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i'h~MULTIPLE EEAM SPECTROSCOPY:J'
| Peter S Rostler |
ABSTRACT
»This report.oescribes.a newlspectrOSCopic_techniqne which -
provides spatially localizea.information about fine scale fluctu-
ations in‘the‘density of-light sonrcesinithin a self-luminous

plasma. In conventional spectroscopic methods, only the frequency

' spectrnm of the light is measured . Yetilight is.characteriied by

phase as wvell as frequencyQ' If a source is:observed from several

directions (through several beams), one can measure'thevcorrelaA

'tions-in.phase\betWeen light emitted in different directions.

With'an‘incoherent source,”twoébeamﬂcorrelations:can only be due
to common sources, i. e., to light emitted from within that small
region which is observed_through bgth beams.‘ Thus ‘the result of
a correlation measurement.is not an average along a line of s1ght;
1t is a local measurement.v

It is showr that the light accepted by a two beam system can
be.described in terms of spatial Fourier transforms of the field.
The mutual coherence between light of wave number Ik , = [k [
emitted 1n dlrections kA and k is then shown to be proportional

to th.eEA = EB:_ kA Fourier component of the light source distri-a

bution. This result is similar to-what is found in an analysis .

- of laserélight-scattering Thus the type of 1nformation glven by

a scattering experiment can also be - obtained from spectroscopic

easurements upon the llght emitted by the plasma itself. Multlple-

'beam_spectroscopy and laser-light scattering differ;'however,
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, hoth in applicatlons and in basic prin01ples, as is explained in 3
a detailed comparlson of the two methods. »
. A two-beam spectrometer is only the s1mplest of many p0551bled
instrumentS“of,this type For applicatlons one needs to employ
a more effic1ent system--one Wthh presents a much larger solid
: angle of acceptance It is shown how this can be conveniently
_done-with polarizing optics,'using birefringent.optical components’
to manipulate'two sets of:beamsy whOSe‘mutual:coherence:can then‘-
, be.deduced from polarization measurementsi A(éeneral mathematical :
description of such'systems'is developed;'and;several emamples are
examined in detail | | o | | | |
An estimate is given of the noise level expected in the out-v
put of a multlple beam spectrometer. The’effect of photon nOiSe h
1is analyaed and a criterion obtained for the amount of light |
required for acceptable photon statistics.'”
| The results of an experimental study of spectrometers of thls
type are presented., Several multiple-beam spectroscopic systems

vere assembled and tested with light from a small gasvlaser.. The

'polarization fringe patterns obtained agree with those predicted ‘¢':‘

i

by the theory.

The final system studied ‘was then used to observe fluctua—.
dtions in a'laboratory plasma., ?he plasma was_produced_in helium.p
'bytankelectronvbeam, the-fluctuations‘were imposed»upon it'With ail‘
:probe ‘and a selected wavelength and frequency component of the
disturbance in the plasma was observed through measurements of

fluctuations in. the distributions of the sources of the-strongest
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_neutralzhelium emission line; The plasma'phenomena obServed were
not extenslvely explored but the results obtained show that a
multlple beam spectrometer can actually be . used for plasma
diagnostlcs. |

- The theory developed to describe these measurements is then
extended to some otherlcases. These 1nclude the use of hlgher.'
order optlcal correlatlon measurements to detect higher order cor-
relations in the source, the use of several optlcal frequenc1es
to observe hlgh—frequency-phenomena within a'plesma, and the use
’ of a broad portion ofdthe optical spectrum to'mahe one observa-

tion more efficiently.
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1. INTRODUCTION;

A. Optical Diagnostic Techniques

';;dptical:diagnosticrtechniques are used‘in nearly every field
of physics; Progress made ih'recent years in opticsl’e'haS'led‘-
to‘the'use of-improved optical.methods in many areas'of research.
The'pﬁrpose of thisfihvestlgation was'tovexplore the possibillty
of_extending the optical methodsvwhich;are'used in_experimental
plasma physics.. o | | |

:In plasma physics, much ‘effort has been invested in the
development of diagnostic;techniques.3 Plasmavdiagnostics is

particularly difficult‘because.the phenomena of interest occur

. during short times and because a high-temperature plasma is
__easily perturbed by almost any 1nstrument. A probe is required

: 'which can respond qulcxly--at hwgh frequenc1es--but WnlCh will

not dlsturb the plasma under study Both of ‘these requirements

.suggest‘the use of optical methods.

v Several_optical diagnostic'techniques are used in plasma'
phy51cs. The variety of existing methods calls for a discussion
of the general problem of an 1nteract1ng system of optlcal radi-

ation and plasma.v Such an analysis-suggests that other useful

optical techniques could be developed. One possibility, "maltiple-

beam spectroscopy”, is discussed in this"report.

The ba51s of thls approachu is the’measurement'of the co-
herence, or correlatlon in phase, between varlous components of
the llght emltted by ‘a plasma. .Analysls shows-that such a measure-

ment.should provide information about local values-of the fluctua-
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tions or correlations in the distribution of light sources within

a plasma. To explore the practicality of u51ng this technique.

for diagnostics,'a model optical system was constructed and used

- to observe imposed fluctuations in the_density of a helium plasma’.f

l:produced by an electron beam.'

Eefore eXplaining these ideas further;”it-is useful.to B
review the basic prinCiples and limitations of ‘some standard
optical plasma diagnostic techniques. This 1s done next and
dthen the concept of the present study is presented in the second

‘chapter._ | .

Note added in proof: ALl assembled, the report is longer

than ant1c1pated._ A few comments on its structure may be: helpful e

The cen,ial portion oP the text is Sect. ITA. “hapter I is‘Just

preliminary to IIA, and later sections all stem from that ba51c

argument. In particular, Sect IIB (w1th Appendix c), Sect IIC,

h Chapter III, and Chapter V are four completely separatevdiscus-u“

'sions, all of which directly follow Sect. IIA._

The experimental work 1s described in Chapter IV. This
should be understandable if one has read IIA and then Appendices
- C and D.

,,BL_ Plasma Spectroscopy

Any optical diagnostic technique 1nvolves an 1nteract1ng

éystem of radiation and plasma (actually, any extended sourcei .

of'light would suffice for this analysis). - (See Fig.'I-l;)"Thed,;iv

plasma:is'assumed“to.be bounded, but many optical.anelengths

Ty -
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,fin:extent} The;system contains both optical radiation and.lowefj
- frequency eléctromagretic fields. If all of the fields are

’.;described.by,potentiels, in a Lorentz gauge (and in Gaussian units),

B=V XA, E=5W*%§%f,-W£+%¥?Q-

"'fThen, according to Maxwell s equations, “the vector potential A,

1obeys an inhomogeneous wave equation

1 09 A(r,t) by R
V2A(r,t) Sy = - — d(r,t) , (1.1)

(g7#'current density)'end‘the scalérupotentiol @ obeys a similar;
scalar ' equation: | | |
1 3 ¢(r,t)

V2¢(r,t) R -f—-zr——-='éhnp(£;t) S (1.2)

(p =-chérge“density)i':These‘equations, ﬁhich;“with the gauge con-

dition, are equivalent to Maxwell's equations, permit the calcula-

4 tion of the fields produced by a given distribution of sources._

Equation (1. 2) and the three components of Eq. (Igl)‘comprise

a set of four equations of the form

1 Pe(n,t) I o
Tz ='-hvs(r,t) S T € ) I
U . | el

v2g<r,t) -

"._feach'relatingfa'(scalar)amplitude g'to a SOurce density S.

One can’ also eliminate the potentials ano solve directly

. for E-and B. From Egs. (I.l) ‘and (I1.2) (or from Maxwell'sAequa;',

.-tions)it follows that
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anddg obeys a similar equation. ‘Thus, for the fields themselves,

one has again a set of,equations of the form of (I.3).

.In a system like. that of Fig. I-l,:the source density,

s(x,t) is nonzero only witnin the plasma, but g(r;t) extends

beyond tne‘source. This, of course permits optical diagnostics:

' The optical frequency components of ¢(r,t) (which may include

incident,bas well as emitted or scattered light) are observed--

outside the plasma. This provides, accordingrto'Eq. (I.3), some

degree of information about the optical frequency components of

cs(x,t). And s(r,f) depends upon various properties of the plasma. .
In gereral, s(r,t) depends'also upon the fields, including those
of nrght waves.. This effect‘of the’light'must be considered,

for example, to explaln scatterlng and to compute the index of

refraction of the plasma.

in some situations, however, the effect of the light may bev

_ neglected. The optical radiation may then be considered separ-

ately, us1ng Eq. (I.3) with a specified s(r, t) This may be done

1f the 11ght is emltted in colllslons or atomlc transitions-and

A propagates unaffected by the plasma. We consider first such an

s(r t), .a transparent extended source, with n - l (n is the index.

of refractlon).

:Therevare, then, three elements: ‘The plasma, the opfical
radiation, and the apparatus of measurement . To explain a

particular observation, one can calculate the effects of various



, plaSma”phenomena;}'But'to determine what apparatus tofuse.it-is
necessary to flrst cons1der carefully the nature of the optlcal

radlatlon. What types of 1nformat10n are contalned in the light

from suchfa source7 And what types of observation mlght one make?'

To measure the optical radlatlon one can 31mply photograph
the plasma.6 But photographs alone can only begln to descrlbe'
plasma phenomena and a measure of the total 1nten51ty glves only
- a small'part of the information in the emitted light‘

» Much more: 1nformatlon is contalned in the spectrum of the”
r‘light.7 The llght fromra plasma consists ofvllne rad1at1on from'
atoms and 1ons and contlnuum radlatlon due malnly to bremsstrah-v
lung and cyclotron.em1ss1on.8 Wlth a spectrometer (Fig. I42) one,
dcan compare the intensities of various portions'of the'spectruml;
’ and measure thevshapes and locatlons of spectral llnes Sincef
vseveral mechanlsms, 1nclud1ng the Doppler effect and the Stark -
effect, can broaden spectral llnes, several plasma parameters ma&
; e determlned spectroscoplcally.l |
| The accuracy of a spectroscoplc measurement is. llmlted by

E theinten51ty of the avallable llght. This, of-course,_ls true of :

any optlcal technlque In addltlon to thlS,Aa spectrometer llke :

that shown in Flg. I-2 has two 1nherent llmltatlons not necessarlly
shared by other optlcal dlagnostlc apparatus.
Flrst of all the various components of the llght,are emltted

o v
" from small dlscrete sources--atoms, 1ons,.electrons,vcolliding

particles, etc. Such light contains information about the source .

'and‘its immediate vicinitye-the velocity of the source, .the local

TN

B . -
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electricrfield,‘etc. From the spectrum;‘which is,merelyvthe
superp0sition'of.suchucontributions,vone'can'determine»"singlel
point" plasma parameters such as part1cle dens1t1es and tempera-

tures, and fleld strengths and frequen01es. Plasma dynamlcs, -

however, is domlnated by collectlve effects due to long rangev

forces by_whlch partlcles_some dlstance apart may 1nteract.. Wlth-

9

~in theiconfines of the.observed heam, it is 1mpos51ble to measure

with an apparatus llke that in Flg I- 2 such ”plasma" propertles -

, as the wavelengths and frequenc1es of den51ty fluctuatlons, or.
shleldlng dlstances, or correlatlon lengths. . .
The secondhlimitation is the-lack offéepth perception. _A
.spectrometer llke that 1n Flg. I- 2 accepts llght from sources

withln an observed beam. A typlcal focused'beam is shown 1n Flg.

'Ingv For- sources not- too near the focus and well w1th1n the beam,

the optlcal system accepts any llght emltted along a ray whlch .

' when traced back goes through the focal spot. Such rays are

'spread over an angle b = 6/x, that 1s, a SOlld angle ~ b 8 /x o

(5 = focallspot size; x = distance to focus) The radlus of the

'ohseryed region is'r ~ Lax (a = angular spread of the beam) . Soy, -

2

the amount of llght recelved from some element along ‘the line- of
sight-(see F1g.}I—3)_1s

-{bri.ghtness\ lume

l' VO 3
\of source jk of region |
i

\

[solid angle
(subtended

' 'Intensitylz

[ V&
brlghtness ‘ﬂ;ai' Ax'é
of source_/. 127 Tx

It

j
| \ -
_ brlghtness} T a2 2Ax
g \of source | L.

v
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Fig. I;B. A typicaljobServation'région (single focused beam).
8. 1s the width of the fdcus, a is the angle of acceptance
at thévfocus; b is the angular width of the focus as séen

from a point a distanéé x away from the focus.
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--independent of x, except through the brlghtness of the source.
'iSo,'at least accordlng to thls s1mple, approx1mate analys1s, there
is-no spatlal.resolutlon at all in the ax1al dlrectlon;
k‘This conclusion~is valid uithin'geometrlcal‘optics.‘_Then
‘:intensity-of optlcal’radlation~(the energy per unit solid angle
zpcrosslng unlt area’ 1n un1t tlme, i. e., the energy flux per SOlld .
angle) is not changed by an optlcal system free of losses and
‘; aberratlons lq' ThlS is Just the result famlllar in photometry
v'and photography, that the apparent brlghtness of a ‘source depends
:upon_its-actual brlghtness,vbut not‘upon 1ts_dlstance from the
. ._o'bserver- o | |
. However—expressed, invariance,ofdlntensityrneans'that‘any
Vmeasured.optiCal spectrun is andunﬁeighted average of spectra of
‘lightvemittedpall along the line of sight§11: if:the'source is
:nonuniforn,;different_regions with different:emlssion spegtra'
_contribute to.eVery'ohsertation; Some type of."unfolding” ist
required. For thlS one must record spectra of llght emltted along

5many dlfferent llnes of 51ght. An addltlonal assumptlon, uch as

cylindrlcal symmetry of the plasma, is generally also 1nvoked to -

simpllfy the analys1s,

_Nevertheless, plasma spectroscopy has been fOund:extremely_<

useful._ An optical spectrum contains a large amount of informa-

' 'tionsfnIuterpretation_of'various spectral features can become
lduitelcomplicated and present understanding i based on work by
4nany'investigators.

"Explanation of the optics;of the spectrometer, on the other.

Ry
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‘light 1nteracts w1th the Dlasma

" hand, is quite straightforward when an idealized instrument, free'

of-lens aberrations, misalignments, etc.,ris'used as a model.
Thevapparatus depicted in Fig I-2 measures‘the 1nten51ty of veri—'
ous frequency components of the light‘in some bundle of rays.

The frequency (more precisely, the wavelength) is'selected by the

spectrometer (slits;'mirror_and diffraction grating) and the in-

~tensity is measured with a photomultiplier-tube.

A light»ﬁave,reVen.in a simplefscslar model, is characterized
by intensity, frequency; and phese. Thevspectrometer makes use of
phasefinformatiOn to define the incident beam. Different spec-
trometers.select different spectral features; but ellrconventionel
instruments make s1milar use of the phase of the incident light

A lens or set of lenses and a pinhole or slit are used to select

e bundle of rays--a result.which can bte described-by geometrical'

optics.

“C. The'Use:oficoherent Light: 'Interferometry

and Light Scattering Measurements

' There are optical diagnostic methods which ‘do mske different

use of phase information. Within_the last decade, optical inter-
‘ferometry and light scattering measurements haye both become widely

hused in”plasma physics. These techniques differ from spectroscopy

1n that- light from an external source is used and in that the
iaffects s(r,t)J

' In‘spectroscopy, the intenSity_of the light used is the sum
of.the intensities of'COmnonentsxfrom'differentisources. LIn

1nterferometry and in scattering, the ob served inten51ty of the
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light depends’also'upon'the.relatite phasesvof_various components.

This is true because th1s 11ght is coherent. 'ItIOriginates fron
a.common source and 1ts coherence length exceeds any dlfferences
in optlcal path.v V
Optlcal 1nterferometry is useful in studles of dense plasmas

such as_theta p;nches. In such an observatlon, 1nterference 1s
'used"to measure the phase of light which has traversed‘a plasma.
This® phase depends upon the path of the llght and upon the plasma
: index of refractlon, whlch in most experlments, is determlned -
mainly by the,electron<den51ty; :This;effect.is'analyied in‘thef
' revlew.by Jahoda a.vnd.Sawyerl2 who show that at a given optlcal
frequency, the expected phase shift is proportlonal to the 1nte-
gral of the electron dens1ty along the path of the llght-—agaln,
a nonlocal measurement of_a s1n°le-p01nt parameter.b Foryruby

laser light, an integrated density of 3.2 x 1017/cm2.is.neededv,v

'to_change'the optical path length by one anelength; For plasmas;f

much smaller or less dense:than this, zero phaSe shift is a good
approximation unless phase*is:measured very precisely or light
' crosses the plasma many tlmes.

The present analy51s assumes throughout that the 1ndex of

refraction of any.plasma.considered_is equal to unity.v’This assump--

tion is made to simplify the analysis, but it is not: necessarily
‘a general limitation since in many cases some variation ih n would

be inconsequential.

Many interferometric techniques; including some which canfbe_ v

~ used to measure very small phase shifts, have been developed.

s




These methods are well summarized in several rev1evs.12¢13

: A different type of information is provided by:studies of
the scatteringlof'electromagnetic radiation byha-plasma. This'
technique was first used in. radar backscattering studies of the
.1onosphere.lhb Thereafter theoretical analyses by several authorsls‘

'explained such scattering in'terms of predicted'fluctuations in ‘

: ,thevplasmadelectron density. - Laser light scattering has since
been’usedbto study a variety of laboratory plasmas;l6 _Because
an analysis'of this type ofpmeasurement:is similar to:less famil-
iar problems considered in later chapters; a hrief discussiOn of
-_this by nou well known technique appears 1ndlcated in thls place

The apparatus for a typical scattering measurement is shown
.1n Fig I L., The ba51c procedure is swmple A laser illuminates
the plasma ‘and the llght scattered 1nto some observed beam is
spectrally_analyzed. The measured spectrum is found to differ
from'thatAof’the incident laser light because components of.the
| scattered light{are shifted.in freduency by_amounts comparable to
various characteristic frequencies of the plasma,v:To understand -
the‘scattered spectruméaindeed; to_understand why scattering
occurs.at all-¥one must consider_thejcombined effect_of scatter;
ing- by ‘many plasma particles

The observed scattering occurs.w1th1n the 1ntersection of
_the 1n01dent_and.observed beams;_vIn,this regionvthe inc1dent
light may‘be represented'as a linearly polarized monochromatic

17

Plane wave:

éos(&;*,z*-flkilct)- R - (1.5)

il
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Plasma _

Laser
~ Incident
‘beam-

Observ
beo m —/ ‘/

B Sp'e__ﬁctrome’fer |

. XBL733-2399

Fig I-ha Typical laser light scatterlng apparatus k._#YWave

vector of the incident light k = wave vector of the

o observed scattered'lightt

i W0 Beam
Ki o\ - dump
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Fig. I-4b. Detail of the scattering region, a5 8y 8yt
" are the maxima of a wave. of wave vector gAw' d.isia

difference in path_of one optical wavelength.
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- Each'chargedvparticle_is'accelerated=by this field, a = % E, and

emits,a:scéftered'wave, §s. Thé_total:scatteredeave isuthé‘Supér-._

position of. such conﬁribufions.l8
" For nonrelativistic motion, the radiation.electric field of -

19

an accelerated point charge is:

ES(Z;t) 5 [ 'l[ﬁ x (2 x a' ]lfet
A ZoZ
n = T . .

-r' and a' are the positioh and acceleration of the.particleiat
the retarded time

.l } t! =__'t —'%- I‘(.- I‘_'-,.. o
Since the acceleration, and hence the scattering;«is'inveréely
fproportional to particle mass, appreciable SCattering is.produced"
only By.pléémé electroﬁsm If theée are described by an electron"

3

. density ne(z,t); then from a volume d rr_arouna a point r' is

emitted_a_scéttered waveé

And the total séétteredeave is the superpositidn,

E (r,t) = | &
=S5 = )
scattering
- -volume

3

r'- Es(z,t;z')'

R e RO CR LRI ERE |
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This. wéve is analyzed by a spectrometer whichAtrans'mits only the

k_ corhponent (see Appendix E.1l),

/{3' ik v

AR ~ kx
Es(l{_-s-’t) =,j &“r e _ _Ezs(z,t)

» o . | -
e _ - =ik -r Ir-r
- — deI‘ e -5 ,—[ djr'- ne r’,t - —

me ' : C

|z -zl |
* cos|k,ex' - |t - —— . - (I.6) .
o -t c v :
(a)i = ,}_:_l{c) This expression reduces to (see Appendix B for
details),
=
-im | e E
k ,t) - & 1E
_—E-s_(—s’ ) £ -+ oo Ilisl { me j =0
[ -iw : .
. /\e o v[ne(E_s - _l_t_i,_a)s - aoi) + ne(l_«:_s + Ry wg wi)]
_‘i(;ws)t _ o o 0
o te [ne(gs - Ky m0g - ;) + mg(ky + Ky, @ - 0)] (1.7)
C iy Lo e 82
(a)s = ,.]ES,C) rHvere E, = (1 - ksks)go_ is .the ‘component of E,
“which is normal to ES and
. ) rr i . .
- | 133 -i(ker-at) o - , - :
p(ke) = [ jPrae lEES ey @)

is the Fourier ‘transform of the electron density.
If we retain only po'sitive’frequenéy c'omponents of Es (see

Appendix E.1)and neglect the high-frequency (A) =, + mi)' com-
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‘ﬁonents’of né,tEq.'(l,7) feduees te'

S 2 =im t K B .

(+) ~-im |e e ,
(k, ) - Hlg) st Tnlge).  @e)

ot ’ES‘ e . © —A 4 - R

Here,*
BTk -k
ON »_':-:'-'_wvs - f_a)l.

' This analysis neglects the width, Ak, of ‘the spectrometer»

:instrument functlon. Wlth equal prec151on, the long tlme llmit

may be replaced by equality after t ~ T = (cAk) ,'the correspond? ,

ing cqrrelatlon time. 1,'I’h‘is retalns a slow tine dependence in né;

24 “dw t- - '
(+) ~-im | e 1 s N
E. (k,t) = 1% EEJ Eo e . ne(kvnnﬁ,t).v‘.“ | ‘.(I.lO)l

We thus introduce a time—dependent_spectrum., This,operation is . .
censidered more'cafefully.in Appendix E.3.. The’measured.light
intensity, which depends upon. E(+)(k t) (see Appendlx E.1- 3)
exhiblts only this slow time dependence
M 2‘
kI

lm; /! RIS Lk, I t)l

R oy
I(k,lklt) ’\
S T e2v2' o, A2 g :

R ,—,3 15 Pln g™ (23

16m | mc,

' The observed scattering is thus due to one Fourier ebmponent,

the (EA’wA) component, of the electron density.l'A.single electron-

would prqduce a scattered ane, but when many electrons are present,,'




e

only fluctuatlons 1n their density will cause scatterlng. This

can'be 51mply explalned. All llght scattered by electrons located

» 'in‘a‘plane'normaldfO'ga will have the-same phase. Contributions
" from’ scatferers separated byenwﬁA];EAI‘l will @iffer in phase by

">n'cycles. If n is an integer, there will be constructive inter-
ference; if}n ie haifdiategral, the cOntfibutione ﬁill cancei;

' If the electroh distributioﬁ is uniform,’there will;be'complete
cancellaiion;. But any fluctuations n_(k ,QA)'will produce -very
strong scatterlng. [The scattered 1ntens1ty is‘proportional to

" the square of [n (gaﬂn )l] . |

A plasma wave can produce such fluctuatlons._ indeed, a de-
éc}lptlon of scatter;ng may be_;ncluded in a more general analysis
of three-wave interactions. In thie context the rescnance con-.
ditdone»ga'= Eé - Ei’.ga =@, - o aredseenvas_statemenﬁs of the
conservaﬁion of_mqmenﬁum and enefgy.eo An aﬁalysis of scattering
as a three-wave‘process may include the effect of the'interaction
upon peaand perhaps-alec upon Ei; "These effects have been'neglected

‘_here.

- In conventional notation, the result of Eq.-(I.ll) is often’

expressed inltefms of frequency,

~ ) 2,\
I(kg, [k | 5t)ak —;5

1(k,, [k |56)a%k alk |

C . /’
= 1617'2 i } {E llelp (k :t), d k dw
= Ioneo . ( )aeﬁsdw | (1.12)
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where

. c - Do R c E ¢ - .
Ip= 2’§§+)(£:t)"2 = — 22 - — |E ,?, )
hed is»thefmeah'electron density;

T 2 2 '
R T BN L

_isvthe'differential_Thompson scatteringvcross sectien;qand

S(vk )—.. ln( ko ;t)l
€0

is called the "dynamlc form factor "

In a scatterlng experiment one 1~ecords a spect*um of +he.l
light scattered 1nto some - dlrectlon k . The relatlve variation
' :1n‘opt1calvwavelength is usually negllglble; so. the scatterlng_'
is all due to fluctuatlons of one wavelength 2W,k I 1. This is.
hcustomarily related to the plasma Debye length xD by a'"scatter- .
ing parameter ‘ '

'.i e _ Sl
RN

The speetrum-of seattered'light theh.proyides’a'frequency spee-_

(1.13)

. trum of fhe’ka compohent of ne.' By the Wiener-Khintchine theorem,”~

.v%ﬁ fne(ga,@)f?' J dre Wt n (kA,t)n (k ,te1), _ .(I-lH)_.:

’dthis'is'equivalent to a measure~ef the time cofrelatibn funCtion;

21
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( )(T) =n %(Eﬁ,t)ne(ga,t+f)- ‘» ' (IylS).

‘A complete knowledge of n (k,w) would also provide the'complete

spatlal correlatlon functlon, but thls would requlre many observa-'

 tions. A single measurement prov1des partlal-—yet extremely

uSéfule-infOrmation about . spatial correlations.

- Scattering measurements are very useful precisely because

‘they are not subject to either of the previously noted limita-

tions of spectroscopy. Arspectrum_Of scattered light is not an

_average along a line of sight; The observed scattering occurs

entirely withindthe intersection of the incident and observed

beams. This well localized scéttering volume may be selected

at will. And.the measured correlation function is not a single-

point_parameter.' The interference between light scattered from

differentvpoints'proﬁides informétion about fine-scale fluctua-

tions. within a plasma.

1With'Eq, (I.ll) one can deduce, from an optical'measurement,

| a spectrum of electron density fluctuations. This result may

then be compared with calculations of predicted spectra. Con-

siderable effort has been invested in this type of study. The

_measured spectrum is found to depend strongly upon ¢, the scat-

.tering parameter,  For a << l,,the observed fluctuations are

" those of a. random distribution.- In this reglme the frequency

- motions as well.

,spectrum is determlned by the electron veloc1ty dlstrlbutlon.22

Ifa > l, electron-ion correlat;onsvpermlt observation of ion

25
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Caloulations,of;predicted fluctuation spectra differ in
method and in assumptions, but the relation of such results to-
any scattering measurement depends upon optical'considerations

whlch are common to all- such’ experlments. In this. report'we con--

;sider further this first part of the problem-—the relation between

a distributed source such as a plasma and the assoc1ated optical
radiation. Tt will be seen that various aspects of the forego-
ing analysis are not uniQue to scattering.

'D. Information in the Emitted Light

Consider further the general system of Flg. I-1. The sim-
plest such 51tuation is, again, a self luminous plasma. In.the
optical problem, the_source distribution S(E,t) is then determined
by'theprarious;plasma'processes. We assume for now that the
plasma is an‘incoherent sdurceQ If one range of freouencies is
_considered, there is no correlation betweenithe phases of.s(zim) .
at different points;'. |

The resulting“radiation, hdwévef; is notvcompletely_ineo-.

. herent. Components of the light at different points are due'to

.'common sources and therefore the light g(r,t) observed at w1dely

separated p01nts may well be correlated in 1ts phase. If the cor—"

relations are cons1dered an analy51s of the radiation from a
vluminouS'plasma 1stfar from tr1v1al.v And such an analys1s pre-'
sents the p0551b111ty of developing useful optical dlagnostic |
techniques. SR 7 \

 The basis:ofr”multiplesbeam speotroscopy" is the.faotvthat

: information:about the local values of fluctuationsvand correla-




tions;in:plasma‘particle densities is in fact present in the

-lightvemitted by the plasma itself. The above noted limitations
of spectroscopy are- not limitations on the 1nformation contained
h‘in the emitted light .They are limitation of the type of ‘appara-
tus represented 1n Fig.-I—E. To make a different type of measure¥

ment one must make different use of the phase of the light.
Although these conclu31ons can be Justified by a general
analysis, they were-first obtained by conSideration of particular

optical systems. This approach has been retained in the explana-

tion which follows. We first describe a simple two-beam spectrom-

_eter and then consider the possibilities and the difficulties

suggested by the’new arrangement.

The development of "multiple- beam spectroscopy” was based
upon experience with a scattering experiment and this is- reflected
in theﬁfollowing explanation. laser light scattering methods are
_sfamiliar to plasma physicists; but a scattering measurement'is not
»fthe onlyVopticalltechnique‘uhich uses'phase‘information‘in a uay
'which cannot be explained hy geometrical optics}'.In particular,
vthe inVention of the laser has also led to the:practical develop-
ment of optical holography 2h- 26 A ”hologramﬁ‘is ajrecorded set
of interference'fringes'which‘can be used to produce a three- .
dimehsional image ofﬁa stationary object._ In atconventional holo-
graphic process, interference withvthe light in a reference beam
is used to produce a»record of thehamplitude and phase of the -
light.reflected.by.a coherently illuminated object. An'explana-'v

tion-cf thisﬂprocedure bears considerable similarity to an analysis
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 of iesertlight‘scattering;
' Mo'ré' recént‘lyi, ‘:’the pos"sibility of making nolograms of ‘self
_lumlnous obJects, or of 1ncoherently 1llum1nated obJects, has also

27-31

tbeen explored "This work 1s’of 1nterest in connectlon with
.the present study._ The relatlon between holography and optlcal
) plasma dlagnostlcs is examlned in Appendlx A of this dlscuss1on.
In the next chapter, multlple beam spectroscopy 1s explained

in terms of class1cal optlcs. Some consequences-of_the dlscrete-b

~ ness of light quanta are discussed in Chapter TIT.
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II. THE USE OF PHASE INFORMATION

7'A9,'AVTWOeBeam.Spectrometer':

2 1. Light from an‘Incoherent Source: The Sum.of Many

h. Interference Patterns

' Every optlcal phase measurement requlres a comparlson between
:dlfferent components or beams of llght‘ 'In'1nterferometry, a re-.
_corded pattern of 1nterference frlnges reveals the difference in
pmase_hetween_transmitted light and light in a reference beam. ln
a scattering’process, the interference between light scattered by
'_dlfferent electrons depends upon the coherence 1mposed by the llghto'
in the 1nc1dent beam.

tyA:selffluminous'plasma provides’no incldent or reference heam, -

'but‘since-afplasma radiates in all directions, the emitted light
mayvbe considered to consist of manj beans. Light from different ]f
p01nts W1th1n a plasma is, :in general not coherent but light -
: emltted in dlfferent dlrectlons from one reglon should have some
'd coherence. Thus, 1f a volume of plasma were observed from several
dlrectlons at’ once, both phase and frequency measurements could bej
'mader | |

Most simply, onexcould define two distinct”obServed beams";¥
, A_and:B--as shown.in Fig;-Il—l. Beyond a spectral analysis, or
'any other measurement on elther beam alone, there isg then a further
p0551b1l1ty: .to compare the light in the two beams.

This sugéests at once thatva local spectroscopic measurement -

‘might be possible. The two observed beams can be defined to inter—f

sect in only a small, well localized, common source volume. Then



- source
- volume
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S Fig 1I-1. A two-beam 'o‘b_s‘ervati_onr. AT
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1f any component of the llght can be. identified ae comnonvto both - .
glgbeams, the locatlon of the source is known at once.~'Inghnman
vision, for_example; depth perception 1sfprovided by the recognif -
ution‘of:twoirmages of‘a Single:object; 'Thie procedure wonld be
di’ffiéuit- to dbup'licate-wit_h .scientific' -apparatus, ‘but in observa-
tions of a plasma, thehvery:incoherence of'the»sonrce provides
’.another_waﬁ in Which ahcommon optical component'might e recog_
nized;' We have noted aiready that light from a common source is
_"'(or maj be) coherent. if it‘is aesumedhthat light from_different_.
l;seﬁfces in a plaema is,completely incoherent, then any correlatione
in phasetbetween.the light in beams A and B:mnstebe due to commongg
_aources.: Anyvmeasured,mutual coherence betneen components of the
iight in -diAfferent beams must give local infomat-ion about the
v:comnon regiOn wheretthe.two beams intersect.‘
::To meaehre the‘mutnai coherence hetween beame A and B, one can

.comhine'them and observe any two-beam interference which'resnlts;

A simple.opticai-system nith’Which this could'he done isbshown in
Fig.:II;Q.- Here aveet of masks and lenses is ueed to define two
q-narrow:heame,which interseCtvin a common source volume. rThe light
in each beam goes through a fllter (that isj through some spectro-
'scoplc apparatus, the same for each) We ‘suppose that the observed
light contalns a spectral line of w1dth 2, that the fllter trans-
mlts only thls llne, and that the coherence 1ength, c/Am, of this-
transmltted llght, exceeds any dlfferences in the 1engths of opti-
cal. paths through the system.v |

'Beams A and B are focused at a common point on a screen. The
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- 11lumination of the screen then depends upon the mutual coherence

of the light in the two beams. If the llght were all due to a

singie’point source~which was observed through only one ‘of the

- beans, thenva'single aperture diffraction pattern would appear on

the.screen, as shOWnyianig. IIQBa.t The width of the’illuminated

area would be determlned by the angle ¢ subtended at the screen by

Ca s1ngle beam

If however, the 11ght were due to an 1sotroplc p01nt source

~ which was:observed through both ‘beams, ‘the result would be qulte

different,' In this case, a two- beam 1nterference pattern would

‘appear on the screen, as shown in Fig. II-Bb. The spac1ng of the

_ fringes‘of this pattern_vould.depend upon the angle 6 between the

. two component beams. - Since 6 >> @, the angle subtended by a single -

beam, the'fringe spacing'vould be much less than the size of the

. whole pattern and many frlnges would ‘be seen.'

If several separate 1ncoherent sources were observed at once,

'the resultlng pattern of 1llum1nat10n would be slmply the superpo-

| sition of the light intensity distributions due to each of the

sources alone, as'shownbin Fig. IIQBc. ‘Two-sources, one observed
through each beam,‘would not together produce a two beam 1nter—
ference pattern.‘ Interference requlres mutual coherence whlch
under our assumptlons, could be prov1ded only by 8 common source.
These conclus1ons are based upon qultevelementary optlcs, but
the essentlal dlfferencevbetween-the effects of sources»whlch are -
observed through one beam and the effects of sources Wthh are “

observed through both beams presents a practlcal useful poss1b111ty;
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“Fig. II-3. Patterns of illumination of the screen.
b',(a) A smooth distribution of light intensity due to a -
. source observed through one beam. (b) Two-beam inter-

- ference fringes due to a source observed through both

o beams;,'(g) A pattern due touéeveral_separate sources.
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If an optical system of this type, a two-beam spectrometer, were

used'todobserve a‘plasma, and if the'amplitude'of'the interfere

ence'pattern, and not_the total llght 1ntens1ty, were recorded as

v

v.a.spectral amplitude, the result would depend upon only those

: sources withln the small, well locallzed common source volume.
;ln this_manner,vonefcould'observe exclusively a small selected
region,wdthin a 1uminous volume of plasma, This‘is something:
whichvcannot be done with.conventional speétroscopic apparatus.
The essentlal dlfference is that, in a s1ngle beam observatlon,;
unwanted llght is stopped only by some system of masks and sllts
Any llght of the proper frequency which is admitted by the optlcal
..system--and thlS 1ncludes all the llght radlated along certain
' rays--contrlbutes to the output of the spectrometer. With two
beams, however, 1t-1s poss1ble to dlscrlmlnate agalnst a'portion

of that llght whlch is admltted by the optlcal system. This .is

o what glves the better resolutlon.

In a laboratory instrument, 1t is useful to observe an optlcal
"s1gnal electronlcally. In a two-beam spectrometer, ‘there are:
several ways in which this mlght be done. Most 51mply, the screen )
.‘.(1n Flg. II 2) could be replaced by an array of sllts placed at
the p051t10ns of the maxima and minima of an expected two-beam |

interference pattern. Then‘a set oftmirrors or light pipes could A

T be used to dlrect the llght from a set of maxima (whlch we shall

call "beam 1"). 1nto one photomultlpller tube ("tube l") and the
' llght from the correspondlng minima ("beam 2") into another photo—

7tube ("tube 2") Then,_lf the illumination were-unlform, the two
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measured intensities would be eqdal, but if -the expected two-beam

“interference pattern wereipresent, most.of the light would be re-

ceived byvone'of the_phototubes. One could then record, as the

>0utput,of the system,‘not the total meaSured_intensitv, but rather

the'difference between the two phototube'signals;

Any observation_made'with such'an instrument would be a local

‘ measurement. Light from a source observed only through beam A»or

' only through beam B would be d1v1ded equally between beams 1 and 2.

Such llght WOuld not contrlbute,to the recorded dlfference s;gnal.

Only light from common sources would (or might) be divided un-

eqnally between the-two phototubes.

There is, however, a further compllcatlon : The apparatus of

Flg II—2 deflnes a common ‘source volume whlch is at least as wide

t as a dlffractlon-llmlted focus of either of the two observed beams{

_To every p01nt w1th1n thls reglon there corresponds an expected

set of two beam 1nterference fringes on the screen. But the pat-

terns due’to different sources might not coincide.

rndeed, it can be seen at once that all such patterns would

-not c01nc1de. The locatlons of the max1ma of such a pattern depend

”upon the dlfference between the lengths of the two optlcal paths

from the,source to a p01nt on.the .screen. To estlmate the effect

Of'a.displacement of the source, it is helpfdl to 1mag1ne inter-

_changing source and screen. . If a screen were placed at the com-

mon source volume and a point source were placed where we have

- drawn a screen, a set of two-beam interference fringes would again

_ appear. The spacing of the fringes in this pattern would depend
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.upon a,lthe angle between the beams, and.the size of the 1llum1-
nated reglon would depend upon B, the angle subtended by elther
beam (see_Flgs'II~2)s ‘Since a >> B, there would be many fringes
-infthe rattern.. Because the various-optical paths are unchanged .
by the interchange of source and screen, the maxima of thebnew
-tpattern'are just.the.locationsvinFthe:orlginal'arrangement'of
.vséﬁréés:which would hare produced intensity maklma at_the'location
of thebnew source{:'Such sources would have all produced coincif

‘ dent sets of interference fringesl("pattern l"),: Sources-at inter;.
mediate pointséethe'minima'of the new pattern;—uould in the origie
nal arrangement have produced the opp031te or complementaryvtwo-
beam 1nterference pattern ("pattern 2"). Flnally, the reglon
1lllum1nated in the 1nterchanged arrangement is just the'original
'common source volume. Hence the mult1p11c1ty of frlnges here
llmplles the presence, in the system flrst con51dered, of different .
p01nts from whlch 11ght would contribute in oppos1ng fashlon to.
lthe output 31gnal Some common.sources would radiate preferenti-
ally 1nto phototube l, other common sources would radlate prefer—f
'ventlally 1nto phototube 2.

. : If the common source volume were fllled mlth lumlnous plasma,

both types of source could be expected. The result mlght be a'__

- cancellatlon of. effect. TO'understand the s1gn1flcance of this -

conclu51on, 1t is helpful to recall some features of a laser
light scatterlng experlment. In thatvtype of measurement, scate
terers at different points necessarily contribute light of dif-

gferent'phases tovthe'observed beam and such contributions can
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'_destructively interfere. As we have noted'already;bavuniform

distributionfOf SCattering centers-would produce no scattered

wave at all. The scatterlng is due to fluctuatlons in the den81ty

'of scatterers. More partlcularly, accordlng to Eq. (I ll), the

light scattered by a plasma is due to one spatlal Fourler ‘com-

'-1.ponent, the EA.E k- - Ei component, of the electron density.

' Thus'the partial cancellation of effect leads not to a null out-

put but rather to a different and quite useful type of information.

,_The two-beam spectrometer of Fig. IIjQ,would'in fact produce.

