This tube
was of barium titanate, was 3 inches long by 1 inch outside diameter and # inch inside
diameter, and had a resonant frequency of 29 kc/s (Technical Ceramics Ltd.).

Effectively free suspension of the tube was achieved by supporting it at its centre, 2
node of oscillation, by a rubber ‘O’ ring clamped around its circumference. This allowed
an almost pure resonant mode of oscillation with negligible interaction on the mount.
The two mounts stood on a kinematic slide to which they could be rigidly clamped.

Supporting the etalon plates in this way allowed the static separation to be varied
from zero to about 10 cm and yet permitted them to be aligned plane and parallel to
much better than A/50 over an aperture of 10 mm. The maximum usable aperture was
limited to about 10 mm by distortions of the moving etalon plate caused by ‘thermal
effects’ and ‘dynamic bowing’ (Cooper and Greig 1963, 1964).

The barium titanate tube had silver electrodes on its inner and outer cylindrical
surfaces and was polarized radially. When an alternating voltage of the correct frequency
was applied between these electrodes the tube oscillated in its lengthwise resonant mode,
thus causing the separation between the optical flats to vary in a periodic fashion.

The interferometer was used in the normal optical system of interferometer, mono-
chromator or interference filter, and photomultiplier; a typical record is shown in
figure 2. When recording the profiles of the H g line in the late afterglow, it was necessary
to use an interference filter and not the monochromator, to make full use of the high
luminosity of the Fabry-Pérot interferometer (Jacquinot 1954). Even so, some noise
was observed on the recorded profiles (figure 4).

The experimental arrangement (Cooper and Greig 1963) for using this interfero-
meter is similar to that used to synchronize rotating mirror cameras, for the interfero-
meter started at ‘rest’ and was only run for short periods to avoid undue internal heating.
An electronic circuit was used which gave a sharp pulse every time the driving voltage
went through zero. Counting a convenient number of these pulses (1000) allowed the
resonator to reach dynamic equilibrium, then a multi-channel delay unit enabled both
the discharge and the oscilloscope to be synchronized with the time of maximum finesse
of the interferometer, i.e. as the moving plate passed through its equilibrium position.

To avoid saturation effects in the photomultiplier when measuring the H 8 profiles

in the afterglow, the photomultiplier was gated off during the period of intense radiation
from the pinch.

3.2. Determining the instrument function

The instrument function is defined as the response of the instrument to monochro-
matic radiation and the most direct experimental method of determining this functionisto
record onthe interferometer the profile of aline which isknown to be effectively monochro-
matic. Such was the case with the emission in the late afterglow of the discharge. At
this time the lines were broadened only by Doppler broadening at a temperature of
about 1 ev, a linewidth of approximately 0-35 A for hydrogen. Even at the smallest free
spectral range, the scanning finesse was so large that the overall instrument function was
governed by the reflection and surface defects finesses, which are independent of the free
spectral range. Therefore the instrument function was conveniently measured by setting
the interferometer to a relatively large free spectral range (~ 20 A) to which the line of
width 0-3 A was effectively monochromatic.

It was found that a reasonable approximation to the measured instrument function
(figure 3) was given by the Voigt profile /b = 0-35 (Allen 1963), i.e. more nearly a
dispersion than a Gaussian profile. The overall finesse for these experiments was
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Figure 2. Typical recorded profiles of He I A4686 & during the discharge.

“10A ‘4961 €'D0S "SAHJ "DOMd

d1945) ¥ [ puv 43doo) ‘[ ‘Y0003 *f ‘N—¢8



Emission-line profile measurements in transient plasmas 807

9-5+0-5 and was entirely limited by the reflectivity of the silvered plates. Improved
coatings would considerably increase both the finesse and the luminosity. The line-
widths to be measured varied from 0-6 A to 5 &

(cf. in hydrogen 2x 10** < n, < 4x 10 cm~3; in helium #,~ 1017 cm~3)
and for all measurements the free spectral range was set at approximately three times the
linewidth,

50

40r

30

2.0

0TI e 8 12 A 6 1820

Figure 3. A, the instrument profile; B, the H g profile (Te = 10*°k;
#e = 2:7x10%% cm~%); C, the resultant recorded profile (H 8 « instrument).

4. Measurement of electron densities

4.1. Results for the discharge in hydrogen

Profiles of the H g line were recorded well into the afterglow, i.e. at times up to
100 psec after the initiation of the discharge. For calculation of the electron number
densities z, from the Griem, Kolb and Shen (1962 and 1962, N.R.L. Report 5805)
theory, the following self-consistent analysis was used. First the instrument function
was determined as a Voigt profile (d/b = 0-35) and the instrument finesse as 9-5 + 0-5
(see §3.2). Because the H 8 line has very broad wings there was always overlap between
adjacent line profiles and the oscilloscope trace never fell to the zero intensity line.
However, the contribution from the continuum over the bandwidth of the interferometer
filter used was negligibly small compared with the line intensity even in the wings.
The oscilloscope base line was therefore taken as the zero intensity line.

Linewidths were then measured from the oscilloscope traces at various times in the
-afterglow, noise in these traces giving an overall error of about +59,. Stark broadening
theory, in both quasi-static and impact approximations, leads to a broadening of the
components of the line of approximately dispersion form. A dispersion form for H 8
was therefore assumed and linewidths were calculated from the following formula
(Allen 1963): :

B = {(d,+d5)* +2-80 g, "} +(d; + dy).

d; and g, refer to the instrument function and vary with the free spectral range, B is the
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recorded linewidth, and the source width of H B is 2d;. Since B was a fixed fraction
(about a third) of the free spectral range this led to a constant final error of about,
469, in the value of d,.

To check the assumptions made for the use of the above equation a detailed calcula-
tion was made for one time, namely 20 usec after the initiation of the discharge. Using
the Griem, Kolb and Shen theory, the calculated linewidth indicated an electron density

B o e S C LI L S IO AR A

1[* | usec l | usec )!

Figure 4. Comparison of the experimental and calculated recorded profiles. Shaded
curves, recorded profile; full curve, H 8 (theory) « instrument.
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Figure 5. Electron density against time during the discharge in hydrogen. (Initial
pressure 0-1 torr.)

of 2:7x 10 cm~3 at the electron temperature of 1ev. Their theoretical profile for
these conditions was convoluted with the instrument profile to give a ‘recorded’ profile
(figure 3). The width of this profile was found to agree within 1%, with the recorded
linewidth calculated from the above equation, which was thought to be sufficient
justification for the use of the above equation for B.
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The calculated ‘recorded’ profile was then superimposed on the oscilloscope record
for ¢ = 20 psec making due allowance for the overlap of line wings; this is shown in
ﬁgure 4. Calculated electron densities during the life of the plasma are shown in figure 5,
in which allowance has been made for + 5% error in the Griem, Kolb and Shen theory.
For times greater than 70 usec uncertainty in the Doppler broadening has led to larger
errors. :

Estimates of the self-absorption even at the higher temperatures would lead to
corrections of the recorded linewidth B within the +59, error of reading from the

oscilloscope traces.

