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MULTIFLE-BEAM SPECTROSCOPY 

Peter S. Rostler 

ABSTRACT 

This report describes a new spectroscopic technique which 

provides spatially localized information about fine scale fluctu

ations in the density of light sources within a self-luminous 

plasma. In conventional spectroscopic methods, only the frequency 

spectrum of the light is measured. Yet light is characterized by 

phase as well as frequency. If a source is observed from several 

directions (through several beams), one can measure the correla

tions in phase between light emitted in different directions. 

With s.n incoherent source, two-beam correlations ciiji only be due 

to common sources, i.e., to light emitted from within that small 

region which Is observed through both beams. T.MB the result of 

a correlation measurement is not an average along a line of sight; 

it is ci local measurement. 

It is shown 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 |k | = |k | 

emitted in directions k and k^ is then shown to be proportional 

to the k. = 1 L - k. Fourier component of the light source distri

bution. This result is similar to what is found in an analysir. 

of laser-light scatterlr.i;. Thus the type of information given by 

a scattering experiment can also be obtained from spectroscopic 

measurements upon the light emitted by the plasma itself. Multiple-

beam spectroscopy and laser-light scattering differ, however. 
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both in applications and in basic principles, as is explained in 

a detailed comparison of the two methods. 

A two-beam spectrometer is only the simplest of many possible 

instruments of this type. For applications one needs to employ 

a more efficient system—one which 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 beams, whose mutual coherence can then 

be deduced from polarization measurements. A general m<.),f.imatical 

description of such systems is developed, and several .-xamples are 

examined in detail. 

An estimate is given of the noise level expected in the out

put of a multiple-beam spectrometer. The effect of photon noise 

is analyzed and a criterion obtained for the amount of light 

required for acceptable photon statistics. 

The results of an experimental study of spectrometers of this 

type are presented. Several multiple-beam spectroscopic systems 

were assembled and tested with light from a small gas laser. The 

polarization fringe patterns obtained agree with those predicted 

by the tneory. 

The final system studied was then used to observe fluctua

tions in a laboratory plasma. The plasma was produced in helium 

by an electron beam, the fluctuations were imposed upon it with a 

probe, and a selected wavelength and frequency component of the 

disturbance in the plasma was observed through measurements of 

flictuations in the <?istributions of the sources of the strongest 
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neutral helium emission line. The plasma phenomena observed were 

not extensively explored, but the results obtained show that a 

multiple-beam spectrometer can actually be used for plasma 

diagnostics. 

The theory developed to describe these measurements is then 

extended to some other cases. These include the use of higher 

order optical correlation measurements to detect higher order cor

relations in the source, the use of several optical frequencies 

to observe high-frequency phenomena within a plasma, and the use 

of a broad portion of the optical spectrum to make one observa

tion more efficiently. 
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I. IMTRODUCTION 

A. Optical Diagnostic Techniques 

Optical diagnostic techniques are used in nearly every field 
1 2 of physics. Progress made in recent years in optics ' has led 

to the use of improved optical methods in many areas of research. 

The purpose of this investigation was to explore the possibility 

of extending the optical methods which are used in experimental 

plasma physics. 

In plasma physics, much effort has been invested in the 

development of diagnostic techniques. Plasma diagnostics is 

particularly difficult because the phenomena of interest occur 

during short times and because a high-temperature plasma is 

easily perturbed by almost any instrument. A probe is required 

which can respond quickly—at high frequencies—but which will 

not disturb the plasma under study. Both of these requirements 

suggest the use of optical methods. 

Several optical diagnostic techniques are used in plasma 

physics, the variety of existing methods calls for a discussion 

of the general problem of an interacting system of optical radi

ation and plasma. Such an analysis suggests that other useful 

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

beam spectroscopy", is discussed in this report. 

The basis of this approach is the measurement of the co

herence, or correlation in phase, between various components of 

the light emitted by a plasma. Analysis shows that such a measure

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

a plasma. To explore the prs.cticallty of using thi.s technique 

for diagnostics, a model optical system was constructed and used 

to observe imposed fluctuations in the density of a helium plasma . 

produced by an electron beam. 

Before explaining these ideas further, it is useful to 

review the basic principles Mid limitations of some standard 

optical plasma diagnostic teenniques. This is done next and 

then the concept of the present study is presented in the second 

chapter. 

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

than anticipated. A few comments on its structure may be helpful. 

The central portion of the tsxt is Sect. IIA. Chapter I is just 

preliminary to IIA, and later sections all stem from that !>asic 

arg'iment. In particular, Sect. IIB (with Appendix C), Sect. IIC, 

Chapter III, and Chapter V are four completely separate discus

sions, all of which directly follow Sect. IIA. 

The experimental work is described in Chapter IV. This 

should be understandable if one has read IIA end then Appendices 

C and D. 

B. Plasma Spectroscopy 

Any optical diagnostic technique involves an interacting 

system of radiation and plasma (actually, any extended source 

of light would suffice for this analysis), (see Pig. 1-1.) The 

plasma is assumed to be bounded, but many optical wavelengths 
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Fig. I - l . The general type of system considered. 
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p i d E I i aj \ 

" c at 2 ^ o s at j 

and B obeys a similar equation. Thus, for the fields themselves, 

one has again a set of equations of the form of (1.3). 

In a system like that of Pig. 1-1, the source density, 

s(£,t) is nonzero only within the plasma, cut ?(r,t) extends 

beyond the source. This, of course permits optical diagnostics: 

The optical frequency components of |(r,t) (whic!" may include 

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

outside the plasma. This provides, according to Eq. (1.3), some 

degree of information about the optical frequency components of 

s(r_,t). And s(r,t) depends upon various properties of the plasma. 

In general, s(r,t) depends also upon the fields, including those 

of light waves. This effect of the light must be considered, 

*or example, to explain scattering and to compute the index of 

refraction of the plasma. 

Xn some situations, however, the effect of the light nay be 

neglected. The optical radiation may then be considered separ

ately, using Eq. (1.3) with a specified s(r,t). rhis may be done 

if the light is emitted in collisions or atomic transitions and 

propagates unaffected by the plasma. We consider first such an 

s(r,t), a transparent extended source, with n = 1 (n is the index 

of refraction). 

There are, then, three elements: Tiie plasma, the optical 

radiation, and the apparatus of measurement. To explain a 

particular observation, one can calculate ^he effects of various 
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plasma phenomena. But to determine what apparatus to use it is 

necessary to first consider carefully the nature of the optical 

radiation. What types of information are contained in the light 

from such a source? And vhat types of observation might one make? 

To measure the optical radiation one can simply photograph 

the plasma. But photographs alone can only begin to describe 

plasma phenomena and a measure of the total intensity gives only 

a small part of the information in the emitted light. 

Much more information is contained in the spectrum of the 
7 light. The light from a plasma consists of line radiation from 

atoms and ions and continuum radiation du-e mainly to bremsstrah-

lung and cyclotron emission. '.'lth a spectrometer (Fig. 1-2) one 

can compare the intensities of various portions of the spectrum 

and measure the shapes and locations of spectral lines. Since 

several mechanisms, including the Dojpler effect and the Stark 

effect, can broaden spectral lines, several plasma parameters may 

be determined spectroscopically. 

Tha accuracy of a spectroscopic measurement is limited by 

the intensity of the available light. This, of course, is true of 

any optical technique. In addition to this, a spectrometer like 

that shown in Fig. 1-2 has tvo inherent limitations not necessarily 

shared by other optical diagnostic apparatus. 

First of all, the various components of the light are emitted 

from small discrete sources—atoms, ions, electrons, colliding 

particles, etc. Such light contains information about the source 

and its Immediate vicinity--the velocity of the source, the local 
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Fig. *-2. Conventional spectroscopic apparatus. 
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electric field, etc. From the spectrum, which is merely the 

superposition of such contributions, one can determine "single 

point" plasma parameters such as particle densities and tempera

tures, and field strengths and frequencies. Plasiia dynamics, 

however, is dominated by collective effects due to long range 

forces by which particles some distance apart may interact. With-
9 in the confines if the observed beam, it is impossible to measure 

with an apparatus like that in Fig. 1-2 such "plasma" properties 

as the wavelengths and frequencies of density fluctuations, or 

shielding distances, or correlation lengths. 

The second limitation is the leek of depth perception. A 

spectrometer like that in Fig. 1-2 accepts light from sources 

within an observed beam. A typical focused beam is shown in Fig. 

1-3. For sources not too near the focus and well within the beam, 

the optical system accepts any light emitted along a ray which 

when traced back goes through the focal jpot. Such rays are 

spread over an angle b w 8/x, that is, a solid anfcle ~ b = 8 /x 

(6 = focal spot size; x = distance to focus). The radius of the 

observed region is r » s ax (i = angular spread of the beam). So, 

the amount of light received from some element along the line of 

sight (see Fig. 1-3) is 

T t .. /brightness!'volume \/solid angle] 
in tens i ty - • f s o u r c e j ^ o f r e g i o n : I subtended I 

. [brightness] ^ a x ' . ^ J B ; 8 

I of source j i 2 / \xi 

_ | brightness 1 , w 2-2 . 
= lof source j S a 5 ** 
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XBL733-Z398 

Fig. 1-3. A typical observation region (single focused beam). 

B is the width of the focus, a is the angle of acceptance 

at the focus, b is the angular width of the focus as seen 

from a point a distance x away from the focus. 
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—independent of x, except through the brightness of the source. 

So, at least according to this simple, approximate analysis, there 

is no spatial resolution at all in the axial direction. 

This conclusion is valid within geometrical optics, 'jfae 

intensity of optical radiation (the energy per unit solid angle 

crossing unit area in unit time, i.e., the energy flux per solid 

angle) is not changed hy an cptical system free of losses and 

aberrations. This is just the result, familiar in photometry 

and photc3raphy, that the apparent brightness of a source depends 

upon its actual brightness, but not upon its distance from the 

observer. 

However expressed, invariance of intensity means that any 

measured optical spectrum is an unweighted average of spectra of 

light emitted all along the line of sight. If the source is 

nonuniform, different regions with different emission spectra 

contribute to every observation. Some type of "unfolding" is 

required. For this one must record spectra of light emitted along 

many different lines of sight. An additional assumption, such as 

cylindrical symmetry of the plasma, is generally also invoked to 

simplify the analysis. 

Nevertheless, plasma spectroscopy has bsen found extremely 

useful. An optical spectrum contains a large amount of informa

tion. Interpretation of various spectral features can become 

quite complicated and present understanding is based on work by 

many investigators. 

Explanation of the optics of the spectrometer, on the other 
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hand, Is qui te straightforward vhen an idealized instrument, free 

of lens aber ra t ions , misalignments, e t c . , i s used as a model. 

The apparatus depicted In Fig. 1-2 measures the In tens i ty of v a r i 

ous frequency components of the l igh t in some bundle of r ays . 

The frequency (more precisely , the wavelength) i s selected by the 

spectrometer ( s l i t s , mirror and d i i f rac t lon grat ing) and the in

tens i ty i s measured with a photomultiplier tube. 

A l igh t wave, even ii a simple scalar model, i s characterized 

by in t ens i ty , frequency, and phase. The spectrometer makes use of 

phase information t o define the incident beam. Different spec

trometers se lec t d i f ferent spectral features, but a l l conventional 

instruments make similar use of the phase of the Incident l i g h t : 

A lens or set of lenses and a pinhole or s l i t are used to select 

a bundle of rays--a resu l t which can be described by gt-^aietrical 

op t ics . 

C. The Use of Coherent Light: Inverferometry 

and Light Scattering Measurements 

There are opt ical diagnostic methods which do make different 

use of phase Information. Within the l a s t decade, opt ica l i n t e r -

ferometrj and l i gh t scattering- measurements have both become widely 

used ...i plenra physics. These techniques d i f fe r from spectroscopy 

In m a t l igh t from an external source i s used and in that the 

l igh t i n t e rac t s with the plasma affects s ( r , t ) l . 

In spectroscopy, the in tens i ty of the l igh t used i s the sum 

of the In t ens i t i e s of components frcs different sources. In 

interferoraetry and in sca t te r ing , the observed in tens i ty of the 
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light depends also upon the relative phases of various components. 

This is true because this light is coherent. It originates from 

a common source and its coherence length exceeds any differences 

in optical path. 

Optical interferometry is useful in studies of dense plasmas 

such as theta pinches. In such an observation, interference is 

used to measure the phase of light vhich has traversed a plasma. 

This phase depends upon the' path of the light and upon the plasma 

index of refraction, vhich, in most experiments, is determined 

mairjyby the electron density. This effect is analyzed in the 
12 review ty Jahoda and Sawyer who show that, at a given optical 

frequency, the expected phase shift is proportional to the inte

gral of the electron density along the path of the light—again, 

a nonlocal measurement of a single point parameter. For ruby 

laser light, an integrated density of 3.2 x 10 /cm is needed 

to change the optical path length by one wavelength. For plasmas 

much smaller or less dense than this, zero phase shift is a good 

approximation unless phase is measured very precisely or light 

crosses :he plasma many times. 

The present analysis assumes throughout that the index of 

refraction ef any plasma considered is equal to unity. This assump

tion is made to simplify the analysis, but It Is not necessarily 

a general limitation since in man;' cases some variation in n would 

be inconsequential. 

Many li:terferometric techniques, including some which can be 

used to measure very small phase shifts, have been developed. 
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12 1^ These methods are well summarized in several revievs . ' ' 

A different type of information i s provided by studies of 

the scat ter ing of electromagnetic radiat ion by a plasma. This 

technique was f i r s t used in radar backscattering studies of the 
Tk 15 ' 

ionosphere. Thereaf ter , theoret ical analyses by several authors 

explained such scat ter ing in terms of predicted f luctuat ions in 

the plasma electron density. Laser l i gh t sca t ter ing has since 

been used to study a var ie ty of laboratory plasmas. Because 

an analysis of t h i s type of measurement io s imilar t o l ess famil

i a r problems considered in l a t e r chapters, a br ief discussion of 

t h i s by now well-known technique appears ir i . icated in t h i s place. 

The apparatus for a typica l scat ter ing measurement i s shown 

in ? i g . I-lt. The basic procedure is simple: A l a se r i l luminates 

the plasma and the l igh t scat tered inti. some observed beam i s 

spect ra l ly analyzed. The measured spectrum i s found to d i f fer 

from tha t of the incident laser l ight because components of the 

scat tered l i gh t are shifted in frequency by amounts comparable to 

various charac te r i s t i c frequencies of the plasma. To understand 

the scat tered spectrum—indeed, t o understand why scat ter ing 

occurs a t all—one must consider the combined effect of s ca t t e r 

ing by many plasma p a r t i c l e s . 

The observed scat ter ing occurs within the in te rsec t ion of 

the incident and observed beams. In t h i s region the incident 

l igh t may be represented as a l inear ly polarized monochromatic 

plane wave: 

E ^ r . t ) » EQ cosfkj • r - | k t | c t ) . (1.5) 



- l l * . 

Beam 
dump 

Spectrometer 

XSL733-2399 

Pig. I-Ua. Atypical laser l ight scattering apparatus, k. - wave 

vector of the incident 11 

observed scattered l ight . 

vector of the incident l ight , k » wave vector of the 
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XBL733-2400 

Fig. I-^b. Detai l of the scat ter ing region, a , a , a , 

are the maxima of a wave of wave vector k . . d i s a 

difference i n path of one op t i ca l wavelength. 
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Eac>> charged particle is accelerated by this field, a = ̂  E. and 
emits a scattered vave, E . The total scattered vave is the super-

1ft position of such contributions. 
For nonrelativistic motion, the radiation electric field of 

19 
an accelerated point charge is: 

1 
E.(£,t) = -. -In x (2 x a')] | - , , - ret 

c r - r" " 

r - r' 

r' and a 1 are the position and acceleration of the particle at 
the retarded time 

f = t - i |r - r'|. 

Since the acceleration, and hence the scattering, is inversely 
proportional to particle mass, appreciable scattering is produced 
only by plasma electrons. If these are described by an electron 
density n (r , t ) , then from a voivme d r' around a point £ ' is 
emitted a scattered wave, 

e 2 1 , • ,, 

8 mc |r - r'| l L * ~ -1' 

And the total scattered wave is the superposition, 

E s(r,t) = ; d 3 r ' E s(r,t;r')-
scattering 
volume 
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This wave i s analyzed by a spectrometer which transmits onl^- the 

k component (see Appendix E . l ) , 

E s(k s,t) s j d ' r e ~Eg(£,t) 

r - r ' 

It. • £ ' - CD,. | t (1-6) 

(tu, = | k . | c ) . This expression reduces t o (see Appendix B for 

d e t a i l s ) , 

t -» 00 ' — S ' < 

r - t o t 
[» e(iE " *i> »8 - V + n

e < * 6

 + * i ' ffis + m l > ] 
K-«>.)tr . . .. , i \ 

" W (I-L n

e ^ s " *i> -o>s - <V + V^s + * * > <"! 
JJ 

7) 

^ s s 1 2 S S f G ) - Here E. = ( I - k k J w is the component of E =0 
which i s normal to k and 

s s'=0 

n e(k,o;) = J j d 3 r d t e - i ^ T < B t ) n e ( r , t J 

=0 

(1.8) 

i s the Fourier transform of the electron density. 

If we re ta in only posi t ive frequency components of E (see 
—s 

Appendix E.l)and neglect the high-frequency (as = cu, + CD.) con-
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ponents of n , Eg.. (1.7) reduces t o 

^+){^\:. Tsr («) so 1 ""^^^)- <T-9> 
Here, 

^ s s. - t i 

This analysis neglects the width, Ak, of the spectrometer 
instrument function. With equal precision, the long time limit 
may be replaced by equality after t ~ T = (oik)" ,' the correspond
ing correlation time. This retains a slow time dependence in n i 

/ \ . i 2i . -to t 

We thu6 introduce a time-dependent spectrum. This operation i s 

considered more carefully In Appendix E.3 . The measured l igh t 

In tens i ty , which depends upon E_' + '(k , t ) (see Appendix E.1-.5) 

exhib i t s only t h i s slow time dependence: 

,2 

« V I * 8 I ' * > - ( £ F ) ls ( + )(vl5Bl-t)l 8 

1 le2\S 

loir l mc; 

The observed scattering is thus due to one Fourier component, 
the (k ,a>.) component, of the electron density. A single electron 
would produce a scattered wave, but when many electrons are present, 
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only fluctuations in their density will cause scattering. This 

can he simply explained. All light scattered by electrons located 

in a plane normal to k. will have the same phase. Contributions 

from scatterers separated by 2mrk. |kJ will differ in phase by 

n cycles. If n is an integer, there will be constructive inter

ference; if n is half integral, the contributions will cancel. 