, a'similar result. From within the common source volume, llght

”femltted into a narrow range of dlrectlons around k is accepted '

A

byibeam A_(seerElg.vII-h). If a common. source werevdisplaced by

§, the optical path to the screen through beam A would be reduced_

A : : - o
by é'kA'and the change in phase along this path would be reduced

f(kA‘E EB - k') Which depends upon the»displacement 8 and upon k

the - drfference wave vector, a quantlty which appeared already in

by
- 8-k 5k, | o
(2m) - 4 = - 5k
(vavelength) (1/Ix,]) -7 7

h,(EA = wave vector, at the source, of the light in beam A.) The

‘same displacement nouldvreduce the difference in phase from

the.s0urce,t0'theescreen along beam-B hy.S-kB. Hence‘the rela-

tlve phase of the llght in the two beams would be changed by an

amount

5 kB 5 (kB - k) =

—A’.




" Fig. II-ba.

-6

Sources of
pattern 1

pattern 2

XBL733-2403 -

".The effect of a'd_isplacemént of the source--detail

of the source region. c.s.v. = .common - source volume. .
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. the analysis of'scattering.

If the dlsplacement 3] were normal to EA’ there WOuld'be no :

change in the relatlve phase of the llght in the two beams. Hence

‘ all the common sources in a plane normal to kA would produce co—

ﬁv1n01dent 1nterference patterns. Each»such source plane would
jact as'a s1ngle ‘source. Furthérmore,.different source.planes
.4separated by an 1ntegral multlple of the dlstance 2v/|k ’ would
‘also produce the same pattern ("pattern l“), But sources_ln an
_ lnterm_e_d1ate set of_plan_es ‘(see Fig. II-’M)_' would all prOduce the
liopposite'or’complementarp set of fringes ("pattern.E“). Hence |
_lthe amplltude of" the resultlng two- beam 1nterference—-that is,

of the mutual coherence between the llght in the beams A and B—e
o wOuld be proportional not to the total intensity of common'sources,
:lbut rather to the dlfference 1n‘1nten81ty between these two groups
‘of sourcesfl This quantlty is simply the amplltude of the k,
;Spatial.fourler'component of the source distribution.

‘Here it should-'be emphasiz'ed that although this result is

:rslnilar_tO'what is.found in an analysis of scattering, the reasons
ifqr thepsame effect:are_SOmewhat different in the two cases;v'The

7reSult'of a scattering'measurement’depends upon interference be-

;tween the light scatteredifrom different'polnts-within the scatter_
i@vdm& %e@EEMi@mmtmmpmﬁ®Sa®ﬂm&rd%
‘tion‘betueen thevphasesiof wavesvscattered'by different electrons.
’BeAﬁse of the resulting_interference% the measured intensity-of
scatteredvlightfdepends upon fine scale fluctuatiOns in the plasma

' electron density.
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‘._Toidescribe a spectroSCOpic'observation, one must'nakeithe’
opposite~assumption:' The light-from.different sourCes isgcom-c>

_:‘pletely 1ncoherent There is norobServable phase relation

between the llght emltted from one p01nt and that from another
p01nt In effecta two such waves wonld not lnterfere at all.
"'How then could one-observe;thetsourCe.distribntion? The
answer_is that if one iooked from one directionponly, one could
hotl. But it a plasma were observed from two directions, with the

'instrument'shown in Fig. II-2 (l)'each common source would prO—

duce an 1nterference pattern on the screen, and (2) if the sources -

were. dlstrlbuted in space accordlng to k these varlous 1nter-

—A’
"ference patterns would,coincide. Then'an-overall pattern would
appear on the screen. ” | |
The llght from each source would 1nterfere only w1th 1tself

..not.with,the_light from.another_source. It .is the relation befh
.Vtweenvthe differentpinterference patternstwhich then giyesrinfor-.
mationiabont the source distribution. Butvwhen one combines-

- interference patterns;.one adds intensities;.one does not add.'
: 'electric fieids;-'Inhthis arrangement it is the superposltron
of the varlous 1nten31ty patterns whlch corresponds to the 1nter-
_'ference of llght waves (electric flelds) in a scatterlng.measure- :
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ment.. -Avtwo—beanvspectrometer‘could, of course, be considered

- withoutereference-to'a:scattering measurement, but in any explana-_Ac"“

tionvit is-important that points (1) and (2) should not be_confused._n'

~Both steps are essentlal to the result.

The effect of the spatial dlstrlbutlon of sources has been
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discussed as'if it were stationary,’Whichvit”would not be for
times longer_than TO = 1/¢b, where movis.a freduency’characterf
izirig'the':.g&component'of-the_.di.str'ibution. ‘This affects the |
‘ mannervin which the signal must be received;'but it also intro-
duces the possibility of observing'directly the_frequenciés
characteriaing the plasma;

| SWe_have assumed already;that thetobserved‘iight-is a.spectral
- line of uidth M. Tt follows that the measured llght intensities
,cannot vary at frequen01es greater than thls. The tlme resolution
of the system 1svfurther limited by the response times of photo-
multiplier.tubes. If it is assumed that the s1gnal does not vary
cover.tlmes shorter than T —[ (length of the common source
volume)Jthen “the output of the . system at any 1nstant represents '
 the (51ngle) distribution of sources at-the‘tlmevthe light was
' e'mitted.‘ In this ,15@ vfrequencyv limit, the output signal would
Vreproduce directly the (fluctuating):time»dependence of the k,
compOnent of?the"distribution of‘commOn.sources.‘ (This is shown
-oin:Section IT A B.beiow.) If; for example, one had in the plasma
ha Vaye'vectordEA.and_(low) freguency Wy, One uould see in'the
fSignaldan osciliation at ay, (providedyiof course, that the light
SOurce intensity variedﬁwith'the ampldtude of the plasma wavej;_v”"
_That 1s, a portlon of the llght accepted by . the system would
'hos01llatevbetween beams 1 and 2 at w,, the. frequency of theé’ wave.

| In_the'usual;spectroscoplc or:llghtescatterlng measurement,

it isisufficientdto recordtanvintegrated‘intensity.value. vThe

fluctuation of the light intensity about the measuredraverage is
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 ﬁoﬁ,uSualiy cbnsidqred.' In the preéent case,.hbWéver;'ﬁhe flug-
, tyation_is,imﬁortant becauée the measﬁredfsiénal-is the difféfénée
:bétﬁeen.twé lighﬁ intensities (beams l_aﬁdﬁe);- A long time é&er-
agejof;this siénal Qoﬁld produce a nuil'fesﬁlt;- Tt is essential
:to-observe'fhe-signallover-ﬁimgs.leSS fhén Ty = l/@o;'thé flﬁcﬁuai
.tioh time. | |
:;Théré”are several wa&s“in‘ﬁhiéh thié‘mighf be done...FOr .
pulsedfexPeriments; the optimal procedure would be difficuit to
specify'in‘genefalg buf in‘a'éteady-state'ekfefiment one could

Simplybrecord a frequency spectrum Y(w) of the output signal

Y(t) = Ig(f) -vIl(ﬁ);' The recorded'Y(w) would be proportional;

A

to the spectrum of the k iéomponént of the common source (intensity) .

.distributidn."(See Section IT A 3.) For example, & plasma wave

' (in the common source volume) of wave vec'torf'_lgA and frequency @y

 wduld produce a peak at @,

in the recofded signal spectfum'Y(wj; |

iFihally,'it should bé noted thatliﬁ'sevérai-aréasiofviesééfch,
 m§fhodé afe ﬁéedtwhiéh.inVOlve effects similar to those COnSidéredV
' ﬁéfé.:;Intefféfence bétween scattered anéé is important, for |
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example, in the scattering'of x—rays by crystals” and,in‘Brillon

‘scattering df light byvsouhd waves infliQuids,B# Theoretical

‘analyses of the féfle'ctibn of radar’’ waves aisc- lead to maﬁy of E
'fhélsaﬁe_résults,.; |

"'jThé gﬁggested use of tWo-beam interfereﬁcé'to reséiye fluétu-
' atiqns.in lighf soﬁrce densities within a plasmé'is quite,éimilar
.tq tﬁe:ménner invﬁhiéh.fhe diqmeters of stars can be measured

36

_with & Michaelson stéllar interferometer.
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Angther class of iﬁstruménts whiCh_beaf aﬁ'interesting simi;’.’
larity to é two-beém spéctroﬁeter are'the;laseflbéppler anemdméters
which are uéed.,tov:si‘:u.dy-gas and liquid flo.t«.ls_.. The literature On__. o
théée?devices is éiteﬁsive, bﬁt thé mqst commbﬁ types of laser
banemometeré aré ﬁentioned in éne conferénce review article by
‘ Duiét;.Mbilihg, and Whitelaw.57a .Thbsé authors-deécribe three
: afrangeﬁents'(see their Fig. 1). The first is just a simple scat-
téring expériﬁeht,'ﬁut one‘in which the sqatféred light is com-
bined‘wit‘h"livght ‘from..ti;é i.ncide‘nt ‘beam before detection. This
- permits’meésuréﬁent vasmall frequéncy_changeég whiéh produée
beats in the observed intensity. In the fluid systems on which
. .tlrlle's'é" a.n:ej:r'nomete'rbs é,i'é used, the partic‘le po’sitrion.s' are esbs‘en‘ti_bally
'rahdom'ovérvdisténces z l§A’—l,,sovtﬁe scattered iight ihfeﬁsity
_is"jusf,thé sﬁm ofﬁééntributidnslfrém.théfdifferent rarticles.

- (see Seétion I'C'abeé.) |

Durst et al.lﬁhén déscribe anqthef tyﬁe of syéteﬁ in which
 Tonly'séatteredVIighf.is'séen, fut in.which the‘3cattering_regidn
is illﬁminated-withvtwo béams from- the éamefléserf The two inci-
dent bégms:interfere_to give a patternvof fringes ﬁitﬁinﬂthe regioﬁ
.observed,_ Theiscattefed light is tﬁen fdand‘fo be modulated by' ,‘
~ the motigh of fl#id dehsity:fluctuations aéross this pattern of
varying illumination: This systém:is simiiar to.the inverse of
e tonbeém_spect;OQéter: instead:of a two-beém qbservétion,‘one
has two"incident bedﬁs, but in each cése the two“beamé interferé o
to define a soﬁrde_wa?eiength;bénd in eaéh césevthe’pbser§¢d iﬁ_

ténsity iévjust thévsum of contributions from the different.



oo

partlcles, in spectroscopy because of 1ncoherence between sources

'and in scatterlng because of randomness in partlcle pos1tlon. So

for dlfferent reasons, one obtalns qultevslmllar results in the'
;ys*ca;ég.f“ o
"iFinally; thessame authors mention;aiso_a'systen,inEWhich
“only a single incident'beam is used? put‘in,which'tne scattering

i then observed from two directions. This system is the one

'vwhichfmost‘reseﬁbies'Our two-beam system. A two-beam system used

to measure random scattering is clearly similar to & two-beam

‘Spectrometer. However, in the laser anemometer, only one final.

light intensity is measured;'so the'signal contains contributions -

- from each beam alone, as well as a correction due to interference.

So eVen in the'atsence of coherence there would ‘be an output (as
from elther tube 1 or 2 in our two- beam system) but in practlce
the effect of 1nterference can be separated 51nce 1t-g1yes,a

rapld t1me dependence to the measured s1gnal. |
Moreover, one can ‘also use an 1ntens1ty dlfference measure—
ment to separate the interference'in a iaser anemometer,“ An
iarrangement_whicn‘uses polarizing>optics to-do this hasAbeen‘
studied:by Bossel,_Hiller;‘and'MeierBYb in an‘experiment of:the'
two;incident;beaﬁVVariety; |

2. Some Comments on These Results

iThus a review of several widely'used'techniquesvillustrates'
the iﬁpqrtance of an understanding of the coherence properties of

_an optical radiation field, and an analysisiof a simple two-beam

spectrometer'shows that;information about the local values of the
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‘uavelenéths and frequenCies'of fluctuations-inblight source.denSi-
'_ties is available,(at least in prinCiple,.from.measurements of the.
7 coherence of the emitted light. With.thisiunderstanding,:the-
present study was undertaken to erplorenthe'possihility of deVel—
.',oping from these 1deas a useful, practical diagnostic method.
Several general features of this type of measurement can be

seenjalready from the first.example.' Only the effect ofva.single

| spectral line was described but the same procedure could cle rly
‘ be repeated for several portions of a spectrum 'Since different
spectral features are due to different types of sources, it should -
be. poss1ble to measure in this way the distributions in k and w
{of various groups of particles. (In a scattering'measurement,
by comparison, only the electrons are observed directly ) With
f”‘a two beam spectrometer, all of the 1nformation in the spectrum
of the emitted light would still be available and one could measure
t at‘each optical freguency»not only_the total light intensity, but
a Wholevset ofboptical correlations asvwell;

:-:”ln a practical arrangement the. angle Q between the beamsh
_could eas1ly be made small by observ1ng the plasma through two
sections of one lens. Thisvwould permit observation of plasma -
;.wavelengths much'laréerhthan optical warelengths. (Again, in:'

' fcompariSOn, aoscatteringlstudy of long wavelength fluctuations

reQuireg‘the,ratherudifficult observation of‘forward scattering.)
In-comparisonfwith'the output of a_conventional spectrometer,

‘,the:lerel:of'the:signal from abtwo—beam system would be much re- |

duced. This, of course, simply reflects the improved resolution
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of the instrument: Only a fraction of the sources observed through

either beam contribute to the signal.

‘The problem is more serious, however, because in & real system,

_thoSe'sources_mhicnrmere_obserVed,vbut which did not contribute'to,
| tbe siénal,.would produceja meaSured.backéronndvnoiSe} In the
“;classlcal obticalnpicture the_"background light"“(notrto be COn--
fused w1th ”stray llght", whlch can be reduced by 1mprovements in |
the optlcs) is d1v1ded equally between beams l and 2 and the effect

_1s balanced out in the 1nten31ty‘d1fference 51gnal In a real

system, the background llght would contrlbute an 1rreduc1ble amount

) of photon noise. The ”s1gnal" and ”background” components dlffer
:_simply in thelr photo count probablllty dlstrlbutlons and the sepa-
vratlon-of'effects 1s]a-problem in statlstlcs.f_Thevneed.for adequate
sﬁhotonvStatistics.tnus imposes a basic light'lntensity (and obser-
vation time) reqnirement,which is consideredIinvChapter'III of .
'tbisrdiscnSSion.b | |

| The need foriadeqUate light intensity‘leadsjone'tofc0ns1der
"Himfmoyementsein'tbe design of the7obtical System. The tWo;beamr

: g?ectrometer.so-far:considered is ektremelybinefficient becanse
theiblasmavis‘observed only.through tWo narrow_bundles'of rays;-‘
.Eértunately, one can deslgn an equivalent system which presents;ag

much'larger solid angle of-acceptance. In Appendlx c, the pre-

_ -cedlng dlscu551on is extended to 1nclude some more eff1c1ent

arrangements. In Sectlon II B below, the -same problem is con-
;sidered from a more abstract and general'point of view.
Beyond the design of & more efficient version of the present -

_system, it is also of interest to consider other possible observa-
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tioné; ,Selectiqﬁzéf‘ais1ngle wavelength éomponent_of“the dis-
ffibpti’qh of sources wifhiﬁ a-local volume is not the only typ.e.
__pf’épatial reéblutibﬁ:whichvcould'bé achié&ed{i Sﬁéctf6sc6pic
Véysféms:canrbe.desighed té'ﬁse-phase informétion for’a variety-
..'_Of purpoées§' This possibility gréatly‘éXtends.the’scope'of the
pfoﬁiéﬁ}_'it ié;impofténﬁ nbtbonly to coﬁsider é variety of opti-
v@l.SyStems;Tbut also to deécribe iﬁigenerél‘tefmsvthe range.of
'poséible'meaSurémeﬁts.r-The.necessary1aﬁalysis is not_¢6mpieted
viﬁ.this study,'bﬁt'in the ngﬁtuféw sections of the discussion, 
Sevéral ways of lonihg at thg prblem are éonsidered;»
- Mahy plasma phenomena oécurjat frequehCiés too high for
direct fiﬁé meaéurémehts. The.léw fréduency assqution of’the
-_preCeding aﬁalyéis is.thus_a sevefé restrictién oﬁ the utility
of thé éuggestéd method. *Fortunateiy, it doeé.ﬁoévappéar to be
afnecessé?y limitatiQn. Some quificétions of the:appafatus which
'would ﬁermit obsefvatioﬁiof higher fréqueﬁcy.éhehomena_ére.pro%
posed in Cha'ptef V. -

The low-frequency limit is neverﬁheless a-qonvenient initiél
‘simplificatioﬁ. It essentially permits one té.éoﬁsider first the
'spatial éf Ecdepgndence §f.the probiem:aﬁd'to defer discuésion Qf
'fhg time'or fréquency-dependencef Both the andlysis presented in
v thié'chaptér éné the ébéervatiéﬁS &éscribed;in‘Chapter'IV'_
pertafmto bthis one aspect of the problem. o

_-.3. A Reformulation of the Two-Beam Problem.

ﬁ;Invthe_précedihg discussion of a two—beam spectfometer,'

several assumptions are stated Qf implied:
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. 1, The effectﬁof'the plasma-is-fepresented by e scalar
"éOurcetdensity,'s(r5t);fwhich is not affected by other elements -

of the optlcal problem. '

_2,v One llnearly polarlzed component of the emltted llght is |

accepted by the optlcal system. It 1s assumed that the amplltude
_g(r,t) of thls radlatlon-ls related to the.source by a scalar

wave equatlon Eq.-KI{ﬁ) 5

1P E(r t)
xfdrt) __?L_=_mmu,)
2
.whichfhés’the.retardedﬁsOlutlon§8 .
t(r,t) =/[d T' sir',t - — 1. (II.1)
' r -r' | e / :

‘3. The plasma is observed through two beams which are re-
stricted as to regions of obServation,_directions ( yk ) ofTemis-

: 51on of accepted llght and optlcal wavelength (2W/|k |+ Ew/lk 1.

- The accepted llght is convenlently descrlbed in terms of a spatial -

<fFourier_transform of the wave’ amplltude

taa, B,t) = &g gene T (11.20)
S . (all » :

space)

. T ' O
: (al1 (region .~ IE,_ L
space) observed) =
, |£ - z’l -ik, _er
s s{r',t - ————le’

.



[ B o
- J a’r gA B(—A BJ ))
(all
s space)
where o o
. - '. ) __ikor l ) '
P Rt O R
(- ]dTr —— sir',t - -
| |z -z e
&, B(k t3r') = /’ for points r' within . (IT.2b)
: - the observed beam and '
0 for all other points r'

is the k component of the radlatlon from sources at p01nts r'
' observed through beam A or B.

Slnce the negatlve frequency components of gA B(k B,t) pro-

pagate in the kA B dlrectlon, and since the ‘source 1is observed
v A
from the +kA;B dlrectlons, only the pos1t1ve frequency components,
(+)( st); are recelved by the detector.‘ (ThlS p01nt is dis-

B cussed in detall in Appendlx E. l.) The " amplltudes of the trans-
'mitted waves, whlch are, of course, real valued quantltles, nmay

“be expressed in terms of g(+)( See Eq. (E 17) and dis-

ky,p ™)

cus51on.) TO w1th1n a multlpllcatlve constant

(observed) : on R iEA.B'r R
_ " -2 - :
gA B(r,t) = Re | & kA B J( 'dlkA,Ble ,Af(IEA,BIc)
: (dlrectlons 0 -
observed)
Vi g‘ )( ot o (13)

2ric

where f(lkA Blc)'is the transfer function of the spectral filter.
¢ Za, v vlon ol Spe

‘The light in each beam may then be expressed as the superposition'v
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of éentributions from different points within the‘plasma; Com-.

" bining Eqs. (I1.2) and (IT.3), ve havé

.(obserued)' J( 3 ..‘(observed),'

g p(Tt) =[O g (rtr) o (ILba)
where
s(ohserved)'. ik‘_ ork_ -
PO f BJ dlk o R 1], le)
lk l | o
: §£+%(_A B,t r') ' (IT.hp)
'2vic ' R

k. The light in beams A and B is then combined and resepar- E

'ated into two complementary ”interference patterns," beams 1 and
"2 whose'time averaged intensities are measured. The optical
system which combines the two beams serves to superimpose the

light from different pOints rAVWithin_beam:A and EB;Within beam-

fi f[ (ebserVed) (obserred)]

.2 ;';l;é(#? %};;Egdv tp(Zpet)  F gy (t)
(observed) .: ‘(observed)
= ’{d r' ENEMITD ‘J[dér' ep(zy,tsrt)l - (II 5)

5. Lightfemitted frodeifferentvpbints within the plasma

is- completely incoherent Each measured intenSity is Just the

sum of intenSities of light from different pOints. Thus Eq. (II 5);'

.becomes
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(obéerved) _ '(obsérved) 2_ _ B
Ep(zpytr') ¥ £ (5 852) - (I

C 1,
’11,2(t) - EJ/dvr,
Slnce beams A and B are transmltted through the same spectral

"j'-fllter, f(lk ]c) = f(lk [c) and Egqs. (IT.%) and (11. 6) reduce to

Q -

:rl,2<t>?=§_ der'v.;Re{ [ alx| ;ﬂ . 2(]x]e)

0

U | ks S A t';z,)» :]degAe ik, r, <+>(k . )][2

(II.7)

| 6. BgamsjA and B,afe narrow bundléé of rays, each subfeﬁd—-
ing a sﬁéll solid angle'82g. The amplitude EA B does not vary over
’the w1dth of elther beam, so the 1ntegratlons over direction d k
merelyvlntroduce a factor of '8 Q. |
v7. The integration time over'whiéh the iﬁﬁénéities are'aver-v'
: agéd;exééeas'the coheféhée fime of thé iighf,:so tﬁe mea sured
 ;ntensities are;jusf-the.sums.bf theiinténsitieé of different

: speCtI‘al components,

Em [ ]alkl(

lRe 1f(|k|c){ =5’ B (+ (kB,t r') T e .A A (+)(k tir' ]]2 |

2me

') (87 sz)é!

(11.8).'

Since the wave amplitudes are real, their time-averaged

A,B;‘.
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1ntens1t1es can be expressed in terms of the assoc1ated analytlc
-signal [See Eq (E 15) ]‘ It is convenlent to make thls substl—
, tulon here D01ng so, and u51ng the result obtaln in Appendlx E.2"

1eads,'efter a few algebralc steps, to the expression

o T T
O e R RTINS
S 0 - SRR

vwhere
|k|82 2
1 ‘ g
2(t lkl ) __ | 2me

. Ie ' (+)(k Hrt) ¥ - £A§§+)(§A;t;£“)1?- © . (IT.9v)

8. Eech location within the plasma is an isotropic source

: of"light whose'COherenCe length exceeds'any differences in.opfi- S

| cal path through the system. The contributiohs to-beams:Avand B
from the same source p01nt are. completely coherent Their coﬁlc'
blned effect is found by addlng the two component amplltudes>

‘before_tlme avereglhgfi

The.recorded ouﬁﬁut of the instrument is the difference |

between the two measured intensities,

¥ f.i2<.v>, S 1)

i

.J( J( | dlkl lf(klc)l [I (t x5z ) - I (t 'kl’r )]

(II 10)‘_

Using Eq. (II§9b)~gives,'after a few algebtraic steps,

i o =
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o | lkle®ay?
Ig(t,lklsz’)>f Il(t;lgl;z') = | = |

RS - -1k — ¥ k- . — “ -
E {Re -[e (“‘) (k, 5" )e 0 ng}g*)(}_nB,t;g')] %
_ Re rBA(o;lgj,z') - '1'. : | T (II;ll)

where the correlation T (r;lgi,g') is defined’

| : lkls2 c T ' *
r (T,Ik!, ) = | — (+)(k tir )J_.
EWC L .
. e = (+)(k t+r,£i)}'. | (:I.léj

Thus thé observed signal is Just an integral of correlafions.:

o]

-.m) J-c-érr ) sl 1) me ry (oslxlx)
( common 0 . R

source volume) (II'IB)

between the kAband k . components of.the lighﬁ,_ since.FBA is'4' :

CIearly’zerp if either factorvvanishes,vﬁhe.E':integrétionvmay

‘be restricfed.to fhe éommoh source volume asﬂéxﬁegted.':
EqUations.(Ii.Eb) caniﬁowvbé'used.to expféss the corfela-

ﬁion PBA(O;IEj,r’)in terms of the given sourée distribution,'

s(x',t):
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' - -B =2 ! o 7, . ‘v

e S ey iz oz

B e Lt =7 |
ry-r _ c. P

}
i
i

—A A --B B =A =
e

/,EISQQ)Q ik, ey, +ikoer 1k ipt _153.2;
1 e . .

-évcv‘

. .f‘. 1 ik .
*'j'd.jpl- AR () (z 1B \

ol

==  . — .'. - — —
‘ ']djpg l o 5% () rit - Jﬂ\
7 el | R

I
K
1
H

~and
- This'expreséionwreduceé,to (see Appendix‘B.éjfor.details),‘

-1k -(iA?z:') e (zpor')

§ BA (0 ]kl: ') e’ 3 e '- v (3 Q) Af(lklc r'

t - 00
(II 15a)

- where.

Y (Jglesz)

4 3

P wle® sy
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=:fiebthe-spe¢ffum of the iight.emitted from r';l,['(+) lklc) is
:‘the temporal Fourler transform of s( )(r' t), i.e., the p051t1ve
,frequency portlon of the transform-of's(r t). The spectrum
nA&([klc r') is thus deflned over pos1t1ve optlcal frequen01es
-lklc.],, | | |

. The“time‘average'fn'Eq;_(Ii.iSb) is actuallyvsuperfiuous,'

Since the dveraged quantity is constant. This ie a consequence

'of the introduction of the analytic 51gnal in Eq (TI.9); if the

' real fleld amplltude had been retalned an average would be

needed to define a constantAlight intensity.'

More important, however, fs:the.fact that a:real time aver-
agevisvalnays takenvoner a finite interval. 1In e real sysfen;
.if.Am, the specermetér bandwidth; is relativeljunarrow,vfhe
eutbut light i§ nearly nonoehromafic, Thenvan average‘of the
inteneity over a time‘T A'Am_lkeliminates the optical frequency
varlatlon but retalns a slow. tlme dependence fn the measured
’xﬂepectfum. The result of. this operatlon (whlch is considered mofe i
carefully in Appendlx E. 3) is a tlme varylng 51gnal not a’ 51ngle
long tlme 11m1t as above.- To describe this result Eq (II 15)

can s1mply be rewrltten in the form,

~ik, +(r, -7 i ' L
'fA (—A = ) + kB (_B — (629)21([E'c;£v’t)

: PBA(O;IEI,E';t)]é’e
| (T1.16)
Sinee the-spectraljamplitude is Teal, the Phase of the corre-

,lation is determlned by the factor,

[kB (r -r') - N (r -r i

(11.17)
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The.tno‘terms inlthe'eiponentrarevjnst_the phasé differences
along the;paths fron the-souroe'point r' to the;two:observation.
polnts;‘fThe'phase of the correlation,.that is,_the relative
d:phase'of the eomponents of thevlight-observed‘through the tno
: beams, is Just determlned by the dlfference between the lengths
jof the two optlcal paths. |
In general this dlfference would depend both upon r' and
upon lk[ However, rtrwas assumed above that the-llght from each
pointsr’ is coherent; that.its coherenoe length.exCeeds the aif-
ferences 1n‘opmlcal path. For a thermal plasma, the coherence<
length is just determlned by the width of the spectrum of the |
transmltted light. The requlrement of coherence 31mply means
' that the llght is so nearly monochromatlc and the path dlffere-
ences are so small that the-phase dlfference 1s-the same for all-

N components oflthe sPectrum Under th1s assumptlon, the phase of

' the correlatlon depends upon r 5 but not expllcltly upon

.The expression (II.l7)_may thus be wrltten

.y =ik .ri,'
e
.where .‘ L -
=k 1—{A £A o (mag)
'v.and ‘. . . L - . . . . : B
EAE‘—‘B =Y

e may be deflned for one typlcal optical wavelength and then treated f

,vras constants, 1ndependent of fk, Equatlons (I1.13) and (II.l6)_

then give the flnal form,

JE——




(0 0)

v(t) - _(s?‘;;)? j alyl -._I*fclél-c) 2

y Re ¢ J[ Er' e »—A éf(lkfc T t)] | v
o common . . ) ce
" source volume ~ '

= (5 2)° Re ¢f | dlkl lf(lklc B 4(lklc ] o (11.19)
' common '
' sources
vSo, to w1th1n a phase factor, the result depends only upon

,é((lklc  the k spatial Fourler component of‘the distri-

~ common sources
butlon of those sources of llght of frequency lk[c Wthh are
»observed through both beams, and upon lf(lklc I ; the transmlssion
"functlon of the spectral fllter. The time dependence of” the out-
vput slmply follows the tlme dependence of the observed component
of the llght source dlstrlbutlon. | | |

Only one phase of the complex valued A{(lklc Lt) o is

common sources
herecobserved‘but as explainediin the neXtvsection, the optical
system could eas1ly be modlfled to provide both the real and the ‘
.i 1mag1nary parts of e ¢A£. |
‘Iteshould be emphasiZed thatrthe.assumption ofchherence
Ydoes not imply’thatvthe interference must be thejsame for all‘_v‘
v accepted'uavelenéths;v §ource5»of”different portions of a,spectral‘
. line,-for example, might uell be differently distributed in space,.

Differentbportions of a Stark broadened line, emitted from regions
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'of.different electricffield; or different‘portions of & Doppler

-broadened line;-emittedtby'sourcesvmoving"with.differentfveloci;'_:.

ties could exhibit different dependence upon k, and t,nevenvthough"

A

theVSpectrum was duite narrow. The assumption of coherence s1mply
means that the relation between the locatlon of the source and
the resulting interference pattern is the same for all accepted
..w5veieﬁgthé.‘ Sovlong as thié is true, the measured distribution
will bé just the.sum of the.distributions.of all thevsources
which are observed 1n any s1ngle measurement |
I the spectrum of accepted light were so wide that o

the light-was notvcoherent,_the total s1gnalvwould be due to_dif—
rferent components of the distributions of sources'of 1ight of"
;vdlfferent wavelengths. ThlS is not to‘say that such a measure— -
ment could not be useful but only that it is not covered by the
uforeg01ng analysis. Some ways in Wthh a larger portion of the'
uépectrum might‘be usedvare considered in Chapters‘v and VI below.

.bForka_two-beam sbectroscopic observation; made with a‘narrow‘
-l_bortiondof the spectrum;qu.v(II.l9) confirms the conclusions-of

our first analysis. The output, Y(t), gives a measure of

'f gf(lk[c 1 t), the..EA component of the common‘source,distribution,

common sources
-If des1red a spectrum analyzer could be used . to measure the (low)

frequency spectrum Y(w) of the output, which would give

.4&(|k|c,_a,w),  the complete Fourier transform of_the distribu- ..

.common  sources
tion of light sources within the common source volume. According"

%o the Wiener-Khintchine theorem, a complete
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”’measUfement of.ﬁﬁ(lklc;gﬂ,m) would provide the”two-polnt; two-
- common sonrces '

time cofrelation functhn of the source distribution.

'As in a scatterlng measurement (see Sectlon I.C), only one
k component the k component of the source:denslty fluctuatlons'
' would be Observed at onCe, but'with a'two-beam'spectrometer, one
could.examlne a varlety of plasma wavelengths by varying elther
the . angle between the two beams or the optlcal wavelength accepted.
In an arrangement like that of Fig._II—2 'the angle between beams
A and B could be changed by repla01ng the flrSt lens by another
of dlfferent focal length. The wavelength could be changed by .
changlng the spectral fllter, but of course it. should be remem-.
l'bered that dlfferent opt1cal wavelengths may be due to dlfferent
ltypes_of.source.v‘As_ln any spectroscopic study, the relation
lbetween'components'of the spectrnm and conditions'in the plasma
is a'complicated matter which fequires a sepanate analysis. vWith
a.conventional speCtrometer,-only the total‘intenslty of each
component ofgthe;spectfum is observed. Awith a two—beam spectrom—
f eter, one could,-in principle, observe the two—point, two-time
'correlation function'of the'distribution of the sources of any
feature in the spectrum of “the'ligh_t emitted by a plasma.

B.ﬁ Multiple-Beam Systems

1 l. The Use of Polarization

The fOregoing'analysis was based upon a scalar wave equa-
'tion,<or, more precisely, upon a retarded Green's function solu-

tion to such an equation. This common,.usefullprocedure is
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 eaéiiy iﬁt?rpréted&"fhe scélafbéquation aéscribes a single
‘pélériéatioh cémponéﬁt of the field. :Sudh ; dgécrifmioﬁ épplies
to‘mény‘sﬁectroscopic measuréments, ih which é single 1ihéaily .
of‘circulafiy_poiariZédAéomponent of the light'is'used; ‘Since;
in many fsituations,‘:light wavés of different -iaoiarizatipn remain
distihct; a scalar énalysis'is often justified,"_HQwevéf,‘evén ‘
_if thé SQﬁrce isvcénsidéred té_bé a scalar, aﬁd.eVen if:a s¢a1§r
wave equation is used fq calcuiate the'amplitude‘df the emitted
1ight)ithe'?éc£'£hat'iiéht ié'actualiy a7v¢ctor wave isvStiil
 impof€ant'in tﬁé'breéénf broblem. . | |
,The'vectorinathe of the Qavé should,beféqnéidered;'firSt‘
‘.éf a;iiﬁecausévthé ﬁolarizability of lighfzprovides_avmoét con-
venient way to measure phase rélations. Thlsfact is the basis
qf é classvof'iﬁstruments called polarizatioﬁ iﬁtéfférometefs.

39

 vwhich.aré described in a recent book. A‘polariZatibn'intér---'
férométer:is a dé#ice in ﬁhich°fwo beams 6f'light>ére differeﬁtly
ﬁdlafiééd and fheﬁ gombiﬁed._ The polarizatidn of the resulting
’ 1lighﬁ dependé.upon the relative phase, aévweil as the polariza-
.tiénf§f the originai goﬁponent ﬁaves.  Bécaﬁsevofvthis dependence;
a me$suf§ﬁéﬁ£‘ofrthe resulting polarization éives infof@ation
‘about_thé=ph§sés Qf:the compbnent Qaves,'thevsame infbfﬁation
which, £n~a c6nVentional interferometer, is provided by a studyvi
i§f g'éétt§rﬁ of’intérfergnée fringes._ | |
‘_Inlmosf polérizétion ihterferometers; the-interferinngaves'
(waves A and B of fhé_preceding discuésion) are linearly polar-
}ized;in orthogonal'éirections, as shown in Fig. II-S;F'If two

L]
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Fig. II-5.. Polarization of the different beams. -
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éﬁéh Qavee'are‘eqaal inlamplitude, aﬁdbaieo”eqﬁal.in pbaSe; theire'
'superp051t10n w111 agaln be llnearly polarlzed, in the dlrectlon
.‘"l" shown 1n Flg. II-5. If the 1nterfer1ng waves are 180 deg out-
‘of.phase, their’ superpositien Willvbe'linearly polarized in the
'-eftbegenal directien "Qﬁ; Thesebbwo polarizatien cempoﬁentsbare
Vexaebly_eéﬁivaienf‘tobthe "ihterferenee batferﬁs 1 and'é” which
_vwefeTeoneidefed'in getail iahSection;iI@A above. -
This‘eqﬁivalenee“prqvides a very conVehiehtvway to'actuaily
eeﬁsfruetfa two-beamnspeebroeeopic‘system; esevefal.poesible‘.
deSigns:fer such an insbrument are deseribed in debail in'Appendix
‘C of this’diecussioh. 'Essepbially; one'mﬁst ase‘an initial polar-
_izer-to select one coﬁpohenf.of the emitted light,vthen pelariae
'th-e‘ observed beams A and B as shown in Fig. II-5, combine them, =
’fand sepafate'tbe:feSﬁlt into_polarization'eombonehts‘l and 2,
_which_aré Observed:With,separate bhotdtubeSJV:Then,aifvbeams A e
-baad B:are<eohefeht, ﬁbeir sﬁpefpdsition}ﬁill be bolarized,-aﬂd_'
tﬁe"light w111be divided between phofétubéé "l"-.a‘nd"e in & manner <
defefmined b& the'reiatiVe phase:of A.andiB,iexactlylas'described S
be the analy31s of Sectlon IT.A. 3 if.the.lighb‘in,beame A and B
is 1ncoherent thelr superp051t10n w1ll be unpolarlzed the llght_f'
v,w1ll be d1v1ded equally between the two phototubes, and the out-
put- 51gnal Y(t) = I2(t) o (t) will be zero. If the two observed
-‘beams are partially coherent, their superpos1t10n w1ll be partlally
'polarlzed and, Just as, before, only the’ coherent portlon of the
light will contribute to the output of the system.
| There are several advantages to this teehnlque. A sorting out

of differenﬁ sets of ihterference fringes might be difficult,



but the orthogonally:polarized compbnents ny and "™ can
' easily'be separated., vabeams A and B are distinguished by their-
v.polarization, they can be superimposed and portions of their
paths made phySically identical, 1nsur1ng equality of path length
_and minimizing the'effectvof vibrations and misalignments in the
:”system. ‘Such a procedure also reduces the:number of optical com-
'ponentS'needed,'sincea'roughlysSpeaking,_every'element then counts.
as two. Several othervreasons for using polarization are,examined
later, 1n Appendix c.

One potential advantage, whioh we shall mnot consider further,,
‘bnt which should. at least_be_mentioned,vis the possibility of
measuring the complete oomplex mntnal coherencevof the two ob-
hbServedjlight'beams;’ Recall.that the two-beam system analyzed
iab¢Ve was.shown to measnre an integral over SOnrcesvand frequen-

cies of

Re[ei,‘érﬂ(b; [x],x )]
Lsee Eqsb(1131313‘Where TBAvis theomutual coherence and-ve_i¢ is
a-constant factor., The restriction to the'real'part of the ex-
'.pressionlis a consequence of the way in which the interference.
was observed.’ The system separated "interference.patterns 1 and
2," with pattern 1 produced 1f beams A and B were—-apart from the
‘ phasevdifference_¢—-equal in phase and pattern 2 produced if they
were 180'deg-ont of'phase;‘ However, if A and b7mere 90 deg apart
in phase,‘the fringe pattern'would e exactlylintermediate between

1 and 2, the light would be divided equally between the two photo-
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. tubes, and a null output would result--exactly as 1f the llght
were 1ncoherent. Such unobserved correlatlons are represented
) by the missing part of the mutual coherence,
e, 051kl 2]

i I T R el R g -

- In a polarization interferometer, such a correlation would meke

‘the output ¢ircularly polarized. Since this effect could also

gbe observed, both the real_and the imaginary parts of the mutual
'coherence.could,.in_principle, be:measured, a-possibility ex-
plained in more'detail:in Ref. 39.
After discussing & two-bean spectrometer, it is hatural to
imaginelextendingfthe’method by'designing'a systém to compare.
g llght emltted in many d1rect10ns from a plasma._ Such 8 multlple-

beam spectrometer would certalnly be more efflClent than a two-

_ beam system, since more light could be used and furthermore,
vthe more complex arrangement should make p0551ble a great varlety
of spectroscoplc measurements.

_Thus One COuld proceed now to COnsider in'succession'three-.

and four- and five-beam spectroscopic systems. However, when

the_use of polarization is included, the simple two-beam system V

suggests a'different kind of generalization.'cSince orthogonally
: polarlzed beams may be superlmposed w1thout loss of 1dent1ty, one
:can, w1th a polar1z1ng system, deflne not Just more beams, but

two whole sets,of beams, ""beams A",and beams B, " polarlzed as A’

.~ and B in Fig. II-5.

Within the optical system, the'A and B components cannot only
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o be recognlzed they can also be 1ndependently manlpulated If

optlcal components made of blrefrlngent materlals are 1ncluded .

~in the system, the optlcs seen by the A and B components of the
light can be;Completely different. Thls;possibillty,_which is.
 real1yntne most important reeeonvfor,neing nolarizing optics,
viéads ﬁsAto_fenlace ﬁhe:Simple two-beamjeystem by a much more

~ general type of apparatus. In piaee of thé two apertures which

defined beams A and B, there can be two whole optical systems,-
A and B, followed by a polarization interferometer to measure
the correlation between the two fesulting wayes.