4.2. Results for the discharge in helium

Measurements were only made on this discharge during the pinch, i.e. when the
electron density was a maximum. Typical profiles of the line He I1 14686 & are shown
in figure 2. These profiles were recorded 3-5 usec after the initiation of the discharge
and the time taken to scan the linewidth was 0-2 usec. The maximum linewidth
corresponded to an electron density of 5-6 x 1016 cm ™3,

4.3. Electron density by other methods '

Measurement of the refractive index of the plasma provided a completely indepen-
dent determination of the electron density. This measurement was made at two wave-
lengths, 3-39 pum and 2 mm. The 2 mm microwave interferometer with time resolution
less than 0-1 usec gave results for electron densities less than 104 cm~2,

Number densities greater than 10'* cm~2 were determined with the 3-:39 um radia-
tion from a He—Ne gas laser, using the technique described by Ashby and Jephcott
(1963). The time resolution was limited to about 1 psec.

The electron densities evaluated with these techniques are shown with the Fabry-
Pérot results in figure 5.

5. Conclusions

These experiments indicate that using this type of scanning Fabry-Pérot interfero-
meter, linewidths can easily be measured with an accuracy to + 59, and complete line
profiles can be recorded in a minimum of about 0-2 usec. Because of the inherent high
luminosity of the Fabry-Pérot etalon it is anticipated that this device will enable the
recording of line profiles from plasmas too weakly luminous to be investigated by other
techniques. Furthermore, a similar instrument with improved reflection coatings
would be a convenient means of studying line broadening,

In the present experiments, line profile measurements have been used to determine
electron densities over the range 10** < n, < 107 cm~% and these measurements have
been shown to be in good agreement with other determinations.
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THE PHOTO-ELECTRIC RECORDING OF SPECTRAL LINE
PROFILES ON A MICROSECOND TIME-SCALE

by
b4
J. COOPER and J.R, GREIG

Physics Department, Imperial College, London, S.W.;I

ABSTRACT

A new scanning Fabry-Pémt interferometer is
described in which a spectral line profile is scanned 'hyr
the pericdic displacement of . cne of the &talen plates with
& pieze-electric elament.l In this way, many successive

scans of @ line prefile can be recorded, the half.width of

any one being ed to an & cy of better than
¥ 5f.  The time reselutien, i.e. the time required to
scen & line prefile once, is shown to be usafully variable

over the range 10"595_«.- t.'10'7sec.

1. INTRODUCTION.

Until now it wes pessible in plasma physios te recerd
spectral line prefiles on a timewresolved spectregraph (Gabriel
1960) with photographio rscording er an a shot by shet basie by
meving s'phntomﬂ.tiplier across the image plane ¢f a mone-

chromator (Berg et al, 1962), Of course, with very wide -

lines several phetemultipliers have been srranged to view one
line profile (Breton et al, 1961).

A soanning Pabry-Pérot interfercimeter has advantages
over all these technigues. Becsuse it uses photeelectric
recording, the Tespense of a scamming interferometer is sensitive
and linear over a wide range of intensity and permanent records
can be taken directly from an eecilloscepe. At the same time
a Pabry-Pérot atalen hes & light gathering cepacity equivalent
to that of a grating some two hundred times larger in srea
(Jacquinet 1960). However the scanning Fabry-Peret inter-
ferometeor hae previeusly been limited te & minimm time
Tesolution, i.e, the minimum time tc soan & line prefile ence,
of about 1 msec. (Brad ey, 1961). In this paper we discusa
the practical advantages and limitatiens of a new scanning
Fabry~Perot interferemeter (Cooper & Greig, 1962 & 1963s) which
has been especially designed to record line profiles in the
emisgion from transient sources. The acanning of a line
profile is achieved by the periedic displacement ef one of .the

etalon plates which is cemented to & piezoeleotric resomitvr.

* Fow at The Central Electricity Research Laboratories,
Leatherhead, England.

VIII 1

The following are basic features of this interferometeriw

1) The instrument only recorde the profile of a single
spectral lire, but can reoord many profiles of this
line in successive intervals of time.

2) The time to scan & line profile once can be varied
from 10-'7seo to 10-5530.

3) The wavelength interval scamned, A\l , can easily be
varied from sbout 0.1% to 308,  Over a1l this range the
instrumental width is equal to the wavelength
interval, A), divided by the finesse, N, which is &
constant. The finesse can be made as large as 20 for
an etalen aperture of lom. and the half-width of = line
can be measured to better than I 5% provided that mot
more than eight line profiles are scanned in 10 pseos,

4) The instrument oan, in general, only be used with
continuously running or synchronizable light sources,
becauee it reoords acourately only at ocertain times,

2,  DESCRIPIION OF THE INTERFEROMRTER,

Collimated light from the souroe passes through the
two fused-silica optical flats which constitute a Fabry-Pérot
etalon (Fig. 1), so forming circular Hajdinger fringes in the
foosl plane of the ocamera lens. Fringe maxims are located
by the formla NX = 2ud eni in shich p.is the refractive
index of the medium beiween the etalon plates and i is the

angle of incidence. A circular scaxning aperture isolates

the central regien of the fringe pattern (oosi ~ 1) and is

ﬂx = 2d (//l=/)

The separation, d, of the etalon can be varied by

viewed by a photomultiplier, thus

applying a varieble voltage to the piezoelectric ceramic tube,
to which one of the optical flats is attached. At a given
wavelength successive fringe maxima are recorded on the
photomultiplier each time the separation changes by X

ting unit ch of n. - At constant

ive maxime rep
n, a movement ef >Y2 is equivalent to scanning a wavelength
interval, A}U s known as the free spectrsl range and given
o A\ - XZJY. Within this interval the change in
wavelength is propertional to the change in separation
(B = My

The complex cverlapping of different wavelengths at
different values of n is prevented by accepting from the eource
& wavelength interval less than A)\.. For example, tc record
the profile of a spectral line, the line is first isolated
with a monochromator, and the separstion d of the etalon
adjusted so that the line width just fills the free spectral
range. Successive profiles of the line are obtained for
changes. in 4 of miltiples of .

A line profile can be scanned in a ghort time if the
velocity of the moving flat is large; this is achieved by
exciting the piezo-electric tube in its fundamental length-wise
resonant mode and observing the line profiles as the flat
passes through its equilibrium positien. The minimum time,

At s required to somn A}\' depends en the breaking strees, 7 4

Min
, of tho ceramio material. A#. = ~—— where o is
Mea  2¢ 7&

the velocity of sound in the ceramic. For berium titenate

" and wavelengths in the wisible A&, vd’-/h,,w_,. the

mechanical Q being such that only 10-20 watte excitation

are needed.
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To obtain a pure resonant mode the tube ie supported
at the node at its centre by an '0! ring around ita circum-

ference, 1n the present arr t a fr y of about

15ke/s is used, the tube being 6" long by 1" outside

dismeter by 2" ingide dismeter. The half-period is about

- 33 pseca. and for 10psecs. in each halfeperiod the velocity

is approximately constant (t 5%) at its maximum value,

The photograph (Fig. 2) shows an early medsl of the
instrument.. Kinematic mounting of the fixed optical flat on
its stand, and of the stand on a slide, allows for both initial
alighment to parallelism and variation of the atatio stalen
eeperation.

