
STUDIES OF ThE RADIATION EMITTED BY SHORT 

DURATION ELECTRICAL DISCHARGES. 

by 

Joseph Robert Greig. 

A Thesis presented for the Degree 
of Doctor e Philosophy at the 

University of London. 

Imperial College 
	 December 1964. 

London S.W.7. 



ABSTRACT. 

Theoretical and practical 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 plasma 

are first deduced from the magnetic pressure, the measured plasma 

compression ratio, and the degree of ionization estimated from 

the spectral line emission. Subsequently a more accurate 

temperature is calculated from the ratio of line intensities 

in the All spectrum. An analysis of the continuum intensity 

distribution lead to no definite conclusion. 

The possibility of stimulated emission frog L the argon 

plasma is also considered. 

Finally a rapid scanning Fabry-Perot spectrometer has been 

developed and used to determine the variation of electron 

density with time in a pre-ionizing discharge in hydrogen. This 

spectrometer uses the piezoelectric contraction and expansion 

of a barium titanate tube to scan the profile of a spectral 

line with an effective exposure time variable from 107sec to 

10-5 sec. and has been used to record lines with half-intensity 

widths varying from 0.1 A° to 10 A°. It will also record up 

to eight successive profiles of the sane line within a time 

interval of 10-6  sec. each with an effective exposure time of 

about 10-7  sec. The complete theoretical and practical design 

study of this instrument is presented. 
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Part I. 
1. THE LINEAR PINCH DISCHARGE. 

1.1 Introductory remarks. 

The growing interest in controlled thermonuclear fusion and 

the inherent necessity to use fully ionized gases at extremely high 

temperatures, has led to an increasing demand for knowledge of the 

behavioui of gases under such conditions. One of the more obvious 

ways of studying these plasmas is to examine the radiation emitted 

by them. Ideally a controlled fusion reactor would use pure 

deuterium which at the required temperatures of 106  °K to 108  °K 

wiuld be completely ionised, producing equal numbers of deuterons 

and electrons. Then the only radiation emitted would be 

bremsstrahlung and the major part of this would be in the vacuum 

ultra-violet region of the spectrum. However most of the plasmas 

produced so far have been impure to the extent of I or 2 percent, 

with the result that there are always ions present which oontain 

bound electrons, then the emitted radiation consists of line 

radiation, recombination radiation, and bremestrahlimg. 

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 plasma, can readily be studied at much lower temperatures 

i.e. 4 105 °K, and in plasmas containing large quantities of heavy 

ions. 

Most of the experimental work so far undertaken by the High 
Temperature Physics Group at 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 optical in that they have used the emitted 
visible radiation to locate the plasma and to observe the charges 

in shape of its surface. 
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The object of the present work has been to extend these 

optical 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 optical speotrosoopic techniques is considered. 

Part I of this thesis describes the linear pinch device, the 

spectroscopic principles used in plasma diagnostics and their 

application to the argon plasma, with what is considered 

conventional apparatus. Also included, because of the chronological 

sequence, is the search for stimulated emission from the constricted 

argon plasma. Part II describes the construction, experimental 

testing and use of a new diagnostic apparatus, a rapid scarring 

Fabry-Pe-rot spectrometer. This spectrometer records the profile 

of a spectral line with an effective exposure time variable from 

10-7  sec. to 10-5  sec. and has been used to record lines with 
half-intensity widths varying from 0.1 A° to 10 A°. 	It will 

also record up to eight profiles of the same line each with an 

exposure time of 10-7  sec., within a time interval of 10-6  see. 
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-Pgrot interferometer could be reproduced as a 

separate report without being re-written. 

1.2 Apparatus for producing a linear self-pinched discharge. 

Basically the apparatus, shown schematically in Figure 1.1., 

consisted of a capacitor bank for storing electrical energy, a 

high-voltage high current switoh and a discharge vessel. The 

capacitor bank was made up of 72 capacitors, each of 27AAF 

connected in parallel by low inductance copper strip leads, to 

give a total capacity of approximately 2000/A.F. The capacitors 

were rated at 5Kv with a ringing frequency of 50 Ws., so the 
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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 switch, it readily held off 
5 KV until primed with a fast rising pulse of -20 Ky. As shown 
in figure 1.2 the spark gap was of a disc like structure for ease 

of manufqcture, minimum inductance, and daze of fitting into the 

low inductance strip leads. From the spark gap switch, the copper 

strip leads were connected into a rigid conoentric 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 inner of 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 

fastened to the flat copper electrodes at each end by "0" ring 

seals. Electrical connection 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, construction and characteristics of almost identical 

linear pinch discharge systems have already been rep.►rted. 

(Curzen, 1959; Nation, 1960). 

1.3 Electrical monitoring. 
Two electrical parameters, the initial charging voltage 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 d.c, voltmeter to a repeatability of about 

1%, while the current 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 a simple RC circuit 

to give current. 

Added to these, the instantaneous voltage across the discharge 

tube could be recorded if required, via a 150 D. tapping on a 

resistive potentiometer which was permanently connected across the 

tube. However, it has previously been found that for a given 

discharge system at a given charging voltage and initial gas 

pressure, both the current and voltage are extremely reproducible, 

so that generally it was only necessary to record one of them to 

check that the discharge was behaving; for this purpose the current 

was always recorded. Figure 1.4 shows typical voltage and current 

oscillograms. 

Normally three pieces of ingormation were extracted from each 

current waveform, i) the duration of any delay in breakdown, i.e. 

the tinp elapsed between the trigger pulse and the initial rise of 

current, ii) the time to pinch, and iii) the magnitude of the 

current at the pinch. 

1;4 Previous optical diagnostics. 

Most of the experiments so far undertaken, have consisted of 
observing the production and subsequent break-up of the constricted 
argon plasma, with various high speed cameras. The first of these 

cameras (Curzon, 1959) was a "drum camera" which could only be used 
as a streak camera and had a writing speed of 12,500 cmsiseo. Then 
there was the magnetically focused image-converter camera based on 
the Mullard tube, ME 1201, (Mullard Radio 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 	10-7  sea. or as a streak camera 

with writ-111g speeds up to 'v 5mm/psec. on the phosphor. 

Unfortunately the resolution of theimage converter camera was 

severely limited by the combination of magnetic focusing mad fast 

electrostatic shuttering. Figure 1.5 shows typical photographs 

taken on these two cameras. 

Much better resolution has been obtained with Kerr cell 

cameras (Folkierski, 1959). These are single frame cameras with 

exposure times down to 	10-7  sec, their main disadvantage being 

that in order to build up a 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 cameras. (Barr & Stroud Ltd). 

1.5 The present physical picture of  the discharge. 

Through extensive investigations with these cameras a 

comprehensive picture has been built-up of the shape and movement 

of the argon pinemn 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 current carrying plasma, 

whereas the dark regiolis are either cold unexcited gas or vacuum 

(Fig. 1.7). Allowing these assumptions, which sho#1d be valid for 

an argon plasma, the photographs taken withthe 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 conditiAns,% (initial gas 

pressure 0.250 torr and charging voltage 2.5 Kv) it reaches 

approximately 100 K amps. by which time the magnetic pressure on 
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the current oarryirg 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 currents of the discharge 

system increases, so the inductance increases 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 plasma has a directed motion with 

a velocity ofapproximately 106  cmsiseo. and is heated by ohmic 

heating and shock heating. When the two opposite sides of the 

cylindrical shock front meet on the axis of the tube, the radial 
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 can 
be repeated. This dynamic state exists until instabilities grow 

in the discharge and thr plasma column breaks up. With the 

present apparatas and using argon as the filling gas, the times 

of constriction and expansion are so long 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 of these 

Rayleigh Taylor type instabilites has already been analysed in 

great detail. (Curzon et al. 1960; Latham et al. 1960). 

The self-constriction of a current carrying plasma can be 

represented mathamatioally by any one of three approximations; they 

are the single particle, shock wave, and snowplough theories. The 

snowplough theory (Fig. 1.7a) considers the inward propagation of 

a current carrying sheath assuming that the gas ahead cf the 
sheath has no previous knowledge of its. imminent approach, and 

that as 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 that the current 

carrying sheath acts as a driving piston and creates a shock wave 

which travels radially inwards ahead of the sheath. Again all the 

gas is swept up by the current sheath, leaving a near vacuum outside 

it, but in this case there is ahead of the sheath first a region of 

gas which has already been shock heated then in front of the shock,  
wave a region of undisturbed gas. 

The single particle theory (Fig. 1.7o) assumes 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 again an increased pressure and temperature 
ahead of the current sheath and a near vaouum outside it. 

Unfortunately if from each model the time to pinch, tp, (i.e 

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

that they cannot be separated experimentally and since the variation 
of t with each parameter is the same in each of the three 

equations, they cannot be separated by varying any parameter. 

41 	4'21 
Single particle: 	tp .„( lifb Ro Lo  

1 
4 	Vo2 

••••••••••••••••.../.••••••• .........
••••••.••••...”,,, 

4 i 100 IT'  fp 0 R04  Lo g Shock wave 	; 	tp   
V2 Vo  

71001  ro  R04  Snowplough 	t 	Lo 

Vo2  

Where po  is the initial density 

Ro  is the initial radius 

Lo is the circuit inductance 

Vo  is the charging voltage. - 	+1 	the density ratio across the shock. 

10 	
6-1 
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The validity of the equation for tp  has been thoroughly 
checked for this sort of apparatus. (Nation, 1960). 
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2. PLASMA SPECTROS('OPY. 

This chapter constitutes a brief review first of the 

radiation emitted by plasmas, its origin and the processes of 

emission, and second of the possible diagnostic techniques 

involving this emitted radiation. 

2.1 Radiation from plasmas. 

Laboratory plasmas can now be produced with temperatures 

covering the whole of the range 103  °X to 106  °X and their emitted 

radiation (Aller 1953; Griem 1961; Wilson 1962) has been detected 

at all wavelengths from soft x—rays to microwaves. First of all 

then, what is meant by the term "temperature" when applied to a 

plasma? For many plasmas, temperature can only be a parameter 

which describes the distribution of energy within a specific mode, 

i.e. the number of particles having a certain energy, 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 statistical 

mechanics canbe used to derive, i) the dibtrihution of bound 

electrons among the discrete energy states within the atom, the 

Boltzmann distribution (Born1951). 

= no gm e 
	

2.1 
go 
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ii) the distribution of the kinetic energies of free particles, 

the Maxwell...Boltzmann distribution (Barn 1951). 

(v)dv 	411-v2  ( m )3/2  xp(-mv2  ) dv 	2.2 

	

211kT 	2kT 

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

	

Ni+11 N a  2U  i+1(T) 	(2:ri" inkT ) 3/2  e 	2.3 
Ni 	Ui(T) 	

( 	) 

While Planck's law for the distribution of the radiation intensity 

within a. plasma can be derived by considering the detailed balance 

of the reactions involving one particular radiation producing 

transition (Bo-t-1119511  derives Planck's formula from consideration 

of an harmonic osoillator). For each radiation produoging 

transition there are, in principle, three processes related to the 

radiation intensity, which must balance, 

spontaneous emission 	A + k 	2.4 

stimul'ted emission 1.34‘.a 	A + 	 2.5 
photo-absorption 	A +hv 	A31 	 2.6 

Then the radiation intensity within theoptioally thick plasma is 
-1  

B(NP,T) dv = 2hi3 	da 	ergs.cm72sec.-isterad-1(em71) sec.. 

F(-9, T) = IT B(y)T) = 21.1,93 	1  
77—  e  7 0  - 

and is known as the "Black body emission", while the radiation 

2.7 

energy density within theplasma is 

Et9)T) = 4Iti B(-9T) = 8'1(11\71  
—07 c 

02 etv9/0-- 

the flux escaping from unit area of the surface of such a plasma is 
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At low temperatures (<50000E) and wavelengths in the visible 

region, the Black body emission formula reduces to Wien's law 

B(>, T) = 213.03 	ho/'r. kT 	2.8 

The total radiation emitted by an optically thick plasma is 

given by Stefan's law 

	

E(T) = 	T4 	ergs am-2  sec-1 
	2.9 

cr- where 5-  is Stefan's constant. (6'= 5.75.10-5ergs cm-2se0-1 o 4)  

The partition function 1011(T) in equn. 2.3 is defined as 

AT Ui(T) -E  g . p 	 2.10 j  

	

where the level 	is any excited level belonging to the 

ionization state of the atom. 

Incandescent solids, though optically opaque have emissivities 

(ta) less than unity so th-t their emitted radiation is less than 

that of a black body of the same temperature and can be 

represented as 

I (IX = E 0,T) B(' T) d\ 

The "brightness temperature" TB of such a solid, at any 

wavelength "No  is defined by 

I = B(\c, TB) = 

where T , is the true temperature. 

Cptioally thin plasmas. 
A plasma is said to be optically thin at a certain wavelength 

if the mean free path for absorption of R. photon of that 

wavelength by an atom or ion in the plasmn, is equal to or 

greater than the dimensions of theplasm-; i.e. when the 

frequenoy of occurrence of equn. 2.6 is negligible. Then the 

(> o) B ( 0  T ) 
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population of any energy state (excited or ionized) can only be 

deternined by considering the balance of all processes involving 

that state. Such processes are described by eqns. 2.11 to 2.16 

as well as 2.4 to 2.6. 

collisional excitation 

collisional de—excitation 

collisional ionization 

collisional recombination 
photo—ionization 
radiative recombination 

Within the volume of a "black body" eqns. 2.11 and 2.12 

balance each other, so also do 2.13 and 2.14, and 2.15 and 2.16. 

However within an optica11 y thin plasma, because of the low 

radiation density (all radiation is lost from the plasma) the 

occurrence of eqns. 2.5, 2.6 and 2.15 is negligible. Also because 

of the low particle densities required for optically thin plasmas, 

the occurrence of eqn. 2.14, which is a three body colllsion is 

negligible, while theoccarrence 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 transition to the ground state, then 
the rate of decay of the population A- due to equn. 2.4, is 

ti-jAjo 

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 

= n N "). 	•  

t 

A + B = Am + B 2.11 

Am + B = A + B 2.12 

Ai + B = Ai+I + B + 2.13 

Ai+l + B + e 	= Ai + B 2.14 
Ai  + hv = 	+ e 2.15 

. 
	

Ai+ hy  Ai+1 2.16 
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where 	CS
C I 

v\ is the collision integral for excitation into 

the jth level. Therefore if the plasma is in a steady-state 

n • 	noNe_ 46-jvf 	 2.17 J 
A Jo 

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 a 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 

Ni+1 = 	vT 2.18 
Ni 

VT 3.+1 

where Vi , 
	1 VT and VT+1  are the rates of ionization and recombination 

Equn. 2.18 was first derived by Elwert (of. Aller 1953, Griem 1961) 
to explain the ionic populations in the Solar Corona, 

Maly 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 end 2.16 do not 
apply, the collision frequencies for 2.11, 2.12, 2.13 and 2.14 are 

so large that the excited and ionic states maintain their thermal 

equilibrium populations. Then the plasma is Said to be collision 

dominated. Furthermore because at the relatively large particle 

densities acheived in many laboratory plasmas, the mean free path 
for collision is very small, it is possible for a plasma to have 
a macroscopic variation of temperature with position withil its 
volume, and yet at any particular point, x, with temperature ,T(x), 

the populations of excited and ionic states follow the Boltzmann 

and Saha equations respectively. Such a plasma is said to be in 
Local Thermal equilibrium (L.T.E. - Gridm, 1963; Wilson, 1962). 
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Mechanisms for the emission of radiation. 

Radiation is emitted when a charged particle jumps from one 

energy state to a lower one, the photon frequency being given by 

Einstein's equsitien 

by = C\E 	 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 an atom or ion, i.e. 

a bound-bound transition. 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 

ji= E.
J 
 - E. 	 2.20 

The total energy radiated in the line, is 

ji. d/ = nj 	hvji 1 	2.21 
Pte. 

where 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 
shows a free-bound transition. If the free electron has 

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

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

1r' = 1 mv2  + Ea, - Ej 	2.22 

Since the number of electrons with velocity (v dv) is Nef(v)dv 

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, 14:.d  , the energy 
radiated at (,19) into unit solid angle is 

Iy  dv = 1 ilii..11e6viv f(v) 	2.23 
41r,i 

The total energy radiated into all space, is 
oa 	v." 4.. 

P = 411j  I a, 	N.N42. 	o v 
h 	v 	dv 	2.24 

 

Because the velocity v varies continuously, recombination 

radiation is always a continuum. 

c) Bremsstrahlung. 

In classical terms, bremsstrahlung is the radiation emitted 

by a free electron when it is accelerated in the electrostatic 

field of an ion; quantum mechanically, it is the radiation emitted 

when a free electron jumps from one hyperbolic energy level to a 

lower one; in either view a free-free transition as depicted by 

the arrow "c" in Fig. 2.1 Kramers (Kramers 1923) gave the first 

theoretical derivation of the distribution of energy in the 

bremsstrahlung continuum, but since then many simpler derivations 

have followed. UnsOld (lAns'Old 1955) and Maecker and Peters 

(Maecker, Peters 1954) consider the following argument which relies 

on Kramer's derivation of the coefficient a, for the absorption 

of a photon of frequency's), by a free electron of velocity v, in 

the presence of a hydrogenic ion of charge Z . 

a = 41V Z2  efi 	1 	2.25 
33 hcm2v 

Therefore for an electron density Ne  and ion density Ni 

the absorption by electrons of velocity (v dv) is 

a 	= 16 irr2 z2 e  6 	Ne e  -u  du 
V'. 	3 j 3 	CET21775- 	(kT)1/ v' 

2.26 
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2kT 
	The coefficient of absorption oev  is the 

integral of this over all electron velocities, whence 

oC 	= 26.62 	Z2  e6Il 111- 	1 
V 	3 47i ch(2mIT)3/2 -(kT)1/2 

Allowing for stimulated emission the absorption coefficient 

becomes 

c{v  = 	(1 	AT) 
	

2.27 
and from Kirchoff's law, the coefficient of emission 6,, 	is 

of 	(1  (1 e -hVkT) B(v,T) 2.28 

 

= 6.36.10-47  Z2  NiNe_ Q -h/AT 

(kT)1/2  

ergs 

 

ems2sec.strad(cm-1) 

2.2 	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. (Zaide1 et al. 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 (Fischer 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 man/ plasma experiments the electron number density 

N. 	is sufficient for. plasma oscillations 31  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 increases rapidly with 

where u = in V 2 
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wavelength, with the result that in the fax infra-red the emission 

from these plasErs is black body (Kimmitt, Niblett 1963). 

The plasma frequency VI, is given by 

4 ti 	N 
21r . 3m 

Optically thick line emission. 

As the dimensions of an opticaLly thin plasma emitting 

line radiation, are increased, the line centre intensity increases 

until it is limited by self-absorption. At this point the 

line centre intensity is just equal to the intensity emitted by 

a black body at the same temperature and wavelength. Because 

the absorption cross-section is large at the frequency of a 

spectral line, especially a resonance line, many laboratory 

plasmas of quite small dimensions have been found to be optically 

thick at specific wavelengths. The temperature of these plasmas 

can be determined by oomparing the line centre intensities with 

the black body emission (equn. 2.7) 

Total line intensities,  

For a plasma which is in local thermal equilibrium (L.T.E) 

but is otherwise optically thin (Griem 1963), the total 

intensity emitted in a line caused by the de-excitation of the 

jth  

equns. 

excited 

2.1, 

f I 
	dv 

levdl of the ith 	ionization state is from 

2.10, and 2.21. 

= 	NigjAi h'vl 	e
- • Eo/ kT 

2.29 
Ui(T) 

If the total pressure P exerted by the plasma is known 

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

P = kT Ne... + 	i 1 Ni 1 - 	Ei Ni 	2.30 
L 

where 6. Ei is the decrease in ionization potential (see later). 

A typical variation of Ni is shown in Fig. 2.2, which is taken 

from Bosnjakovic et al (1959). 

Since the total lineintensity varies directly as Nie-EAT, 

and from Fig. 2.2 Ni goes from zero, through a maximum and 

back to zero, over a range of temperatures over which the 

partition function Ui(T) shows no appreciable variation, while 
-E./kT e. 0 	increases rapidly, it is readily seen that the total 

line intensity passes through a maximum at a temperature 

somewhat higher than that of maximum Ni. Thus if an optically 

thin plasma, constrained by a known pressure, has a spabial 

temperature distribution, it is possible To locate a point on 

this distribution by simply observing the position at which an 

emitted line passes through a maximum of intensity. Fowler and 

Milne (cf. 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 
temperature 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 to determine the temperature of an arc 

burning in argou at atmospheric pressure. Having determined 

the temperature at one point in a spahial temperature 

distribution using 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 T1  and coordinate Xi  

then in equn. 2.29 the total line intensity emitted from this 

point is 

-E-/kT I d•O = Ni(Xi) g /3. h-o e 	= 1(x1) 
U1(TI) 

A second point of coordinate X2, has an unknown temperature T2  , 

and a measurable emitted intensity for the same spectral line of 

1(X2) , then the ratio of intensities is 

I(X2) = Ni(X2) Ui(T1)  

7117 	Ni(X1) Ui(T2) 

and since T1 = T(Xl) 	and T2 = T(X2) 

I(X2)  = F(T2)  

1(x1) 	F(Tl) 

Therefore T2 can be calculated (of 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 

12 = g2 A2 '92 e  -(E2 - E1)/kT 
2.32 

     

1l 	g1 L1 1 
where subscripts 1 and 2 relate to the two lines. The above 

formula is true for lines belonging to the same ionic species; 

if on theother hand, they belong to two successive ionization 

states, i and i + 1 , 

12(i + 1) = Ni+1 Ui(T) g2  A2  -;')2 e  _(E2  - El)/kT 

Il(i) 	Ni Ui+1 (T) gl L1 -91 

2.31 

2.33 
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and substituting from the Saha equation (equn. 2.3) this 

becomes, 

12(1+1) = 2 (21rmkT)
0/2 

 g2 A2 ••9 2 

Il(i) Ne  ( h2  ) gl A 1 -Y1 
Provided Ne  can be determined by some other means, this ratio 

can also be used to determine the temperature of the plasma 

(Grieco 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. 	= ri. j A00  h Ta jo 1 

and if for any single ionic species, two such levels j and k 

exist, the ratio of the two emitted line intensities is 

I. =• C6 • Nr> ao 

For 

Ik 	.(tkv. , Ay> 
a Maxwellian electron velocity distribution, 

F(Te) 

equn. 2.2 

2.35 

 

Ik  

   

whence if the e2citation cross-sections are known Te can be 

determined. (Heroux, 1964). 

Burton and Wilson (Burton, Wilson 1961) making use of 

modifications 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 

e -(Ex+E2-El)/kT 2.34 
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intensity emitted in resonance lines of successive ionization 

stages of the inert gases. 

The Bremsstrahlung continuum. 

Putting Z = 1 , and Ni = Ne  in equn. 2.28 gives the 

intensity distribution of bremsstrahlung for a hydrogen or 

helium plasma to a resonable degree of 7,ccuracy, but for any 

other plasma, even allowing for the Gaunt factor (g) , the 

accuracy is very poor (Olsen 1961). In many laboratory plasmas 

the temperature is such that the most accurate wavelength region 

for measuring the slope of the bremsstrahlung distribution, 

would be in the vacuum 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 about 1% of 

impurity would give recombination radiation equal to the 

bremsstrahlung in a deuterium plasma. (Kolb, HcWhirter, 1964; 

Post, 1959). 

If recombination radiation can be excluded or -,1lowed for, 

determination of the slope of the bremsstrahlung continuum, 

provides a convenient method of measuring the electron 

temperature in a plasma. 

For a pure hydrogen (or deuterium) plasma the variation of 

bremsstrahlung continuum intensity with wavelength through the 

visible range is small, then the electron temperature can 

conveniently be determined from the ratio of the total intensity 

of a Balmer line (Hg) 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 



3 	‘. 21r miff 
10) 3/2 	(g -Ej -fro.)/kT (  	e 	 dv 

2.37 
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of the recording instrument is required. Electron temperatures 

in the range 1 - 10 EV can readily be determined to an accuracy 
of about 4% by this method. 

Recombination radiation. 

The capture cross-section for an electron of velocity v into 

128 1T4 z4 el0 g  

31-3 h4c5mIrri,i 

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

(g ^/1). ror heavy atom ions 6.. is to a first approximation ir3  
different from thr?t for a hydrogenic ion only by a constant factor 

a bound level j , of quantum number nj is 

(ira.= 

given by 

2.36 

Then equn. 2.23 and so shows the sane dependence on v and nj. 

becomes 

I dV = 1 L  N N. 12811 mZ4  
3 15' h c 4ir j e  

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 

Balmer continuum given by nj  = 2 , is 

I 	 T174 10.0, 	)3/2 340.(Y2-Y)/kT (2) dv= 1 N.  Ni 16 	 d--,7 	2.38 
V 	4ir 	3 131  h2o3 	mkT 

where Vz.= 8.22 1014  cm-1  (X = 3650 A°) and this appears in 

the quartz ultra-violet region. Accurate electron temperature 

measurements can be made either from the slope of the series 

limit continuum, or from the relative intensity of a member of 

the series to the continuum e.g. the ratio of Hp intensity to 



21-2  Ne  Ni 	Z2  e,6  g &c? 	
03(27rm)3/2(kT)1/2 4 

for 2.41 
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continuum. 