2. Multiple-Beam Systems in the Huygens Approximation

A general.spectroscopic system of thie type is shown iﬁ
'Fig. Ii—6, There a lens, with focal point within the plasma,
.ie,f01LOWed by e linear polarizer, whioh_insuree that the system
operates_with bnly one componént of the light. The amplitude of
tnig-transmitted wave,‘go(z,t)?vmay be freeted as a scalar and

_ related to a. given scalar_Source by expression:.

1

Eo“(m) & fd '<in>,-_.r#|

(in) ’+ ¢ (r(ln))

o |z
S oeisir',t - -

| (11.20)
c - » /' v

where r' = (x', 5, zf) refers to points within the.plasma and
E(ln), = (x(l?),. y(m>,v z(ln)') denotes points immediately behind .
the iens,' (X' = x(ln).=,y' = y(ln) = 0 along the axis of the

system. )
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Fig. II<6.. A multipléebeam spectroscopic system. (Thé.sliﬁf

shown at the right is the entrance to a spectrometer.)
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is the additlonal path introduced by thellens,.which has a focal
| length of £, - "
This wave, go, is then cons1dered to cons1st of A and B com-
. ponents, whlch are 1n1t1ally 1dentlcal, except in polarlzatlon.
The first lens is followed by an optical system which affects
vthe.A and B_components d;fferently. .That 1s, the system contalns
» pirefringent elements with axes oriented SO that_the A and B com-
ponents remaln distinct and 1ndependent but follow different

paths._ Assumlng llnearlty and time- 1ndependence of the system,‘

'the effect of such an apparatus is described by two Green's func-

(out) (1n) (out), (1n)’ Tj:

tlons, g, (r » T) and = (r

=, = [0 |
E(Out?,f(in)’T)go(f(in)gt . 7). (II.21)

"Here r(out) ( (out) (out)’

z(Qut)) denotes points_across-the
output of‘the_system}' » | |

| The birefringentrportion'Of the system is followed by a
~ second lens of focal length févwnich foCusesvparallel light onto - ;
a plane [of points 5”‘= (2", v, z")] containing thesentrance to
.avSpectrometer. 5The'light-at points r" ls related to the light

before the second lens by two Kirchoff integral expressions:
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-1 1

v ‘ ; ". 2 ut) N o ut eut
e J(owt) | )
o r-r . 9 ( (out) t(out )
ol - r(ouﬁ)le L(out) e, B ’ ’ Ret.
f ST | | - (II.22)
T . vdriu _ r(out) : r(out)
Reﬁ{;?ft(out)'é o ,_ r ._' + ¢2(_- Zf‘>
Here . : ' o
o ' o (out)gv '(out)2
1 . +y -
¢< (°ut)>-¢20 s
. 2 f2,'

is the added path length produced by the lens. [x(ou?)'= x" =
(out) ‘= 0 along the axis of.the system.}_ Here it”is
assumedvthaf the nQrmél component of Ve(r,t) just after.the lens -

v.is'apprOximately'given by

- (out i o
: Vg —(out) ?_Sf;_;_;_l ; d2r(out);

c ]

:'A term of hlgher order in [(wavelength)/lr” - (out)'] has alsor

.been neglected. In thls express1on one -can make the usual Huygens

-approx;mat;on.by'assumlng that £ =0 behlnd any masks and is un-lv

perturbed at the- p01nts across an aperture

o Altogether, Eqs. (II. 20), (11 21), and (1T. 22) determlne
(r" t") and gB(r" t”) in terms of s(x', t'). -Since the differ-v =

lent stepe are l;near relatlons, the;rvcomblned'effect:ie also

- linear. Hence if gA; gﬁ; and s are Fourier ﬁrahsformed'in time,
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the fields at any point r" produced by a source'at a point r'
'cw1ll be determlned by two complex-valued transfer functlons,

¢ (T" z ,w) and ¢ (r",r';m).
r EA,E(E"’w5£') = 8y p(z"rie)s(z o). :'_ - (I1.23)

Within the spectrometer, however, it is not the A and B
components, but rather the intermediate polarizations "1" and

"W yhich are separated.

- U/E Gy

: ‘,

il

£2. iﬂ/é-(gs.; ﬁA)f

'v81nce all of the llght of the proper frequency whlch enters the
spectrometer is reflected 1nto one of the phototubes, each meas-
ured 1nten51tyA1s given by . an 1ntegral over the spectrometer
entrance'aperture., Assumlng that the light is nearly normal to
:vthistsurface,,

Q0

t"r’) —-h ': d?r".h ' -j g% lf(w)le.
(spectrometer "0 -
entrance) '

12<

lgB(r",m,r t) + EA(T ,w,r t),

,ngé;=aé in thejanalysis in Section II;A.3, [f(w)'? is the épécf

trometer'transmission functionff Algo as before, a slow time

dependence.has heen'included'here'in the measured spectra.
FSinCe the plasmahis an incoherent source, each'intensity is

just a sum of contributions from the different points r'.
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‘ﬂ -
- The.output.of the'system-is the'difference_signél_
. . 'v’(I) . 7‘ ‘,‘.
Y(t) 1, (t) -1 (t) —Jd f | d‘“ lf( )l2/ ) d2r" 2
0 (spectrometer
3 o entrance)

- Re [_gA ’(_I;'fv,w;z’,t)gB(z",@;_r_",t‘)] .

As in the s1mple two- beam system, the output glves a measure of
the correlatlon between the A and B components of the llght
: Using Egs. (II.25) to express the_result_ln terms of the

‘ source'distribution gives

X - f x fo d‘”"“’(“_”g f(pe
entrance)

o ..R'e'_ [¢A*(£ T4 ,w)S*(z ,w)¢§(_1:>" »Th5) é'(z' }w)]

| -,'—‘i_fd?r"f d»uslf(c_n)'lvg ‘.,-T(z'ﬁw)ftf'(cdsg‘,tj . B , (II:E_LF.)_IVV

:Qwhere; as before,

i(w,'t) S hest)s(zest) = [s(zeit)[?

16 the spectrui of light emitted at r'. So the output signal <

'X(t)fdepends upon the quantity

:T,(.I_‘,Jw) = Re'T—QTj ¢ (I‘ »T ,CD)¢ (I‘",.I‘ :(D)

(spectromter
entrance )

i .
v .
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This is the:transmission function for the system as a Wholel
(This term seems_approiriate, sincevthe quantity is real, but
it should be_noted:that this transmission function may be negu -
t1ve ) |

Equatlon (IT1. 24) is a generallzatlon of Eq (II 19) . Com-
parlng the two. results, we see that the simple two beam system
:is'described by | |
| 1¢ -ik -r' o = '
(08 %)° Re[e e T } for points r' within the c.s.v.

T(r ,m) o .
" 0 - for points outside the c.s.v.

A”two-beem speotrometer would;observe”the k. component‘of the
bydistrihution of common sources. . Bﬁt this iS'just one special
case of the more-general syStem.shown in»fig. IIe6. In generai,
any such arrangement would deflne some function T(r RO ~Accord-
~ing to Eq (II 2#), the output of the. system is then glven by an
_ integral over points:r'.of the expression T(r' aﬁ’é(w;r' t). So
any system of thls type would select Just ‘one component of the’ .

llght source dlstrlbutlon the T(r S 0) component of 4i(w;r.,t).

vMany such systems are possible. In Appendix C of this dis-
cussion, a number of‘different multinle-beam spectrometers are
proposed.',In the.next:section of'the present chapter, the mathe-
metical.teehniques just outlined are epplied to several of'those
~same examples._vv |

3. " Three Partlcular Optical Systems

In using thls descrlptlon, it is convenlent to first sim-

-pllfy the expres51ons for the optlcal path lengths. Treating
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f%;:x(ig), and &( h>

"'; equal to’ fi, and keeplng allzsnall quantitiee throngh second :

order_g;ves

N Z(1n) .z, L

T_’i(%f)rfi'l,+ ¢i(£‘in)5- ¢io

N

fl,

fKeeping.leading,tefmshin the megnitnde,‘andocorrectione in the -

phaee”through'seCOndbordef, Eq. (II.20) becomes

(1n) .3 1. B ' ’
go(r | t) = 'f.-]-j | S(I‘ ,t ! )'Ret
o T » 2 4 g2
‘Ret.: 't! é-tﬂ-_i @ Z(}n) szt g — ’.
' : e (710 [
| | of
1
(in)_, (1n) \
y" 3 )
) — e
fl j

"In all‘of-the systems which we shall consider, the first

lens is followed by a calc1te rhomb. ThlS element dlsplaces one

polarlzatlon component by a d1stance .d, while leav1ng the other

,'unaffected. (See Appendlx C.) Thus, after the rhomb (at p01nts cx

:) go is spllt into two waves.-

_‘;ng(gft)vé €5 (r(ln) (ln)) r(m) _ 3 _,g-b
(1n) =.: - ﬂh

aszemell‘quéntities;jaSSUming z(ln)tnearly

= J[ r's(r',t - ¢ ) : L j " (II.esa)

v '
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- .]_ / N X'_2 + y' xx! + yy'
—_ . * — - - ! . T
cA = ?A + = ¢1o + 2 j.D z? 4+ .
_ _ ,2f1 : big
o (in) _(in)yy .
£ (T,t) = e (2Tt T A

((in) _ ¢ ; T

it

LB (o
f—ljdrS(E ,tv.- CB)

LI

(II.25D)

x4 (¥ - a)y')

+2z-D-2z'+ : - -
2f,

¢lO

A

Here T, and TB ére delays due tovthejrhomb; and D is the length

of the rhomb.

weHShall also need the derivatives

i—l

. . _ , . .
e il ifa Ay Al
ve, (E’t)»“'?lj[d-r 3 aex i +ey ?I -y

S v
. T S(I",‘t') .
Sr - 't' .= t - CAB
and |
3 o~ 1 3. d o :
£, (r,t) === a'r' + s(r',t") '
st AB= T sf_ - % t'=t- ¢

The simplest system which we shall consider is one in which

the rhomb is followed by a mask with a single slit, as shown in .

' Fig. C-4 in Appendix C. In this case,
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. (out) J o for '§l (OUt) x2
£y (T st) A
‘ A’B.' : yl < y(out) < yg

0. otherwise}

From the dlscu351on in Appendlx C, 1t is expected that the - effect

of thls arrangement should resemble that of a. s1mple ‘two-beam
system
Equatlons (II 22) ‘can also be - 51mp11f1ed Assuming that

.X(Qgt), Y(Qut),‘xﬂ o (ogt)

A and (Zﬁ.*ﬁz

tities,rone can approximate the last segment of the path,

e -_r(Qut)[ + @ (r(out)) =@, +2z" - (ODF) 1
EREE N R L o0 *° p
. - , i 2t
2
+ —
f2

: U51ng thls approx1mat10n, and the precedlng expres51ons for'V§

'7and Bg/at the two fleld amplltudes, (r" t) as the spectrom—

A,
‘eter entrance slit {glven by Eq. (II.22)Jmay be written, E

~ ‘~

. X Yy o
ey~ 111 ~[ 25
E, (r,t) = - = ——-)[‘ x| . dyja T’
A, =270 T Bme £ T, ) A
B o Xy ¥,
a -
i S(E';t')l o
1 - -
_ t' =t CA,B- o

- f2)'are all small~quan4'nf
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_To obtain the transfer functions ¢A'B’ one must then Fourier

- transform this expression

L %2 o
" -1 1 1 > ~[ 3 4 t
EAB(I' ,w)—gﬂc flf—e'Jm ax N dy_Jer/ at e
| | Y1
" 5T s(r',t") o
v ’t' t ~¢c, _-C
N J ed;j} P e me A, B+°o)~°'(r o)
T.27c £ f ' e S

This has thé needed form  Eq. (II.23) :
E () - dBr'»¢ (" r; w)s(zr' w); '
A,B =7 o A’B i e , = 7 .

EValuating the % and y integrations gives,

¢ (fvr;-w):-r_i(.c_sl_}_'. 1 1
0,002 = o5 () B 3 G VTR BT RS

+iofey 5(or¥y) + eolxpi¥p))
ey, 5%y 0) + eo¥p,7,) ]

[
+ole, <§2e9’1>‘_f . <x2,§l>J

.-+ﬂb[éA,B(§l,yl) + CO(Xl’yl)]} -  -(11.27),

Combining these gives the transmission function for this system,'
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sk
A=Y
o

. .
'3 \2 E +1w(T ) +1[(w/c)(dy /f )|
= Re f_g. (_D) l e e o
Tile
s (£,F )
T2 Y 1
Te . " . |
A
N 1} : R 1] .
Xy ',yl :
o R N~
. sin2 XX2 Xxl\ sin ng : l}
2 2
. whefei"v" o
'(D B X.' x" 3
X?ﬂ?*?)
0 S -
LW y"‘.Y"\
Y=2(% 4+ &
el -.vf'ej

.'ande(xg - x”) and (y2 - yl) are the dlmen51ons of the spectrom-v

eter entrancevsllt The W1dth (y _yl) is assumed to be less

'than thejWidthIOf a_max1mum_of e dlffraciibn pattern due to the

. first slit. (See Appendix C.) Thus Y may be considered constant -

in the integretion over y". However, (x" - x! ), the length of
- the éntrance‘slit, is;mﬁch‘larger than the_Width of l/X;} so the'
k"“integration,mey‘as well be taken over the‘who;e line. Meking

these replacements gives,

: - s 2'.' o +l(L)(T ) ’ :
T(3'4®)=Re'(%v)-%._-'—-’—l—-'— e B Af(yz-yl)(x - X))
- (£,%,) _

+i[(w/c)(d&t/fi)}

T ey ey

' where
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T G0 iy

L 2( ,(y2f- yl)

S o sin {Y ———TT———
F(y') = >

' defines the'source region observed' Assuminé that the source is
‘1ncoherent, one can used Eq. (11, 2#) to. wrlte the - output of the

system,

) jd ;dwlfm)lm(r ) @3’ ,2)

- ' o +i¢(TB ) | I 3 '

ngw()lﬂml Re e - J(ir Hy)
+1[(w/c (dy /f )1

e , pf(w,r t)
S +1w(T : T,) ’ . ,
- c/ aw (2i[2(w)]" Re e - 5 o (w3k,,t) (TTI.29)
c | . $ _A
- : observed .
where o
2\2‘ . 1 ~ o .
¢= (Trf (2 )2 (% - x)8(y3 - y7)
, g : S
A (wzrhe) = Aoz, Ry)
o - observed -
and
- d
k, =~ ==— .
. ﬂA. y C‘fl
A . . ’ s +iw(TB-TA) L : - ) ! .
So, assuming that'e is constant over. the range of fre-

quencies considered (which is eguivalent to saying that the path
- @ifference is less than the eoherence length) this system ob-
:serves.the EA_spatial Fourier component ‘of the distribution of

light'sources within the observation region. 'Thus, at least near
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the. focal plane of the flrst lens, thls setup is equlvalent to

the s1mple two beam system which was dlscussed in Sectlon II A.;

Moreover, the resu_'l_t is seen to depend upon the W1dth
’ (y2 - yl) of the aperture in the mask behlnd the rhomb but not
'upon 1ts 1ocat10n, s1nce yl and y2 could both be changed by a f .

common amount and not affect the answer. This suggests using a

' mask w1th many sllts, as shown 1n Flg. C- 6a in Appendlx C.‘ Th1s ’

second system would give two transfer f‘unctlons, [f‘or n sllts,
separated by a distance A< (;2 - &‘l)] ’

X n §2+jA'

. re +1a>( c.)
i sl 1 Z ~ a,2%%7
By, p(ZH2"0) = A f2f~_ &), ) e T
' +icn’f +i(a>/c)<D f'x2 G

_oziw 1 Le TA,B e | ay o iXx,

ame 1, fo /o |

X

o yawis L l' 1 for A

e JoTd= i

e fw e o+ (w/C)(dy /f )

J=0" y,+jb e for B
_dwl 111 e+lw.TA,B e+1(@/c)<€e_-1Xx2 B e-j.1Xxl)
"ch”fl f2XY : k S ,
. n . -iJAY  -iYy, ..-iY&'l © 1 forA o
L S - +i(o/e)(ay' /1)) for B
(11.30)
where '
!2 12 vi2 112
_ x'" +y x"" +y
O =fo+ Py +2" -2 =D+ b= .
: of 2f
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Using'these to'ealbulate the transmission fuction for this system

gives, .

‘ : \ L
T(r'w) = Re {gi (92 1 e
T Ve (.7 )2
127 -
" - o ~ "
¥ 1 Xx, - X, o721
1/ dx" T‘Sll’l / _dy;u
4 X" X 2 1" Y
| 1
E(YYE - Yyl . 2/nAX}
sin | sin {———;
. . 2. | 2 1
—— Qiéx\
sin”|—
2 |

Assuming again that (xé - xi)zis large, whilev(yé - yi) is small,

.one has,.
- f(r‘,w) ‘Re C.3 » ‘e+Lw<TB_?A) efi[(w/C)<dy{/fl)j
| Slnetgzé)w;  » s o _ . o
. F(y ) —‘ezYlel J B . (11.51)
. -811’1 \2—) ' ' . ' '

w1th Y evaluated at yl
This result 1s;somewhat-similer_£o fhat found for the siﬁpleek
twefbeem sjstem,:bﬁt there is an impOrtent extra'factor |
,[Sing{éééysiﬁgtgA}]. Assumlng that A, the dlstance between sllts,
is comﬁarable to 4, the dlsplacement due to the rhomb and that
= w/ct(y /fl)-+(y '/f )J is of the same order as (w/c)(y /f
' the additional factor sin (nYA/E) w1ll vary much more rapldly

with y' than will the exponential, e* [(‘”/ SICE: J. Thus the
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,feeffect of such an apparatus would be very dlfferent from that of

'a 51mple two beam system.. The multiple slit arrangement would
.observe exclu51vely those regions where. the extra factor is 1arge.
As ‘is explalned in Appendlx C, thls dlfference in effect 1s

‘cuased by 1nterference between llght observed through dlfferent

slltszln the first mask.v Because of-thls addltlonal 1nterference,.

.,"the resultaisvnot just a“sum\cf two-beam ohseruations;_hTo make'
a more'efficient version;cf the tﬁc-beam_syStem,»one’must avoid
thisfinterference.between separate pairs cf:beams. As is sug-
gested in Appendik C;fone can'do this by using‘a.coilinator toh
" select the light frpm'each pair of beams independently; before-
hthe noint where the senaratehpairs'of beams are all combined.
Such an apparatus ;5 shown in Fig;'C47'in Appendix C.
»Toidescrihe'this third arrangenent; ne denote'points at the
*.cutput of the coilimatcr by:E = (;,?,?). The llght there con-

[51sts of outputs from the- dlfferent colllmator SlltS,,.‘

‘ (j)(r,t) for xl <F< x2

Q'O ' “otherwise.

‘ The output of each sllt is. given by a K1rchoff 1ntegral across ;

_the entrance to the same sectlon of the collimator

ye**]A 1
(J)(r:t) Hf:/ ' d§.F:_;::.
Xy y1+jA 'I: o=
1 ~ ~ = ~
* [VEA B(r)t)' = E% gA,B<£’t)}% ot - IE - E'

®
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cer). T VIS £
Xy yl+JA
a g. [
< <mes(rit)| N
3€ ' It' = t-c -c.
where
3 ggz- L [E-92 G- 9]

énde.ié the.lehgth of the collimator. Here Egs. (II.26a,b) have
. béen used to express the.field g(?,t) in terms of the source |
-'S(z';t')_and-theIdistances -3, & - ?),'andgé;— z - L) have
vbeenvtreated a$ small quantitiéé iﬁbah e%panSion ofithe path
length.

| The fields at the spectrometer entrance siit are a sum of
contributiqné from the diffefént collimator.SIits,'contributions

given by a Kirchoff integral across the collimator exit:

n- x Y+
~1 <O 2 r-e ~ 1
EA B(r" t) 4w, | & dy &=
” d ,." ~ _,‘ ~ 2
J=0" x; . y +o
j) = 5 193 2 32
'[vgi‘]%(r)t)'z " = 'E(J)(r:t)}'z )
’ ot t=1t - ¢!
0
Whéré”"' |
. l / ~ x"< & y.ir2 *x" +'R'y'.y_:vv Y
At no_ o ) .
Lo ‘¢20 R R T P
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Using the abovevexpressioné-for g(J)(ﬁ,t), ana Fourier
transforming the result gives for this system the'two transfer
funétions,

-1 1 (J_.)i
(2-,r) Lt f, ‘¢

(r".r ,®) ;

¢AB VAR B S

3 (w/c)(L/Q)(}.c"E/vfl.) L | -iXk, =i
¢« e - i \e - € }

[<m/c)<y /£ )aai -1;(m/c)<y"/f )aa]

. e e

o

g

J

(/) Tye)  iele) Ty /e
ie. v - € : :

[ -1(0/e) (y'F,/, ) -i(cn/c)'(y-"v§l/f2)"E
i e

{ ) i
| 1 for A ' '

i(dy'/fl)('m/_c)

Le rorB (II{32)

_where in the x and y 1ntegrat10ns it has been assumed that (x - xl)
"is large, while (y2 yl) is small in comparlson with the w1dths
'.of the respectlve 1ntegrands.'

7 Comblnlng these two transfer functions giﬁes the trans-

mission function for this system:




. | . _ . ‘ 1 \
o\t q o do(rymm) iayt/e))w/e)r ,
=Re|=] = —e € : I aTr
Ti L w 4
I'\' _. ™~y .
. E— sin ‘XXE . 1% -
- ' 2
X o2 /(Y'Y”)
1 iy o o n‘. o 9
o fey (3 yl)w.ggwy (¥, yl)i
©.sin | — — —————|8in | — — — B
. c fl 2 —J LC f2 2 ‘J
: ' n n |
I E;ﬁ‘ Sq e_iY(‘j-‘j')A
o §=0 gi=0

' The reason for using a collimator is to avoid any effect
Qf'multiple-beam'interference betweén‘light acéepted through

different slits in the collimator. For this reason,'it is essen-

_ tial that no more light should be rejected after all the beams

haﬁe been,combined. Thus the_spéctrometer entrance slit should

be made larger than the width of the illuminatioﬁ rattern there,

and in the above expression the E" integration should be-taken

over the whole plane. Doing this one has,

’ : : 2 : o i&(r -T
T(r'w) = Re (;) Ein(xe -x My, -my) e BoA
wayt/r)/e) 1 ey (,-5)]
o oy _ Lc £, 2

Here the double sum has vanished. This occurs in the y" integra--

tion, where one has expressions of the form,
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= : 1 sloly, - yy) w A : ' -]"'
: 1" ‘- 2. 2 1 " ' : . 2\ 1t
dy" —= sin -——y cos | — — (J - J')y R
y'e : c - 2f : c,f2 g

.E'Thié Vﬁnishesulfdr 3 ¥:jf,provided that A.>'(y2>-‘yl)3 i.e.,
provided that the slit separétion exceeds fche‘ slit wid,th’ .'wh.i_ch
| it‘obviously does. This ’leaves.va svinglé sum of identical ‘ten‘ns,
>Which gives the'factor n. |
B Thus the.effe;t of interference vanishés; as was:expected,
and thé contributions from fhe'différenﬁ siitS‘érévseéh'ﬁb Bé
identiéai, bécause, as hpted earlier,_each reéulf‘is in&ependent
6f.fhe slit‘posifiqn. So. the coﬁclusion of Apﬁéhdix b is veri-
fied: A7spe¢tiométef with many independently collimated pairs
of 5eamé prq&ides.a more efficient version of thé simple_twoé:
: beam $yst¢m'which wés first considered. It'should Be.rémembered,
khowevér;'that this is true'oniy of fegioné neaf ﬁhe focus.of the
‘véystem.  |

C. Higher Order Correlations .

vThe3élementéfyvtwo~Beam épectroﬁeter diséussed in Séction
'vfIi-A would give an dutput, Y(t), proportidnalvto the mﬁtuai co-

v hgreﬁqe réA(O;IEI,t):betwéeh light of]wavelengtthWJEIf; emitted'
7in directions §A and-££ from‘the same=région; In thé:anaifsis o
1‘ih Section II.A.B,.this,quantify was.shoﬁn to be proporfional to

one_FQurier-component, A{(,§1C5EA}t): of the distribution of ob-

served light sources. According to the Wiener-Khintchine theorem,?l“

- measurement of A (’EI_C;EA,

two-point coirelation‘function'of‘the light source distribution.

t) is equivalent to measurement of the
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.Heﬁcé a two-beam spéctroscépié measurément of correlations in
the ',iighf_emittéd by & plasma would givé information about two-
,,poiht'dofrelétions-in the distriﬁution of the source. Sb stated,
_fhis rééﬁlt.suggeéts that there.may_be.abmuch more genéral cor- .
..féSpbndence béfwee#_corﬁei&tion functions ofia‘light field,

L g(z;f),aﬁd‘correlatioﬁ functions of the density of sources,-

| _ﬂ(-'ﬁklpé{'»ﬂ- | |

o In;discuséiéns of optical'theory, highef order'cprrelatiéns,
like the two-beam mutusl coherence, are cﬁstomarily'defined in’
term$ of an ééséciatedvanalytic signal. WOZLf'br2 has used this

‘ techniqﬁe’fo define g'complete set of complex cofrelations,

. (II.34)

sl gl RO R
: (Thé use.of thi$ fbrm'here ihvolves one change, howéver, éince
.‘_fhéfdefinitiﬁh ﬁas-madeﬂfo éoﬁpafe light at'bne point aﬁ_differ-
.:eﬁf tiﬁes;fﬁhilé the observations disbuséed heré.woﬁld compare |

v_lighf at Oﬁé'poihf'in different beams with npfdelé&s.hB) Similar
Hdefiﬁitidns have been used by other authors. (see, for example,
~‘Ref. la;)v. | |
o i"we shail not cénsider here the ways in'which.thesé higher
.ordérvcorreiétiqns might be measured. It 1is ﬁoSsible, at least
in‘principle, to observe thém (for example, by measuring higher
' order.cofrélatioﬁs of.inténsity), bﬁt that problem is beyoﬁd_the
scope of_thisvihvestigation, Howevgr, the.theory in Sectidn
rIi.A{ﬁ is regdily exténded'to some higher order quantities.

Sincé'this Should be‘df interest by itself, sUch an extension

of the theory is outlined in the next few pages.
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Tt is shown in Appendix E.l that light of wavelength om|k| ™t

- emitted in direction k may be described by a field amplitude,

T e | L er (g
T o 2mic - I
':;.where §(+)(§?t) is the positive fre@ueney,”of analytic eignal
.iaeseciétea with the sﬁatial‘Fourier traﬁsform of %he field. (In
fhis'scalér medelk'the'normaliéation'is arbitrary, sihce the
| phys1cal nature of & has not been spec1f1ed ) The analytlc sig-
nal ass001ated with this fleld is

(obs rved)( D1kl | L
5(3’5 e ET Mg, (1)

.ThisAfolloweafroﬁ'fhefresult shoﬁn in Appendix E;2; This,fofﬁ
is now to be ueed in thevekpressions for the cerreiation fﬁnc;
tipﬁsrﬂ 

| S To fuiﬁher'simplify:the'problem,'it is coh&enienf to expli-

'eitly aseume‘tﬁat:the source, s(r',t), is quasimonochromatic: 
;'s(zgt) 5.2va(£’:t> cos[wbt + ¢(£',t)] . R (II.36)

'_The amplltude, a(r ,t), is proportlonal to the square root of
the source denslty and the phase, ¢(r t), is random from p01nt'
to p01nt. The tlme varlatlon of both a and ¢ is. assumed to be

‘much slower than the oscillation at the optlcal frequency, wo.

Us1ng the Green's function expression for the fleld {Eq.

'II;l)J.Qne:has




(+) :"‘ 31‘ e-ik-i jr-l _.—_.. b | a rt _. ’£ i E." H
: _E<E,t) _}IE} »’ f[a; ’r. . __:t : f"“f““A

r-r'l c

'lwo[t'(lf"f' ,)/c] e_.i¢[£"’t_(’£._'-1:",‘)/c] -

= ] cdt

oem [eilklc(t‘T) N e-i,g,c(t-r)} é'leT
J;oo'v i,g! L ’ '

b.J[dBrf e lk —a(r T)e 1¢(r T)
As before,vthisvintegration over all preceding times is much
_ idealizea. Iftthe finite,size of the spectrometer grating is con--
'sidered, the t integration should be taken only over the preceding
inverse optlcal bandw1dth Furthermore, since a and ¢ are slowly
.Varylng, they may be taken as constant over such an 1nterval

,FFTom this more realistic form one obtains the result,

orie

lkl

~iker!

l'k’wﬁ(o lkl Jd e = =a(zr’,t)

(+)(k t)

| -1¢(r t) - _ o (T1.37)

Using thls expres51on to evaluate the two beam mutual coherence

[1;e., comblnlng Eqs. (II.34) and (II. 37)], one has

LD TIRET

ey .gB
7-1EA £A ;EB nBJ[ 'J[ . -1k -r 1kB°r
e d’r a’r" e .

S T
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-0

-1k : 1( -k,)-r'
fA—A kg deBr,e kB

a (r t)
—1k ik_-r
=e" —A '"A EB}‘B B (Eg - k t)

where.n-S is the (ﬁnhermélized) sourcerdensit&.

ThlS result agrees w1th that obtalned in Sectlon IT. A 3.
- But the assumptlon of Eq. (171, 56) has.so much 51mp11f1ed the
._derlvatlon that it now can be.extended-w1thout_dlfflculty to
Asoﬁe.higher‘order quantities; Fcr example, one can calculate -

'a_four-beamvcorrelation,

1(2:2) _ g TP TG

-1kC lEA rA 1k r lkD T . .
e e o v d r d r

~'.:[ 1§C-r 1KA-r -1k °r' »-1kD'r
. je e e

e

ik .t ' -1k -r” -i ' —
+e C7 ‘A ‘__e *p'Z }a (r’ t)al (r"'t)

~ikyerg .-il_FA.-zA ,1552‘3- 1k
. e e e

[hé@'B z Ec’tjns(lib 7 EAEY + n Tk - ,gc,t)ns(EB - EA’t?]'

So'tﬁis four-beam optical correlatioh ie seen to be ﬁrobor~ﬂ
tional to a‘sum of"mean_products ofjsource~density fluctﬁation'
compepenté. Here the remaining.exponential factere are just con?
' stants. The source den51ty components, n (k t), are complex
'valued spatlal Fourler transforms. Hepce the 1nd1cated average
products,depend tipon the phases of the facters..fo there were a

correlation between two such quantities due,'fer example, to an
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viﬁfeiaqtion between plasma waves with wgve Vgctors (Eé - gc).and
| :(ED - EA),-the measured averageé-wouid differ.from a produét of
théiavérages_of the'two féctors. Such é correlation corresppndé
to higher order cérfelétiOns in the light éoﬁrée:distribution.v
Aédin; this all assumes an'incohérent source. There 1s no
__éorrelation bétveen the phases of the light”froﬁvdifferent pdinté.
Bﬁt there can be.corrélations between the'ligh£ oﬁservedfthrough
.differenf beams,.beéause the same sources céntfibute to them all.
- This yas_shown to be thé case for theitwo-beamtcoheience, and. .
the'séme'thing is now seen to be true also of soﬁe highér order
Quéntities;A. | |

(1,1) |, o(2)2)

The foregoing derivation of I’ is easily ex-
ténded to still higher order quantities. Any of the correlations

jdefinéd by Eq; (IT.34) can be obtained in the séme.manner.
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L IIT. SIGNAL, NOISE, AND LIGHT INTENSITY

" At Quantum Optlcs and Intens1ty Correlations o
The analyses in the preceding chapters have.all been/done |
-within a framework of purely clas51cal optics. But,vof,course,
a,clasSICal theory is merely a limiting expression offthe_more
fundamentai:quantum:optics. The present chaptervtakes up the-
‘”.question of estimating the ratio of signal to noise 1n the out-
put of a multiple -beam spectrometer. In this analySIS, the dis-
creteness of light quanta is important. |
'_Such.discussions'usually assume that photon'detection is a
“iiranaom_process whose'probability-density is proportional to the’
:classical light‘intensity." This assumption received'some atten-
wtion at thebtime.of the first intensity correlation.measurements,
';QNIch‘wéré’ddnevbyANanbury Brown‘and Twiss;hu” Inftheir:anaiysis’
of.that.experiment,h5-Hanbury'Brown and TNiss uSed.both claSsical B
.gn& quantum theories;: They interpreted the aéreement of"the “
'.classicai and quantum calculationsvas an‘expression'of the‘prin—'
..cipie;ofVcomplementarity: _One can:interpret thehinterference_
;proCess in terms of waves and then explain the detection processb
vin”termsvof}discrete.partiCles; Since_interference involves the
wave aspect of light, alclassical analysis:is Vaiid for that part
of the experiment. Thevsame experiment was again anaiyzearhy
Purcell k6 who also-eduated'classical intensity with'photonvproba-zr
rbility.' In both of these papers, the p01nt was made that one can ;

- also analyze the 1nterference process while dlscuss1ng photons,

but that a wave picture is more convenient because a light wave
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may be treated as a claésicai field, while photons cannot be
»‘tfeéted aé classical pafticles. | |

' Tt perhaps shouid_be emphasized that the multiple-beam spec-
trometers which Vé aré'cdnsiderihg here are not intensify corre-
lation deViées.>AThé sfettrbmeters discussed in,Chapter‘II seléct
.jtwo,gbservéd wéves; A ahd B, which aré combinea.and then resepar-

77-at¢d into interference patterns.l and 2, giving information about

'the.phése of A and-B. To méke an‘iﬁtensityvcorrelation measure- -
ﬁeﬁf,,on thé othéf‘hand,‘oné wbuld not combine_beams A and B at
ball.  On¢ would simply measure the intensity of A with one photo- -
ﬁﬁbé éhd £he-iﬁtensity of B with another photofube and then record.
the cbrfelétion offthé outputs. Tﬁis is theAtechnique which was
"first‘demonstfated by Haﬁbury Brown and»TWisé. ?It provides a
diffefent way of‘geﬁtingxihformationiébouf the.mutual coherence

of ﬁwo.light.wavésr .Inﬁensity cérrelation measurements have
repléced the-ofher methbdé in'certain applicaﬁions, but the multi-
ple-beam.spectfométeré_which we are cdnsidering_belqng to the
older, S£andard class of interferometric inétruments.

o But fhis.isinot to séy that an intensity correlation measure-
ment_céuld nqt be_uséful in the observatioﬁ.of'a.plasma. Indeed,
this fechﬁique should be imbérﬁant_tﬁére for the same reasons for
v'ﬁﬁich'it_was develoﬁed in the first‘place._ Intensity correlatién
methdds were firét dé&elopedlfor use in steiiar iﬁtérferométry.

It had loﬁg ﬁeen known fhat one could ﬁse_an intéfferometer to
'measufe.ihe apparent diémétervof é stér, butvthe utility of this

technique:was limited by the effect of atmospheric scintillation.

.
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’vafiations in the Earth's atmosphere cause'uariationsrin-the phase :
_of starllght and at points too: w1dely separated these Varlatlons'
are uncorrelated destroylng the effect of 1nterference.- This
limits-the-useable basellne, and hence.the resolution of a‘conQ
v ventlonal stellar>interferometer. But an intensity interferome'
vaeter‘is'largel.y'Unaffected‘by'this difficultpu'vThe intenslty.ls
| e much more slowly changlng quantlty than the amplltude, and
changes 1n path of many wavelengths can ‘be tolerated.
In.a,Plasma, variations in the 1ndex of’ refrectlon'could.-
rproduce the same effect. If the index of refraction were not
» exactl& unity,ﬂdifferenCes in n alongfthe different lines-of-v
sight could causerphase changes and destroy the'interference;u7
Aszin.observetions of a ster, the use of an intensitj'interferOm- )
eter would permit extension of the method to such cases. |
| Since the.first intensity'correlation measurements, the
inuentfon'of the laser and'improvementS'in other optical deviceS'
.haveAled to reneued.interest in the duantum'theory of optics.
Theipresentrstatevofuthis subject is descrihedvin several recent
N bookvs'..Q |
| The 1nterpretat10n of photodetectlon date, and the relatlon l'
between class1cal and quantum optlcs--both toplcs of partlcular ,
1importance farour d1scuss1on here--are considered in deta;l in _
. one paper by Glauber.48 Strictly speaking, only radiation fields ”
,containlng many quanta are described by c13551cal theory, and

'moreover, there are many quantum states whlch even w1th large

- quantum numbers do not seem to correspond to any classical descrip-
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'fioﬁm  thihg thié,,Glahber then describes a certain class of .
sfaﬁgs (éfates_whose’density bperatbrs can Bébwritteﬁ in a form:
whi@ﬁ hé_calié‘a'”P:represgntation", wiﬁh a_positive weight func-
tioh) whose averaged behaviof-—in particular, their quaritum
méchapical correiafion functions—-mayvbe wfiften_in a form similar
to cla.ssmal theory, even in the limit where the occupation mum-
v bérs of fhe’statés afe very éma11.<'The light emitted by chaotic
'ébﬁrces,vhe observes, is always éf’this form.. | |

'The samé:paper alSobanalyies'the éignifiéanée_pf photon
'éounting,measurements.'.USiﬁg a simple model of avphoton ébunter,
'v,Glaﬁfer obtains anféxPression for the faétorial»mbments of the :
k fhotocdﬁht”brobability distribution in tefmsIOf,the correlation
_funct‘ié;ﬁs of the radiation :ield;' [His Eq. (51).]_ This result
 is muéh:more general than any which we will be using here, but
for:the first moment if Just gives the mean number of counts ex-
peéfed in a-gi#¢ﬁ intei&al. This meén is prqpqrtional to the time
'ihtgérélvéf the firét-cbrreiation function, i.e., fo the quantity
whicﬁféorfeéponds to_cléssical intensity. For fields which cor-
_réspénd»to claséical’descriptions, Glauber fhen goes on ﬁo obtain
Nan ekpféséioh for‘the complefe'photocount probability distribuf
tién{t Thithe'shOWS to be én.iﬁtegral.dver Poisson distributions,
a.rgsult which can élso be ébﬁained from'sémiclassical analysis.
(see Rev'f.-.’ 1+9;)
| ‘The quﬁnfum fhéory; of course, provides much more than just
'a basis for a classical deséription;v_But for our préblem here,

a full quantum treatment is not really needed, so long as one
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aceepts the two assumptlons‘that a cla551cal analys1s descrlbes
v;the 1nterference of the light and that the class1cal 1ntens1ty
may then be taken as a photon probablllty 1n analyz1ng the detec-
ltlon process. One can then explaln both 1nterference ‘and photon
statlstlcs._ we w111 not dlscuss the basis of thls 51mple (and
Quitepstandard) plctu:e.any further_here. Morejcomplete.explana-
‘vtiens~ofvthe llnk between this semiclassicalvdeseription and the
full quantum theery ﬁaﬁ be found in the.papen'by.Glaner'just
vbntlined48”and ln'the books on quantum.opticshmentioned earliei'.2

B. Classical Noise

‘Eveprif a completely classical description of the light were
adequate; a'multiple-beam spectroﬁeter, 1ike any other inStrument,
‘would]generate some noise.'lBefore beginning'an analysis of photon,‘
.statistiCS5 ene should obtain at least an'estlmate of the amount
of noiSefto‘be5expected from snch other sOUrees as.stray llght,.
.mechéﬁ1551 vibrations,vand flnctuations in the electronics. |

. :Ideally; infthe_claSSical picture,'the'light in either.beam
A or beam B alone should contribute nothing to the output signal.
'Such 11ght should be divided equally between beams 1 and 2, add-
ing nothlng to the1r 1nten81ty difference.

It perhaps should be empha51zed that one actualLy could

lance out the separate effects of both of the beams A and B.

" .One could obv1ously zero elther one of them by adJustlng the

h phototube gains, but the same setting which balanced A would
"prpbably'not be exactly right for B. There is, however, a seeond -

possible adjustment. One could also rotate slightly the polariza-
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tiOnsQof.A and B with respect to 1 and 2. This would put more
of Avihto_l‘and more of'B into 2 or vice rersa.'_By'using this
"differehtial" controi‘ together with the "common" celibration
of the phototubes, one could, in principle, precisely‘nuli out
the. effect of each ‘of the two beams.