3« ACCURACY OF RECORDIRG.

Associated with the interferometer there will always

be an instrument function (the x

P to h tic
radiation) and if this function is lmown, ths actual source

profile can be computed from the recorded profils by standard

' convolution methods (Allen, 1955), However, if the width of

the instrument function can be made small enough compared with
the source width, the latter can be easily and ucmiely

determined without knowledge of the shape of the instrument

function,  For the Fabry-Perot interfercmeter the ratio

bstwean. the fres spectral range A)\. .nnd the.width of the
instrument fumotion A)ia the finesse N = AN, /A‘X
If the measured line width is AXM , the source width A)‘_s
is given by
Axg = Bxy - %"f l%j RN ¢ 5|
and the most accurate measure of Adg is obtained when
A\M is @8 large as possible, i.e. when the line width
just fills the free spectral range (then A\"M Q.z\l. )-
Tha following factors contributs to the oversll finesss
of an’interfercmetsr (Chabbal, 1953 )i-
1) Tha reflectivity, R, of the optical flata,
(N =R /(1 - &)
2) The finits wavelength interval acoepted by the
soanning aperture. (N,= Z";LA:u , vwhere P is
the focal length of %hs cm:rl lens snd p is the
diameter of the scanning aperture).
3) Defects in the surfaces of the two optical flats, such
a3 curvature or non-parellslism; the latter can
usually be made negligible .
0f these faotors the most important is the surface
defscte finesse, N]J’ for it is a fixed property of the etalon
plates snd ultimately can only bs improved upon by further
polishing. If the plates ars flat to % over a given
sperture, then K, = IQ.L (e.g. if platee flat to SLQ ]
KD = 25) and the‘overall finagge N cammot exosed Yt , except

at a reduced aperture, with consequent loss ef light,

In this instrument, the curvaturs of the optical
flat attached to the piezo-electric tube depends on thermsl
and dynamic t.ffeéts, both of which can be spproximated to
spherical curvature.

The variation of curvature with temperaiure is caused
by the difference in the coefficients of thermsl expansion
of fused silica (X ) snd barium titanate (9(1); to 8 first

approximation the defect from flatness Xgl over an intere
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ferometer aperture of 2r is given by
z
gy‘ ~ a.’f(-(,—o() (7/:1) verersesa(2)

where a is the full digmatsr of the optical flats, and 7°c

is the difference in temperature from that at which the etalen
plates would be perfactly flat, the flatness tempersture. For
the particular system used ( @ = 25m and sperture 10 m)

83' 1 about /50 per®C at A = 5461A° snd Bo to maintain

a finesse of better than 25 the temperature must be held

within £ 190 of the flatness temperature. Some difficulty
was experienced 1n making & join batween the optical flat

and ths ceramic tube which would withstand the. stress of about
10001b/sq.4n dsveloped when working at the faatest ecerming
ratesy; and at the same time ensuring that the flatness
temperature was in the range 18°C to 22°C. A satiafactory
method of making the join is to cement the alresdy prepared
optical flat to the tube with optical araléits ((CIBA (A.R.L) Ltd)
allowing the resin to cure slowly at room temperature, A
Fizeaufringe test showed quite clearly that the flatness

tempsrature was about 168°C (Fig. 3) tut was not sensitive encugh

over such & emall aperture (lem) to givs an accurate messure

of the flatness at this temperature.

Subsequently the f{letn of the etszlon plates was
measured by scanning the sodivm D lines (from an Osrazm D.C.
sodium lamp) es the moving plate was passing through its
equilibrium position (Fig. 4), At this point the flatness
measured is equal to the statio flatneas; The interfercometer
was set to & {ree spectral range Pa\ . 194° 8o that the source
width Adjof less than 0.14° was negligible and the observed
line width, A\y , was entirely inetrumental. Then allowing
for the measured refleotivity R = 0.90 and the scamning
finsage HF = 57, the surface defects finesse RD was calculated

from the inequality (Chabbal, 1953)
w2 () e
giving a value K = 32 & 2 at 16%.
The dynamie bowing ia the result of ths acceleration
to which the moving plate is subjeoteds To a first approxization
the defect from flatness £, for an interfercmster aperture 2r,

by 3
Sqv 26 (%) (%) 9(%) ceeeeena(®)

is given

‘where fp is the resonant frequency of the optical flat when

its edges are rigidly held (Cooper & Greig, 19632 & b) and f is

the driving frequency. It is seen that &2 is a linear functicn

of the displecement, y(a/2), from the equilibrium position., Por

an optical flat of thickness 6mm and dismeter a = 25m, f£p ~ 150ke/s,

thus for driving frequency f - 15kc/s and aperture 1 cm, the
dynamio defect from flatness $4, & \/56 when the displacement
from equilibriva §%){ 2\. . There is therefore » rangs of
4% in ths positian of the mowing flat over which the dynamio
bowing finesse excseds 25; this corresponds to a totsl scan

of 8 fringes centred at the equilibrium pesition.

Starting then at the equilibrimm pesitien, the surface
defects finesse is 32 (measured predml;) and as mucceseive
fringes are scannsd this finesse dsoresses. According to
Chabbal (Chabbal 1953) the transmissicn of an etelon 'I:E is
given by

T~ My creversens(5)
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where Np is the etalon finesse and ‘,{,;- -~ ;v:- + A‘Zx

The tmamiasion"lr’E ie then @ sensitive function of Fp when

X, end Ny are comparable (Bradley, 1962). The decrease in the

value of ND can be determined by observing the de.crease in ‘HE,
" i.e. the decresse in peek intensity transmitted, as the flat

moves away from the equilibrium position. According to the
observations presented in Fig. 4, the overall surfsce defeocts
fipesse falls from 32 to 20, and whatever the nature of the
finesge at the equilibﬁum pogition these figures are consistant
with & curvature csuged by dynamic bowing, such that

o< 84K Mho b y(%) = D
4. EXPERIMENTAL PROCEDURE
The optical setéing of the interferometer depends

largely on the particular experiment to be undertaken, the best

compromise between light-gathering capacity and reeclution
being that (Chebbal, 1955) M~ Mo vAL

However, due to thermal effects, dynamio bowing and the
requirement that the linear time~base be also the linear
wavelength scale, the following conditions must always be
satisfied~

1) Observations must be made close to the equiliterium

position where the mterfmter platass are laast
disterted and the nvele‘ngth sosle moat linear.

2) The instrument must be run intermittently to avoid
excessive heating due to power »ﬁiasipation in the
cersmic.

The block diagram (Pig. 5) shows a convenient
arrangement for meeting these oondi%tions. Ina meliﬂnm
experiment the oscillator must be tuned %o resenance, 8o that
when the rapideacting ewitch is closed, an alternsting
voltage of the correot frequency is applied to the plezo-
electrio tube via the power amplifier. The pulse forming
unit produces a sharp pulse each time this voltage pasdses
through zero. The train of pulses is fed into the counting
unit which allows the resonator to become firmly established
in its dynamic equilibrium, but by counting only about
1000 pulses, ensures that the temperature rise is very smell.
At the end of the count a multichanmel delay unit is triggered.