Bremsstrahlung and recombination radiation from an argon plasma. 

Assuming that the hydrogenie formulae for bremsstrahlung 

and recombination radiation can reasonably be applied to an 

argon plasma, with due allowance for the Gaunt factor, the 

following analysis can be made (UnsOld 1955; Maecker, Peters 1954; 

Olsen 1961). 

The bound levnlz of an argon atom (or ion) form a simple 

pattern (Fig. 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 

approrimated to a negative continuum of states, thus bremsstrahlung 

and recombination radiation can be combined in one theoretical 

expression. 

In equn. 2.26 the quantity uL (proportional to the energy 

of the absorbing electron) can now have negative values down to 

- hVg/kT. For the absorption of radiation 'V , where -9 .4, -Og 

32-.N7 	Lk < a0 
kT 

therefore the absorption coefficient is 

De. = N Ni 161k2 z2 e6 g 	hVier 

v 	e 	3  4-5\ ch(21rm)3/2(kT)1/2 3 

and for y -hVg_  
kT 

 

z2  e6 	e.  hNig/kT 

oh(21cm)3/2(kT)1/2 	y 3 

therefore 

 

v N 
= 	Ni  16 11-2  

e-  

 

2.40 

From Kirchoff's law therefore, the emission coefficient is 

2.39 
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and 

= Ne  Ni Z2  e.6  g 	e h(" i ...))/la  for Nq1 'N) 2.42 
-4  

3  f51  c3(2Trm)3/2(kT)1/2  
For recombination to form neutral argon, V1  corresponds 

to about X3700 A°. 

Published experimental results show that the continuum 

emission from an argon plasma (in the visible and quartz ultra-

violet) follows the general shape indicated by the above 

Kramers-UnsOld theory, and has the correct dependence on 

Ne Ni/TY2  (AIpber, White 1964 and quoted references). However 

neither the absolute intensity in the visible, nor the slope 

below "X3700 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 continua. Inglis and 

Teller (Inglis, Teller 1939) calculated that for a hydrogen 

plasma, the upper quantum number min of the last observable 

line in the Balmer series is given by 

Log N = 23.26 - 7.5 log nol.  
Whereas using the Holtzmark normal field, Fo  = 2.61e. N2/3  
(the field corresponding to the mean separation between charges) 

the Inglis-Teller equation becomes 

log N = 23.46 - 7.5 log n(y1 	2.43 
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which is in reasonable agreement with experimental findings 

(filler 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 and thus the average field of the 

"perturbing" electron is zero. However in the line wings where 

the perturbation (h&-.?) of the emitting level is large, the 

life-time of the level is correspondingly small and electron 

statistical broadening becomes important. UnsOld (UnsOld 1955) 

calculates that if Te  < 5.105  , the quantity N in the 

whereas if T 	5.105 	N =N1  • e 
nm 

In either case the formula can only be expected to give 

order-of-magnitude accuracy. 

Depression of the ionization linit in heavy ions has been 

discussed recenzly by Ecker and Kr 11,(Eckert  Kr611 1963) and by 

Olsen (Olsen 1961 and 1963b) who also gives a comparison with 

experimental resilts. 

Stark broadening and shift. 

Electric microfields not only affect those levels closest 

to the ionization linit, but 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. (Grieco, Kolb, Shen 1962). After White 

(White 1930) the change in energy LW of any energy level W, 
caused by an electric field E can be written 

= 	aE + bE2  + cE3  + - - - 

where a is the linear stark coefficient and b is the quadratic 

nm  
Inglis-Teller relation is N = Ni + Ne  
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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 ion, caase quasi—static 

electric fields which perturb the emitter. Since there is a 

statistical (Holtzmnrk) distribution for the number of ions 

affecting any particular emitter, and 4hence the field perturbing 

that 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 electric 

field strength. For the.quadratic stark effect energy levels 

will not only be broadened by the electric field distribution, 

but will also 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. 

Beca,Ise of the impact, the process of emission is perturbed and 

the effective coherence length of the photon is cut short. 

Quantum mechanically this is equivalent to Changing the energy 

of the photon by some small amount, and on average gives risa 

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 adds to the line wings. 

Using the G. K. S. theory on the line His in a pure hydrogen 

plasma, it is possible to determine electron densities with an 

accuracy of about ± 5%. 

Doppler Broadening and shift. 

The wavelength of light emitted by an atom or ion travelling 

with velocity v towards the observer, is shifted by an amount /SX 



0 

to the blue, where 	is given by 

A)\.= )k.0 's 	 2.44 

This shift gives an accurate measure of any directed 

velocity 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 syrnetrically broadened, the intensity distribution 

of the line being given by 

-k2('  I = 	a • xo 	 2.45 

The halfwidth of the line is given by 

	

= 7.2.10-7  k °  ITP 	2.46 
4 

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 Mich is only applicable at temperatures 

below about 4000°X. 

3E 
&X,is the full width of a line at half its peak intensity. 
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3. TIME-INTEGRATED SPECTRA. 

3.1 Experimental. 

Before progressing to more elaborate investigations of the 

spectra emitted by theplasma produced in the linear pinch 

discharge, it was necessary to examine the time-integrated emission 

from theplasma. To record the spectrum emitted by such a 

discharge, the discharge can conveniently be viewed in one of two 

directions. First the discharge tube mPy have its axis 

horizontal and perpendicular to theoptic axis of the spectrograph 

(Fig. 3.1a). This "side-view" of the discharge is limited in 

two respects, a) the discharge tube is made of pyrex glass and 

therefore transmits only between 4000 A°  and 7000 A°, so that 

using argon as the filling gas, only the spectra of AI and All 

can be seen. Very small quartz windows approximately 1" in 

diameter, have in fact been let into the pyrex tube in order to 

see radiation down to 2000 A°, but the size of these windows is 

limited by thepermissible deformation of the inner surface of 

the discharge vessel and by the decrease in physical strength 

of the vessel when mutilated in this way. It has been found 

in earlier work (Curzon 1959) that instabilities of the 

discharge can be formed by irregularities in the discharge 

vessel as well as by irregularities in the return conductor. 

b) Because of the kniwn radial motion of the collapsing shell, 

all lines will be Doppler shifted (equn. 2.44). Although the 

shell velocity can be measured very accurately from streak and 

Kerr-cell photographs, there is the possibility that the 

limirous shell velocity is not the ion velocity, whence 

measurement of the Doppler shift would be interesting. However 

as the radial velocity is a function of time, this experiment 

requires time 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 discharge viewed through a hole in the electrode. Two 

such systems were used, one with a 1" diameter hole in the 

electrode on the discharge tube axis, and one with a diametral 

slot cut in the electrode thich 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 theplasma might set in after the first pinch, 

but until that time there was no measurable effect. Other 

difficulties 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 appreciable change in refractive index of quartz 

with wavelength, it was impossible using a quartz lens, to bring 

the whole length of this extended axial object into proper focus 

over the whole wavelength range. This difficulty could readily 

be overcome using a pin-hole cameral  resulting however in 

considerable loss of aperture. b) Because of tne lack of 

uniformity along the length of the plasma col-mr 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 aililger 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 a. line 

intensity along its length, gives directly the radial 
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distribution of the emission of that line, averaged over the 

whole duration of the discharge. However, using the information 

`at 	 
obtained (Chapter 1) regarding the shape of the plasma 

at any time and photomultiplier records of the total visible 

radiation emitted by the discharge at various radii (Fig. 3.2) 

one can say that any radiation which is 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 separating 

some of the radiation emitted at thepinch. From the 

spectrograms shown in Fig. 3.3 it is readily seen that this 

method :t.s applicable to the continuum radiation, thus these tine 

integrated spectra could be used to investigate its spectral 

distribution. 

Spectrograms taken for the same capacitor charging potential 

but at different initial gas pressures showed very little 

change in the emission, (Fig. 3.3). L much greater variation 

was observed with the variation of capacitor charging potential 

at the wine initial gas pressure (Fig. 3.4). The drastic 

increase in the effect of wall materials 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 fact discharges inwall materiRls. 

Material must be evaporated from the walls at the time of the 

first pinch, when 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 inner surface of the discharge tube becomes 
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so badly crazed that observing the plasma through the tube is 

difficult, this in fact limits the useful life of a discharge 

tube. 

At the "standard" conditions wall material plays a very 

small part, of the lines observed the great majority have been 

indentified as argon lines. No lines have been observed from [;he 

first spectrum of -trgon, all the strong lines belong to the 

second and third spectral  i.e. to the ions A+  and L++, while a 

few very faint lines can 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, II, III and IV appear in the vacuum ultraviolet below about 

1000 A° and arch more energy is emitted as radiation at those 

wavelengths. On close inspection of the negatives lines 

belonging to the ions A4"1' and A+++  can be seen to be emitted 

only near the axis of The 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 1-,ck of the AI spectrum su,gests that the 

first stripping process might be extremely rapid, and that 

most of the gas is ionized before the current sheath even lerves 

the walls. However such suggestions must not be too strongly 

pressed, because in fact there are only a few AI lines in the 

visible region at X4200 A°, the strong red lines at wavelengths 

>%1,.. 7000 A°  being outside the range of these experiments. 

The identification of lines in the spectra AII, LIU and 
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AIV is very useful for future experiments with a time-?resolved 

spectrograph and a photo-electric recording monochromator, but 

at present can only be used to set an order of magnitude to the 

temperature existing in the pinched plasma column. To determine 

this approximate temperature, the total pressure at thepinch 

must 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 

AIII number density is a maximum since froze the time integrated 

spectra it is estimated that this is the approximate condition 

at the first pinch. 

Radius of plasma column ti 0.5 ems. 

Current at pinch ,,53 kamps. 
Magnetic pressure ^d1.8.107  dynes/cm2  

Therefore using the entropy-enthalpy diagrams (Bosnjakovic 

et al, 1959) or the calculations of Wheeler (Wheeler, 1963) on 

the ionic composition of an argon plasma 

T 	40.103 OK 

The magnetic pressure is really a minimum value of the 

total pinch pressure,- however, if the actual pressure were 

4.107  dynes/cm2  the calculated temperature only rises to 

43.103 °K. 

Altern9tiNely it can be assumed that all the gas originally 

in the discharge vessel has been swept into pinched ooltimn and 

is ionised to AIII. Applying the formula 

Pmagnetic = (Ire 
	kT 

an approximate temperature can again be calculated. 
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Initial particle density ^a 1016  cm -3  

Compression ratio 	225 

Approximate temperature T 	24.103 °K. 

In this case the aalculated 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 -khe simple physical picture used to describe the discharge. 

The disagreement suggests that the ionization is considerably 

less than that assumed, i.e. the plasma always contains a large 

proportion of AII, and that 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 

mixture of All and AIII, bremsstrahlung and recombination 

radiation should combine to give approximately constant emission 

for all wavelengths down to about 1000 A° (equn. 2.41 and 2.42). 

At the electron density anticipated i.e. Nr  -'4.1018  cm 3, 

electron plasma oscillations become dominant above about 30) . 

Therefore throughout the visible and quartz ultraviolet spectrum, 

the continuum emission is theoretically constant, and from 

published 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 (Pig. 3.4)  

i) At 2.5Kv the emission spectrum of the plasma produced in the 

pinch system is almost entirely due to the ions AII, AIII and AIV 

In the visible region where only the All ion emits, all lines 

except three impurity lines (Na I )5895.9 A°  , ;.5890.0 A°  ; 

H X 6562.8 A°) have been identified as belonging to that ion. 

The six strong lines used in Chapter 6.2 are clearly visible 

(AII ),, 4348.1 A°  , )•4609.6 A°  , X4764.9 A°  , X4806.0 A°  

X4847.8 A°  and \ 5062.1 A°) 
Below X3600 A° more than half the emitted lines belong to 

the ion .LIII, of these strong lines occur at X2400 A°—> \ 2440 

X 2653 A°, X 2753 A°, ),.2884 A°, X 3336 A°, N3345 A°  and 

A3358 A°. For the ion AIV only n few lines could be identified, 
N2640 A°, X 2757 A°  and "), 2809 A°. Several strong impurity 

lines were observed: 

ion 

H 

NaI 

BII 

(A°) 

6562.8 

5895.9, 

3451.4 

5890.0 

cuI 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 and B may be due to residual oil vapour, vacuum grease, 

araldite seals, or rubber "0" rings; Cu and Zn cone from the 

copper and brass electrodes; and H, Na, B and Si nay be released 

from the glass discharge tube. 
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ii) At 5Kv the emission from the pinch plasma is considerably 

chnreed. In the visible region many of the All lines are still 

clearly visible but they are weaker thin those this to impurities. 

In the quartz region no AIV lines are visible and only a few 

AIII lines (X2400 .0-7; )%2440 A°  , )%3336 A°  and 'X 3345 A0). 

Although a few lines (),2750 A°- 	.7\ 2800 A°) renain unidentified 

it is already clear that this is largely a discharge in 
rmterials. 

ion 

H 6562.8 

NaI 5895.9, 5890.0 

SiI 3905.5, 2967.6, 2970.4, 2881.6 *, 2631.3 ", 2528.1", 

2516.1', 2506.9, 2435.2*. 
SiII 6371.3, 6347.3, 5979.0, 5957.6, 	5056.0, 5041.1, 

4190.7, 4130.9, 4128.1, 3862.6, 3856.0, 3853.7. 

SiIII 4574.8, 4567.9, 4552.7, 3806.6, 3796.1, 3791.4, 

3096.8,.3693.4, 3086.2. 

CuI 5218.2, 5153.2, 5105.5, 3274, 3247 

CuII 2718.8, 2713.5, 2703.2, 2701.0, 2689.3 

CII 4267.3, 4267.0 

CIII 2296.9 

ZnI 3345.0, 3302.6, 3282.3 
ZnII 2558.0, 2502.0 

BI 2497.7, 2496.8m  

BII 3451.4 

At this voltage the plasma must also have a substantial cold 

mintLk around it, since lines marked (R) show strong, often 

assymetric self reversal. 

References used tr the identification of spectral lines: 

All 	Minnhagen L. 1963 Ark Fys. 	203. 

AIII + AIV Minnhagen L., Stiguark L, 1957 Ark Fys. 22, 27 



de Bruin T.L. 1937 Proc. Roy, Ac ad. Arsterdnm 40, 340 

Moore C.E. 1959 N.B.S. Tech. Note 36. 

Moore C.E. 1950 N.B.S. Circulr 488. 
Harrison G.R., 1939 Wavelength Tables M.I.T. 

(Wiley ; New York). 
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4. TIME RESOLUTION WITH A 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 pin*, an 

electromagnetically driven stainless steel rotating mirror was 

bought from the Atomic Weapons Research Establishment, 

Aldermaston. This mirror was combined with a Hilger medium 

quartz spectrograph to form a time resolved spectrograph very 

similar to that described by Gabriel (Gabriel 1960). As it 

was anticipated that there would be insufficient light from the 

linear pinch to produce a photograph of a single discharge, an 

electronic control unit was devised which enabled the accurate 

superposition of records from many successive discharges 

(Curzon, Greig, 1961 ; Greig, Curzon, 1961). 

A small motor-generator set giving approTimately 1000 c/s 

was used to supply power to the two-phase induction motor of 

the rotating mirror. This source was particularly 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, tbus limiting the acceleration and 

final speed of the rotating mirror. 

The optical layout of the time-resolved spectrograph 

(Fig. 4.1) was particularly simple. Light from the source to 

be investigated D, was focused by the lens L, on the horizontal 
slit S1. The slit S1  was in turn focused on the vertical slit 

S2 , the entrance slit of the spectrograph, via the concave 

mirror M1, the plain mirror M2, and the rotating mirror MR. The 
field lens L2, which focused the rotating mirror MR  on the 

collimating lens of the spectrograph, must be used if the full 

aperture of f/12 is to be realised over any length of entrance 

slit, (full length 18 mm). However as in this preliminary 
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experiment the lens L1  was stopped down to much less than f/12, 

the field lens L2 , was not necessary. In fact uniform 

illumination is achi)tved over a fractional slit length 

X (= slit length ) for apertures less than f/12/,  /(1-X) when 
18 mm 

the distance between MR and S2 is 30 cm. Of course in all such 

cases the spectrograph is not being used at its maximum light 

gathering capacity and cannot be so used unless the field lens 

L2  is used. 

Not shown in Fig. 4.1 is the small direct current lamp which 

was situated in the sPme plane as the mirror M2  and the axis of 

rotation of the mirror MR. This lamp reflected from. MR 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 S3  was arranged to be on an adjustable vertical 

slide (1 mm. thread) just below the slit S2. Thus light from 

the lamp struck the photomultiplier a small fraction of a 

revolution (normally 	lOtsecs) before the image of Si 

appeared on the slit S2. 

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 control 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 S2. 

It 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. 

Consider three successive photomultiplier pulses A, 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 base in operation. The pick-off unit gives a pulse output 

E when the time-base has run down to a preset voltage, i.e. at a 

fixed interval t": 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 arrives at the same tine the 

coincidence gate is fired. As the first gate fires, the first 

thyratron unit fires and holds down one side 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 light source. Thus the control 

unit me sured very accurately the speed of rotation of the 

mirror, since the half-period was "15 , and in addi tion 

,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 accelerated, 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 1:1": was variable over the range 0.5 ms to 10 me. 

and with such a time interval the jitter on the pulse E was 

found to be about 10)LAsecs. 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/ksecs. 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 time 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 p.secs. and 

was adjusted by theposition of S3  below S2. Thus the error in 

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

only 1% of 10 /tksecs. i.e. 0.11A sec. 

Another source of error was that the rotating mirror was 

accelerating. Using the control unit, the speed of rotation was 

measured over one balj-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 mi.vror 

motor, (a small Variac on the d.c. supply to the exciter coils 

of the generator) the acceleration of the rotating mirror was 

kept below any 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 't was 2.5 ma. and was 

consistent within 10%. Because of this acceleration the second 

half- period, between pulses B and C, will be 0.25/Asec. less 

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 photomultiplier, 

probably caused by vibration of both the lamp and photomultiplier 

mountings. This jitter was measured on a Tektronix 545 

oscilloscope to be better than 0.2),Asec., being the jitter on 

the rise-time of the photomultiplier pulses, whichwas in effect 

a direct measure of the jitter on thepulses themselves, because 

the image of the lamp at the photomultiplier wPs a narrow 

horizontal slot, and the photomultiplier was positioned behind 

the horizontal slit S3. Therefore it was anticipated that the 

combined error in the superposition of records in the time- 
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resolved spectrograph would be approximately 0.5p.sec. 

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 JAF 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 immediate breakdown. 

Fig. 4.4 shows the current through the gap and the intensity 

emitted in the line N11(12) 'X3995 A°  as recorded on an 1P28 

photomultiplier used in conjunction with the medium quartz 

spectrograph. The first two half-cycles of the discharge took 

14 It 0.6 ?sec. (Fig. 4.4), thus with a writing speed of about 

1 mm/ psec. on the spectrograph slit, only 14 mi. of slit length 

would be used. The distance between the rotating mirror MR  and 

the slit S2  was made 37.5 I 0.5 ems., so that with a half-period 
n5 of 2.5 ± .05 ms. the writing speed was 0.94 ± 0.04 mm/tsec. 

The experimental procedure was to charge the capacitor bank 

to 5Kv, having first set the control unit. Then switch on the 

1000 c/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 turning because at very low speeds the photomultiplier 

pulse became so long that the first coincidence gate was 

automatically fired. By repeating the procedure fifty times the 

light from fifty successive dischrges 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) )\ 3995 A°  (Fig. 4.4) was 
approximated to the form 

Il  = 10  (1 - cos 21 t ) e-,I't/0(  T  
T 

where the half-period T = 7pcseo. and uC = 3. If the fifty 

records were superposed with an accuracy of S)Asec. assuming 

the fifty records would be uniformly distributed over the Sp.sec., 

the intensity recorded in thespectrograph can be calculated, 

	

50 	 —/r(t — + 
I50(t) = Io 	1 — cos 21r (t7/ +  	9:2 	2 50 

	

n=1 	T 2 50 	4.1 

Since however 	, the effect of the error in superposition 

will be negligible at the peak intensity, 

i.e. 150(T/2) = 50 I1(T/2) = 50 I0(1-cos -1-) 
	

1/2t4. 	4.2 

whence 10  was readily determined. Also the very worst case of 

lack of superposition would have been that 25 records 

corresponded to t - Cs/2  and the other 25 to t Cs/2  , then the 

intensity recorded on the time-resolved. spectrograph at t = T 

would have been 

	

150(T) = 50 11(t 	Sc/2) 

or 150(T) = 50 Io  1 1 - cos(21 	Irg 

ii4„(  
since e 	ti 	. 

Fig. 4.5 shows the microphntometer record of the intensity 
emitted in the line NII(12) X 3995 A°  taken from a tine-resolved 
spectrogram with fifty shots superimposed on it: this record 

is compared withthe hypothetical ideal record 

-1-rt/ 
150 = 50 10(1 - cos 21rt ) e. 	oesT 

e 4,3 
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and the photomultiplier record of a single discharge. The 

microphotometer record has been interpreted as the intensity 

emitted in the line by assuming a linear plate characteristic. 

This means that the measured minimum intensity at t = T of 

150(T) = 0.,15 is a maximum value for 150(T), since allowance 

for the non-linearity of the plate characteristic would reduce 

the value; reduction of the value of 150(T/2) also caused by 

non-linearity has been allowed for by fitting the ideal curve 

at 150(3T/2). Substituting the value of 10  determined from the 

value of 150(T/2) (equn. 4.2) into the above formula (equn. 4.3) 

for 150(T) leads to 

150(T) = 1.4 	 4.4 

whence if 150(T) .4.. 0.15 , 	0.3 ?zee. 

Alternatively substituting the value of 1o, and the 

measured value of 150(T) into theprevious, possibly more 

reasonable equation for 150(T) , (equn. 4.1) leads to 

150(T) = 0.4 )2‘ 	 4.5 

and 	8 .5.;0.6)usec. 
Thus it was determired 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 means the 

best method, and the error in the determination of S can 

hardly be less than t 100%. Even so, the experiment was a 

useful trial of the complete time-resolved spectrograph system 

and showed that 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 

more rapid variation of intensity (c.f. a spark light source 
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with %)(Asec. 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 

linear pinch and the subsequent application of known 

spectroscopic principles (Chapter 2) would yield useful and 

reasonably accurate information about the state existing within 

the plasma. Later it was realised that this was not the case and 

in fact no quantitative 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 mm6tAsec.) 

and so shows the emission from the first and second pinches, 

whereas b) was recorded at higher speed ( 1.9 mn/p.sec.) and 

shows only thefirst pinch. Both records were taken at quite 

small aperture (00) and in each case only light from a very 

small volume of the discharge tube was observed. 

At this point two practical disadvantages of the time-

resolved spectrograph becaue 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  and the centre position on S2  (Section 

4.1) any portion of the emission from the plasma can be recorded 

on the middle of the spectrograph slit where the image is most 

stright. 

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 writing speed 

on the spectrogram at 6000 A° is almost twice the writing speed 

at 2000 A°. This again is not a serious problem if only a few 

lines are being used as monitors of the diddharge conditions, 

but it woald be a nuisance and source of inaccuracy when comparing 

intensities at several wavelengths. 

The records (Fig. 4.6) show that the spectrum of All 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 time-

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 npArly  by increasing 

and decreasing pressure, with added heating, i.e. neither 

pressure nor temperature are known. Consequently the intensity 

variation cannot be interpreted as either temperature 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 All or AIII lines, except the 

theoretical calculations by Garstang (Garstang 1954) for sone 

All lines. These had unfortunately escaped the authox's attention, 

however measurements of total line intensity as required for this 

method of temperature measurement are more accurately made 

using a photoelectric recording.monochromator (c.f. Chapter 6). 

Considering the background continuum emitted at the first 
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pinch, its described in Section 3.2., an approYinate theoretical 

treatment shows that the continuum intensity emitted by such 

a discharge should be constant from theplasma frequency down to 

about 1000 A°. However the only published experimental evidence 

(Chapter 2) shows that for a mixture of All and 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, nd it is very noticeable (Fig. 4.6) 

that several of the All lines are considerably broadened. A 

literature search revealed that there was at that time as little 

known about the stark coefficients of lilt lines as of their 

transition probabilities. 