In reality, this balancing would not be perfect but the
effect of noise could then be minimized by signal processing.
In.many-observations, the spectrum Y(w) of the signai Y(t) would
have sharp maxima at certainvfreduencies. For example, if,the
observed_source dehsity component were produced by_a.plasma wave
ofvfreduency Wy this would‘appear in the recorded signal spec-
trum.‘.The ﬁoise,aon the other hand, should be spread out over
some_wideribahd of frequencies. (Remember that the signai comes
fromenl& one component of the source distribution. Thﬁs the
' signai'speCtrum ﬁould'ﬁsueliy be much narrower than the whole
spectrum of piasma disturbehces. Thus even if the noise came
from the plasma, it would still be spread over a wider band.)

fSo there are, souto speak,'two "lines'of defenseﬁ‘against
unwanted'backgroond light. First, one_can‘hull~out beams A and
_ B_alone. .Ideally,.this should eliminate everything except the
signal.' Then any noise which does get through (or Wthh is gener-
'ated later in the system) can be removed in an analySis of the
time_or frequency_depehdence of the signal. Roughly estimating,
it:should be:possible to baiance the phototubesito within one
”percent.'vThen if the signai spectrum is at all ﬁniqﬂe, one shouid

be able to do at least as well again in the signal spectrum
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¢fanalysis;fofogether;1this»wouldvgiyevdiscrimination:of’one_part.:
;['iﬁ lOuyiand probably several orders'of magnitude more.. | |
| Furthermore,.lf 1t were poss1ble to modulate the - observed
f'phenomenon, one. could use phase sens1t1ve detectlon, wh1ch would
ﬁ Tglve a large addltlonal 1mprovement Anothervway to use,thls
:nsame technlque, if’ the phenomenon were statlonary, would be to

. modulate the llght with a toothed wheel or other shutter and then
t;phase lock onto that 31gnal This would_not.dlscrlmlnatevagalnst
“Rthe background llght but 1t-would stop:noise éenerated later in -

‘-”the system (e g , in the ampllfler or the spectrum analyzer)

One cannot say much more in general The sens1tiv1ty of" any .

glven measurement would depend upon the apparatus used and upon -
) the spectral propertles of the selected s1gnal 'But it does not
.‘ appear that "class1cal" noise would present any maJor problem.‘
It seems ev1dent that in almost any s1tuatlon 1n whlch a multiple-
»beam spectrometer could be used the observatlon would be l;mlted

| e
by photon statlstlcs, rather than by other types of noise.

' :C._ An Estimate of Photon Statlstlcs
Jh'i For an analys1s of photon statlst1cs, it 1svconven1ent to
.;expressveach llght 1nten51ty in terms of a mean countlng rate.‘
Our system measures two inténsities, I (t) and I2(t), ‘and these
in turn con81st of two dlstlnct components: "background_llght” B
:u vand ﬂsignal lightﬁ. The background light is_that which classi-
5 cally:is‘5ust;divided.equally between beams 1 and 2 (e.g., light
i;from a'source_ohserved only through beam A. This is not'to be

confused with "stray light" which can be reduced by optical im-
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provements).‘ The signal light is that emitted by the one observed
- component of the light source distribution [T(E',w)-in the termi-
- nology of section II.B.E]. Describing both of these in terms of

‘photon flux, we have

B 2Q3background-photéns/seéondi

Cop signai’photdns/second,

'“ '2Q)is divided:equally bétween‘phototﬁbes 1 and 2; P is un-
»eqﬁallf divided and varies. between the two in a manner determined
"by the timé debendehcéfof thé observed source dénsity comﬁbneht.
 {Theéeftﬁd iﬁtensities, whdse valﬁes were obfained from classical
- aﬁéijSis are howafé;b¢ treated-as photonfdetection probabilities.
" For an idééi photon coﬁnter, thié deséription can be justified by
ééﬁiclaééicéi‘aﬁalysis,'as explained iﬁ the breceding.sectiOH.

]; A pﬁotbmuitiplier-tube is not a perfect photon counter, bﬁt
'for'mény:éﬁéh dévicés,'a Similar descripﬁion of the output is
.afpféﬁriate.v'This caﬁ be seen'ffom aﬁlinvesfigétion of phbto-
multipliér properties réported recently by Robbeh.So Affer meas-
-ﬁriné fhe pulse chargé specﬁrum and ﬁhe.fluctuatiOns in the out-
;ﬁuté bf.a Véfiety ofvdifferent photomultiplier'tﬁbes,ﬁRobben was
ablé tovdeséribe the naise pfopertieé of each tube in termsléf |
'_threévparametérs: .the overall Qﬁanfum.effiéiénce; nF; a photof -
.eleétrén;néise factor, S; and aﬁ.éffectivebdark rate, D. kThe
‘ qﬁéhtum>éfficiehcyvn aﬁd photoelectron coilectioﬁ'F were used as
usualiy defined. ’The'féctor S.wés defined in térms of excess

measured noise, but‘in the simple model of a phototube producing
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'ﬁtisés with a range of amplitudes; folldwed:by'a'discriminator's
lwhlch accepts all those ‘above some threshold S is Just the
inverse of the’ fraction: of the total pulses Whlch are counted.
b.s D 1s the measured dark rate at the same dlscrlmlnator‘settlng

- TheSe quantlties were found.to be 1ndependent of frequency,
:'texcept for perlods longer than about 10 seconds. Thus; for many
,observatlons, P and Q, the 31gnal and background contrlbutlons
ﬂ?to the countlng rates could Just be modified to take ‘into account

'f"the_fractlonal detectlon andlthe dark rate:

o =v"TSE._Q._+' D. ,‘ o P _(.III.Ilb)

- ?tSo in the.folIOW1ng analy51s, the measured llght 1nten31t1es,
vwhlch w1ll be spec1f1ed in terms of P and Q may ‘be 1nterpreted

'-'as photon fluxes (measured by a perfect photon counter) or, more

‘reallstlcally, as photomultlpller output pulse rates, glven by

:‘P' and Q' in Eqs. (III la,b)

| If the 51gnal were at zero.frequency, the photon statlstlcs_.!

twould be s1mple. Assumlnévthat P vent entlrely,lntovbeam 2, one -

-would'have

,'Il"”= Q

(=
]

'_Q +‘P..,__,

Provided that Q >> P (wh1ch is assumed throughout ‘the follow1ng), .

the signal to n01se ratio would be_
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where Tnie the total time-of observation;

"In general, thebproblem isbmore.complicated'then this, sinoe
rthe s1gna1 Y(t) is time dependent In such situations one would
be- llkely to record a 51gna1 spectrum Y(w). To analyze ‘this
-'operatlon, con51der now a case in whlch the observed component
'nof the_llght source density is all due to a plasma wave of fre-

quency. w . Then P, the signal light, Would.oscillate between

0
Athetpnototubes at this rate.and the spectrum would show a peak
@ |

N We represenﬁ a spectrum analyzer by the modei shown in Fig.
IiIel{‘ Tn such a device the signal Y(t) is first mixed with the
output of a_reference.oscillator and the resnlt is then averaged
over a time f;' Slnce ‘the mixing heterodynes the 51gnal down in
frequency by an amount equal to the frequency of the reference
oscillator, and since. the T average transmits only those fre--
'duencies below l/T; thevresult represents the signal frequency
.components in'e band:of width l/T around the‘reference frequency.
vTo measnre the'amplitude of the.signal within'this band, the out-
'put of the T average, Y'(t) is squared, g1v1ng a 51gnal Z(t).

- Thls quantlty is then averaged over the observatlon time, Wthh
vfwevagaln denote bva. | | |
rThnsvthe observation of e‘signal spectrum involres two time

intervals, an inverse bandwidth, 7, and T, the total time of ob-

~servation at one signal frequency. (vathe reference frequency
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B Fig. III-1. A model of the electronic apparatus.




‘is ewept,‘T is.the time needed to sweep acrosS.one bendwith.)
?Since all transmitted frequency-coﬁponents lie within 1/t of the
reference; their phase felativevtorthexreference canﬁot change
within aAT iﬁtervel.‘ in terms of cdun%ing stetistics;'the signal
preﬁebility ie roughly consﬁant-over'any T intefﬁal; so for sueh
fiﬁee fhe pfoblem is effectively atfzero'freQuéncy.v‘Oﬁ the other
hand, at times diffefing by>ﬁﬁch more'then'T; Yf(t)'is an aver-
_ egefof different inputs, so such values represent complefely
separate samples.of'the signal spectrum.

To describe theee tﬁe extremes, it 1s convenient to divide
'the'observation'time'into a set of T/v discrete T‘intervais.' As
an appreximation,[ohe'can then consider each 1 interval separ-
ately, assuming that Z(t) at the end of each:depends only upon
signals:received during thet same interval, and also that all
_sucﬁ inputs may‘be weightea equellya Since these are then com-
Pletely independeﬁt samples, the signal-to-neise ratio expected

in the T average is

, | _ : .
(%\) =\/’g_(%) L (11m2)

_ T T , ;
’:where (S/N)% is fhat:expecfed from the eountihg_distribution due
te Z(t).  In figuring these qﬁantities,.we shall consider all
'eoﬁhtS’equal ih magnitude;'but since the phoﬁotuee signals are
'diffefences, and alse’@ultiplied by a reference Signal ﬁhich takes
either sign; Onefﬁusf ihclﬁde'bothfpositive ahé hegafive pulses.
Ifn is the recorded algebraie sum of counts, one has for a %‘

 interval
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5 [<n)_z with - (v without} |

(st _ signal - signal J - .
W)~ ( g) (m).2 = (1)
T S | n 7, - \n 7 .

.Herev()'denctes en average and tne subscript Z refers te tne :
aesociafed probabiliﬁy:distribution. As indicateq, the hsignal”
is not the spectral amplitude; it is the differenceubetween the
' amplltude w1th 81gnal (1 2., with the reference frequency O)
and that w1thout s1gnal (or with the reference osc1llator at

- another:frequency) -~ In either case there will be some spectral
emnlitude’due.to.the-rendomly dletrlbuted background counts. To
be obeerveble,'the effect of the signal nust_exceed the fluctua-

tions in'the‘measured background‘spectral amplitude.

i

Since _z(t) -y (t)2
(b, = Py, S (e
P @y

Y' in turn is equal to the difference betweenbYe(t) and Yl(t),
the poSitive and negative components of the output of-the filter.

(In a zero frequency observation, these would be Just Il and I2

In an observatlon at a hlgher frequency, the multiplication by

a reference osc1;lat10n sw1tches‘Il and I, between Yl_and'Y2 at

the reference frequency.)_ Over a 7 interval, the signal P is
 divided unequally between Y, and Y,. By definition,

C ot
Y (%) =f at’ [Ye(t) - Yl(t)]

t-7T
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Hence the counting distributions are related by an integral

Pp(s) - fant . (a')ey (n s w0).

From this it follows that

<n2>Y, = (n25Y2 - 2<n)Yl(n>Y2 + <n2>'Y1 '('IIi.Sa)
'and:thét |
e by ) 5 2y .2
{n")y, - (n >Y2.- 4(n )Y2<n>Y1 , &n )Y2<n )Yl
- »4(n>Yv2-<n3')Yl + (nu)Yl- - "~ (III.5b)

Finally, the diétributions’for Yl(t) and Yg(t) we take to be

Poissonian. If the signal is all contained in'Yg(t) this gives,

oy (er)® - T |
PYl(n) —,( n? e | (II;.6a)
iPY (n) = L8 ;,P)T]n o~ (QHP)7 o (ITT.60)
Y2 ' -

.'i‘This is an aﬁprdximation tbo, since it ignofes the_rapid‘
:_.fluctuafibns in the classical intensity, but éincé the times con-
léideredrhere are all.much'longer than the coherence time of the
light,_the neglected increése in (hg)‘and other mbﬁénts;“fhe-
"excess photon noise", is relativel& small. (See Réf. ho.,)

| ‘Ail the.heeded momenﬁs can be calculated‘from these distri-
butiéns;”‘Using Egs. (III.5a,b) to write the moments of Y',vand

keeping only leading terms, one obtains
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\

2 2 PN
(n )Y' with = %y without = (pr)
51gnal o i ‘signal

Cat)y - D)y = 8lan)?.

From Egs. (ITI.3) and (III.4a,b) one can then_calculate_the_sig-

nal;to-noiseiratio for the T average,

!

i =
r::
+

S
N 2

(QT)

Then from Eq. (III 2) one obtalns the s1gnal to -noise ratio for :

the whole measurement

e A
21 = Tr . . - (III.7)
(NJT 7

. So;“forlthe effect to be observable, one must haﬁe_

fHere'the numerical factor should not be teken seriously; since
several 51mp11fy1ng approx1mat10ns have been used but the" result
fshows the dependence on the dlfferent factors and 1nd1cates when o

':such an observatlon should be feasible.
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IV. EXPERIMENTAL RESULTS

A. Tests of the Optical System

l. The Calcite Rhomb

To test the conclusions of the foregoing analysis, several
multiple-beam spectrometers were assembled and studied. A central
element in all of the arrangements used was a calcite rhomb, 1 cm
in aperture, which is shown in Fig. IV-1.

As a first step, the optical properties of the rhomb alone
were examined, using light from a small He-Ne laser. The laser
was equipped with a beam-expanding telescope, which when focused
at infinity produced a beam 2 cm in diameter--large enough to
illuminate the whole face of the rhomb. To observe the effect of
the rhomb, a ground glass screen was placed approximately 1 m
behind the rhomb and a camera behind the screen was used to photo-
graph the illumination patterns.

The laser light was initially linearly polarized at MBO to
the principal axes of the rhomb. A.second linear polarizer was
placed before the ground glass screen, to permit observation of
different polarization components of the final pattern.

Altogether, the ordering of elements was:

laser,

beam-expanding telescope,

linear polarizer (at h5o to the axes of the rhomb),

calcite rhomb,

linear polarizer (varied to display the different patterns),

ground glass screen,
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in mount.

calcite rhomb



-105

camera, focused on the screen.

Thus this arrangement was like that shown in Fig. C-2 of
Appendix C, except that in the present case the télescope was
defocused to give a slightly expanding beam, a mask was not used,
so the whole rhomb was illuminated, and the lens in Fig. C-2 was
not needed, since the beams already overlapped.

The incident laser light was divided by the rhomb into two
equally intense, orthogonally polarized components--"A" and "B"
in the terminology of Chapter II. When the polarizer before the
glass screen was oriented to select either of these components,

a smooth distribution of intensity resulted, as is shown in the
photographs in Fig. IV-2. But the intermediate component, "1"
revealed a set of distinct interference fringes, and the orthoga-
nal component "2" displayed the opposite or cqmplementany set of
fringés, as is shown in Fig. IV-3.

These are polarization fringe patterns, produced by inter-
ference between the A and B components of the light. Since A and
B were orthogonally polarized, the total light intensity (also
shown in Fig. IV-2) was just the sum of the intensities of A and B.
But since A and B were coherent, they could interfere to give a
pattern of varying polarization.

To display such results more concisely, one can place two
orthogonally oriented polarizers side by side, so that each covers
half the pattern. Then both the A and B components, or both the
1 and 2 components of the light can be observed. Such results are

shown in Fig. IV-4. There the left frame shows the A and B com-
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XBB 733-2372

Fig. IV-2. Illumination patterns with the rhomb alone.
Top left: polarization A; top right: polarization B;

bottom: total light intensity.
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XBB 733-2374

Fig. IV-3. Illumination patterns with the rhomb alone.

Left: polarization 1; right: polarization 2.
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XBB 733-2373

Fig. IV-4. TIllumination patterns with the rhomb alone.

Left: polarizations A and B; right: polarizations 1 and 2.
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ponents (the left and right halves of the pattern) and the right
frame shows components 1 and 2. Here it is particularly evident
that patterns 1 and 2 are complementary.

These results are illustrations of the kind of polarization
interference effects which we propose to use to measure correla-
tions in the light emitted by a plasma. Moreover, since all of
patterns in these figures were made while illuminating the entire
rhomb, the sharpness of the fringes served to demonstrate that
this rhomb was of sufficient quality for use in such a system.

2. A Two-Beam Spectroscopic System

As the next step, an elementary two-beam spectroscopic system
was assembled. In this arrangement, the calcite rhomb was used in
serieé with a monochromator. A mask behind the rhomb served to
define the two observed beams, a lens before the rhomb defined a
common source volume, and finally a second lens focused the light
onto the entrance slit of the monochromator, exactly as illustrated
in Fig. C-4 of Appendix C.

If this system had been used to observe a plasma, a linear
polarizer would have been placed behind the first lens, causing
the transmitted light to be divided into equal A and B components
by the rhomb. These components would have been recombined at the
monochromator entrance and the light which was transmitted by the
monochromator would have been separated into 1 and 2 components
by a prism placed behind the exit slit.

However, for testing the system it is much more convenient

to interchange the roles of source and observation point. If the
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exit slit of the monochromator is illuminated with light polar-
ized as 2, that light will retrace the optical path in reverse,
will be divided into A and B components by the rhomb and these
components will be recombined at the former location of the common
source volume. There all those points for which the path lengths
of the A and B components differ by an integral number of wave-
lengths will be illuminated by light polarized as 2, while all
the points for which the two path lengths differ by a half inte-
gral number of wavelengths will receive light polarized as 1.
Since none of the path lengths is changed by reversing the direc-
tioﬁ of the light, these points are exactly the locations from
which sources would, in the original arrangement, have contri-
buted light of the same 1 or 2 polarization to the output of the
system. Thus, in this way, one can obtain directly a display of
the observed component of the light source distribution.
This procedure was used to test a variety of systems. For

the two-beam system, the arrangement was:

He-Ne laser,

linear polarizer (with the orientation "2"),

lens, focused on the exit slit of the monochromator,

monochromator,

lens, focused on the entrance slit of the .monochromator,

mask with one slit,

calcite rhomb,

lens, focﬁsed on the screen,

two orthogonal linear polarizers side by side (varied
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to display the different patterns),
ground glass screen,
camera, focused on the screen.

In normal operation, all of the light transmitted by the
monochromator would contribute to the signal. Hence in the pre-
sent reversed operation, the entire exit slit should be illumi-
nated. This was accomplished by sweeping the focus of the laser
beam along the exit slit during exposure of each photograph.
Sweeping the focus in effect expands the laser beam, but in a way
which prevents interference between light from aifferent points
along the slit.

The illumination patterns which this system gave are shown
in Fig. IV-5. There the upper pattern shows polarizations 1 and
2, while the lower pattern shows polarizations A and B. Again,
the A and B components produced smooth patterns (the faint verti-
cal bands are due to unsteadiness in sweeping the beam), but the
1 and 2 components gave sets of sharp interference fringes.

As just explained, the patterns 1 and 2 in Fig. IV-5 show
the locations from which sources would contribute light of that
polarization to the output when the system was operated normally.
The final measured quantity in normal operation is, of course,
the difference, Y(t) = Ie(t) - Il(t), between the intensities of
these two components of the output light. Hence, in Fig. IV-5 it
is the difference between fringe patterns 1 and 2 which corre-
sponds to the component of the density of light sources which

would be measured by this system if it were used to observe a



-112-

XBB 734-2425

Fig. IV-5. The effect of a two-beam spectrometer. Top:

polarizations 1 and 2; bottom: polarizations A and B.
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plasma. It is clear from the patterns that this difference is

Jjust one wavelength or k component of the distribution of light
sources near the focus of the system. Thus these photographs
agree with the predictions of the theory, with the result described
in Sect. II.A by Egs. (II.13) and (II.15) and described in Sect.
II.B by Eq. (II.29).

The theory also predicts that the signal from a two-beam
spectrometer will be due exclusively to sources within a restricted
"common source volume'". Indeed, the achievement of spatial locali-
zation was the first objective of the whole project. Thus, al-
though the result is fairly certain, it is still important to
check the effect of this system away from focus. This was done
by moving the ground glass screen and the camera closer to the
other optical components. (The distance between the screen and
the last lens was roughly halved.)

The result is shown in Fig. IV-6. There the top frame shows
again some patterns taken at the focus, while the lower frame
shows the results away from focus. In the lower frame beams A
and B are clearly separated, and patterns 1 and 2, which now do
not exhibit fringes, are seen to be identical. Hence, the inten-
sity difference signal, Y(t), will always vanish for sources this
far from the focus. This region makes no contribution to the
signal, irrespective of the distribution of the sources there.

Thus the result of a two-beam spectroscopic observation would not
be an average along a line of sight. Sources thié far from the

focus would not be observed.
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XBB 734-2424
Fig. IV-6. Spatial resolution with a two-beam system.

Top frame--patterns in the focal plane of the system
(upper pattern: polarizations 1 and 2; lower pattern:
polarizations A and B).

Bottom frame--patterns at a distance from the focus
(upper pattern: polarizations 1 and 2; lower pattern:

polarizations A and B).
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Although one can thus make a local measurement, our theory
predicted that--at least with a two-beam system--one can observe

only fluctuations in the light source density. One cannot observe

the EQEEl number of light sources in some region, essentially
because the wavelength of the observed source density component
(2W/|§A[) is necessarily smaller than the width of the focal region.
This is true because the former varies inversely with the angle
between beams A and B, while the latter varies inversely with the
angle subtended by either beam alone (angles o and B, respectively,
in Fig. C-4). This conclusion was also checked experimentally,
and the results are shown in Fig. IV-7. In our apparatus, the
angle between the beams was determined by the focal lengths of
the lenses and by the lateral displacement of one beam by the rhomb.
This was left unchanged. The angle subtended by each beam, however,
was determined by the width of the slit in the mask before the
rhomb, and this was varied to produce the three sets of patterns
shown in Fig. IV-7 (again taken at focus). The upper pattern was
made with the largest slit, the center pattern with a narrower
slit, and the lower pattern with a still narrower slit. Thus the
angle B subtended by each beam was progressively decreased, and,
as expected, the number of fringes in the pattern is seen to vary
inversely with this angle.

Beyond a simple confirmation of the theory, the importance
of these results is that they showed that an optical system of the
type envisioned could be made from components of quite ordinary

quality. The width of the beams A and B covered a substantial
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Fig. IV-7. The effect of the width of the beam-defining slit.

Top frame: widest slit; bottom frame: narrowest slit.
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portion of the diameter of the lenses used (and in the multiple-
beam systems described below, the whole set of beams covered a
large part of the lens area), yet the interference patterns ob-
tained were sharp and clear. This occurred because the displace-
ment due to the rhomb was fairly small and thus the interfering
components of different beams passed through adjacent portions of
the lens. It is only necessary that the different interference
patterns coincide, but that is in essence a requirement on the
imaging quality of the lens: So long as the lens is good enough
to image a point to a spot much smaller than the desired fringe
spacing, then the interference patterns produced by pairs of beams
which go through different portions of the lens will coincide and
the whole pattern will be sharp and clear.

I want to emphasize this point. At no time in this experi-
mental work was any difficulty due to poor lens quality encountered.
The production of polarization interference fringe patterns does
not require "interference quality" components. OQur systems were
made with lenses already in the laboratory and they always pro-
duced fringe patterns like those shown in the photographs presented
here.

3. Some Multiple-Beam Systems

Thus the two-beam system performed as expected. This apparatus
could be used to observe fluctuations in a plasma, but such an ob-
servation would be difficult because the two-beam system 1is so
inefficient in its use of the available light. It was for this

reason that some more complicated systems were designed (as
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described in Appendix C) and analyzed (as described in Sect. II.B).
In the experimental work, several multiple-beam systems were also
constructed and tested.

To simplify these observations, only the interferometric por-
tion of these systems was constructed. The results of the work
with the two-beam system proved that the inclusion of the mono-
chromator did not degrade the polarization fringe patterns. In
_those studies, however, the first part of the optical train,

laser

lens, focused on the exit slit of the monochromator

monochromator

lens, focused on the entrance slit of the monochromator,
simply served to produce a beam of parallel monochromatic light.
It was important to establish that this could be done with the
required accuracy, but once that had been demonstrated, this part
of the system could be replaced by just the laser and a beam-
expanding telescope.

To make a multiple-beam system of the first type considered
in Appendix C, one need only replace the mask behind the rhomb with
one containing many slits. This was done in the simplified system:

He-Ne laser,

beam-expanding telescope,

linear polarizer (oriented at 45° to the axes of the
rhomb),

mask with slits to define the beams,

calcite rhomb,
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lens, focused on the screen (except when the patterns
were observed away from focus),

linear polarizer (varied to display the different
patterns),

ground glass secreen,

camera, focused on the screen.

In tests of the two-beam system, the focus of the light was
swept along the exit slit of the spectrometer. This caused an
image to sweep along the entrance slit, and the lens focused there
produced a collimated beam swept in direction. Thus the effect of
illuminating the entire slit could be simulated in the present sim-
plified system by rotating the laser and telescope during exposure
of the photographs. However, the work with the two-beam system
showed that this would only spread the patterns horizontally.
Since all the features of interest can be seen without such a
spreading, the multiple-beam patterns studied next were simply
photbgraphed at one position of the laser beam. The results thus
show a single vertical slice of the complete fringe patterns.

The design of a multiple-beam system actually began when it
was realized that the effect of a simple two-beam system should
be independent of the exact position of the slitvwhich defines
the beams. In Appendix C it was argued that a change in the posi-
tion of the slit in the mask behind the rhomb would not change the
result. This led to the idea of using many slits at once, defin-
ing many pairs of beams which would use more of the available

light. Thus, as a first experiment, it was essential to check
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the effect of changing the position of the beam—defining.slit.

To do this, a mask with one slit was mounted between the
laser and the calcite rhomb. This just produced a two-beam system,
but this time, in photographing the result, the beam-defining slit
was swept across the rhomb while the camera was open. Thus, if
the pattern had varied with slit position, the effect would have
been washed out. Instead, the sharp pattern in Fig. IV-8 resulted.

(Again, this is a vertical section of a pattern like those shown
in the preceding few figures.) This clearly shows that our essen-
tial supposition is correct: The position of the slit is incon-
sequential.

Since all of the points behind the rhomb thus give the same
observation, one might wonder why the mask there cannot be removed
entirely. A pattern produced without the mask is shown in Fig.

IV-9. The result shown there is clearly not the same as that of
a two-beam system. The reason for this difference is that a
larger aperture permits the system to focus the light down to a
smaller spot. (c.f. Fig. IV-7. What we now have is a pattern
which contains less than one fringe.) Thus almost all the sources
observed radiate into beam 1. This in iteself might be desirable,
but the trouble with this arrangement becomes apparent when the
pattern is observed away from focus (Fig. IV-10). There the
light is Ezilivall polarized as 1. (The order of the two polari-
zations was reversed between these figures. The light is, in
fact, polarized the same way in both cases.) Thus this system

does not provide spatial localization. Sources all along the
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Fig. IV-8. Lack of dependence of a two-beam pattern upon slit
position. A photograph in which the beam-defining slit

was swept across the rhomb during exposure.
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Fig. IV-9. The effect of the whole rhomb without a mask--

polarizations 1 and 2 observed at focus.
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Fig. IV-10. The effect of the whole rhomb without a mask--

polarizations 1 and 2 observed away from focus.
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line of sight would be observed. In the two-beam system, locali-
zation was provided by having separate beams which intersected
only near the focus of the system. Without the bask, "beams A
and B" completely overlap.

To avoid this difficulty one might consider inserting behind
the rhomb a mask with many slits--defining separate beams but using
more than two beams to accept more light. The effect of such a
system is shown in Fig. IV-11.

The result shown there is again different from that of a
two-beam system. In the new patterns, polarizations 1 and 2 give
narrow, widely separated fringes. The reason for the difference
is apparent from the patterns of A and B shown in the lower frame.
Unlike the two-beam case, these patterns are not uniform, but now
themselves consist of fringes. As explained in Appendix C, these
fringes are produced by multiple-beam interference of the light
transmitted through the different slits. Thus the overall effect
is not the same as would be found for any of the slits considered
singly.

This system was also analyzed in Sect. II.B (it is the second
of the "three particular systems" of Sect. II.B.3) and the con-
clusion obtained there is given in Eq. (II.31). In the system of
Fig. IV-11, the number of slits, n was 4, and A, the slit spacing,
was approximately twice as much as d, the relative displacement
of components A and B after the rhomb. When these values are in-
serted into Eq. (II.31), it then describes correctly the differ-

ence between the patterns 1 and 2 in Fig. IV-11. (Note, for
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Fig. IV-11. Patterns at the focus of a multiple-beam system.
Top: ©polarizations 1 and 2; bottom: polarizations A

and B and total light. Here n = 4 and A = 24.
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example, that Eq.(II.31) says that the polarization fringes should
be twice as widely spaced as are the maxima of total light in-
tensity. In the photographed patterns, this is the case.) Thus
this result also agrees with the predictions of our theory.

Although it differs from a two-beam system, this multiple-
beam system also defines separate beams and hence should also give
a local measurement. This it would do, as can be.seen from Fig.
IV-12, which shows the effect of the same system away from focus.
There beams A and B are physically separated, components 1 and 2
are identically distributed, and hence the difference signal Y(t)
would always vanish for sources this far from the focus.

Thus this system could be used to make a local spectroscopic
measurement. The result might well be useful, but since it would
be due to the irregular component of source density described by
Eg. (IT.31), the information obtained from this system would be
in an inconvenient form.

L, A System with Several Independently Collimated Pairs of Beams

In our theoretical analysis it was concluded that one could
make a multiple-beam spectroscopic system which would observe
Just one k component of the distribution of light sources within
a local region. This system, which is described in Appendix C and
was analyzed in Sect. II.B.3, was to include a collimator, a device
which would define completely independently a whole set of pairs
of beams A and B. By avoiding any interference between light ac-
cepted through the different slits, it was concluded that one

could produce a more efficient version of a simple two-beam system.
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Fig. IV-12. Patterns at a distance from the focus of a multiple=-
beam system. Top: polarizations 1 and 2; bottom: polari-

zations A and B. Here n = 4 and A = 24d.
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To actually build such a system it was only necessary to con-
struct the collimator. Since this device was made with some care,
a few words on its design may be appropriate. The collimator was
made from sheets of 10 mil hard copper. From this were cut thirty
plates 1-7/8 x 4 in. and thirty pairs of spacers 5/8 x 4 in. To
form the collimator, these pieces were assembled in a stack of
0.600 x 1-7/8 x 4 in. To make the structure rigid, two pieees
of 3/16 in. brass were cut to the length and width of the plates
and mounted at the top and bottom of the collimator. To reduce
reflections, two holes 5/8 X 1—1/16 in. were cut in each of the
10-mil plates. (i.e., the center 5/8 in. of the length of each
plate consisted of three strips 5/8 in. wide, 1-1/16 in. apart.
To cut the holes, the plates were clamped together in a stack and
milled.) The assembled collimator was held together with both
pins and screws. After assembly the device was electrolytically
blackened in a chemical bath. The collimator ready for use is
shown in Fig. IV-13.

As a first test, the collimator was used in place of the
mask in a multiple-beam system like those discussed in the pre-
ceding section. The result is shown in the upper fram of Fig.
IV-14. There polarizations 1 and 2 again show sharp, widely
spaced fringes. This is not the effect of a system with many
independently collimated pairs of beams. Since the laser beam
was already collimated, the collimator simply acted as a mask
with many slits, and since the laser light was coherent across

the width of the beam, the light which went through different
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Fig. IV-13. Two views of the collimator.
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Fig. IV-14. Two effects of the collimator.
Top frame--a multiple-beam pattern, n = 15, A= d/2, made
with the slits coherently illuminated.
Bottom frame--the effect of many independently collimated
pairs of beams.

(Polarizations 1 and 2 shown in each case.)
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collimator slits interfered to give the result shown. This is
another example of a pattern described by Eq. (II.31). Here
A= d/2 and n = 15. (The collimator was taller than the rhomb,
so only 15 slits were used.) Since, according to Eq. (II.31),
the polarization fringe spacing should be roughly half the in-
tensity fringe spacing, one might expect that only one polariza-
tion would be seen. This is almost true. Near the center of
the pattern the light is mostly polarized as 2, but since d was
not exactly twice A, the two patterns '"get out of phase'" and near
the top the light is mostly polarized as 1.

This result again confirms the calculations which led to
Eq. (II.31). It also shows what could happen if interference
between light accepted through the different slits of the colli-
mator were permitted to affect the result. In use in a spectrom-
eter,  the collimator is to be followed by a lens focused on the
monochromator entrance slit. It is absolutely essential that
this entrance slit be large enough to accept all of the light
transmitted by the collimator. If only part of the light at that
surface were accepted by the monochromator, the result of the
measurement would depend upon multiple-beam interference and the
observed source density component would be similar to that shown
by the difference between the two patterns in the upper frame of
Fig. Iv-1k.

When the collimator is correctly used, all of the light trans-
mitted through the different slits will be accepted, so the result

will not be affected by any multipe-beam interference. To model
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this in an inverted system, it is necessary to illuminate the

collimator incoherently. This was done by shining the laser onto

a ground glass screen. A lens, focused on the screen, then gave
an approximately collimated beam, but one in which the light was
spread over a range of directions greater than that accepted by
the collimator. Altogether, the test system was:

He-Ne laser,

ground glass screen,

lens, focused on this screen,

linear polarizer (oriented at 45° to the axes of the

rhomb),

collimator,

calcite rhomb,

lens, focused on the following screen,

two orthogonally oriented linear polarizers, side by

side (to show patterns 1 and 2),
ground glass screen,
camera, focused on the screen.
The result of this system is shown in the lower frame of
Fig. IV-14. There polarizations 1 and 2 show simple sets of
fringes like those obtained in the two-beam system. This is the
desired result. In use as a spectrometer, this system would select
a single k component (more precisely, a narrow range of components)
of the distribution of light sources within the region observed.
This system is discussed in Appendix C and in Sect. IT.B.3,

where the conclusion is given by Eq. (II.%3). The patterns in
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Fig. IV-14 agree with the predictions of the theory. (The fine-
scale graininess is just laser speckle, which has nothing to do
with the spectroscopic system. Use of a ground glass screen does
not really make the laser light incoherent, it merely complicates
the phase relations so that unwanted interference produces only
this easily ignored effect;)

As with the other systems tested, this result confirms the
theory and also shows that the optical components were of suffi-
cient quality for use in such a system. In the present case,
this was particularly important, because in the formal theory it
was assumed that all paths through a given collimator slit were
equal to within a fraction of a wavelength, but the collimator
actually used was not quite this restrictive. This difference
did not appear to affect the result. As can be seen from Fig.
IV-14, the fringe patterns produced agreed quite well with the

predictions of the theory.

B. Observations of a Plasma

In the final part of the experimental work, the last optical
system tested was used to observe fluctuations in a plasma. The
plasma which was used for this purpose was produced in the
Berkeley electron beam-plasma machine, which had previously been
used in other experimental work.51 Photographs of the machine

and of the plasma are shown in Fig. IV-15.

In this device, an electron gun, biased to 4 kV negative,
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Fig. IV-15. For legend, see page 134a.
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Fig. IV-15. The electron beam-plasma experiment.
Top: The machine. The electron gun is to the left of
the glass tee. The plasma chamber is between the two
large magnet coils.

Bottom: Plasma with probes.
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produced a 30 mA beam which was injected through two successive
apertures (separating three independently pumped vacuum chambers)
into a chamber filled with 300 microns of helium. The resulting
beam-plasma instability produced a plasma with an electron tem-

2

perature of a few eV and an electron density of a few times lOl
cm_B. (See Ref. 51 and Appendix D below.) The plasma was con-
fined by a magnetic field of 7 kG produced by two coils in Helm-
holz configuration. (The magnetic field also served to guide and
focus the electron beam.) The electron beam was less than 1 mm

in diameter and the resulting cylindrical plasma was approximately
0.5 cm in diameter and more than 10 cm long.

For a controlled test of the spectroscopic system, it was
desired to produce in the plasma a disturbance of known frequency
and of relatively large amplitude. This was done by using a nega-
tively biased Iangmuir probe with which one could vary the plasma
density. This technique had already been used successfully to
study the propagation of pulses in this plasma (see Appendix D).
The pulse propagation work had shown that a density perturbation
would be transmitted through the plasma at a speed slightly in
excess of lO6 cm/sec, the expected ion sound speed.

In the multiple-beam spectroscopic observations a sinusoidal
signal rather than a pulsed signal was used. Frequencies in the
range 10-50 MHz were chosen, since at the indicated ion sound
speed this would give disturbances with wavelengths of a fraction

of a millimeter--a convenient wavelength to observe with the

multiple-beam system.
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To improve the signal-to-noise ratio, two stages of phase-
sensitive detection were employed. First, the transmitted signal
was modulated at 50 kHz and this modulation was used as the ref-
erence signal to a lock-in amplifier. Secondly, the observed
light was modulated at 1 kHz with a mechanical chopper and a
reference signal from the chopper was used by a second lock-in
amplifier (both were PAR Hr-8's).

The spectroscopic system was tuned to the neutral helium
line at 4471 R. To provide the needed aperture, the entrance and
exit slits of the monochromator were removed entirely, a change
which did not appreciably reduce the coherence length of the
light, since most of the light was still in the L4471 X line (see
Appendix D). The neutral density was not expected to vary with
plasma density, but since the neutral light emission was caused
by excitation of neutral atoms by the plasma, it was expected that
the light intensity would vary with the fluctuations in the plasma
density.

The plasma was observed from a distance of 61 cm through a
13 cm focal length lens. This was followed by another lens of
focal length of 26 ecm which imaged the plasma at infinity. Iater
in the system, this light passed through the calcite rhomb of
i cm2 aperture which displaced one polarization laterally by 1.1
mm. In the multiple-beam system the effect of this was to select
from within the plasma a source-density component of wavelength
of 0.391 mm and to observe this through an aperture 0.64 cmg,

61 cm from the plasma.
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The collimator, the rhomb, and the monochromator were mounted
so that beams A and B would be horizontal fans, vertically dis-
placed. This would permit one to observe a vertical k vector com-
ponent of the source distribution. Since the magnetic field lines
in the plasma were horizontal, and since it was desired to observe
propagation along the field, a Dove prism was included in the
system to rotate by 9OO the image of the ﬁlasma._

Altogether, the optical train was:

rlasma,

lucite vacuum window,

objective lenses

linear polarizer (oriented at 45° to the axes of the
rhomb),

calcite rhomb,

collimator,

lens, focused on the entrance to the monochromator,

mechanical chopper,

monochromator,

Glan-Thompson prism (separating polarization components
1 and 2),

lenses, focused on the exit of the monomchromator,

photomultiplier tubes.