If the electron distribution is uniform, there will be complete 

cancellation. But any fluctuations n
e(k«»«0 *-ll produce very 

strong scattering. The scattered intensity is proportional to 

the square of 1^(^*0^)1.] 

A plasma wave can produce such fluctuations. Indeed, a de
scription of scattering may be included in a more general analysis 
of three-wave interactions. In this context the resonance con
ditions k = k - k., a). = cu - to. are seen as statements of the 

-TA, — S —1 A s i 
20 conservation of momentum and energy. An analysis of scattering 

as a three-wave process may include the effect of the interaction 

upon n and perhaps also upon E.. These effects have been neglected 

here. 

In conventional notation, the result of Eq. (I.11) is often 

expressed in terms of frequency, 

i ( k B , ( k s | j t ) d 2 k g d | k 6 | = « £ s , | k s | ; t ) d 2 k s ^ s 
c 

, 2 - 2 
i e 

16V inc' 
i ' E o ^ M k ^ a v t } ! 2 ^ ! * 

,mc i 
i£0 ' " V ^ ' " & 

V e o V ^ A ^ e * " ( I , 1 2 > 
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where 
2 

I =1.2|Ef + )(r,t)| 2 = l 2 6V ^ 

n - is the mean electron density, 

/e2 f |&'|» 

is the differential Thompson scattering cross section, and 

1 
S(Jk,a>A) = '"e^'V*^ 2 

^ e O 

is called the "dynamic form factor." 

In a scattering experiment, one records a spectrum of the 

light scattered into some direction k . The relative variation 

in optical wavelength is usually negligible, so the scattering 

is all due to fluctuations of one wavelength, 2F|k.|" . This is 

customarily related to the plasma Debye length L by a "scatter

ing parameter", 

1 
(1-13) 

The spectrum of scat tered l igh t then provides a frequency spec-
p i 

trum of the k^ component of n . By the Wiener-Khintchlne theorem, 

£jp I n ^ k ^ o ) ! 8 = j t o ^ n B

# ( k a , t ) n . ( k a , t + T ) , ( l . l * ) 

t h i s i s equivalent t o a measure of the time corre la t ion function, 
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cn (k ) ( T > s "eX'^'e^'*")" (l*15) 

e'-ii' 

A complete knowledge of n (k,<u) would also provide the complete 

spatial correlation function, but this would require many observa

tions. A single measurement provides partial—yet extremely 

useful--lnformation about spatial correlations. 

Scattering measurements are very useful precisely because 

they are not subject to either of the previously noted limita

tions of spectroscopy. A spectrum of scattered light is not an 

average along a line of sight. The observed scattering occurs 

entirely within the intersection of the incident and observed 

beams. This well localized scattering volume may be selected 

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

point parameter. The interference between light scattered from 

different points provides information about fine-scale fluctua

tions within a plasma. 

With Eq. (1.11) 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 a, the scat

tering parameter. For a « 1, the observed fluctuations are 

those of a random distribution. In this regime the frequency 

spectrum is determined by the electron velocity distribution. c 

If a > 1, electron-ion correlations permit observation of ion 
23 motions as well. 



-22-

Cslculations of predicted fluctuation spectra differ in 

method and in assumptions, but the relation of such results to 

any scattering measurement depends upon optical considerations 

which are common to all such experiments. In this report we con

sider further this fivst part of the problem—the relation between 

a distributed source such as a plasma and the associated optical 

radiation. It vill 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 Fig. 1-1 . The sim

plest such situation is, again, a self-luminous plasma. In the 

optical problem, the source distribution s(r,t) is then determined 

by the various plasma processes. We assume for now that the 

plasma is an incoherent source. If one range of frequencies is 

considered, there is no correlation between the phases of s(r,(o) 

at different points. 

The resulting radiation, however, is not completely inco

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

common sources and therefore the light 5(r,t) observed at widely 

separated points may well be correlated in its phase. If the cor

relations are considered, an analysis of the radiation from a 

luminous plasma is far from trivial. And such an analysis pre

sents the possibility of developing useful optical diagnostic 

technique s. 

The basis of "multiple-beam spectroscopy" is the fact that 

information about the local values of fluctuations and correla-
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tions in plasma particle densities is in fact present in the 

light emitted by the plasma itself. The abcve noted limitations 

of spectroscopy are not limitations on the information contained 

in the emitted light. They are limitations of the type of appara

tus represented in Fig. 1-2. To make a different type of measure

ment, one must make differe.it use of the phase of the light. 

Although these conclusions can be justified by a general 

analysis, they were first obtained by consii" -ration 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 the following explanation. Laser light scattering methods are 

familirr to plasma physicists, but a scattering measurement is not 

the only optical technique which uses phase information in a way 

which cannot be explained by geometrical optics. In particular, 

the invention of the laser has also led to the practical develop-
2k-26 ment of optical holography. A "hologram" is a recorded set 

of interference fringes which can be used to produce a three-

dimensional image of a stationary object. In a conventional holo

graphic process, interference with the light in a reference beam 

is used to produce a record of the amplitude and phase of the 

light reflected by a coherently illuminated object. An explana

tion cf this procedure bears considerable similarity to an analysis 

http://differe.it
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of laser light scattering. 
More recently, the possibility of making holograms of self 

luminous objects, or of incoherently illuminated objects, has also 
27-31 been explored. Uiis work is of interest in connection with 

the present study. The relation between holograph,, and optical 
plasma diagnostics is examined in Appendix A of this discussion. 

In the next chapter, multiple-beam spectroscopy is explained 
In terms of classical optics. Some consequences of the discrete
ness of light ttuturea are discussed in Chapter H I . 
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II. THE ITE OF raASE IHFORMVriON 
A. A Tuo-Eeam Spectrometer 

1. Light from an Incoherent source: The Sum of Many 
Interference Patterns 
Every optical phase measurement requires a comparison between 

different components or beams of light. In interferometry, a re
corded pattern of interference fringes reveals the difference in 
phase between transmitted light and light in a reference beam. In 
a scattering process, the interference between light scattered by 
different electrons depends upon the coherence imposed by the light 
in the incident beam. 

A self-luminous plasma provides no incident or reference beam, 
but since a plasma radiates in all directions, the emitted light 
may be considered to consist of many beams. Light from different 
points within a plasma is, in general, not coherent, but light 
emitted in different directions from one region should have some 
coherence. Thus, if a volume of plasma were observed from several 
directions at once, both phase and frequency measurements could be 
made. 

Most simply, one could define two distinct"observed beams"--
A and B—as shown in Fig. II-l. Beyond a spectral analysis, or 
any other measurement on either beam alone, there is then a further 
possibility: to compare the light in the two beams. 

This suggests at once that a local spectroscopic measurement 
might be possible. The two observed beams can be defined to inter
sect in only a small, well localized, common source volume. Then 
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Lens-, 

Pig. I I - l . A two-beam observation. 
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if any component of the light can be identified as common to both 

beams, the location of the source is known at once. In human 

vision, for example, depth perception is provided by the recogni

tion of two Images of a single object. This procedure would be 

difficult to duplicate with scientific apparatus, but in observa

tions of a plasma, the very incoherence of the source provides 

another way in which a common optical component might be recog

nized. We have noted already that light from a common source is 

(or may be) coherent. If it is assumed that light from different 

sources in a plasma is completely incoherent, then any correlations 

in phase between the light in beams A and B must be due to common 

sources. Any measured mutual coherence between components of the 

light in different beams must give local information about the 

common region where the two beams intersect. 

To measure the mutual coherence between beams A and B, one can 

combine them and observe any two-beam interference which results. 

A simple optical system with which this could be done is shown In 

Fig. II-2. Here a set of masks and lenses is used to define two 

narrow beams which intersect in a common source volume. The light 

in each beam goes through a filter (that is, through some spectro

scopic apparatus, the same for each). We suppose that the oVserved 

light contains a spectral line of width im, that the filter trans

mits only this line, and that the coherence length, c/<5to, of this 

transmitted light, exceeds any differences in the lengths of opti

cal paths through the system. 

Beams A and B are focused at a common point on a screen. The 
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Fig. II-2. A two-team spectrometer, c.s.v. = common source 
volume. 
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illumination of the screen then depends upon the mutual coherence 
of the light in the tvo beams. If the light vere all due to a 
single point source vhich was observed through only one of the 
beams, then a single aperture diffraction pattern vould appear on 
the screen, as shown in Pig. H-3a. The width of the illuminated 
area vould be detennined by the angle 0 subtended at the screen by 
a single beam. 

If, however, the light vere due to an isotropic point source 
vhich was observed through both beams, the result vould be quite 
different. In this case, a tvo-beam interference pattern vould 
appear on the screen, as shovn in Fig. II-3b. The spacing of the 
fringes of this pattern would depend upon the angle S between the 
tvo component beams. Since B » (S, the angle subtended by a single 
beam, the fringe spacing would be much less than the size of the 
whole pattern and many fringes vould be seen. 

If several separate incoherent sources were observed at once, 
the resulting pattern of illumination would be simply the superpo
sition of the light intensity distributions due to each of the 
sources alone, as shown in Fig. II-5c. Two sources, one observed 
through each beam, vould not together produce a two-beam inter
ference pattern. Interference requires mutual coherence which, 
under our assumptions, could be provided only by a common source. 

These conclusions are based upon quite elementary optics, but 
the essential difference between the effects of sources vhich are 
observed through one beam and the effects of sources vhich are 
observed through both beams presents a practical useful possibility. 
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-31-

Fig. II-3. Patterns of illumination of the screen. 

(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 

beams, (c) A pattern due to several separate sources. 



-32-

If an optical system of this type, a two-beam spectrometer, were 

used to observe a plasma, and if the amplitude of the interfer

ence pattern, and not the total light intensity, were recorded as 

a spectral amplitude, the result would depend upon only those 

sources within the small, well localized common source volume. 

In this manner, one could observe exclusively a small selected 

region within a luminous volume of plasma. This is something 

which cannot be done with conventional spectroscopic apparatus. 

The essential difference is that, in c single beam observation, 

unwanted light is stopped only by some system of masks and slits. 

Any light of the proper frequency which is admitted by the opticcl 

system—and this includes all the light radiated along certain 

rays—contributes to the output of the spectrometer. With two 

beams, however, it is possible to discriminate against a portion 

of that light which ĵ s admitted by the optical system. This is 

what gives the better resolution. 

In a laboratory instrument, it is useful to observe an optical 

signal electronically. In a two-beam spectrometer, there are 

several ways in which this might be done. Most simply, the screen 

(in Fig. II-2) could u* replaced by an array of slits placed at 

the positions of the maxima and minima of an expected two-beam 

interference pattern. Then a set of mirrors or light pipes could 

be used tc direct the light from a set of maxima (which we shall 

call "bean 1") into one photomultiplier tube ("tube 1") and the 

light from the corresponding minima ("beam 2") into another photo

tube ("tube 2"). Then, if the illumination were uniform, the two 
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measured Intensities would be equal, but if the expected two-beam 

interference pattern vere present, most of the light would be re

ceived by one of the phototubes. One could then record, as the 

output of the system, not the total measured intensity, 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 divided equally between beams 1 and 2. 

Such light would not contribute to the recorded difference signal. 

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

equally between the two phototubes. 

There is, b jwever, a further complication. The apparatus of 

Fig. II-2 defines a common source volume which is at least as wide 

as a diffraction-limited focus of either of the two observed beams. 

To every point within this region there corresponds an expected 

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

terns due to different sources might not coincide. 

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

not coincide. The locations of the maxima of such a pattern depend 

upon the difference between the lengths of the two optical paths 

from the source to a point on the screen. To estimate the effect 

of a displacement of the source, It is helpful to imagine 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 

dravn 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, the angle between the beams, and the size of the illumi

nated region would depend upon p, the angle subtended by either 

beam (see Fig. II-2). Since a » (3, there would be many fringes 

in the pattern. Because the various optical paths are unchanged 

by the interchange of source and screen, the maxima of the new 

pattern are just the locations in the original arrangement of 

sourcef which would have produced intensity maxima at the location 

of the new source. Such sources would have all produced coinci

dent sets of interference fringes ("pattern 1"). Sources at inter

mediate points—the minima of the new pattern--would in the origi

nal arrangement have produced the opposite or complementary two-

beam interference pattern ("pattern 2"). Finally, the region 

illuminated in the interchanged arrangement is just the original 

common source volume. Hence the multiplicity of fringes here 

implies the presence, In the system first considered, of different 

points from which light would contribute in opposing fashion to 

the output signal. Some common sources would radiate preferenti

ally into phototube lj other common sources would radiate prefer

entially into phototube Z. 

If the common source volume vere filled with luminous plasma, 

both' types of source could be wcpected. The result might be a 

cancellation of effect. To understand the significance of this 

conclusion, it is helpful to recall some features of a loser 

light-scattering experiment. In that type of measurement, scat-

terers at different points necessarily contribute light of dif

ferent phases to the observed beam and 3uch contributions can 
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destructively interfere. As we have noted already, a uniform 

distribution of scattering centers would produce no scattered 

wave at all. The scattering is due to fluctuations in the density 

of scatterers. More particularly, according to Eq. (I.11), the 

light scattered by a plasma is due to one spatial Fourier com

ponent, the k. = k - k. 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. II-2 would in fact produce 

a similar result. From within the common source volume, light 

emitted into a narrow range of directions around k is accepted 

by beam A (see Fig. 11-^). If a common source were displaced by 

8, the optical path to the screen through beam A would be reduced 
A 

by 8*k and the change in phase along this path would be reduced 

by 

8-k. S-k. 
(») =_£ = - A = 6-k.. 

(wavelength) (l/lkj) ~ 
(k. = wave vector, at the source, of the light in beam A.) The 

tame displacement 6 would reduce the difference in phase from 

the source to the screen along beam B by B-k_. Hence the rela

tive phase of the light in the two beams would be changed by an 

amount 

(k • k_ - k.) which depends upon the displacement 5 and upon k., 

the difference wave vector, a quantity which appeared already in 
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the analysis of scattering. 

If the displacement 8 were normal to k^, there would be no 

change in the relative phase of the light In tha two beams. Hence 

all the common sources in a plane normal to k. would produce co

incident interference patterns. Each such source plane would 

act as a single source. Furthermore, different source planes 

separated by an integral multiple of the distance 27r/|k.| would 

also produce the same pattern ("pattern 1"). But sources in an 

intermediate set of planes (see Fig. II-il) would all produce the 

opposite or complementary set of fringes ("pattern 2"). Hence 

the amplitude of the resulting two-beam interference—that is, 

of the mutual coherence between the light in the beams A and B--

would be proportional not to the total intensity of common sources, 

but rather to the differsnee in intensity between these two groups 

of sources. This quantity Is simply the amplitude of the k. 
—id 

spatial Fourier co ponent of the source distribution. 

Here it should be emphasized that although this result is 

similar to what is found in an analysis of scattering, the reasons 

for the same effect are somewhat different in the two cases. The 

result of a scattering measurement depends upon interference be

tween the light scattered from different points w;thin the scatter

ing volume. The coherent incident beam provides a definite rela

tion between the phases of waves scattered by different electrons. 

Beause of the resulting interference, the measured intensity of 

scattered light depends upon fine scale fluctuations in the plasma 

electron density. 
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To describe a spectroscopic observation, one must make the 
opposite assumption: The light from different sources is com
pletely incoherent. There is no observable phase relation 
betveen the light emitted from one point and that from another 
point. In effect, two such waves would not interfere at all. 

How then could one observe the source distributionl The 
answer is that if one looked from one direction only, one could 
not. But if a plasma were observed from two directions, with the 
instrument shown in Fig. II-2, (1) each ceiaion source would pro
duce an interference pattern on the screen; and (2) if the sources 
were distributed in space according to k^, these various inter
ference patterns would coincide. Then an overall patter-i would 
appear on the screen. 

The light from each source would Interfere only with itself, 
not with the light from another source. It is the relation be
tween the different interference patterns which then gives infor
mation about the source distribution. But when one combines 
interference patterns, one adds intensities; one does not add 
electric fields. In this arrangement, It is the superposition 
of the various intensity patterns which corresponds to the inter
ference of light waves (electric fields) In a scattering measure-

32 

ment. A two-boam spectrometer could, of course, be considered 

vlthout reference to a scattering measurement, but in any explana

tion i t i s important that points (1) and (2) should not be confused. 

Both steps are essential to the result. 

The effect of the spatial distribution of sources has been 
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discussed as If it were stationary, which it would not he for 
times longer than T W 1/ ( 0n' w h e r e "Vj i s a frequency character
izing the k,̂  component of the distribution. This affects the 
manner in which the signal must he received, but it also intro
duces the possibility of observing directly the frequencies 
characterizing She plasma. 

We have assumed already that the observed light is a spectral 
line of width £m. It follows that the measured light intensities 
cannot vary at frequencies greater than this. The time resolution 
of the system Is further limited by the response times of photo-
multiplier tubes. If it is assumed that the signal does not vary 
over times shorter than T =[C~ (length of the common source 
volume)jthen the output of the system at any Instant represents 
the (single) distribution of sources at the time the light was 
emitted. In this low frequency limit, the output signal would 
reproduce d.rectly the (fluctuating) time dependence of the k^ 
component of the distribution of common sources. (This is shown 
in Section H A 3 below.) If, for example, one had in the plasma 
a wave vector k. and (low) frequency co,, one would see in the 
signal an oscillation at CD- (provided, of course, that the light 
source intensity varied with the amplitude of the plasma wave). 
That is, a portion of the light accepted by the system would 
oscillate between beams 1 and 2 at <uQ, the frequency of the wave. 

In the usual spectroscopic or light scattering measurement, 
it is sufficient to record an integrated intensity value. The 
fluctuation of the light intensity about the measured average is 
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not usually considered. In the present case, however, the fluc

tuation is important because the measured signal is the difference 

between two light intensities (beams 1 and 2). A long time aver

age of this signal would produce a null result. It is essential 

to observe the signal over times less than T = l/a>n, the fluctua

tion time. 

There are several ways in which this might be done. For 

pulsed experiments, the optimal procedure would be difficult to 

specify in general, but in a steady-state experiment one could 

simply record a frequency spectrum Y(<o) of the output signal 

Y(t) = 'OTJ - I.(t). The recorded Y(<u) would be proportional 

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

distribution. (See Section II A 3«) For example, a plasma wave 

(in the common source volume) of wave vector k,̂  and frequency oi-

vould produce a peak at ajQ in the recorded signal spectrum Y(co). 