Subsequently transition probabilities of many LII lines 

have become available (Olsen 1963) and stark coefficients and 

impact broadening parameters of All lines will shortly be 

available. (see Burgess 1964). 

4.3 The streak Camera. 

The time resolved spectrograph was readily converted into 

a simple streak camera by placing a 10" x 2" photographic plate 

holder in the plane of the entrance slit of the spectrograph. 

The photographic plate was held flat int heplate-holder, whereas 

the image 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 cms) in comparison to the 

maximum length of negative used ( ",10 cms.) the error in 

assiming a constant writing speed ont he plate was negligible. 

Figure 4.7 shows a sequence of photographs taken with this 

camera, it is readily seen that there has been a considerable 

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

This sequence shows the effect of increasing voltage on 

the capacitor bank fox constant initial gas pressure. Clearly 

the tine to pinch decreases with increasing charging voltage, 

and at the higher voltages, 3.5 Kv and 4.5 Kv second or even 
third luminous shells can be seen to leave the walls of the 

diachnrge tube at each 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 luminous shells; whenthe tube breaks down initially 

it does so, in such a way as to produce a system with the 

minimum 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 inductance path can be formed, current will flow through 

it in preference to the pinched column. A low inductance path 

close to the walls onn 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 naterinl. 

It is possible that the large radiation flux produced at the 

pinch is absorbed in the very surface of the walls of the 

discharge tube and causes some of the material to evaporate. 

As described in Chapter 3, this would agree with the extreme 
crazing of the inside surface of the discharge tube. Most 

likely both these nechanisms play sone part in the production 

of the second shell, certainly on tine integrated spectra lines 

of both silicon and argon are visible under discharge conditions 

which are known to produce second shells (Fig. 3.4). 



the total stored energy is 1 C.Vc
2 

P..,  6.25.103  joules , and 

the argon atom density is 

(Lc(initial) 	1016 on  -3.  

From the current and voltage characteristics, (Chapter 1.2) the 

time to pinch is, tp,"'15)usecs. and the current, I, flowing at 

the pinch is ^d53.103  amps. while the peak current was "v86.103  

amps. The circuit equation for the discharge system is 

Vi  = Vo  - 	I dt = d (LI) + RI 

argon pressure v 250)A 

capacitor bank, C = 2000)AF 

charging voltage, Ire  = 2.5Kv 

59. 

A most interesting effect is shown in Fig. 4.8 which is 

the result of superposing ten successive streak camera records. 

It appears from the record that the discharge is confined on 

axis for more than 10)Asec. 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 mistakes could easily be made if only average figures 

were available. 

No detailed analysis has been made of the variation of the 

radius of the discharge with tine, from these records, because 

such an analysis has already been fully covered by both Curzon 

(Curzon 1959) and Nation (Nation 1960). 

4.4 An approxipate analysis of the linear pinch plasma. 

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 plasma at the tine of 

the first pinch. Starting with initial conditions; 
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where L is the total circuit inductance, R the resistance and 

Vi the potential on the capacitor bank at tine t. Since at 

time t = o I 	the inductance can be determined from the 

initial rate of rise of current, (dI) of 1.5.1010  amps/sec. 
(dt t=o 

Therefore the total circuit inductance is L "." 170 L.AAH and the 

discharge tube inductance is Lor,158 miAH. The total energyt  input 

to the discharge tube up to the tine of the pinoh is W = Pa.at 
^, 	103  lutt le$ 

while the rate of power input at thepinch is 

P = (vI)tp  r..) 102  joules/jUsec. 

From streak camera records, the radius of the constricted 

pinch plasma is r ".10.5 ens and the maximum radial collapse 

velocity is ^I 1.4.106  ens/sec. Thus starting from the tube 

radius of 7.5 ems, the compression ratio is ,̂200 and the total 
ion density at the pinch is 

5.  Ili  •.„ 2.1018 en-3 

assiirrhig all gas particles are swept into the pinch plasma; 

furthermore the total energy stored as kinetic energy during 

the implosion is 

K "dnoVolume 1 mv2 	5.8.102 joules. 
2 

The magnetic field around the pinched plasna colmr is 

	

B = 21 	21.103 gauss 
r 

and gives rise to a magnetic pressure 

	

Pm  = B2 	1.8.107  dynes/em2  
gir 

From the time resolved-spectra, the intensity of the AIII 

lines at the pinch does not exceed that of the &II lines, thus 



it is most likely that the All number density is always 

predominant. Making use of the entropy-enthalpy charts for an 

argon plasma (Bonjakovic et al 1959) and the calculations on 

the ionic composition of an argon plasma (Wheeler, 1963), if 

the total plasma pressure is assumed equal to the magnetic 

pressure, the All and AIII number densities are equal for a 

+emporature 

T --,/32.103 °K 

while the plasma would consist almost entirely of All at a 

temperature T N 25.103 °K. 

Thus we must expect that the plasma temperature is 

T 1̂30.103 °K 

and the electron density is between 2.1018  cm -3  and 3.1018  cm 3  

i.e. ne Ao 2.5±0.5 1018  cm-3. 

The Bennett relation 

12  = 4NkT 

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

equivalent relation for an argon plasma 

Pm  = 	+ 	)kT + fni&Ei 

with the added term. En.4.6Ei to account for the depression of 

the ionization potential, can be used to determine T, and 

should agree with the value determined above. For an ion density 

of 	2.1018  cm -3  , the depression of the ionization potential 

is AEi 0.2 eV. (Ecker, Kr811 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 ,‘,30.103  

and pressure 2.107  dynes/cn2  the enthalpy is 

i"." 9.105  kc6LA 
/ 	to ct. 

(Bosnjakovic et al 1959) 

61. 
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therefore the total thermal energy stored in the hot plasma in 

the pinch column is 

H ti  5.7.102  joules. 

Thus the directed kinetic energy, K, stored in thesystem during 

theimplosion stage is in fact sufficient to create the observed 

plasma conditions of temperature and pressure, which is in 

agreement with the simple shock wave model (Chapter 1.4) of the 

production of the pinch plasma. 
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Fig. 4.6 Tine-resolved spectra. 

(a) 0.41x//sec. 32 shots. (b) 1.9mm/iAsec. 100 shots. 

argon 250 IA 2000/.A.F 	2.5Kv 	side-view. 

Anode and cathode windows were 	3cm. from their respective 

electrodes, so that the two end-constrictions visible on kerr-cell 

camera records could be seen. These are clearly visible and occur 

several psecs. before the 2nd pinch at the tube centre. Froze the 

intensity of the line LIV X2640 A°  and of the continuum, it 

appears that the pinch and end-constriction at the anode are 

considerably hotter than thepinch at the cathode or at the tube 

centre. 



2.5Kv 	 3.51.cv 	 4.5Kv 

Fig. 4.7 Streak c%,,lerP, records. 
writing speed - 1.321- V/ sec. 
.,,rgon 250/A 	2000).AF 	side-view. 

I 	I 	I 
0 	10 	20 	30 	40 USEC. 

STREAK PHOTOGRAPH OF I-PINCH IN ARGON 

PRESSURE 280p. CAPACITY 2000 cm: 
VOLTAGE 2.5KV. EXTERNAL INDUCTANCE I5OMUN 

D•15cms. DIAMETER OF RETURN CONDUCTOR. 

TEN SUCCESSIVE DISCHARGES SUPERPOSED. 

Fig. 4.8 
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5. STIMULATED EMISSION FROM THE LINEAR PINCH. 

5.1 Stimulated emission from an, optically, thick plasma. 

The idea that a gas discharge of this sort night 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 sufficient brightness, that lasted more than about 

10-6 sec. might produce stimulated emission. The reason for 
this suggestion is that many dense, heavy atom, high temperature 

plasmas approach optical thickness (Chapter 2.2.), then the 

radiation emitted by then is described by the black body 

emission (equn. 2.7) 

F(9,T) = 211-  h,q3  
02(e  hlYkT _ 

In this equation, the term " ehVkl 8, in the denominator is 

due to the (stimulated) absorption of radiation (Einstein B01  

coefficient), while the term " -1 " is due to stimulated 

emission (Einstein B10  coefficient). At ordinary temperatures 

( 	1000°  K) and wavelengths in the visible region (X 6000A°) 

ehil/kT 	1010  

whence stimulated emission is very unimportant. However for a 

temperature T = 104  °K and 	.>\ = 6000A°, 	1.3. 
Therefore if the argon plasma were optically thick to its own 

radiation, at the time of the pinch, when most radiation is 

emitted. (Fig. 3.2b); since the temperature was estimated to be 

30,000°K something like 50 of the emitted radiation would 

be due to stimulated emission. In the absence of experimental 

evidence to the contrary, the argon plasma produced at the pinch 

could well be optically thick, indeed because of the high 

particle density ( ^-/1018  on -3) and extended length of the 
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plasma column (^/50 ems), the plasma was expected to be 

optically thick when viewed end—on. This expectation could not 

be checked theoretically at the tine because of the lack of 

knowledge of transition probabilities, however any reasonable 

value of transition probability would have produced optical 

thickness at the line centres (Wilson 1962). 

Accordingly experiments were devised to determine whether 

or not stimulnted emission contributed significantly to the 

radiation emitted by the pinch discharge, on the assumption that 

stimulated emission could be detected because of its coherence, 

as indeed is the case at longer wavelength (cf. microwave 

generators) 

Tia-,t the plasma could be optically thick at some wavelengths 

is readily seen from sample energy balance considerations. The 

total energy stored in the discharge tube up to the time of 

the first pinch is 

V.I. dt 

to  

	

which is R,I2  + L,I.dI + 12  dL 	dt 
o 	dt 	dt 

where V is the voltage across the discharge tube assembly, L 

is the total inductance of that assembly, Rp  is the plasma 

resistance, and I is the current in the discharge. Although 

neither Rp  nor L is known, the maximum power input to the plasma 

can be determined by assuming that all of the power input W goes 

into plasma heating. For the standard discharge condi tions, 

thepower input W was calculated numerically 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 at the Cinch 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 = 7.3.102  joules/insec. 

Also from enthalpy-entropy charts (Bosnjakovic, 1959) the energy 

stored in the argon plasma at 30.103 °K and 1.8.107  dynes/cn2  is 

H = 5.7.102  joules. 

Of the energy W put into the discharge tube before the pinch, 

some will he lost as radiation and some by conduction to the 

electrodes, however about half this energy is stored in the 

plasma as directed kinetic energy, K. 

K 	5.8.102  joules. 

This energy reaches the plasma through its acceleration in the 

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

f4  
effectively plasma heating due to the tern 	-I  (L.I).dt 

o 	at 
in W. A further portion of W, due to 1 RI dt constitutes 

ol1iic heating of the plasma, while shock heating of the plasma 

during the implosion stage extracts a little more energy from 

the self-magnetic field. 

5.2 A simple double slit experiment. 

If the radiation emitted by the pinched plasma column, at 

various wavelengths were coherent for 1--- 2/Asecs at the tine of 

the first pinch, a large fraction of the total emission on those 

lines would be coherent radiation. Therefore if the plasma 

column were viewed end-on (Fig. 3.16) and a simple horizontal 

double-slit assembly placed between the discharge tube and the 
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spectrograph, those lines consisting mainly of coherent radiation 

would be characterised by a) strength of emission, (they must be 

the stronger lines) b) the double slit diffrqction along ;the 

length of the line. The separation of the double slit and its 

distance from the spectrograph slit were chosento give approximately 

1 rm. 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 theplasna 

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 major 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 

partially optically thick, stimul',ted emission would decrease 

rapidly, and become undetectable. 

5.3 aimulated emission from an optically thin, collision 

dominated plasma. 

Since the plasma was not optically thick even at the line 

centres, the population distribution of bound electrons among the 

excited states of any ions present in the plasma, must be governed 

by electron-ion collisions, i.e. at 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. Therefore, in a plasma whose life-time (or the 

time within which conditions change appreciably) is short by 

comparison with the life-time of metastable excited states, one 

must expect that the population of suchs -bates will always 
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"lag behind" that of states closely connected to the ground 

state i.e. when the plasma is being heated meta-stable states 

will be under-populated, and when-he plasma is cooling meta-stable 

states nay be over-populated. The life-tine of a state decaying 

directly to the ground state is typically 10-8  - 10-7  sec while 

that of meta-stable states may be 10-4  - 10-3  sec., at the tine 

of the pinch, conditions within the plasma change appreciably 

in about 10-6  sec. thus it was 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 stimulated emission or "laser action", and crude 

experiments were undertaken to investigate the problem. Having 

realised that no siuple single transit experiment (Section 5.2 

and the comparison of relative -tine intensities in side-on and 

end-on time integrated spectra) could distinguish whether the 

plasma produced in the pinched discharge, were optically active 

or not, a special discharge tube was built, on which multiple 

transit experiments could be tried (Fig. 5.1). The dimensions 

of the discharge tube itself were kept as before, length 50 ems., 

internal diameter 15 ens. and the electrodes were again copper. 

Each electrode had a 1" diameter hole at its centre, -nd behind 

the hole on a short extension tube, was a fused silica window 

attached via an "0" ring seal. The windows were 1.5" diameter 

and were polished flat to >120. 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 discharge 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, sirilnr to that described in Chap+er 1.1. The 

coaxial lead acted as a spreading tube, allowing the current 

which care from the capacitor bank on a single lead, to divide 

and flow more or less equally through the four short leads to 

the discharge tube itdelf. In this way a reasonably uniform 

current distribution was produced at the "Live" electrode. 

Two optically flat, partially transmitting mirrors, in 

fact a pair of etalon plates, were held in adjustable mounts 

just a few centimetres outside each window. The two adjustable 

mounts were attached to a Dexion frame which stood on soft 

rubber pads; the pads being sufficient to isolate the frame from 

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 mirrors 

plane and parallel, light from a point source, a high pressure 

mercury lamp behind a pinhole, was collimated by a long focus 

lens (f is-1 400 ems) and passed axially through the discharge and 

mirror system. The reflection off the back of the first mirror 

was arranged to fall close to thepoint source, then the second 

mirror was adjusted until successive reflections from it became 

coincident with the reflection from the first mirror. Up to 

seven 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-P6rot etalon, 

the effective length of the plasma colurm was increased to about 

400 CM.S. 

As both mirrors were partially transmitting, it was posiiitle 

to view the plasma column end-on through one mirror, leaving 

the point source and long-focus lens in position behind the 



74. 

other; this meant that the mirror alignment could easily be 

checked and if necessary corrected. In fact up to thirty 

discharges had no visible effect on the mirror alignment. 

5.4 Calibration: of Photographic 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 exposure. Because of this reciprocity 

failure, as it 1..1 called, a photographic plate should always be 

calibrated with exposures similar to those on which measurements 

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 reasonable 

density could be obtained from a single discharge for time 

integrated spectra viewing only the axis 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 5 /cc sec. and the amount of radiation emitted in this time 

was almost constant. (± 5%). 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 discharges, then the plate 

characteristic was derived by plotting density on the photographic 

plate against the logarithp. of the number of discharges. This 

has been done using HP3 nnA Zenith plates (Ilford Ltd) on the 

medium glass and medium quartz spectrographs (Hilger & Watts Ltd). 

and compared on,. the saneiplate with the character.istio obtained 

from sixteen discharges and a calibrated seven step filter 

(Hilger & Watts Ltd). 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 A°. From the results 

(Fig. 5.2) it was concluded 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 a filter; in this experiment, the density on the 

photographic pl?te for a given number of discharges with the 

fax mirror covered, (1) was compared with that for the same 

number of discharges witht he fax mirror uncovered, (2). If the 

plasma were optically thin and the total intensity collected 

by the spectrograph in case (1) were Il  , and in case (2) 12  , 

then the ratio of 12  to Il is given by,  

12/11 = 1/1_R  

if there are no absorption lossess in the system, where R the 

reflectivity of the mirrors is assumed equal. The two mirrors 

had not been Faurinised recently and their reflectivity was 
estimated to be ?bout 70(., whence 12/11 Es-1 3. Secondly comparing 

the relative intensities of lines on each spectrogram, any line 

enhanced by stimulated Emission should be characterised by 

I2/11  Ni  3. 

Despite the observation of both weak and strong lines, no 

line was observed for which 12/11  was appreciably greater than 

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

the mean value of the ration 'EA, , for continuum emission, was 

determined as 
12/11  = 1.15 ± 0.10 
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Since if any component of the enitted radiation were likely to 

be optically thin, it would certainly be the continuum radiation, 

this resalt is damning, however it is in agreement with the 

conclusions of Chapter 4.4. Neglecting recombination radiation, 

which would make the plasma more optically thick, the absorption 

coefficient for continuum radiation is that due to bremsstrnhlung 

(egun. 2.27) 

pC = 4(21.0 NeNiZ2e6 	g (1-e 11'..)/kT), 
331er hcrie Ve V3 

allowing for stimulated emission, thus 

-kT 
04 = 3 69 108  Z Net  g  (1-e 

h-v/ N  
. 	. 

T1/2 

Using the plasma pal-riveters derived in Chapter 4.4 

Ne  ", 3.1018 on-3 	T 	3.104 °K 

	

pp; M 5.10-3  cm-1  at 	= 2000 A°  

and o( 	8.10-2  cm -1 	at 	)\= 6000 A°  

Radiation emitted by theplasna and reflected by the far mirror 

into the spectrograph, travels an average distance through.the 

plasma of almost 100 ens. (a double transit). Therefore 

following the normal absorption law 

I = Io e e
7 

Iho  w 0,6 	at 	)\= 2000 A°  

and 	I/10 	3.10-4  at 	'N= 6000 A°. Whence it is 

reasonable that in this multiple transit experiment with pcth 

lengths throughtheplasms of more than 100 ems., the plasma 

should appear optically thick even to the continuum radiation. 

Even for path lengths of about 10 ems., this argument 

°z1  
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suggests that theplasna will be partially optically thick to 

bremsstrahlung and should therefore approach optical thickness 

for line radiation. This in turn requires that the simple 

double slit experiment (Chapter 5.2) be re-assessed. Does the 

fact that stimulated emission becomes an important tern in the 

equation for the radiation emitted by a very hot black body, 

regaire that the emitted radiation be coherent? Certainly at 

very high temperatutes eh  1 	 1, and all radiation is 

produced by stimulated emi;.,sion transitions. However the black 

body emission will still be isotropic and at the very short 

optical wavelengths, photons emitted into different solid angles 

may not be coherent. Thus if observed over only a very small 

solid angle the high temperature (rNi106 °K) black body emitter 

is expected to be a 3oherent 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 plasma 
^T, temperature is only iv 3.104 o11. so  that at most only half the 

emitted radiation is produced by stimulated emission. The solid 

angle accepted from the source was 41 10-3rad. which would 

probably have been small enoughto have seen coherence effects 

had the plasma emitted as a coherent black body. We oust 

therefore conclude that either the plasma at 3.104 OK does not 

behave as a coherent source or that the simple un-time-resolved 

experiment was not sensitive enoughto detect such behaviour 

which nay have existed over some very short period of tine close 

to the first pinch. 

5.6 Stimulated emission from an optically thin argon plasma. 

Since the time of these two unsuccessful attempts to observe 

stimulated enissione ffects in the radiation emitted by the plasma 
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produced in the linear pinch system, several experimenters h-ve 

obsetved laser action in the emission from optically thin argon 

plasmas, (Patel et al, 1962 ; Bridges, 1964 ; Gordon et al 1964 ; 

Bennett et al 1964) and it is now possible to examine in more 

detail thepossibility of lnser action in the pinch discharge 

system, 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 similar to those 

in a glow discharge. Thus there is a cold almost neutral argon 

gas, low electron density and possibly a non-Maxwellian electron 

energy distribution, electrons gaining energy between collisions 

by acceleration int he electric field. Electron collisional 

excitation of AI atoms (Fig. 5.3) in the ground state 3p6(1so), 

leads preferentially to population of the groups of levels 
30(2po)4s 3p5(2p0)58 and 3p5(2-eo )3d because these levels 

are closely coupled to the ground state (Patel et al, 1962). 

These levels then have higher populations than levels in the 

group 3p5(2P°)4p , which however eke below the 5s and 3d groups, 

Levels in the groups 4s, 5s and 3d become in effect metastable 

because de- population by radiative decay to the ground state 

isinmediately followed by absorption in another ground state 

atom due to "resonance trapping". Population inversion can be 

maintained betweenthe levels 5s --)4p and 3d 	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 remains 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 al 1964) the population of the 4s levels has been 

suppressed by using snail bore (7 un) discharge tubes, when 
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de-excitation at the walls limits the population of these levels. 

Under such conditions, laser action has been observed on several 

of the transitions 54 -a 4p and 3d -->;- 4p, sX1.618p, >, 1.694 /A, 

)s 1.793 AA and2.0616/A. In thepinch discharge, laser action 

on these transitions nay be observable during the first micro-

second or so after initiation, and then close to the walls of 

the discharge tube. In the late afterglow, when the plasma has 

cooled to suitable temperatures once more (100 - 200 /..sec after 

initiation), the current density is zero, and electrons become 

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 increase, but the gas temperature is 

still sufficiently low ( 4.10,000°K) for most atoms (99.9%) 

to be neutral and in the ground state. Electron collisional 

excitation may now cause direct ionisation of the argon atom 

(Bennett et al 1964). 

AI(1.5.10) + e --:› AII(3P)4p + 2e 

when because of the coupling between electronic configurations, 

All ions (Fig. 5.4) will be formed preferentially in the ground 

state All 3p5(2P0) or in the excited state All 3p4(3P)4p. 

Furthermore the rapid decayrate of the term 4s2P to the ground 
! 

state ( )\--. 720 A°) ensures a population inversion on the 

strongly allowed transitions 4p2P---). 4s2P. This population 

inversion is des royed when the All ground state population 

rises such that the level 4s2P is populated by electron 

collisional excitation fro. the ground state or by resonance 

trapping. In the recently published work (Bennett et al 1964 ; 

Bridges 1964 ; Gordon et al 1964) over-population of the All 

ground state was again avoided by using small bore (5 nm) 
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discharge tube, when recombination at the walls limits the 

population. Thus laser action has been observed on the following 

wavelengths. 

)‘ 	A°  

4545 

4579 

4658 

4727 2 

4765 

4880 

4965 

5018 

5145 

5287 

levels 

4p2P3/2  

il, 
ri-'1/
2so, 

2 
o 

41'2P12 
o 41, D3/-z  

42133/2  

40Di/2  

 4432D3/2 

40D3/2 

40q/2  

1 
A 4no 
' -3/2 

..: 

--, 

-- -, 

.....-i, 

—> 

--, 

--"' 

—4)0 

4s2P3/2  

4s41/2 

4s2P i 3/2 

4s2P3/2 

4s2P1/2 

4s2P3/2   

452P1/2 

-ra A..2111. 3/2 

4E12133/2  

4s2P1/2 

In the pinch discharge, laser action 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 AII. 
At the time of thepinch and for standard discharge 

conditions, the electron and ion densities approach 1018  cm-3 
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(Chapter 4.4) and the temperature is approximately 3.104  °K. 

Under these conditions the collision rates are so high -that 
departure from thermal equilibrium is unlikely. However a short 

tine ( ^J10/Asecs.) after the first pinch the plasma becomes 

unstable and fills the discharge tube. It these tines the 

expected temperature is still 	104 °K , so that the plasma 

is fully ionised with ni v  ne  -%/1016  cn-3  ; if the initial gas 

pressure is reduced, ne  is redubed accordingly. Then it is 

possible that electron collision'l excitation of the ground 

state III ions (315 2P0) will lead to the population of levels 
/ closely coupled to the ground state*  that is 317)6 k2  S), 3t.4  4s , 

4 31)  3d And 44  5s and 44  4d*  while the levels 30 4p will be 

relatively unpopulated. In this way a population inversion 

night be acheived between the levels 44  5s and 44  4d and the 

levels 44  4p. This population inversion could be maintained 

providing thepopulations of the levels 46(20, 3p4  4s and 4)4  3d 

remain low enough to exclude population of the levels 3p4  4p by 

collisional excitation or radiation trapping. Laser action 

should then be observable on some of the many transitions 
31)4 5s 	31)4 4p  and  31)4 4c1 	J 4 p, 4p, which occur at .Ravelengths 

around \4000 A°  (Minnhagen 1963) e.g. 	3979, 4p 453/2  - 4d4Pi/2  

Under normal discharge conditions, at the axis of the tube, 

along which it is most convenient to view the populations of 

the levels 3p6(28), 44  4s and 4,4  3d are not lirrited and the 

population inversion cannot be naintained. However if glass 

surfaces (e.g. glass rods), were placed purposefully in the 

vicinity of the tube axis, de-exCitation at the surfaces may 

possibly lit it the populations of these levels, and the 

population inversion could be naintained. Purther experiments 

using up to date techniques (Fig. 56) such as Brewster angle 

end Windows and confocal refleotorSi with svp a cage of glass 
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rods sur rounding the discharge tube axis, thus forming a narrow 

bore (5 pn) de-excitation surf'ce, but at the same time allowing 

the plasna to move freely within the nain discharge vessel, are 

certainly worthwhile. 