The last few elements in the optical train are shown in Fig.
IV-16. There can be seen the monochromator, the préceding lens,
and chopper wheel, and the "Y" structure containing the Glan-

Thompson prism, the two lenses, and the two photomultiplier tubes.
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Fig. IV-16. For legend, see page 138a.
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IV-16. A view of the optical System showing the chopper
whéel, the photomultiplier tubevaésembly, and one end of

the monochromator.
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' .A diagraﬁ.of the ehtire.apparatus ié givéh by Fig. IV-17.
‘As indicated fhere,'the phototube'outputs were’compareg by a dif-
»ferentiél*émplifier, fhe'resulting signal was.fedbinto a spectrum
© analyzer, the output of.thié was processediby two lock-in émpli-
-fiérs; and fhe.resultkof'this waé then plotfed"by an X-Y recorder
: driVén.by thevépeétrum analyzer sweep. | | |
._'Thé'output_ﬁgs thus in the form of signal spectra; The dis-
turbéncé”in.the.plasma was injected éf one fréquency aﬁd the opti-
cal system was designed.to_observé'dné k component of the resulting
r&aéma ésciilations;"Hence if the transmitfer produced a distur-
baﬂce atvthe'Observea 5; the signal spectrﬁm would éhow a peak at
vfheﬁinjected freéuenéy} |
Such a result is seen in Fig. Iv-18. Each of the signal
specfraIShowh there coVers a fahge 39.5-&1‘MHZ, which includes the -
g tfénsmittér frequenéy thO'MHz). The phototube difference signal
(i.e.,'the'inteﬁded output of the system) is showh in the upper
trace, which does in'faét exhibit a'peak:at the imposed frequency.
o This peak disappearedehen the light path waé blocked’and it dis-
;.appéared when the transmitting probe was rotated out_of the plésma.
A spéctrum Qf the_outputjof a siﬁgle one'of the phototubes
“.'is sh¢wﬁ:by‘the second trace in Fig. IV-18. There the-aﬁplitude
of.the péak:ié feduced by half. This is as expeéted, since a wave.
‘at therobsérved k in tﬁe plasma will cause the light to oscillate
betwéen the phototubes (i.e., between the ”interferénce patfernsa
observed by the phototubes). In the_intensityfdifférence'sighal,v

these two oscillations,’whiéh are out of phase, will add. - So in
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Fig. IV-'-_17.‘ 'Principal elements of the apparatus.
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Fig. IV-18.
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Fié; IV-iS.. SigqéifsPéétra (apﬁrokimate;j 59.5_MHZ Witﬁ_lower
r': :ffequenciés:ét right). | o
 Top tracef_ The ;ntehsity differenéelsignal.
~ Second trace: The output ofrone photomultiplier,tube.‘
'Thi?d tréce:‘ The intensity'difference éignal with the
light path blocked.
'BO£tom trace; The oﬁtput of onevphotoﬁultiplier tube with
' the 1light path blocked. |
.Each'trace is three :spectra superimposéd (ekcept the'bottom’
: traée, which is two spectra). This is a photograph of fhe

X-Y recorder graph.
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>thefspeetrum:of the ouﬁput of each phototube alone,.one ought to
see exactly half the total signal amplitude.f
Of‘equal inferest is the change in the‘nOise level all across

the’speéfrum.' The second trace is.clearlj noisier than the~first.
Nothing in the apparatus was changed between»these to measurements
(aefﬁally six measurements, as each spectrum is three traces).
The.differential amplifier was simply switched from (2-1) to 2.
.The:incfeased noise is due to random variations-in the plasma
luminesify. When the two phototube signals are differenced, the
fluctuations in the total light level are cancelled out. When
.ehiy one of the tubes is'used, the noise in the output is much
greatef}' This is a useful thing to note in setting up the appar-
. atus, eeéause the cancellation of the noiseIShows that the system
is cbrfectl& balanced at the frequencies of interest.

| - To be sure‘thet the incre%sea noise was not an electronic
effecf,?the same spectra were again recorded, with the light path
blocked (transmitter still on). The result is shown in the third
and ﬁottdm sets of trehces in Fig. IV—18; There the noise in the
output'of one phototube.is less than that in the intensity dif-
ference signel, Jjust as one would expect.  In£erestingly enough,
thevnbise in tﬁe-third set of tfaces (the difference signal with
, the:iight patﬂ bloeked) is not much less thaﬁ that in the fop set
‘of traces. Evidently most of the noise in the system came from
the electronics, and hence it could have been‘eliminated by refine-
ments in the apparatus.

.On close inspection of the first two sets df traces, one sees
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two émal1 peaks, one on either side of the main peak, which in-

- créaéed whén ﬁhe_system was switched from (2-1) to 2. Unlike the
randbm_noise,.these_feétures show a systemati; éhange- This al-
moSt’éértainly is due to modulation of the totélrplaSma luminosit&
by fhé transmitter. In Langmuir probe obser&ations ofbpulse pro-
pagatioh:in this piasma (see Appendix D) a fast signal was always
éeeﬁ; This was atfributed'ﬁo a potential flﬁétuation. That alone
should noﬁ change the light emission, but there certainly are

ofhef mééhanisms, such as a change in the eléétroﬁ temperature,
whicﬁ would cause the faét signal to make at'leaét a slight change.
in fhe piasmabluminésity."Since this would be seen with the séme
"phase by both phbtotubes, the effect would be seen by each one
alohé; but would be'balénced out in'the intensity différence sig-
'nal;“' |

,Tﬁe'presence of what appear to be the same‘two small peaks

. dn {ché' first set of traces may be due to a slight imbalance between
the'phbtotubes. A second poééibilit& is théf thebplasma oscilla-
_tion at the observed k merely had similar componénts in its spectrum--
i;e;; that the second set of traces is the suﬁ‘of two components,
one_équal to half the upper traces and the othe£vcaused by modula-
tion of the total luminosity.

Thgfé,is, hqwevér,'a third poésibility which should also be
:méntioﬁed.i It there were a stationary or a slowly varying prlasma
;distufbance at the observed k, then the total light from the plasma
'woﬁld.be divided unequally between the two phototubes. This by

itself is just like any other fluctuation which the spectroscopic
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syste@.might observe. In this case the effeptfweuld appear at the
vlewefrequency end of the signal spectrum. Howeyer, if the total
plasma'luminoeity_is_modulated at a higher ffeqﬁency, then the
phototube which sees more light will see the,modulatibh'with a
lafger amplitude, and hence the.modulationbwill appear in the in-
teneity difference signal. |

. Inﬂother words, a high-frequency modglation of ﬁhe total
plesma‘iuminosity would "illuminate" lew-fregﬁehcj density varia- .
tions end these would then appear to have the higher frequency;
Now,.as'far as the optical analysis is concerned, there is»nothing
to explain here. The high-frequency intensity modulation and the-
low-frequency density inhbmogeneity combine £o‘ﬁroduce a fluctua-.
tion of the light source density at the observed wavelength and
frequene&. Then ns(g;w) actually exists inrﬁhe plasma, and so,
of cbufee, the multipleebeam system sees it. ,Bﬁtein interpreting
‘such results it is importanﬁ to realize that not every observed
fluctuation corresponde to a wave in the plasma (except, perhaps,
in a,vefy.broed sense of the term). Some features in the signal
'epectrum>ceuld be due to fast disturbances iliﬂminating slower
ones. |

| Iﬁ our data, the IQCation Qf the two smali:ﬁeaks aﬁ,theesidee

of the main peak is not necessarily an indication of a difference

in frequency. These data were taken with & lock-in amplifier which.}

selected one phase component of the output of the spectrum analyzefg

Since the phase and the amplitude of the (50 kHz)vanalyzer output

A would.both change'as the analyzer swept in ffequency, the exact

Ll
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shaﬁés of features inchéée spectra did vary_soméwhat with the
phase setting'of ﬁhe first lock-in amplifief."All the curves
showﬁ?here were taken at a single phase seﬁtiﬁg.’

bIt is also of interest to note the amplituae of thésé oscil-
laﬁidns. When the gaihs of all the elements in the syétem are
f'considered, the amplitude of the largest signals observed (at.
29.5~MHZ) is found to correspond to about,aiioflo A oscillation
in photocurfeﬁt. The mean phototube ouﬁput'(méaéured directly)
vas lOf7 A. Hence the étfongest'sigﬁéls were due to a 0.1% oscil-
>~latiQnmof the observed light intensities. Invtﬁe pulse propaga-
fién studies (seejAppendix D) in which the transmitter voltage was
roughly the sdme as that used here, thé peak of the pulse identi-
..fied'aé an ion wave also repfesénted a Q.l% change in the probe
Qurfent. ‘Now the width of that pulse was about five times the
wiathfof the transmitted pulse, so this amplitudé represented
aboﬁt oﬁe-fifth of.the-whole disturbance; Judgihg by the inter-
ference patterns photographed in the fest brogram (see Fig. TV-14)
the specfroscopicfsystem would observe a region about 40 fluctuation
ﬁaveiengths wide. Thus the.resolution in vaés é few percent.
Hence if thé'spfead ih transmit£ed wavelengthé were about lQ%,
thevspectral amplitude would also represent one—fifth éf the dis-
turbance. In a swéep throﬁgh different frequénCies (see Fig.
IV-19) the makiﬁum seen around 29.5 MHz did extend over roughly a
- 10% rﬁnge of frequencies. |

: Sb the amplitude of the pulses seen with pfobes was foughly

equal.to the amplitude of oscillations observéd spectroscopically.
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Iﬁ fﬁct, this agreement must bé at least_infp&rt fortﬁitous, if
only 'bécéusé; the dependence of the light intensity upon the plasma
;aensity is not kﬁbwn. An attempt was made to measure‘this_depend—
ence by changing‘fhe‘transmitter amplitude. It turpéd'ogtvthaf at
largébamplitudés.(larger than where the dafa sthn here were
taken)'the sbectroscopic signal actuaily-decreaseg as the trans-
mitter amplitude increased. At lower gmplitudes% the signal in-
creaséd'with the‘oscillation voltage, but thefincfeaSe was mﬁch
moré'raﬁid than lineaf. ‘So the amplitudé calibration has not been
réiated fo thé plasmé dénsity'disturbance. - 8till, it iS'ﬁOrth
vnoting;that the observed b.l%vmodulation of the 1ight is reason-
ablé_aﬁa is Similar to the density modulations seen with probes
in:thejpulse studies. -

,Finélly, to gain some information about the plasma response,
the ampiitude of these signals was observed 6ver é range of fre-
QUEncies. For eagh measufement the transmitter was set'atvone
frequency andvthe spectrum analyzer was swept past that frequenéy.

"A»éét of the results is shown in Figg Iv-19. There one can see
 fhat,£heAamp1itude'of the observed response_didt§ary quite sharply
with,fréquency.  of particular_intereét is'a péék invresponse at
abouf 29;5 MHz.(the seventh trace in this sét). Since the Observéd
ﬁavelength waé 0.391 mm, this frequency correéponds to a phase
v&elocity of 1.15 x lO6 cm/sec. This is roughly equal to the ion _: .
“sound-épeed, as compufedvfrom’yye measured temberature and as
obséfved in the pulse propagat%bn étudies (see Aﬁpendix ﬁ). This

suggests that these data show plasma density.diéfurbances trans-
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Fig. IV-19. For legend, see page 1L47a.
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Eig{ IvV-19. Signal spectra taken at 0.5 MHz intervals from
">26.5 through 35 MHz. These are tracingé_of the X-Y

recorder plots.
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‘mittéd_ét thé ion soun& speed.

| There are, however, several unknowns in the problém. The
electron‘temperature, and hence the sound spped were known to vary
with the distance from thé center of the plaéma column. The probe
pulse dafa were taken jﬁst,butside of the électron beémf ‘The,‘
speétroséopic measurements presumably refer tonthe same region,
if only becéuse the transmitter was located there, but the effect
of'the hotter plasma within the beam remains.ﬁnknown. Further-
more, the efficiency of the probe as a transmitter may be frequency
dependent. Some of the observed variation in signal amplitﬁde
could have been due to the transmitter, rathér than to propgation
propérties. .

Cléarly, an understanding of the dynamics of this plasma
would require much more information that is éontained in these
fev sﬁectra. One could proceed now to use this spectroscopic
system to do a complete study of the piasma--looking at different
wavelengths, different frequencies, and different.portions of the
plasma column. But this would be a project in itself. Our pur-
‘ pose hére is to show the utility of the spectrometer. ‘These data
shoﬁid serve to illustrate the kind of informétion which can be

obtained with such a diagnostic instrument.
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V. HIGH-FREQUENCY PHENOMENA

A." The Effect of a Moving Source and the Use of a

Time-Varying Optical System

. The need to observe relatively high-frequency phenomena is a

fuﬁdamental consideration of plasma diagnostics;n Characterisfic
freQuencies of many laboratbry plasmas lie iﬁ;the megahertz or
_gigahértz range. In pulsed experimeﬁts, the_éntire plasma may
ekist for only a small fractibn of a second. We have noted alj
ready thaf the need for a prbbe With a rapid résponse suggests,
in genefal, thé consideration of optical disgnostic techniques.
'sIn the multiple-beam spectrometers described in Chapter 11,
a csmpqnent of‘the'light would oscillaﬁe between two photomulti-
ﬁlier tubes in s manner chéracteristic of ohé component of the
source distribution.. Frequencies of plasma oscillations would
‘be Qbserved in the time dependence of the oﬁtppts of the photo-
tubes. Yet photQtubes, and other elements of‘phe system, have a
finite”bandwidth which ﬁduld, in practice, interfere with the

measurement of frequencies above a few hundred megahertz. This

is a serious limitation.

The . present discussion began with an analysis of a simple

“two-beam spectrometer. A two-beam spectroscopic measurement was

found to'resemblé a light-scattering experimenf in several ways.
A scattering measurement, however, is not restricted to low-fre-
Queqcy phenomena. Indeed, scattering provides a most convenient

way to measure higher frequencies, which can be seen as optical

.frequency differences in the Doppler broadened spectrum of the -
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scattered light (see Sect. I.C).v On the other hand, ‘there are.
scattering measurement techniQues (which we have not discussed)

in whlch one does observe dlrectly in a measured llght 1ntens1ty

the tlme dependence of low-frequency phenomena (See;_for example,'

Ref. 52.) Th;s 51mllar1ty suggests that the'low-frequeney restric-
'Tfiontdfithe multibeam spectrometers of Chaptef'iI is due to our
Choiee ef apparatus, end-not'a necessary feature of a spectro-
scopic measurement.

| To see how higher frequency, or higher phase veloeity phe -
nomene might be observed spectroscopically,tcensider first the
effect of a single mo&ing source. . In Fig. V-1 ie shown a small
monoehromatic light source which momes with a velocity Vgt If
the eeunce has frequency W then the light emitted in a direc-
‘tionfi must have a Doppler shifted frequency (to first order

A

in l_zsl_/C)

W .
w, = v A . (v.1)
1 - C— . kA
. ' : N A
Light which is emitted into different directions kA and kB will

differ in frequency by an amount

(k- k ) = l-gA. (v.2)




s

Beam A— -

- /,/ \\\
| Source velocity Vs

- XBL L733-2515

V-1. Two-beam observation of a moving source.
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Here EA

(II’.18)]. |

So, at least for nonrelativistic motion, the difference in

is the familiar difference wave vector %c.f. Eq. (I.9) or

freQuency which would be seen in a two-beam observation of a mov-
ing-soprce depends upon the séme EA which dé;cribes the flﬁctua-
tions'in source density observed in the low-frequency iimit. The
samevsource wavelength characterizes both the mutual coherence and
the.frééuency difference observed with a twqueam spectrometer.
This suggests that it should be possible to exfénd the low-fre-
quehéy technique and observe rapid‘motions.of a light séurcé dis-
tribﬁtion by comparing light emitted in differéhf directions at
different optical frequencies.

Ih‘fact, the low-frequency system discussed in Sect. II.A.
already involves exactly this. In the simple“two-beam arrangement,
fhe observed beams A and B were combined and_their superpositioﬁ
was séparated into two complementary interférencé patterns—-béams

EAY

the light source density would produce a corresponding oscillation

1 and 2. It was shown that an oscillation of‘the k component of

of the light intensity between beams 1 and 2. .This oScillation'of_
"~ _the light is due to a steady variation in thé’reiative phase--
more precisely,-in the phase of the ﬁutual coherence—-between
beams A and B; Yet a steadily increasing phase difference is

j exactiy the same thing as a difference in freQuency. The low-
frequencyvsysfem simply measures a small frequency difference by
ébserving the time dependence of the EEEEE which result when the

two waves are combined.
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- One can eertainly mea sure differences‘in:freQuencyvbetween_
the two beams, but to extend the concept ofea’multiple-beam'spec—
:trometer, the phase must also be observed.ﬂ.Tne optical.systems
.deséribed in bhapter I were designed to measure the mutual co-
herence'of light of equel, or at 1east'neariy'equal fre@uency. An
obvious ﬁay to extend the method is to add to thevsystem.a moving
mirrer or other time-varying element which would Doppler shift the
.frequency of one of the beams. The remainder‘efithe system could
then be left unchanged. |

Such a mod1f1ed two- beam arrangement is shown 1n>F1g v-2 .
The»spectral filter again accepts the same‘lgl components of each
>vbeam, but since beam B is first shifted in frequency, the light
aceepmed through the two beams is emitted at:different frequencies
. from the pla.sma | | |
The analysis of Sect. II.A.3 is easily amended to describe

this new arrangement. The llght accepted through beam A, is, as

before
(observed) Dot ik, T |x l
g (r,t) - = Be aesgf dlEAle' f(lk lc) : (+)(k ,t)
o 0 ‘ 2ric
= Re & szj dlgAle . f(lgAIC)--
- o o

.'_’:_'_f r.§<+>(k b2

2ric

Because of the moving mirror, beam B is; in effect, observed from

a moving frame of reference
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XBL733-2514

Fig.'VfQ. The use of a moving mirror in a tWofbeam syétem:
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(observed) ' ('OO '1k er '
¢ (r,t) = Re 8°q | dlk le_ £( |k lc)- -
. , o
lkB' d r' g(+)(ILB tr ) ~(V.3a)
where
' k r
g [ :
(+)(k t;r ) =/d T, e (+)(r + Xot:tif )
'lk op +1k
[3p e e ( )(p,t sr')
+i v .t
_ o “%%trw (V.3b)
So, . the effect of the moving mirror is to 1ntroduce in the ob-
—1kB-v t

served fleld amplltude an additional factor of e
As before, the two waves are combined to broduce two inter-

ferehce,petterns'

. i ' {observed) (obeervedSWtQ

: and.the difference betveeh these intensities provides the output

of the System,
¥(t) = T <t> - (%)

Assuming that f(lk |e) = f(,kBlc), descrlblng the intensity
in terms of an analytic 31gnal and assuming agaln that the light

from each point r' is coherent, but that'light-from different
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. points is incoherent, leads, as before, to the expression

o © ,
¥ = | O f all 1£(|xle)[® re Ty, (0s]kl,2)
' / common. source ~ O -
volume
whete now
[k|62§z 2 T IE 7 — %
r‘ (O,lk, r') = ' ;‘e —h A E,j(;-)(l_{ :tif.’)} .
. J

ik_ev.t -1
e B0 §é+)(5ﬁ?t;£')J . (v.u)

Expressing g( +) in terms of s(r t), the source gives
A,B
- flk,SQQ 2 -1k Ty +1kB T +1_1§A r 'iEB'E'
B, (0s]x,) = (——| e TR 5
PRI e
e T
fdpl A1) (f’t - Icl,)
: fd3p 1 e’“i}—ijs’zot e"ll-LB'pé s(+)(r' £ - 1£2]
. ) HEJ
J 2 £ B - c

Using again the result of Appendix B.2, we.have,

-1 . -p! r...
ik, (EA r') lkB (r r ) B

(o lklr') e ) (5 2

Q)

* » ik v t '  ' 3 :
e e T D) - )

_il—% .Xot

'If.the velocity Yo is not too large, the fagtor e will
be nearly constant over the interval of the time average. In

such cases, the above result becomes,




"f"BA(lel_cl,E';t) =e e ° e A(’Elcir',t)(sgﬁ)e

where ¢, ko and ‘4([k|c ;r',t) are defined as in Chapter IT.A.3.

'If the llght is so nearly monochromatlc that ¢ and kA may be

treated as constants, as was done before the output of the sys-

tem is

common .
source (v.6a)

_ ) o i +ik_cv.t |
¥(t) =fd!}=_l 2(]xe)|? e [e e 270 &(lxle; gat)] (5°)°

So the spatial resolution is unchanged. The system still ob-v

serves the ky

the introduction of a moving mirror has changed the time depend-

component of the distribution of common sources, but

ence of the output. Teking a frequency spectrum'of the signal,
Lo iwt
Y(w) =j at 1%y (t).
2 i , 2 42 .
=f_dl_lsllf< |kl Ree ? (xlesipo + Ky xp)| (%)% (v.6p)

So the time dependence of therobservation has.been "heterodyned"
. in.frequency. The w frequency component of the output corre-
sponds to'the w + EB'XO frequency component of the EA wave vector
component of the source distribution. The addition of a moving
mirror has shifted the obseryed frequency range from near de to
pan equal band around kB Yo thus permlttlng observatlon of higher
frequency phenomena

iEB.XOt

It should.be remembered, however, that the factor e

was treated as constant in the time average wh1ch defined the

llght 1nten51ty Such an assumption is, in fact, required for
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"'consiStency, because it was assumed that.tﬁe,light from each point
! waévcoherent, that the spectrum was so ﬁgffbw that the differ-
ence%lin.optical path were the same for all accepted wavelengths.
Thé fequifement of a nérrow spectrum is,.in itself, a low-fre-
queﬁéy restriction. The above result is still éignificént, since
the time dependencé3of even a narrow spectral féature may be too
rapid td be eésily observéd, but to observefgtill higher fre-
quencies;‘one must accept a larger portioh of the spectrum ahd

, the.réQuirement of coherence must be modified. -

B. Correlations Between Light of ﬁifferent Frequenéies

Before continuing with the general analysis, it seems appro-
priate‘to say a little more about the ways in which these higher
_frequehcy correlations could be measured. The ﬁse of a moving
ﬁirfdr, or some similar device,—53 is only one of séveral possi-
biliﬁieé, and a few other options might be'menfioned.

" one way in which the observation coﬁld Bé heterodyned in
frequencj is by eﬁploying a fast shutter. If aﬁ electro-optic
element or some other rapid ga.teslL were placed before the syétem
and- switched atAa frequericy Q, the entire obsefvation Qouid then
bé shifted in frequeﬁcy by that amount. This can be seen quite
_éimply. "Just imagine that the plasma wave obsefved had frequency
Q; vThén the light would oscillate at this frequency between beams

 1 and 2. \If the spectrométer were gated, so that the window was
opeﬁ ohly when fhe light was polarized as 1, the signal would
appéar at zero frequency.

Another way in which high-frequency effects could be observed
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is éﬁégééted By'a more careful examination of thé sysfem shown

in Fig,”v-e. There a moving mirrof is usedlfo éhift the freéuency
of_thevlight’in beam B, thg light’invbeaﬁs.A aﬁd_B-is then prb-
ceSéed by fhe séme.spectrometer, and £he mﬁtuai coherence of -the
two is measured by combining A and B and measuring theﬁinténsities
of fhe;intermediafe polarizations--"intefférehcé_patterns 1 and 2".
Now'the obserVation of interference is hot the only way in which
this*@ﬁtual coherence could be measured. Thé_mégnitude of FBA
COuld%aléo be obtained frdﬁ”an intensity corfélatidn measurement .
(see Sect. ITI.A.) 1In that case one would not combine beams A
and B at all, but wouldbobserve the.twé with éeparéte phototubes
and ‘then récord the correlation of the two inténsities. This is
something whichxcouldvbe done with light of different frequencies.
Thé.ﬁoﬁing mirror_in Fig. V-2 does not affect the intensity of B,
1t Qﬁly»shifts the frequency. One could separate the same light
without the mirror if the.spectrometef were reédjusted‘to the
“original, uhshifted ffequency of B. Since A»is unaffeéted, one
wouid then réquire two srectrometers or specfrél filters set to
diffefent frequencies, as shown in Fig. V-3. If an intensity
cbfreiétion ﬁeasurement were praétical, 6ne cduld jusf seiect one
,frequeﬁéy component of beam A and another ffequency'component of
:beam B and.then observe a correlation of the two intensitieé. |
Howevéf; care should be taken to determinevthe usable aperture,
'Which might be severely»limitéd by requirementsvof éoherence, and
a more detailed‘analysis of the significapce Of,én intensity cor-

relation measurement--which is really beyond the domain of the
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Phototube A |
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~ PFig. V-3. The use of intensity correlations to observe highé

ffequency phenomena .
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preseﬁt study-—should also be done before atféﬁpting this type of
‘experiment. | |
'Iﬁ'whatever way fhe experiment is done,: the object is to
mreasufe the coherence between two beamsbof light of different
’ frequencies; This concept itself is not new. Aé has been noted

25 there is nothing inconéistent about the

by Sevefal authors,
idea of'coherencé between light waves of différeﬁt frequencies.
One cén_always imagine Doppler shifting the frequency and then
comparing phases, and any of the other teéhniques Just mentioned
would also serve to introduce the same idea.

Ina formal analysis, it is only neCessary to include & time

dependence in the correlation function. Thus where we had before

(.....

21e

o i l82012 an '
ry (% 1K) = ey, [e‘ A, )] { BB (],

we should consider now

' ‘ x 182 2
PBA(T"E‘AI),]_&BD = ,—A’B QA\ IKBIS QB;

- 27e / 2re /
, 0% k
. [e | (+)(_A’ )J elﬂbt{l B (+)(k_B,'t+T JE
| | (V.Ta)
where the frequencyvdifference,
= |kgle - Ix,fe. | | (V.70)

To simplify the following equations, it;is'aSSumed here that
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the light aeeepted through each beam:is»quési-monochromatic. Then
oniy.one value.of;IEAl and one value of lgﬁl need by.considefed.

_ The two frequencies,vhowever, are not equal,'andihence the total
specﬁrum is not narfow. Indeed, this is required for the observa-
tion of_high-frequency phenomena, since the frequencies of the

- phenomena observed eannot e#ceed the bandwidth of the light.

-.In ell of our ﬁreceding calculations, lighf from different
ﬁoints r' within the plasma was considered ihedherent, while 1light
from the same source.point was assumed to be cempletely coherent . -
and, in effect, was treated as monochromatic. That assumption
cieefly'is not Valid in this high-frequency analysis, since light
from each point is far from monochromatic, and hence‘our former,
,_simple picture of the source is not appropriate;, The easiest-way
to generaliie the picture is to represent the'plasma as a set of
.moving sources. FEach source may still be cehsidered monochromatic
' in'its-ewn frame of reference, but since the soufce is moving,
the emitted;light will be Dopﬁler shifted to produee a broadened
| -spectfum; One could do this by feplecing the source density (in
z;epace) by a distribuﬁien function (dependent also on velocity),

but fof dmplicity we shall consider only a discrete set of sdurces:

s(xr,t) = ;;1 cos wjt + ¢j(t)[8 r - Ej(t)J. (v.8)
Here the phases ¢j(t) are independent, so the different sources

are all incoherent. Hence the mutual coherence PBA may be written

as a sum of contributions from the separate sources. Making this

assumption, and then evaluating Iy, gives
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‘:_Sinée each source is nearly monochromatic, the phases ¢j are
all‘sldwly.varying.qﬁantities. More precisely, they vary only at
frequencies less than the optical bandwidth. But this implies
»that these phases may be taken constant in the Tl and 72 integrals
whiéh &efine the spectra,'since these integrals are really taken
only over the:preceding inverse bandwidth interval. Hence it is

 admissable to replace ¢j(rl) and ¢j(72) by ¢j(£).
It also greatly_simplifies the result to assume that all the

sources move without acceleration and set

r.(t = r..  + v,t;
v-Under these assumptions the above result reduces to

. : ' -ik, er, +ik_°r_ - -i(k_-k, )T,
2 2 EE MERtIp ek x
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Except for normalization, this expression.just‘denotes the

EA = EB - EA component of the distribution ef those sources which

have frequency and velocity such that

g

+
&
$

I

kv = Ikgle
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‘Putting these relations in a more convenient form, we have the two

conditions

kle- [kle=m (V.10a)

w, + i'(k +k )ev, = 1 (|k lc + |kzlc) (V'10b)
Jo 2 A T =B -y T2 M= =B/ e

The first condition, Eq. (v.10a), jusﬁvreStates our earlier
resqit)>Eq; (v.2), which was obtained from a much more elementary
ergﬁmeht; The point is the same: The frequehcy difference between
1ightvemittéd in the ﬁA and4££ directions de?ends upon that com-
ponenf»of the eource velocity which is perallel_fo EA'i Hence, by
cor?elating,lightlof different frequencies emitted in these two
',directions, one selects one value of this source veloeity com-
ponent. Only sources with such motion can contribute to the
Tsiéna;.ﬂ o | |
| V_Thé_second condition, Eq. (V.lQb), justegives.the usual effect
of Doppler broadening, as‘is seen in conventional spectroscopy.
Here it is the (52/:\53) velocity component which changes the
aﬁperent frequency of the source.

‘What this calculation shows is that the effect of Doppler
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broadeﬁing could bé deduéed from correlation measurements--even
With aAspectrum further broadened bj another ﬁechanism. We'assumed'
that each source was monochromatic in its frame of reference, but
diq not'assﬁme that all the frequencies wj Qere-equal. These fre-
quénciés-could'differ and this difference wqﬁld ﬁroduce a broadened
SPectrum. 'if such broadening concealed the Dbppler shift, the
soufce:velocities could nét be measured'by coﬁventional spectfos-
copy; |
-This is something which does happeh in a plasma. In any

plasma there are electric fields, fluctuating fields which through
the mechanism of the Stark éffect can broaden spéctral lines.
(we ﬁean here the quasi-statie, ér Holtsmark type of Stark broaden-
ing, not cqllisiqnal broadening which spreadé the spectrum of the
light emitted from eacﬁ'atbm.)r This brdadéning can exceed the
Doppler bfoadening apd éonceal the Doppler line shape in the spec-
trum. Then the Doppler broadening cannot be'seén--at least not
without some kind of unfolding. o

In such éasés, nevertheless, a detailed reéord of the source

‘ velocities is still present in the radiation. As the preceding

caiculation Showé, such information could be found from observa-
tibn of the phase relationsf;ofﬂthe correlations—~betwéen differ-
ent'frequency components of light emitted in:diréctions QA and ﬁé.
IWhen'aifferences in fréqUency ére ailOWed, a two-beam spectro-
scopié:dbservation could prévide the distributién, notvjust in

‘space, or k, but also in velocity, of the sources of each feature

in the spectrum.
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This result, of éourse, suggests some.iﬁteresting experi-
mehts;> Moreover, the analyéis whicﬁ we héve done is only a
_beginning, for ﬁhe effect of other optical afrangements and of
-cher_correlation measurements remains to bé determined. We
shall‘not pursue these .questions further here;‘that would be a
séparafe project. The foregoing discussion illustrates-that an
_extension of the method to high fregquencies ié pdssible; An
ekplérétion of this possibility could be the‘subject of a later
study. |

A
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VI. CONCLUSIONS AND SUGGESTIONS

A;‘ A Summary of Results

fhis projeet began with the realizetion?that spatially‘local-
ized ihformationvabout pafticle cdrrelations-;information ef the
tyﬁe ﬁrevided by a scattering expefimentefisein-fact present in
the'light emitted by a plasma. The initiel-objectives were to
prove this fact and then to demonstrate that.such information could
be obtained with a practical, convehient diagﬁostic instrument.
Thevfacts about phase measurements could»pfobably have been shown
with a simple two-beam system, but since the two-beam arrangement
is so.inefficient, the development of-a more efficient design was
crueial to the question of practicality. |

The multiple-beam system which was ultimatelybconstructed
.invoived'two design principles: the use of polarization inter-
ference .and the'use of'many independently-collimated pairs of beams.
Our particular system could, of course, be impreved, but these two

techniques should be worth considering in the design of any such

~device.

The particular system described here can be claimed to have

- served its intended purpose: The thical tests verified the theory

of the designvand_the plasma observations showed that such a system
can ‘be used for plasma diagnostics;

Regafding the,eiperimental work, three comments seem worth
makiné in conclusion. Firstly, asiwe have elready noted, the
optical system which was used was made from components of gquite

ordihazy quality. The lenses were all single elements; the pafterns
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1

..Shownlin'sect. IV.A:Were made using sheersiofdbiasfic poiariiing »
.haferial. Furthermore, thedplasma-was observed through a luciﬁe
'vacuum w1ndow whlch was certainly not of hlgh optlcal quallty

It was orlglnally thought that th1s window would have to be re-

placed but before doing so the lucite was placed in the optlcal ' ‘;;
traln of a test system like those descrlbed in Sect IV A. A pat-

tern llke that shown in the lower fram of Flg. IV 14 was produced,

and the]presence of the lucite seemed to have no effect whatsoever.

Thedreasoh is that the lateral displacement between interfering
‘beams wes so small that the lucite (and the other elements) did
not have to be very flat for the optical paths to be equal. After
thisrdiSCovery,fhe lucite window was put backvin‘place and all the
plasma observations Were made right through it.

- The second point is that the total solid‘angle subtended in

our ‘i:;l_z‘a.sxvna observations was exfremely small. -‘ The 'apterture was

0. 64 om-square at 61 cm from the plasma. This‘aﬁounts to 1.1 x 1o’u
sterredians, or less than one—thousandth of one percent of the

whole solid aogle. Thus, although our system was more-efficient

than a.fwo-beam setup, it was still extremely Weak in terms ofv
~the total light available. The design which‘werused could be

exteoded to a system with a much larger aperfureif With more ex- .
' pense, but with the same approach, one could obtain orders of

magnitude more light. (Also, the plasma used here was not par-
; e ; : i
ticularly luminous. An arc discharge, for example, would befhuch
‘brighter than the beam-plasma system on whichfthese measurements

were made. )
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‘Finally, it should be remembered that a multiple-beam system

of'the design used here requires thaf all the light transmitted

by the:collimatqi be accepted by the monochormator. This means
that the entrancg.slit cénﬁot te too smali, éné henée that the
speétral resolution is restricted. (In principlé, of course, the
resolution could be improved by using a more dispersive grating.)
In oﬁr caée this was ﬁot importaﬁt, sinée thé ébseIVed spectral
line.was stronger.than any nearby feature, but in planning such
a system, one should make sure that.the inteﬁdéd phase and fre-
qpeﬁcy:measufements are compafible, and that the coherence length
of the accepted light will exceed any differencé between the
lengths-of the paths.of the A and B components of the light.

In the course of studying these systems, it has become in-

‘creasinély apparent that this problem involves much more than Jjust

the‘spectroscopic analogue of a light scattering experiment. The
spectroscopic problem is much broader to begin with, because the
variety of S§ufces is much greater. Scattering is due mainly to
the plasma electrons, but the emission spectrum includes light

from ﬁény differentkgroups of plasma particies;‘ But béyond this

difference, the spectroscopic problem is more diverse because the

' number of possible optical systems is much gfeéter. In principle,

oné,could construct multiplé—beam spectfométérs which would observe
many_diffefent componehts of a'light sourcé distribution. The
selection of one k éomponent of the sources within a local region
is oniy.one aﬁong many possibilities. | |

'To be better able to discuss the problem in some generality,
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two different mathématical descripﬁions'of.fhié type df optical
sySfem ha&é'been'presenﬁed. Reviewing briefiy, fhe first_épproachv
'wéé:based upon épatial Fourier transforms. kIh a_preliminary énaly—
sis of séatteriﬁg (in Sec.bl.C)‘it was shownfﬁhat the light of one
aneiength emitted in a given direction could ée'expressed in terms
of fpe.pésitive freqﬁency portion of one k component of the radia-
fion'ffom withiﬁ the observed region. This descriptidn_was then -
used (iﬁ,Sect. Ii.A.B)‘to analyze a two-beam spectroscopic system. .
Assuming tﬁat the light from each point was_coherent but that
light frqm different points was incoherent,vit wéé shown how the
mea.sured correlation_between light in the tﬁsvbeams'could be

written as an integral over source points and wave numbers [Eq.

(II.lB)]

o

W = e[ e o) s ro, (05 [E[,).
- { common _ 0 . T
- source volume)
The mutual coherence, PBA(O5|5”£') was then expressed in terms of
the source distribution:
if -ik 1’

W AT 2 2
T (O5[kLz") ¢ S e e T (5 ) A(lk[esx)

HEre,é(lk|c;r') is the spectrum of the light emitted by sources
: T T-ik, 7’ ' L R '
"= is a complex phase factor which appears be-

. near 3' and e
‘cause the lengths of. the optical paths depiend' upon - the source
position. Because of this factor, the integrél‘over r' is just

a Fouriér_transform of/é(lglc;z'). Thus the measured signal, Y(t),

is found to be due to one Fourier component Qf'the source distri-
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butidn;
'This analysis was later extended to high-frequency effects
»  (in Chapter V) and to higher order correlations (in Sect. IT.C).
eThe second description presentedr(in Séct. IT.B.2) was not
limited to narrow pencils of.fays. Instead,'it:was assumed that
'the.accepfed_light (iniﬁialLy polarized) could be divided into two
erthdgohally polarized‘components which would be treeted separ-
ately by the optical.system. The system was'essﬁmed to be linear,

r

| BEq.

so that each effect could be described by a transfer function

11.2;)]'_

(I‘",(L),I‘ ) = (EHJE':CD)S(E'(D)‘

gA B ¢A,B

Hefe-z‘ denotes ﬁeints within the source voiume end r'" denotes
poihts‘across the entrance to a monochromator. Y(t), the output
from the system was then shown to be given by an. 1ntegral over r"
of the coherence between the waves QA and gB Assumlng the light
from different points to be completely incoherent, we obtained

the result, |Eq. (_11.24)]

Y(t) =]d3r"/dwlf(w)IQT(z_',w)Zf(wsg't)

where ' ' :
T(r ,(D) Re g[ ‘dgr” ¢A (3”’22 'CD)¢B(£",£';(D)"
' (spectromter _
entrance)

Thus the function T(r ,w) describes the effect of the correlation

measurement. Since many transfer functions ¢ '(r",r ,) can
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obviouSly be produced, a great variety of fdnctlons T(E';w) could
be generated | .

Several spectroscoplc systems were analyzed (1n Sect II.B.3)
by thls technlque and the conclusions were later confirmed by opti-
cal tests done in the course of phe laboratory work (described in
Sect. IVOA). |

Flnally, the effect of photon noise in a nodel system was
analyzed in Chapter III. There it was concluded that if the ob-
served component of the source density oscillated at a'frequency
w',.and if a spectrum analyzer were used to eelect a band around

0

wb, the effect_should be measurable if [ineQuality(III.B)],

HeneﬁP and Q are the signal and background photecount rates, T

is the analyzer inverse bandwidth, and T is phe time of observa-
tion. . In_our plasma observations, phase-seneitive detection was.
ueedftdvfeduce the noise, so fhevabdve result does not apply di-
rectly po phe data, but it does imply that the signal ceuld not
have been observed without the lock-in amplifief. When measure-
ments of plasma luminosity (see Appendix D) are scaled to our
enperimental conditions, the.total phoﬁon eeunting.ratepdeduced
isvaQghly 106/$ec. The signal level was oneftenth of one pereent

of background (see Sect. IV.b) so Q = 106 and P = 10°.

-5

The in-
verse bandwidth 7 was roughly 10 sec and the observation time
was.about 10 sec. Since these numbers do not satisfy the above

critenion, it appears that the effective aperture of the system




would-have to be increased before an unmodulétéd signél of this
1evel could be observed.

E The theoretical analysis developed here is clearly more than
was'needéd to explain our measurements, buf tﬁe_generalrformalism
should be usefui if this work is to be carfied-any'further."If
the project weré to be continued, it would nét'be nécessary to go
on ?ith all of the topics which we have mentioned. By discussing
a number of related problems, it was hoped to provide here an over-
view of some of the broader'implications of'these‘correlation
meésurements. But now it should be possible to concentrate on
one‘of a few aspects of the problem without iosiﬁg sight of the’
whole-?icture. "Such a greater specializatioh should permit reason-
-8bly rapid progress from this point. |

B. Extensions of This Work

_ There-is no shortage of directions in~which this work could
be éonfinued. One obvious next step is to noﬁ use such a system
for‘deﬁailed observations of a plasma. Only a few simple features
of_thé piasﬁa used in this work were conéidered.b We have concen-

.trétéd'on the optics of the spectroséopic system. The othér half
(or jé;ﬁaps the other ninety ﬁercent) of the problem is to see
vvhat can.be learned with such a system when_it:is uéedbto.observe
.é plaéma. The‘availability of this new too; shoﬁld permit a
.variety of interesting experiments.

v'Thé multiple-beam spectroscopic system déscribed here could
be impfoved in several ways. One could use a system with a largef

aperture, or with better spectral resolution, br_with better
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eleéfronics to reduce the noise.

As ﬁoted in fhe preceding section, the photon hoise-analysis
pfesénted in Chapter III has hot been tested.: in'any further
study of these speétrometers, the level of inSe, iﬁcluding pho-

' ton noise, should certainly be exémined in more detail.
'  Thé,range of possible multiple-béaﬁ systems-}i.e., of poésible
'transmission‘functions T(r',w) has oniy begun fo be explored. One
cquld cbnstruét and test a much greater variety 6f systeﬁs, and
-thgvAnalysié presented here could also be cqhtinﬁed. Qur calcu-

: latibns:(in Sect. II.B.3) were limited by seVéral simplifying
asSuﬁpfiéns, including a restriction to points-near-the focal

pl#ﬁe oflfhe system. The calculatioh of‘the functioﬁs ¢ }-¢B,,
and T for systems of this type could be done more completely. with-
6ut such rgstrictions as were used here. Thié‘is~a problem which |
seémé weli suited for the use of some numefical analysis, which

we havevp¢t enployed at all.