This producea one output pulse for synchronizing the

wscilloscope and another to fire the pulsed light souroe.)
The delays must be set, so that the moving plate of the ‘

intexrferometer is passing through the equilibrium position

at the time the discharge has reached the stage to be investigeted.

In this way about B line profiles of maximum finssse and minimm scanning
time can be obtained on the osoilloscope. If the interfsrometer
is used at scanning rates elower then one microsecond per free
speotrel range it cen be run contimiously. It has deen found
convenient to determine the free spactral range by measurement
of the statio separation of the etalon plates with & calibrated

micrometer eyepiece.

5.  CONCLUSIONS.

The interferometer deacribed above makes it possible-
to record directly on an cscilloacope the profile of a ape.otral
line on & micro-second time.scale. Alsﬁ it makes po.suible the
recording cf profiles in consecutive time intervels without

an intervening dead-time. Becsuse the instrument has photoelectric
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recording and & large light-gathering capacity it can record the
profiles of relatively weak apeotral lines in times m_uch shorter
than those required by any other instrument with the same optical
resol\;tion. It is, however, to be expeoted that in the near
future instruments based on electron-optical image intemsifier
tuber will be developed with comparable or better light gathering
capacities and time resclutions (Malyshev et al 1963, & Butslow
et al 1962).

The quality of this instrument is well illustrated by

the following experimental resylts. First, scanning the sodium

D 1lineg in 2 pseo, the half-width of each line was measured
88 A\ = 0.43 L 0wt A to be conpared with Alg= ¢-0b5+0-0IS £

a8 measured on a 21 foot grating sp Ta

h with an
time of 3 secs. on an R40 photographic plate, Second, the
interferometer was used to measure the helf-width of the Stark
broadened HeII N4686A° 1ine in 0.2 psec. This was done in &
linear pinched discharge and the half-width rose to as moh
as 4A° (N.J. Peacock, 1963 & N.J. Pescock et al, 1963), The
moasurement had previously been carried out on a time-resolved
speotrograph with a time resolution of 7 psec.; oclose sgresment
was found between. these two measuremente, but whereas tho timew
resolved spectrograph could only recard a single diacharge} At
the actual pinch (5 - 10 u secs a!tér initiation) because of lack of
ligl;t.. the Fab?y-Perot interferometer was able to record line

100 useca, i.e, until the ion number den-

profiles over the Iiz"st
sity fell below 1014cm .

Propoged uses for this instrument fnclude the measurement
of Stark and Dopplsr profilss and of the intensity distribution

of light scattered from a laser beam by interaction with a plasma.
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Question by H, HERING (France) :.
What is the lumninosity of your set-up?
Answer by I.R. GREIG (U.K.):

I don't have a figure for this, but one would expect, as above,

the Fabry-Perot etalon has a light gathering capacity equivalent
to a grating some 200 times greater in.area; at the same time

we are using a photomultiplier which gshould have a response
about 1()4 timebs more sensitive than a photographic plate.
Combining these two effects we would expect a luminosity

about 106 times greater than that of a photographic spectrograph
with the same wavelength resolution.

This value sbould be compared with the example: 3 second exposure
on the spectrograph and Z/usec Vexposure' with this interfero-
meter for the measurement of the widths of the Sodium D lines,
In plasma physics we don't expect to have to measure such
narrow lines and it is more reasohable to compare this interfero-
meter with a rotating mirror type of time resolved spectrograph.
Dr, Peacock has done this and easily obtained a sensitivity more

than 100 times better, with one of these interferometers.
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(Reprmted fram Nature, Vol. 195, No. 4839 pp 371-372,
July 28, 1962)

An Ultra-Rapld Scannlng Fabry-Perot

interferometer
. It is well known that the profile of a spectral line

may be time-resolved. by an arrangement in which’

light is passed normally through a Fabry-Perot
etalon, the spacing of which is varied in time, while
‘a photomultiplier looks at the centra,l fringe of the
circular (Haidinger) pattern. ‘

" Here we have used a piezo- electrxc barxum tita- .

nate_element to control tho etalon spacing. The
method gave a scan speed of one fringe in 3 psec.
 t0 be compared with 100 psec. obtained by Bradley?,
- who suspended the moving mirror in a mechaniecal
vibrating system driven by a solenoid, and with
50 jrsec. obtained by Koloshnikov et al.?, who used
the linear displacement of a ceramic element.
The apparatus is shown schematically in Fig. 1.
Light was passed axially through the hollow cylinder
of barium titanate, the two cylindrical surfaces of

which had been silvered to form electrodes. To the -

end of this eylinder was attached a fused quartz

optical flat (polished flat to /10 and silvered to a

reflectivity of B80-85 per cent) which formed one
plate. of the interferometer. The ceramic tube was

clamped at .its centre and driven at parallel reso-

nance in. its lengthwise mode -(a frequency of 27-8
ke./s.) by means of an audio-frequency signal
generator. The other plate was an identical quartz
flat, mounted in an adjustable stand to allow initial
alignment to parallelism.

To test the apparatus experimentally the sodium

D lines emitted by a standard sodium lamp were -

~ scanned ; Fig. 2 shows a typical oscilloscope recording.
The lower half of the figure shows the voltage applied
across the ceramic tubg, in this case gpproximately
30 ‘V pea,k to-peak,” "whilé; the upper half shows-tho

Ceramlc cylinder (31in. X 10.in. 0.d. XO75m(d) = . .
. supported at centre .

Quam flat in
adjustable mount

I
1

- - Source
(?_(:;i‘m)m » v SR TTT i PA \/Phommulnpher
 famp. T . ¢ (to "scope) )
T ) -Quatez flat cemehtedv

— . . to ceramic eylinder <,
Signal generator a v

Fig. 1. Schematic diagram of scanning Fabry-Perot interferometer
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output of tho photornultiplier (£°21). .In tho two
regions AA4’, B, tho rato of change of voltage with
time is approximatoly constant, since tho displace-
ment of the coranic is directly proportional to tho
appliod voltage, and sinco tho wave-length obsorvod
by the photomultiplior is directly dopondent on the
soparation of the interforometer platos, in theso two
rogions tho lincar time-base is also tho lincar wave-
length scalo. As throo ordors of tho fringe pattorn wore
scannod por half-poriod, tho socond ordor lies clearly
in tho region of lincar wave-length scale, and so
using the doublot soparation as a standard wavo-

“length intorval of 6 A. tho half-widths of the two
D lines woro casily measured. Both lines had a
half-width of about 8 A. and the free speetral range
of tho otalon was 14:5 + 0-5 A., this intorval boing
scanned in 3-5 psoec.