Finally, it should be noted that in several areas of research, 

methods are used which Involve effects similar to those considered 

here. Interference between scattered waves is important, for 

example, in the scattering of x-rays by crystals and in Brillon 

scattering of light by sound waves in liquids. Theoretical 

analyses of the reflection of radar waves also lead to many of 

the same results. 

The suggested use of two-beam interference to resolve fluctu

ations in light source densities within a plasma Is quite similar 

to the manner In which the diameters of stars can be measured 

with a Mlchaelson stellar Interferometer. 
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Another class of instruments which bear an interesting simi

larity to a tvo-beam spectrometer are the laser Doppler anemometers 

which are used to study gas and liquid flows. The literature on 

these devices is extensive, but the most common types of laser 

anemometers are mentioned in one conference review article by 
37a Durst, Helling, and Whitelaw. Those authors describe three 

arrangements (see their Fig. 1). The first is Just a simple scat

tering experiment, but one in which the scattered light is com

bined with light from the incident beam before detection. This 

permits measurement of small frequency changes, which produce 

beats in the observed intensity. In the fluid systems on which 

these anemometers are used, the particle positions are essentially 

random over distances «s |k. | ~, so the scattered light intensity 

is Just the sum of contributions from the different particles. 

(See Section I C above.) 

Durst et al. then describe another type of system in which 

only scattered light is seen, but in which the scattering region 

is illuminated with two beams from the same laser. The two inci

dent beams interfere to give a pattern of fringes within the region 

observed. The scattered light is then found to be modulated by 

the motion of fluid density fluctuations across this pattern of 

varying illumination. This system ic similar to the inverse of 

a two-beam spectrometer: Instead of a two-beam observation, one 

has two Incident beans, but in each case the two beams Interfere 

to define a eource wavelength, and in each case the observed in

tensity is Just the sun of contributions from the different 
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particles , in spectroscopy because of incoherence between sources 

and in scattering because of randcmness in particle position. So 

for different reasons, one obtains quite similar results in the 

two cases. 

Finally, the Game authors mention also a system in which 

only a single incident beam i s used, but in which the scattering 

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

which most resembles our two-beam system. A two-beam system used 

to measure random scattering i s clearly similar to a two-beam 

spectrometer. However, in the laser anemometer, only one final 

l ight intensity i s measured, so the signal contains contributions 

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

So even In the absence of coherence there would be an output (as 

from either tube 1 or 2 in our two-beam system) but in practice 

the effect of interference can be separated, since i t gives a 

rapid time dependence to the measured signal. 

Moreover, one can also use an intensity difference measure

ment to separate the interference in a laser anemometer. An 

arrangement which uses polarizing optics to do this has been 

studied by BosBel, Hiller, and Meier in an experiment of the 

two-incident-beam variety. 

2 . Some Comments on These BesultB 

Thus a review of several widely used techniques i l lustrates 

the Importance of an understanding of t in coherence properties of 

an optical radiation f ie ld , and an analysts of a simple two-beam 

spectrometer shows that Information about 'he local values of the 
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wavelengths and frequencies of fluctuations in light source densi

ties is available, at least in principle, from measurements of the 

coherence of the emitted light. With this understanding, the 

present study was undertaken to explore the possibility of devel

oping from these ideas a useful, practical diagnostic method. 

Several general features of this type of measurement can be 

seen already from the first example. Only the effect of a single 

spectral line was described, but the same procedure could clearly 

be repeated for several portions of a spectrum. Since different 

spectral features are due to different types of sources, it should 

be possible to measure in this way the distributions in k and tu 

of various groups of particles. (In a scattering measurement, 

by comparison, only the electrons are observed directly.) With 

a two beam spectrometer, all of the information in the spectrum 

of the emitted light would still be available and one could measure 

at each optical frequency not only the total light Intensity, but 

a whole set of optical correlations as well. 

In a practical arrangement, the angle a between the beams 

could easily be made small by observing the plasma through two 

sections of one lens. This would permit observation of plasma 

wavelengths much larger than optical wavelengths. (Again, in 

comparison, a scattering study of long wavelength fluctuations 

requires the rather difficult observation of forward scattering.) 

In comparison with the output of a conventional spectrometer, 

the level of the signal from a two-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 team contribute to the signal. 

The problem is more serious, however, because in a real system, 

those sources which were observed, but which did not contribute to 

the signal, would produce a measured background noise. In the 

classical optical picture the "background light" (not to be con

fused with "stray light", which can be reduced by improvements in 

the optics) ic divided equally between beams 1 and 2 and the effect 

is balanced out in the intensity difference signal. In a real 

system, the background light would contribute an irreducible amount 

of photon noise. The "signal" and "background" components differ 

simply in their photo count probability distributions and the sepa

ration of effects is a problem in statistics. The need for adequate 

photon statistics thus imposes a basic light intensity (and obser

vation time) requirement which is considered in Chapter III of 

this discussion. 

The need for adequate light intensity leads one to consider 

improvements in the design of the optical system. The two-beam 

spectrometer so far considered is extremely inefficient because 

the plasma is observed only through two narrow bundles of rays. 

Fortunately, one can design an equivalent system which presents a 

much larger solid angle of acceptance. In Appendix C, the pre

ceding discussion is extended to include some more efficient 

arrangements. In Section II E below, the same problem is con

sidered from a more abstract and general point of view. 

Beyond the design of a more efficient version of the present 

system, it is also of interest to consider other possible observa-
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tions. Selection of a single wavelength component of the dis

tribution of sources within a local volume is not the only type 

of spatial resolution which could t-> achieved. Spectroscopic 

systems can be designed to use phase information for a variety 

of purposes. This possibility greatly extends the scop» of the 

problem. It is important not only to consider a variety of cpti-

<Bl systems, but also to describe in general terms the range of 

possible measurements. The necessary analysis is not completed 

in this study, but in the rext few sections of the discussion, 

several ways of looking at the prolem are considered. 

Many plasma phenomena occur at frequencies toe high for 

direct time measurements. The low frequency assumption of the 

preceding analysis is thus a severe restriction on the utility 

of the suggested method. Fortunately, it does not appear to be 

a necessary limitation. Some modifications of the apparatus which 

would permit observation of higher frequency phenomena are pro

posed in Chapter V. 

The low-frequency limit is nevertheless a convenient initial 

simplification. It essentially permits one to consider first the 

spatial or k dependence of the problem and to defer discussion of 

the time or frequency dependence. Both the analysis presented in 

this chapter and the observations described in Chapter IV 

pertain to this one aspect of the problem. 

3. A Reformulation of the Two-Beam Problem 

In the preceding discussion of a two-beam spectrometer, 

several assumptions are stated or implied: 
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1. The effect of the plasma is represented by a scalar 

source density, s(r,t), which is not affected by other elements 

of the optical problem. 

2. one linearly polarized component of the emitted light is 

accepted by the optical system. It is assumed that the amplitude 

i(r,t) of this radiation is related to the source by a scalar 

wave equation Eq. (1.3) > 

1 d2«(r,t) 
v 5(r,t) - -jj „ = -lws(r,t) 

which has the retarded solutiorr 

I r - r ' l ' 
S(r,t) =•= j d V s | r ' , t - (II-D 

\ c I 

3. The plasma is observed through two beams which are re-
A A 

stricted as to regions of observation, directions (k ,1LJ of emis

sion of accepted light, and optical wavelength (2Tr/|k.| + 27r/|k | ) . 

tbe accepted light is conveniently described in terms of a spatial 

Fourier transform of the wave amplitude 

, - ik , »r 
J ( a l l 

space) 

J ( a l l J 

space) observed) 

d V 
( a l l J (region ' r " r ' ' 

8 | r ' , t - e ^ ' B 
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= / ***' h.jfh,*^' 

vhere 

[/' 

(all 
space) 

, B-I-Z ! Ir-r'l 
err s r',t 

5 (k,t;r') =\ for points r' within (11.2b) 
' ~ the observed" 156811 and 

0 for all other points r' 

is the k component of the radiation from sources at points r' 
observed through bean A or B. 

Since the negative frtquency components of |. ..(k ,t) pro-
A, a "~A, a 

A pagate in the -k, _ direction, and since the source is observed 
A,J3 

A 
from the +k, _ d i rec t ions , only the positive frequency components, 
i\ T.QLI -!!»*)» a r e received by the detector . (This point i s d i s -A,c ^A,B 

cussed in de ta i l in Appendix E. 1.) The amplitudes of the t r ans 

mitted waves, which are , of course, real valued quan t i t i e s , may 

be expressed in terms of $\ ' ( k . , , , t ) . See Eq. (E.17) and d i s -

cus6ion.) To within a mult ipl icat ive constant 

(observed) , - A r ik^ *r 

(direct ions 0 
observed) 

• ^ £}& B .t) (II.3) 
2jTi<- A ' B ^ ' B 

vhere f(|k» B|c) is the transfer function of the spectral filter. 
The light in each beam may then be expressed as the superposition 
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of contributions from different points within the plasma. Com
bining Eqs. (II.2) and (II.J), we have 

(observed) r , (observed) 

where 

(observed) r „ A r ik. «r 
!A j B(r,t,r.) - ReJ d \ B J d ^ J e " A ' B "fO^lc) 

0 

k. The light in beams A and B is then combined and resepar-
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: r. within beam A and r within beam 

h,SW 
1 (" (observed) (observed) 

. i f , (observed) f , (observed)I 
= | | J d V ! B ( r B , t ; r ' ) 7 j d V ^ ( r ^ t j r ' M . ( I I . 5 ) 

5. Light emitted from different points within the plasma 

Is completely incoherent. Each measured in tens i ty i s Just the 

sum of in t ens i t i e s of l igh t from different points . Thus Eq. ( I I . 5 ) 

becomes 
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i , I (observed) (observed)I 

Since beams A and B are transmitted through the same spectral 
filter, f(|kA|c) = fdlc^c) and Eqs. (II.4) and (H.6) reduce to 

Ilf2(t) . § J d V r M 
He / d|k| -=— f(|k|cl 
-* " a r t e 

(II.7) 

6. Beams A and B are narrow bundles of rays, each S'lbtend-
2 ing a small solid angle 5 a- The amplitude {, _ does not vary over 

the width of either beam, so the integrations over direction d Tc, 
2 merely Introduce a factor of 5 a. 

7. The integration time over which the intensities are aver
aged exceeds the coherence time of the light, so the measured 
intensities are Just the sums of the intensities of different 
spectral components, 

Xl,2 ( t ) " kj^r' J d'*' ( — 1 <*2*f 

• I* i f d k l o ^ ' ^ W ^ . t . - r ' ) +e 1 VS( + )(4,t;r')]| 2. 

(II. 8) 

Since the wave amplitudes are real, their time-averaged 
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intensities can he expressed in terms of the associated analytic 

signal, [see E4. (E-15)-| "t is convenient to make this substi-

tuion here. Doing so, and using the result obtain in Appendix E.2 

leads, after a few algebraic steps, to the expression 

\2M'f*?''J d|k| |f(|k|c)|2I1>2(t,|k|5r') (n.9a) 
0 

where 

.2 \2 
ir,2(tJ£l*i'>-£| a,, j 

lk_-r_ , v ik. T . , , Z 
• |e ~ B - B4 + )(^,,t|r') 7 e ~ A " ^ ( k ^ t ; ^ ) ! 8 . ( l I. g t ) 

8. Each location within the pla^ja is an isotropic source 

of light w>ose coherence length exceeds any differences in opti

cal path through the system. The contributions to beams A and B 

from the 3ame source point are completely coherent. Their com

bined effect is found by adding the two component amplitudes 

before time averaging. 

The recorded output of the instrument is the difference 

between the two measured intensities, 

Y(t) - Ig(t) - IL(t) 

= / d 5 r ' / d|k| |f(k|c)|2[l2(t,|k|jr') - I^tjkljr')]-
0 

(11.10) 

Using Eq. (II.9b) gives, after a few algebraic steps, 
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L,(t,|k|;r') - I^t.ljchr') » 

Re r M ( O j | k | , r ' ) 

where the correlation r_ . (x ; |k | , r ' ) is defined 

r_.(Tj|k|,r') = 'BA 

2„i2 !k|B"a 
2irc 

-A -t ' £ M + ) ^t 
r %'IB, '4 + )(^ t + T^')] 

(n.ii) 

(11.12) 

Thus the observed signal is Just an integral of correlations 

r fl'-l Y(t) = j &Jr< J d|k| |f(|k|=)|2Re rM(0;|k|,r') 
(common 0 
source volume) (11.13) 

0 
clearly zero if either factor vanishes, the r" integration may 

betveen the k. and k„ components of the light. Since rL. is 

be restricted to the common source volume as expected. 
Equations (II.2b) can now be used to express the correla

tion r»j. (Oj |k| ,r') in terms of the given source distribution, 
6(r',t): 
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r M ( 0 ; | k | , r ' ) = ^ - = e "* "* e ** " B 

I 5 e 

•J"*z 
"** .<*>(,,. k u i i 

; | k | B 2 a \ 2 - i k . T , + 1 ^ ^ i k ^ r 1 - ik^-r 1 

27TC 
e e e e 

J I O- I 1 C 
p ' , t - • 

c 

J 1*1 \ j 
(11.14) 

where p. = r, - r' 
a n a Ssm IQ ' £'• 

This expression reduces to (see Appendix B.2 for d e t a i l s ) , 

- i k . . ( r . - r ' ) i lc_-(r^-r ' ) - „ 
^ (0,lil,r') t : ^ e "* ^ " e ^ *"B " V f l ) ^ ( 1*1 =.-£•) 

( I I . 15a) 

where 

4 ( | k | c j r ' ) = | S

( + ) ( £ ' , | k | c ) | 2 (11.15*) 
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18 the spectrum of the light emitted from r'. [ s'+'(r',|k|c) Is 

the temporal Fourier transform of ŝ  '(r',t), i.e., the positive 

frequency portion of the transform of s(r',t). The spectrum 

«L(|k|o;r') is thus defined over positive optical frequencies 

l£|c] 
The time average in Eq. (IX.15t>) is actually superfluous, 

since the averaged quantity is constant. This is a consequence 

of the Introduction of the analytic signal in Eq.(ll-9)j if the 

real field amplitude had been retained, an average would be 

needed to define a constant light intensity. 

More Important, however, is the fact that a real time aver

age Is always taken over a finite interval. In a real system, 

if &o, the spectrometer bandwidth, is relatively narrow, the 

output light is nearly monochromatic. Then an average of the 

inteuB-" ty over a time T ~ £at~ eliminates the optical frequency 

variation hut retains a slow time dependence in the measured 

spectrum. The result of this operation (which is considered more 

carefully in Appendix E.i) is a time varying signal, not a single 

long time limit as above. To describe this result, Eq. (11.15) 

can simply be rewritten in the form, 

-lk.'fr.-r') +ik-(r -r') „ , 
rm(0;lill,r',t) = e -* *"* - e ** "~* ~ (82

n)^<[ (|k|c;r',t) 

(11.16) 

Since the spectral amplitude is real, the phase of the corre

lation is determined by the factor, 

e L_-B - B - -A - A - j_ (11.17) 
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The two terns in the exponent are Just the phase differences 
along the paths from the source point r' to the two observation 
points. The phase of the correlation, that is, the relative 
phase of the components of the light observed through the two 
beams, is Just determined by the difference between the lengths 
of the two optical paths. 

In general, this difference would depend both upon r' and 
upon |kj. However, it was assumed above that the light from each 
point £' is coherent, that its coherence length exceeds the dif
ferences in optical path. For a thermal plasma, the coherence 
length Is just determined by the width of the spectrum of the 
transmitted light. The requirement of coherence simply means 
that the light is so nearly monochromatic and the path differ
ences are so small that the phase difference is the same for all 
components of the spectrum. Under this assumption, the phase of 
the correlation depends upon r', but not explicitly upon |k|. 
The expression (II.17) may thus be written 

,J -11C.T' 

where 

' • V S B - V S I ( I I - 1 8 ) 

and 

nay be defined for one typical optical wavelength and then treated 
as constants, independent of |k|. Equations (II.13) and (II.16) 
then give the final form, 
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Y(t) = (6 2 fl) 2 J d|k| | f ( | k | c ) | 2 

0 

• R e ( e 1 0 / d V e ' ^ - ' / d k l c j r ' . t ) ] 
common 
source volume 

( 6 2 a ) 2 Se[e^J d|k| I f f l k l c J l ^ d k l c ^ t ) ] (11.19) 
common 
sources 

So, to within a phase factor, the result depends only upon 

&(|k|c;ls^,t), the k^ 6patial Fourier component of the distri-
common sources 

bution of those sources of light of frequency | It | c which are 

observed through both beams, and upon |f(|k|c)| , the transmission 

function of the spectral filter. The time dependence of the out

put simply follows the time dependence of th<= observed component 

of the light source distribution. 

Only one phase of the complex valued <S( |lt|e;k,,t) is 

common sources 

here observed but, as explained in the next section, the optical 

system could easily be modified to provide both the real and the 

imaginary parts of 

It should be emphasized that the assumption of coherence 

does not imply that the interference must oe the same for all 

accepted wavelengths. Sources ol" different portions of a spectral 

line, for example, might well be differently distributed In space. 

Plfferent portions of a Stark broadened line, emitted from regions 
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of different electric field, or different portions of a Doppler 

broadened line, emitted by sources moving with different veloci

ties could exhibit different dependence upon k, and t, even though 

the spectrum vas quite narrov. The assumption of coherence simply 

means that the relation between the location of the source and 

the resulting interference pattern is the same for all accepted 

wavelengths. So long as this is true, the measured distribution 

vill be Just the sum of the distributions of all the sources 

which are observed in any single measurement. 

If the spectrum of accepted light were so wide that 

the light was not coherent, the total signal would be due to dif

ferent components of the distributions of sources of light of 

different wavelengths. This is not to say that such a measure

ment could not be useful, but only that it is not covered by the 

foregoing analysis. Some ways in whicii a larger portion of the 

spectrum might be used are considered in Chapters V and VI below. 