_Also, in.the general analyéis, it would be valuable to know
what tjfé of systems are possible in principle. Given any desired
T(zr',), could one design & system which would produce it, or are
thérefbaSic mathematical restrictions on the traﬁsfer functions
¢A’ﬁaand the transmission function T which cah bé.gene?ated?b

.One property of the light‘soprces which we have not discussed

at all"is:angular coherence. All of the analyses done here assumed

an isbtropic source. This is acceptable when the range of angles
actually used is small, but if the observations were extended over

lérger‘angles, the effect of the source radiation pattern would




have to be included. This would give an added complication in the

_ theory, but it would also provide a way in which radiation patterns

could be measured. A measurement of single-source radiation pat-

_terns‘would be of interest, for example, in‘ohserving brems~ .

strahlung or cyclotron:radiation where the patterns depend upon

particle energies.

" Ariother property which could also be observed is the lateral

coherence of the source. We have assumed throughout that any dif-

ference between the lengths of the 1nterfer1ng beams was less than
the coherence length of the accepted light. One might, however,
want to deliberately-lntroduce a path length”difference in order

to measure the coherence length, thereby obtaining information

_about the spectrum. - This, iIn itself, is nothing new. The point

isvsimply that when one had a multiple-beam system it would be
relatively easy to add a path length difference,' This should be

partlcularly useful since a multiple-beam’ system would otherwise

be 11m1ted in spectral resolutlon (see Sect VI. A above). The

’ addltlon_of a coherence length measurement could be a convenient

‘way to avoid exactly this restriction.

Another poss1ble exten51on is suggested by the orlglns of the

multlple -beam technlque The development began with an analogv

. 7w1th scatterlng, where it was argued that one could obtain similar

"informatlon from neasurements of correlations 1n the llght emitted

by an.inCOherent source. Having used both methods, one might
wonder whether it would not be of interest to -combine the two tech-

niques; using a multiple-beam system to observe, scattered light.
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'To'understand.such_a measurement, one would HaVe to do a sepéréte
anal&éis, since the assumption of an incohefent’source is not
Valid in scattering, but a part of‘the answér can be seen already.
In éCgtte?ing, the amplitude'of the‘light'of wéVe vector Es is due
#o dne.Fourier cbmponent, ne(EA,QA), of the electron densit&.
(See;Sect. 1.C.) Such fluctuations typically ére due to plasma
waves;.‘Thus if a two-beam system were used td measure the co;
herence between two comﬁbnénts of the scattered light, the result
would be a measureuof‘the correlatidn between two waves in fhe
plasmé, a result which would in turn give infofmatibn'about highef
order correlations between particles. Cleariy,fboth the optics
andftﬁévphbtocount statistics should be analyzed with care before
attémpfing any such experiﬁeﬁt. Sﬁccess would probably fequire a
Véry stfong incident light beam, but there may well be situatibns
‘(for example, in 1a§ér-producéd plasma experiments) where correlaf-
tibns,in the scatfered iight could be observed.

In our:plasma oBéerVafions, the light used was a neutral
heiium:emissioh line. This was convenient because, in this weakly
v ioniied éas, the strongest neutral line was nafrow enough to pro-
.vice_qoherence and stfong enough to give a high intensity. In
,moré_fu;ly ionized gases, however, line radiation would be weaker

or even iacking altogether. To observe such a plasma, one would

"have to make use of the continuum. ?ﬁifh our system this_would be

: more difficult, because the spectral resolution would become eriti-
cal and because the amount of light available in any narrow band

would be limited. Thus it would be of value to see whether the

{
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optical band of the:system could be increased. ;In our system a
broad spectrum could not be used, even if all the paths through

the apparatus were made exactly equal, because the paths of the

A and B components within the plasma would still differ by more

than the coherence length of the light. What this means is that
light.ef different wavelengths would have diffefent phase changes
andvhenee would produce different interference patterns--i.e.,
thaf;the observed source density compoﬁent T(r',w) Eggig.in fact
be a:function of w. If-too broad a spectrum wefe used the effect
would wash Out.'_Tﬁis suggests an answer: If T(r',w) could be
made-independent of w,_then it would be possible to use a broad
optical band.

e_In our system the observed source density component had a

1 wavelength (Xfl/d), where A was the optical'wavelength, £ was

1
the focal length of the first lens, and d was the displacement

of one of the interfering beams. If the diSﬁlacement d were not

a constant; but were instead proportional to anelength, then the

whole expression would be wavelength independent. This would

heppen if the calcite rhomb were replaced by an'element which gave
an_offset.proﬁortional to the wavelength»of the iight. Interest-
inély enough, ourvsyetem already contained a device which gi#es a
waveiength dependent displacement—-nameiy, the grating spectrometer.

If the éntrance and exit aperturesvwere ma.de lerge enough,'one

‘polarization compdnent could be put through the spectrometer and

- then recombined with the other component to give a wavelength-

independent interference effect. Such a change would greatly
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::extendvthé utility.of muitiple-beam systeﬁs.:::‘

' The possibility of making the device broad .bar.1d' is also
intéresting conceptually. Up to this point, Wé'haﬁé considered
8 oorrelation méasurement as somethihg'aaditional to a freqﬁency'_
measufoment: Physically; our interférometric appéfatus was mounted
in séfieé with a standard spectroscopio insﬁrqment, But now it
‘appears. that the technique could be made broad bond and oould-be
used:to'éxtract useful information-ffom light whose spectrum is
flat.and uninformative. This possibility cléarly shows that what
we'arejdoaling with here is really a separate aépect of the light--
- one which ﬁay have little or nothing to do with'the frequency
spe.cfrpm. |

_C. Final Comments

" 1In Comparison with & conventional specfrometer, a mulfiple-
beam system,has the advahtage of providihg opatial resolution. The
' outpﬁt from & multiple-beam system is a local meésurement, not just
an average along a line of sight. Howe?er, a multiple-beam spec-
troscopic,system is certainly not the. only optical device which
has such an effect. An ordinary camera also pfovides depth porf,
ceptioo. By noting which objects in a photograph'are in focus
and which are out of focus one can tell somethiné about distances
aiohg the line of sight. In closing our discussion here it might
- be’ of interést to examine the relation betweon‘the depth of field
provided by a camera and the spatial reolutionAof our specﬁro-
scopic system. |

The depth of field of a camera is the range of distances over
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which objects are in focus, i.e., the distances over which a small

- source is imaged to a small spot on the film. According to physi-

cal optics, an image is simply a diffraction maximum, a sharp peak
in intensity produced by interference between the Huygens wavelets

of the light behind the lens. Thus a statement‘about the sharp-

nesevof an image is really a statement about the'amplitude and

width of a diffraction maximum.

To eeevhow thie effect could be simplified; one might try to
reduee the number of interfering waves by masking off portions of
a camera lens. If the lens were masked down to one small aperture,
the result'would be'e pinhole camera in which depth perception
would be lost. There the light coming through'the aperture would

eontein information about direction (the slope of the wavefronts),

“but information about source distance (the curvature of the wave-

fronts)-would be lost. To avoid this one might try masking off
most of the lens, but leaving several smalliapertures. Then the
light coming through each hole would have a'direction and the
different directions combined weuld imply the_distence of the
source. - . The result on the film.would nO'longer_be & clear image,
bntiwould be a set of interference fringes. lﬁest simply, one
eonld'leavetjust two epertures in the lens. Then if the source
were.eﬁa& fremithe focus,df the system the two beams of light
ﬁould strike the film.at different points, but if the source were
in the.focal plane, the two beams woula interseet on the film to
give'a set of'interference fringes, a result ﬁhieh thus would con-

stitute the most rudimentary precursor of an image. But now we
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are right_baék to'the two-beam system witﬁ which this whole ais-‘
chssioﬁ.started! | o
‘It is imbortant to realize that iﬁ_ofdéfvfé-detéct ény'pro-

pgft&.iike t@e sharpness of an image, one has to ObserQe_at least
.£ﬁ9 iightvin£ensities.' With one light intensity valué, one has
-nb?ﬁay’of'knOWing whether the source is.in foégs or nof, but two
inténsities give an additional piece bfhinforﬁation--némely whether
the& are equal or different. From that oneféan'say'something about
‘tﬁé_éharpness of an interfereﬁce patfern, a statement which is
siﬁilar in kind tovstatements aboﬁt the sharpﬁess of'imageé. In
thiS“sénée, the "multiple-beams" of impoffance_in our system

were not so much the observed beams A and B, but rather the two
measured'lightvintensities, 1 and 2.

One can think Of a scale, an ordering of,bpticél techniques
aééording to the number of intensities obsefved; At one end of
fhe séale are spectroscopic methods in which, at ieast at each
wavelength,'ohly a singie light‘ihtensity is observed. . At the
‘otﬁer end of the scale‘are photogfaphic metho@s‘in which mény
light.intensity values are recorded on the film; The .subject of
the pyesent study lies between these two exfrémés. We have shéﬁn'v
thatlbyjtaking the single step from one fo twd intensities,vone
rcan obtain new types of information. Two is a‘cdnvenient num-
ber‘of intensities to.ﬁse, because as we have seen, it ié then
only necessary to consider the single diffefénce signal Y(t).

Two is a convenient number also because such a system can be

simply constructed out of polarizing optical components.
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It might’ be obJected that the measurement could have been
made w1th beam 1 alone, by observing features in the frequency
't spectrum of the output Il(t)" But in that case;'one would still
be:taking the difference between two 1ightiintensities, namely
the intensities seen by the same phototube,at'different times.

Both types of intensity differencing are used by the human
'eye andeby other natural optical systems. Sharp spots or edges
in anvimage are immediately apparent to a person, and any motion
of_light patterns is noticed at once. On the other hand, the
overall iuminosity'canfchange by orders of magnitude and. the eye
w1ll adJust qulte completely to keep the s1gnal the same. Of
course, one can make too much of any such comparison, but the
resultsjof the evolutionary process do seem to suggest that dif-
ferences in light'intensity are much more interesting than total
llght levels.

A comparlson with a camera, and with the eye, is also useful
. because of what it shows about the concept of phase. One does not
normally think of the human eye as making measurements of mutual
coherence, but of course it does. An image“is a diffraction maxi-
mum_andvany interference or diffraction effect depends upon the ‘
conerence of the light. Thus "phase"-isva much broader category -
tnanfone might have‘thought. |
| The term comes originally from the simple mathematical

*description of a nearly sinusoidal quantity:

.a(t)-cos[wt + ¢(t)]
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Herooa is the aﬁplitude, w is the frequency,oand ¢ is the phase.
Yetvovén'here there is some ambiguity..‘One_can_chaﬁge the fre-
quehcy; add a steadily increasing‘term'to the phasé, and obtain
the sﬁﬁe function. - |

fhe'meéhing of the terms is.eﬁen less ciearncut when referred
to;anfoptical’field, which is a function ofvposition, has direc-
tions'of propagation, and may be far ffom mohocﬁromatio. The
mathematics can be generalized, of course, out it seems fair to
| vsay_that the real origin of the terminology is_in the effects of
comﬁooly_used laborafory instruments. Thus.the intensity is what
is peasuréd.with 8 .phototube or photographic film, the frequency
is what -is observed with a spéctrometer or'aospoctral filter, and
the.phase is--everything else.

Séén from this viewpoint, it 1s not surpriéing that a new,
nonsﬁandard optical technique would be basedkupOn measurements .
“of phaée reiations. But since phase is such an open ended cate-
gory, the addition of o method based on- phase should nop be taken
to‘imply that "now we are observing all three aspects of the
light." | |

It merely means we have run out of words,' 
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- APPENDICES

¥“I'A° Holography, Spectroscopy, and Scatterlng

:fln.introducing the.concept of multiple-beam spectroscopy, we
first_reviewedithe standard technidue of laser lightvscattering
and then‘proposed its_spectroscopic‘analogue, two-beam spectros-

copy" What scattering”and'our two-beam systethave in common is

‘a dependence upon phase relatlons, a dependence whlch leads to

results which are 1nexpllcable in geometrlcal optlcs terms. Now

there,exists also another class of optical techniques of which the

25 |

4 _ A L
same thing is true. These are the various methods of-holography? ?

' which[have.been extensively investigated. There is an interesting

connection'between several of the different holographic methods
andwthe'scattering and'spectroscopic systems which we have been
considering. In the folloying appendix (Which assumes some know-
ledge of‘holography)'the relation betweenkthese different methods
is examined briefly. |
Holography can be explalned in several ways.. One explanation,

whlch is partlcularly well suited for a comparison with scatterlng,

:is that presented by H. M. Smith in h1s book on holography ok Con-

sider;ng off—ax1s holograms (in which the reference wave and the
object wave intersect the photographic plate at different angles)
he descrlbes the obJect wave as a superpos1t10n of plane wave com-
ponents. When a hologram is made, each such component 1nterferes'
with the light in the reference beam (whlch cons1sts essentlally
of}only one plane wave component) to produce a‘set of straight,

evenly spaced interference-fringes on the photographic plate. When
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the resulting hologram is then reilluminated with the reference

beam, each recorded set of fringes acts as a diffraction grating

and diffracts the light into & reconstructed wave identical to that
plane wave component which produced the fringeé when the hologram
was made. So the objecﬁ wave is considered as a superposition of
plane waves, or k cbmpdnents,‘and the hologram is then seen as a
superposition of diffraction gratings, one for each k component of
the object wave.
Seen from this point of view, the similarity to scattering

is obvious. In a scattering experiment (see Sect. I.C) only a
s_i_nglé k compohent of the scattered wave is observed. The inten-
éity of this component gives the amplitude of one Fourier compon-
ent of the distribution of scatterers.

| In this respect, holography is more complete: The hologram
is a record of both the amplitude and the phaée of every k com-
ponent of thé object wave. It thus describés not one, but all of
the Foﬁrier components of the object under study. On the other
hand, a scattering experiment gives information about the time or
frequency dependence of the observed component of the scatterers.
One qan record a complete frequency spectrum of the scaﬁtered
light wﬁich can be complicated and quite usefui. In holography,
one dées not have such information, and the methbd will not work
‘at all unless the object studied is precisely.éﬁationary or unless
the light comes in a pulse so short that object motion is ignorable.
Still;_in spite of these differences, it is evident that the two

methods share at least a substantial portion of a common theory.
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This similarity suggests that tWo-Beam spectroscopy, which
was.first introduced by a comparisonnwith scettering; may also
have abholographic enaiogue. This is, in fact,.the;case. _The
suggested similarity is to a very different type'of holographic

process, incoherent light holography, which can be used"to make

a hoiogram of a self luminous or incoherently-iliuminated object.
incoherent light holography isvusually discussed in terms of

a somewhat different explanation of holographyiadvanced by Rogers.2

Rogers described a hologram not as a superposition of diffraction

gratings, but as a SuperpOSition of Fresnel zone plates, one for

eachipoint of the object. When the hologram is illuminated, eecn
zone_plate_acts as a lens to focus light towards the loeation of
" the eorresponding object point. According to this expianation,
whenvconerent light is used to make a'hologrem; light from each
object'point interferes witn the light in the reference beam to
make,a fringe pattern which, when photographed; becomes the needed
'zoneﬁplate. But this technique is not the only way in whicn such
patterns can be made. There are'several'other possibilities, some
sof which apply to incoherentlyrilluminated objeéts.

One approach is.just to use a mask cut ss.erzone plate.
élaced between the object and the film, this’mask‘wili cast a set
ofvshadows of the needed form--one for each obJect p01nt. This

27

dtechnlque was used by Mertz and Young ' to make an x-ray star
. camera. In thelr device, each x-ray star produced a zone plate
“ona fllm When ‘the developed film was then- 1llum1nated with co-

herent visible light it acted as a hologram, f0cusing the light
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into an image of the x-ray sky. Thus this technique resembled
staﬁdérd holographic methods in its recohstruction phase, but the
formation of the "hologram" was due only fovsimple shadow casting.
Mertz, however,.then ﬁrobosed28 a purely optical-arrangement which
also used interference in the making of the holégram. :His sugges-
tion was td'use a beam éplitter to split lighﬁ from an incoherently
11luminated ébject_into two componénts. These two waves could then
be fécuséd at two different points abﬁve a photographic plate.
vAssﬁming roughl& equal lengths of path (which was assured in his
suggested setup) the contributions to the two‘wavefronts from eéch
single object point would interfere to make a-éet of fringes on
the film. The system was arranged to make this pattern have the
form of a Fresnel zone plate. For an incohefent source, the total
illumination of the film would just be a sum of contributions from
the separate source points, and the developed fiim would be a set
of zohe plates, just és in coherent light holography.

29 proposed

After Mertz' suggestion, several othef people
schemes for making holograms from light'or othef radiation from an
incoherent source. The several methods outlined all involved the
same idea of diViding the emitted radiation intQ two component waves,
Which‘can then be made to interfere, producing a pattern of'fringes
’ﬁhich, when photdgraphed, becomes a hologram. 'Shoftly thereafter,

30 ’

several aﬁthors reported success in making holograms of somé
simple  objects which were incoherently illuminated.
In practice, extension of the method to more complicated

objects has'proved difficult, because the superpesition of many
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infensit& pattefhs tends to uniformlyvexposé tﬁe fiim,‘giﬁiﬁg a’
mu¢h.lbw¢r contrast than is obtaihed.in'hologfamé médé.with co-
herent light. Sevéral techniques have been émpiéyed to paftially
allgviate this problem,31 but the art of making holograms_withf |
incoherent lighit apparently' has not progressed beyoﬁd ’t;hé s_t_agé
of.simple demonstratiohé. Nevertheless, exﬁeriments have élearly
verified»the theory of the technique: Light fme an incoherent
source contains sufficient information to coﬁstfuct a hologram.

It is evident from this ﬁork thaf incoherent light holoéraphy 
resemﬁleé mulﬁiplefbeam spectroscopy'in much the same way that co;
herent light holography resembles léser écattering. Like scatter—i
ingQ_thefspectrOscopic system observes ohly one source -density
component,'while a hologram, recording all the.source components,
.permité_reconstrﬁction of a complete image of thé object. But as
in.the coherent case, the’holographicAobject,mué% be strictly sta-
tionary, while the output of a spectroscopic.system wbuld foliow
the-tiﬁe Variation bf the observed cbmponént of the soufce{

Moreover; the need for cohtrast.is also different in the two
techniques. To obtain a photogrgph of a fringe pattern requires
recording the intensity at many different poiﬁﬁs. A.spectrdscopic
system, on tﬁe.éther.hand, would measure only,two'intenéitiés, Il
and:IQ, each cohtaining roughly half of all t£e light accepted.
Furthermore, a small difference between these two should also be.
-more easily distinguished, since the two phototubes can be pre-
cisély balanced, as describéd in Sect. III.B.'.As explained there,v'

a spectroscopic difference signal far below the leve1 of the back-
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ground lighf.sﬁould étill be readily'observable-—a situation very
different from the need for contraét in a'fringe rattern recorded
for holography. A |

N6vertheless; the two techniques involve-rélated theories, and
.thus the demonstrated possibility of making holograms with light
frdm incoherent sources gives an added pfoof of the essential fact
that ﬁeasurements of phase made oh such light can give a complete -

record of the spatial distribution of the source.
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¥

. B. Some Mathematical Details

1. An Integration Needed in Section I.C

Thé ' expressio'n ,

c«——  cos |k,-r' - @, {t = s (Bl)‘
lr-r'f T l‘\ e
= = /
. ‘ _ o A A
occurs in Eq. (I.6). 'If one defines r" =r - r' (son = r"),

then (BL) becomes
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is the spatial Fourier tra.nsfonn of ne. It is convenlent to per-

form the r" integration in polar coordlnates. Replacmg j




F
A -
-~
Y
Lo
£
-
Lo
w

-191-
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' The.integration over directions may be dorie separately. In
a spherical coordinate system, r" = (p,0,8), defined so that

ES = (IEsl;O:O) and EO = ('EOIJW:O)

"k v = |k | |r"| cose
and
?"-EO = IEOI (cosé cosn + siné sinn cos@).

Using Cartesian components (unit vectors gx’ g&, gz) to describe

the vector integrand, (B3) may be expressed,
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‘This expressioh is to be integrated over IE",' For:this one
may neglect all but the lowest order tenm_ih:l/lz"]. The higher
order terms would make little contribution f§ the integral and
would in any case vanish in a long time limitftake later [see note
below Eq. (B?)]; This lea&es, from (B5)

L [l sl

ST Le TROT | (B6)

EOX is simply the component of EO normal to Es. It is convenient

to write this in the invariant form
.L A A

'E-"Qx = &, (1 - _ksks)go

Using the result (B6) for the integral over direction Q leaves, for

the entire expression (B3)
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16k

l ,_t . . L '_ !
-TE,, .] : 1ms(t-T) -1ws(t-1)l
. _ cdt | e - e
i)k | -
=s' -o0
. [e-lwtne(gs - _l-Evi,"v.’)'+‘e+1‘D n (k +ko T)] (BT)

For sufficiently large times, the expression
; dT e™® (k T)

is‘equivalent'to the usual Fourier transform"if,ne vahishes fof

large T. Furthermore, the terms in (B5) which were neglected

would also vanish in this long time limit, because, for any given T,
1 1

— = - O0Oas t»>w.
[z et - 1)

Hence as t - oq,'(B7) approaches
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1k
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it o 1
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This is the desired integration of (Bl).

2. An Integration Needed in Section IT.A.3

A similar, but less complicated expression
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- appears in Eq. (II.14). It is again convenient to use polar co-

‘ordinates. Replacing
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The integration over directions can be done in spherical coordi-

natés , v ‘ : :
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'The integration over Ps gives the same function of 'EB,’ lgel,
" because this expression is invariant .underv complex conjugation.
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an?l -l -kl ey ]
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since ]EAI = IEB, = |k| (see Sect.‘IIfA.B).;'

If =t - lell/c, then the'el integration becomes
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whéfe s(+)(£l,[§|c)‘is thé temporal Fourier transform of s(+)(£',1).
} Sihcé (?lgfé)is negative and s(+)(£f;r)by definition contains only

posiﬁi&é fréquency components, the first term'in»the above expres-
ision vanishes and the second term describesbthe‘integratién in

Eq.:(Bl2j. Hence, as t » oo, (Bl2) approaches .
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C. The Design of a Multiple-Beam SpectroscopiciApparatus

1. Previous Conclusions

o In sect. II.A.1, the effect of an elementai'y two-beam spec-
.trbmeter’was described.in fairly simple:terms. In this appendix,
that first discussion ievextended to include analyses of several
othertepectrescopic systems. |
| ﬁeiiening biiefly; the'two-beam system, which is shown in '
Fig. II-2, wae.designed to compare light emitted‘in different direc-
tiens from the sameLVOlumevof plasma. iAg eXplained in II.A.1, the
screen at the end of the system would reeeive iight from . two types
of (point)ISOureeé: |

'v.(a)_ Sources observed through ene beam (A or B; but not both).

(b). Sources within the "common source volume" which are ob-
served through noth neams. | |

- An"(isotropic)’soufce.of the first type‘woula produce on the‘
=sereen a fairly broadvsmooth intensity distribution--one whose
width would be determined by.the diffraction_of a single beam.
»Tne'second type of source would produce a two-beam interference
pattetn on the screen.

_'fhe_optical eyetem was designed to use this:difference to
fobserte Selectively a localized region within a distributed source.
Butvtheie is a further complication: All the-eources within the
i cdmmon'soane volume might not produce'coincident interference
-retterns on the.screen.‘ The positions of the intensity mexima
* would depend upon the precise location ef the SOuice.

Some sources, however, would produce identicel patterns. As
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eXﬁlained in_Secf.‘II.A.l,va set'of sourceé which lie iﬁ plahes
thc#are normal to EAAE_EB.- EA and spaced:év/lgA[ apart (within
the common SOUrqe volume) would all produce the same interference
péttern on the screen. (EA and EB are the_ﬁa§é vé¢tors'of the
© light in beams A and B.) ‘Light from sources.iocated halfway betwéen
‘theSe ﬁéourCe planes" would produce the opposite or éomplementéry '
set‘of fringes on th¢TSCréen. Hence dny overall fringevpatfern
muS£ repreéent not the total number of éommon'ééurces,bbut rather
the difference in'numbers of two such groupé'ofVSOﬁrceé. The syétem
obser&es not .the fotal.density, but rather tﬁéwémplitude of one com-
poﬁént of the fiuétuétions iﬁ the denSity ofjéémmon soﬁrces.

It.should be emphasized that these results do EQE involve any
interferenCe between light from differeﬁt sburgés, as occurs, fof
eiample, in a"sCattering experiment. Here ﬁhe iight from the dif-
ferent source points is incoherent and the oﬁsérved light intensity
is juéf the sum of the intensities due to thé various point sources--
some dffwhiéh produce sets of interference fringes.

Thus the apparatus must in some way separate a pair of comple-

mentary interference patterns which we have called "beams 1 and 2".

The quantity of interest isbthe difference in intensity between' 

beamésl énd 2.__This differehce is.proportionai fo the amﬁlitude-

_of fhe EA spatial Fouriér component of the disfribution of lighf

' so;ices'within the fegioh observed throﬁgh both beams A and B.

To use these results one must actually cdnstruct such a device.

Tn planning for this, one is faced with several further'questions:

What is a practical way to separate "beams 1 and.Q"? Are there
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':bther.equivélent'buf'moré convenient optical systems? Is it
"possiblévto_ﬁaké.better use of the available light?v And, finaily;
isvthis_observatioﬁ the only possibility,;or is,this éystémvone
6f.a 1éfger class of'devices ﬁith which oneﬁcbﬁi@ méke-a variéﬁy .
of optical méﬁsureﬁents? | K

| :We can‘noté.at once that Beamé A énd B need not be restricted
ﬁo ﬁarfbw.peﬁéils of rays; To obtain more light, fhe apertufes
which definé*thevbeams may be enlarged to-parallél slits. This
‘ iﬁcreases the efficieﬁcy; but,'as we shall seeé the resulting
.syétem méy be furthef imprdved.

2. A Modified Two-Beam System

-Té separate two compleméhtary interferenée‘patterhs, one
might simfly repiace the screen with an array of light pipes and
:aiféét thé light from the locations of the maxima of different
‘ péttérns into“different.photomultiplier tubes. But fof this to
be feasigle, the iﬁterferenée fringes would have to be rather
widely_Spééedf-which would probably reQuire'additional lenses to
.vmagniﬁy the rattern. The resulting éystem wouid be fairly compli-

cated. Fgrthermore, such an arrangement would only'approximate
 the’desired system because interference produces a sinusoidai
intensity Aistribution, while_a set of light pipes woula sefarate
two ﬁsqﬁare'Waveﬁ pafterns. Indeed, some light_would go into each
phofotubé,vho ﬁatter what type.of interference occurred.

:Toisee what else one might do, consider again our reason for
making these interferehce ratterns. The objeét is to compare the

phgse,of‘the light in beam A with that of the light in beam B.
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The:ﬂinferfefence patterns 1 ana an arevsimﬁly ﬁhe result 6f.two
'possible'phase differences between the light*invbeams A and B;
This technlque, of course, could be used with any type of wave,
but in an optlcal system one can also use the fact that light, a

transverse wave, ‘is characterized by its polarization, as well as

by its'intensity,'frequency,'and,phase. This additional property
prOVides an alternate method of making phase measurements, as is
explained in Sect. IT.B.1, and, more completely, in Ref. 39.

Consider the apparatus shown in Fig. C-1. Here we ‘have again

beams A and B. But now'we wish to consider their polarization. ‘A

'firsf_polafizer f}ansmits only one componenﬁ_efafhe light--the
same for each beam.’ The two beams are then'lineafly polarized in
drthogonal directions. They are then combined. If the two were
in ﬁhase, their saperpositien would again bevlinearly polarized--
in the'intermediate direction "1" shown in Fig.;C—l. If the two
_eomponents were‘180 out of phase, their superp051t10n would also
be llnearly polarlzed but in the orthogonal direction "2". Con-
venlently enough these two intermediate polarlzatlons are just
beams l and 2, which we wish to separate.
‘So,~to summar;ze, the conclusion is that‘if the light came
. frem:a source lying in one of a set of planes nofmal ﬁo EA ané
spaced_?ﬁ/lEAl aparf, within the common source volume, then the
cdntribufions to-beams A and B would be sepafated in phase by an
. integral-number of'eycles and the light would:(a&&) to into beam
1l. Other sources withih the c.s.v. would con@ribute to beam 2--

or bdth i and 2. And sources outside the c.s.v. could at most
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Fig. C=1. A system which uses polarization to measure relative
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contribute light only to beam A or only to beam - B. This lighf
'would be divided equally betWeen beams 1 and 2 and would contri-
bute nothlng to their intensity dlfference.]

In the arrangement of Fig. C-1, ‘the relatlve phase of beams A
and Bg and hence the resulting polarization, also depends upon the
posinion of the point of observation (where the entrance slit to a
specﬁrometer is indicated).‘ Indeed, if there were coherence between
A and B, then there would still be an interference pattern--and a
'»set=of-fringes on the screen. But instead of a sinusoidal varia-
ﬁionfin intenSity; there would,be>a variation,ofrpolarization. If
.a-poiarizer oriented'tolselect beam 1 were'placed before the screen,
;:a set'df fringes would appear,.and if the polarizer vere rotafed
’ to select beam 2 the complementary set of fringes would appear.
The relative phase of beams A and B is shown not by which intensity
pattern appears, but by which pattern corresponds to which polari-
vaation,.haking it poSSible to, in effect, observe both:"patterns"
while-looking atHOnly one fringe. The presenceiof spatial variaf
tionrin the pattern also limits the size of the slit in the screen:
Tts width must be less than the width of ome fringe.

Since, in a polarizing system, only a single slit is needed
- to observe the.interference; the same slit can.also serve as the
entrance:to a spectrometer, as shown in Fig.'é-l, In such an.
arrangement, the frequency resolution would oCcnr after the inter-
feromefry, and the filter shown in Fig. II-2 vwould not be needed.

'TThis system, which uses polarization, has‘several convenient

- . features. The separation into beams 1 and 2 -is just»ﬁhat is




needed,‘and the possibility of simply mounting the intefferometer
‘ befOre the entrance of an exieting spectrometer is a big adVantage.
. Thistnet only-simplifies construction of tne‘system,’it'also mini-
mizes the number of interferometer-quality optical components‘
v-needed, because precise equality of.path length is not important
beyond’the entrance to:the speetrometer.. Light of unwanted phase
_is blocked by the;screen and the‘following rart of the system
simpiy measnres the spectta of tne‘accepted 1 and 2 components.
As long as these remain distinct, the signal will be preserved.
Unfortunately, the new arrangenent has avserious failing;v
‘,Itvmakes extremely poor use of the available light. The'systemi
is‘inefficient in two respects. First of all,-because the angle
B is:sﬁall,vbeamsz and ﬁ, as seen from the source, subtend only d_
Ia small solid’angie{ vSecondly,'beceuse less tnan one fringevof
'tne éattern on the screen is used, most of the light which did go
" into beams A and B would be lost. |
’The-seeond limitation is clearly renovable'in principle. One
could, for'example, construct a system which_admitted liéht through
severel propefly spaced slits. But there is admore convenient
eolutien. In the arrangement of Fig.vII-E, the interference
fringee on the’SCreen.were needed for phaee measurements. . But-
the patterns.on the screen in Fig.'c-lvare'simpiy an inconvenience,_
| because the phase meaeurements arevnow made,bjdeemparing polariéa-
tiens. |
‘-The'emall slit et the entrance to the spectrometef may - be

thought of as a device which combines beams A and B. It is
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it neceSSary, as neted'above, that this'slit be emeller than one.
frlnge of the interference pattern made by beams A and B. But |
thls is equlvalent to a requirement that the maximum of a 51ngle
slit diffractlon pattern of the slit itself include beams A and -
 B.i In other words, within the spectrometer, beams A:and B are
»supefiﬁposed. To permit use of & latger slit, another method of
comﬁining beams A and B is needed. |

3. The Useé of Birefringence

:In/censtructing an optical system to define and focus beams .
of ﬁolarized';ight,‘it is often convenient to use optical ele-
'ﬁentSvmade of'bireffingent materials. We heve not yet discussed
thisrpessibility, but one can see at,once a simple ﬁay to preduce

with such an element a pattern of varylng polarlzatlon

v The optical system shown in Fig. C 2 includes a calcite rhomb, .

. nithithe optle axis in tne plane of the draWIng, as indicated. If
a.beam of light ie inCident"on the face of the rhomb, its path
through the calcite depends npon its polarizatien; That component_
of the light which is llnearly polarized with the electric field
vector normal to the optlc axis 1s propagated through the calcite
~as an ”ordlnary ray." At normal incidence, 1ts direction is un-
"changed. The other linearly polerized component; however, becomes
an "extréordinary«ray".and,a normally incident beam is deflected
1by.~w6.é6°, e.change in difection which is reversed at the oppo-
.éite_face of the rhomb. The two polarizatiens thus emerge es
-separate beams ef light. The various rays are"aéain parallel;

.but one component of the light nas been laterally displaced by a
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distance approximately 0.11 times the length of the rhomb.
rbﬁ,the arrangement of Fig. C-2, a small gés laser is used to

produce the incident beam, which is linearly polarized in such a

direction_that'if is divided by the calcite into two beams of equal

intensity. The light is then_focused'ontd a screen. (More siﬁply,
‘one could place'the screen sb faf awvay that‘the divergence of the

beams caused them to overlap.) The total illumination of the focal

- gpot is then rather uniform, but the pattern of -polarization-con= - — —

tains more détail._ If a linear'polarizer‘alignéd at'hSovtd the
ﬁolérization of either beam--that is, parallel to the pblafization
of the origihal_laser‘beam--is placed before_thefécreen, a set of
intérference fringes appears. And'if'one selécts the other,
orthogonél, polarization, the complementary set of friﬁges appears
' ~on the screen. | |

This result is like that which was expectedvfrom the optical
system of Fig. C-1. 8o, with the caléite rhqmb,'one can construct
a simple demonstration of the'"polérization”fringes" which were
'described earlier. Moreover, this suggests that_such'an optical
Vcomponent could‘be uséful in the type of spéétroscopic system
ﬁhichAwe-wish to design. | |

T& exploie this possibility, we need torcdnsider more'éjste—
matigally our objedtive5 If only two-beamvpﬁtical ﬁrrangementsv.
are cpnsidefgd; then there are essentially, four requirements:
i. Thé apparatus must define a "common source volume'--the
- intefsection of two beams. | | |

2. Tt must define two directions beams A and B--from which




such sources are observed.

5. It muét include some‘spectroscopic elémént;;a filter or é
v épectfbﬁeter--to-select‘a limited‘portion of the optical spectrum.

.‘hf' Finﬁllyg the apparatus must meésufeithé correlafion, or
'mﬁtual'cohefence, of this sﬁectrél'compoﬁent of;the light in the
tﬁo'ﬁéams. | | |

Note that, in aﬁy éne parficulér systém; ihe sizé of-the com;

mon éourcé_volume may be véried inversely ﬁith the range of direc-
tioné included inbthe twp'beamé. If beams A aﬁd B are separately
'focuéed at theif_intersegtion (Fig. c-3a), fhen the c.s.v. is rela-
tivei&'small, thléxthe raﬁge_of QA and %B-—aﬁd hence of EA-;is
largg.f.This_spread in k, may be thought of as due to the small

A
numbgr of'"éourée>planes” in the c.s.v. If, on fhe other hand,
the»ﬁeaﬁs aré not focused at their intersectiOn.(Fig; C-3b),»then
| t@e fés§1ution invspace is less preéisé'but the resolution ih EA'
_ EB; anq_EA'is more precise. We shall consider on}y systems of the
tYPe Of‘Fig; C-3a, but one could modify any‘arfahgement to pro-
‘ducexfig. C-Bb.- Qf course, good resolﬁtion in EA aiso.requires
gdod résolution in JEAI and IEBI, that is, a spect?ometervdr a
filter with sufficiently ﬁarrow pass band.

If thé angle between them is small, it is convenient to ob-
'sérvé{beéms_A anq B through‘different_éectio#s of a single lens,
#s shown;iﬁ Figs. II-2 and C-1. If the femaihder of the system
H.géceﬁﬁs iny lighf_ﬁearly pérallelvto thevaxié,‘then the observed
'Eeams Qill intersecﬁ in a common source volume around the'fécal 

point of the lens. For the interference measurement, the two beams .
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must bevrecombined beyond.the:lensi vSo the rest of theiopticai
system must define and.then combine two parailel, adjacent beams
| of light. | | o | |

" The calc1te rhomb in Fig. C-2 divides one beam of light 1nto
two separate parallel beams. If, however, the mask’ which defines
the (s1ngle) beam is placed after the calc1te element then two,
initially separate, incident beams are defined'and superimposed.
ConVeniently enough, this is just what is needed.

,_The_resu1ting system is.shown in Fié. ¢c-4. There a lens plus
a_rhonb not only define and combine beans A and B, but also deter-
minevtheir polarizations--something which required separate polar-
izers'in the setup which we first discussed (Fig. C-1). The first
polarizer, which insnres.that we start with a single component of
the light is, hoyever, still reouired.._

'f This gain in simplicity is'not hoWever, the principal dif-
ference between the two des1gns (Figs. Cc-1 and C- k). More impor-
tant is the change in the distribution of llght over the illumi-
 nated portion of the screen (before the spectrometer).' In the new
arrangement, the two-beam interference fringes are absent. Beams
vA and B are parallel at the screen and their phase'difference is

constant within the limitations of the‘collimation of each sinéle
| veam. | |

An isotropic point source within the c.s.v. will here produce
on the screen a single slit diffraction pattern due to either
eam alone. (Since this isvahead of the spectrometer, consider

. also that the source 1s monochromatic.) - We can distinguish these
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-jWit# a ﬁolarizer but, since thevtwo cdmbdnéﬁts.come-from the . same
Slit;_fhe fwd ﬁatterns will be identical, proViaed that the two
distribﬁtions_of phase»acrosé the firs£ slit.are identical. (We
v'_aséﬁmé;:of COursé,'that any polarizatién depéndepcé of the effeét
of the slit is negligible.) If the o diffraction patterns are
idenficql,vthah.the variations in phase across thé'screén will
also be the same for ééch component: Therefofe‘the phase differ-
ence between the twb--éhd hence the polérization of fheir super-
ﬁosition--ﬁill be constant across thg screern. 'The entrance slit -
to the épectrométer may bé'made large énough to,admit a substantial
. part bf £hé light. The result is a more efficiéﬁt system.

| "HOWever,.the second slit should probably still.be narrower
than thé cehtrél maximum:of a single-slit diffraction_pattern of
the first slit;56 Thié‘wéuld insure that the phaées of the A and B
cbmponents cduld not vary much écross the second slit. Then their
felative phaéé, and hence the polarization of‘their éuperposition
would‘also be approximately uniform, and each point source within
the plaémé would contribute with a single-polarization to the out--
put light.

. This ié not td say that a larger'second:siit could not possi-
bly be used. Tt could, but théf Qouid allowfthé polarization of -
fhe light from some point sources to vary ééfoss_the'width of the
slit; Thequefall effeCt, given by an average-o%ér the slit area,
éould then inciude éomevcaﬁcellatidn between:différént contribu~
tions. Now the illﬁmination of the second slit is Just é sﬁm'of

contributions (Huygens components) from the light which goes
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throﬁéh different pbrtions‘of the first slit;. If a source were
néaf:the'edge of (or, for that.matter, outsidé of) the common

SOuiCe volume; thén the distributions,in’phase'aérOSS.the first
slit, and hence the distributions in intensity and phase across

the ‘screen would be different for the light observed through the

 beams A and B,57éna the polarizaton of the total light would vary -

with‘position.  If the second slit were-widef:théh the suggeéfed
limit, there could be some cancellation of effect. But this would
notvhappen with all sources. A source near the center of the
c.s.v.,‘for example woﬁld'proauce uniform distributions of‘Avand
B across the first(slit, mékiﬁg two'identicai patterns on the
scréen. The polarizétion of light from this squrce would not
_'change,'eVen ovef distances greater thanvthg sugéested slit width;
‘Thﬁs, if a largér'second slit.were used; 6ur simple statement
fhat each common source contributes with one polarization to -the
output light would not be strictly vélid. Some squrceé would,
but tﬁg effect of others would be reduced br lost in averaging‘
across the siit. Only some restricted portiohJof the c.s.v.
_’vwould still make a definite cohtribution to_fhelbutput Signal.
Other ébmmon sources ﬁould contribute only background iight, as
do'the sources seen through Jjust one beam. | i
EFiﬁglly, tﬁevwidth of the second slit also_limits.the spa£ial
resolﬁtion, since thé c.s.v. is just an image.éf the second slit.
'Enlarging the slit would enlarge the c.s.v. but;'on the ofher
hand, reducing the slit to less than the limiting width would not

further improve the‘resolution; since the image would then be




diffraction limited.
‘_Eten with this limitatiou on the secendﬁelit; the system
'ehown in Fig. C-E'would:still accept most of the light emitted in
direetiousva'end.kB.bj commonrsources. It thus overcomes the.
's-ecgnaﬁ of the two limitations--noted at the end of Sect. 2.3--of
the apparatus shown in Fig. C-1. If we'wish te study only lightv
emitted into two narrow beams, the apparatus‘of.Fig{'C—ﬁ.satis—
fiee.eur requirements.