With an initial plato flatness of /10 tho instru-
mental width due to flatnoss alone would be approxi-
mately 3 A., and if the cffective flatness wero increased
to /15, when only half aporturo was used, the
instrumental width duo to flatness would still be
about 2 A. Therefore, allowing.a further instru-
mental width of 1 A. for tho offects of refloctivity
and the rise-time of the amplifier (0-1 psec.), the
instrumental width caused by "distortion of the

- moving plate and lack of parallelis;m of the movemont
must be 2 A. or less, that is, tho quality of the move-
ment is as good as the flatness of tho Fabry—Perot
plates. A second interferomoter has already been
designed with plates flat to 3/50 so that more strin-
gent tests can be made cn this'methed of scanning.

It is important to realize that although only throe
orders of the fringe pattorn have been scanned in-the
case of Fig. 2, the pewor input to the coramie reso-

A 4 B B




nator was less than 0-01 W. With a power input of

1w, twenty orders were scannod per half-period. ...

' (tha,t 1is, in 15 psec.) so that one order was scanned
in 0-5 usec. and a single spectral line could be scanned.
with this arrangement in about 0-1 psec. The resolu-
tion at such a rapid scanning-rate is limited with the
present arrangement by the amplifier rise-time and -
shot-noise from the photomultiplior.

The maximum possible time resolution is governed
by the half-period of the ceramic resonator and the
number of fringes scanned in that time. Thus it
might bo thought that the time resolution could beo

/ increased if an interferometer were designed to.work
"+ at a higher resonant frequency. There is, howover,

. alimit to this process: to provent.the moving Fabry—

_Perot plate resonating in its flexural mode (such a

vibration would of course destroy the Haidinger

fringe paitern) the resonant flexural frequency of
the moving plate should be at least twice the reso-
nant scanning frequency. With the present system
the flexural frequency of the moving plate is only

50 ke./s., which is rather low and probably accounts

.for the marked in¢rease in resolution’ whén the

aperture is decreased by inserting an aperture stop.

In the new. interferometer tho floxural frequency of
the moving plate will be 100 ke./s., 'the sca,m‘ung

frequency remaining at about 30 ke./s. ‘

This instrument, with its time resolution of better

- than 0-5 psec. coupled with the largelight-gathering
capacity, the direct display of the line intensity profile,
and other advantages of the scanned Fabry-Perot
mterferometer, will be especially useful for investigat-
ing the physical conditions within pulsed dlscharges
used in controlled fusion research.

J. COOPER‘
J. R. GrEIG

- High Temperature Group,
Department of Physics,
Imperial College of
Science and Technology,
London, 8.W.7.

' Bradley, D. J., Proé. Roy. See., A, 262, 520 (1961),
? Koloshnikov, V. G, e al.,, ()]les and Spectroscopy, 11, 302 (1001).
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A time-resolved spectrograph for use with triggered

light sources

by F. L. CURZON, Ph.D.,* and J. R. GREIG, B.Sc., Imperial College, London, S.W.7

MS. received 5th January 1961 /

Abstract

Details are given of a time-resolved spectrograph with
writing speeds up to 5mmfus (at f]12) which can be
used to view weak light sources. The main imitation is
that the light source must be able to be triggered repro-
ducibly. This is necessary as the increased effective light
intensity needed to obtain a usable image density in the
camera of the spectrograph is produced by the accurate
superposition of the light of many discharges.

An experiment is described which shows that the super-
position of fifty successive discharges has been achieved
with an overall variation of less than 03 ps.

Introduction

LECTRICAL discharges used to produce high temperature

plasmas for the study of controlled thermonuclear

fusion have often a time scale of microseconds. For
example, the z-pinched discharge at Imperial College (Curzon
1959, Curzon et al. 1960) has a pinch-time of 10 to
20 ps, and is reproducible until just after the first pinch.
One can study the spectral emission of such a light source by
one of three methods:

(a) a monochromator and a photomultiplier, (5) a very
fast open-close shutter and a spectrograph, (¢) a time-
resolved spectrograph,

Method (a) which is often used, gives the complete time
variation but can deal only with one wavelength per discharge.
Method (b) gives the full range of wavelengths but only at a
single instant during the discharge cycle. Method (c) pro-
vides the complete time variation over a wide range of wave-
Iengths for the whole of the discharge cycle.

A time-resolved spectrograph clearly has several advantages,
particularly when a time-resolved spectrum of a single shot
of a non-reproducible discharge is taken (Gabriel 1960).
However, it is not always possible to obtain a single shot
photograph of the whole spectrum, because the light intensity
is too low. This applies in particular to the early stages of
the discharge.

If the discharge is reproducible and can be accurately
triggered, then it would be possible to obtain a time-resolved
spectrum of even the early stages by superposing the light of
many successive discharges on the same photographic plate.

This paper describes apparatus built at Imperial College,
London, to superpose time-resolved spectra to within a
fraction of a microsecond. An experiment is given using
the light from a simple triggered spark gap to test its per-
formance,

* Now at University of British Columbia, Vancouver, Canada.

The time-resolved spectrograph

Time resolution is achieved by using a high speed rotating
mirror as designed at the Atomic Weapons Research Estab-
lishment, Aldermaston. A 1000c/s generator supplies
power to the induction motor of the rotating mirror and has
an adjustable voltage amplitude.

M,

Fig. 1. Experimental arrangement.

P, photomultiplier; C, control unit; A, amplifier;
T, triggering unit.

Figure 1 shows diagrammatically the experimental set-up.
Light from the transient discharge D is focused on the slit S;.
The slit S, is focused via the concave mirror M, the plain
mirror M, and the rotating mirror My on the slit S,, which
is the entrance slit of a Hilger medium quartz spectrograph.
Not shown in the diagram is the direct current lamp which
reflects from the rotating mirror on to the photomultiplier P,
so causing a sharp pulse output every half-revolution of the
mirror.

In an actual experimental run the light source is first
charged and set ready for firing. The rotating mirror is
switched on and the pulses from the photomultiplier fed into
the control unit (see Fig. 1). When the mirror reaches the
preset speed, the control unit automatically fires the dis-
charge such that an image is cast on the slit S,. The operator
has only to switch off the mirror, re-charge the light source
and repeat, to obtain a second image superimposed on the
first, . :

A block diagram of the control unit is shown in Fig. 2.

Consider, as in Fig. 3, three successive photomultiplier
pulses A, B, C arriving at the control unit. Pulse A passes
through the paralysis unit and the blocking unit and sets the
Miller time-base in operation. The pick-off unit gives a
pulse output E when the time-base has run down to a preset
voltage, that is at a fixed time interval = after the firing of
the time-base unit. This pulse is fed after shaping, into one
side of the first coincidence unit and if the second pulse from
the photomultiplier, pulse B, arrives at the same time, then
the coincidence gate is fired. As the first coincidence gate
fires, the first thyratron unit fires and holds down one side
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photomultiplier

ulses in
-
trigger paralysis univibrator blacking
| unit -ﬂ unit ﬁ circuit
L teset pulse {
b J 7
Miller pick off univibrator coincidence
time bose -7 unit qate |
T <
" 1 outpiit
delay thyratron coincidence 4  output
qate thyratron

Fig. 2. The control unit.
of the second coincidence gate. Then the third pulse from
the photomultiplier, pulse C, passes directly through the

second coincidence gate and fires the output thyratron giving
a very sharp positive pulse which can be used to fire the
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time !