At even later tines in the Z-pinch discharge (100 - 200Jsec. 

after initiation) the argon plasma cools below 5000°K and 

becomes predominantly AI atoms. This cooling process starts 

with hot excited All ions, passes through the stage of hot 

excited AI atoms, to become largely ground state Al atoms. During 

the process it is quite probable that the metastable AI levels, 

3155(4°1/2) 4s 1127=01 	and 3105(21'03/2) 4s [J=2] , become 

quite highly populated, whereas the other two 4s levels, both 

J = 1, which can decay directly to the ground state should 

maintain their thermal equilibrium population. Thus a 

population inversion nay occur on the forbidden transition 

(Fig. 5.6) 30(2P1/2) 4s [J=0] 	3105(2p°3/2) 4s [J=11 , which 

is a nagnetic dipole transition tAJ = 0, 'II; D L = 0, ± I; 	= 01 

Stimulated emission on this line, X12.5,, has been predicted 

(Walsh, Courville 1963), but experimental observation has yet 

to be reported. 
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6 .PHOTOELECTRIC INTENSITY MEASUREMENTS. 
6.1 Continuum intensity measurements. 

Using approximate data from previous experiments (Chapter 4.4) 

free-free absorption coefficients have been calculated 

(Chapter 5.5). 

)‘ 04 V 
(A°) (cm-1 ) 

2000 5.10-3  
4000 3.10-2  

6000 8.10-2  

For a plasma of dimension i(cms) to be optically thin within 

10% 
- 

1 - e 
e o.1 cC e. 

while for the plasm to be optically thick 

-0 
- e

4 e  
Thus for plasma lengths greater than 10 ens even the continuum 

radiation is no longer optically thin and. for plasma lengths 

greater than 100 ens. the whole of the visible region of the 

spectrum. becomes optically thick to oontinuun radiation. 

Therefore for the plasma coluni,  produced in the linear pinch 

systen under standard conditions, i.e. length ,̂50 ens, diameter 

^a 1 on, we must expect the continuum radiation to be optically 

thin when viewed side-on but not when viewed end-on. Already 

photographic) neasurenents (Chapter 5.5) have shown that the 

plasma is optically thick for "effective" path lengths greater 

than 100 cue. If thepinch plasma is optically thin to the 

side-on view, brenmstrahlung and recombination radiation are 

produced by the interaction of free electrons with All and AIII 

ions. Since the population of AI is negligibly small, 
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recombination to form AI must be small and the recombination 

radiation must be largely produced by the reaction. 

AIII + e 	AII + 

In either case the variation of emitted intensity 

(Bremsstrahlung and recombination radiation) throughout the 

visible spectrum is given by equation 2.41. 

= 321r  2  Ne  NJZ2 e6  g 

35 	c3(21T-m)3/2(kT)1/2  

i.e. it is independent-' of the emission frequency. In terms of 

wavelength 

EI,x

) 

(recombination + bremsstrahlung) 047. 

For bremsbtrahlung alone the emitted intensity would be 

4. (brensstrahlung) oC e -41
-,VRT 

Both these intensity variations are ideal theoretical 

approximations and in practise some form of weighted average 

may be expected. 

To investigate the variation of intensity emitted throughout 

the visible spectrum, a small constant deviation wavelength 

spectrometer (Hilger & Watts Itd) was fitted with a photomultiplier 

attachment (R.C.A. IP 21). Signals from the photonultiplier 

were amplified (pc12) and recorded on a Tektronix 551 

oscilloscope (Fig. 6.1). Results were taken for two completely 

separate experiments, 

i) with the spectrometer close to the discharge tube and 

viewing only a narrow diametral volume (^L'2 ems. diameter) 

ii) withthe spectrometer further from the discharge tube so 

that light from the whole volume, excluding about 5 ems. at 
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each end of the tube was collected, i.e. electrode 

instabilities were not seen. In both cases ample light was 

collected by the spectrometer without the use of focussing 

optics. Continuum intensities at the tine of the first pinch 

i.e. peak intensities, were measured at six wavelengths 

throughout the visible spectrum and were corrected to relative 

intensities (I O by calibrating the spectrometer-photomultiplier 

system against a tungsten lamp. ThiA intensity distribution is 

compared in figure 6.2 with that expected from a black body at 

T ^J30.103  °R.  (BO, from the addition of brensstrablung and 

recombination radiatian C (B+R) > 	and from bremsstrahlung 

alone 4.0 (B)x  . Unfortunately all three have very nearly the 

sale slope in this region whereas the measured intensity (I)..) 

is almost independent of .X 

Two measured points in the I 	distribution ()4340 A°  and 

5510 A°) are clearly in error, the first probably due to the 

inclusion of two AU lines, 'X 4337 A°  and \ 4338 A, and the 
second due to the presence of several weak AII lines around 

"X5510 A°. Of the other measurements, during botht he calibration . 

and the continuum intensity measurements the maximum current 

taken from thephotomultiplier was 100,4Aamps. and the signal to 

noise ratio was excellent, thus the photomultiplier 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 measurements on each of 

the two separate experiments, and the deviation over these six 

readings was always less than ± leo. Thus it appears that 

these continuum intensity measurements are good measurements 

and that the intensity is independent of the wavelength %\ 

Because the three theoretical curves, B X , E.(B+R) x and E (B) 
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have almost the same slope, continuum intensity measurements 

cannot be used to determine whether the plamaa is optically 

thin or not. 

6.2 Total line intensity measurements. 

Recently published experimental values for the transition 

probabilities of selected All 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-on, the temperature can be 

determined from the relative total line intensities, (equn. 2.32). 

Of 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 

Tn 	- Tm(upper) 

g X 

cm-1  
Ann 
'10-Zee-I  

(1)  4348.1 4s4P5/2 -_4.4D7/2  8 157234.9 11.5 

(2)  4609.6 ()4 ‘1_11,.s2D5/2 	( 1D)4p2F7/2 8 170531.3 9.06 

(3)  4764.9 4s2P1/2 — 4 2P3/2 4 160240.4 5.4 

(4)  4806.9 4s4P5/2 — 4p4P5/2 6 155044.1 7.9 

(5)  4847.9 4541)3/2 — 41)41)1/2 2 155709.0 0.95 

(6)  5062.1 4s4P1/2 — 4 4P3/2 4 155352.0 2.2 

Since from equation 2.32, the accuracy of this method of 

temperature measurement is a strong function of the energy 

difference (Em(2) - Em(1)) between the upper levels of the 

two lines. 

6.T = A(IVI2)  
T2 	(I1/I2) 

k 
-(1-7277171) 
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reasonably accurate temperature measurements onn only be 

obtained from ratios of the intensity of line (2) with eaoh of 

the other. lines. 

Total line intensities were measured in the same two 

experiments as continuum 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 continuum by measurement of the continuum intensity 

close to each line, and direct subtraction. Because of errors 

in the intensity measurements each of the five temperature 

measurements was expected to have an error of ± 50%, however 

this was not quite sufficient to cover the spread in the 

readings. 

)\I  (1.°) ?\2(A°) T(°K) 

4610 4348 3.1.104  -(allowing for error in 

4765 1..9.104  continuum intensity meas.) 

4807 4.0.104  

4848 6.6.103  

5062 1.24.104  

The mean temperature determined by this method, was 

1-= (2.2 + 0.6) 104  °K 

which. is in good agreement with the previous estivate of 

3.104  °K (Chapter 4.4) 

The fact that the total line intensities lead to a single 

value of temperature for the pinch plasma, is a good indication 

that the plasma is optically thin  and that local thermal 

equilibrium exists. (Chapter 2). If the plasma were optically 

thick, total line intensities would be meaningless and would 

produce odd temperature values. 
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STUDIES OF THE RADIATION EMITTED BY SHORT 
DURATION ELECTRICAL DISCHARGES. 

PART II. 

96. 

L'BJ RAPID SCANNING FABRY-PEROT INTERFEROMETER. 



le  INTRODUCTION 

In 1897 Ch. Fabry and A. Perot (1897) reported "Sur les Franges 

des Lames Minces Argentees et leur Application sa la mesure de petite 

epaisseurs dtair". 

Since that time many modifications have been made and many words 

written about their findings. 

The most outstanding improvement came in 1948 when Jacquinot 

and Dufour (1948) described the first scanning Fabry-Perot 

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 (Jacquinat, 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 Conferenceorganised by the Centre 

National de la Recherche Scientifique, 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 plasmas Atith the necessary time resolution. 
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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 spectral 

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 psecs 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 0.1 psec and can record as 

many as 8 profiles of the same line within about one psec. 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 is attached. Previously Dupeyrat 

(1958) had investigated the possibility of using the piezo-electric 

effect in both crystalline quartz and barium titanate; he concluded 

that the technique was unsatisfactory, while Kolosl,nikov et al (1961) 

suggested that the time fesolution would be limited to 10 - 20 psecs. 

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

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

barium titanate for the automatic control of a F-P etalon, 
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2, THE THEORY OF THE FABRY-PEROT 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- 

etalom• for greater detail reference should be made to Chabbal (1953), 

whose notation has been followed as much as possible. 

24 The Ideal Fabry-P4rot 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 

When such a system is placed in a beam of monochromatic light 

of wavelength X, 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 = I 	T2 

  

    

(1 - R)2 	1 + 412. si 
. 
n
2 

(1 - R)2 	2 

where is the optical retardiation and is given by: 

A . 2 pd cos i . 2n 
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Intensity maxima occur when: 

n7s. = 2 fad cos i 	 where n is integral 

100 

and: 

 

2 

   

where A is the absorption in the reflecting surfaces such that: 

+ R + T . 1 

For an etalon, with fixed separation dt  successive maxima of intensity 

for increasing if  correspond to nl  n - /I  n 2, etc. 

The wavelength interval between successive maxima al'  i.e. 

corresponding to 8n = 1, is termed the "free spectral range" and is 

given by: 

A%1 .
2 X

2 

2 pd cos i 	2d 

for cos i tn.; 1 and tx = 1. 
The half intensity width of any particular fringe in the transmitted 

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

function: 

A(i) = 	T2 
	

1 

(lµ- R)2 I + 4R 	sin2  

(1 - R)2 	2 

Whence the half intensity width is: 



. 1 R 
WA 

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

reflectivity R1  a constant NR, can be defined, such that: 

NR r-. 	IC TR 

1 - R 

then: 

LAA = AX 1 

N
R 

N 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 (I ) in the max 
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, 1946; 

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 Figure 2.2. 

Light from an extended source passes through the collimating lens 

L
1 

through the etalon, to the camera lens L2. 
The Haidinger fringe 
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pattern is then produced in the focal plane of L2  and at the centre 

of this pattern is a small aperture. Light passing through the aperture 

falls on the photocell placed immediately 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 = 0, i.e.: 

X= 2 ltd 

n 

Thus if the refractive index, u, 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: 

74 u 

Alternatively, the separation d, may bemused to vary with time, 

then: 

dt 

The source emission can be characterised by the function B(X) 

while the function recorded on the photocell is Y(t). In order to see 

how this function Y is related to B1  various other functions and 

combinations of functions must be defined, which characterise the 

modification of B, caused at successive positions in the spectrometer 

system. 

These will now be elucidated. 



a) The Souree function: 

The "brightness" 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) interval, and is 

designated B(X). 

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

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

is defined as AX8, the peak height as BM, and the total brightness as 
an 

B 	B(X) . da 

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

shape, namely, the Gaussian profile: 

B(X) = BM e
-4 1  - b)

2
ta B  

or the Dispersion profile: 

B(X) = 

1 + 4(X - X0)2/AX2B  

where Xo 
is the line centre wavelength. 

For the derivation of Liryts formula, the source was assumed to be 
monochromatic, such that: 

B(X) = g . 8 (X - X ) 

where: co 

S
8(X)dX =1 

-00 
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B such that: 



and: 
8(%) = 0 	for % 0 

and B represents Io  in that proof (Appendix A). 

The Etalon Function: E(W W.di) 

The etalon receives from the source a bundle of rays whose 

brightness 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 i, the etalon whose separation 

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

radiation of wavelength %di. Then the wavelength Xdi  is described as 

that which is associated by the etalon, with the incidence i and 

separation d, and Ndi  is given by: 

n%di = 2 pd cos i 
	

as before 

In fact, the bandwidth being finite, the etalon transmits 

radiations adjacent to Xdi, with a transmission E(A - %di). Then 

the brightness leaving the etalon at incidence i, is: 

BO 	%di ) = B(%) E(% - %di) 

The function E is then dimensionless, and represents the transmission 

of brightness; it is the "Etalon Function". 

c) The Function: T(Xdi) 

This function is defined as the total brightness transmitted by an 

etalon whose separation is d, at an angle of incidence i: 
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T(X
di
) = I B(W. Xdi  ) dX 

B(?) E(X - Xdi
) a = B E 

As d, and whence Xdi  varies, T(Wdi) is a curve whose typical point 

has for abscissa a wavelength Xdi and for ordinate the brightness emerging 

from the etalon in the direction i. If E(? - ? d̀i
) were a Dirac function 

Ei(W W
di  ) , 

T(W.di
) would become identical with B(Wdi

). 

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

surfaces, the etalon function E(X - Xdi 
 ) becomes the Airy function, and: 

A(W - Xdi) =
TA 

 

  

1 + 	4R 	sing  A 

(1 - R)2 	2 

where T
A = T

2
/(1 - R)2, is the transmission coefficient. 

Then if the source were monochromatic, such that: 

B(X) = F 8(W - Wo) 

the brightness transmitted by the etalon T(Xcli) would be: 

T(1.di) = B 

	

— 
	

Acxo 

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

Airy function, which is: 

ANX
A 
 ..W 	1 - R 

	

2d 	.7y4 

	

= a 	R 
1 

r- 
7C V R 
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This half-intensity width is a function only of the free spectral 

range al  and the reflectivity R of the etalon plates, thus a constant 

NR, the reflection finesse of the etalon, can be defined such that: 

ANA = Ali 
NR 

then: 

N
R = 

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 %di + XI to %di 
+ %I + (IX', has an area dS given as: 

dS = D(?.') d7LI 

where D(XI) is the "surface defects function". 

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

BO,  %di) = B(X) At X - (Xdi  + XI) 1 

and with intensity: 

dI(% 1 %di) = B(%, di) . dS 

.'B(l) A E X - (Xdi  + 70)1 D(XI) 
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Therefore the total intensity transmitted by the etalon of nominal 

separation d, at angle of incidence i, is: 

2 
I(X hdi) = B(h) 

At (x - xdi  ) - 	D(h') dh,  

1 
and W2 

being the two extreme values of hdi + hl. 

The mean brightness is therefore: 

BO Wad = 1(X y Wdi) 

S 

where S is the total area of the etalon. 

Then the etalon function E(W - Xdi 
 ) is: 

5 A [ (X - Wdi) WI] DM ca,  
= AD 

S 

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

etalon becomes: 

T(T.di) = 1 B(h) E(X - Xdi) dX 

= 1 ( Boof  A E(X - Wad - 	D(W1) dX1  . dh 
S 

* * 
= BAD 
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EAA  S is the total area of the etalon plates, thus: 

N.2 
S 	dS = 	DOO) dhl s  

d) The Surface Defects function: 

As before, 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 associated with wavelengths in the range Ndi 
+ 70 to 

hdi + h.1  + WO, has an area: 

dS = D(h0) dh' 

and D(70) 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 curvature, and at the same time, the random 

irregularities can be assumed to follow a Gaussian distribution. 

Since also the value of Xdi 
+ h1  depends only on the separation 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. I this way, formulae can be derived 

for D(h') for each of the three major surface defects, i.e. spherical 
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curvature, random irregularities, pnd lack of parallelism. 

i) Spherical curvature D
1
(h1) (Figure 2.3) 

  

If the radius of curvature is r: 

dS= 2n r dx 

Area of a spherical zone 

S= 2n r x
l  

where x
1 
is the sagitta. 

= Xdi 	
dx 

d 

Therefore D
1 
 (1.1) = dS 

in11.11111 

	

= S 	d 	= constant 

x1 Xdi 

Therefore the surface defect function D1(1.1 ) caused by spherical 

curvature is a rectangular function, and is zero for all wavelengths 

outside the range: 

	

W1 = X 	h 1 	di 	di  

d 2 

to: 
X = X 	X 2 	di 	di x1  

d 2 
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The width of the function 1
(70) in terms of wavelength is: 

11h,
u1 
 = Xdi x1 

d 

= A /  2x1  

di 

Then if x
1 

is expressed as: 

Wdi 1 
n1  

v = A 1  . 2 

	

i 	n
1 

Thus a finesse ND  can be defined such that: 

	

ND1 
	ni  

2 

then: 

A 	AX 

N 
Dl 

ii) Surface Irregularities 	D2(?'), [Figure 2.43 

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

follow a Gaussian distribution: 
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, D2(X1) = dS/01  = e- 41n2,X1
2
/AW L'2 

where AX, is the half-intensity width of D2(Xt). 
"2 

to the defect x, by: 

Since XI is related 

X' 	= x • Xdi  

d 

111 

D
2(70) = exp 

	- 41n 2 . x2 	"Fdi  

d2 . 2 
2 

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

Ax 	d 	. 
X 	"2 
di 

But for a Gaussian function: 

2 - x = Ax2 

8 In 2 

whence: 

= Xdi /711772 
D
2 

= 1 •4 )2 ln 2 './312  

Xdi 

Jr-2 Then ifY x is expressed as: 
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Tx2 
	

Xdi 
n
2 

LAI  . 4Y 2 in 2 

n2 

Therefore a second finesse N
D 

can be defined so that: 
2 

A- D2 	
a
1 

ND 

and: 

ND2 	n
2 
4.7 

iii) Lack of parallelism . D3(Wt) 	IFigure 2.5) 

If the two etalon plates are not parallel as indicated, let the 

diameter of the plates be a and the maximum linear displacement from 

parallelism be x3. 

Then the area dS at x is: 

, 2 	2, 
dS = 2 ka - r

1/2 dr 
4 

but: 

r = x . 
x
3 



therefore: 

dS = a2 (1 - 4 x
2 
)
1/2 

dx . 
x
3 	x2

3 

dx • ?`di 	WI = x X di 

therefore: 

D (X0= dS 

2 a d 	4 ?t 2d2 )
1/2 

X x di 3 	X2dix
2
3 

Whence the surface defects function caused by lack of parallelism 
is a parabolic function, which is zero for wavelengths outside the 
range: 

where: 

W1 = 	W .x 

2d 

and: 

W2= 	
X .x 

2d 
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The half-intensity width of the function D
3 
 is: 

	

AwD  = tr3 a . x3
1  	3  

di 

so that if x
3 

is expressed as: 

x3 	di 
n
3 

aD3  = 	LIW.1  . J. 
n3  

and a third constant of finesse ND  can be defined such that: 
3 

AWD3  = a1  
ND3  

then: 
ND3  = n3 ,  

'3 

In practice the surface defects function of an etalon will consist 

of a combination of the three separate effects considered here, resulting 

in an overall surface defects function D(1.1 ). The shapes of the functions 

D
1 

D
2 
and D

3 
are respectively rectangular, gaussian, and parabolic, 

all of which can reasonably be approximated to rectangular function of 

the same half-intensity widths. At the same time ND1  is usually much 
less than N2 	u and N._3  the result being that the function D(W

1) 
L,   

is close to a rectangular function and the surface defects finesse ND 
is close to NDi' 
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In the limit that the reflectivity of the etalon plates 

approaches unity, i.e. NR  approaches infinity, the etalon function E(X - Xdi) 

becomes: 

Then the finesse of the etalon Nom , which is defined by the relation: 

NE  

where A18  is the half intensity width of the etalon function, reaches 

its maximum value: 

E 
N 	N

D 	; 

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 Vn, the finesse NE  cannot exceed n/2. 

For N
R 

go the etalon finesse is obtained from the convolution: 

• * 
A D/S 

such that: 

N
E 	

Na (4 ND 

However, to a first approximation: 

1/N  r
2 
= 1/N

R
2 
+ 1/N 2 

which is exact if N
D is a rectangulnr function (as is the case for 

spherical curvature, ND  = ND  )* 
1 



e) The -Scanning System Function F: 

The etalon is followed by a scanning system designed to record 

the curve T. In principle the scanning system should separate each 

successive wavelength Xdi, in order to determine the corresponding 

intensity ST(Xdi' ) and should have a transmission of unity at that 

wavelength and zero at all others. Such a 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 carry 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 interval AX,. 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 AXF  about AdiF 

Since: 

nXdi  = 2pd cos i 

8 di 	= 	8(cos i) 

Xdi 	cos i 

while the element of solid angle subtended within the scanning aperture 

is 8w = 27C S(cos i) • Therefore at i = iF 
= 0, this element of solid 

angle is equivalent to an element of wavelength ndi given by: 
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814, = 2n 8Adi  

X
d 

where: 

nXd 	n1 'do = 2fld 
l 

 

Also at iF = 02  the scanning function F can be written as: 

F(X - ) 1 di d Ffor X41  - AXF 	Xdi 	Xa  + 	g 

2 	 2 

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

aperture is: 

Awfr = 27.6X17, 

Alternatively: 

= pr Na 

8F2  

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 N
F2  where: 

8F2 AX1  
2 

Ad • 
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although unlike all previous finesses, NF  is a function of both AA, 

and Ad. 

f) The Recorded Function Y: 

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 phOorcall, with the variation of the wave-

length Ad  "seen" by the recording system for iF  = 0. The function Y 

is therefore a curve on which the typical point has as abscissa a 

wavelength Ad, and as ordinate the flux conveyed in the solid angle 

accepted by the scanning system, whose mean wavelength is associated 

with Ad. 

The intensity passing through the °talon and the scanning 

aperture is: 

I(A
di' 

A
d) = S F(Adi 

- d) 	T(Adi) 

and the flux received by the photocell is: 

1 

.1 
Y(Ad) = 	I(Adi0t.d 	tO ) di . 

= 2XS 
Ad 

T(Adi) 	Ad) adi 

  

2 

 

118 



* 
= 27tS 	T F 
X
d 

Therefore: 
* * * * 

Y(Wd) = 2n 
	BI.DF 

We can now define the overall "instrument function" H(W - Ad) 

such that: 
* * 

H(X - 	)= 27t ABF d 77  

Then the recorded function is Y(Xd) = B H. 

When using the F-P spectrometer, we first determine 

experimentally the instrument function by recording on the spectrometer 

the profile of a line which is effectively monochromatic, then 

B(X) mu; 6(X - o
) and Y(7‘

d
).evii(7%.o 

- X,). In practice one adjusts 

the spectrometer separation d, so that the free spectral range AX1  

is large compared with the half-width aia  of a convenient source. 

Because the shape of E(W - %di) is independent of d, and F(Wdi  - Wd) 

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, All  (the instrument 

width) is small compared with LAB, then B(W - Ad) 8(X - Ad) and 

Y(Ad) B(Wd). Under these conditions, since nXd  = 2pd it is 

readily seen that for constant n, as the separation d is varied, the 

abscissa %d 
changes and Y records the source function B. 

For a given value of d, the equation: 

nWd  = 2ud 

is satisfied by many values of Wd  corresponding to successive integers n, 
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the difference between these wavelengths being the free spectral 

range al. 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 from the source 

( 	Za) is less than al. As d changes-by X/2, the spectrometer 

scans the wavelength interval al  about Wd, then further change 

of d, now for the next value of n (i.e. n i) repeats the scan of 

al, and so. on. 

As AW1 — = X2 and W/2“ d, for a few successive scans of the 

free spectral  range 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 old 4;< an  < al  (i.e. if the finesse N is 

reasonably large) then Y(Xd) 	B(?d), and successive scans of B(?.) 

are obtained every time d changes by X/2. The rate at which the scan 

occurs depends on the rate of change of d, i.e. for a given n, 

d(Ad) 	d(d) 

dt 	dt 

In fact, it is customary to make d(d) = constant, so that the 

linear time base of the recording system
t  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 al, whence the wavelength scale is readily determined. 