4. Multiple-Beam Systems

.The-mere efficient two-beam spectrometervwhich we have now
designed has both the edvantages-and the limitetions of the ori-
- glnal concept Any deuice-which accepts only two narrow beams
can use only a small part of the avallable 11ght. To further im-
prove.the de51gn we must cons1der a more genera;aclass of systems.
On deing S0, e can'consider observation of vamiOus other aspects
" of the sourde distributien as well. | |

A simple two beam apparatus respouds, as- - we have seen, to a
narrow portlon of the spectrum of the spatial dlstrlbutlon of
‘sources within.a localized "cemmon source. volume. " .One has at
-ence‘twe types of spatial reselution- A coaree deflnltlon of an
observation region and a fine deflnltlon of a wavelength——EW[k | l
One can make a local measurement but only of fluctuatlons. Such
L an optlcal system is hardly the only poss1b111ty We have yet to
explore the range of possible observations.: Could'one, fer example,
select»gll the light emitted from within.some.loealized volume and

estill reject that emitted from other regions? -
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 Before considering other arrangements; it is convenient to

sﬁmmerize analytically the proﬁerties'of'the system elready de-
Sigﬁea (Fige C-S). This consists of a source:region; a‘polarizer,_
a first obéicai syetem (1), a slit, and alsecend optical system
,(II).  System ii, beyoﬁd the entrance slif to the spectrometer,
_seiecte a nafraw portidn of the optical specfrum, separates two
pOlarizétion cempenents--l and 2--and measures the difference
between these two total intensities. o

| AThe preceding portion of the app&raths, System I, defines two
beams, A and B,'distingﬁished by'their polarizetions. A point
soufee Within the souree reéion thus produeeS-two illuminations
(including zero amplitude as a possibility) of the entrance slit
te ﬁhe spectrometer. These vary in amplitude'and phase aloﬁg the
sliﬁ. The effect of System I may thus be represented by two com-
plex7tfansfer functions, ¢A-and ¢B (see Secf.vII.B.2). If a
poiﬁt source of light of frequency w is thenhrepresented by a

(complex) source strength p(w;t), that is, by a source density

s(r',w;t) = plw;t)d(zr' - )

then the resulting disturbanceé.at the slit are determined by the
products (#,p) and (f.p). _v |

¢A and ¢B depend upoh the location of thefseuice (zo) and
" the location along the slit of the point of observation (x").
For-eompletenese we include'mentioh of a position across the
widfh of the slit (y"). The intensities of light in beams A and

3 which passes the slit are
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Fig. C-5a. Functional elements of the' optical system.
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 Fig. C-5b. The two transfer functions and the observed component
_of the source distribution for a simple two-beam system.
T ois everywhere zero except in the iﬁtéfSection of the two

beams.
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_due-té the point soufce. (xg - xi) gnd (¥5 - yi) are the dimen-
siOné of the siit. | |
 ;Avdistributed séufce is described by a>sbﬁrée density,
é(f"®5£)f 'Wé assﬁme that the source is'incohe?eﬁt.v That is,
the total intensities ére the'sums:of the intensities due to the
separate elements-of thévsourge:
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Optical syétem IT, however separates not these intensities,
' but those of the two intermediate polarization:-l and 2. The

resulting signal, the difference in intensity, is
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Defining an emitted spectrum as we did in-Sect.vII.A.B,

N .
s (r',w;t)s(r',w;t)

Az ,t)

and reducing the above result we have

| rx"2 fy"2 o

(et = 2 |33 4 Wl g% *

T(wst) = ?rfd r'é’ x| ay" (B By + 9y ¢B)'
The last factor can be written,

0.°9, + 9,9, - 2 % 8,7

"B A A"B A "B

= 2|¢, | ¢, cose

. where 6 is the difference in phase between the complex valued
quantities ¢A and ¢B. ‘Defining
" 1"
: 2 | ' " 1 1
T(f_':@) = T—Tf ax™ J dy" |¢A'(x F4 _,3',0)) ”¢B(x PRANE TN
- " it : '
x. COSQ(X."}Y"JE')(D)_ X

we. have
Y(w;t) =[d3rf T(E':w)éf(w;f';t)-

invdistinction to the @'s, T'is a real'(ﬁﬁ£ not neceSsarily
pééitive) quantity. |

We have here a fofmal refresentation df-thé two types of opti-
cal‘ihtérference which occur in_the sysfem: ;Diffraction due to the
supefposition of various Huygens components of each beam defines

the beams and determines each of the two transfer functions ¢.'

.
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" Interference between'the two beams is represented by the inter-

ference between the two functions ¢. This determines the observed

component.of the source distribution--described by T(r',w).

.-For our two-beam apparatus, the general form of these three

functions is shown in Fig. SB. -I¢AI and;l¢Bl'are nonzero onLy

within the,respective'beams. Therefore T is nonzero only within

their intersection. This defines the c.s.v.::The relativerphase
of the two (the cosé factor. in T) varies withln the c.s.v. as

shown, defining a source wavelength, or kA
In this- arrangement the small size of ‘the solid angle through

whlch the system accepts llght is due to each of the ¢ S separately,

while the obJect of the measurement is defined by T. To use more

of the.availahle light, we need other "heams" ¢A and ¢B,-ones which
interfere to define eitherva T(z‘;w) like that we have already, or
else some other T ofvparticular_interest.b

| If; in the-system of Fig. C-4, one.specifiesvan optical'Wave—
length; and an arrangement of lenses and calc1te, then both the

location of the c.s.v. and the wavelength 2w1k l are determined

" (the c.s.v. by the image of the entrance slit to the spectrometer,

andvIEA, by the angle @ which is fixed by the distance by which

the calcite element’displaces’an extraordinary ray). Finally, the
direction kA is determined by the directions of the beams, that is,

by the.location of the aperture in the mask behind the calcite-

wa, if o is small the range of possible pos1tlons of this beam-

deflning aperture corresponds to only a small range of k And the

locations of the,max1ma of T (i.e., the "phase of T' ) are also
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.uﬁshangéavbécaﬁsé the exact céntéf of’thesc}s.v;“is aiways.als
f(?ero order) maximum. sé, over some range at least, T(zi,w).isv"
independént of tﬁe:exact 1ocatioh’of the afsrture:which defines
,thé beams (at least near.the center of the'c;siv;). Ths result-
ing ex1stence of many equlvalent sets of beams A and B suggests
the p0351b111ty of obtalnlng more llght by us1ng several pairs of
beams at once--in a multibean system._

So far we have insured a localized méasurement.by defining
separafe intéfféring bééﬁs A and B with a-ﬁsll 1ocalized interséé-
tisn. _ We shall for now retain this approach——whlch requires some
‘sort of mask to deflne the separate beams.s-. |

To use a large solid angle while deflniﬁg.separate beams, one
mié?f.empioyvs ﬁask‘with many-slits. Such an assemblybis shown.in
Fig. C-6. The slit spaciﬁg (ih'thé_mask)jhas been set at twice
the distance of the displacement due to bifefrigence.so that the
béams]sre distinét. Y¢A and ¢B now deseribe two sets of #beams A"
aﬁd "beams B".”- - |

-Beams 1.and‘2 are again the interﬁediaté ﬁélarizations——separ-
'atedvat the output”bf the spectrometer. _SQ, sgsin, only sourcés
Viewed-through'both A_snd B can contribute £o the signal. And
'siﬁce the tws oslyvintefsecfinear thé fogus,ofithe.first lensa‘a‘.
iocélizéasc;sav. is{agéin defined. |

('Within.ﬁhe ¢.s.v., however, the‘situatidh:is'different. The
vcalsulation_qf sithér @, or ¢ in ghg.focal plane of the first
lehs reducés to fhe solﬁfion'of.afsimple Fraunﬁdfer diffractioﬁ

problem for n idéﬁtical; evenly sbacéd slits. Near the center of
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Fig. C-6b. The effect of sources in the focal plane of the first -

. lens. A cross section of the central portion of the C.S.V.
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the c.s.v. the various functions have the fo—m.éhownﬂivri_ Fig.i_ C-6b.
- ‘The sysféﬁ thus achieves, at leést in this fegién; a-measurement
of all the light from a sgall volume. This ié,éémething which
could hot'Be done with two beams bécause the:éhgie @ between the
beams 1is, of cﬁurse, larger than the.énglebs subtended byveither.
If B nowjdenotes the range of directions inéluded in either set
of beﬁms, then in Fig. C-6a, B is larger thénfa'and the system
permits a differént kind of observation. |

_ The situation is more compliéated, howe&er; because the
effect of sourCes‘neartthe edge gf the c.s.v.—-particularly af
other maxi@a of ¢A and_¢§--and the effect of sources before or
behind the focai‘plane of the first lens‘remain to Dbe considered;
In any case, tﬁis arranéement is clearly Egﬁ'juét a more effici-
ent version of a two-beém spectrometer. The.difference is due to
the interférence'betyéen thebvarioﬁs "beams-A“;ér."beams B". These
inteffefe wiﬁh-each other as well as with the other polarized com-
ponents_to'producé béamé 1 and 2. |

"It is of intefest to note that the naturé of this interference
dépeﬁds upon the width of thé entrance‘slit to the épectrometer.
The nafréw slit implicitly assumed above admits less than one
fringe of the intérference'péttern. A wider slit would have a
different effect. This is conéistent with ouf earlier picture of
“the siit as an element_which éombines-by diffraction light_from
differént directidné.v A very narrow slit combinesxallbincident
light; a'wider-slit only combines nearly parallel beams. Clearly,

this system should be discussed more completely;and carefully--
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“probably w1th the help of numerical analys1s.“ Sﬁch a diécuésion"
e defer for now to con51der 1nstead a dlfferent des1gn
In the device of Fig. C-6, the entrance'slit to the. spectrom-
| eterldefines a c.s.v; by rejecting hnwanted light.- But if any
light‘is fejected by a maek after the many beehs:are combined, then
interfeience among them Cennotkbe ignored. To obtain mcre light
Whiiehmeking anfcbservation such as one would Ohfain with a two-
beam system, it is necessary fo independentiy_define the component
beams. A syetevahich does this is shownﬁin Fig; c-7.

cHere we heve used the facﬁ that in precedihg systems the
éecond lens is not reallybneeded to_define a c.e.v.' The light
frcﬁ éuch'Sources isvalfeady focused--at ihfinity. One can define
avc s. v. and‘lnscre coherence by placing a defining aperture sufe
vflciently far away " This can be done separately for each componentc
pair of beams A and B. One‘mﬁst simply add a_set of collimating
'slits‘tc‘the'apparatus. fBeyond.the'collimatof, a single lens may
be used to focus the light onto the entrance slit to the spectromf
eter. This slit should now be large enough to admit all of the
vlight ‘transmitted by the colllmator.ss. - |

The polarlzatlon components 1 and 2, and hence thelr 1ntens1ty1c
dlfference are simply the sum.of contrlbutlons from various coni- |
'ponent beams. There is no 1nterference here at all and the systém )

is simply the sum of many two beam assemblies--each with the sameb

T(z _>§D) .
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5. Spectral Width, Beam Divergence, and-the-Quelity of the .

Optical Components

_Several ideaiizatiohs have been used iﬁ_this analysisf ‘Are
fhe'conclusions realistic? To answer_this; oﬁevmust consider
aepartufee'froﬁvthe ﬁodel system. . |

'A.celcite Thomb'is to_be.used to combine.t@o beams of nearly'.
monochfomatic,light. VWithio the calcite, however, the two beams.
differ not only in>pav.th, but also in propagetion velocity. This
difference_in velocity ieadseto a diffefence_in oﬁtical path
.length-fa difference Vhich could, if necesseej,lbe reduced with
an additional birefringent optical element.’ o
| Differences in path length are ongreat importance in any
inferferometric optical apparatus. If the differenceiinfpath
‘exceeds the'COherence length’ofbthe light, fwo beams with an
initial,partial_COhefence will almost certainly become incoherent
eﬁd.oo net interferehce will be seen. |

| ' The ordinary ray is unchanged in direction within the calc'ite_.

Its velocity is.just c/no, where n. is the ordinary index of re-

0
fraction, 1.658. Therefore the optical pathAis.simply 5g = 1.658D,
where b is the 1ength of the calcite element.

| e.vThe»extraordina:y ray is_characterized o&.two Velocities, a
phaSe.velocityaand.a group velocity, which aiffer both in magni-v.'
'tude'and in difecfion. Conveniently, however, fhe projection of )
;theeéroup velociﬁy onfo.the direction of the phase velocity EE
equai to_the'phase velocity. For normel incidence, this direct-

tion is the same as that of ﬁhe ordinary ray--normal to the surface.




 Anq'bééause the light is focﬁsed ot iﬁfinity*ana normal to the
f&éés qf the rﬁomb before and after, the optical pafh.length.within
“the calcite (the free'space*wa§elength‘timés the number of wave-
lengths along a fay) is found froﬁ Just this normal co@ﬁonent of
thé'prbpagatioﬁfv The magnitude of this phaée velécity (which in-

0

- volves both nj and n_, the‘éXtrabpdinary index of refraction) is
appfoximately ¢/1.549,. so the optical path length s = 1.549D.
'The'opticél path length difference introduced by the bire—-

ffingeht element is

>' ”[80, if thé length;bf‘thé calcite iS'oheﬂ¢enfimetef, fhe co-
herence.léngth of'fhe_light mus£ be considerably_more'than one
milliﬁétér,;or-cofrectionslmust be made to avoia loss of cohérence.
In pra¢tial tefﬁs, this means that the width of the épectral fea-
fﬁfejshould.beﬁléss_than about two angstroms. |
'Z_In:bur énal&;iS'df the”effectubf the’calcite, we have con-
sidered ohly ra&s ét normal inéidence and used-fhe conveniently
simplévresﬁlﬁ: One .component of the light isllaterally displaced
by 0.1097D. The effect of birefringence upgﬁ light incident other
than normaelly is,’Qf;cdursé, ﬁore éomplicated; Two orthogonal
.polarizafionv¢ompbnents of the beam are thenvboth displaced by
ithe‘calcite and théir résulting sepafation vafies with fhe direc-_
tidn of incidenge. Recall that, af normal ingidende, the x¥polari—
zation is’deflected by 6.260,  Clearly, our.énaiysis is adeQuate

_«only,so‘long as any departures from normal incidence are much less
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thaﬁ thisf‘ We éan hence consider only light;frpﬁ.sources suffi- |
ciently close to the focal point of the first lems.

’In.obtical interferometry, much care is then.required to
geliminate @eéhanical-vibrations of the componegts of the'systeﬁ.
But in‘a system designed to observe high;frequeQCy phenomena; one
can certainly ignore low-frequency virations. Mechanical vibra-
fiohs afe.in general of much lower frequency than:oscillations in
a plééﬁé éhd shouid therefore present no problems.'

Even if one wishes to observe low-frequenéj phenomena, One‘
needs_to:éonsider only relative changes in the‘lehgth of the paths
of the two components in the interference. ThrOﬁgh most of our
system.the two paths are identical or at ieast adjacent and much
mechanibal vibration may still be ignored--a res#lt which further
'illustrétes the convenience of using polarizaﬁiéﬁ-to define the
| inteffering beams:

| Finglly, one must consider what optical quality is needed in
thé vafiéus components of the system. If the aperfuréé were pin-
holes, éuch requirements would be minimal, but slits have been
used to Obtain more light and one must insure fhatvthe nature of
the interference does not vary across the entfanCé;to the_spéc-
trometer Qr across the aperturéS'which define'the”beams._

Cléarly,-an&vimperféctions in the system will distort the
image of thé plasma and réduce the aécuracy Offthe<measuremént7'
Thét'is? to a given point at the entrancefto:the spectrometer,
'fhere ébrresﬁondsszme observed éource distribution [T(xﬂéy",z';w)

with x",y" fixed]. If the optical quality is poor, this will
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differ from the desired distribution.
Mofé:sérious than this, however, is the possiﬁility that opti-

' cal impéffectibnsrméy destfoy the interferenée.éltogethera This‘
will occur if the variousApoints across ﬁhe entrgnce to the spéc—
trometer-qﬁéerye'different source distributions. That is, a given
‘point éoﬁrce within the common source volume‘illuminates through_'
each éf the beams A-and B & finite length of theventrance'to the
spectrometer. The tﬁo illumination patterns ¢A;B(x”,y”,£',w)
with i'vfixed must vary in the same manner alohg the length of the
slit, ér the polarization of their superposition will vary with
x"; Thaﬁ_is, the fﬁnction T(x”,Y“,E',@j = % f¢A‘]¢B1 cose may
vﬁry ﬁifh x”bﬁecause of the (same) change in l¢A[:and>[¢§’, but
must.nbt vérj in sign because of the changes in relative phase, 6.

_._Tb ﬁréventfsuch a loss of interference, thé!optical elementé
-.5efo;e’thé’speCtrometer_(6ptical’system‘I) must bebof:good quality.
” Thévtwd.interfering beahs-go through different.portions Qf the
lenses ahdrthe calcite and any lens aberrations‘éf curvature in
the_féce# of the calcite will lead to a diffefénég{betwe¢n ¢A'and C
¢B;.th¢ two interferingvilluminétions. |

v.ThiSISOrt of difficulty‘would also reSultﬂfrém a wedgé in
the qélcite rhomb. If the two faces are flat but rot parallel,
the beam éannof e normélly incident at both féées; There will
be a refraction at oné-or both surfaces. This is not in itself
vdestructivé df the interference. But because thefindices of re-

'fraqtion are unequal, the two beams will be refracted differently.

- The resulting difference in direction can destroy the interference.
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The réfféétion is described by Snell's law,>whiéh,in§olves.the
phééé &éldcities. These are apprbximatély ﬁormal’té both faceé
“of the'rhomb (inside the calcité as well as ouf;ide). If there
is,a”small wedge angle ¢ to thé rhomb, each beam will be defected
by an angle = (n - 1)@. This will cause a difference in direc-

tion

At

(ny - )¢ - (ny - 1)8 = (n, - 0
(1.658 - 1.549)¢ = L 4. o

i

Ol -

Therefore, thé exposed pértions of the faces of the rhomb must be
'paraliel to within a few optical wavelengthé. ;But they need.not
be parailel to within a fraétion of one waveleﬁgth--because iny,
differenées in deflection are important.

Simiiarly, a small amount of wedge in the.fifst polarizef
(that béfofe the rhomb) would not be detrimental, éo long as the
difféfent'beams were deflected equally. |

Tﬁe opticél elements beyond‘the entrance slit to the spec-

trometer (optical system II) may be of lesser quality. All that

i

is reqﬁiréd is a measﬁre of the intensities of pblarization com-~
'ponenfs_l and 2 of one portion of the optical spéétrum. The
optical‘eléments—-such as the diffréction graping--must keep

these tﬁo components distinct, but precise equality in path length
1is ho‘léﬁgér important. It is for this reason that the interfer-
ence‘ié déne before the spectrometer.

. Pinally, all of the optical elements must be of sufficient

quality to avoid loss of lighﬁ through partial‘reflection, absorp--
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' tion,_dr_scattering. “Any decrease in light intensity will, of

" course, degrade the final signal.
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“D. iStudies of the Plasma with Langmuir Probes

and witﬁ Conventional Spéctroscopy‘v

Iﬁ preparation for the multiple-beam spectrqscopic observa-
tions; the plasma produced in the beam-plasma‘deﬁice_was‘observed
; with éomeAstandard diagnostic apparatus. The Easic plasma param-
fgrs %eré already knoﬁn from‘other work done witﬁvﬁhis plasma.51
'(for,afdéséription of the beam-plasma deviée, sée-Sect. IV.a and
Ref. 51.): The plasma_eleétron density had been found tb.be a few
timesulOl5 cm-~3 and the electfon temﬁefature had been estiméted
from spectroscopic.obéervations to be greater than 4 eV, perhaps
as high as 20 eV. The ion temperature was.leés’than a fewbtenths
of an;ev.‘ '

Té.bﬁeck the temperaturé‘measurement and té explore the stsi-
.bility §f_psing'a probe to launch waves in the‘piasma, several
'3  Léhémﬁir probes were made and used tb obtain étandard probe char-

'.acferistics (current vs bias voltage). These_durVes had the |
expecﬁed'fqrm, sthing an ion saturatign region, ﬁﬁere the traqe
was;lineari(with a non-zero élope) and an exponténtial increase in
current_as the voltagé became leés négative. Thé indicated eleé—
tronitempérature was about 4 eV, somewhat lower than had been found

in the preceding work.51

This is notjsufprising, since the earlier
sﬁectrqscopic.data shoﬁed mainly the central fégiqn, within_the
electrbn beam, whi;e,ouf probe data were takenxéutside of the beam,
~where the-electron temperature would certainly bé'iower. (Prqbes‘

could not be used within the beém, because a probe there would

quickiy_have vaporized.)

- &
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Ih a:helium plasma with T_ = L ev, ion'wavesvshoﬁld have a
ve1001ty of 106 cm/sec. Thislis only an estiﬁate, hOwever, since
vthe plasma was strongly nonunlform, the electron temperature was
hlgher 1n:the center, and‘the effect of neutral,atoms (and of doubly
charged‘lons) may not be.negligible.v~To obserre lon waves directly,
&nd to Show that a prcbe.could’be used.to.launch'sUChfwaves, a pair
.of.Lahgmair probes were inserted in the plasma,? The'probes,were
both hiased'toidraw ion currentvand were placed-a:few centimeters
apart,iwlth one'directlw dowhstream (i.e., on thetsame magnetic
fieldhlines) from'the other. The upstream prohe was_used as a
transmitter and the downstream probe was used as a receiver. A
seriestof bne microsecond pulses (of a few volts, positive) were
imposed'oh the traﬁsmitter, and the resulting fluctuatiohs_in
recelver chrrent were analyzed with a boxcar 1ntegrator._ Figﬁre
D- l shows the results obtalned at three recelver pos1t10ns Fach
tracevshows receiver current as a.functlo& of tlme-;a 10 psec sweep
from left to'right. Several propagating modes;can be seen. There
~is a. fast wave (the initial negative pulse) w1th a veloc1ty exceed-

1ng lO_7

cm/sec, which is probably a- potential fluctuatlon. There
is‘a slow wave, only v1s1ble in the flrst trace_(but seen at greater
distances‘at later times in other traces not'shown here) with a
velocity_of a few times,lO5 cm/sec, which prohahly involves the
_neutral gas. Finally, there is a pulse with intermediatevvelocity
whichiis.seen'ih all three traces. 'This disturhance’moves with a
vvelocity ~ L. 3 X lO6 cm/sec, acceptably close to the expected ion

sound‘speed (The ve1001ty appears to increase sllghtly with probe
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' spacing: This is.not.surprising. The probes v151bly perturbed
-the plasma and the perturbatlon was- smaller when they were farther
_apart ) From these results it was concluded that our estlmate of
the ion sound speed 1n thls plasma was correct that plasma dens1ty :
.dlsturbances would propagate at thls speed for several centlmeters
along the magnetlc fleld (w1thout, in partlcular, belng damped by
collisions with the neutral gas) and that a negatlvely biased
Langmulr probe could. be used to launch such waves. |

In order to select the spectral feature best suited for
multiple-beam obServations, a complete emisslon spectrum of the
plasma'yaS'recorded,-using avmonochromator With:automatic scan
connected to a;chart recdrder{' Virtually all the expected neutral
helium:lines were.seen. ‘The helium ion line at h686 R was also
‘present. Most of the remalnlng lines were 1dent1fied as due to
.8 few 1mpur1t1es (oxygen, hydrogen, carbon)

The strongest line was the L4471 R neutral helium line. The
nearest line of. any strength was one at hh}? X and even. that was
far less 1ntense than the. hh?l X line. Almost all the llght withln"
a hundred-xngstrom band was found in the 4471 R line. UThis was veny
'1conven1ent, since in a multlple-beam spectrometer the monochromator
was.to be used w1th a:very large sllt, g1v1ng poor spectral_resoluf‘-
:~t10n, whlle the interference Wthh was to be produced required
llght with a fairly narrow (~1 ') spectrum By tuning to the
hh7l R'llne the required coherence length could'be obtained with-
out prec1se spectral resolutlon. |

~ To estlmate the intens1t1es of various spectral components,
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a féﬁ photon counting measurements were also made. For this, the -

plaSmabwas observed through a 2'x 2 cm aperfure 50 cm away; Thé

light was focused onto the entrance slit.of a monochromator (25 u x

23 mm, imagedbto 68 u x 8 mm within the plasma). Various spectral

features were selected and the number of thtocoﬁnts in 30 sec was

recofded. The L4688 X'helium‘ion line gave, after subtraction of

background, 11.7 million counts, or.3.9 X lO5

counts/sec. .Tﬁe
Wh71 R neufral helium line was not counted directly (in this setup
it would have exceeded the counting speed'of,thé»equipment),'but
fromfintegrated ﬁhotocurrent measurements the ﬁ686 R'line was fouﬁd
to bé_o.s% as.brightvaé the 4471 R.line. Thus thé latter would
have given a counting rate of 4.6 x 107/sec..

Asta check on these méasurements, it was assumed that the
phototubé was 10% efficient and that the h471‘3_1ine contained 10%'
of all the liéht emitted. Then an accounting of the total source
volume and total solid angle gives an estimafe Qf a few milliwatfs.
of light émitted from the plasma. Judging by the apparent lumino-.

sity, this is a reasonable value.

‘
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 E.. Some Notes on the Definitions of Spectra

1;1 Directioh-Depéndent Spectra

" In discussions of dpeical pfoblems, the direction Qf‘emiSSion
or»écattering‘bfblight.is_frequently defined'(in’ffspaCe) as the
idireétioﬁ from a localiéed_sourée to a distahf’ﬁbserver. (see, |
»fbr_ekémplé,‘Ref.lé-a-) In the present discﬁssioﬁ, the directiohs
_‘ofbpfbpagétion of light waves have been defiﬁéd (in E-space) in
terms'ofzspaéial Fourier transforms. The'éqﬁivaience Of‘the two
deSCfiptionsishould‘ﬁe hoféd. |

: In the r-space formulation,‘ong éonsideré,a.éource, E(f’t)’_
which is non-zéro only within a bounded region;;séy within a dis-

tance r. of an ofigin of coordinates. The emitted radiation is -

0

. described by_the.usual'retarded»Green's function integral,

N

oy I r-zxl) |

E(r,t) :J[d3rr s rt e ——— 1. (E1)
One,aésuﬁés thatvg(z,t) is observed at a distaht point z(lzf >>'ro),
where |r - r'| may be expanded,

‘" v
b

M2 2 g

R P g Py

Keeping only leading_terms.in the-magnitude;'but including-firSt.._
ofdér corréCtions in the phase, the radiatioh field is:thenzapproXi-

' mated,

B(F 2] = g(z,f)zﬁdeBr' e[z - 3 Izl - #20)] - (e2)

At large distances [3,, the Poynting vector is nearly parallel
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 to'r'and the energy flux (per unit solid angle) is simply
~ c ‘ 27 _, N 2 . ) .
I(I‘,t) = I I_I_:, ,I_E_:(r: 'El)t)‘ . _ : (E3) -

Except for retardation, this should be independent of [rf.
The ‘spectral density is then defined in terms of the temporal

'Fourier“transform'of’E(?,lzl,t),

A ¢ 2 ~ 2 .
I(r,w) =5 IE' lE(r; l_:?_, :(D)-, ’ : (E4)
8 _ }
where _ , B »
BRIl = far A Ixl Y. (55)

- (We first consider only cases where this integral exists.) To
compute the radiated energy, the intensity may be integrated in

time or in frequency, since, according to Parseval's theorem,

 Jer I 1501 - [ 18 5wl
and hence

at (F,t) = 'Aw I(f,é), - : (E6)
Jae xe - -

when I(T,n) is normalized as in Eq. (E4).

Evaluatlng this spectral dens1ty,

'Ihm)=——/ﬁjﬁ'&m wﬂj j’3w

-ggut-g(kl-?gﬁ]-ghﬂt’-;(hl-rzﬂ

Substituting

A ||
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e
a' =t + = fepr -
¢ - c
| givee:
A. _' 7 iaxy : —tany’
I(r,w) = _QJ da e do' e
| 8l . ,
. t
o]dBrl el((l)I‘/C)VE de " l((l)I‘/C) I‘ S(I‘ a) S(I‘”,CI )
c {wﬁ f wr 3
= E [ — , W .Ef- —_ ,'(D)
8 k c \ c
A ¢} '(Dr/“ % l(l)?
=_2_Sj(—')a)"§ -, ®
8 e | c i
where
oA -1{93 ‘r' - a .
E wr _/ Brl dt e ‘¢ 7 s(r',a)

is the Fourier transform of s(r',a). So, finally,

o . ’-(D:'f' .
I(r)w)v = _87T§ lE k_" :(D.) ' S (ET)

independent of lrl [as'anticipated in the notation, I(?ﬂb)]. Hence,v
'1n the approx1mat10n of a localized source and a dlstant observer
the deflnltlon in r—space of the spectral den51ty of the llght
'emltted into a glven dlrectlon r reduces to a s1mp1e express1on_
o involv1ng the Fourler transform of the dlstrlbutlon of sources.
In the.present discussion, however, both.fhe direction of
propagafion and the spectral density of a light wave nave been

‘described by spatial Fourier transforms. This is convenient



2o

because‘the'transform'of the field amplitude -

‘ E(Q: I_}El:t) , E(E:t)

EJ/&3T o i I E(r,t)

. A -1
. defines in one step both a direction k and a wavelength QW,E' l.

[Here,,as above, such expressions are considered well defined.

. If the simple Fourier integral does not converge, E(k,lgf,t)-—

and E(r;[zl,w) discussed above--must be defined either as ensemble

~averages or as instantaneous spectra, as discussed in Sect. 3

‘below. We consider first the simple case thWhich the usual

definition of a Fourier transform is sufficientJ ‘

Using again the retarded Green's function:{Eq.v(El)J to

compute the field amplitude,

\
§
|
r-zrf " e

1 N T
g(k,lglgt) =L/§5r g1k Ejder' T---- s{r',t - ———

| ol c

eept e 1] ol
=fd3r' iker fd5p oL (z':f _rehy
"where '

p=r-1r'.

If thevgrdependehce is described in polar coordinates

(&% - d|p][p]Pd%)

the~intégration over directions méy be done at once [as in Eq.

(Bll)] leaving

S GV S0 YNNI SO
" .
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In the long time limit,:which, of course, is also'required in

Eq. (E5), we have

o arnd

[ ilxlet -1]klet

Bk, [x],6) - s(ic,-[kle) - e s(x, [xle)]  (s8)

t - a>il§’

(.

To ﬁse a k-space formulation, the spectral density must be .ex-
pressed in terms ofvg(ﬁ,lgl,t). Yet E(ﬁ,lgl,t) is here seen to
infdlve tﬁo components df the source distribution, whilevi(§,w),
the spectrai density discﬁssed above, was founa‘to depend upon

~only a single component of s Clearly, the simple expression
e 2 2
1(k, [k« 1x[%[B(x, [x],t)]

is»ﬁbt equivalent to the uSual frequency‘spectrum.v The reason
fof:the difference’is evident in Eq. (EB)E- E(ﬁ,]k,,t) contains
negativé as well as positive optical frequency componénts. The
negatife freQuency‘componénts, which propagaté in;thé :% direétion,

would not be observed with a detector on the +§ side of the source.
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‘On the other hand, négati&e_frequency'combonehts of E(-E),vwhich.
would be observed, have not been inclﬁded, |

iThis suggests the form,
Iu?,vy)'« l® [16E, k)02 + |E<->,<-£,t,y,,_t~>12]' (=)

where by E(+)(k lkl t) [ ( )(k Ikl t)] is meant’ the positive (nega—

tlve) frequency portion of E(k t):

. 00
B (k1) = Jf d-g—,,“’ eI [ atr M R(y, t') (E10a)
0] » T ' '
- 0 I |
E<-)(E:t)'5_~} .g% e 0t ;j— ' eimt'g(g,t') - (E10D)
-00 -

Equation (E9) can be further simplified, however, because the
reality of E(r,t) implies that E(k,w)= E (-k,-w). Hence the two
terms in the above_expréssion are identical and only one is needed.

Thié_leaves
~ L2y 2
1(k, [x|) = [xI2[E (&, k],
Finally, according to Eq. (ES),

KPEDE 6012 - PP s(, ko)l (E11)
t-> o - _ v

which‘is ﬁiﬂe indepéndent. Comparing this resﬁlt.withvthat ob-

tainéd for I(r,w) [Eq.v(E7)], the r- and k-space formulations are

seen to be equivalentlprovidgdvthat (1) the direction X is identi-

fied with the directibn ?, (2) the wavelenéth éngl'l is related

to the frequency o by the usual, w = lglc,'(B) I(Q,IEI) is cor-
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'rectly normallzed and (h) only positlve frequency components of
E(k Ikl t) are included. |

The»two expressions, ls(w?/c,w)|2 and IE(E,lglc)lg,'are still
not qnite equivalent, since the former includes;negative frequency
components, while the latter does not but thls is not an essential -
dlfference, because s(-k, -w) =5 (k,w) Indeed, since w appears
in both.the wave vector and the frequency of s(mﬁ/c,w), the two
halves of the specfrumvin Eq. (E7) simply correspond to the two
terms in Eq. (E9). |

The normalization of I(k lkl) should be chosen to equate the
integrated spectrum to the total radiated energy [as in Eq. (E6)].

The proper value is

: A ' IE, e (+) ~ : 2 .
Ik, |k[) = orim | b BV (kK] ) S, (E12)
t > oo\ b4 '
for then,
oo - : oo '
- A _ ¢ g")__r 2
f | dw I(Tr,w) —[ dmé;r_g l_s_(c ,a))l |
-0 -0
o c f or
=[ dw-—e- 'El\—— ,(D”2
o L c /
[ call =5 15t lxlo)
o Yr
a o 1 '. : . Av ’ v
=f .‘d‘l_lgl e [:tl_l.moo |§(+‘)(k,|_l§|,t)!2

-0
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as required. The normalization of the two inﬁensitiés is most

transparent from a comparison of differentials,

P 2R L d—;—,ﬁ) |z @Il )
1 dlk[\r' FE
1(k, |x|)alx|a® / 2 | Lim
18, 1] )al k| 3% - ““’\u,, lgl U
IE(“‘)(k lkl o - (E13b)

[Again; the factor 6f.two in I(Q,IEI) reflects the fact that:this
spectral densityjis non-zero only for positive ffequencies,
[kfec > o;]' '

This definition is in accord with staﬁdard_ﬁractice. In

analyseé of optical problems, the light intehsities and correla-

tion'funétions are often defined in terms of the positive frequency.

portion of the radiation field.ec' In an r-space formulation,

E(r,t) is real and g(+)(£,t), which is called the associated ana-

lytic signal, is a complex valued quantity which éoﬁpietely de-

scribes the field E(r,t). The ﬁse of an analytic signal is a
generalization of the familiar device of replacing a cosine by
a compléx exponential. - If g(z,t) is nearly monochromatic,_the~
magnitudevof the anélytic signal [g(+)(£,t), is a slowiy varying

quantity.

The magnitude of the positive frequency portion of the spatial =

Fourier transform IE(+)(E,t)l.which was used above also contains no




-2bs5-

rapid’QSCiilation, [See'Eq. (E8).  There either term alone has

. This elimination of

* constant magnitude, buﬁ their sum does”not.;
the rapld optlcal frequency variation 15 convenlent because it
permlts one to define a slowly varying or constant light 1nten51ty
w1thout resort to a tlme averaging. procedure. | |
However, _( )(k t) was 1ntroduced above for a dlfferent
reason::-to define a dlrectlon of propegatloneof the wave. The
definition of an optical spectrum 1(x,x|) in terms of the spatial
Fourier traneform of the field requires fhe uee'of only‘the posi-
tive’freduency'portion Of_g(k,t).,.If negative frequencies vere
included the reeults would not:be equivalent;to the’frequency
spectrum I(r,w) of the llght emltted in the k 7 direction. Yet
the quantity E( )(k t), which was seen to be needed for thls, is
‘Just the\transform»of the usualvenalytlc signal E( )(E’t) since,

" at least for well behaved functions, the two operations'commutef

(oo a
[E(k t)](+) - %e-mj o wt] s -_IHE( /)
' 0 - -00
s ) !.CD . ] ' . CO
e I e )
- *O . ’ J_(D : C
! ik
=jd3r ker o+, 1)

'It"should'ﬁe noted also that different'definitions of the:

i S 2c . (+),
analytic signal are in use. Some authors ~ consider E' ’(r,t),
while’othersla’égfine an analytic signal'equai'to twice this

quantity [to eliminate the factor of two in.Eq; (E1L) below}. A
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' éupéfécript r——fof’”real"—Qis sometimes. used to:identifygthe-origi-'

nal Signal, but thié is inappropriate Wheh-spétial Fourier trans-

forms are employed, since E(k,t) is not neceséafily a real quantity.

Throughout the present discussion, a supersciipt=(+) is used to

identify,the analytic signal, as defined by Eq;'(ElO) [and similarly

- for other qantities, s<+),,§(+), g(+)(£,t),.e¢c.1. since E(r,t)

-

is real, Eq. (E10) implies that
Ert) =2 re B (r,e). (E1k)

In kfspacé, howeﬁer, both E(k,t) and E(+)(E,t).are, in general,
complei'valued functions. For such functions, ParéeValré theorem
implies that

o ' ' oo _ ® .
_fJ[')dtlg(g;t)le= ;/ﬁ dtlg(')(g,t)|2'+~;/:' at |2 (x,1) 2.

- - : -00 : - =00
 For a real valued function such aélg(z,t), this reduces to’

‘[' 'dtlg(z,t)Te = EJ] dt!§(+)(§,t)lg- o (m15)

-® . -0

Using-tpis relation, the time-averaged intensity_of bolychromatic
as ﬁeli as monéchromatic light can be expressed.ih terms of the
associafed analyticisighal. |

The énélysis of optical interference,.howe§ef, requirés_an.
vexbression for the fapidly varying amplitude,:as well as the mean
intensify, of the interfering waves. Both thé'amplitude and the
intenSity‘of the light traﬁsmitted by'a spectrometer may be ek-,

'presséd in terms of the Fourier transform of the input, as can be
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seen from an analyéis'ofﬁthe actual effect of_such an ihstfument.
A briefvreview of this discussion is iholuded'hore.

In a grating spectrometer, the length of the path from the
entronce.slit to'thé exit slit is3differént for light reflected
ofrom different-lineé’of the grating;- Components of the llght are
delayed by different amounts and the output of the instrument is

a superposition of many preceding inputs.

(out) R '_5_1” amount of (1n)
E (t) = L light reflected (t- delay)
(lines of
~ grating)
00

Jf dt f(T)E(ln)( - 1),

O(delay time)
f(T)“igJa real valﬁed quantity which, accoroihg to Eq. (E14) may
_be exﬁreoéed in_termé,of an associated analytic‘oignal, Making

this replacement,

505 () - '2:Rej' ar £ (e - o)
-5 Rej d(t_ T)[ %_Dn- elw(t-T)_e?mtf((n)E(in)(t 'T)
o oo o
-2 Ref dw icotf(w)g(in)(w) ', '. o (me)

t>o 7,

" whiéh just describes‘the effect of the speétrometer in terms of a
transfer function f(w).