Fig. 3. Successive pulscs in the control unit.

triggered light source. Thus the control unit can measure
very accurately the speed of rotation of the mirror, since the
half-period is 7 and in addition will fire the discharge when
the mirror is in a known position, i.e. at the instant the
mirror reflects light into the photomultiplier.

It is convenient to obtain time-resolved spectra by starting
the sequence with the rotating mirror at rest or rotating
slowly. Then in Fig. 3, it can be seen that as the mirror
accelerates, pulse B approaches the delayed pulse E, as
shown, and coincidence occurs when the leading edge of B
meets the trailing edge of E. The time delay + can be varied
from 0-5 to 10 ms, and with such a time interval one finds
experimentally a jitter of up to 10 us on the pulse E. This
means that although the speed of rotation of the mirror is
determined to better than 19, the time of firing of the first
coincidence gate has a variation of up to 10 us. Therefore,
it would be most unsuitable to fire the discharge directly from
the first coincidence gate. However, the total delay in the
triggering unit is approximately 10 us and as.indicated in
Fig. 1, the mirror reflects light into the photomultiplier just
10 pus before it is in a suitable position to reflect the dis-
charge light into the spectrograph. Therefore, the error in
superposition caused by the 19 error in the mirror speed, is
just 1% of 10 us whichis 0-1 ps.

Another source of error is that the rotating mirror is
accelerating. The speed of rotation is measured over one
half-cycle and the pulse arriving at the end of the next half-

cycle is used to fire the discharge. The acceleration and top
speed of the rotating mirror arc limited by the voltage ampli-
tude and frequency of the supply generator, respectively.
Therefore, by suitable control of the voltage amplitude of
the 1000 ¢/s power supply the acceleration of the mirror
can be arranged to be below a certain limit as it approaches
the operating speed. In practice, the acceleration has been
determined by measuring the velocity of the pulse B, in Fig. 3,
across the screen of a cathode-ray oscillograph, the oscillo-
graph being triggered by the pulse A. The pulse B moved at
the rate of 1 ms in 10 s at the time of firing, and this rate
was very consistent, certainly to within 109/. Then working
at a half period of 2:5ms because of the acceleration,
the next half period will be less than 2-5ms by
(2:5 X 1073 (01 X 103 =025 us.

This amounts to an error in the velocity of much less than
1% and as such, will cause an error in the superposition of
spectra of much less than 0-1 us.

The last possible sources of error are the actual fluctuations
on the leading edge of the output pulse of the control unit
and in the delay of the triggering unit. Both of these have
been checked with a Tektronix 545 oscilloscope (Tektronix
Inc., Portland, U.S.A)); the delay in the triggering unit is
constant to within 0-02 us and the error on the photo-
multiplier pulses is better than 0-2 us.

Therefore, one would expect this time-resolved spectro-
graph to be capable of superposing time-resolved spectra to
within 0-2 us.

Experimental results

To show experimentally that the time-resolved spectro-
graph does in fact achieve the superposition of spectra, the
complete system was tested using as a transient light source a
triggered spark gap working in ajr. The spark gap had steel
electrodes and was connected across a 10 uF capacitor bank.
The capacitors were charged to 5 kv which was arranged to
be just below the breakdown potential of the spark gap.
The trigger pin, which was located in the earthy electrode
of the spark gap, could be pulsed to —12 kv by the trigger
unit, so causing immediate breakdown of the gap. Fig. 4
shows the current profile of the spark gap, and below the
intensity profile of the line N 1 (12) 3994-9 A as recorded on
a 1P.28 photomultiplier used in conjunction with a Hilger
medium quartz spectrograph.

As indicated in Fig. 4 the first two half-cycles of the dis-
charge of the spark gap take 14 + 0-6 us and so to photo-
graph them with the time-resolved spectrograph, which has a
slit length of 18 mm, the writing speed must be about
I mm/us. The numerical aperture of the spectrograph is
13-8, therefore to fill it with light the rotating mirror must
be about 35-5cm from thé entrance slit. The distance
between the rotating mirror and the entrance slit was made
37-5 + 0-5cm so that with a half-period of 2:5. + 0-5 ms,
the writing speed was 0-94 + 0-04 mm/pus.

The experimental procedure was to charge the capacitor
bank to 5 kv having first set the control unit. Then switch
on the 1000 c/s supply to the rotating mirror, ahd once the
mirror had begun to turn, switch on the d.c. lamp which
reflects into the photomultiplier. The lamp has to be
switched on when the mirror is already turning because at
very low speeds the photomultiplier output becomes so long
that the first coincidence gate in the control unit is auto-
matically fired. By repeating this procedure 50 times, the
light from 50 successive discharges was superimposed in the
spectrograph.
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Fig. 4. Oscillograph traces.

(@) Current in the spark gap; (b) light intensity at 3994-9 A.
Scale 41 us per div.

Figure 5 shows the fifty superposed time-resolved spectra
of the first two half-cycles of the discharge. The strong line
which appears on the approximate wavelength scale at
4015 A is in fact N m (12) line, 39949 A. A single shot profile
of the line has already been obtained using a photomultiplier
(Fig. 4(b)). This profile is compared in Fig. 6 with the multi-
shot profile as determined by microphotometering the
photographic plate, and converting to incident light intensity,
assuming a linear plate characteristic.

B 39 140 =
T I

Fig. 5. A time-resolved spectrum.
Side-scale 11 us per div.

Because of the non-linearity of the plate characteristic at
low intensity the minimum of the multi-shot intensity profile
at ¢ = m, would in fact be less than 0-15 which is the value

40

Intensity

10
Displacement on the photographic plate (mm)

Fig. 6. The intensity profile at 3994-9 A.

o microphotometer profile;
X photomultiplier profile;
O ideal case. I = Io (1—cos2¢) exp (— ¢/x).

determined by assuming a completely linear characteristic. The
third curve shown in Fig. 6, I = Io(1 — cos 2¢) exp (— ¢fe),
represents the ideal case, with perfect superposition. The
value of &« was calculated from the first two maxima of the
photomultiplier profile, while I, was chosen to match the
microphotometer intensity profile at its first maximum.
Assuming there is an overall error in the superposition of
spectra of & us and there is equal probability of individual
errors occurring over the whole range 8, then it can be shown
that the expected intensity at the first minimum, ¢ =,
when fifty discharges are superposed is

(Iexp)n = 13-9 8%

From this relation the error in superposition has been cal-
culated as 8 = 0+3 us taking the minimum of I,,, as 0-15.
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Rapid scanning of spectral line profiles using an oscillating

Fabry-Pérot interferometer
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The theory, design, limits of resolution and practical application are considered for a
time-resolved Fabry-Pérot interferometer in which the time resolution is achieved by the
dlsplacement of one of the etalon plates with a piezoelectric element.

It is shown that with an etalon of 1 cm aperture (i) any line profile can be determined
with an accuracy to about 24 % and (ii) the line profile can be scanned in minimum times of
the order 10~7 sec, the scan being repeated eight times in less than 106 sec.

Photoelectric recording gives the intensity profile directly on a linear intensity scale and -

linear wavelength/time scale.