An Approximate Consideration cf the Effect of Finesse cia the 
Recorded Function: 

MOO ell. ••••• ../Rom SIM 	 MON 

If the overall finesse of an etalon is N, the instrumental width 

is: 
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Then a source width as  will be recorded as am  where am  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 lust effect, the instrument function can have on the 

recorded function is zero, then: 

A/la = ANM 

This is approximately so for gaussian functions, when: 

aB  = La_ 1.1 - 1/2 (t )2 + 	 

777 2  
if: 

AXI < < 
A/tm  

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

an  = am  - a 

which is the case for dispersion, triangular, and rectangular functions, 

again assuming: 

In the absence of any --'etailed knowledge of the function shapes, it 

can only be assumed that the source width at  lies somewhere between 

these two limits and the mean value must be taken. 
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Therefore: 

= a7 - M1 /4.1  j:  aAl  
2N 	2N 

and the most accurate measure of ala  is given when A1/A1I  is made as 

large as possible. The maximum value of a/al  is limited by the 

requirement that successive orders of the interference pattern must not 

overlap so that in general: 

2 

and: 

L 	= Lam  (1 - 1 	1) 

	

N 	N 

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 required convolutions; 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: 

An etalon is said to have a transmission coefficient ¶ given by: 
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where Y is the peak flux recorded on the photo-detector and To is 

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

= B . 5 tht, 

To determine T 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: 

ti = YMIT1 

where: 

TM 
 	Cud 

and once more: 
	 ar  

2715 
	2 	TOO dX 

0 

2 

(I is the line centre wavelength so that Ym = Y(1 

The flux Ti  is that which would be collected if the whole of the 

scanning aperture IIsaw" the actual line centre intensity transmitted 

by the etalon. 

Therefore: 
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T(X) dX . 
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M T 

  

The value of TM is given by: 

TM 	= T( o)= j B(X) E(? - X0) (11. 
t. 

and the flux per unit solid angle at maximum intensity lehving the 

etalon is S T whereas the corresponding flux without the dispersion 

of the etalon would be: 

92 'BY • S 

whence a transmission coefficient TB can be defined such that: 

T = S T TM  
92B.E4 

This transmission Coefficient crises simply because the source is 

not monochromatic. 

Em  is the peak value of the function El  i.e. the transmission of the 

etalon at the line centre: 

EM = 
	A(X - X0) D(X) dX 

But the flux per unit solid angle from a monochromatic source going 

through a perfect etalon would be: 

`T3= Bm  . Am  . s 



compared with the flux of BM  Em  . S . 

Therefore a third transmission coefficient T
E due to the surface 

defects in the etalon can be defined: 

E 
T = Em/A

► 
 

1 	A(W -) 	d7. 
S . Am  0 

Lastly, Am, the peak of the Airy function, is as before T
A 

Therefore the transmission coefficient T of the whole system is: 

A EBF 
¶ =TTTT 

and the flux received by the detector i BTS. buy, 

Chabbal (1953) deals in great detail with the transmission coefficients, 

deriving curves for the variation of T
B
$ T

E 
and T

F 
with the ratios 

as/a8, a,/air,  and ar/LAT  respectively, where SAT  is the half- 

intensity width of the function T(Xdi). 

Of the transmission coefficients, we are particularly interested 

in rE, 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 E. Whence the 

peak intensity ym  of the recorded profile will change. Figure 2.7, 

which is taken from Chabbal (1953) shows the variation of 'CE with 

NR/ND, for the two cases D(X) a Gaussian and a rectangular function. 

Clearly if ND  decreases during the repetative scan, N9/ND  will 

increase and T
E 	

7 decreases- Ym  which is directly proportional to T  
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Therefore N,T
E 
is a maximum when NR 

= 

T
E
exceeds 80% of its maximum value if ND/2 < NR < 2N0. There is 

then T
E = .7; furthermore 

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: 

TE  NriN R 

where N
E 
is again the etalon finesse, and: 

1/11,2 	1/14  2 
6 	R + 1/Nr

2 

little point in making Na  

with rdspect to the other 

appreciably altering NE. 

very large since increasing one of these 

outside this range decreases T
E without 

Also when rVIJN, T PJ 0.8. 

In fact, Chabbal's conclusion is that the optimum condition for 

the use of an F-P °talon, with regard to light gathering capacity 

and resolution is that: 

N
R 

rd N 	N 
D 

Then the overall finesse N, given by: 

N = NR 0. ND e 

whichsOnce iPG rave erproximatelyi 

1/N2 rk,  1/NR2 	1/ND2 
	1 2 

is: 
10.6 No  



3. LIMITS OF THE SCANNING FLBRY-PEROT INTERFEROMETER 

In Chapter 2, we have considered 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(Ad) 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 a 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 

taken for the emission of the source to change appreciably. 

3.1 The Resolution Time Ott 
 

In connection with a F-P spectrometer, the resolution time is 

conveniently described as the time required to scan the free spectral 

range, al. Then if as in the spectrometer described here, scanning 

is achieved by the variation of d: 

At1  2t 

where v is the velocity of the moving etalon plate. One uses this 

definition of resolution time, because this is the time required 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 titRes 

This time interval is defined as the time required to scan the 

minimum resolvable wavelength change, i.e, the time required to scan 

A 1
/N. 

Therefore: 

t
Res  

Resolvable 
3.3 The Theoretical Minimum Time Atmin 

Though in practice the minimum resolvable time is usually set by 

some practical limit, such as in this case, the breaking strain of the 

moving system, there is a theoretical minimum resolution time. This limit 

is set by the time taken for a wavefront to pass through the F-P etalon, 

forming a large number (ideally infinite) of transmitted wavefronts 

which interfere to produce the Haidinger 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 transmitted wavefronts exceeds 2NR" The 

minimum msolvable time &man, is therefore defined as the time taken 

for a wavefront to make 4NR transits of the etalon separation, i.e.: 
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tmin = 4NRd 

For visible radiation, 7i.*\130001.
o

I a free spectral range of a
1  md 1A

6 
 and 

a finesse NR  •-%; 30: 
Atmin (NJ 0.5 . 10

-9  sec. 

Clearly for all F-P spectrometers: 

At 	> bit 
Res 	min 

or there will,  be no fringe pattern. 

Therefore: 

vie .45 	 
8N

R
2 d 

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

etalon and the diffraction grating, 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) = N n 

where N is the finesse and n is the order of interference. By direct 

analogy the effective number of secondary wavefronts required to set up 

the interference pattern for an etalon is N7 compared with the above 

figure of 2N. The reason Longhurst 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 a greater number are required. 

The separation of the etalon plates at any time t, is: 

d(t) = d
o 
+ it 

where d
o is the separation at t = 0, if for the time being we assume 

a uniform velocity y. Then if ris 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.: 

11-Lt mn. 4 1/2N 

or, as before: 

At 	At . 
Res 	nun 

the recorded function Y(t) is a function only of the instantaneous 

separation d(t), whence: 

Y(t) 	It(Wd) 

as in Section 2.2(1). 

3.4 The Resolution Time of the Recording System At
Rec 

The function Y(1.
d
) is the output of a photocell or photomultiplier 

and may be recorded on either a chart recorder or an corcilloscope, 

depending on the time scale involved. In either case, 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, Ataec, is the time taken for 

the recorded signal to reach (1 - l/e) of its final value. 

In order that none of the resolution obtained in the 

spectrometer be lost in the recording system: 

At 	> 
Res ." Rec 

i.e.: 

Ati 	NAtriec  

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 mirrormoving with velocity v, is: 

8X = 

Therefore for the 2N
R
th 

reflected beam (e where n = 2N
R
, Appendix B) 

8X = 4NR ilic WI  and if this is less than the minimum resolvable 

wavelength interval al/N, the decrease in finesse will be small: 

i.e.: 
AX 	4N ir,/c W 
1 /0" R 

N 
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A "square wave" light signal is one in which the intensity rises 
from zero to its full value in zero time. 



or: 

/ 	
X 

8NR2 d 

This, however, is the same criterion as that arrived at in Section 3.3 
for At

Res..; 
Atmin  , whence distortion due to the Doppler effect causes 

no further limitation to the use of the F-P spectrometer. 

3.6 Luminosity 

We shall now consider the overall light gathering capacity or 

luminosity of a scanning F-P interferometer and compare this with the 

luminosity of grating or prism instruments, which have the same 

resolving power. This comparison 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, a further instrument 

will become available, that is, the combination of a low dispersion 

monochromator, an F-P etalon (fixed 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 

to build up a complete line profile involves recording over many shots, 

each of which must 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 intervals within a line profile, is 

unfortunately very limited in the line widths it can accept. The limit 

arises because the line profile, at a 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 spectrographs 

(Gabriel, 1960; also Curzon and Greig, 1961) which achieve time 

resolution 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 approximately 10
4 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 determination of the luminosities of prism, grating, 

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

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

centre, is: 

= 1.14  = T B S. bop 

where, as before, r 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 spectrometer 

(Section 2.2(c), and hit is the solid angle subtended by the scanning 

system (Section 2.2(e)). First Jacquinot shows that: 

,S(prism) 0.3 

f6(grating) 

 

for any 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 4 Al(F-P) 	400 2  

/S (grating) 

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

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

all three instruments. 

When using a monochromator to obtain a 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 scanning finesse can be made infinitely large 

simply by reducing the scanning aperture to a very small hole. However, 

the flmx reaching the photo detector is proportional to the solid 

angle subtended by the scanning aperture, and the brightness of the 

source: 

Ym  =T.B.S. 

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 on the 

number of electrons emitted in a given time. The significant time 

interval in this case is the resolution time 
AtRec 

of the recording 

system, i.e. the photomultiplier, amplifier, and oscilloscope, for 

high scanning rates; as before: 

a < At N X 
Rec " 	1 

N 	2N 

Then if ZFhoto electrons are emitted in the time AtRec: 

= is aRec 
e 

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

The signal to noise ratio S is given by: 
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S 	 = j is htRec 
e 

For a simple triangular recorded function (Figure 3.1) the effect 

of a signal to noise ratio S is readily seen as an error in the 

determination of the half-intensity breadth. If AX z  is the true 

half-intensity breadth of the recorded function then the measured 

value will be: 

N no aI  + 1/28) 

To make this error small compared with the error due to the finesse 

of the spectrometer: 

S > N 

or: 

is LtRec 	N 
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4, 	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 

spectrometer, and have noted that the first F-P spectrometer 

(Jacquina and Dufour, 1948) relied on pressure scanning. Since 1948 

many systems have been developed to produce scanning F-P 

interferometers, in which scanning is achieved 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 and large aperture; little or no attention 

was paid to the time taken 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 resolvable time was 4 psecs. This oscillating F-P 

spectrometer, though fast enough to be useful in many plasma physics 

experiments, was still not fast enough for the particular experiments 

envisaged by the present authOrs, namely, the investigation of spectral 

line profiles emitted by the plasmas produced in fast pinch 

experiments. These plasmas were expected to have maximum electron 

densities of around 10
18 cm-3 at the time of maximum compression, 

but the electron density was expected to fall below 1017 cm-3 within 

less than 1C raeos. Consequently a spectrometer was required which 

would scan a line profile once in about 1 psec and would repeat this 
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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 the moving plate could be increased a hundred-fold, i.e. 

if the velocity could be increased to r..30 cms/sec and the amplitude 

of oscillation could be maintained at some 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.K.) Limited). 
A 

Take length fLin 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,/ is applied parallel to the 

z-axis, the extensions 8 and 8z are: 

= d
31 

V and oz =d V 
z 	z 	33 z 

 
17 

where the d coefficients are the piezo-electric constants. 

Typically, for ceramic material: 

d
31 

= 0,4 d
33 

061  3.5 10-6 cm/kV 

while the breakdown strength of this material is: 
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The velocity of sound in barium titanate is: 

Cs 
 ►  4.3 x 105  cm/sec 

Therefore the resonant frequency fr  of the lengthwise resonant mode of 

oscillation is: 

f = C 
r 	s 

2 

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

V = V
o 
sin 2n f t r 

the piece of ceramic will oscillate 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: 

Y = Yo 
sin 1x sin 2n fr 

t 

and because there is resonance (series resonance) we gain a factor of 

Q on the static displacement, i.e.: 

yo 
0.46 Q L. d 	. Vo 

2 31 — z 

where Q is the quality of both the mechanical and electrical resonance. 

Typically Q > 100 since the eramic is resonating in air. 

Furthermore at x =i/d2, the velocity for zero displacement, i.e. at 

y = 0, is: 

V 	= Oa) 
max et-)y=0 

= 27cf
r yo 

139 

I 



For a typical ceramic slab with = 7.5 cm and z = 0.3 emi 
f
r 	

30 Kc/s and for Vo 
= 100 volts and Q = 1002  we have 

Yo = 4.5 . 10
-4 cm and v ax = 90 cm/sec. Therefore if the 	

m
wave- 

length of the spectral line 	be investigated is: 

VIJ .6 . 10-5 cm 
the line profile will be scanned in: 

At1rd 0.3 . 10
-6 sec 

as the moving etalon plate is passing through its equilibrium position. 

Since also the velocity of the moving plate which is sinusoidal, is 

constant to 4- 5% at 0095 of its maximum value (rmax) over a period: 

Ert AJ 5 . 106 sec 

centred on the equilibrium position, 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 can design an oscillating F-P spectrometer 

around a piezo-electric element which is driven at resonance, this 

will be just the instrument required. 

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, 

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

faces2  then the tube could be excited in U:s lengthwise resonant mode 

of oscillation (fr = C s/210) by the application of a voltage: 

V=V
o 
sin 2% f t 
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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 resonant vibration. Therefore an interferometer was constructed, 

with one of the etalon plates (the moving plate) cemented to the end 

of a tube of barium titanate ce:amic 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 do  

to be altered. Figure 4.4 is a schematic diagram of the first 

interferometer; the important dimensions were that the etalon plates 

were 1 in diameter and were flat over this to a little better than 

W/10 at X = 5461 A°, while the barium titanate tube was 3 in long by 
1 in outside diameter and 5/4 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 demonstrate the 

principle of the device could be obtained directly from an Advance J.11. 
audio-frequency signal generator. Preliminary investigations were 

carried out by scanning the profile of the sodium 'D-line doublet in 

the emission from a D.C. Sodium vapour lamp. The sodium 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 of 0,01 watts et the tube, This compares very favourably with 

results obtained by Koloshnikov. (Koloshnikov et al, 1961) who 

scanned a free spectral range in about 50 nsec. Furthermore increasing 

the input power to 1 watt, reduced the scanning time (Ltd 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 also 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 (Pu 1 cm) and 

polarised parallel to the z-direction, we have: 

fr 
= Cs/2z f 225 Kc/s 

Again for Vow 100 volts and CI" 100, the amplitude (y0) of vibration 

is equivalent to about a wavelength of visible radiation. 

Furthermore, an etalon plate attached to the disc scans through the 

displacement once every half-period, i.e. once every 2 psecs. Therefore 

a F-P spectrometer built on this design would be useful for scanning the 

profiles of spectral lines in less than 1 psec. 

One disadvantage of this spectrometer arises because it is by nature 

a reflection F-P ?talon, for reflection fringes are dark fringes on a 

bright background so that the photon-noise 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 
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interferometer (Figure 4.6) or by the use of "clarified layers". 
(Shkliarevskii and Avdeenkot  1959) 

Although 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. 



5. THEORETICAL LIMITS OF THE F-P SPECTROMETER WITH PIEZO-ELECTRIC DRIVE 

Following the successful early experiments described in Section 4.1 

and the decision to proceed with a more elaborate spectrometer on that 

design, various theoretical approximations were considered to determine 

the probable limits to both time resolution and finesse which might be 

achieved with this spectrometers  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). AO there is a node of 

vibration at the centre of the tubes  mounting in a rubber '0' ring 

should give an effectively "free" suspension with minimum reaction 

between the ceramic and its supports. Whether or not this suspension 

would enable the etalon plates to be maintained plane-parallel tos  

better than V50, 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 fused silica. 
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s = K . Ko = 1.1 

(Ko 1/9.10
11) 

Dielectric constant . 10-9 

TABLE 5.1 

PROPERTIES OF BARIUM TITANLTE CER.AT-ZIC (Casonici  Grade 3) 
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Velocity of sound 

Density 

Specific heat 

Poissons Ratio 

Youngs Modulus 

Breaking stress 

Breaking strain 

Piezo-electric constants 

R.M.S. depolarizing field 

Electro mechanical coupling factor 

Relative dielectric constant 

Linear Coefficient of Thermal 
expansion 

_ / Cs ?N." 4,6 . 	5 cm/ sec 
p •-‘, 5.5 grms/cm3  
• f),0 0.6 

C 0,3 

E 1.1 

G X4.9  
b rlf 4°5  

d31 
0.4 

3.5 
k31  r 20% 

K •A)103 

m U 7.5 . 10
-6 I 

all  ti4.5 . 10
-6 

. 10
12 dynes/cm2  

• 10
8 
dynes/cm 

, 2 

. 10-4 

d33 na3.5 . 10
-6 cm/kV 

kV/cm 

with respect to the direction of polarization 

PROPERTIES OF FUSED SILICA 

Density 

Poissons Ratio 

Youngs Modulus 

Linear Coefficient of Thermal 
expansion 

pl  'kJ  2.6 

rs)• 0 17 

E1 

1• fv0.2 x 10
6 

7.3 

grms/cm3 

1 10
1  dynes/cm

2 



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 
represents the normal capacitance as measured for the 

element at low, non-resonant frequencies. C1  has such a value that on 

energising the circuit with voltage V tie energy stored mechanically is: 

1/2 C1  V2  ( = 1/2 Li2) 

L is defined in such a way with C1, as 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 mechanical energyl 1/2  

Applied electrical energy 

	

k2  = 	1/2 C1V2  i.e. C
1 ru 

C
1 

1/2 CoV2  + 1/2 C1V2 	Co C1 	Co 

C
1
/Co 

is known as the "capacitance ratio" and k as the "electro.. 

mechanical coupling factor". For barium titanate ceramic, k "00.2. 

Therefore, for tube dimensions as in Figure 5.2: 

C1  1'4  1.2 . 103  pF 

and: 

Co 
A.,  3, 104 pF 
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The equivalent circuit has two conditions ofresonance; a series 

resonant condition (resonance) when the L, C1, R branch resonates and 

gives an impedance low compared with that of C
o 

and a parallel 

resonant condition (anti-resonance) when the L, Cl, R branch is 

inductive and tunes with C
o to give a high impedance. The impedance Z 

at any frequency is given by: 

1 	= jo.fc 	1  
0 

R jEtiL - 	1 ) 
IvC1 

and a typical variation of Z withtft) 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 maximum and minimum impedance can be 

taken. 

Therefore at resonance (series): 

4)L- 1 rk/ 0 
u'rCl  

whence: 

DO 	1 r 

R 	(R c< 1 

0 

and at anti-resonance (parallel): 

,..tt
a
L - 	1 	1  

	

Lut
a
C 	C 

a a 

LC
1 

and: 

Z
r 



whence: 

VI a2 = uvr
2 

(1 	C1) 
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Co 

  

 

= r2 (1 k
2
) 

  

and: 

 

1 

 

(tA)Con 

 

 

w 2C  2R  
r o 

  

From this we can determine k
2 
as: 

k2 Nat  r
2  

2 utir  

therefore: 

k2na 	2 8.0..; 
(Or 

where: 

and it is assumed that: 

i.e. 

Furthermore the quality of the resonance, both mechanical and electrical, 

is by definition: 



= 	 1 
R 	(OC R 

1 

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

with : 
	

9m  .1/100 	and 	fr "0  1.5 10
4 
 c/s 

therefore: 

R ^J 100.11, 

L r6  .09 H 

and: 

Z
a 

Nk 1.25 . 103A 

Since Q is defined as Q = lauL and aboveW ''"Jva
r 

Q is the same 
a 

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

Q = 	2n Energy Stored (1/2 Lit) 

Power dissipated per cycle 

and the energy stored per unit volume is 1/21
2 
 E where E is the Youngs 

Modulus for barium titanate ceramic and 1 is the strain. Therefore 

fora given power dissipated in the ceramics  the strain 11) 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 

displacement 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 1/k2 times the static displacement at anti-

resonance. 
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5.2 Time Resolution 

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

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

Atl  
2v 

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): 

y = y
o 
sin %x 	sin 2% fr 

t 
ir 

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

its equilibrium position, is: 

(1) max 	(Z',t) t=0, x=4/2 

=Zit fr  yo 

and the resolution time of the spectrometer becomes: 

4%f y r o 

At1 = 

150 

At
1 	7%.  

or: 

2nC "yos  
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The maximum strain, = ay/ax, on the ceramic tube occurs at the time 

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

M = ity0  

  

This maximum strain cannot exceed the breaking strain lb  of the ceramic 

material, thus the minimum resolution time is: 

At1  (min) = 

 

2CsIb  

and is independent of the resonant frequency of the vibrating system. 

For wavelengths in the visible region and barium titanate ceramic 

(Table 5.1): 

At
I
(min) ') 0.1 used 

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 (Section 

5.3 and 5.5) to use the lowest frequency available. At the moment the 

longest tube available has length le .1  (Figure 5.2), corresponding to a 

lengthwise resonant frequency of fr  A/15 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 wavelength axis, then the maximum useful resolution time is: 

£t1(max) riv 10 psec. 



3.5 kV/cm 
e ' 0 

ite 
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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 maximum value. 

Thus it is seen that the proposed piezo-electrically driven F-P 

spectrometer should be practically useful in recording the profiles of 

spectral lines ateffective exposure times varying from 0.1 zsec 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 

become 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): 

yo  = Q . 4 • d31 
2 

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

Barium titanate ceramics become depolarized in an alternating field, if 

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

V 
 

Therefore if the ceramic tube is to break before it depolarizes: 



% yo  (max)s 

or: 
. Q 	d31  ir)h 

e 

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 	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 

cause local heating which is a maximum at the centre of mass of the 

tube where the strain is greatest, 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
2 
 /2R, the 

mean rise in temperature AT°C for time AT is: 

V2 	AT = C
v 
MAT 

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: 

W
t 
= W

o 
(1 e-27cfr

t/Q
) 

where W
o is the steady-state stored energy. Therefore the approximate 

time taken for the system to reach dynamic equilibrium is: 
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t = Q/nf
r 

Substituting this value of t, in the above equation gives the rise 

in temperature during the time taken to retch dynamic equilibrium. 

This rise will be a maximum when the tube is driven at maximum power, 

i.e. when: 

V
o 	2 ibe 

n(l.d
31 

Then substituting, M = p.itaft.e 

Q = 14)C°  R.k2  

and: 
C
o 
= ssal 

4e.  

(since Cl ry k2C 
0
) 

where cis the dielectric constant of barium titanate ceramic, 

we have: 

AT = b
2 
k
2 
0 	(independent of Q and dimensions) 

3 .pCv
d
51
2 

or: 

AT = 0.007°C 
	

in time t = Q/nfr  

For the barium titanate tube in Figure 5.2 and Q = 100 t n12.1 10-3sec 
and as a rise in temperature of up to 1°C is acceptable (Section 5.4), 

thermal effects are not the limiting factor for times as long as 100t1  

even nt maximum power. 



5.3 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 requirements must be 

satisfied. 

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 must be "rigidly" attached to the tube. Rigidly, 

in this sense meaning that however the two parts are held together, 

the join must be capable of transmitting stresses at the frequency 

of vibration of the tube. Because of the relatively high frequency of 

vibration (fv15 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 V50). 

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

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

at its minimum resolution time (Section 5.2). 

Requirements (1) and (2) are satisfied by many commonly used 

glues, among them: 

beeswax 

a special glue used by Bulger and Watts Limited 

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

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 GI  at the join due to acceleration 
2 
WY°, is: 	

G = 7t2 f
r
2 

p
l 
e
l . a . yo 

e 

which on substituting for the maximum value of y
o 
 (y

o  = b 
t1 	t. _ Section 

5.2) and f
r 
= Cs/2E1  becomes: 

G =IL C
s
2 	a b  pl  el  

/IT 

pl  and el  are respectively the density and thickness (Figure 5.2) of 

the etalon plate, which is made of fused silica 

t
pirs'2.65 and el  ev 0.6 mmj 

For the barium titanate tube (e,,,0.5 cm), this gives: 
G = 103  lbs/sq.in 

which means that of the glues satisfying conditions(1) and (2) above, 

only optical araldite (or some similar resin glue) meets the third 

requirement. The breaking strength of optical araldite is 

approximately 3000 lbs/sq.in. 

As the stress G is inversely proprtional to the length?, 

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 (GI) and barium titanate W I  a 

change in temperature will cause the etalon plate, which is cemented to 

the ceramic tube, to be strained and to bow, as the tube contracts or 

expands radially. Suppose the etalon-plate,/ceramic tube system is strain 
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free at temperature T°C, which for the sake of argument we shall call 

the "flatness temperature" because at this temperature, the optically 

worked surface of the etalon plate should reach its maximum flatness. 