For a two-beam spectroscopic observation, made with a narrow 

portion of the spectrum, Eq. (II.19) confirms the conclusions of 

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

A( |k |cjk^,t ) , the k. eomponent of the common source distribution, 

common sources 

If desired, a spectrum analyzer could be used to measure the (low) 

frequency spectrum y(ui) of the output, which would give 

tQ.( |k|c;k^<o), the complete Fourier transform of the distribu-
coomon sources 

tion of light sources within the common source volume. According 

to the Vler.er-Khlntcb.lne theorem, a complete 

http://Vler.er-Khlntcb.lne
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•eesuranent of ^(Ikjc;!^)) would provide the two-point, tvo-
comnon sources 

tine correlation function of the source distribution. 

Ae in a scattering measurement (see Section I.C), only one 

k component, the k. component of the source density fluctuations 

would be observed at once, but with a two-beam spectrometer, one 

could examine a variety of plasma wavelengths by varying either 

the angle between the two beams or the optical wavelength accepted. 

In an arrangement like that of Fig. II-2, the angle between beams 

A and B could be changed by replacing the first lens by another 

of different focal length. The wavelength could be changed by 

changing the spectral filter, but of course It should be remem

bered that different optical wavelengths may be due to different 

types of source. As in any spectroscopic study, the relation 

betveen components of the spectrum and conditions in the plasma 

is a complicated matter which requireG a separate analysis. With 

a conventional spectrometer, only the total intensity of each 

component of the spectrum is observed. With a two-beam spectrom

eter, one could, in principle, observe the two-point, two-tine 

correlation function of the distribution of the sources of any 

feature in the spectrum of the light emitted by a plasma. 

B. Multiple-Beam Systems 

1. 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, useful procedure is 
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easily interpreted: The scalar equation describes a single 

polarization component of the field. Such a description applies 

to many spectroscopic measurements, in which a single llneariy 

or circularly polarized component of the light is used. Since, 

in many situations, light waves of different polarization remain 

distinct, a scalar analysis is often justified. However, even 

if the source is considered to he a scalar, and even if a scalar 

wave equation is used to calculate the amplitude of the emitted 

light, the fact that light is actually a vector wave is still 

important in the present problem. 

The vector nature of the wave should be considered, first 

of all because the polarizability of light provides a most con

venient way to measure phase relations. This fact is the basis 

of a class of instruments called polarization interferometers 

39 
which are described in a recent book. A polarization inter
ferometer is a device in which two beams of light are differently 
polarized and then combined. The polarization of the resulting 
light depends upon the relative phase, as well as the polariza
tion of the original component waves. Because of this dependence, 
a measurement of the resulting polarization gives Information 
about the phases of the component waves, the same information 
which, in a conventional interferometer, is provided by a study 
of a ijattern of interference fringes. 

In most polarization interferometers, the interfering waves 

(waves A and B of the preceding discussion) are linearly polar

ized in orthogonal directions, as shown in Fig. II-5. If two 
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Initial polarization 

Beam A 

Beam B 

Beam 1 

Beam 2 

XBL733-2405 

pig. II-S. Polarization of the different teams. 

0 
© 
0 
0 
0 
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such vaves are equal In amplitude, and also equal in phase, their 

superposition will again tie linearly polarized, in the direction 

"1" shown in Fig. II-5. If the interfering waves are 180 deg out 

of phase, their superposition will be linearly polarized in the 

orthogonal direction "2". These two polarization components are 

exactly equivalent to the "interference patterns 1 and 2" which 

were considered in detail in Section II.A above. 

This equivalence provides a very convenient way to actually 

construct a two-beam spectroscopic system. Several possible 

designs for such an instrument are described in detail in Appendix 

C of this discussion. Essentially, one must use tm initial polar

izer to select o:ie component of the emitted light, then polarize 

the obrerved beams A and B as shown in Fig. II-5, combine them, 

•And st .rate the result into polarizai' ">n components 1 and 2, 

which are observed with separate phototubes. Then, if beams A 

and I are coherent, their superposition will be polarized, and 

the light will be divided between phototubes 1 and 2 in a manner 

determined by the relative phase of A and B, exactly as described 

by the analysis of section II.A.?. If the light in beams A and E 

is incoherent, their superposition will be unpolarized, the light 

will be divided equally between the two phototubes, and the out

put signal, Y(t) » Ig(t) - I,(t) will be zero. If the two observed 

beans are partially coherent, their superposition will be partially 

polarized, and, Just as before, only the coherent portion of the 

light vlll contribute to the output of the system. 

There are several advantages to this technique. A sorting out 

of different Bets of Interference fringes mleht be difficult. 
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but the orthogonally polarized components "1" and "2" can 

easily be separated. If beams A and B are distinguished by their 

polarization, they can be superimposed and portions of their 

paths made physically identical, insuring equality of path length 

and minimizing the effect of vibrations and misalignments in the 

system. Such a procedure also reduces the number of optical com

ponents needed, since, roughly speaking, every element then counts 

as two. Several other reasons for using polarization are examined 

later, in Appendix C. 

One potential advantage, which we shall not consider further, 

but which should at least be mentioned, is the possibility of 

measuring the complete complex mutual coherence of the two ob

served light beams. Recall that the two-beam system analyzed 

above wa.3 shown to measure an integral over sources and frequen

cies of 

^[•^(Oilkl.r')] 

[see Eq. (II.131, where r_, is the mutual coherence and e is 

a constant factor. She restriction to the real part of the ex

pression is a consequence of the way in which the interference 

was observed. The system separated "interference patterns 1 and 

2," with pattern 1 produced if beams A and B were—apart from the 

phase difference 0--equal in phase and pattern 2 produced if they 

wers 180 deg out of phase. However, if A and B were 90 deg apart 

in phase, the fringe pattern would be exactly intermediate between 

1 and 2, the lignt would he divided equally between the tvo photo-
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tuhes, an*, a null output would result—exactly as If the l igh t 

veru Incoherent. Such unobserved correlat ions are represented 

t y the mi6sing part of the mutual coherence, 

Un^r^COjIkLr')]. 

In a polarization interferometer, such a correlation would make 
the output circularly polarized. Since this effect could also 
be 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-

Aft( r discussing a two-beam spectrometer, it is natural to 
imagine extending the method by designing a system to compare 
light emitted in many directions from a plasma. Such a multiple-
beam spectrometer would certainly be more efficient than a two-
beam system, since more light could be used, and furthermore, 
the more complex arrangement should make possible a great variety 
of spectroscopic 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 
suggests a different kind of generalization. Since orthogonally 
polarized beams may be superimposed without loss of identity, one 
can, with a polarizing system, define not Just more beams, but 
two whole sets of beams, "beams A" and beams B," polarized as A 
and B In Fig. II-?. 

Within the optical system, the A and B components cannot only 
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be recognized, they can also be independently manipulated. If 
optical components made of birefringent materials are included 
in the system, the optics seen by the A and B components of the 
light can be completely different. This possibility, which is 
really the most important reason for using polarizing optics, 
leads us to replace the simple two-beam system by a much more 
general type of apparatus. In place of the 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 resulting waves. 
2. Mult?p'e-Beam Systems in the Huygens Approximation 

A general spectroscopic system of this type is shown in 
Fig. II-6. There a lens, with focal point within the plasma, 
is followed by a linear polarizer, which insures that the system 
operates with only one component of the light. The amplitude of 
this transmitted wave, i 0(£*t), may be treated as a scalar and 
related to a given scalar source by expression 

«o(£ ( l n )^) -J*3*' rW - r'l 
r( i n) . ,..1.1 A C.( l nh r'l+fUr^)'. 

• s r',t — ! (11.20) 

where r" = (x*, y', z') refers to points within the plasma and 
r/ l n' » (x( i n), y^ i n', z^ i n') denotes points immediately behind 
the lens, (x1 * x* l n' = y' • y^ i n^ = 0 along the axis of the 
system.) 
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Points Points 

XBL733-2406 

Fig. II-6. A multiple-beam spectroscopic system. (The slit 

shown at the right is the entrance to a spectrometer.) 
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(in) 2 ^ (in) 2 

2 fl 

is the additional path introduced by the lens, which has a focal 

length of f.. 

This wave, |_, 1B then considered to consist of A and B com

ponents, which are Initially identical, except in polarization. 

The first lens is followed by an optical system which affects 

the A and B components differently. That is, the system contains 

birefringent elements with axes oriented so that the A and B com

ponents remain distinct and independent, but follow different 

ptths. Assuming linearity and time-independence of the system, 

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

tions, g A(r 

l>B(r("*>,t) = / d V i n > / 
CO 
dT 

0 

' G A > B(£ ( o U t ),r< l n>,T) l o(r( l n>,t - T ) . (11.21) 

Here r< o u t> = ( x < o u t \ y ( o u t ) , Z < o u t > ) denotes points across the 

output of the syBtem. 

The birefringent portion of the system is followed by a 

second lens of focal length f_ which focuses parallel light onto 

a plane I of Tx3ints r" = (x", y", z")j containing the entrance to 

a spectrometer. The light at points r" is related to the light 
40 before the second lens by two Kirchoff integral expressions: 
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„ _ (out) - -, 
- ' ~ , { ( r <° u t ) t

( ° U t > 
c|r" - r < o u t > | 2 y ^ *A,B^ '* 

t ( o u t ) t . Il" ~ £<"*>! + 0 g ( £ ( ° U t ) ) 

Ret. 

(11.22) 

Bet 

Here 
, , 1 x ( ° u t ) 2 + v ( ° u t > 2 

0 ( r < o u t > ) . * - - y 

2 

Is the added path length produced by the lens. I x * o u ' = x" = 

y ' o u ' = y" = 0 along the axis of the system.] Here i t i s 

assumed that the normal component of V | (r , t ) ju6t after the lens 

i s approximately given by 

Vf r (out ) t . 4 ^ 1 . d 2 r ( out). '.t -
J 

A term of higher order in [(wavelength)/|r" - r ( o u t ) | ] has also 

been neglected. In this expression one can make the usual Huygens 

approximation by assuming that 5 = 0 behind any masks and i s un

perturbed at the points across an aperture. 

Altogether, Eqs. (11.20), (11.21), and (11.22) determine 

$A(r",t") and SB(r",t") in terms of B ( r ' , t ' ) . Since the differ

ent steps are linear relations, their ccmbined effect i s also 

linear. Hence If {. , { , and s are Fourier transformed in time. 
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the fields at any point r" produced by a source at a point r' 
will be determined by two complex-valued transfer functions, 

^ B ^ " ' " " - ' > = 0 A j B(£">i>)s(r',aO. (H-23) 

Within the spectrometer, however, it is not the A and B 
components, but rather the intermediate polarizations "1" and 
"2" which are separated. 

h = ̂  <*B - «A> 

e 2 = i / /5 (e B + iA)« 

Since all of the light of the proper frequency which enters the 
spectrometer is reflected into one of the phototubes, each meas
ured intensity is given by an integral over the spectrometer 
entrance aperture. Assuming that the light is nearly normal to 
this surface, 

Ilf2(t.;r.) = j dV / " g U M f . 
(spectrometer 0 
entrance) 

• I eB(£" »«*£',t) + | A(r",o;r',t)| 2. 

Here, as in the analysis in Section II.A.3, |f(co)| is the spec
trometer transmission function. Also ao before, a slow time 
dependence has been included here in the measured spectra. 

Since the plasma is an Incoherent source, each Intensity is 
Just a sun of contributions from the different points r 1. 
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Jl,2(t) =J d 3 r' h^Z')' 

The output of the system is the difference signal 
- oo 

Y(t) = ^(t) - I x(t) = J d V J 4? |f(a,) | 2 I d2r" 2 
' (spectrometer 

entrance) 

Re [ ?A*(r",a>; r • , t ) | B ( r ' > ; r • , t ) ] . 

As in the simple two-beam system., the output gives a measure of 
the correlation between the A and B components of the light. 

Using Eqe. (11.25) to express the result in terms of the 
source distribution gives 

• oo 
da>k(ai)fS \ d Sr" 

0 (spectrometer 
entrance) 

. Re [«(/(£•',r',B))B*(p',eo)0B(r",r.»,aj)s(p',a ))] 

- J d ' r ' J da>|f(u>)|2 • T(r',a>) *f(a>;r' , t ) {TX.Zk) 

where, as before, 

^(a>;r',t) - s (r',(x>;t)B(r',ia;t) = | s ( r ' , a i ; t ) | 

Is the spectrum of light emitted at r'. So the output signal 
Y(t) depends upon the quantity 

T(P',CB) = He | j d2r" 0 A *(r",£ , , ( O )0 B (p",r , ,<u). 

(spectromter 
entrance) 
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Thle is the transmission function for the system as a whole. 
(This term seems appropriate, since the quantity Is real, tut 
It should be noted that this transmission function may be negu-
tive.) 

Equation (11.24) is a generalization of Eq. (11.19). Com-
paring the two results, we see that the simple two-team system 
Is described by 

2 2 f 1(* ^Vl'l I (c6 o) Hele e j for points r' within the c.s.v. 
T(r',<o) <= \ L J 

~ j 0 for points outside the c.s.v. 

A two-team spectrometer would observe the k. component of the 
distribution of common sources. But this is Just one special 
case of the more general system shown in Fig. 11-6. in general, 
any such arrangement would define some function T(r',<o). Accord
ing to Eq. (It.24), the output of the system is then given by an 
integral over points r* of the expression T(r',to) *(o>;r',t). So 
any system of this type would select Just one component of the 
light source distribution: the T(r',oi) component of »i(u)jr',t). 

Many such systems are possible. In Appendix C of this dis
cussion, a number of different multiple-beam spectrometers are 
proposed. In the next section of the present chapter, the mathe
matical techniques Just outlined are applied to several of those 
same examples. 
3. Three Particular Optical Systems 

In using this description, it Is convenient to first sim
plify the expressions for the optical path lengths. Treating 
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r', x^ia\ and y' 1*) as n a i l quantities, assuming z*1"' nearly 

equal to f,, and keeping al l small quantities through second 

order gives 

|r< i n> - r-| • h ( r ^ ) -~ *,0 • z< l n> - •• + "—^1 

x ^ x ' ' + y< l nV 

- 7X 

Keeping leading terms In the magnitude, and corrections In the 
phase through second order, Eq. (11.20) becomes 

^r^tJ^jdVsCrStMl^. 

Ret.: f . t . i U 1 0 4 > » - z< + 
X' 2 + y' 2 

2 f l 

x< l n>x'+y< l nV. 

h / ' 
In all of the systems which ve shall consider, the first 

lens is followed by a calcite rhomb. This element displaces one 
polarization component by a distance d, while leaving the other 
unaffected. (See Appendix C.) Thus, after the rhomb (at points 
r), {- is split into two waves. 

eA(£.t) - { o ( £ ( i n ) , t < i n ) ) ( i n ) „ 
r l ' « r - e D 
t ^ ^ - t - T" 

A 
j - jd5r's(r',1 t - c A) (II.25a) 
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1 i„ z - D - z* + CA " TA + c I *10 + 

« B (£ , t ) - « 0 ( £ ( i n > , t < l n > ) 

2 2 - ~ 
x' + y ' xx' + yy' 

St, h I 

r< l n > - I - e y d - e zD 
t ( i n ) t - T„ 

i - J d 3 r ' s ( r ' , t - c B ) (II.85b) 

t ' 2 + y ' 2 xx' + (y - d)yM 
C B " T B + C- |PIO + Z " D - z ' + 

8f, — J " 
Here T. and T_ are delays due to the rhomb, and D i s the length 

A B 
of the rhomb. 

We shall also need the derivatives 

• * f ' % . . t 
^A,B 

ard 

It «A,B *̂J " ?T « 3 ' , ^ r « ( l , . f ) t ' = t - c 

(II.S6a) 

(I1.26b) 
A,B 

The simplest system vnich we shall consider is one in which 
the rhomb is followed by a mask with a single slit, as shown in 
Fig. C-b in Appendix C. In this case, 



-72-

5 A , B ( i 7 t ) L = r ( o u t ) 

= 0 otherwise. 

From the discussion in Appendix C, i t i s expected that the effect 

of th i s arrangement should resemble thai- of a simple two-beam 

system. 

Equations (11.22) can also be simplified. Assuming that 
x (out)^ y (out)^ x % y % ^ ( z „ _ J o u t ) . ^ a r e a n s m a l l q u a Q . 

t i t l e s , one can approximate the last segment of the path, 

|r" - r ( ° u t > | + ^(r^l) = ^ + ,» - ,<«*> + 

x" + y" 

2 f 2 

x 
+ 

(out) x „ + (out) 

f 2 

Using this approximation, ano the preceding expressions for V{ 
and hi/bt, the two field amplitudes, |. ,,(£",t) as the spectrom
eter entrance slit (given by Bq. (II.22 )| may be written, 

x l y l 

• ^ s ( , j t t ) | 
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1 I j „ X"2 + y"2 xV' + yV" 
co = c;i'2o + z" " z + 

2f 2 f a 

To ohtain the transfer functions 0. , one must then Fourier 

transform this expression 

i d 5r' / dt e t o t 

* - % B ' °0 

x i y i 

x l y l 

This has the needed form Eg.. (11.23) : 

{A)E(r",a>) = Jd 5r' ^(r-.r'.coMr'.ai). 

Evaluating the x and y integrations gives, 

^A,B (S"'£'' a , ) = H (s) i[ ̂  (y'/fi + y'VfJ (*•/*! i *7? 2) 

l + J 4 C A , B ( x 2 ' y e > + ^ V ^ l 

. e

4 t o [ e A, '^ J J '» : 2 ) + °0 ( X 1 ' ? 2)] 

. a

+ K 0 A,B ( V*l> + C 0 ( V ? PJ 

+ t o [ c A , B ( * l ' 3 : i ) + ^ l ' M I ' ( I I > 2 7 ) 

+ e ' 

Combining these gives the transmission function for this syctem, 
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T ( r ' j £ 0 ) = He | j ci 2r" t A \ 

<u. , a - W i ^ V V +i|.We)(ay'/f1)j 
Be 5 s ^ _ e ~ " e 

I * i c ' ( f x f 2 ) 2 

2 . * 2 1 1 
dx" *L *"?? 

"X 

p J xx,, - xx, ^ o / Yy P - Yy, ' 
sin 8 [ _ S i s i n

a ' s 1 

where 

(!) I X 

to / v ' y" ' 
C l f l f 2 / 

and (x£ - x") and (y^ - y") are the dimensions of the spectrom

e t e r entrance s l i t . The width (y£ - yi1) i s assumed to be less 

than the width of a maximum of a diffract ion pat tern due to the 

f i r6 t s l i t . (See Appendix C.) Thus t may be considered constant 

in the integrat ion over y". However, (x'l - x"), the length of 

the entrance s l i t , i s much larger than the width of l /x , so the 

x" integrat ion may as well be taken over the whole l i n e . Miking 

these replacements gives, 

i O l 2 1 + i l u ( t T . - T , ) 
T<r,oO - Be ( § ] | - ^ - 5 e B A , a ( y - - y £ ) ( J g - x^) 

KIrs> 

+i[(«/c)(ay'/f1)] 
e F(y') (11.28) 

whore 
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sin 2 

F(y') = ? 