1. Introduction

The Fabry-Pérot etalon consists in principle of two perfectly
plane and parallel reflecting surfaces, each with reflection
coefficient R, transmission coefficient 77 and absorption
coefficient 4(=1 — R — T). An incident ray is divided by
multiple transmissions and reflections into an infinity of
parallel rays such that sharp interference fringes are formed
at infinity or in the focal plane of a lens (Haidlnger rings).
The intensity -distribution of these ideal fringes is described
by Airy’s formula (Tolansky 1948).

) -1
a T R)z{l + . RR)2 sin? mrA} )

where o=1/A and A =2udcosi (optical retardatlon)
A = wavelength of light, s = refractive index, i = angle of
incidence.

. Transmission maxima occur if A = n\ where n is integral
and is known as the order of interference: the transmission
factor T, at each.maximum is -

A(o) =

A 2

T—® @

T T2
BRI

T At constant A, the change of order of +1 is equivalent to
a change of wavelength of +AM;, where A\, = — A2/A and
is ‘known as the free spectral range. If the bandwidth of the

* Now at Central Electricity Research Laboratories, Cleeve
Road, Leatherhead Surrey

Piezoelectric ceramic tube
supported at centre

radiation entering the Fabry-Pérot is greater than AA, the
orders of interference will overlap, and the fringe pattern
becomes complex. Therefore a Fabry-Pérot etalon must be
used with radiation of narrow bandwidth (i.e. line radiation)
which can be isolated with a monochromator.

To scan a line profile photoelectrically, the central fringe
of the ring pattern is observed through a circular aperture,
while the optical retardation A is contmuously varied,
Changes in A have been effected by variation of the refractive
index p and the physical separation d of the reflecting
surfaces (Jacquinot and Dufour 1948, Colloque international
sur les progrés récents en spectroscopie interférentielle 1958,
Bradley 1961). In.this application, the second method is
used, '

For cosi =1 and p =1, nA = 2d in each free spectral
range, n is constant, therefore AMA = Ad/d. Hence within
the free spectral range the change in wavelength AX accepted
by the diaphragm is directly proportional to the change in
separdtion Ad, and each time d changes by 1A, the order n
changes by 1 and the scan of the free spectral range is
repeated.

2. Description of apparatus

The apparatus is shown schematically in figure 1 and in
the photograph (figure 2); a brief description has already
been given (Cooper and Greig 1962) together with some of
the early results,

‘The etalon consists of two 1in, diameter, fused silica,
A/50, optical flats (Hilger and Watts Ltd.) one of which is

Quartz flat in
adjustable mount

- ) /
. . |
e |
i
= = = = _—_——— I R a
Light from \Iy
re-monochromator| e
P P\ 7% Scaning
Quartz flat Operture
cemanted to Photomultiplier
Applied - ceramic lube

vol tage

" Figure 1.

Schematlc diagram of the scanning Fabry-Pérot interferometer.
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ting to 'spherica], curvature of $agitta, Ad = A/n, N, = in.
Because it is a property of plates, Ny is the ‘limiting finesse’
of the etalon, i.e. if the plates are only flat to A/50 the finesse
cannot exceed 25.

(i) The scanning finesse Ny which is due to the finite
angular apertyre « accepted by the scannmg diaphragm,

Np == (3/7‘(12)&-)\1

Chabbal drscusses in detail the convolution of these effects
to give the final instrument functron However,

1 1

N2 NRZ + N;z + NFZ
is a good approximation. The best compromise between
light gathqrmg capacity and resolution is that N ~ Np ~ Ng
which gives N ~ 0-6Np.

Since the instrumental width is 1/N of A}, there are
effectively N information points in each free spectral range,
and thys the instrument can be said to have an ‘optical
accuracy’ of about +1/2N.

5. Degrease of the optical resolution by dynamic effects

In dynamic equilibrium the finesse of the system will be
limited by inertial bowing of the moving plate; inertial
forces due to the acceleration w?y towards the equilibrium
pogition (y being the displacement of the plate, figure 4)

Stresses and

an bending moments
<yiFa)y p e?;le .
fe—y(r) o '
_;; ¢
B O ST it b i
i .
| l
|
|
) Equilibrium ‘position
Figure 4. Inertial bowmg of the moving plate,
B0y _ 0=y
y(%a) »(3a).

¢ause an increase in spherical eurvature. ‘The plate is flat
when passing through the equilibrium position because
damping proportional to velocity (internal friction in the
plate and air resistance) is negligibly small,

The bowing B defined as

8y  y(r) — »0)
T yGa y(a)

can be derived by treating the problem as an example of
the theory of vibration of thin plates, assuming that both
the thickness e of the plate, and the wall thickness e, of the
tibe, are less than about a quarter of their respective dia-
meters. ‘Because of the rigidity of the barium titanate tube,
stresses and bending moments (ﬁgure 4) are produced at
the circumference of the plate which give an edge condition
between. the case of a free plate and that of a plate rigidly
held. If e~e, B reduces to

3
~ ®

where p = density of plate, o = Poisson’s ratio of plate,
E = Young's modulus, This is approximately twice the bow
that would be obtained if the edge of the plate were rigidly
held to the tube and half that obtained if the edge were
completely free (Cooper and Greig 1963 unpublished).

(1 — o)r2a¥sf?

If the frequency of oscillation f approaches the resonant
frequency fi, of the plate under these edge condltlons, ‘B
becomes very large; in fact the above formula, equation (6),
applies only for .

f 3 0-3 /.

The resonant frequency S, that would apply if the edge
of the plate were rigidly held is
Ee?

a 2(3 2)2 12
j;’ {12(1 az)p}

while the resonant frequency 5 appIylng to the case of the
edge completely free is :

Je=0-48f,.

Jr lies between these values (i.e. ff<fR </fo); B can now
be reduced to a more convenient form: - :

B~ 26(f| £, (rla) 0]

Then for a quartz plate, a=25 mm, e=6 mm (f, ——156 kc/s)
with a driving frequency f= 15kc/s, and drsplacement
y(a/2) = 2X (i.e. 4 fringes scanned either side of the equili-
brium position), 8y at full aperture is about A/8 (i.e. Np = 4)
and if the aperture is reduced to 1cm 8y is about A/50
(i.e. Np =25). As the amplitude y increases 8y increases
and therefore Ny decreases; however, subject to a loss of
light Ny increases as the aperture is decreased.

If the edge of the plate extends beyond the tube to a
diameter b, the inertial couples act in opposition and the
bowing is reduced. This reduction can amount to a factor
of about 8 on full aperture, when the ratio bla ~ 1-5. :

. Equation (7) shows that the bowing B decreases as f,
whereas from equation (5) At,;, is independent of f; there-
fore it is advantageous to use lower frequencies; at present,
15 ke/s is the lowest convemently available.

Lack of parallelism in the movement of the plate would
cause a further decrease in the finesse of the optical system.
However, the inhomogeneity of the barium titanate is small
and because of the method of mounting, twisting due to
reaction on the suspension is also small (i.e. effectively ‘free’
suspension).