Then for a rise in temperature leC, the tube would expand a 

distance e more than the plate in the radial direction, if both were 

free (Figure 5.5(a), where: 

s . 
121 
 AT (m - m

1
) 

Because it is joined to the plate, stresses Vo  and bending movements Mo  

exist (Figure 5.5(3)) 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 <"c a 

and: 	e 'C„.< a 

we can refer directly to the work of Roark (1943). i,Roark, 

"Formulas for Stress and Strain", McGraw Hill, 1943, p.261, cases (10), 

(11) and (12).1- 

Therefore if 0 is the change in slope at the discontinuity and C 

is the radial displacement, for the ceramic tube: 

	

0 = Mo 	
- V 

	

WD 	2DX2  

	

g
r 
= M

o 	
- V 

 
2DX2. 	FDD 

where: 

= 5.  12 (1 -(j2) I:14  

2 	2 a e 
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and: 

D = 	E e3 
12(1 -62) 

For the etalon plate: 

G 	= 	6 (1 	1  ) Mo  a 
E
1 e1

3 

a 	(1 -6 ) v r 	1 	o 2E1 	e
1 

In both cases, E and El  are the Youngs Moduli for barium titanate 

and fused silica, respectively, and and
1 are the Poissons Ratios. 

barium titanate 	fused silica 

E (N. 1.1 . 1012 dynes/cm2 
	

E r‘i 7.3 . 1011 dynes/cm2 

6 0.3 	 0.17 

a = a ^v 7.5 . 10-6 	
m ev0.2 . 10-6 

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

non-yielding cement, we can say, 0 the outward displacement of the 

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

displacement et  and, ii) the change in slope for the tube must equal 
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r 

of the plate caused by Mo is of 2nd order of 5(r) and is 

therefore neglected. 
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that for the plate; i.e. we are rssuming that the perturbations are 

small, whence the superposition of perturbations is valid, therefore: 

e = 	tro 	mo 	(1  -(1) 	a V
o 

	

2D A 	2E
1
e
1 • 

and: 

v
o 	Mo 	6 (1 -451) Mo  a 

2DX2 	WD E
l 
e 3 
1 

 

whence: 

o
(1 - 1) 

3 E e 
1 1 

E
1 
e
1
3 

2DX2  (1-) 1 

Nae + 6a 12 
	

+ 6(1 - e1)a2  D W2  

E e 
1 1 

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 0 (r) from a flat plane: 

Sr)( 	= - 3(1 - 1) Mo (a
2 
- 4r

2
) 

2E1  e1
3  

(Roark, 1943) 

Substituting for M
o and at the same time for D and X: 
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r E ti,5 (1  _41.2)1/2 	3 
4412(1 - 42)I1/4 

a 

1/2  2 
(r) = - 2 	 ae 

i 	e  L 1  	1 	 1 
2  E  

(1 -(,1  ) 	
e2  

+ 3)2 a3/2 e1/2 

 

E(1 - 61) 	ae2  e(ei
2 
 - 4r2) 

    

i3(3. - c2)! 1/4  

 

E1(1 62)312 e1 

 

and for the dimensions of this system: 

(r) 	- 	1 - (1202  
2 C 	(a ) 

Therefore if the spectrometer is operated at an aperture of 2r, where 

2r 4.  a, the surface defect, x, caused by thermal expansion of the 

ceramic tube, is: 

3(r) - ,S (0) 

whence: 

x "\,/ 26 (r/a)2  

or, substituting fare 

x ^l a AT (a - a
1
)(r/a) 2 

The dependence on r
2 means that this defect represents spherical 

curvature. 

In the above equation for x, the relevant coefficient of thermal 

expansion for barium titanate, m, is c, (perpendicular to the direction 

of polarization), whence substituting in the eauation: 



x ANI V12 per °O 

for full aperture (r a/2) and: 

x V50 per °C 

for an aperture of 1 cm, i.e. r 'qv 0,5 cm. 

5461 A()) 
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Thus so long as the temperature of the tube remains within 1C 

of the flatness temperature, 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: 

a (glass) '4 m
J. 
 (barium titanate) 

5.5 The Decrease of Optical Resolution Caused by Dynamic Effects 

In dynamic equilibrium the finesse of the system will be 

limited by bowing of the moving etalon plate under the action of the 

inertial force, which is caused by the accelerationw2y, towards the 

equilibrium position. This force will cause an increase in the 

curvature 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;  

y(a/2) =yo  sin 27t fr  t 



and the bowing of the moving etalon plate can be defined as: 

B(r) = 	y(o) - y(r) 	= 

 

    

Y(4/2) 	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 considering 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 a 
8 

which is almost so (Figure 5.2 - e 	a) 1 17 

The equation of motion of a circular disc, being striven at frequency 

Ule.r/ is:  

where C7 	in polar coordinates, is: 

	

+ 1 7=1 
	1  

.k)r2 
	

r 	r 2 	to2  

If we put: 
4 	

Q0 2 
	, 	2. K = 	12 	p1  tl - 4"1  ) r  

E
l 
e
1
2 

the steady state solution is: 

Y(r) = 4(r) eimrt 

162 

cL—X 	 12  61 	4y 
 = ukIr2Y  

t2 

.)t2 	2 
12 p1(1 - 01  ) 



where 4?(r) = A Jo(Kr) + B Yo(Kr) + C Io(kr) + D K0  (Kr) 

Since both: 	Yo(Kr) -4 -,x7  

and: 	 K0 (Kr) -› 
as: 	 r 	0 $ 

B = D = 0. 
and: 	V(r) 	= A J (Kr) + C Io(Kr) 

To pr(aceed further we must invoke the boundary conditions which are: 

i) At 	r = 4/2 
	• 	Y(4/2) = tp(a/2) eiwrt  

ii) Because of the method of supporting the vibrating etalon plate, i.e. 

cemented to the ceramic tube, there are restrictions on the slope of (I/ 
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): 

= 0 	at 	r = a/2 

Then: 

y(r) =4/(a/2) eism rt ( Il(Ka/2) Jo(Kr) + Ji(Ka/2) Io(Kr) 

I
I 
 (Ka/2) J

o 
 (Ka/2) + J1  (Ka/2) I (Ka/2) 

Resonance occurs when y400(i.e. when the denominator vanishes) that is for 

K a/2 = 3.2 

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

fa = CUa 	• 	(3.2)2  2 v
E
1  e1

2 

St 	a2 	12 pl  (1 -‘12) 

Expanding '(r) for Kr small, i,e, forttfr 	'1a  

3 

(  B(r) = Y(o) - 4,1(r) 	K a4 	t(r/a)2 - 2(r/a)
- 

4f (a/2) 	128 

Therefore: 

B(r) = 252 f
r  2p1 	1

2  (1 -K 	a 	((r/a)2  - 2(r/a)" 
8 

E
1 
 e1  

13 (frrf,)2 (r/a)2  2(r/a) 
t_ 

4.? 

b) The effect of the ceramic tube may be assumed negligible, then the 

dio becomes a free plate, for which boundary condition ii) is that the 

stress couples should vanish at the edge of the disc, then: 

b2‘,/ 	,)(-1)  = 0 	at r = a/2 

br2  r 
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Substituting in the steady state solution of the equation of motion: 



{1(K4/2) - 1 -ec Il(KA/2)IJo(Kr) o(KA/2)a. 

Ka/2 

1 	1 	J1  (Ka/2).1 I (Kr) 

Ka/2 
tf(r)=41a/2) 	  

.i.I0(KA/2-- 1 -6.37Ii(Ka/2))Jo(Ka/2)4J ° (Ka/2) - 

K7172—  

1 — ‘1.  J1(Ka/2)I0(m/2) 
Ich/2 

and resonance occurs at Ka/2 = 2.23 

giving a resonant frequency: 

f = f (2.23)2  n„d 0.5 f b 	a (3.2  ) 	a 

Expanding again for small Kr, (fr  <1113) 

B(r) = 	..VJ(r) = K4a4  (3 	1-(r/a)2  - 2(1 +61) (r/a)4J 

(a/2) 
128 Ty 4777  (3 	+e1) 

or: 

B(r) = 

 

fr
2 

p1(1  12) o
4 
(3 +<51) C(r/o)

2 - 2 (1 + 05;) (r/a)43  
	El e14 (1 -F (r1  ) 
	(577-7 

  

which, on substituting, becomes: 

B(r) 00'35.0 (I r  /f a)
2  (r/a)2 - 3/4(r/a) 1_ 
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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 instantaneously as a pressure acting uniformly over the 

area of a disc, 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, 1945). 

If G is the stress at the join between the tube and the platg(andli 

is the instantaneous pressure on the plate: 

%a . e G = W . %a
2 

whence: 

G = W a 
4e 

Again if is the change of slope at the discontinuity and Cr  is the 

radial distortion, for the ceramic tube: 

= M 
r 	o 

2D 
Vo 	6*Ga 

F-TO 	2E 

and: 

G = M 	V 
0 	0 

DX 177 
(Roark, 1945, p. 261) 

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

for the etalon plate: 

e•rt = a(1 6-1Wo 
2E
1  e1 



and: 

At = 6(1 -61) Mo  a 

 

3 Wa3  (1 -ici) 
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E
1 
e
1
3 	16 El  e

13 

(Roark, 1943, p. 190) 

In putting: 	g 
r 

= E
rr 

and: 	9 = Of 

it is interesting to consider three separate conditions. 

c) If the effect of the ceramic tube were negligible: 

	

V = M = 0 	(Figure 5.8(a)) 0 0 

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

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

= 	3 Wa2(i -(.2) 	
co 4. 6,;) 

 a2 + 2r4 - (3 + r r
2
3 

32 El  el 
3 	

8 (1 +) 	a2 	(1 + 1) 

(Roark, 1943, p.190) 

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

x =3(o) - 6(0 

therefore: 

d) 

x = 3 	Wa4(1 - 41112) (3 +dl) 	(r/a)2  - 2(1 + 	) (r/a)4-1 

	

32   L. 

	

E1  e13 	(1 	
el) 

	

e 	(1 + 	) 	(3 +  

	

3 	Er 

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

the distortion of the etalon plate comprises two components: 



Resultant = (r) 

168 

As in Section 5.4: 

(r) 
140 	

- 3 (1 - 6
1
) M

o 
(a
z 

2 E1  e13 

whence: 

  

13Wa3(1 -6;) + 3DX2 Wa4 1 -6)2  -61fa2 

4 10. El  e1
3 	16 E1  el 	8Ee 

 

   

3140(0 2 
2 

( 	- 4r2) 

 

 

3 	Xae12   + 6a2DX2(1 	) + 6a 1  

1 2DX (1 -0 ) E
l
e
l  

  

  

which for the barium titanate tube in Figure 5.2 becomes: 

S 'N.,  0,17 wa2 
E
l
e
l 

 

- 4(r/a)2  

 

   

   

if we approximate a 11A 2 cm. The variation with r/a is still correct. 
Therefore: 

0.41 	Wa2  [ 1 - 16 (r/a)2  + 16 (r/a)4 
Llesultant 1'4  Elel 	3 	3 

and the surface defect from flatness is: 

x N2.2 Wa 
2 	[ (r/a)2  - (r/a)I*  3 

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

(r) = 3Wa4(1 -‘2) 	- 8 (r/a)2  + 16 (r/a)41 1  

and the surface defect from flatness is: 

x = 3 
32 

lia4(1 6' 2 	( 	2 
1 ) 	L. 0/a) 	2(r/a)4  J 

E
1 
e 3 

 

The pressure W acting on the etalon plate at a displacement y(a/2) 

is simply the force per unit area at that position due to the acceleration 

0612Y
(
a/2), therefore: 

W =
plea

t 
fr 

 2 y(a/2)  

Substituting for W in the various cases we have: 
c)  
B(r) =  X 	= 3%2 	f  2 .,.. (1 - 6,2„_4 (3 + „01, 

r rl 	1 1" 	*'11  
Y(4/2) 	8 	 X 

67-777 E
1  e1

2 
1 

E(r/a)2 
 
- 2(1 + 1) (r/a)4  :1 

(3711.  

which, as it should be, is identical with that derived in case b). 

d)  - B(r) = 2.2 4
s
2 

fr
2 

pl a
2 

	

[.(r/(1)2 	
(r/a)4  

E
1  

e)  

B(r) = 3n
2 
fr
2 

pl  (1 -612) 
a4 E (r/a)2  2(r/a)4  1 

8 

256.E1 e13 

2 
E
1 
e
1 

 



which is identical with case a), 

The practical case d) can be rewritten as: 

B(r) "J26 (f /f )
2 
[(r/a)

2 
- (n a)4  

4 
r a J 

or; 

B(r) 	26 (fr/fa) 2 
(r/a)2 

since r 4; a/2 

Although each term in this formula is dimensionless and the diameter 

a, 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. e ry el  4c a/8, it is approximate even to this assembly, 

It should be noticed that the value obtained for B(r) is always 

between the two limitirg cases, and here 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-4  fa or fb whence the dimensions of the tube-etalon plate assembly 

must be such that the resonant 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 f of the ceramic 

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): 

f
a 

nd 150 kc/s 

therefore the defect from flatness for a displacement y(a/2) = 271., i.e. 

4 fringes scanned either side of the equilibrium position, is x ry 1/8 

(N ^J4) for fdll aperture, and iry V50 (N
D
N/25) for a 1 cm aperture. 

As the amplitude y(a/2) increases, x increases and therefore Nn  decreases; 

however subject to a loss of light ND  increases as the aperture is 
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decreased. 

Previous paragraphs consider 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 couple tending to reduce the bowing is set up. 

The bowing of a simply supported plate is shown 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 N0 1.5 (as in Figure 5.9(c)) when the 

bow at the centre is zeros  i.e. y(o) = y(a/2). Under this condition 

the bowing is a factor 4 . 5 +‘3.  less than in Figure 5.9(4), in fact: 

1 +6
1  

6y1  • 8y2  : 8y3  : 8y4 ;; 5 + 61  : 1 t 1/4 : 1 

 

1 +6 

 

and the bow is - 6y1  for b/a N1.8. 
In the practical case (Case (d) above) the bowing of the plate is 

found to be approximately half that for the 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/a. 

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 plate; the 

purpose of this section is simply to justify this, The mass of the 

barium titanate tube is: 

M "156 grins 
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whereas that of the fused silica etalon plate is: 

^J 8.3 grins 

whence: 

m/M *01./20 

which 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, as far as the tube is concerned, it "sees" the load 

as an extra length of tube of mass m (cf. Kinsler and Frey, p.73). 
Therefore the effective extra length of tube is: 

AC",  m 

and the node at the centre of the tube is shifted by an amount 602 

towards the load, i.e. the node remains at the centre of mass. Also the 

frequency of resonance fr 
becomes: 

f
r 

evfr 
Afr 

where: 

Af
r 
	= 

fr 
	M 	20 

As before, without mass loading: 

y = yo sin 'xx 
sin %est 

   

and the amplitude of oscillation is yo. With mass loading: 

y = yo  sin  7[x  
	

. sin iccst g+Att 
FE7- 



and the amplitude of oscillation of the etalon plate is that 

corresponding to x = 	Ar, 
2 

which is: 

y sin It . e - At 0 2 e. At', 

r" Y0 	•X2  

Therefore the resolution time of the spectrometer becomes: 

At
1 (with loading) N/ At1 

(without) . 	1 + It
2 2 

(1+1rv ptl 	 ) 
80 

i.e. the change is 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 &ler 
than the lengthwise mode (i.e. transverse mode) will be negligible 

owing to the small amplitudes 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 inhomogenoities 

of the barium titanate and twisting due to reaction on the suspension 

(i.e. the ICI ring suspension which ought to be "free") is difficult to 

estimate and one must have recourse to experimental tests. 
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6. 	THE FABRY-PtROT SPZCTROMETER WITH PIEZO-ELECTRIC DRIVE(II) 

Preliminary experiments in Section 4.1 have shown that with a 

crude spectrometer mount a 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 

obvious reason why the spectrometer 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 N/50 at W5461 A°. (B 306 or B 308, Hilger and Watts Limited) 

This was the longest ceramic tube commercially available, and from 

the previous calculations, if used in conjunction 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 not 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). 
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641 The first Piezo-electric Spectrometer 

The spectrometer is shown in the photograph (Figure 6.1). 
It consists of a heavy metal U-shaped base®, on which two stainless 

steel rods Q) and 0)(1 inch ground stock) are clamped to form a 

kinematic slide. On the slide, are two stands 0 and (D, which can be 

clamped rigidly to the slide when adjusted to a convenient separation. 

Three phosphor bronze screws 1; are tapped through the vertical section 
of each stand and locate with the point, plane, and slot markings on the 

tilt-plates ® and @. These screws are threaded at 40 T.P.I. and 

are placed at 1200 to each other, to produce a normal three-point 

suspension. The two tilt-plates are each held on to the three 

screws CO by three springs tom,  . This three-point suspension forms 
the "rough" adjustment, with which the two etalon plates can be aligned 

plane-parallel to about V10 or V20. 

A plate 10 attached to tilt-plate 	has a tubular extension 

which pissed back through the tilt-plate and through a large clearance 

aperture in stand J  . At the end of the tubular extension is the 

clamp g in which the barium titanate tube 672) 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 

it, can 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(j)l: attached to tilt-plate (i) is in fact the remains of 

'a previous "fine" adjustment which was unsuccessful. It remains in the 

Wesent design only because the three jaw chuck 14 which holds the 
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fixed etalon plate 	attaches directly to it. 

"Fine" adjustment of the etalon plates to plane-parallelism 

is achieved by tensioning the springs 3)  on stand 	. Tension is 
applied to the springs by unscrewing the three nuts 	. 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 betterthanX/50. 

Several systems of fine adjustment for aligning the two etalon 

plates to be plane-parallel to better than W/50 were tried; 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 enabled the etalon plates to be 

separated by any distance less than about 2 ems 

b) the "fine" adjustment designed to align the etalon plates to be 

plane-parallel to better than W/50, and to maintain this alignment over 

a reasonable period of time, and 

c) the F-P etalon, with one of the etalon plates cemented to a barium 

titanate tube, which was itself clamped at its midplane in a rubber 

lOg ring. 

6.2 Experimental Results Obtained with the First Spectrometer 

a) Thermal Effects: 
011O. 	011. OEM .101M. 	MEMO alba OM,  ••• 

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 Polaroid film, by mounting a ceramic tube-etalon plate 

assembly in the vertical position (Figure 6.2) with the second etalon 

plate (fixed plate) resting on top, for which purpose a simple "Chemi.. 

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 Fizeau fringes produced would be equidistant straight parallel 

lines, however, due to the curvature of the etalon plates, the fringes, 

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 ry 6b . X 
b 	2 

The variation of the defect from flatness as a function of 

temperature is shown in Figure 6.4. 
constant aperture of 1.25 cms using 

the tube was of barium titanate and 

(B 308, Bilger and Watts Limited). 

Measurements were made for a 

the mercury green line X$461 A°: 

the etalon plates of fused silica 

The theoretical variation (see 5.4) 

for a similar tube-etalon plate assembly with a flatness temperature of 

18.5°C is also ahown. Since: 

xrwa LET (a - 1  (r/a)
2 



where: 	a ..0 2.5 ems 

- el
A  1
=7.3 10 -6 

and: 	(r/a) ^-,1/16 

for: 	A. 5.5 . 10-5 ems (5461 AO) 

therefore: 	x 01  0.02 7t. AT 

Although the Fizeau fringe test shows quite clearly that the 

flatness temperature of this particular tube-etalon plate assembly 

is about 18.5°C, and that the variation of the defect from flatness 

is reasonably represented by the theoretical formula produced in 

Section 564, 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 flatness 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 the spectrometer for the 

particular point when the moving etalon plate is passing through its 

equilibrium position. 

b) Dynamic Effects: 
MOO ••••• ••• WOO MO 40.1.0 	•••• ••••• ,M111 

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 inertial forces become zero. 

To measure the "static" surface defects finesse and observe 

experimentally the variation of finesse caused by dynamic 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 (Osram D.C. Sodium Lamp), which 
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has a line-width AX1‘ 0.1 A°  (see Section 6.2(d) and 

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 AX1  = 19 A°  so that the source width became negligible, i.e. 

(see Section 2.2): 

13(X. - Xo)1145(X - Xo) 
then with the scanning finesse set nt 	57, profiles were recorded 

(Figure 6.5). 

The reflection coatings of the etalon plates were measured as 

R,v  9096, T^.$894, and A f*,2%, for sodium D radiation which gave a 

reflection finesse of NR'030. Then using the approximate inequality: 

1/N2  - 1/NR2  7, 1/ND2  ..?,,t5 1/N2  - (1/N712  + 1/NF2) 

the surface defects finesse ND wa
s calculated for the point at which 

the moving etalon plate was passing through its equilibrium position, as: 

ND = 32 + 2 

During the experiment the laboratory temperature remained constant at 

18 Cs  and the etalon aperture was stopped down to 1 cm. 
Having determined the finesse of the spectrometer at the equilibrium 

position, the variation of finesse with displacement of the moving plate 

from this position can be determined by observing the decrease of the 

etalon transmission (Eettion 2.2(h)). 

The etalon transmission coefficient is: 

T PJ NI/NR  

si Net  
These etalon plates were freshly coated with aluminium, for which we 
thank Dr. D.J. Bradley of Imperial College. 



where NE is the etalon finesse and: 

1/NE2ry 1/NR2  + 1/Nn
2 

This coefficient is a sensitive function of ND
, when Na and N are 

comparable (Bradley, 1962) so the Cecrense in the value of ND  as the 

moving plate moves away from the equilibrium position, can be 

determined by observing the decrease in T 	From the record presented 

in Figure 6.5 the overall surface defects finesse falls from 32 to 20 

for a displacement y(a/2) = 2X; 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 	V4o 	at y(a/2) = 2X 

and for an etalon aperture of 1 cm. 

This figure is in good agreement with that predicted in Section 

5.5. 
c) Experimental Techniques: 

•••• OMNI 111 	 •••• •••• 	Mi. woe owe doom MII• 

In the above experiment (Section 6.2(1)) certain experimental 

techniques were developed which enabled the satisfactory use of this 

spectrometer. 

First it was found that the average barium titanate tube resonating 

in air achieved a Q of resonance of about 300, therefore (Section 5.2) the 

power required to drive the spectrometer even at maximum time resolution 

was only about 24 watts. Also when observing 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 (Section 5.4). 
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This being the case, the electrical circuit was 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 oscilloscope 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 stand the spectrometer on an anti-

vibration table. A convenient and effective table (Figure 6.7) was 

made from a few sheets of foam rubbers  at negligible cost. The anti-

vibration table consisted of a wooden 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 similar plate with three adjustable legs stood on the tops  and 

provided a small adjustment in vertical position and tilt. 

During the experiment it was found that the final 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 oscilloscope 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 masse 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 found that the leads put on by the 

manufacturers were not supple enough. Furtlermore they were soldered 

to the respective electrodes at almost the same poirit 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 bA.anced outs  by 

soldering 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, 19%). In practice, by clamping both the collimating and 

camera lenses, and the recording photomultiplier to an optical bench, 

no difficulty has arisen from this point. 

Neasure:aent of the Half-intensity Widths of Sodium D lines: 
.0• 

Finally as an experimental test for the spectrometer and indeed as 

a necessary measurement to back up previous calculations, the half-

intensity widths of the 13-lines emitted by the D.C. sodium vapour J.amp 

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 

Nrsio,  21 (cf. Figure 6.5), Then the etalon plates were moved apart until 

the free spectral range was Al  Pv 1.1 A°; the free spectral range 

was determined by measuring the separation, 01, 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 as Lae/0.08 A°. 

Lastly, the separation of the etalon plates was increased to 

	

(1,-43.30 mm, a free spectral range of a1 	0,55 A
o when the half- 

intensity widths were again measured as am fta0.08 A°. 

Using the formula (see 2.2(g)): 

as  r4  a 	a1  + AW 

	

- 	1 
2N 	2N 

where as is the half-intensity width of the source, the most 
accurate measure of the half-intensity width of each of the D-lines 

was: 

as  sis 0.07 + 0.01 A°  

In these experiments the time taken to scan a1 
was approximately 

5 psec whereas the resolution time of the recording system was 
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.L.IP21. 

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 1140 photographic plate; the exposure 

time required was about 3 seconds. Although the instrumental width of 
this spectrograph is 0.04 A°. it was possible to estimate the half- 

* 
For the use of the 21 ft grating spectrograph, we thank 
Professor U.R.S. Garton of Imperial College. 



intensity width of the D-lines as: 

a
s 	

0.065 4- 0.015 A°  

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 same optical resolution. 
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7, 	THE FABRY-PiaCT SPECTROMZTER WITH PIEZO-ELECTRIC DRIVE (III) 
	,11••••••••••••••••••, 

It has now been shown that the rapid scanning F-P spectrometer is 

not only theoretically possible but is quite definitely a practical 

proposition. Therefore a new spectrometer mount was designed 

specifically for use as a piezo-electrically 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 prtfiles of 

hydrogen and helium lines emitted by transient plasmas. This work was 

carried out in collaboration with Dr. N. J. Peacock 	at the Atomic 

Weapons Research Establishment, Aldermaston, Berks. Subsequent 

spectrometers have included several modifications developed during the 

experiments described in Chapter 6; these experiments actually ran 

concurrent with the work at A.W.R.E., ildermaston. 