(TJSL^) 

defines the source region observed. Assuming that the source is 

incoherent, one can used E4. (11.24) to vrite the output of the 

system, 

Y(t) =Jd-V lata \t(<n)\2?(r',m)4(,<a;r',t) 

f 1 1 O + l a ) ( T c - ' r « ) ' X 
= C / cto (£) |f(u>) I 2 Re e B A j d V F(y') 

+i[(a>/c)(dy1/f1)] . 
e 4(ayr ' , t) 

= C/ du) |, |f(a>)r He e B A *. ((Wk^t) (11.29) 
-̂  observed 

vbere 

•i (ai;r',t) = /I (a>;r',t)F(y) 
observed 

and 
. m d 
i A = - e y e ? 7 ' 

+lm(T -T.) 
So, aBBumlng that e Is constant over the range of fre

quencies considered (which is equivalent to saying that the path 

difference is less than the coherence length) this system ob

serves the k. spatial Fourier component of the distribution of 

light sources vithin the observation region. Thus, at least near 
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the focal plane of the first lens, this setup is equivalent to 
the simple two-beam system which was discussed in Section II.A. 

Moreover, the result is seen to depend upon the width, 
(y - jr.) of the aperture in the mask behind the rhomb, but not 
upon its location, since y, and y„ could both be changed by a 
common amount and not affeut the answer. This suggests using a 
mask with many slits, as shown in Fig. C-6a in Appendix C. This 
second system would give two transfer functions, I for n silts, 
separated by a distance A < (y 2 - y.jl 

•Wr^-MS^l - sE l *• A'B ° 
x l J = 0 y l + J A 

x l 

n , y 2 + J A ~ f • 1 for A 

' 2 - / . ^ e ^ +i McKay/tj) 
J=0 yx+JA I • e for B 

- to 1 1 1 1 + t o T A , B ^ " V ^ * - l x x a - " * ! . 
*1 2 

X 
iJAY -iYy -iYy • 1 for A 

(e 2 - e V 
1 +i(o)/c)(dy'/f 1 ) for B 

J»l [• e 

where 

• • 0 1 O + 0 2 O + z" - z' - D + 

(11.30) 

x ' 2 + y ' 2 x" 2 + y" 2 

2 f l S f 2 
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Using these to calculate t vie transmission fuctlon for this system 

gives, 

«£'«>)- » I T I I eJ 7 7 7 ? e 

i r l r 2 ' 

. 2 1 „ Xx. - Xx, y 2 1 
. dx" - * sin — = ; dy" -* 
>x„ r s J v 

x i y i 

yy. - Yyn •, o l a s r i 

-1?l 
Assuming again that (x^ - x") i s large, while (yi - yV) i s small, 

one has, 

fto(TB-TA} + i [ ( o / c ) ( d y , / f 1 ) j 
T(r',<o) - Be C | e 

p(y') 
Wis&n IK 
sin 57BT { n 0 1 ) n 

vith Y evaluated at y£. 
Tfais result i s somewhat similar to that found for the simple 

tvo-beam system, but there i s an Important extra factor 

[ s i n iSsJ/sin • = ) ] . Assuming that A, the distance between s l i t s 

i s comparable to d, the displacement due to the rhomb, and that 

Y - eD/c^y'/f^ + fyjVfg)] it of the same order as (a i / cXy' / f^ , 

the additional factor sin (nYd/2) " i l l vary much more rapidly 

vlth y* than wil l the exponential, « + i ( . W 0 M d J r , / f i ) | . Thus the 
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effect of such an apparatus vouid he very different from that of 
a simple two-beam system. Hie multiple slit arrangement would 
o'beerve exclusively those regions where the extra factor is large. 

As is explained in Appendix C, this difference in effect is 
cuased by interference betveen light observed through different 
slits in the first mask. Because of this additional interference, 
the result is not Just a sum of two-beam observations. To make 
a more efficient version of the two-beam system, one must avoid 
this interference between separate pair? of beams. As is sug
gested in Appendix C, one can do tale by using a collimator to 
select the light from each pair of beams indeiendently, before 
the point where the separate pairs of beams are all combined. 
Such an apparatus is shown in Fig. C-7 in Appendix C. 

To describe this third arrangement, we denote points at the 
output of the collimator by £ - (x,y,?). The light there con
sists of outputs from the different collimator slits, 

I ^ B ^ ' * * f O T *1 < * < *2 
e A j B ( I » t ) - < ' 5X+ te < y < ? 2 + JA 

0 otherwise. 

The output of each s i l t i s given by a Kirchoff Integral across 

the entrance to the same section of the collimator 

•kB^u-c^Ht-t-lLili 
c 
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x 2 y 2 +J^ 

where 

c 

d t It' = t-c. Z 

c | * - z + 2 L L ( X • x ) + ( y - y ) Jf 

and L Is the length of the collimator. Here Eo.s. ( l l .2ba,b) have 

been used to express t" e f ield 5(r , t ) in terms of the source 
s ( j " , t ' ) and the distances (x - x), (y - y ) , and (z - z - L) have 

been treated as email quantities in an expansion of the path 

length. 

The fields at the spet -eter entrance s l i t are a sum of 

contributions from the different collimator s l i t - , contributions 

given by a Kircboff integral across the collimator ex i t : 
n Xg ~2+J4 

J«0 x x " J^+JA 

| A , B - |Z C jjj J? = t - C' 

where 

„. l d . . . . ? . x" 2 + y's Sx" + yy" \ 
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Using the above expressions for s ' * ' ( ? , t ) , and Fourier 

transforming the result <;ives for this system +he two transfer 

functions, 

2 ^ '' *2 • $2+to 

A > » ( a ^ L f l f 2 el V ~ J-J=0 x x y x + M 

f ^ . / * 2 + J * to(ca , A « ' ) £ - A ' B ° dx 1 ay e 
x x yj+JA 

(ar) " a) ly'y" 

- i (co /c) (L/2) (x ' 2 / f 1

2 ) ; -1JK2 -iXx x 

x [ e 

A -ifWcXy'/f^JAj -i|(<o/c)(y"/f2)jA] 
* /.. B e 

-i(tt/c)(y'y / f ) - i tw/e j fy 'y j /^) 
i e - e 

•i(<D/e)(y"y 8/f 2) - i(co/o)(y"y 1 / f 2 ) 

1 for A 
. i(dy /tx){<a/c) 

lor B (H.32) 

where In the x and y integrations It hae been assumed that (x_ - x.) 
It large, while (y - y ) Is small in comparison with the uidtbB 
of the reepectlve integrands. 

Coobli. ? the Be tvo transfer functions gives the trans-
niaalon function for this system: 
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T(r',eu) = Re 

He = i 5- — e e I d r 
lirl L to J 
1 o /Xx„ - Xx. \ 1 

sin M -I ? 
2 /(y'y") 7 

sin 
<o y' (y 2 - y x ) ' 

c f, 
2 \a> y" (y 2 - y x) 

sin | — — c f„ 

J=0 J 7=0 

The reason for using a collimator is to avoid any ef.jet 
of multiple-beam interference between light accepted through 
different silts In the collimator. For this reason, it Is essen
tial that no more light should be rejected after all the beams 
have been cooblned. Thus the spectrometer entrance slit should 
be made larger than the width of the illumination pattern there, 
and in the above expression the r" integration should be taken 
over the -'hole plane. Doing this one has, 

»(£^-»||) 8tS^-^Cr a-? 1). t a < V* > 

Udy'/^Kco/c) i al'ojy' <y 2 - y,) 
e — w sin I = — (n.53) 

Here the double sum has vanished. This occurs lo the y" Integra
tion, where one has expressions of the form, 
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/ 

0 0 1 
dy" —£ s i n 2 

oo y" 

* ( y a ' y i> „ 
y" 

C 2f 

cu A 
( j - J ' )y" 

. c f 2 
4 l This vanishes for J f J',provided that A > (y_ - y . ) , i . e . , 

provided that the s i l t separation exceeds the s i l t width, which 

i t obviously does. This leaves a single sum of identical terms, 

which gives the factor n. 

Thus the effect of interference vanishes, as was expected, 

and the contributions from the different s l i t s are seen to be 

identical, because, as noted ea i ' i er , each result i s independent 

of the s l i t position. So the conclusion of Appendix C i s veri

fied: A spectrometer with many Independently collimated pairs 

of beams provides a more eff icient version of the simple two-

beam system which was f i r s t considered. It should be remembered, 

however, that this i s true only of regions near the focus of the 

system. 

C. Higher Order Correlations 

."he elementary two-beam rpectrometer discussed In Section 

II.A would give an output, Y(t) , proportional to the mutual co

herence 1^,(0; |k( , t) between l ight of wavelength 2rr|k| emitted 

In directions k, and k_ from the same region. In the analysis 

In section II . } , this quantity was shown to be proportional to 

on* Fourier component, « ( | k | c j k . , t ) , of the distribution of ob

served l ight sources. According to the Wlener-Khintchlne theorem, 

measurement of « ( | k | c j k . , t ) i s equivalent to measurement of the 

two-point correlation function of the light source distribution. 

21 
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Hence a two-beam spectroscopic measurement of correlations in 
the light emitted by a plasma would give information about two-
point correlations in the distribution of the source. So stated, 
this result suggests that there may be a much more general cor
respondence between correlation functions of a light field, 
{(r,t),and correlation functions of the density of sources, 
^(|l|c;r',t). 

In discussions of optical theory, higher order correlations, 
like the two-beam mutual coherence, are customarily defined in 

1*2 terms of an associated analytic signal. Wo]f has used this 
technique to define a complete set of complex correlations, 

^->. eC-) |i +^-... l i^ |w... Iw. <„.,,, 

(The use of this form here Involves one change, however, since 
the definition was made to compare light at one point at differ
ent times, while the observations discussed here would compare 
light at one point in different beams with no delays. ) Similar 
definitions have been used by other authors, (see, for example, 
Ref. U . ) 

We shall not consider here the ways in which these higher 
ord** correlations might be measured. It is possible, at least 
lb principle, to observe them (for example, by measuring higher 
order correlations of intensity), but that problem is beyond the 
• oop* of this Investigation. However, the theory in Section 
H.A.J Is readily extended to some higher oruer quantities, 
fllnoe this should be of Interest by itself, tuch an extension 
of the theory Is outlined in the next few pages. 
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It Is shown In Appendix E.l that light of wavelength 2rr|k| 
emitted In direction k may be described by a field amplitude, 

-1 

(observed) 
|(r,t) = Re 

2TT1C 

where $' (k,t) Is the positive frequency, or analytic signal 
associated with the spatial Fourier transform of the field, (in 
this scalar model, the normalization is arbitrary, since the 
physical nature of g has not been specified.) The analytic sig
nal associated with this field Is 

(observed)**) 1 |k| , . 
e(r,t) e'iif'^tM). (11-35) 

S arte 

This follows from the result shown in Appendix E.2. This form 

Is now to be used in the expressions for the correlation func

tions . 

To further simplify the problem, i t i s convenient to expli

c i t ly assume that the source, s ( r ' , t ) , i s quasimonochromatic: 

s(r',t) = a a ( r ' , t ) cos[o>0t + 0(r',t)J . (11.36) 

The amplitude, a ( r ' , t ) , Is proportional to the square root of 

the source density and the phase, 0 ( r ' t ) , i s random from point 

to point. The time variation of both a and j) i s assumed to be 

much slower than the osci l lat ion at the optical frequency, ov. 

U«lng the Green'o function expression for the field Eq. 

II.1)1 one has 
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t<+><k,t> = f d 5 r e " 1 ^ ( d V - J — - a ( r ' , t -
J J |r - r'| \ 

r - r' 

• V 
e 

- laj 0 [t-( | r -r ' | ) / c ] -ifiSfr1 , t - ( | r - r ' | ) / c ] 
• e e 

Ml! L 

• ;d r' e a(r*,T)e v - ' ' . 

As before, th i s integration over a l l preceding times i s much 

idealized. If the f ini te size of the spectrometer grating i s con

sidered, the T integration should be taken only over the preceding 

inverse optical bandwidth. Furthermore, since a and 0 are slowly 

varying, they may be taken as constant over such an interval. 

From this more real i s t ic form one obtains the result , 

r '(k»t) - 7 - 7 - e - 6(aiu - |k|c)/d^r' e - ~ a ( r ' , t ) 
|k| ^ - J 

• e - 1 ^ ' ' * ' . (11.37) 

Using this expression to evaluate the tvo-beam mutual coherence 

[ i . e . , combining Eq.a. (II.JM and (11.37)1, one has 

A« - * ?**F 
>/dV/>V . / * ' * > " W d V TV / * "' > * " 
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. - * * e ^ B J d V e - * "* " a 2 ( r ' , t ) 

-Ik. T . ik_T_ 

where n i s the (unnonnallzed) source density. 

This result agrees with that obtained in Section II.A..5. 

But the assumption of Eq. (II.36) has so much simplified the 

derivation that i t now can be extended without diff iculty to 

some higher order quantities. For example, one can calculate 

a four-beam correlation, 

r ( 2 , £ ) . l 6 ^prr^p 

[ lk- -r ' %>- r" -l*»*r" - ik^r" 

ik - . r ' iK-'r" -ik_.r" - i k - T ' " ] - - * 
+ e - C ~ e ^ - e " B ~ e * "J a 2 ( r ' , t ) a V > t ) 

- » c - £ c " 1 4 - r A % ' I B „ % * 2 B 
• 6 O O C 

•[ViB-Sc^ViD-V^ + V ^ - W ^ B - V 4 ) ]-
So this four-beam optical correlation i s seen to be propor

tional to a sun of mean products of source density fluctuation 

coatponents. Bare the reominlng exponential factors are Just con

stant*. The source density components, n ( k , t ) , are complex 

valued spatial Fourier transforms. Hence the Indicated average 

products depend upon the phases of the factors. If thare were a 

correlation br„vecn two such quantities due, for example, to an 
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interaction between plasma waves with wave vectors (k^ - J O and 

(1L - k,), the measured averages would "'ffer from a product of 

the averages of the two factors. Such a correlation corresponds 

to higher order- correlations in the light source distribution. 

Again, this all assumes an incoherent source. There is no 

correlation between the phases of the light from different points. 

But there can be correlations between the light . -.erved through 

different beams, because the same sources contribute to them all. 

This was shown to be the case for the two-beam coherence, and 

the same thing is now seen to be true also of some Mgher order 

quantities. 
f 1) (2 2) 

The foregoing derivation of r v"' ' and r v ' is easily ex

tended to still higher order quantities. Any of the correlations 

defined by Eq. (II.51*) can be obtained in the same manner. 
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III. SIGNAL, NOISE, AND LIGHT INTENSITY 

A. Quantum Optics and Intensity Correlations 

The analyses in the preceding chapters have all been dsne 

vithin a framework of purely classical optics. But, of course, 

a classical theory is merely a limiting expression of the more 

fundamental quantum optics. The present chapter takes up the 

question of estimating the ratio of signal to noise in the out

put of a multiple-beam spectrometer. In this analysis, uhe dis

creteness of light quanta is important. 

Such discussions usually assume that photon detection is a 

random process whose probability density is proportional to the 

classical light intensity. This assumption received some atten

tion at the time of the first intensity correlation measurements, 

which were done by Hanbury Brown and Twiss. In their analysis 
45 of that experiment, Hanbury Brown and Twiss used both classical 

and quantum theories. They interpreted the agreement of the 

classical and quantum calculations as an expression of the prin

ciple of complementarity: One can interpret the interference 

process in terms of waves and then explain the detection process 

in terms of discrete particles. Since interference involves tho 

wave aspect of light, a classical analysis is valid for that part 

of the experiment. The same experiment was again analyzed by 

Purcell, who also equated classical intensity wiih photon proba

bility. In both of these papers, the point was made that one can 

also analyze the interference prncess while discussing photons, 

but that a wave picture is uore convenient because a light wave 
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may be treated as a classical field, while photons cannot be 

treated as classical particles. 

It perhaps should be emphasized that the multiple-beam spec

trometers which we are considering here are not intensity corre

lation devices. The spectrometers discussed in Chapter II select 

two observed waves, A and B, which are combined and then resepar-

ated Into interference patterns 1 and 2, giving information about 

the phase of A and B. To make an intensity correlation measure

ment; on the other hand, one would not combine beams A and B at 

all. One would simply measure the intensity of A with one photo

tube and the intensity of B with another phototube and then record 

the correlation of the outputs. This is the technique which was 

first demonstrated by Hanbury Brown and Twiss. It provides a 

different way of getting information about the mutual coherence 

of two light waves. Intensity correlation measurements have 

replaced the other methods in certain applications, but the multi

ple-beam spectrometers which we are considering belong to the 

older, standard class of interferometric instruments. 

But this is not to say that an intensity correlation measure

ment c-mld not be useful in the observation of a plasma. Indeed, 

this technique should be important there for the same reasons for 

which it was developed in the first place. Intensity correlation 

laethodE were first developed for use in stellar interferctjtry. 

It had long been known that one could use an interferometer to 

measure tlw apparent diameter of a 6tar, but the utility of this 

technique was limited by the effect of atmospheric scintillation. 
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Variations in the Earth's atmosphere cause variations in the phase 

of starlight, and at points too widely separated these variations 

are uncorrelated, destroying the effect of interference. This 

limits the useable baseline, and hence the resolution of a con

ventional stellar interferometer. But an intensity interferom

eter is largely unaffected by this difficulty. The intensity is 

a much more slc'/fly changing quantity than the amplitude, and 

changes in path of muny wavelengths can be tolerated. 

In a plasma, variations in the index of refraction could 

produce the <*ame effect. If the index of refraction were not 

exactly unity, differences in n along the different lines of 
It 7 sight could cause phase changes and destroy the interference. 

As in observations of a star, the use of an intensity interferom

eter would permit extension of the method to such ca-ses. 

Since the first intensity correlation measurements, the 

invention of the laser and improvements in other optical devices 

have led to renewed interest in the quantum theory of optics. 

The present state of this subject is described in several recent 

books. 