In the limit of perfect resolution,'that'is, of an infinite
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sinusoidal grating, f(7) = coson,ff(w) %TW.S(m_= mb)_+ 5(w -+ wo),,
and Eq. (E16) reduces to
- : ' o o =iwt o, :
o E(out)(t) -+ Re e 'p E(ln)(wo).
= teo o
To calculate the mean intensity of this, only thé magnitude lg(wb)|

is needed, since, after time averaging, -

‘I=p, |Ree © g(w‘o)_l'2 = & |B(ay) 1%

To describe intéfference; hoﬁever, the rapid‘oscillatiOn of

thevfiéld must also be considered. Tt is agaih useful to.express

the'reSﬁit both in terms of wave vector k and in terms of direction .

r and frequency w. Considering once more a localized source, a-
. o . : A
distant observer, and & temporal Fourier transform,-E(r,’rl,w),

we have from.Eq. (E16) an expression for the amplitude,
| B 3 . o -
B « e [Izle B0, Izl

The_faétof of {3] permits normalization of the intensity to solid
angle as was done with 1(7,w) in Eq. (Eﬁ).

: :The samévamplitude can alsé be,expfessed‘in terms of the
spatial Fourier transform of the field and the two forms can be.
related-tovthe source density as was done with I(ﬁi!gl) gnd
I(?;&). Iﬁ exactly the same manner as in tha£vdiscussion, one
dbtains-ﬁhé two eqﬁations

Re {Lﬁlefi¢¢§(?;|£laﬁJ_lv» Re,[ei(m’zl/c-wt)ii%z,wgé - (E17a)
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. 1 .]_ iker A -] T ‘k° kot -
Re»{lﬁl B7ic el ;E(+)(k,|5|,t)jt : g;Re Lel(__:_l_lj )

-_s_(g,lklc)J . (EL7Y)
Either Qflthese fbrms‘can be used to describe the field amplitude.
The norﬁalizatidn,.if negded, can be obtained from the corresﬁond—
ing'e#ﬁfession for‘the speétra1fdensity; Eq. (El}a) or (Ele). If
the form of (ELTb) is used, it should be noted that the order of
the bperations is’imporﬁant, sinceb(+)vapd (Re) ao not commute.

2. A Property of the Analytic Signal

Equation (E14) implies that

,::A [Re E(+)(£,t)](+) - % E(+)(£,t), o | (£18)

:Equation (E1k) appliés'onl&'tb real valued functions, E(r,t), but

the ?elétion (E18) is in fact more generally Valid. Because this

result is used in Chapter II, a simple derivatiqh is included here.
Cdnsidér a complex valued quantity, E(k,t). The positive

frequency portion, §(+)(5,t), may be written

00 = [re 26 )] ) 41 a0 ). (£19)

. Re E(g;t) and Im gkg,t) are both real valued quantiﬁies,ana hehée
a reiatidn like:(Elh) must hold for éither termialone.' This sug-
. gests that even though E(k,t) is clearly not equal to the real

_ part.Qf.QE(+)(5,tj, the imaginary part of E(+)(5;t)'may.s£ill be
redundant. | | v | |

Taking the real part,
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v . . : . -O . '
Re g(“*)(g_,-t) = Ref g‘*’,-r_e it [ gy oot B(k,t")

J

0 -00

r°° o . S
d(l) . . l . -3 t_tr

=J ?’Tf dt’ E[E(E’t Je _m’( ._ )
0 . - ‘

L eneriatet ]

‘The positive frequency portion of this,

(o) @ e o) oo}

)y () [ A det [ L, det'] '
= e at A at"
A R - Y SR
0 -00 -0 - -00
- %[.E_(_li’t")e in'(t _t.,_)
%, +ia)'(t'-t")‘?i
+ B (kg t)e |
0o : o - 00 e -‘
dw . -iwt!  dw' j - o1 dwt
ﬁ e J[ -2?- dTJ dt -2— e
) =0

0 0 -00 .

. {E(l{_,t")ei(w_m )T .+ E*(-}E,tn)ei(w )T‘!
- 06! @ .

-] ertet] @ [, 1

- _j 2r - J er 2.
0 0 o

' [g@,w)e““%‘“' ™ L (et )]

)’
where T = t' - t". The T integration gives
o e R | ‘
[ et 2 L s memso - o) + B e + o))
0 0 .

Since the w and w' integrations include only positive frequencies,

the second term contributes nothing [_E_:(E,a)) =0atw-= O}, and
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theifirst givee
, E(k w), w > 0.
J( 2W6(w - w')E(k,w) < | ,
: , 0, - w'< 0.
' \
U51ng ‘this, we have
‘0

H

-iwt -
e .

—
Rlg

: [Re E("’)(E,t)}("') —

0

I
o} -

E(+)(E:w)' | o (EQO)

» This result, identical in form to Eq. (E18), epﬁlies to complex
valued functions E(E,t), [i;e.; to any well Eeheved complex valued :
fuﬁctioﬁ of time. -We have assumed only that -simple algebraic steps
are velid, the the integrale used exist, and that there is no con-
tribotion'from = o;]

l_ fhe;same result oan be obtained by evaluating seﬁafately the
coﬁtributions of the two terme in Eq. (E19).

3. Time Dependent Specfra

'The use .of Fourier transforms to describe a'spectroscopic
measupement is convenient for anelysis, but sﬁoh.a description is
"highly.ideelized."Literally, the measurement of-any wéve vector
component, E(E,t){_ofva field, E(ﬁ,t),_requifee observation of
E(r;t):at every point in space.: A desoription'in terms of fre-

: quency components requires knowledge of the fleld throughout all
tlme. A long time llmlt is also needed in the k space analy51s a
»[c.f,, Eq. (T.7) or'Eq.v(II.lS)J;

The'output of a real spectrometer is not a-single spectral
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ampiitude;‘it is a timé-vérying signal which‘aéﬁendslupén thénraét;
bﬁt'QOt'the future input' to the instrument. _Thi% situation is not
unique to éﬁtics. Any éctual spectral measuremént is related only

in & Iong fimé;limit to a simple Fourier tranéform. Tb improve

upon ;hig désqriptién, othervmathematicél techhiques have been
”develppéd'(priﬁarily for studies of eleétricél_signais in comﬁu-
inication éystems) which better represent the .effect of a spectrometer.

Mést simply, the usual Fourier transform f(mj of a signal f(t)

is soﬁetimes replaéed by an integral over paét, but not future
times.'.The result ié‘a time:dépendent qUanfify whiéh is called a

rumming spectrum:

. N -t. .
f(wst) ;'j, at' e

-®

.' ' o : =

1wt ey, . (Eey)
‘This'definition can be further modified to reduce or elimi-

nate the effect of events in the distant past. By integrating over

only a,finite interval or by including an appropriate weighting

factor. in ﬁhe integrand, one obtains a time localized expression

60

which is called an instantaneous spectrum. _An instantaneous

spectrﬁﬁ hot oniy better representé the effect, of a real spectral
instrument, it has the added advantage of beiﬁg well defined for
‘many fﬁﬁctions whose Fourier transform does not exist af'all, |

The analysés in this report héve all been donevﬁith-feférencef
only to a simpie'Fourier ﬁransform, but much thejsame discussiéﬁ
coﬁld‘ﬂe done in.terms of time-dependent spectfa; indeed, expres=

sions for running spectra and for instantaneous‘SPectra,emérge in



8 éimple_and stfaightferafd wéy from calculations'doﬁe in Chap-~
ters I-ahd'iI. ‘For tﬁis rééson it séems appropriate at 1éast:to
mentibﬁ'how7these concepts coula be introduced .in this diScﬁssion.
Exp?éssidns of the form of Eq. (EQl) appeaféd both in the
apﬁlySip%éf séattering in-Chapfer I [seg.Eqs;v(i.7) and (375,_fromi
whiéh itfcbmes] and in thé‘analysis ofia tWo-béém spectfometer-in
Chapﬁér‘iI [sée Eq. (II.15) and the diScussipn after Eq. (Bll)].
pIn each‘case é long time limit was invoked tévphange.thé résult
into $'standard Fourier,iptegral. Buf oné could instead consider
the'gxpfeésion as é running speétrum. Sb one neéd not intpoduce ;
this;concept-fit isbalready preéent'in the caiéulatioﬁs'aé they
stand.v | | | |
Both of the same calculations started with a spatial Fourier
'-trénsfbrm,vﬁhich invdivés an integral of the;field over all space.
Since‘this'represénts the effect of the aiffpaCtion grating in the
spectroméfer,’it.would be mdre réalistic tovréplace the Fourier
'i.viﬁteéral'byvone oVéf’a finite &olume compafable po the diﬁeﬁsions
p;of thé-grating. If this wéré done, the final expressions juét
discﬁssed'[Eq,.(ﬁY), etc,].wpuld'have a finife lower limit too.
(Thé_intégrais ovep_the_retarded time§ camevfrom integrals over
j-lgl-;'jz ﬁIE'J,.which cémeoriginaliy from tﬁe.épapialpFoﬁrier
1:transf§fms.)_ Thus & more realistic model of thé,spéctrometer would .
give at ohcé_an instantépeous spectrﬁm aé the oufput. |
,In.Chapters'I_and II, the time depgndénce of the measured
'vspeéfrg,'il,Q(é;t),pand of the corresponding sources A&(w;z',t)
_was reintroduced after the Fourier transforméfion, essentially be

- treating the two time scales separately. If instantaneous spectra
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werebe#plicitly eﬁployea, this'separatiOA of'ﬁiﬁe scales’ﬁOuldfnqt
bé neceséary. The difficulty with such an'aﬁﬁanch is; of COurée,
thét?it_would not permit use of the standard theory of Fourier. |
transformation. Iﬁ parficular, the light iﬁtensity, which was
“defined Ey iritegration over the complete time axis woﬁld thén have
to'ﬁébfestated iocaliy.. (Recall that the intehSity was written in
terms:of an analytic signal, which was in turn defined in terms of
the Whoie Foufier transformation.) Also, the treatment of the |
tbtal,iﬁtenSity as just an integral over 'E[”éomﬁonenté [in Egs.
(II,8).and after]-would have to be réwritten for a local definition
of intensity. Thus a conversion to aﬁ insteantaneous spectral for-
mulatioﬁ would require a new'definition of iﬁfensity, and probably
also‘ofvanalytic sigﬁais.

'Fihally, it Should ﬁe noted also that the concept of a time-
depenaenf spectrumuis closely related to the.concept df a time-
dependent correlation function. (Here "time" means the inSfanﬁ
of obsérvation, not the length of a delay.)‘ Eoth a 5ca£tering
éxperimeht and a simple two-beam spectroscopic aﬁﬁaratus would
give a measurement of one Fourier component of the fluctuations
in the séuréevor electron density within a plasma. According to
the WienerAKhintchine.theoreml9[seeque (I.lh)}, this gives infof;
mation gboﬁt the two-point corrélation fuﬁctién of the:sourcé or.

.electron distribution. This correlation funCtidnuis customarily
defined'iﬁ terms of a stationary ensemble of syéﬁems. But any
real observation is made.on a single system,.and most experiments

involve pﬁlsed plasmas which are far from stationary. These

v
¥
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differéﬁces are jusf as basic as--and,:ih faét, felated_to--the
vdifférenée 5étween a Fourier transformbénd é meaéuréd speétrum.

It isfpoésible, howevér, to define a cdrrelafion function ﬁhich>-
doéé'ngt'éssume a s£ationary situation; The!correlation function,
like tﬁejspectruﬁ, can aiso.be defined iﬁ térms of a time—local_

v iéed-expressionf Sévefél authorsé;'have.uséd definitions of this
sdrt»to geheralizé the Wiener-Khintchine theorém;-obtaining a rela-
tioﬁ.between £his type of'cofrelation function and a corresponding'
inétanfqneousvpowef spectrum. “Thus a more realiétic treatment of
the correlation fUnétion leéds again to'the_idea of a time-depend-
ent spectrum.‘ Convérsely, a description of the radiation from a
plaémé ih terms of instantaneous spectra--a déséfiption whiéh'
',emerge$ natu?ally fromié more realistié model df the opﬁical
deviées-used--would lead"to a description of fhe:plasma in terms

. of time-localized expressions for the correlations between particles.



) =2 56' v'

'F, Notation -
’The'fourier transform is used repeatediyiin'this discussion.
For anycfunction,‘such as g(r,t), the spafial Fourier traneform
is denoted by t(k,t), while g(r ®): denotes the temporal Fourier
transform.' [For the definition used see Eq (l 8)] For any
'functlon ‘of time, such as t(r,t) or E(r t), a superseript (+) is
used to.denote the positive frequency (or analytic s1gnal) portion,
( )(r,t), _(+)(r,t), ete. {This is defined by Eq (E10a) in
Appendix E. J
A wave amplitude which is linear in the source may‘be diVided
into separate contributions from the different source points.
This is occasionally indicated by a second spatial variable, as
in g(z;t;z') which means the contribution to t(r,t) from sources
near theinoinf r'. |
A vector quantity is denoted by an underscore, as r, its mag-
: nitude’by the addition of‘an absolute value sign, as [2,, and its
direction by the same symbol with circumflex, as”?. Thus r = ]El?’
=:[§[ﬁ;'etc. | |
Strictly-speaking temporal’Fourier traneformed quantities

are functions of frequency and do not depend on time. But in prac-

tice, measured.spectra are time varying, a fact uhich_cannot always

be .ignored. In our notation, a time dependence is explicitly,indi-
cated in such quantities as éf(m;z',t) in those equations where it
is important. (The mathematical basis of this procedure is dis-

cussed in Appendix E.3.)
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":'The principal'symbols used in the diséussion are:
‘a N : angular'spread of a beam (in Sect. I.B)
. a(zrt) o amplitude of a nearly anOChromatic source

[see'Eq. (II.36)]

|

a acceleratioﬁ
g'vvf" ". accéleration of a particle at time t' (in
Sect. I.C) |
A magnétic vector potential
b b.:' appafent‘anéular sizevqf‘é.focus,(in Sect. IfB)
rmagnétig field strength
c. - speed of ligﬁt |
CA’~¢B’ co) g’ cé | (used inuSect; Ii;B}B) various time delays
' '- . in mﬁltiple-beam spectfoﬁetérs
_Cn'(T) ,". - . electron density time cOfrelation function
d é o '  ' lateral diéplacement of_ﬁhe'extraordinary ray
in a calcite rﬁomb :
a a differencé‘in optical bathvof one wave-
length (in Fig. I-kb) .
D | v ~ the leﬁgth of avcalcite rhomb
e..' R ' electronic charge
@?, 2&,”@2 o = unit vectors of é Céftesiéﬁ‘coofdinéte'system'
E j - electric field sfrength

electric field of an incident light wave (in
‘a scattering experiment)

~amplitude of an incident light wave, gi

CoAA _ :
= (E«é-ksks)go’ ﬁhe component of E, normal to k_
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electric field of a scattefed wave

focal lengths of the input and output lenses
ofa.multiple-beam spectrometer (see Fig. II-6) o

the (complex valued) transfer functionvofva

spectrometer or spectral filter

a function which defines ﬁhe region observed

. " . o . ] o
by a multiple-beam spectrometer Lsee Eg.(II.28)}i -

Green's functions which describe the central
o _ r
section of a multiple-beam,spectrometer] see
. ’] . -
Eq.(II.21)l

the unit tensor of the second rank

the»spectral density of a light wave defined

in terms of  spatial Fourier transforms
the spectral density of light emitted in
direction T [see'Eq.(Eh)]

‘the intensity of an incident light wave

the two light intensities which are measured '

in a multiple-beam spectrometer -

electric currént'density

wave vectors of'light-in-beams A.and B
wave vector of an incident light wave
wave vector of an:observedjscatfered.wave

a difference wave vector (.=ks - k, or.

the length of a collimator

mass of a particle




5

"index of refraction

the number of pairs of beams in a multiple-

| beam ‘spectrometer (i.e., the number of slits

in the mask which defines the beams)

a ﬁnit vector = (EJ'ZE')/(IE _-E.,)

. number of photocounts (in Sect. III.C)

' _;eléctron density

mean electron density

‘density of light sources (in sect. II.C)
‘noise lével in a.spectrum of the output of a

multiple-beam spectrometer

a'complex-valued source strength'(in Appendix C)

the photocount rate due:to'signal light

" the photocount.probability distribution associ-

ated with the signal Y(t); similarly for
Pi;(n), etc. (in Sect. III.C) |

the mean photocount rate due to background
light fecéived by each of the photomultiplier

tubes 1 and 2 (in Sect. ITT.C)

position vector

- position of a pafticie at fime t!

points of observation of the sélected,kbcom-
ponents of ¢, and &y gseequ. (II.S)}

poihts in a multiple-beamvspéctroécopic system
(see Fig. II-6)

the'posifion Qf one of aiset;of point sources

(in Chapter V)
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<

- points immediately behind a calcite rhomb

(in sect. II.B.3)

' poihts immediately behind a collimator (in
Sect. II.B.3)

- a scalar wave source [ffom Eq.'(I.3)37

the signal level in a spéctfum of the output
of a multiple-beam épeqﬁrométer (in Sect.
I11.C)

dynémic form factor in scattering (Sect. I'C).

the spectrum of the light emitted by sources

 near‘I' isee Eq. (II.l5b)jv

time ‘

retarded time

the total time of an observaﬁidn (Sect.III;C)
the transmission function of.a multiple-beam

r _ 7
speqtrometerl see Eq.(II.2)

i
the velocity of a moving frame of reference
(in Sect. V.A)

the velocity of a moVing.source (in Sect. V.A)

distance from a focus (in Sect. I.B)

in
components of r', r( ), etc.

= (w/c)[x‘/fl + x"/fg] a Quaﬁtity used in

Sect. IT.RB.3

' C in L
components of r', r( ), ete.
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- the Qﬁtput sighalufrOm a:multiple-beam
' spectrometer | |
lthe result of frequency mixihg and then time

averaging the signal Y(t) (in sect. III.C)

the positive and negatiVe portions of Y'(t)

- (in sect. III.C)

-y i)

components of . r', z(ln),”etc;

= [Yf(t)}Q (in SeCt‘.III.C)1 j

5 scattering parameter = l/(1EAIKD) v

the angle at which two obéerved beams inter-

sect at a source

the aﬁgle.subtended at the source by a
single observed beam

the mutual coherence befween the [k|c fre-

quency components of the»light'in beams A

,ahde [see Eq. (II.12)|
L o

the contribution to FBA(T,fEI)'from sources
near zf; this is only meaningful for an in-

.coherent source

: o : - 3
‘a complex correlation function [see_Eq. (II.Bh)i;

the mutual coherence between beams A and B

observed after beam B is Doppler shifted in

frequency _[see Eq. (V.h)J

a mutual coherence between light of different

~ wavelengths {see Eq. (V.7a)],
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focal spot size (in Sect. TI.B) .

a small displacement of a source'within a

common source volume (in Sect. IT.A.1)

the small solid angle subtended at the source

by an observed beam

the distance between adjaéent beam-defining

slits in a multiple-béam.épectrometer

the width of a spéctrometgf‘instrument function 
a sﬁectrometer bandwidth;'or the width of an
observed spectral line,vwhichever is narrover
the angle at which two’ihterfering beams
intersect-at a screen

the difference in phaée béfween the fransfer
functions ¢A and QB

plasmé Debye length

scaiar wave amplitude [ffﬁm Eq. (I.B)]

the amplitude of the light accepted by a
mulfiplé~beam spectroﬁéter E

amplitudes of the light in beams A and B, or
6f the A and B polarizatidﬁ.components of the‘
Light | |
the light in beam B observed from a moving
frame of refefence [see Eq;(V.Bbﬂ

charge density ‘

differential Thompson scéttering cross sectibﬁ
the inverse bandwidth of thé spectrum analyzer

used to obtain a signal spectrum (in Sect.III.C)




Rar
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Bz t)

¢A(_{;"':£'J‘D): :
¢B(£'.':£':a)) ‘/ |

¢3(#),

¢l(£(in?);1{
out :
g,(x(° !

b1 Boo

&

o

=-1/¢b, & time interval characteristic of the

k, component. of a light'source distribution

A

time required for beams A and B to travel
through the caléite rhomb'"
electromagnetic scalar potential

angle subtended at a screen by one of & peir

of interfering beams

= EB'EB_- KyoTys 8 phase factor in the meas-

ured mutual coherence

the phase of a nearly monochromatic source

| [se¢ Eq.'(II.56)}.

the two complex-valued transfer functions'of_
a multipié beam spectrometer

the phase of one of a set of point.sources
(in Chapter V)

optical path lengths added by the input and
outpuﬁ lenses of a'multiple-beam spectrometerv
constant contributions to ¢l and §,

& mean path length for rayé in a multiple-

: 1
beam spectrometer [see Eq. (II-}O)J

angﬁlar'fréquency'

'avcharécteristicvfrequency_bf the k component

of a'light_séurce distribution

a frequency of a nearly ﬁonochromatic source
[see Ba. (11.36)]

the frequencies of light in beams A_and'B.(in

Chapter V)
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frequenéy of incident light'
the freqﬁéncy of one of a set of po:int sources
(in Chapter V)

. frequency of scattered light

a .dlfferenge frequency (= @, = ®; Or wp - wA)
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| :, FOOTNOTES AND REFERENCES -

_mmmmfi' B

'1Q_ of farticﬁlar importanée‘here is progress méde in the under- )
standing'and use of partially coherent'light.- This-work is

. summarized in several recent books:

-a;: M. J. Beran and G. B. Parrent, Jr., Theory of Partial
Coherence (Prentiée—Hall, Englewood Cliffs, N. J., .
- 196h).

b. E. L. 0'Neill, Introduction to Statistical Optics

(Addison4Wesley, Reading, Mass., 1963).

c. L. Mandel and E.‘WOlf, Eds., Selected Papers on Coherence

and Fluctuations in Light (Dover, New York, 1970).

Several articlesin the series. Progress in Optics,'E. Wolf,

 Ed. (North-Holland Publishing Co., Amsterdam), also pertain
. to this subject. |
2. Discussions of related quantum problems are available in

: séVeral recent books on quantum optics:

a. R. J. Glauber, Ed., Quantum Optics, Proceedings . of the
International School of Physics ﬁEnricd Fermi" Course
XLII, Summer 1967 (Academic Press, New York, 1969).

b, S. M. Kay and A.'Maitland,-Eds.l Quanfum Optics,

Proceedings of the Tenth Scottish Summer School, 1969
(Acadenmic Press, New York, 1970).

c. J. R. Klauder and E. C. G. Sudarshan;fFundamentals of

Quantum Optics (Benjamin, New York, 1968).
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" The general subject of plasma diagnostics is discuséed in -

. séveral books, including

R. H. Huddlestoﬁe and S.. L. Lednard,’Eds}, Plasma

Diagnostic Techniques (Academic Press, New Yofk, i965).

H. R. Griem and R. H. Lovberg, Eds.,'Plasma'PhySics,

Vol. 9 of Methods in Experimental Physics, L. Marton,

Ed.-in-Chief (Academic Press, New York, 1970).

W. Lochte-Holtgreven, Ed., Plasma Diagnostics (North-

Holland Publishing Co., Amsterdam, 1968).

S. Rostler, W. S. Cooper, and W. B. Kunkel, Multlple—

Beam Spectroscopy, Bull. ‘Am. Phys. Soc. ;z, 986 (1972).

J;‘D. Jackson, Classical Electrodynamics (Wiley and Sons,

New York, 1962), p. 180.

See, for example,.S. L. Leonard, Basic‘MaCrQSCOpic-MEaSure-

‘a.

'meﬁts, in Plasma Diagnostic Technigues, R. H. Huddlestone
‘and S. L. Leonard, Eds. (Academic Pfess, New York, 1965).

- See Refefences 3 and also

H. R. Griem, Plasma Spectroscopy (McGraw-Hill Book Co.,

New York, 1964).

G. V. Marr, Plasma Spectroscopy (Elée#iér, Amsterdam,

1968)

_:Thebmechanismsvof bremsstrahlung and cyclotron emission are

*‘dlscussed in Chapter 15 of J. D. Jackson, Clas51cal Electro-

dynamics (Wiley and Sons, New York, 1962), and in Chapter 3

of P.‘C Clemmow and J. P. Dougherty, Electrodynamlcs of

'vPartlcles and Plasmas (Addlson-Wesley, Readlng, Mass., 1969)
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Herefand throughout, the term "observed_beam"-is used to -

E denoteva bundle of rays accepted by'an Optical system.

10.

11.

12.

13.

1.

15.

vThls does not mean 1nc1dent light, the llght is all emitted

by the plasma

J. Richter,'Radiation of Hot Gases, (Sect.SQ.l) in Plasme

.Diagnostics, W.'Lochte-Holtgreven, Ed.'(North-Hollahd

Publlshlng Co., Amsterdam, 1968).

H R. Grlem, Plasma Spectroscopy (McGraw Hlll Book Co.,
New_York,‘l964), Ch. 7. .
F. C. Jahoda and G. W. Sawyer, Optical Refractivity of

Plasmas, in Plasma Physics, H. R. Griem and R. H. 'Lovberg;

Eds., Vol 9 of Methods in Experlmental Phys1cs, L. Marton, :

Ed.-in-Chief (Academic Press, New York, 1970)

a. R. A. Adler.and D. R. White, thlcal Interferometry, in

Plasma ﬁiagnostic Techniques, R;'H,'Huddlestone and

8. L. Leonard, Eds. (Academic Press, New York, 1965).

: b.';U,VAscoli-Bartoli, Plasma Diagnostics‘Based on Refrac-

tivity, in Physics of Hot Plasmas, B. J. Rye and J. C.

Taylor, Eds. (Proceedings‘of the Nihth;Scottish Summer
_School, 1968) (Oliver and Boyd, .Eaiﬁburgh 1970).
K L. Bowles, Observatlon of Vertlcal Inc1dence Scatter from
the -Tonisphere at ul Mc/sec, Phys. Rev. Letters L 454 (1958)
a. M. N._Rosenbluth and_N.vRostoker, Scattering of Electro-
magnetic Waves by a Nonequilibrium Plasma, Phys. Fluids

5, T76 (1962).
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k)

J. P. Dougherty and D. T. Farley,‘A Theoryiof Incoherent .

,FScattering of Radio Waves by a Plasﬁa;vProc Royal Soc.

(London) A259, 79 (1960); and D. T. Farley, 5. P.

Dougherty, and D W. Barron, A Theory of Incoherent

' Scattering of Radio Waves by a Plasma IT. Scatterlng

“in a Magnetic Field, Proc. Royal Soc. (London) A263,

238 (1961).

E. E. Salpeter, Electron Density Fluctnations ina

Plasma, Phys. Rev. 120, 1528 (1960); and Effect of the

- Magnetic Field in Ionispheric Backscatter, J. Geophys.

The llterature of this type of experiment is quite extensive. .

es. 66, 982 (1961).

. J. A. Fejer, Scattering of Radic Waves by an Ionized Gas

in Thermal Equlllbrlum, Can.J. Phys 38 lllh (1960).

‘The general state of the subject and the available reference

material are.summarized in several recent reviews:

_ao

e

D. E. Evans and J. Katzenstein, Laser Light Scattering
‘in Laboratory Plasmas, Reports on Progress in Phys1cs

22, 207 (1969)

S. A. Ramsden, Light Scattering Experiments in Physics -

| of Hot Plasmas, B. J. Rye and J. L. Taylor, Eds., (Pro- -
: ceedlngs of the Ninth Scottlsh Summer School 1968)

: (Ollver and Boyd Edinburgh, 1970)

A. W. DeSilva and G. C. Goldenbaum, Plasma Diagnstoics

by Light Scattering, in Plasma Physics, H. R. Griem and -

R. H. Lovberg, Eds., Vol. 9 of Methods in Experimental
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Physics; L. Marton, Ed.;in-Chiefl(Academic:Press,‘New _

t_'York 1970)

17;,;That ls, the coherence 1ength of the 1nc1dent llght exceeds
the dlmen51ons of the scattering volume and the width of the

'laser spectrum is much less than that of features in the

'"spectrum of the ‘scattered llght

18.

culatlng the partlcle acceleratlons.

in the*indeX'of refraction..

In the 11m1t dlscussed here (the "Born approx1matlon") the

.electrlc fleld of the scattered llght is neglected in cal-

The index of refrac-

tion is assumed equal to unity and the small effects of

plasma particles are calculated separately.  An alternate
approach is to consider the scattering as due to variation

See, for example, H. G. Booker,

S A Theory of Radlo Scatterlng in the Troposphere, Proc. IRE

“ 38, kol (1950).

19.

"See J. D. Jackson, Classical Electrodynamics (Wiley and Sons,

| New York, 1962), Sect. 14.1; or W. K. H. Panofsky and M.

Phillips, Classical Electricity and Magnetism (Addison-

Wesley, Reading, Mass., 1955).

20.

21,

a. R. C. Dav1dson, Methods in Nonllnear Plasma Theory
’_(Academlc Press, New York 1972)
h. V. N. Tsytovich, Nonlinear Effects in Plasma‘(Plenum

Press, New York, 1970).

See F. Reif, Fundamentals of Statistical'and Thermal Physics

(McGraw-Hill Book Co.,

Elementary Statlstlcal Phy81cs (Wlley-and Sons, New York,

New York, 1965), p 585; or C. Klttel; o



22.

23.

2k,

25.

26.

27.

28,
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1958), p. 133

' See, for example, S. E. Schwarz, Plasma'Diagnosis by Means

of Optical Scattering, J. Appl. Phys. 36, 1836 (1965).

See, for example, 0. A. Anderson, Laser nght Scatterlng

l Measurement of Plasma-Density,'Temperature,'and Correlation
'gsﬁeotrum (Ph;D. Thesis), Lawrence LiVermore'Laboratory
. Report UCRL-50699; or D. A. Reilly, Light Scattering by Ion

: Thermal Fluctuations in a Dense Plasma (Ph D. The51s),

Lawrence Berkeley Laboratory Report UCRL-~ 20815

H. M. Smith, Principles of Holography (Wlley and Sons, New

York, 1969). ,
a; Dennis Gabor, Holography, 1948-1971, Science 177, 299

- (July 1972)

’ h. .G. W Stroke, An Introductlon to Coherent Optlcs and

Holography (Academic Press, New York, 1969).

c. R. J. Collier, C. B. Burkhardt, and C. W. Lin, Optical

‘Holography (Academic Press, New York,_l971).
G. L; Rogers, Experiments in Diffraction'Microscopy, Proc.
Roy. Soc. (Eainburgh) 63, 193 (1952).
a.»_h. Mertz and N. 0. Young, Fresnel Transformations of -

”Images, in Optical Instruments and Téechnigues, K. J.

‘Habell, Ed. (Charman and Hall, London, 1962), pp. 305-12.

b. Neils 0. Young, Photography without Lensesvor Mirrors,
Sky and Telescope, Jan. 1963, p. 8.

L. Mertz, Another Optical Fresnel Transformer, (advertise-

‘ment) in J. Opt. Soc. Am. sk, iv (1964).
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29; g;- Gar&.Cochran; Néw‘Methodvof Making Fresnei>Transforms.»
witthhcoherent;hight, J. Opt. Soc. Am. 55, 615 (1965).
b. A. W. Lohmann, Wavefront Reconsfruction for Ihcohereht
Ohjects, J. Opt. Soc. Am.>§5, 1555.(1965).
c.; J. T. Wlnthrop and C. R Worthlngton, X Ray Mlcroscopy
j:by Successive Fourier Transformatlon, Phys Letters 15,
124 (1965).
30. a.: George W; Stroke.and Robert C.fRestrick.III, Holograﬁhy‘e
with Spatially Noncoherent Light, Appl. Phys. Letters
7, 229 (1965). This work is"described-also by GL W.

Stroke”in An Introduction to Coherent»bptics and Holo-

.EILIEI (Academlc Press, New York, 1969) Sect. Vi 9.
b. Gary Cochran, New Method of Maklng Fresnel Transforms‘
| with Incoherent Light, J. Opt. Soc. Am, 56, 1515_(1966),
_c.-.P J. Peters, Incoherent Holograms w1th Mercury Light
- Source, Appl. Phys. Letters 8, 209 (1966)
4. H. R. Worthington, Jr.;.Productlon ofiHolograms with In- -
.coherent-Illumination, J. Opt. Soc. Aﬁ; 56, 1397 (1966) ..
Bi. a. ‘Adam Kozma and Normah Massey, Bias Level.Redaction'of
Incoherent Holograms, Appl. Opt 8, 395 (1969) |
ib: 0. Bryngdahl and A. Lohmann, One. Dimensional Holography }
_ with Spatially Incoherent Light, J. Opt. Soc. An. 2§,
o ees (198). |
Chapter II
52; For a_slightly different statement of the:same comparison,

. one can note that scattered light is described by a complex



33

| 3h.

35.

36.

37.
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' Véerd amplitude and that the total scattered wave is found

by addlng a set of complex numbers, one for each scatterlng

- center. In the two-beam spectroscopic observatlon,‘the

mutual cohefence between the light‘ih beémslA and B ié alsd

a complex valued'quantity, and, if the source is incohefent,
thfe coherence Just consists of cohﬁributions from the dif-

‘ferent source points. It is this superposition of complex

Valued_contributioﬁe to the mutual coherence which corre-
| sponds‘to summing_up the complex.amplitudesjof scattered .

- wavelets in a scattering experiment.

B. D. Cullity; Elements of X-Ray Diffraetion_(Addison Wesley,

Reading, Mass., 1956).

G. B. Benedek, J. B. lastovka, K. Fritsch, and T. Greytak,
: Brillduin'Scéttering in Liquids and Solids,Using Low Power

, Lasers, J.'Opt. Soc. Am. 5k, 128h (1964).

See, for example, L. J. Cutrona, E N. Lelth L. J. Porcello,
and W. E. Vivian, On the Appllcatlon of Coherent Optlcal
Processing Techniques to Synthetic—Aperture Radar, Proc..

IEEE 54, 1026 (1966).

See Max Born and Emil Wolf, Principlee ofAOptiesb(Pergamon
Press, Oxford, 1970), p. 275. | |
a.' F. Durst, A Melllng, and J. H. Whitelaw, Laser Ane-
_mometry: A Report on EUROMECH 36, J. Fluid Mech. 56,
'th. 1, 143 (1972). | o
b. Hartmut H. Bossel, W. J. Hiller, and eg"E. A. Meier,

Noise-Cancelling Signal Difference Method for Optical
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Velocity Measurements, J. Phys., E (London) 5
893 (1972).

38. See Ref.'S,,p._186.

39. .MQ_Francon and S. Mallick, PolarizationaInterferometers
 (Wiley and Sons, New York, 1971).

40. ‘See Ref. 5, p. 188.

41. See H. B. Dwight, Tahles of.Integrals and-other Mathematical
Data (Macmillan, New York, 1961), p. 223 (iotegral 858.713).

4o, E. Wolf, Light Fluctuations as a New Spectroscopic Tool,
Japan J. Appl.'Phys. 4, Suppl. 1, 1 (1965).

(m+n) has been included in

_43. lso, an additional factor of 2
(II.34). This is to compensate for a difference of a
factor of.two invtherdefinition of the.analytic signal.
See the discussion precedlng Eq. (E.14) in Appendlx E.
| hagter IIT
: hh. R. Hanbury Brown and R. Q. Tw1ss, Correlatlon Between Photons
1anwovCoherent Beams of Light, Nature }ZZ, 27 (1956) and

A Test. of a New Type of Stellar Interferometer on Sirius,

-~ Nature - 178 1046 (1956), both reprlnted in Selected Papers

on Coherence and Fluctuations. of nght L Mandel ‘and E.

_ Wolf, Eds. (Dover, New York, 1970), pp._eso-ess.

| :h5: R. Hanbury Brown and R. Q. TW1ss; Interferometry of the

- Inten51ty Fluctuatlons in nght I. Ba51c Theory The
Correlation Between Photons in. Coherent Beams of Radlatlon,

~ Proc. Roy Soc. (London) Aeuz 3oo (1957), reprlnted in

Selected Papers on Coherence and Fluctuatlons of nght



L6.

47.

L8.

L. Mandel and E. wolf,'Eds (Dover, New York 1970), D- . 272_,
30k, | o

'E. M. Puroell; The Quesfion of Correlation Between Photons

in Coherent Light Reys, Nature 178, 1449 (1956), reprinted

oin Selected Papers on Coherence and Fluctuations of Light;

L. Mandel_and E. Wolf, Eds{.(Dover, Néw'York,.1970),'pp}

270-271.
':In.observations of high-frequency phenomeha; however, some

‘variation in n oould be toleratéd. If the'éignal ffequehcyb

were greater than the frequency of the variations in the

line'integrals of n, the effect of interference could be seen

but the apparent frequency. of the bhenomenoﬁ would e

_affected by thé time dependence of the optical path lengths.

R. J. Glauber, Photon Counting and Field Correlationé, in

_Physics of Quantum Electronics (conference'proceedings),

'.oP.~L. Kelley, B;'Lax, and P. E. Tannenwald;:Eds. (McGraw-

| kg,

50.

CHiIY Book Co., New York, 1966), pp. 788- 811

j;L Mandel Fluctuatlons of nght Beams, in Progress in Optlcs,

,vE WOlf £d. (North Holland Publlshlng Company, Amsterdam, .
”(1963), Vol. II, pp. 181- 2&8
oF. Robben, N01se in the MEasurement of nght ‘with Photo-

‘multipliers, Appl. Optics 10, 776 (1971);

Chapter IV

51.

R. A. Hess, Study of a Beam-Plasma Instability by Spectro-

écopic Methods (Ph.D;vThesis), Lawrence Bérkeley Laboratory

'Report LBL-1531, December 1972.
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Chapter V. o

52.

H;”Z{_Cummins and H. L. Swinney, Lighﬁ‘Béating Spe¢troscopy7

in Progress in Optics, E. Wolf, Ed. (North-Holland Publish-
ing Co., Amsterdam, 1970), Vol. VIII, pp. 133-200.

Td shift the frequency light’one can use a Bragg cell in -

" which lighf is refleéted from a sound wave in a liquid.v'

sh,

5.

" See H. 7. Cummins and N. Knable, Single Sideband Modulation
of Coherént Light by»Bfagg Reflection.from Acoustical Waves,
Proc. iEEE 51, 1246 (1963). There afe also eiéctrp-Optic .
methods for frequency shifting of iight waves. See C. F.

~ Buhrer, V. J. Fowler, and L. R. Bloom; Single Sideband
Suppressed-Carrier MQdulation of COherent Light Beamé,

Prqc{ IRE 29,.1827‘(1962); and C. F. Buhrer, D. Baifd, and -
E; M._conwe11, Optical Frequency Shifting by Electro-Optic

.‘Effect;.Appl. Phys. Letters 1, 46 (1962). |

.~ See M. A. Dugay and J. W. Hahsen, An Ultrafast Light Gate,
Appl. Phys. Letters 15, 192 (1969).

a.  Arthur Ruérk, Fast Modulation Effeéts in the Oftical
- Region, fhys. Rev. Zé: l8i (1948){. 
| b. A. Thepddre Forrester, Richard A; Gudmﬁndseﬁ, and
Philip O. Johnson,_Photoelectric Mixing.of InCoherent.

| Light, Phys. Rev. 99, 1691 (1955), reprinted in Selected
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Appendix C

56.

o7

58.

59. ¢

This is equivalent to a'requirement that.the'first slit be

smaller than the maximum of a single slit diffraction pattern

"of the second slit. That is, the path length from any p01nt

across the width of one to any p01nt across the width of the

other must vary by less than half a wavelength.

Indeed, it is this'Which defines the beansf If the source is

outside a beam, then the resulting distribution of phase .

across the first slit will be such as to destructively inter-
fe.re at the second slit; the light which ‘passes through the

'_first slit is going in another direction. _Thelfirst slit*ls'

many wavelengths wide. The light retains. "memory" of direc-

v tion to an accuracy slightly less than needed to distinguish.'

the - small angle subtended by the second slit. This is, of

_ course, Just the connection between geometrical optics

("beams'A and B") and the physical optics which determines
the forms of the interference fringes and the essociétedv
polarlzation patterns.

In using such a system, the optics would-nave to.be rathef.,

carefully aligned so that all of.theflight transmitted.by

the colllmator would then enter the spectrometer. One.might,'
even want to remove the spectrometer entrance sllt and Just

let the second lens focus the'collimated light into an image

-

of a slit at the same place.

A\

One solution is to use a serles of two rhombs, the second

‘rotated 90 with respect to the flrst about the axis of the

ey

Dl e

i o




't.system Then ‘each polarlzation is extraordlnary in one rhomb

or ‘the other and the dlfferences in optlcal path length

, 1ntroduced will cancel, but the lateral dlsplacements, which
are perpendlcular, w1ll not; ThlS comblnatlon»of elements is

_;called a Savart plate, or polarlscope (See Ref. 39.)
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