So that the spectrometer could be used at maximum power and be 

synchronised with the production of 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. 
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7.1 The Control System 

The control system for the F-P spectrometer divides naturally 

into 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. 

As the maximum power required for the spectrometer is 24 watts 

(sections 5.2 and 6.2(c)) at a frequency of 15 kc/s, a normal 

audio frequency amplifier is a convenient driving source. We have 

successfully used a Quad II power amplifier (Acoustical Manufacturing 

Company Limited) with a special high impedance (100-n.) output transformer. 

In most of the experiments, an Advance J-2 oscillator was used to 

drive the power amplifier, though we have also used a Muirhead-Wiakn 

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 resonator "cleanly", i.e. vithout violent 

transients. 

To synchronise the spectrometer with electrically triggered events 

is somewhat more diffic*t; first it must be realised that the 

spectrometer is an oscillatory device which runs up to Pill speed 

a few milliseconds after power has been supplied. It is very 

similar, in this respect, to the rotating mirror type of framing 

camera, but speeds up in milliseconds rather than seconds. Because of 

this, both the recording oscilloscope and the plasma 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:-

i) Observations must be made close 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 pulse 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 resonator to become 

firmly established in its dynamic equilibrium (Section 5.2), but by 

counting only 1024 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, V1, 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
3. 

The output from V
3 
 is therefore effectively a full-wave 

rectification of the original sine wave (Figure 7.4). 
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The solid state diode D
1 lops the output from V

3 
so that 

the input to V
4 is a series of small (N 5V) negative pips centred on 

the zeros of the input signal. V4, which is normally biaseed.4on, 

therefore gives out positive pulses also centred on the zeros of 

the input signal. These pulses are clipped and amplified by V51  
which is normally biassed-off, to give large (.080V) negative pulses 

virtually coincident with the zeros of the input sine-wave. The output 

signal is taken through a standard White cathode follower, V6  and V7. 

The output pulses from the pulse forming unit ore then negative 

pulses of 80V amplitude with a rise-time of 0.2 isec and a jitter of 
much less than 0.2 fusee. 

The counting unit (Figure 7.5) is fundamentally a standard binary 

counting 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 40 volts 

amplitude, coincident with the 1024th negative input pulse. The first 

scale-of-two is more sensitive than the others because the 12AT7has a 

shorter 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 
identical 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 negatite pulse 

ittto it. The output pulse is then taken through a simple cathode 

follower. This stage has been deliberately made single shot, to 

avoid rewrite on the oscilloscope. Before each exposure the counting 

unit must be returned to zero by depressing the "reset" switch; 

the neon indicator light comes on when the unit is ready. 



189 

7,2 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, Cooper and Greig, 1964). From the line 

profiles, electron densities lezre 

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 plasma 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 Zvinch 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 psec. The time to pinch was 

about 3 psec and the electron density rose to approximately 10
17 

cm
-3. 

The system was almost critically 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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( >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. 

Electron temperatures in the helium plasma were determined from 

the ratio of intensities of the lines He II 1. 4686 A°  and He I 1. 4471 A°. 
In the calculation thermal equilibrium was assumed and electron densities 

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. 
In the hydrogen plasma, electron temperatures were determined from 

the ratio of intensities of the line 5 and a portion of the Balmer 

continuum (Grim, 1962). Again thermal equilibrium was assumed 

(McWhirter, 1961). In 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 

ne differ by less than 7% from the value at 1.0 eV (Schtsn.esker 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 can 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 was severely limited by 

lack of light. For instance, 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 h 4686 A°  
led to an electron density of about L x 10

16 cm-3 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 has 

since been modified). One difference was the use of a 3"  long tube of 

barium titanate (Plessey Company Limited) but the etalon plates were 

again fused silica plates (Hilger and Watts Limited - D 308) selected 

as optically flat to 1/50. (A 6 in. tube would have been better.) 
The interferometer was used in the normal optical system of 

interferometer monochromator or interference filter, and photomultiplier; 

a typical record is shown in Figure 7.7. When recording the profiles of 

the Hp 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 avoid saturation 

effects in the photomultiplier when recording profiles in the afterglow, 

the photomultiplier was gated off during the period of intense radiation 

from the pinch. 

The control system used was exactly that described previously 
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(Section 7.1) and optical alignment of the spectrometer was accomplished 

using a D.C. sodium vapour lamp (Section 6.2). 

Even at the smallest free spectral range, the scanning finesse 

was so large ( ;to 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 (r•120 A°) to which the line emission from the 

late afterglow was effectively monochromatic. In the late afterglow 

(times > 100 twee) lines were broadened only by Donpler broadening at 

a temperature of about 1 eV; a line-width of approximately 0.35 A
o 
for 

HR. 

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 mersured varied from 0.6 A°  to 

5 A°. 
(cf. in hydrogen 2.10144: n

e 	
4.1015  cm-5; in helium ne 

1017  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, line were recorded well into the afterglow, i.e, 

at times up to 100 isec after the initiation of the discharge. To 

calculate the electron density ne, from the Giiem, Kolb and Shen Theory 

(Griami  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 



193 

(Section 7.2(b)). Because the Ho  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 

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 + 5%. 

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 Ho  was 

therefore assumed. Line-widths could then be calculated from the 

formula (Allen, 1963): 

f 	,2 	2? 1/2  
B = 	 (d + d

2
) + 2,80 g 	+ (d

1 
+ d

2) 1 

where d
1 
and g

1 
refer to the instrument function and vary with the free 

spectral range, B is the recorded line-width, and the source width 

(width at half-itensity) is 2d2. Since B was a fixed fraction (about 

a third) of the free spectral range, this led to a constant final 

error of about + 6% in the value of d2. 
To check the assumptions made for the use of the above equation, 

a detailed calculation was made for one tir-1, namely 20 lsec after the 

initiation of the discharge. Using the Gijem, 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 (Figure 7.8). The width of this profile was found to agree 

within 1%1 with the actual recorded 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 

oscilloscope record for t = 20 usec making due allowance for the 

overlap of line wings; this is shown in Figure 7.9. 

Calculated electron densities during the life of the plasma are 

shown in Figure 7.10, in which allowance has been made for + 5% error 

in the Grim, Kolb and Shen Theory. For times greater than 70 rsec 

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 X 4686 A°  are shown in Figure 2; 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 cm
-3. 

For comparison, 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 A.W.R.E.) gave results for electron densities 

less than 10
14 

cm
-3 

and had a time resolution of about 0.1 psec. 

The helium-neon laser interferometer (Ashby and Jephcott, 1963) working 

at 3.39 pm gave results for electron densities greater than 1014 cm-3 

but with a time resolution of only 1 pec. (For the use of this 

instrument we thank Dr. J.N.P. Quinn of A.W.R.E.) Electron densities 

evaluated with these techniques are shown with the Fabry-Perot results 

in Figure 7.10; the close agreement between the various results 

(better than 10%) is readily seen. 



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 spectrometer mount is 

shown in Figures 7.11, 7.12 
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8. 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 capable of an overall finesse N "420 for an aperture of 

1 cm, and a minimum resolution time of about 0.1 psec; this being the 

minimum time required to scan one free spectral range. 

The time resolution can be varied from fractions of a microsecond 

to 10 1psec. At a time resolution of 10 psec a line profile is 

scanned once every 33 pee, while at the fastest scanning rate some 
eight line profiles of maximum finesse can be recorded in 1 psec. 

The main disadvantage of this instrument is that it can only be used 
tZyn.Ls 

at scanning Fetes 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 Derivation of the Airy Formula: 

1=1
o 	

T2 	1  

(1 - R)2 	411 	sing  A 
(1 - 11)2  

Consider the multiple reflection of a ray of monochromatic light between 

two infinite plane-parallel surfaces, AA' and W. The incident ray (o) 

has amplitude = 14)o ei2g(vt--
x/?.) 11 	 (Figure A.1,) 

where v and ? are respectively the frequency and wavelength, and its 

intensity is I =1 T 1 2  

If the power reflection, transmission and absorption coefficients for the 

two surfaces are respectively RI  T and A, such that: 

R T A = 1 

then the amplitude reflection, transmission and absorption coefficients 

are: 

r= 111 
t = fT 
a = TA 

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 O. is A and: 
A = 2 pd cos i . 
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It)2 = To 

CIThn+111/ 
n+1 

0 413  Leo  
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198 

Therefore the amplitudes of successive transmitted rays renching some 

arbitrary wavefront CCI, are: 

t
2 ei2nTV 

r2 t2 ei(27cv T A) 

r t2 ei(27cv T — 2A) 

r t 
2n 	2- 

 e
i(27Tv T nt) 

and the resultant amplitudetotal 
 is the algebraic sum of the 

V 
amplitudes of these transmitted rays, thus: 

total 
. 
4
10 t2 ei2ltv T

' 
1 + 

r2 e-iA + r4 e
-2iA

iwook 

2n -ink 
0" + r e 

3 
As n 	00  this sumation cf a G.P. becomes: 

4?  total 0 (Ar t2 e i21v .t 

 

(1 - r
2 e-iA) 

The intensity along CC' is: 

I 	=. 1  'total 
2 	2 t 4. 

o 
1 
2 
e-iA 1 2 

Therefore: 



I = I 	T2 1 
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1 + R2  - 2R cos A 

or: 
I = Io T2 1  

(1 -R)2 	1 + 4R 	sing  4/2 
(1-R)2 

A is known as the Optical Retardation. 
Maxima of the Airy Formula occur when: 

A = 2n% 
i.e. when: 

n% = 2 id cos i 

Then: 

I = Io max 	
. 	T2 	= I (1 - 

	

02 	
0 

(1-1  

A )2  
1-R 

and this approaches I0  as A approaches zero. 'Circular fringes are 

observed because the angle i is symmetric about the optic axis. 

At the minimum of intensity: 

A_ (2n + 1)% 

and: 

411 	14-14 

as A 	0 and R -•et 1, Imin
-*-1 O. 

For an etalon of fixed separation dt  successive maxima of intensity for 

increasing i correspond to n1  n-11  n-21  etc. 

I
min 
. = I ( T )2  
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The change from one fringe maxima to the next, is given by a change 

of (2 pd cos i) such that: 

8 (2 rd cos i) = 

i.e. corresponding to a change 8n = 1. 

However, this change could equally be effected by a change in the 

wavelength of the radiation, such that: 

8(X) = 	W
2 

2 d1z cos i 

as stated in the text, this wavelength interval is termed the "Free 

Spectral Range" al. 

i.e.: 

AXl = 	12 

2 pd cos i 

fora = l and cos 1 

W
2 

2d 
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APPENDIX B 

The Theoretical Minimum Resolavable Time. 

Again have two reflecting surfaces: 

1 =R+T+ A 

R = r2 

T=t
2 

if: 
	I

o = T012  

	

' 	o t2  

= To r2 t2 e-iA 
2 

	

4jn*1 
	r

2n t2 e 
 -inA 

where A = 2 rd cos i which is the optical retardation. 

If these are n reflections before the beam is lost 

therefore: 

Y(n) = 	di 
n `fin 

t2 	l r
2n e-inA 0 

1 	R e 
-1A 

I(n) = I (n) 2 
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= 4)0
2 t4 1 R

n e-inA 

iA 1 R e-  

2 

I 	 1 + R2n - 2Rn cosILA o T2 . 

1 	R2 - 2R cos A 

I O T
2 . 	Rn) + 4Rn  sing  nA/2 

(1 - R)2  + 4R sin
2  A/2 

i.e. Airy1s formula for a non-infinite number of reflections 

and for n►4:110 

= I T2 . 
O 

 

(1 - R)2  + 4R sing  A/2 

Can assume (1 - Rn)2  -> 1 for any reasonable n 

Therefore: 

1(n) = I0  T2  . 	1 + 4Rn  sin2  nA/2 

(1 - R)2  + 4R sin2  d/2 

Therefore for: 

161310 - 1(n) 	0.01 . ftu* i.e. 1% 

at the half-intensity points , 

4Rn sin2  nn 	0.01 
2 
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But 	4sin2 nA I 	1 
2 

Therefore considering worst case of: 

sin nA = 1 : 
2 

4Rn 4.- 0.01 

Therefore: 
n In R In 1/400 

But -00 = 2n_ 1-R 

	

2NR 	77r- 

where  A u°  is the retardation corresponding to the half-intensity points 
of I('4 

and for R -"3 1 	A ;41 -R 

Therefore: 

Therefore: 

Therefore: 

Therefore: 

n In (1 - Acd 	in 1/400 

n A 0  - 6,o 

6.0 

n 	6.0 N R 	= 2NR  

    

Therefore: n 	2NR  for 1(n) within 1% of Iqy.) at the half-intensity 

points, 

For A = 0 (or 2m) I(n) = IM 
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Therefore to set up the fringe pattern with finesse N
R' f'= 2NR 

reflected wavefronts are required, 

Therefore distance travelled = 2nd = 4Nad 
Therefore time required to set up fringe pattern: 

= 4Nnl man 
C 

A complete treatment of this problem with a rigorous 
solution is referred to in Born & Wolf 'Principles of Optics' 

page 345 for the similar case of the Lummer Gehteke 
interferometer. The results are expressed graphically. 
For a particular 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—Perot 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—Perot interferometer have been com-
pared with those obtained with other diagnostic techniques over the range 
1011  < ne  < 1017  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—Perot etalon with a monochromator (Malyshev 
et al. 1963). Unfortunately image intensifier tubes are themselves still very much in the 
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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—Perot 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, H f3, and the helium II line A4686 A, 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 psec 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 pm 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 ttF 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 01 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 1017  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 II A4686 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 13 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 no  differ by less than 7% from the value at 1 ev (Schumaker and 
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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 can be neglected. 

2.3. Results obtained with the time-resolved spectrograph 
A time-resolved spectrograph was used to record the spectrum of the discharge both 

in hydrogen and in helium. In the afterglow the time resolution was severely limited 
by lack of light. For instance, when the light from fifty discharges in hydrogen was super-
posed on the same photographic plate the time resolution had to be reduced to 7 ,usec. 
On the other hand, the discharge in helium was sufficiently luminous to allow a time 
resolution of 0.5 fksec during the pinch, for a single shot spectrum. For the helium 
discharge, photographic line profile measurements on the line He II A4686 A led to an 
electron density of about 4 x 1016  cm-3  at the pinch. Electron densities determined for 
the hydrogen discharge are shown in figure 5. 

In both cases the absence of impurity lines suggested that the impurity concentration 
was small, an important criterion for a pre-ionizing discharge. 

3. The interferometer 

3.1. The scanning Fabry—Perot interferometer 
Details of the principle of operation and of both the theoretical and practical limita-

tions of this type of scanning Fabry—Perot interferometer have already been reported 
(Cooper and Greig 1963). Basically the separation of the two optical flats is rapidly 
varied, while light from the centre of the Haidinger fringe pattern is allowed,  tofall on 
the cathode of a photomultiplier (Jacquinot and Dufour 1948). 

Figure 1. Cut-away diagram of the interferometer. 

The interferometer used in this experiment is shown in cut-away section in figure 1. 
The etalon plates were 25 mm in diameter, 6 mm thick and were polished flat to A/50 
over an aperture of 20 mm (Hilger and Watts Ltd.). One of these plates, the fixed plate, 
was held in a three-jaw chuck attached to an adjustable mount; while the other plate, 
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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 4  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, a 
node of oscillation, by a rubber '0' 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 /3 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—Perot 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 /3 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 function is to 
record on the interferometer the profile of a line which is known 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 n 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 d/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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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 I to 5 

(cf. in hydrogen 2 x 1014  ne  < 4 x 1015  cm-3; in helium ne w 1017  cm-3) 
and for all measurements the free spectral range was set at approximately three times the 
linewidth. 

Figure 3. A, the instrument profile; B, the H /3 profile (Te  = 1.04°R; 
ne  = 2.7 x1015  crn-'); C, the resultant recorded profile (H P * instrument). 

4. Measurement of electron densities 

4.1. Results for the discharge in hydrogen 
Profiles of the Hfl line were recorded well into the afterglow, i.e. at times up to 

100 ,sec after the initiation of the discharge. For calculation of the electron number 
densities ne  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 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 ± 5 %. 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,6 
was therefore assumed and linewidths were calculated from the following formula 
(Allen 1963): 

B = {(di + d2 )2  + 	gl 2}1 /2 (C11 d2) • 

c/l and g1  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 fl is 2d2. Since B was a fixed fraction 
(about a third) of the free spectral range this led to a constant final error of about 
+ 6% in the value of d2. 

To check the assumptions made for the use of the above equation a detailed calcula-
tion was made for one time, namely 20 law after the initiation of the discharge. Using 
the Griem, Kolb and Shen theory, the calculated linewidth indicated an electron density 
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Figure 4. Comparison of the experimental and calculated recorded profiles. Shaded 
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Figure 5. Electron density against time during the discharge in hydrogen. (Initial 
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of 2.7 x 1015  cm-3  at the electron temperature of 1 ev. 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 t = 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 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. 

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 II A4686 A are shown 
in figure 2. These profiles were recorded 3.5 psec after the initiation of the discharge 
and the time taken to scan the linewidth was 0.2 psec. 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 pm and 2 mm. The 2 mm microwave interferometer with time resolution 
less than 0.1 psec gave results for electron densities less than 1014  cm-3. 

Number densities greater than 1014  cm-3  were determined with the 3.39 pm 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-
Perot results in figure 5. 

5. Conclusions 

These experiments indicate that using this type of scanning Fabry-Perot interfero-
meter, linewidths can easily be measured with an accuracy to ± 5% and complete line 
profiles can be recorded in a minimum of about 0.2 psec. Because of the inherent high 
luminosity of the Fabry-Perot 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 1014  < ne  < 1017  cm-3  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 

J. COOPER and J.R. GREIG 

Physics Department, Imperial College, London, S. W . 7 

ABSTRACT 

A new scanning Fabry-P4rot interferometer is 

described in which a spectral line profile is Scanned by 

the periodic displacement of one of the 6talon plates with 

a piezo-electric element. In this way, many successive 

scene of a line profile can be recorded, the half-width of 

any one being measured to an accuracy of better than 

! 5%. The time resolution, i.e. the time required to 

scan a line profile once, is shown to be usefully variable 

- over the range le 	10 sec to 	7seo. 

1. INTRODUCTION. 

Until now it was possible in plasma physics to record 

spectral line profiles on a time..resolved spectrograph (Gabriel 

1960) with photographic recording or on a shot by shot basis by 

moving a photomultiplier across the image plane of a mono-

ohromator (Berg et al, 1962). Of course, with very wide 

lines several photemultipliern have been arranged to view one 

line profile (Breton et al, 1961). 

A scanning Fabry-P6rot interfe±oMeter has advantages 

over all these techniques. Because it uses photoelectric 

recording, the response of a scanning interferometer is sensitive 

and linear over a wide range of intensity and permanent records 

can be taken directly from an oscilloscope. At the same time 

a Fabry-P4rot etalon has a light gathering capacity equivalent 

to that of a grating some two hundred times larger in area 

(Jaaquinet 1960). However the scanning Febry-Perot inter-

ferometer has previously been limited to a minimum time 

resolution, i.e. the minimum time to scan a line profile once, 

of about 1 msec. (Brad7.ey, 1961). In this paper wo dioouss 

the.  practical advantages and limitations of a new scanning 

Fabry-Perot interferometer (Cooper & Greig, 1962 & 1963a) which 

has been especially designed to record line profiles in the 

emission from transient sournes. The scanning of a line 

profile is achieved by the periodic displacement of one of the 

etalon plates which is cemented to a piezoelectric resonator. 

* Row at The Central Electricity Research Laboratories, 
Leatherhead, England. 

The following are basic features of this interferometer,- 

1) The instrument only records the profile of a single 

spectral line, but can record many profiles of this 

line in successive intervals of time. 

2) The time to scan a line profile once can be varied 

from 107sec to 105sec. 

3) The wavelength interval scanned, 	, can easily be 

varied from about 0.11 to 301. Over all this range the 

instrumental width is 	equal to the wavelength 

interval, A‘,, divided by the finesse, N, which is a 
constant. The finesse can be made as large as 20 for 

an stain aperture of lam. and the half-width of a line 

can be measured to better than ! 5% provided that not 

more- than eight line profiles are scanned in 10 peens. 

4) The instrument can, in general, only be used with 

continuously running or aynohxonizable light sources, 

because it records accurately only at certain times. 

2. 	DESCRIPTION OF THE INTERFEROMETER. 

Collimated light from the source passes through the 

two fused-silica optical flats which constitute a Fabry-P6rot - 

etalon (Fig. 1), so forming circular Haidinger fringes in the 

focal plane of the camera lens. Fringe maxima are located 

by the formula n\ .?,,se one  in which p is the refractive 

index of the medium between the etalon plates_ and i is the 

angle of incidence. A circular scanning aperture isolates 

the central region of the fringe pattern (cosi.. 1) and is 

viewed by a photomultiplier, thus 
	

ad (ted) 
The separation, d, of the etalon can be varied by 

applying a variable 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 >6.; 

successive maxima representing unit changes of n. At constant 

n, a movement of )),:z is equivalent to scanning a wavelength 

interval, AX, , known as the free spectral range and given 

by 	>.?"4d . Within this interval the change in 

wavelength is proportional to the change in separation 

(A/j, = h'141 )* 

The complex overlapping of different wavelengths at 

different values of n is prevented by accepting from the source 

a wavelength interval less than AN,. For example, to record 

the profile of a spectral line, the line is first isolated 

with a monochromator, and the separation 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 d of multiples of 

A line profile can be scanned in a short 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'position. The minimum time, 

Atrn.;., , required to scan [i\, depends on the breaking stress, Li 

, of the oeramio material. .At. 	- 
X
---  where c is 

;lc?, 

the velocity of sound in the ceramic. For barium titenate 

and wavelengths in the visible 	.97/4w,, the 

mechanical Q being such that only 10-20 watts excitation 

are needed. 
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To obtain a pure resonant mode the tube is supported 

at the node at its centre by an '0,  ring around its circum-

ference. In the present arrangement a frequency of about 

15kois is used, the tube being 6" long by 1" outside 

diameter by in inside diameter. The half-period is about 

33 psecs. and for lOpsecs. in each half-period the velocity 

is approximately constant CI: 9* at its maximum value. 

The photograph (Fig. 2) shows an early model of the 

instrument. Kinematic mounting of the fixed optical flat on 

its stand, and of the stand on a slide, allow- for both initial 

alighment to parallelism and variation of the static etalon 

separation. . 

3. ACCURACY OF RECORD/NC. 

Associated with the interferometer there will always 

be en instrument function (the response to monochromatic 

radiation) and if this function is known, the actual source 

profile can be computed from the recorded profile 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 accurately 

determined without knowledge of the shape of the instrument 

function. For the Fabry-Perot interferometer the ratio 

between the free spectral range .AX, and the width of the 

instrument function 	is the finesse N 	A\, /A), 

If the measured line width ie 1SXm  , the source width 20t5  

is given by 

6Lxi AX, 
.dN 	2Nt 

and the most accurate measure of Ll),, is obtained when 

A),,m  is as large as possible, i.e. when the line width 

	

just fills the free spectral range (then 	q.".1 ). 

The following factors contribute to the overall finesse 

of an interferometer (Chabbal, 1953):- 

1) The reflectivity, R, of the optical flats. 

( N 	- 10) 
2) The finite wavelength interval accepted by the 

	

scanning aperture. (Nle. geNX. 	, where P is 

the focal length of the camera lens and p is the 

diameter of the scanning aperture). 

Defects in the surfaces of the two optical flats, such 

as curvature or non-parallelism; the latter can 

usually be made negligible. 

Of these factors the most important is the surface 

defects finesse, ND, for it is a fixed property of the etalon 

plates and ultimately can only be improved upon by further 

polishing. If the plates are flat to -- over a given 

aperture, then ND  - 11. (e.g. if plates flat to 

ND - 25) and the overall finesse N cannot emceed n  , except 

at a reduced aperture, with consequent loss of light. 

In this instrument, the curvature of the optical 

flat attached to the piezo-electric tube depends on thermal 

and dynamic affects, both of which can be approximated to 

spherical curvature. 