The interpretation of photodetection data, and the relation 

between classical and quantum optics—both topics of particular 

importance for our discussion here—are considered in detail in 
W one paper by Glauber. Strictly speaking, only radiation fields 

containing many quant i are described by classical theory, and, 

moreover, there are many quantum states which even with large 

quantum numbers do not seem to correspond to any classical descrip-
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tion. Noting this, Glauber then describes a certain elFiss of 

states (states whose density operators can be written in a form 

which he calls a "P representation", with a positive/weight func

tion) whose averaged behavior—in particular, the!.' quantum 

mechanical correlation functions—may be written in a form similar 

to classical theory, even in the limit where the occupation num

bers of the states are very smal". The light esitted by chaoi-ic 

sources, he observes, is always of this form. 

The same paper also analyzes the significance of photon 

counting measurements. Usinc a simple model of a photon counter, 

Glauber obtains an expression for the factorial moments of the 

photocount probability distribution in terms of the correlation 

functions of the radiation field. I His Eq. (51).J This result 

is much more general than any which we will be using here, but 

for the first moment it just gives the mean number of counts ex

pected in a given interval. This mean is proportional to the time 

integral of the first correlation function, i.e., to the quantity 

which corresponds to classical intensity. For fields which cor

respond to classical descriptions, Glauber then goes on to obtain 

an expression for the complete photocount probability distribu

tion. This he shows to be an integral over Foisson distributions, 

a result which can a3.so be obtained from semiclassical analysis. 

(See Pef. !*9.) 

The quantum theory, of course, provides much more than just 

a basis for a classical description. But for our problem here, 

a full quantum treatment is not really needed, so long as one 
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aooepts the two assumptions that a classical analysis describes 

the interference of the light and that the classical intensity 

may then he taken as a photon probability in analyzing the detec

tion process. One can then explain both interference and photon 

statistics. We will not discuss the basis of this simple (and 

quite standard) picture any further here. More complete explana

tions of the link between this semiclassical description and the 

full quantum theory can be found in the paper by Glauber just 
1)3 2 

citlined and in the books on quantum optics mentioned earlier. 

B. Classical Noise 

Even if a completely classical description of the light were 

adequate, a multiple-beam spectrometer, like any other instrument, 

would generate some noise. Before beginning an analysis of photon 

statistics, one should obtain at least an estimate of the amount 

of noise to be expected from such other sources as stray light, 

mechanical vibrations, and fluctuations in the electionics. 

Ideally, in the classical picture, the light .in either beam 

A or beam B alone should contribute nothing to the output signal. 

Such light should be divided equally between beams 1 and 2, add

ing nothing to their intensity difference. 

It perhaps should be emphasized that on« actually could 

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

One could obviously zero either one of them by adjusting the 

phototube gains, but the same setting which balanced A would 

probably not be exactly right for B. There is, however, a second 

possible adjustment. One could also rotate slightly the polariza-
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tions of A and B with respect to 1 and 2. This would put more 

of A into 1 and more of B into 2 or vice versa. By using this 

"differential" control, together with the "conraon" calibration 

of the phototubes, one could, in principle, precisely null 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(CD) of the signal Y(t) would 

have sharp maxima at certain frequencies. For example, if the 

observed source density component were produced by a plasma wave 

of frequency a>„, this would appear in the recorded signal spec

trum. The noise, on the other hand, should be spread out over 

some wider band of frequencies. (Remember that the signal comes 

from only one component of the source distribution. Thus the 

signal spectrum would usually be much narrower than the whole 

spectrum of plasma disturbances. Thus even if the noise came 

from the plasma, it would still be spread over a wider band.) 

So there are, so to speak, two "lines of defense" against 

unwanted background light. First, one can null out beams A and 

B alone. Ideally, this should eliminate everything except the 

signal. Then any noise which does get through (or which is gener

ated later in the system) can be removed in an analysis of the 

tijne or frequency dependence of the signal. Koughly estimating, 

it should be possible to balance the phototubes bo within one 

percent. Then if the signal spectrum is at all unique, one should 

be able to do at least as well again in the signal spectrum 
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analysiB. Together, this would give discrimination of one part 

in 10 , and probably several orders of magnitude more. 

Furthermore, if it were possible to modulate the observed 

phenomenon, one could use phase sensitive detection, which would 

give a large additional improvement. Another way to use this 

same technique, if the phenomenon were stationary, would be to 

modulate the light with a toothed wheel or other shutter and then 

phase lock onto that signal. This would not discriminate against 

the background light, but it would stop noise generated later in 

the system (e.g., In the amplifier or the spectrum analyzer). 

One cannot say much more in general. The sensitivity -i. any 

given measurement would depend upon the apparatus used e-.j upon 

the spectral properties of the selected signal. But it does not 

appear that "classical" noise would present any major problem. 

It seems evident that in almost any situation in which a multiple-

beam spectrometer could be used, the observation would be limited 

by photon statistics, rather than by other types of noise. 

C. An Estimate of Photon statistics 

For an analysis of photon statistics, it is convenient to 

express each light intensity in terms of a mean counting rate. 

Our system measures two intensities, I.(t) and Ig(t), and these 

in turn consist of two distinct components: "background light" 

and "signal light". The background light is that which classi

cally is Just divided equally between beams 1 and & (e.g., light 

fron a source observed only through beam A. This is not to be 

confused with "stray light" which can be reduced by optical im-



-95-

provements). The signal light is that emitted by the one observed 

component of the light source distribution I T(r',cn) in the termi

nology of Section II.B.2J. Describing both of these in terms of 

photon flux, we have 

2Q background photons/seeond 

P signal photons/second. 

2Q is divided equally between phototubes 1 and 2; P is un

equally divided and varies between the two in a manner determined 

by the time dependence of the observed source density component. 

These two intensities, whose values were obtained from classical 

analysis are now to be treated ar- photon detection probabilities. 

For an ideal photon counter, this description can be justified by 

semiclassical analysis, as explained in the preceding section. 

A pbotomultiplier tube is not a perfect photon counter, lut 

for many such devices, a similar description of the output is 

appropriate. This can be seen from an investigation of photo-

multiplier properties reported recently by Robben. After meas

uring the pulse charge spectrum and the fluctuations in the out

puts of a variety of different photomultlpller tubes, Robben was 

able to describe the noise properties of each tube in terms of 

three parameters: the overall quantum efficience, T|F; a photo-

electron noise factor, S; and an effective dark rate, D. The 

quantum efficiency TJ and photoelectron collection F were used as 

usually defined. The factor S was defined in terms of excess 

measured noise, but in the simple model of a phototube producing 
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pulses with a range of amplitudes, followed by a discriminator 

which accepts all those above some threshold, S Is just the 

inverse of the fraction of the total pulses which are counted. 

D is the measured dark rate at the same discriminator setting. 

These quantities were found to be independent of frequency, 

except for periods longer than about 10 seconds. Thus, for many 

observations, P and Q, the signal and background contributions 

to the counting rates could just be modified to take into account 

the fractional detection and the dark rate: 

P* = j£ P (Ill.la) 

Q' = ̂  Q + D. (III.lb) 

So in the following analysis, the measured light intensities, 

which will be specified In terms of P and Q may be interpreted 

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

realistically, as photomultiplier output pulse rates, given by 

P' and Q' in Eqs. (HI.la,b). 

If the signal were at zero frequency, the photon statistics 

would be simple. Assuming that P went entirely into beam 2, one 

would have 

I 2 = Q + P. 

Provided that Q » P (which is assumed throughout the following), 

the signal to noise ratio would be 
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N 2QT 

where T is the total time of observation. 

In general, the problem is more complicated than this, since 

the signal Y(t) is time dependent. In such situations one would 

be likely to record a signal spectrum Y(co). To analyze this 

operation, consider now a case in which the obsewed component 

of the light source density is all due to a plasma wave of fre

quency <j) . Then P, the signal light, would oscillate between 

the phototubes at this rate and the spectrum would show a peak 

at o>0. 

We represent a spectrum analyzer by the model shown in Fig. 

III-l. In such a device the signal Y(t) is first mixed with the 

output of a reference oscillator and the result is then averaged 

over a time T. Since the mixing heterodynes the signal down in 

frequency by an amount equal to the frequency of the reference 

oscillator, and since the T average transmits only those fre

quencies below l/x, the result represents the signal frequency 

components in a band of width 1/T around the reference frequency. 

To measure the amplitude of the signal within this band, the out

put of the T average, Y'(t) is squared, giving a signal Z(t). 

This quantity is then averaged over the observation time, which 

we again denote by T. 

Thus the observation of a signal spectrum involves two time 

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

servation at one signal frequency. (If the reference frequency 
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Fig. III-l. A model of the electronio apparatus. 
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is swept, T is the time needed to sweep across one bandwitii.) 

Since all t-ansmitted frequency components lie within I/T of the 

reference, their phase relative to the reference cannot change 

within a T interval. In terms of counting statistics, the signal 

probability is roughly constant over any T interval, so for such 

times the problem is effectively at zero frequency. On the other 

hand, at times differing by much more than T, Y'(t) is an trer-

age of different inputs, so such values represent completely 

separate samples of the signal spectrum. 

To describe these two extremes, it is convenient to divide 

the observation time into a set of T/T discrete x intervals. As 

an approximation, one can then consider each T interval separ

ately, assuming that Z(t) at the end of eacjj depends only upon 

signals received during that same interval, and also that all 

such inputs may be weighted equally. Since these are then c_>m-

pletely independent samples, the signal-to-noise ratio expected 

in the T average is 

|§i = #(!], 
where (S/N) is that expected from the counting distribution due 

to Z(t). In figuring these quantities, we shall consider all 

counts equal in magnitude, but since the phototube signals are 

differences, and also multiplied by a reference signal whi^h takes 

either sign, one must include buih positive and negative pulses. 

If n is the recorded algebraic sum of counts, one has for a z 

interval 
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^ Z with " * Z without) 
signal ^ signal •< , ( m > 5 ) , s , 2 

H <- 8> 8 - (n>z 

Here () denotes an average and the subscript Z refers to the 

associated probability dis t r ibut ion. As indicated, the ' s ignal" 

i s not the spectral amplitude; i t i s the difference between the 

amplitude with signal ( i . e . , with the reference frequency = av.) 

and that without signal (or «iith the reference osc i l la tor at 

another frequency). In ei ther case there wi l l be some spectral 

amplitude due to the randomly distributed background counts. To 

be observahle, the effect of tiie signal must exceed the fluctua

t ions in the measured background spectral amplituds. 

Since Z(t) = Y ' ( t ) 2 , 

<n) z = < n 2 ) r ( iH.Ua) 

< n \ = < n U ) y l . (Hl.Ub) 

Y' in turn i s equal to the difference between Y„(t) and Y , ( t ) , 

the positive and negative components of the output of the f i l t e r . 

(In a zero frequency observation, these would be just I . and I . 

In an observation a t a higher frequency, the multiplication by 

a reference osci l la t ion switches I . and I n between Y, and Y„ at 

the reference frequency.) Over a T interval , the signal P i s 

divided unequally between Y. and Y„. By definit ion, 

Y'(t) = j it' [y 2(t) - Y1(t)] . 
t-T 
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Hence the counting distributions are related by an integral 

• ) • 
'•I *2 

From this i t follows that 

P r ( i ) = | a n ' P Y ( n ' ) P y (n + n ' ) 

<n ) v , = < n % - 2<n>„ <n> + (n ) v ( l l l . 5 a ) 

and that 

(n\, = <n\ - k{n\ <n)v ± 6<n% <n2> 

4<n) <n3> + {rS . ( i l l . 5b ) 
Y l 

Finally, the distributions for y.(t) and Y„(t) we take to be 

Poissonian. If the signal is all contained in Y p(t) this gives, 

P v (") = iSl£ e-« T (lll.6a) 

(„) = [(q *P)t\n

 e-(Q+P)T 
P (n) = n«yv" e-w,L irn.6b) 

This is an approximation too, since it ignores the rapid 

fluctuations in the classical intensity, but since the times con

sidered here are all much longer than the coherence time of the 

light, the neglected increase in (n ) and other moments, the 

"excess photon noise", is relatively small. (See Ref. ̂ 9«) 

All the needed moments can be calculated from these distri

butions. Using Eqs. (ill.5a,b) to write the moments of Y', and 

keeping only leading terms, one obtains 
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2> i 2K _ , , 2 
' 'V w i th " ^ n V wi thout " (FT> 

s i g n a l s i g n a l 

<n*> y , - < n 2 > Y , = 8 ( Q T ) 2 . 

Prom Eq.s. (ill.5) and (HlAa,b) one can then calculate the sit-

nal-to-noise ratio for the T average, 

ffil8 - -ted! 
1 NIT " 8 ( Q T ) 2 

Chen from Elq. ( I I I . 2 ) one obtains the signal-to-noise ra t io for 

the whole measurement 

( * £ - * ! ? • c m ' 7 ) 

So, for the effect to be observable, one must have 

P , / T T > A/5" § . (III.8) 

Here the numerical factor should not be taken seriously, since 

several simplifying approximations have been used, but the result 

shows the dependence on the dii'fei-ent factors and indicates when 

such an observation should be feasible. 
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IV. EXPERIMENTAL RESULTS 

A. Tests -.t the Optical System 

1. The Calclte Rhomb 

To test the conclusions of the foregoing analysis, several 

multiple-beam sp3Ctrometers were assembled and studied, A central 
2 element in all of the arrangements used was a calcite rhomb, 1 cm 

in aperture, which is shown in Fig. 17-1. 

As a first step, the optical properties of the rhomb alone 

were examined, using light from a small He-He laser. The laser 

was equipped with a beam-expanding telescope, which when focused 

at infinity produced a bean 2 em 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 k5° 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, 

l inear polarizer (at ^5 to the axes of the rhomb), 

calc i te rhomb, 

l inear polarizer ( /aried to display the different pat terns) , 

ground glass screen, 



- 1 C A -

X B B 7 3 5 - 3 0 3 9 

F i g . I V - 1 . C a l c i t e rhom'b i n mount. 



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 telescope 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 complementary set of 

fringes, 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 E. 

But since A and B were coherent, they could interfere to give a 

pattern of varying polarization. 

To display such resultB more concisely, one cau placo two 

orthogonally oriented polarizers Bide 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 

Bhown in Fig. IV-1*. There the left frame shows the A and B com-
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Fig. IV-2. Illumination patterns with the rhomb alone. 

Top lef t : polarization A; top r ight : polarization B; 

bottom: to ta l l ight Intensity. 
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Fig. IV-5. Illumination patterns with the rhomb alone. 

Left: polarization 1; r ight : polarization 2. 
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F i g . IV-h. I l l u m i n a t i o n p a t t e r n s wi th the rhomb a l o n e . 

Left: polarizations A and B; r ight : polarizations 1 and 2. 
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ponents (the left and right halves of the pattern) and the right 

frame showa 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 systen. 

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 u'sed in 

series with a monochromator. A mask behind the rhomb served to 

define the twn observed beams, a lens before the rhomb defined a 

common source volume, and finally a second lens focused the light 

onto the entrance silt of the monochromator, exactly as Illustrated 

in Fig. C-k 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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2xit 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

tion 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-Me 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, focused on the screen, 

two orthogonal linear polarizers side ly 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 

nonochromator would contribute to the signal. Hence in the pre

sent reversed operation, the entire exit slit should be illumi

nated. Ibis 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 different 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) = I^*) - ̂ (t), between the intensities of 

these two components of the output light. Hence, in Fig. IV-? 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 
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Fig. IV-5- The effect of a two-team spectrometer. Top: 

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

just 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 Eqs. (11.13) and (11.15) and described in Sect. 

II. B by Eq. (H.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, il-

though the result is fairly ceroain, it is still important to 

check the effect of this system away from focus. This was done 

by cioving the ground glass screen and the camera closer to he 

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-beain spectroscopic observation would not 

be an average along a line of sight. Sources this 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 fraiae—patterns in the focal plane of the system 

(upper pattern: polarizations 1 and 2; lower pattern: 

polarizations A and E). 

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 otserve 

only fluctuations In the light source density. One cannot otserve 

the total nurater of light sources in some region, essentially 

because the wavelength of the observed source density component 

(27r/|kJ ) 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 a and p, respectively, 

in Fig. C-h). 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 rhomt. 

This was left unchanged. The angle subtended by each beam, however, 

was determined ty the width of the slit in the mask before the 

rhomh, 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 0 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 beara-defining s l i t . 

Top frame: widest s l i t j bottom frame: narrowest s l i t . 
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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. Our systems were 

made with lenses already in the laboratory and they always pro

duced fringe patterns like those shown in the photographs presented 

here. 

5. 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 is 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. I I .B) . 

In the experimental work, several multiple-bean, systems were al60 

constructed and tes ted. 

To simplify these observations, only the interferometrie por

t ion of these systems was constructed. The resu l t s of the work 

v i th the two-beam system proved that toe inclusion of the mono-

chromator did not degrade the polarization fringe pat terns. In 

those studies, however, the f i r s t part of the optical t r a i n , 

laser 

lens, focused on the exit s l i t of the monochromator 

monochromator 

lens, focused on the entrance s l i t of the monochromator, 

simply served to produce a beam of para l le l monochromatic l i gh t . 

I t was important to es tabl ish that th i s could be done with the 

required accuracy, but once that had been demonstrated, th i s part 

of the system could be replaced by jus t the laser and a beam-

expanding telescope. 

To make a multiple-beam system of the f i r s t type considered 

in Appendix C, one need only replace the mask behind the rhomb with 

one containing many s l i t s . This was done in the simplified system: 

He-lfe laser , 

beam-expanding telescope, 

l inear polarizer (oriented a t U5 to the axes of the 

rhomb), 

mask vi th s l i t s to define the beams, 

calci te 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 scieen. 

In tests of the two-beam system, the focus of th° light was 

swept along the exit slit of the spectrometer. This jaused 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 nultiple-beam patterns studied next were simply 

photographed 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 slit which 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 firBt 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 wou"-'. 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 te 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 still all polarized as 1. (The order of the two polari

zations was reversed between these figures. The light ts, in 

fact, polarized the same way in Loth 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-team pattern upon s l i t 

position. A photograph in which the beam-defining s l i t 

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

polarizations 1 and 2 observed a t focus. 
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Fig. IV-10. The effect of the whole rhomfc without a mask— 

polarizationr 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 thu 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 Bhown 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 E suown 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 silts, n was 4, and A, the silt 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 Ei- (11.31), it then describes correctly the differ

ence between the patterns 1 and 2 in Fig. IV-11. (Bote, for 
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Fig. IV-11. Patterns at the foous of a multiple-team system. 