At the same time, lack of parallelism in the movement
caused by modes of oscillation other than the: lengthwise
mode (i.e. transverse modes) will be negligible owing to the
small amplitudes of these modes, for by using a tube of
suitable - dimensions these other modes have frequencies
sufficiently removed from that of the lengthwise mode.

6. Thermal effects

There is a- s1gn1ﬁcant difference between the coeﬂiments of
thermal expansion of quartz « and barium - titanate «,

_ therefore a change in temperature will cause the plate to. be

strained and to bow as the tube contracts or expands‘radially
Again, this bowing can be derived from the theory of thin
plates (Cooper and, Grelg 1963 unpubhshed), and with the
same assumptions as in equatlon () for rnse 1n temperature
T° : .
Sy ~ aT(ocl — ) (2) B (8)

For a quartz plate on a barium titanate tube of the same
dimensions as in the previous example, 8y is about
A/12 degc! for full aperture, and about A/50 degc! for an

_aperture of 1 cm which means that the temperature must be

held constant to about 1 degc during the experiment, With
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a careful choice of plate and tube materials, this temperature
criterion can be considerably relaxed (e, if a—- ey,
Sy —»0).

As nearly all the power nceded to drive the resonator is
dissipated against internal friction in the barium titanate
and converted into heat, to remain within the above tempera-
ture criterion, only intermittent use is possible at or near
full power. After switching on, full amplitude of oscillation
is reached in time 7 ~ Q/nf, 50 that if no heat is lost, the
mean rise in temperature is about 0-02 degc at maximum
power and is independent of both dimensions and @ (Cooper
and Greig 1963 unpublished). The maximum risc occurs near
the centre of the tube at regions of high strain and because
of the relatively long time required for heat to be conducted
to the ends, temperature rises of less than 1 degc are obtained
for times greater than 50+,

7. Attaching the ctalon plate

Because of the high frequency involved, the ctalon plate
must be rigidly cemented to the end of the tube. The maxi-
mum longitudinal stress G at the join is

G = ﬂzfzpe—elayo

which, on substitution from equation (4), becomes

A
fp 4Ar

Therefore for a given Ar the stress decreases as f; at
S = 15kc/s and Ar~ 0-1 psec this stress is of the order of
103 Ib in—2 which is well within the range of the resin glues.
A difficulty arises in that unless special care is taken these
joints are not strain free and consequently the plate is dis-
torted. In the gluing procedure the thermal effects are also
important, for it is required that the plate should be finally
flat at room temperature. However, A/50 flats have been
successfully cemented.

8. Experimental procedure

(@) Two methods are available for checking experimentally
the dynamic finesse of the system.

(i) By decreasing the separation d of the interferometer,
the free spectral range AA; can be made large compared
with the line width of, say, a low-pressure mercury lamp,
so that the observed width of the line is purely instrumental.

(ii) Observing again an effectively narrow line, the
intensity peak of the fringe pattern is a sensitive function of
the finesse ratio Ng/Np, between the finesse due to reflectivity
and that due to plate irregularities (Chabbal 1953, Bradley
1962) so that as the plate moves from its equilibrium position,
the decrease in Np is shown as a decrease in this peak
intensity.

(b) Experimentally it has been found convenient to use
the arrangement shown schematically in figure 5, when
observing a pulsed light source. In a preliminary experiment
the oscillator must be tuned to resonance, so that when the
rapidly acting switch is closed by a manually operated push-
button, an alternating voltage of the correct frequency is
applied to the resonator through a power amplifier. The
amplitude of oscillation builds up until it is large enough to
be accepted by the pulse-forming unit, which by a process
of effective full-wave rectification, produces a sharp pulse
each time the voltage on the resontator passes through zero.
A counting unit, consisting of a series of binary counters,

allows the resonator to become firmly established in its
dynamic cquilibrium (i.c. ¢ > Qfnf), but by counting only
about 1000 pulses ensures that the temperature rise is very

- M
Power X : o
amplitier ~«[ Swilch ]—. Oscnllulpr‘

=

Light path
( 1
Pulsed —HM Fobry- =\
tight source |-/ .omchmmutorE Pérat £
Delay Counting Pulse
unit =<1 wnit forming
] unit
Triqqer

Figure 5. Block diagram of the control apparatus.

small. At the end of this count, a multichannel delay unit
is triggered, and produces one output pulse for synchroniza-
tion of the oscilloscope and another to fire the pulsed light
source. Light from the discharge passes through a mono-
chromator to the Fabry-Pérot etalon and so to the photo-
multiplier. The delays must be set so that the moving plate
of the interferometer is passing through its equilibrium
position at the time the discharge has reached the stage to be
investigated. Inthis way about eight line profiles of maximum
finesse and shortest scanning time can be obtained on the
oscilloscope.

Since from equation (3) the velocity of the plate is linear
to 1% over the centre 9% of the half-period, the linear time
axis of the oscilloscope is also the linear wavelength scale,
and the line width can be read directly from the oscilloscope
recording provided the free spectral range (i.e. wavelength
interval between successive peaks) is known. :The :only
restriction on this process is that the intensity emitted- by
the source must not change appreciably during the time
taken to scan a line profile, or the profile will be distorted.
The free spectral range can be measured by comparison with
a known wavelength interval, ie. the sodium doublet
separation, or calculated from the value of the static separa-
tion djy, which can be measured with a travelling microscope.

Within a free spectral range the wavelength measurement

) Fxgure 6. Successive profiles of the sodium doublet (nme basé'
2 usec per division). . L
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has an accuracy to about +AA,/2N so that the most accurate
line profile is obtained when the profile just fills the free
spectral range.

As an illustration of the instrument it was tested on a
sodium lamp with the result shown in figure 6. The lines
of the doublet are shown clearly separated, and the time for
recording a profile is about 1 usec. Owing to the small
number of quanta which are available from the sodium lamp
during this interval of time, the ‘shot noise’ prevents con-
venient illustration at faster scanning rates. However, the
brightness of high temperature plasmas, for which this
instrument is primarily designed, is very much greater and
smooth profiles are obtained down to 0-1 usec resolution,

9, Conclusions

When a few fringes are scanned about the equilibrium
position the bowing of the plates due to inertial effects
should permit a finesse of 20 to 25 to be realized with an
aperture of 1 cm (for £ = 15Kkc/s), so that any line profile
can be determined with an accuracy to about 219,. At the
same time the individual line profiles can be scanned in
minimum times of the order of 0-1 usec and the scan is
repeated eight times at successive intervals of 0-1 usec. Also,
being a Fabry-Pérot interferomieter, the instrument has
a large light gathering capacity (Jacquinot 1954, 1960)
and, in addition, .a good quantum efficiency. The fact that
the output appears on the oscilloscope as a linear profile in
both intensity and wavelength is a further convenience.

Tt is hoped that this instrument will be of considerable use
for measuring Stark and Doppler profiles of lines frequently
observed in plasma physics, both to provide experimental
information on the Stark broadening of lines from highly
ionized atoms and as a diagnostic tool to probe into the

" physical conditions existing within plasmas.

Some results have already been obtained for helium line
broadening in a z-pinched discharge (Peacock, Cooper and
Greig, to be published).
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