The variation of curvature with temperature is caused 

by the difference in the coefficients of thermal expansion 

of fused silica (04) and barium titanate (0(1), to a first 

approximation the defect from flatness 5, over an inter- 

ferometer aperture of 2r is given by 
, 

a -7-64,- ) Oa) 
where a is the Hill diameter of the optical flats, and T°C 

is the difference in temperature from that at which the etalen 

plates would be perfectly flat, the flatness temperature. For 

the particular system used.( a 25ma and aperture 10 mm) 

is about \150 per°C at )1.%. 5461A°  and so to maintain 

a finesse of better than 25 the temperature must be held 

within t 1°C of the flatness temperature. Some difficulty 

was experienced in making a join between the optical flat 

and the ceramic tube which would withstand the stress of about 

10001bisq.in developed when working at the fastest scanning 

rates; and at the same time ensuring that the flatness 

temperature was in the range 18°C to 22°C. A satisfactory 

method of making the join is to cement the already prepared 

optical flat to the tube with optical araldite ((CID& (A.R.L) Ltd) 

allowing the resin to cure slowly at room temperature. A 

Fizeaufringe test showed quite clearly that the flatness 

temperature was about 18°C (Fig. 5) but was not sensitive enough 

over such a small aperture (lcm) to give an accurate measure 

of the flatness at this temperature. 

Subsequently the flatness of the etalon plates vow 

measured by scanning the sodium D lines (from an Ceram D.C. 

sodium lamp) am the moving plate was passing through its 

equilibrium position (Fig. 4),  At this point the flatness 

measured is equal to the static flatness. The interferometer 

was set to a free spectral range 	19A° so that the source 

width ANsof lees than 0.1A° was negligible and the observed 

line width, &km , was entirely instrumental. Then allowing 

for the measured reflectivity R 0.90 and the scanning 

finesse Si - 57, the surface defects finesse ND  was calculated 

from the inequality (Chabbal, 1953) 

> > (P( 14 pp - 	Al2 	" 	F 	(3) 

giving a value Wm  - 32 ! 2 at 18°C. 

The dynamic bowing is the result of the acceleration 

to which the moving plate is subjected. To a first approximation 

the defect from flatness Ary, for an interferometer aperture 2r, 

is given by 
x,  

N (.t/4) Y02)  
'where fp  is the resonant frequency of the optical flat when 

its edges are rigidly held (Cooper & Craig, 1965a & b) and f is 

the driving frequency. It is eeen that 6,2  is a linear function 
of the displacement, y(a/2), from the equilibrium position. For 

an optical flat of thickness 6mm and diameter a - 25m, fp .....150kois, 

thus for driving frequency f...15kcia and aperture 1 cm, the 

dynamic defect from flatness cAi d  \4545  when the displacement 

from equilibrium K51)4. 	. There is therefore a range of 

41 in the position of the moving flat over which the dynamio 

bowing finesse exceeds 25; this corresponds to a total scan 

of 8 fringes centred at the equilibrium position. 

Starting then at the equilibrium position, the surface 

defeats finesse is 32 (measured previously) and as successive 

fringes are scanned this finesse decreases. According to 

Chabbal (Chabbal 1953) the transmission of an etalon .4r is 

given by 

"t",- 	A4/1,4 

(1) 

3)  

(2) 

(4) 

(5) 
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.4 
where NE  is the etalon finesse and -Re  •••• _A.  

The tranamission•c is then a sensitive function of % when 

ND  and Ni are comparable (Bradley, 1962). The decrease in the 

value of ND  can be determined by observing the decrease in 16, 

i.e. the decrease in peek intensity transmitted, as the flat 

moves away from the equilibrium position. According to the 

observations presented in Fig. 4, the overall surface defects 

finesse falls from 32 to 20, and whatever the nature of the 

finesse at the equilibrium position these figures are consistent 

with a curvature caused by dynamic bowing, such that 

/6e, N. S >140 cA g%) 
4. 	EXPERIMENTAL PROCEDURE  

The optical setting of the interferometer depends 

largely on the particular experiment to be undertaken, the best 

compromise between light-gathering capacity and resolution 

being that (Chabbal, 1953) W,NJ,  

However, due to thermal effects, dynamic bowing and the 

requirement that the linear time-base be also the linear 

wavelength scale, the following conditions must always be 

satiefiedv.. 

1) Observations must be made close to the equilibrium 

position where the interferometer plates are least 

distorted and the wavelength scale most linear. 

2) The instrument must be run intermittently to avoid 

excessive heating due to power dissipation in the 

ceramic. 

The block diagram (Fig. 5) shove a convenient 

arrangement for meeting these conditions. In a preliminary 

experiment the oscillator must be tuned to resonance, so that  

recording and a large light-gathering capacity it can record the 

profiles of relatively weak spectral lines in times much shorter 

than those required by any other instrument with the same optical 

resolution. It is, however, to be expected that in the near 

future instruments based on electron-optical image intensifier 

tubes will be developed with comparable or better light gathering 

capacities and time resolutions.(Malyshev et al 1963, & Butslow 

et al 1962). 

The quality of this instrument is well illustrated by 

the following experimental results. First, scanning the sodium 

D lines in 2 paso, the half-width of each line was measured 

as Ale 0.0163to.011 e to be compared with as = 0.06S,L45 016 If 

as measured on a 21 foot grating spectrograph with an exposure 

time of 3 secs, on an R40 photographic plate. Second, the 

interferometer was used to measure the half-width of the Stark 

broadened Hai/10%4686A° line in 0.2 exec. This was done in a 

linear pinched discharge and the half-width rose to as much 

98410 (N.J. Peacock, 1963 & N.J. Peacock et al, 1963). The . 

measurement had previously been carried out on a time..resolved 

spectrograph with a time resolution of 7 peso.; close agreement 

was found between these two measurements, but whereas the time.. 

resolved spectrograph. could only record a single discharge. Al 

the actual pinch (5 - 10 u secs after initiation) because of lack of 

light, the Fabry-Ferot interferometer was able to record line 

profiles over the first 100 usecs, i.e. until the ion number den- 
14' -3 

city fell below 10 cm . 

Proposed uses for this instrument include the measurement 

of Stark and Doppler profiles and of the intensity distribution 

of light scattered from a laser beam by interaction with a plasma. 

when the rapid-acting switch is closed, an alternating 

voltage of the correct 'frequency' is applied to the piezo-

electric tube via the power amplifier. The pulse forming 

unit produces a sharp pulse each time this voltage passes 

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 small. 

At the end of the count a multichannel deley unit is triggered. 

This produced one output pulse for synchronizing the 

oscilloscope and another to fire the pulsed light source.1 

The delays must be set, so that the moving plate of the 

interferometer is passing through the 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 obtained on the oscilloscope. If the interferometer 

is used at scanning rates slower than one microsecond per free 

spectral range it can be run continuously. It has been found 

convenient to determine the free spectral range by measurement 

of the static separation of the etalon plates with a calibrated 

micrometer eyepiece. 

5. CONCLUSIONS. 

The interferometer described above makes it possible 

to record directly on an oscilloscope the profile of a spectral 

line on a micro-second time-scale. Also it makes possible the 

recording of profiles in consecutive time intervals without 

an intervening dead-time. Because the instrument has photoelectric 
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DISCUSSION  

Question by H. HERING (France) : 

What is the luminosity of your set-up? 

Answer by J.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 should have a response 

about 104  times 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 should be compared with the example: 3 second exposure 

on the spectrograph and 2iusec "exposure" 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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An Ultra-Rapid Scanning 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 central fringe of the 
circular (Haidinger) pattern.  
• Here we have used a piezo-electric barium tita-

nate element to control the etalon spacing. The 
method gave a scan speed of one fringe in 3 p.sec. 
to be compared with 100 p.sec. obtained by Bradley', 
who suspended the moving mirror in a mechanical 
vibrating system driven by a solenoid, and with 
50 ilsec. obtained by Koloshnikov et al.2, 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 cylinder was attached a fused quartz 
optical flat (polished flat to X/10 and silvered to a'  
reflectivity of 80-85 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 
kc./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 tube,,,in this case approximately 
:30 V. peak-to-peak, 'while the upper half shows- the 

Ceramic cylinder (31 in. X 10. in. o.d. X 675 in. i.d.) 
supported at centre 

Quarts  flat in 
adjustable mount 

Source 
(sodium 
lamp) Photomultiplier 

(to 'scope) 

Signal generator 

Fig. 1. Schematic diagram of scanning Fabry—Perot interferometer 

Quarts flat cemented 
to ceramic Cylinder 

, s • 



output, of the photomultiplier (1P21). In the two 
regions AA', BB' , the into of change of voltage with 
time is approximately constant, since the displace-
ment of the ceramic is directly proportional to the 
applied voltage, and since the wave-length observed 
by the photoinultiplior is directly dependent on the 
separation of the interferometer plates, in these two 
regions the linear time-base is also the linear wave-
length scale. As throe orders of the fringe pattern wore 
scanned per half-period, the second order lies clearly 
in the region of linear wave-length scale, and so 
using the doublet separation as a standard wave-
length interval of 0 A. the half-widths of the two 
1) lines wore easily measured. Both lines had a 
half-width of about 3 A. and the free spectral range 
of the otalon was .14-5 ± 0.5 A., this interval being 
scanned in 3.5 1.tsoc. 

With an initial plate flatness of 1/10 the instru-
mental width due to flatness alone would be approxi-
mately 3 A., and if the effective flatness were increased 
to X/15, when % only half aperture was used, the 
instrumental width duo to flatness would still bo 
about 2 A. Therefore, allowing a further instru-
mental width of 1 A. for the effects of reflectivity 
and the rise-time of the amplifier (0.1 tam.), the 
instrumental width caused by 'distortion of the 
moving plate and lack of parallelism of the movement 
must be 2 A. or less, that is, the quality of the Move-
ment is as good as the flatness of the Fabry—Porot 
plates. A second interferometer has already been 
designed with plates flat to )/50 so that more strin-
gent tests can be made on this method of scanning. 

It is important to realize that although only three 
orders of the fringe pattern have been scanned in,  the 
case of Fig. 2, the power input to the ceramic reso- 

A 	A' 	B 	B' 

Fig. 2. Oscilloscope recording: Time base 5 psec. per division 



nator was less than 0.01 W. With a power input of 
1 W., twenty orders were scanned per half-period 
(that is, in 15 !moo.) so that one order was scanned 
in 0.5 ttsec. and a single spectral line could be scanned 
with this arrangement in about 0.1 pee. 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 photomultiplier. 

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 bo 

/ increased if an interferometer were designed to work 
at a higher resonant frequency. There is, however. 
a limit to this process: to prevent the moving Fabry—
Perot plate resonating in its flexural mode (such a 

- vibration would of course destroy the Haidinger 
fringe pattern) 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 kc./s., which is rather low and probably accounts 
for the marked increase in resolution when the 
aperture is decreased by inserting art aperture stop. 
In the new, interferometer the flexural frequency of 
the moving plate will be 100 kc./s., the scanning 
frequency remaining at about 30 ke./s. 

This instrument, with its time resolution of better 
than 0.5 imec. coupled with the large light-gathering 
capacity, the direct display of the line intensity profile, 
and other advantages of the scanned Fabry—Perot 
interferometer, will be especially useful for investigat- 
ing the physical conditions within pulsed discharges 
used in controlled fusion research. 

J. COOPER 
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Department of Physics, 
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Science and Technology, 

London, S.W.7. 
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Abstract 

Details are given of a time-resolved spectrograph with 
writing speeds up to 5 mm/ µs (at 	2) which can be 
used to view weak light sources. The main limitation 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 0.3 

Introduction 

ELECTRICAL 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 tcs, 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, (b) a very 
fast open—close shutter and a spectrograph, (c) 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-
lengths 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 1000 cfs generator supplies 
power to the induction motor of the rotating mirror and has 
an adjustable voltage amplitude. 

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 SI . 
The slit S1  is focused via the concave mirror MI, the plain 
mirror M2 and the rotating mirror MR on the slit S2, 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 S2. 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 r 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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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 

A 

time 

4 - - T - - 

Fig. 3. Successive pulses 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 T 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 T can be varied 
from 0.5 to 10 ms, and with such a time interval one finds 
experimentally a jitter of up to 10 tts on the pulse E. This 
means that although the speed of rotation of the mirror is 
determined to better than 1 %, 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 10µs and as indicated in 
Fig. 1, the mirror reflects light into the photomultiplier just 
10 ps before it is in a suitable position to reflect the dis-
charge light into the spectrograph. Therefore, the error in 
superposition caused by the 1 % error in the mirror speed, is 
just 1 % of 10 ps which is 0.1 ius. 

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 are limited by the voltage ampli-
tude and frequency of the supply generator, respectively. 
Therefore, by suitable control of the voltage amplitude of 
the 1000 c/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 10%. Then working 
at a half period of 2.5 ms because of the acceleration, 
the next half period will be less than 2.5 ms by 
(2.5 x 10-3) (0.1 x 10-'3) = 0.25 pts. 

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 //s. 

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 su.s and the error on the photo-
multiplier pulses is better than 0.2 

Therefore, one would expect this time-resolved spectro-
graph to be capable of superposing time-resolved spectra to 
within 0.2 

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 air. The spark gap had steel 
electrodes and was connected across a 10 ito 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 II (12) 3994.9 I 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 ± 0.6µs 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 
1 mm/µs. The numerical aperture of the spectrograph is 
13.8, therefore to fill it with light the rotating mirror must 
be about 35.5 cm from the entrance slit. The distance 
between the rotating mirror and the entrance slit was made 
37.5 ± 0.5 cm so that with a half-period of 2.5 + 0.5 ms, 
the writing speed was 0.94 ± 0.04 mm/µs. 

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, and 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. 
(a) Current in the spark gap; (b) light intensity at 3994.9 A. 

Scale 4.1 ,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 n (12) line, 3994.9 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. 

Fig. 5. A time-resolved spectrum. 
Side-scale 1.1 its per div. 

Because of the non-linearity of the plate characteristic at 
low intensity the minimum of the multi-shot intensity profile 
at 96 = 7T, would in fact be less than 0.15 which is the value 

40 

20 

5 	 10 
Displacement on the photographic plate (mm) 

Fig. 6. The intensity profile at 3994.9 A. 
• microphotometer profile; 
x photomultiplier profile; 
o ideal case. I = /0 (1 —cos 20) exp (— OW. 

determined by assuming a completely linear characteristic. The 
third curve shown in Fig. 6, I = Io(1 — cos 29S) exp (— 0/a), 
represents the ideal case, with perfect superposition. The 
value of a was calculated from the first two maxima of the 
photomultiplier profile, while ./0  was chosen to match the 
microphotometer intensity profile at its first maximum. 
Assuming there is an overall error in the superposition of 
spectra of 8,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, 95 = 71, 
when fifty discharges are superposed is 

(4xOrr = 13 982. 

From this relation the error in superposition has been cal-
culated as 8 = 0.3 /Ls taking the minimum of /en  as 0.15. 
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Rapid scanning of spectral line profiles using an oscillating 
Fabry-Perot interferometer 
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The theory, design, limits of resolution and practical application are considered for a 
time-resolved Fabry-Perot interferometer in which the time resolution is achieved by the 
displacement 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 21% 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 10-6  sec. 

Photoelectric recording gives the intensity- profile directly on a linear intensity scale and 
linear wavelength/time scale. 

1. Introduction 
The Fabry-Perot etalon consists in principle of two perfectly 
plane and parallel reflecting surfaces, each with reflection 
coefficient R, transmission coefficient T and absorption 
coefficient A(=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 (Haidinger rings). 
The intensity distribution of these ideal fringes is described 
by Airy's formula (Tolansky 1948). 

	

T
—R)2

2  { 	4R  
)2  A(o) = (1 	

1 	
(1 	

sin2  ircrA} 1 	(1) 
— R 

where a._ 1/A 1/A and A = 2,ud cos i (optical retardation). 
A = wavelength of light, te. = refractive index, i = angle of 
incidence. 

Transmission maxima occur if A = nA where n is integral 
and is known as the order of interference: the transmission 
factor TA at each maximum is 

' 7,2 	 A \2 
TA — 	 (1 R)2  — (1  1 — R) • 

At constant L, the change of order of +1 is equivalent to 
a change of wavelength of + AA1, where SA/  = — A2/t1 and 
is known as the free spectral range. If the bandwidth of the 

* Now at Central Electricity Research Laboratories, Cleeve 
Road, Leatherhead, Surrey.  

radiation entering the Fabry-Perot is greater than AA/  the 
orders of interference will overlap, and the fringe pattern 
becomes complex. Therefore a Fabry-Perot 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 continuously varied. 
Changes in L 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 progres recents en spectroscopie interferentielle 1958, 
Bradley 1961). In ,this application, the second method is 
used. 

For cos i = 1 and 12. = 1, nA = 2d in each free spectral 
range, n is constant, therefore AA/A = Ad Id. Hence within 
the free spectral range the change in wavelength AA accepted 
by the diaphragm is directly proportional to the change in 
separation Ad, and each time d changes by IA, 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 1 in. diameter, fused silica, 
A/50, optical flats (Hilger and Watts Ltd.) one of which is 

(2) 
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cemented to the end of a barium titanate tube (Technical 
Ceramics Ltd.). Mechanical displacement is achieved by 
the piezoelectric expansion and contraction of the tube, 
which is excited in its lengthwise mode of oscillation by an 
oscillatory voltage applied between silver electrodes on its 
inner and outer cylindrical surfaces. Because of the slight 
mass loading, due to the plate, the tube-plate assembly must 

Figure 2. Photograph of the apparatus. 

be mounted at its centre of mass where a node of vibration 
occurs. An effectively 'free' suspension can be achieved for 
a system with such a large moment of inertia by clamping 
the circumference of the tube with a rubber 0-ring or indium 
wire. 

The difficulty experienced by others (Dupeyrat 1958, 
Koloshnikov et al. 1961) of having to use very high voltages 
to obtain sufficiently large displacements has been over-
come by using the piezoelectric element as a resonant 
vibrator; for a given applied voltage, the resonant amplitude 
is larger than the static amplitude by a factor of Q, where 
Q is the quality of the resonance and in general has values 
of 100 to 200. 

Two barium titanate tubes have been used, one 3 in. long 
having a resonant frequency with the plate attached of about 
30 kc/s, and the other 6 in. long having a resonant frequency 
of about 15 kc/s. Both tubes have dimensions 0.75 in. 
inside diameter and 1.0 in. outside diameter. 

Kinematic mounting of the fixed plate in its holder, and 
of the holder on a slide, allows for both initial alignment to 
parallelism and variation of the static plate separation, while 
suspension of the whole assembly on a rubber anti-vibration 
mounting eliminates external vibrations. 

3. Time resolution 
The amplitude of displacement y(x, t) along a resonant 

vibrator (figure 3) in its fundamental mode (frequency 
f = c/21) is given by 

7rx 	rrct y(x, = Yo sin —/ 
sin 	 

where c is the velocity of sound in the barium titanate. 
Therefore at any time t, the separation d between the 

Fabry-Perot plates is 

d = do  + yo  sin 17.--ft  

for a static separation do. 

Then 
Ad 	77C 	7T Ct 

At = Y 0 — / cos 	 

and putting Ad = 1-A, the minimum time required 
the free spectral range is 

Al_  A  	, At  27ryoc 47rYof 	
(4) 

 
and occurs at the time of maximum velocity (i.e. as the 
plate passes through its equilibrium position). The maxi- 

2 

Figure 3. Amplitude of the lengthwise mode of oscillation. 
Amplitude y(x) = yo sin 7TXI1. 

mum strain 77(=byPx) on the tube which occurs at the 
time of maximum acceleration and at the centre of the tube is 

ITYo 
77in = 	• 

This cannot exceed the breaking strain of the material 'rib, 
thus the minimum time required to scan a free spectral 
range is 

Atrain  — 2cni; 
	 (5) 

A 

As can be seen from equation (5), Armin  is independent of 
the resonant frequency f of the vibrator. 

Considering the barium titanate tubes, at wavelengths in 
the visible region, Atmin  is approximately 0.1 psec, but with 
more recent ceramics Atinin  may be decreased by a factor 
of 3 or 4. The power required to drive the resonant system 
even to its breaking point is quite modest (of the order of 
20-30 w). 

4. Optical resolution 
The optical resolution is determined by the final instru-

mental half-width AA and is generally expressed in terms of 
the finesse N, given by N = Aili/AA. The following are the 
more important contributions to the final finesse (Chabbal 
1953, Bradley Ph.D. Thesis, London University 1961, Jacquinot 
1960): 

(i) The reflection finesse NR due to the shape of the Airy 
function (equation (1)) 

NR 7rR1/2  
1 — 

(ii) The surface defects finesse ND, caused by the plates 
being neither plane nor parallel, e.g. for a defect approxima- 

(3) 

to scan 
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ting to spherical curvature of tagitta, Ad = 	ND  =fin.  
Because it is a property of plates, ND  is the 'limiting finesse' 
of the etalon, i.e. if the plates ate only flat to A/50 the finesse 
cannot exceed 25. 

(iii) The scanning finesse NF  which is due to the finite 
angular aperture a accepted by the scanning diaphragm, 

(8/Aa2)A. 
Chabbal discusses in detail the convolution of these effects 

to give the final instrument function. However, 
1 	1 	1 	1 

N2  NR  ND2  NF2  
is a good approximation. The best compromise between 
light gathering capacity and resolution is that NR  a' ND  = NF  
which gives N 

Since the instrumental width is 1/N of AAl  there are 
effectively N information points in each free spectral range, 
and thtts the instrument can be said to have an 'optical 
accuracy' of about +1/2N. 

5. Decrease 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 cozy towards the equilibrium 
position (y being the displacement of the plate, figure 4) 

Stresses and 
bending moments 
at edge 

Equilibriump/oisition 
Figure 4. Inertial bowing of the moving plate. 

by 	 — y(r) — y(0) B = 
y(4a) 	y(a).. • 

cause an increase in spherical curvature. 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 
Sy 	y(r) — y(0) B — 

y(a) 	y(la) 
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 el  of the 
tube, 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 el , B reduces to 

B—' 8Ee2  (1 — a2)r2a2f 2 	 (6) 

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). 

If the frequency of oscillation 1 approaches the resonant 
frequency fR, of the plate under these edge conditions, B 
becomes very large; in fact the above formula, equation (6), 
applies only for 

f 0.34. 
The resonant frequency fp  that would apply if the edge 

of the plate were rigidly held is 

2(3.2)2{  Ee2 12  
f 7 Ta 2 	12(1— cr2)/3 

while the resonant frequency ff  applying to the case of the 
edge completely free is 

ff  = 0.48fp. 

fR  lies between these values (i.e. ff< fR  < f p); B can now 
be reduced to a more convenient form: 

	

B 	26(f 4)2(4-.7)2. 	 (7) 
Then for a quartz plate, a =25 mm, e=6 mm (4=156 kc/s) 

with a driving frequency f = 15 kc/s, and displacement 
y(a/2) = 2A (i.e. 4 fringes scanned either side of the equili-
brium position), Sy at full aperture is about A/8 (i.e. ND  = 4) 
and if the aperture is reduced to 1 cm Sy is about A/50 
(i.e. ND = 25). As the amplitude y increases Sy increases 
and therefore ND  decreases; however, subject to a loss of 
light ND  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) Atm. is independent of f ; there-
fore it is advantageous to use lower frequencies; at present. 
15 kc/s is the lowest conveniently 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 significant difference between the coefficients of 

thermal expansion of quartz a and barium titanate at, 
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. Greig 1963 unpublished), and with the 
same assumptions as in equation (7) for rise in temperature 

c 
.1 • 2  

	

Sy 	aT(ai  — a 
For a quartz plate on a barium titanate tube of the same 

dimensions as in the previous example, 8y is about 
A/12 degc-1  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 

(8) 
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a careful choice of plate and tube materials, this temperature 
criterion can be considerably relaxed (i.e. if cc -> 
Sy 0). 

As nearly all the power needed 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 T r's Qhri; so 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 Q (Cooper 
and Greig 1963 unpublished). The maximum rise 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 507. 

7. Attaching the etalon plate 
Because of the high frequency involved, the etalon plate 

must be rigidly cemented to the end of the tube. The maxi-
mum longitudinal stress G at the join is 

G = .72f2p-e ayo 

which, on substitution from equation (4), becomes 

G -
4  
71. fp - e   a ft. ei   

Therefore for a given At the stress decreases as f; at 
f = 15 kc/s and At 0.1 iusec this stress is of the order of 
103  lb in 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 
(a) 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 AA1  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 NR/ND, 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 ND 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 equilibrium (i.e. t a  Ql7rf), but by counting only 
about 1000 pulses ensures that the temperature rise is very 

Trigger 
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-Perot 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. In this 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, i.e. the sodium doublet 
separation, or calculated from the value of the static separa-
tion do, which can be measured with a travelling microscope. 

Within a free spectral range the wavelength measurement 

Figure 6. Successive profiles of the sodium doublet (time base 
2 ,asec per division). 
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has an accuracy to about +6,A1/2N 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 psec. 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 itzsec 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 f = 15 kc/s), so that any line profile 
can be determined with an accuracy to about 21%. At the 
same time the individual line profiles can be scanned in 
minimum times of the order of 0.1 p,sec and the scan is 
repeated eight times at successive intervals of 0.1 tksee. Also, 
being a Fabry-Perot interferometer, 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. 

It 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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