Top: polarizations 1 and 2; bottom: polarizations A 

and B and total light. Here n = k and A = 2d. 
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example, that Eg.. (11.31) says that the polarization fringes should 

•be twice as widely spaced r.s 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 tc 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 

Eq. (H.31)> tne information obtained from this system would be 

in an inconvenient form. 

h. 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..5, was to include a collimator, a de/ice 

which would define completely independently a who? =>et 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. 



-127-

X B B 735-3036 

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 = k and A = 2d. 
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To actually build such a system it was only necessary to con-

truct 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 h in. and thirty pairs of spacers 5/8 x k in. To 

form the collimator, these pieces were assembled in a stack of 

0.600 x 1-7/8 x k in. To make the structure'rigid, two pieces 

of 3/l6 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 l-l/l6 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 uppor fram of Fig. 

Vf-lh, 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. rV-lA. Two effects of the collimator. 

Top frame—a multiple-team pattern, n = 15, A= d/2, made 

with the s l i t s 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 silts Interfered to give the result shown. This is 

another example of a pattern described by Eg.. (11-51). Here 

A =» d/2 and n = 15. (The collimator was taller than the rhomb, 

so only 15 slits were used.) Since, according to Eq. (11.51), 

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 

Eg.. (11.51). 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 silt 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 monochroraator, the result of* the 

measurement would depend upon multiple-team 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-ll*. 

When the collimator Is correctly used, all of the light trans 

mltted through the different slits will be accepted, so the result 

will not be affected by any oultlpe-befa interference. To model 
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this in an inverted system, i t i s 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 syste.ii was: 

He-lie laser, 

ground glass screen, 

lens, focused on this screen, 

linear polarizer (oriented at 'tis0 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-11*. There polarizations 1 and 3 show simple sets of 

fringes like those obtained In the two-beam system. This i s the 

desired result. In use as a spectrometer, this system would select 

a single £ component (more precisely, a narrow range of components) 

of toe distribution of light sources within the region observed. 

This systea in discuuuod In Appendix 0 urn! In fleet. TT.P.J, 

where the conclusion In glvon ly Eq. ( I l o i ) . The patterns In 

http://syste.ii
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Fig. IV-11* agree with the predictions of the theory. (The fine-

scale graininess is ,1ust las^r 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, tut 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-11*, 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. Photographs of the machine 

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

In this device, an electron gun, biased to h kV negative, 
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Fig . IV-15. For legend, see page 134a. 
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Fig. IV-15. The electron team-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 w s 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 tera-
15 perature of a few eV and an electron density of a few times 10 

cm" . (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 Veen 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 10 em/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 loek-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 hkjl A. 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 Ît̂ l R 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 waB expected that 

the light intensity would vary with the fluctuations in the plasma 

density. 

The plasma was observed from a distance of 6l cm through a 

13 cm focal length lens. This was followed by another lens of 

focal length of 26 cm which imaged the plasma at infinity. Later 

in the Bystem, this light passed through the calcite rhomb of 
2 1 em 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 Kperture 0.6U cm , 

6l 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 90 the image of the plasma. 

Altogether, the optical train was: 

plasma, 

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 monochrom&tor, 

mechanical chopper, 

monochromator, 

Glan-Thorapson prism (separating polarization components 

1 and 2), 

lenses, focused on the exit of the monomchromator, 

photomultipller tubes. 

The last few elements in the optical train are shown in Fig. 

IV-16. There can be seen the monochromator, the preceding lens, 

and chopper wheel, and the "Y" structure containing the Glan-

Thompson prism, the two lenses, and the two photomultlpller tubes. 
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Fig . IV-16. For legend, see page 138a. 
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Pig. IV-16. A view of the optical system showing the chopper 

wheel, the photomultiplier tube assembly, and one end of 

the monochromator. 
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A diagram of the entire apparatus is given by Fig. IV-17. 

As indicated there, the phototube outputs were compared by a dif

ferential amplifier, the resulting signal was fed into a spectrum 

analyzer, the output of this was processed by two lock-in ampli

fiers, and the result of this was then plotted by an X-Y recorder 

driven by the spectrum analyzer sweep. 

The output was thus in the form of signal spectra. The dis

turbance in the plasma was injected at one frequency and the opti

cal system was designed to observe one k component of the resulting 

plasma oscillations. Hence if the transmitter produced a distur

bance at the observed k, the signal spectrum would show a peak at 

the injected frequency. 

Such a result is seen in Fig. IV-18. Each of the signal 

spectra shown there covers a range 59-5-^1 MHz, which includes the 

transmitter frequency (ko MHz). The phototube difference signal 

(i.e., the intended output of the system) is shown in the upper 

trace, which does in fact exhibit a peak at the imposed frequency. 

This peak disappeared when the light path was blocked and it dis

appeared when the transmitting probe was rotated out of the plasma. 

A spectrum of the output of a single one of the phototubes 

is shown by the second trace in Fig. IV-18. There the amplitude 

of the peak is reduced by half. This is as expected, since a wave 

at the observed k in the plasma will cause the light to oscillate 

between the phototubes (i.e., between the "interference patterns" 

observed by the phototubes). In the intensity difference signal, 

these two oscillations., which 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. For legend, see page lUla. 
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Pig. IV-18. Signal spectra (approximately j.'-i MHz with lover 

frequencies at right). 

Top trace: The intensity difference signal. 

Second trace: The output of one photomultlplier tube-

Third trace: The Intensity difference signal with the 

light path blocked. 

Bottom trace: The output of one photomultiplier tube with 

the light path blocked. 

Each trace is three spectra superimposed (except the bottom 

trace, which Is two spectra). This is a photograph of the 

X-Y recorder graph. 
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the spectrum of t'ne output of each phototube alone, one ought to 

see exactly half the total signal amplitude. 

Of equal interest is the change in the noise le"el all across 

the spectrum. The second trace is clearly noisier than the first. 

Nothing in the apparatus vas changed between thet"? to measurements 

(actually six measurements, as each spectrum is three traces). 

The differential amplifier was simply switched from (2-1) to 2. 

The increased noise if due to random variations in the plasma 

luminosity. When the two phototube signals are differenced, the 

fluctuations in the total light level are cancelled out. When 

only one of the tubes is used, the noise in the output Is much 

greater. This Is a useful thing to note in setting up the appar

atus, because the cancellation of the noise shows that the system 

is correctly balanced at the frequencies of interest. 

To be sure that the increased noise was not an electronic 

effect, the same spectra were again recorded, with the light path 

blocked (transmitter still on). The result is shown in the third 

and bottom sets of trances in Pig. IV-18. There the noise in the 

output of one phototube is less than that in the intensity dif

ference signal, just as one would expe.'t. Interestingly enough, 

the noise in the third set of traces (th> difference signal with 

the light path blocked) is not much less +han that in the top 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 of traces, one sees 
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tvo small peaks, one on either side of the main peak, which in

creased vhea the system was switched from (2-1) to 2. Unlike the 

random noise, these features show a systematic change. This al

most certainly is due to modulation of the total plasma luminosity 

by the transmitter. In Iangmuir probe observations of pulse pro

pagation in this plasma (see Appendix D) a fast signal was always 

seen. This was attributed to a potential fluctuation. That alone 

should not change the light emission, but there certainly are 

other mechanisms, such as a change in the electron temperature, 

which would cause the fast signal to make at least a slight change 

in the plasma luminosity. Since this would be seen with the same 

phase by both phototubes, the effect would be seen by each one 

alone, but would be balanced out in the intensity difference sig

nal. 

The presence 3f what appear to be the same two small peaks 

in the first set of traces may be due to a slight imbalance between 

the phototubes. A second possibility is that the plasma oscilla

tion at the observed k merely had similar components <n its spectrum-

i.e., that the second set of traces is the sum of two components, 

one equal to half the upper traces and the other caused by modula

tion of the total luminosity. 

There is, however, a third possibility which should also be 

mentioned. If there were a stationary or a slowly varying plasma 

disturbance at the observed k, then the total light from the plasma 

would be divided unequally between the two phototubes. This by 

itself is Just like any other fluctuation which the spectroscopic 
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system might observe. In this case the effect would appear at the 

low-frequency end of the signal spectrum. However, if the total 

plasma luminosity is modulated at a higher frequency, then the 

phototube which sees more light will jee the modulation with a 

larger amplitude, and hence the modulation will appear in the in

tensity difference signal. 

In other words, a high-frequency modulation of the total 

plasma luminosity would "illuminate" low-frequency density varia

tions and 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 inhomogeneity combine to produce a fluctua

tion of the light source density at the observed wavelength and 

frequency. Then n (k,<o) actually exists in the plasma, and so, 

of course, the multiple-beam system sees it. But in interpreting 

such results it is important to realize that not every observed 

fluctuation corresponds to a wave in the plasma (except, perhaps, 

in a very broad sense of the term)* Some features in the signal 

spectrum could be due to fast disturbances illuminating slower 

ones. 

In our data, the location of the two small peaks at the sides 

of the main peak is not necessarily an indication of a difference 

in frequency. These data were taken with a lock-in amplifier which 

selected one phase component of the output of the spectrum analyzer. 

Since the phase and the amplitude of the (50 kHz) analyzer output 

voulC both change as the analyzer swept in frequency, the exact 
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shapes of features in these spectra did vary somewhat with the 

phase setting of the first lock-in amplifier. All the curves 

shown here were taken at a single phase setting. 

It is also of interest to note the amplitude of these oscil

lations. When the gains of all the elements in the system are 

considered, the amplitude of the largest signals observed (at 

29-5 MHz) is found to correspond to about.a 10* A oscillation 

in photocurrent. the mean phototube output (measured directly) 

was 10 A. Hence the strongest signals were due to a 0.1$ oscil

lation of the observed light intensities. In the pulse propaga

tion studies (see Appendix D) in which the transmitter voltage was 

roughly the same as that used here, the peak of the pulse identi

fied as an ion wave also represented a 0.1$ change in the probe 

current. How the width of that pulse was about five times the 

width of the transmitted pulse, so this amplitude represented 

about one-fifth of the whole disturbance. Judging by the inter

ference patterns photographed in the test program (see Fig. IV-1*) 

the spectroscopic system would observe a region about *0 fluctuation 

wavelengths wide. Thus the resolution in k was a few percent. 

Hence If the spread In transmitted wavelengths were about 10$, 

the spectral amplitude would also represent one-fifth of the dis

turbance. In a sweep through different frequencies (see Fig. 

IV-19) the maximum seen around 29.5 MHz did extend over roughly a 

10$ range of frequencies. 

So the amplitude of the pulses seen with probes was roughly 

equal to the amplitude of oscillations observed spectroscopically. 
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In fact, this agreement must be at least in part fortuitous, If 

only because the dependence of the light intensity upon the p'asma 

density is not known. An attempt was made to measure this depend

ence by changing the transmitter amplitude. It turned out that at 

large amplitudes (larger than where the data shown here were 

taken) the spectroscopic signal actually decreased as the trans

mitter amplitude increased. At lower amplitudes, the signal in

creased with the oscillation voltage, but the increase was much 

more rapid than linear. So the amplitude calibration has not been 

related to the plasma density disturbance. Still, it is worth 

noting that the observed 0.1$ modulation of the light is reason

able and is similar to the density modulations seen with probes 

in the pulse studies. 

Finally, to gain some information about the plasma response, 

the amplitude of these signals was observed over a range of fre

quencies. For each measurement the transmitter was set at one 

frequency and the spectrum analyzer was swept past that frequency. 

A set of the results is shown in Fig. IV-19. There one can see 

that the amplitude of the observed response did vary quite sharply 

with frequency. Of particular interest is a peak in response at 

about 29.5 MHz (the seventh trace in this set). Since the observad 

wavelength was 0.391 mm, this frequency corresponds to a phase 

velocity of 1.15 x 10 cm/sec. This is roughly equal to the ion 

sound speed, as computed from the measured temperature and as 

observed in the pulse propagation studies (see Appendix D). This 

suggests that these data show plasma density disturbances trans-
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Flg. IV-19- For legend, Bee page 147a. 
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i'ig. IV-19. Signal spectra taken at 0.5 MHz intervale from 

26.5 through 35 MHZ. These are tracings of the X-Y 

recorder plots. 
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mltted at the ion sound speed. 

There are, however, several unknowns in the problem. The 

electron temperature, and hence the sound spped were known to vary 

with the distance from the center of the plasma column. The probe 

pulse data were taken Just outside of the electron beam. The 

spectroscopic measurements presumably refer to the same region, 

if only because the transmitter was located there, but the effect 

of the hotter plasma within the beam remains; unknown. Further

more, the efficiency of the probe as a transmitter may be frequency 

dependent. Some of the observed variation in signal amplitude 

could have been due to the transmitter, rather than to propgation 

properties. 

Clearly, an understanding of the dynamics of this plasma 

would require much more information that is contained in these 

few spectra. One ^ould proceed now to use this spectroscopic 

system to do a complete study of the plasma—looking at different 

wavelengths, different frequencies, and different portions of the 

plasma column. Bat this would be a project in itself. Our pur

pose here is to show the utility of the spectrometer. These data 

should serve to illustrate the kind of information which can be 

obtained with such a diagnostic instrument. 
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V. HIGH-FHEQUEHCY PHENOMENA. 

A. The Effect of a Moving Source ard the Use of a 

Time-Varying Optical System 

The need to observe re la t ively Ltf.h-freq,uency phenomena i s a 

fundamental consideration of plasma diagnostics. Characteristic 

frequencies of many laboratory plasmas l i e in the megahertz or 

gigahertz range. In pulsed experiments, the ent i re plasma may 

exist for only a small fraction of a second. We have noted a l 

ready that the need for P probe with a rapid response suggests, 

in general, the consideration of optical diagnostic techniques. 

In the multiple-beam spectrometers described in Chapter I I , 

a component of the l ight would osc i l l a te between two photomulti-

plier tubes In a manner characteristic of one component of the 

source distribution. Frequencies of plasma osci l la t ions would 

be observed in the time dependence of the outputs of the photo

tubes. Yet phototubes, and other elements of the system, ha.a a 

f ini te bandwidth which would, in practice, in terfere with the 

measurement of frequencies above a few hundred megahertz. This 

la a serious limitation. 

The present discussion began with an analysis of a simple 

two-beam spectrometer. A two-beam spectroscopic measurement was 

found to resemble a light-scattering experiment in several ways. 

A scattering measurement, however, i s not restricted to low-fre

quency phenomena. Indaed, 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 l<ght (see Sect. I.C). On the other hand, there are 

scattering measurement techniques (which we have not discussed) 

in which one toes observe directly in a measured light intensity 

the time dependence of low-frequency phenomena. (See, for example, 

Bef. 52.) This similarity suggests that the low-frequency restric

tion of the multibeam spectrometers of Chapter II is due to our 

choice of apparatus, and not a necessary feature of a spectro

scopic measurement. 

To see how higher frequency, or higher phase velocity phe

nomena might be observed spectroscopically, consider first the 

effect of a single moving source. In Pig. V-l is shown a small 

monochromatic light Bource which moves with a velocity v . If 

the source has frequency o> , then the light emitted in a direc-

tion k, muBt have a Doppler shifted frequency (to first order 

in |v |/c) 

-a A 

c A 

(V.l) 

* A 
Light which is emitted into different directions k. and 1L will 

differ in frequency by an amount 

im = cu_ - a), = to. 
1 \ 

'A — s | y^—T v7~T 

- ie • Ofe - h) " ̂ s • i* <v-2> 
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Fig. V-1- Two-beam observation of a moving source. 
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Here k. is the familiar difference wave vector ! c.f. Eq. (1.9) or 

(11.18)]. 

So, at least for nonrelativistic motion, the difference In 

frequency which would he seen in a two-beam observation of a mov

ing source depends upon the same k. which describes the fluctua

tions In source density observed in the low-frequency limit. The 

same source wavelength characterizes tooth the mutual coherence and 

the frequency difference observed with a two-beam spectrometer. 

This suggests that it should be possible to extend the low-fre

quency technique and observe rapid motions of a light source dis

tribution by comparing light emitted in different directions at 

different optical frequencies. 

In fact, the low-frequency system discussed in Sect. II.A 

already Involves exactly this. In the simple two-beam arrangement, 

the observed beams A and B were combined and their superposition 

was separated into two complementary interference patterns—beams 

1 and 2. It was shown that an oscillation of the k^ component of 

the light source density would produce a corresponding oscillation 

of the light intensity between beams 1 and 2. This oscillation of 

the light is due to a steady variation In the relative phase-

more precisely, in the phase of the mutual coherence--between 

beams A and B. Yet a steadily increasing phase difference is 

exactly the same thing as a difference in frequency. The low-

frequency system simply measures a small frequency difference by 

observing the time dependence of the beats which result when the 

two waves are combined. 
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One can certainly measure differences In frequency between 
the two teams, hut to extend the concept of a multiple-beam spec
trometer, the phase must also be observed. The optical systems 
described in Chapter II were designed to measure the mutual co
herence of light of equal, or at least nearly equal frequency. An 
obvious way to extend the method is to add to the system a moving 
mirror or other time-varying element which would Doppler shift the 
frequency of one of the beams. The remainder of the system could 
then be left unchanged. 

Such a modified two-beam arrangement is shown in Fig. V-2 . 
The spectral filter again accepts the same |k| components of each 
beam, but since beam B is first shifted in frequency, the light 
accepted through the two beams is emitted at different frequencies 
from the plasma. 

The analysis of Sect. II.A.5 is easily amended to describe 
this new arrangement. The light accepted through beam A, is, as 
before 

(observed) 2 f °° f Ut^r _ ( |k^ 
2iric 

(observed) 0 r °° iX,*r |k.| ,.<, 
4 (r,t) = Re 62a / dlkje "* "fdkjc) -±- ri^.t) 

0 2 r t C 

p r ° ° , i k .T 
Re tTa J dlkje "* "rdk^le) 

•MfdVsW^r.) . 
a r i e J B -* -ar ie 

Because of the moving mirror, beam B I s , in effect , observed from 

• moving frame of reference 
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Fig. V-2. The use of a moving mirror In a two-team system. 
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(obstrved) „ r °° . , %•£ 
{ B (r,tJ - Re tfaj a l le le B fClkglc) 

0 

2iric 

where 

i ^ i fdV 4 + )(k_,t;r'), (V.5a) 
2ricJ B "* 

4 + ) < * B ^ r ) -J*\ e ' ^ * £ l 4 + ) ( £ l + v^ t sr - ) 

= Jd 3pe B e ^ B " ° 4 '(£»*;£•) 

So, the effect of the moving mirror i s to introduce in the ot>-
•2b* -%*.*-* served f ield amplitude an additional factor of e 

As before, the two waves are combined to produce two inter

ference patterns 

i~I r (observed; (observed)] 12 
I i' 2 ( t ) = l ^ " [ l B ( £ B , t ) +i^'t] J! 

and the difference between these intensities provides the output 

of the system, 

Y(t) = I 2 ( t ) - I ^ t ) . 

Assuming that f(|k.|c) « f([kJc), describing the intensity 
In terms of an analytic signal, and assuming again that the light 
from each wint r 1 is coherent, but that light from different 
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points is incoherent, leads, as before, to the expression 

co 
Y(t) = ' d V f d | k | | f ( | k | c ) ! 2 E e r B A ( 0 ; | k | , r ' ) 

coirnion source 0 
volume 

vhere nov 

m I are / 

i k , - r . , > 1* 

(VA) 

Expressing y ' in terms of s ( r ' , t ) , the source gives 

• | k | s 2 a \ 2 - i K - r +1*8-1,, +ik. .r' - i X - r ' 
r ^ O l l k l . p ' ) - - = — e "* A e "* B e A e * 

Using again the result of Appendix B.2, we have, 

- i k A , ( 5v-£ ' ) ^ V l ' ) 2 2 

/ \* +ik_»v.t T^ T" 
s<+> ( r ' , | k | c ) e - B " ° s ( + ) ( r ; | k | c ) j . (v.5) 

If the velocity v. is not too large, the factor e will 

be nearly constant over the interval of the time average. In 

such cases, the above result becomes, 
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10 -ik^r' • i k ^ t 
?«.(«>» Ijjl.r.*) " •"" e ""*" a ^(|k|c;r-,t)(6 2Q) 2 

where 0, k., and -4(|k|c;r',t) are defined as in Chapter II.A.J. 
If the light is so nearly monochromatic that 0 and k. may be 
treated as constants, as vas done before, the output of the sys
tem is 

/
_ f 10 +lk-,'v>,t loo 

d|k| |f(|k|c)|SRe e e " 3 ~° 4(|k|o;k^t) (6 2a) 2. 
L common J 

source (V.6a) 
So tbe spatial resolution is unchanged. The system still ob
serves tbe k. component of the distribution of common sources, but 
tbe introduction of a moving mirror has changed the time depend
ence of the output. Taking a frequency spectrum of the signal, 

Y(CD) -J dt e^Vt) 

(d|k||f(|k|c)f 2 Befe1* ( Ik le^o) + ^'^Y^af. (V.6b) • / « 

So tbe time dependence of tbe observation bas been "heterodyned" 
in frequency. The <u frequency component of the output corre
sponds to tbe CD + kg'V. frequency component of the k. vave vector 
component of the source distribution. The addition of a moving 
•lrror has shifted tbe observed frequency range from near dc to 
an equal band around k_av_, thus permitting observation of higher 
frequency phenomena. 

It should be remembered, however, that the factor e 
vas treated as constant in the time average which defined the 
llfcht Intensity. Such an assumption Is, In fact, required for 
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consistency, because it was assuned that the light from each point 
r' was coherent, that the spectrum was so narrow that the differ
ences In optical path were the sane for all accepted wavelengths. 
The requirement of a narrow spectrum is, in Itself, a low-fre
quency restriction. The above result is still significant, since 
the tlae dependence of even a narrow spectral feature nay be too 
rapid to be easily observed, but to observe still higher fre
quencies, one must accept a larger portion of the spectrun and 
the requirement of coherence nust 1* modified. 

B. Correlations Between Light of Different Frequencies 
Before continuing with the general analysis, it seens appro

priate to say a little more about the ways In which these higher 
frequency correlations could be measured. The use of a moving 
alrror, or some similar device, is only one of several possi
bilities, and a few other options night be mentioned. 

One way in which the observation could be heterodyned in 
frequency is by employing a fast shutter. If an electro-optic 
element or bome other rapid gate were placed before the system 
and switched at a frequency SI, the entire observation would then 
be shifted in frequency by that amount. This can be seen quite 
simply. Just imagine that the plasma wave observed had frequency 
fi. Then the light would oscillate at this frequency between beams 
1 and 2. If the spectrometer were gatpd, so that the window was 
open only when the light was polarized as 1, the signal would 
appear at zero frequency. 

Another way in which high-frequency effects could be observed 
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ls suggested by a pore careful examination of the system shovn 

in Fig- V-2. There a moving minor Is used to shift the frequency 

of the light In beam B, tht. light in beams A and B is then pro

cessed by the same spectrometer, and the mutual coherence of the 

two Is measured by combining A and E and measuring the intensities 

of the intermediate polarizations—"interference patterns 1 and °.". 

tan the observation of interference Is not the only way lr which 

this mutual coherence could be measured. Th± magnitude of IV, 

could also be obtained from an Intensity correlation measurement. 

(See Sect. III.A.) In that case one would not combine beams A 

and B at all, but would observe the two with separate phototubes 

and then record the correlation of the two intensities. Ibis is 

something which could be done with light of different frequencies. 

The moving mirror in Fig. V-2 does not affect the Intensity of B, 

it only shifts tht frequency. One could separate the same light 

without the mirror if the spectrometer were readjusted to the 

original, unshlfted frequency of B. Since A is unaffected, one 

would then require two spectrometers or spectral filters set to 

different frequencies, bo shown in Fig. V-5- If an intensity 

correlation measurement were practical, one could Just select one 

frequency component of beam A and another frequency component of 

beam B and then observe a correlation of the two intensities. 

However, care should be taken to determine the usable aperture, 

which might be severely limited by requirements of coherence, and 

a more detailed analysis of the significance of an intensity cor

relation measurement--which is really beyond the domain of the 
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XBL733-2SI3 

Pig- V-3. The use of intensi ty correlations to observe high-

frequency phenomena. 
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present study—should also be done before attempting this type of 

experiment. 

In whatever way the experiment is done, the object is to 

mreasure the coherence between two beams of light of different 

frequencies! This concep' itself is not new. As has been noted 

by several authors,' there Is nothing inconsistent about the 

idea of coherence between light waves of different frequencies. 

One can always Imagine Doppler shifting the frequency and then 

comparing phases, and any of the other techniques Just mentioned 

would also serve to introduce the same Idea. 

In a formal analysis, it is only necessary to include a time 

dependence in the correlation function. Thus where we had before 

V * |k|) 
|k|6V 

2irc r [ ik. • r . , . r i V l B 4 + ) ( ^ t + T ) ] , 

ve should consider now 

r » ( T ' I J 5 a l ' l 5 B " '4'6 

27TC 
±\ 

2irc I 

3 •* "M+ )<v*> .lAbt 

(V.7a) 

where the frequency difference, 

dta ' ISB' 
c - l i £ A l = - (V.7b) 

To simplify the following equations, It is assumed here that 
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the light acceptecl through each beam is quasi-monochromatic. Then 

only one value of |k,| and one value of |kj need by considered. 

The two frequencies, however, are not equal, and hence the total 

spectrum is not narrow. Indeed, this is required for the observa

tion of high-frequency phenomena, since the frequencies of the 

phenomena observed cannot exceed the bandwidth of the light. 

m all of our preceding calculations, light from different 

points r 1 within the plasma was considered incoherent, while light 

from the same source point was assumed to be completely coherent 

and, in effect, was treated as monochromatic. That assumption 

clearly 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 generalize the picture is to represent the plasma as a set of 

moving sources. Each source may still be considered monochromatic 

in its own frame of reference, but since the source is moving, 

the emitted light will be Doppler shifted to produce a broadened 

spectrum. One could do this by replacing the source density (in 

r-space) by a distribution function (dependent also on velocity), 

but for amplieity we shall consider only a discrete set of sources: 

s(r,t) = Y o o s " > ] * + ^M*^ 6 £ " ij(*)j • (V.8) 
i' 

Here the phases (Zi.(t) are independent, so the different sources 

are all incoherent. Hence the mutual coherence rL. may be written 

as a sum of contributions from the separate sources. Miking this 

assumption, and then evaluating IV, gives 
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-ik.T. +ik_T_ 
V O , ! ^ ! , ! ^ ) - - 8 ^ 6 % . " * * t ^ ' 1 

J -oo 

. / f o v W ] . * * * / ' dT 2[e l | ] i B , 0 ( t" t 2 ) - e" 1 ,^ | e ( t- Te )j 
-ao 

Since each source is nearly monochromatic, the phases 0, are 

all slowly varying quantities. More precisely, tbay vary only at 

frequencies less than the optical bandwidth. But this implies 

that, these phases may be taken constant in the t. and T„ integrals 

which define the spectra, since these integrals are really taken 

only over the preceding inverse bandwidth interval. Hence it is 

admissable to replace ^ ( O and $AX

S) tff $«(*)• 

It also greatly simplifies the result to assume that all the 

sources move without acceleration and set 

Under these assumptions the above result reduces to 

_ _ -ik.'r, +ikT,T_ , . -i(k_-k.)-r.-

• 6(mj + k^v, - IkglcJoUj + J^.v - Ikjc). (V.9) 
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Buept for normalization, this expression just denotes the 

k. « }t_ - k, component of the distribution of those source- which 

have frequency and velocity such that 

Putting these relations in a more convenient form, ve have the two 

conditions 

(K-B " $*)'% = '£B' C " '^'° = *" (V.lOa) 

m.1 + 5 (^A + V*-J * 5 ('-A'° + '^'o)- (V.lOb) 

The first condition, Eq. (V.lOa), Just restates our earlier 

result, Eq. (V.2), which was obtained from a much more elementary 

argument. The point is the same: The frequency difference between 

light emitted in the k. and k directions depends upon that com-

ponent of the source velocity which is parallel to k.. Hence, by 

correlating light of different frequencies emitted in these two 

directions, one selects one value of this source velocity com

ponent. Only sources with such motion can contribute to the 

signal. 

The second condition, Eq. (V.lOb), Just gives the UBUBI effect 

of Doppler broadening, as is seen In conventional spectroscopy. 

Here it Is the (k. + II) velocity component which changes the 

ap-arent frequency of the source. 

What this calculation shows is that the effect of Doppler 
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broadening could be deduced from correlation measurements—even 

with a spectrum further broadened by another mechanism. We assumed 

that each source was monochromatic in Its frame of reference, but 

did not assume that all the frequencies <u, were equal. These fre-

quencles could differ and this difference would produce a broadened 

spectrum. If such broadening concealed the Doppler shift, the 

source velocities could not be measured by conventional spectros

copy. 

This is something which does happen In a plasma. In any 

plasma there are electric fields, fluctuating fields which through 

the mechanism of the Stark effect can broaden spectral lines. 

(we mean here the quaji-static, or Holtsmark type of Stark broaden

ing, not collisional broadening which spreads the spectrum of the 

light emitted from each atom.) This broadening can exceed the 

Doppler broadening and conceal the Soppier line shape in the spec

trum. Then the Doppler broadening cannot be seen—at least not 

without some kind of unfolding. 

In such cases, nevertheless, a detailed record of the source 

velocities is still present in the radiation. As the preceding 

calculation shows, such information could be found from observa

tion of the phase relatione—of the correlations—between differ-

ent frequency components of light emitted In directions k. and k_. 

When differences in frequency are allowed, a two-beam spectro

scopic observation could provide the distribution, not Just in 

space, or k, but also in velocity, of the sources of each feature 

in the spectrum. 
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This result, of course, suggests some interesting experi

ments. Moreover, the analysis which we have done is only a 

beginning, for the effect of other optical arrangements and of 

other correlation measurements remains to be determined. We 

shall not pursue these questions further here; that would be a 

separate project. The foregoing discussion Illustrates that an 

extension of the method to high frequencies is possible. An 

exploration of this possibility could be the subject of a later 

study. 
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VI. CONCLUSIONS AND SUGGESTIONS 

A. A Summary of Results 

This project began with the realization that spatially local

ized Information about particle correlations—information of the 

type provided by a scattering experiment—is in fact present in 

the light emitted by a plasma. The in i t ia l objectives were to 

prove this fact and then to demonstrate that such information could 

be obtained with a practical, convenient diagnostic instrument. 

The facts about ph.se measurements could probably have been shown 

vlth a simple two-beam system, but since the two-beam arrangement 

i s so inefficient, the development of a more efficient design was 

crucial to the question of practicality. 

The multiple-beam system which was ultimately constn. êd 

involved two design pi ;iples: the use of polarization inter

ference and the use of many independently-!.ollimated pairs of beams. 

Our particular system could, of course, be improved, but these two 

techniques should be worth considering i - the design of any such 

device. 

The particular system described here can be claimed to have 

served i t s Intended purpose: The optical tests verified the theory 

of the design and the plasma observations showed that such a system 

can be used for plasma diagnostics. 

Regariing the experimental work, three comments seem worth 

making in conclusion. Firstly, as ve nave already noted, the 

optical system which waB uBed was made from components of quite 

ordinary quality. The lenses were a l l single elements; the patterns 

http://ph.se
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shown in Sect. IV.A were made using sheets of plastic polarizing 

material. Furthermore, the plasma was observed through a lucite 

vacuum window which was certainly not of high optical quality. 

It was originally thought that this window would have to be re

placed, but before doing BO the lucite was placed in the optical 

train of a test system like those described in Sect. IV.A. A pat

tern like that shown in the lower fram of Fig. IV-11* was produced, 

and the presence of the lucite seemed to have no effect whatsoever. 

The reason is that the lateral displacement between interfering 

beams was so small that the lucite (and the other elements) did 

not have to be very flat for the optical paths to be equal. After 

this discovery,the lucite window was put back in place and all the 

plasma observations were made right through it. 

The second point is that the total solid angle subtended in 

our plasma observations was extremely small. The apterture vas 
,. , -1 

O.W cm square at 61 en from the plasma. This amounts to 1.1 x 10 
sterradlans, or less than one-thousandth of one percent of the 

whole solid angle. Thus, although our system was more efficient 

than a two-beam Betup, it was still extremely weak in terms of 

the total light available. The design which we used could be 

extended to a Bystem with a much larger aperture.' 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

ticularly luminous. An arc discharge, for example, would be much 

brighter than the beam-plasma system on which these measurements 

ware maoe.) 
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Finally, i t should be remembered that a multiple-beam system 

of the design used here requires that a l l the l ight transmitted 

by the collimator be accepted by the monochormator. This means 

that the entrance s l i t cannot be too small, and hence that the 

Bpectral resolution is res t r ic ted . (In principle, of course, the 

resolution could be improved by using a more dispersive grat ing.) 

In our case th i s was not important, since the observed spectral 

l ine was stronger than any nearby feature, but in planning such 

a system, one should make sure that the intended phase and fre

quency measurements are compatible, and that the coherence length 

of the accepted l ight wi l l exceed any difference between the 

lengths of the paths of the A and E components of the llg) . 

In the course of studying these systems, i t has become in

creasingly apparent that th i s problem involves much more than jus t 

the spectroscopic analogue of a l ight scattering experiment. The 

spectroscopic problem i s much broader to begin with, because the 

variety of sources i s much greater . Scattering i s due mainly to 

the plasma electrons, but the emission spectrum includes l ight 

from many different groups of plasma par t i c les . But beyond th i s 

difference, the spectroscopic problem i s more diverse because the 

number of possible optical systems is much greater . In principle, 

one could construct multiple-beam spectrometers which would observe 

many different components of a l ight source dis t r ibut ion. The 

selection of one k component of the sources within a local region 

Is only one among many poss ib i l i t i e s . 

To be bet ter able to dlecuBs the problem in some generality, 
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two different mathematical descriptions of this type of optical 

system have teen presented. Reviewing briefly, the first approach 

was based upon spatial Fourier transforms. In a preliminary analy

sis of scattering (in Sec. I.C) it was shown that the light of one 

wavelength emitted in a given direction could be expressed in terms 

of the positive frequency portion of one k component of the radia

tion from within the observed region. This description was then 

used (in Sect. II.A.?) to analyze a two-beam spectroscopic system. 

Assuming that the light from each point was coherent but that 

light from Ufferent points was incoi^rent, it was shown how the 

measured correlation between light in the two beams could be 
r written as an integral over source points and wave numbers I Eq. 

(11.13)] 
oo 

r(*) *f d 5 r , J d|kj | f ( | k J c ) | 2 R e r ( O j | k | , r ' ) . 
•\ common 0 

source volume) 

The mutual coherence, r B , ( 0 j | k _ | > r ' ) was then expressed in terms of 

the source dis t r ibut ion: 

10 - l k . T ' o o 

Bere i(|k|c;r') •' the spectrum of the light emitted by sources 

near r' and e - is a complex phase factor which appears be

cause the lengths of the optical paths depend upon the source 

position. Because of this factor, the Integral over r' is Just 

a Fourier transform of <£(|k|c;r')• Thus the measured signal, Y(t), 

is found to he due to one Fourier component of the source dlstrl-
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butlon. 

This analysis was later extended to high-frequency effects 

(in Chapter V) and to higher order correlations (in Sect. II.C). 

The second description presented (in Sect. II.B.2) WBB not 

limited to narrow pencils of rays. Instead, it was assumed that 

tbe accepted light (initially polarized) could be divided into two 

orthogonally polarized components which would be treated separ

ately by tbe optical system. The system was assumed to be linear, 

so that each effect could be described by a transfer function j Kq.. 

11-23)] 

tA^T",a»r') = 0 A ( B(r",r 1,a>)s(r». 

Here r' denotes points within the source volume and r" denotes 

points across the entrance to a monochromator. Y(t), the output 

from the system was then shown to be given by an integral over r" 

of the coherence between the waves f. and £_. Assuming the light 

I'roa different points to be completely incoherent, we obtained 

the result, [sq. (Zl.aU)j 

y(t) -J d 3r' /da)|f(a>)|2T(r• ,<o),£(u»r't) 

where 

T(r',a))» Be | /" d S •" 0A*(£">£> 'a>)0p(r", r' ,a>). 
epectroeter 
entrance) 

Thus the function T(r',cu) describes the efieet of the correlation 

measurement, since many transfer functions <t. ,,(r",r',tu) can 
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obviously be produced, a great variety of functions T(r',<o) could 

he generated. 

Several spectroscopic systems were analyzed (in Sect. II.B.J) 

by this technique and the conclusions wore later confirmed by opti

cal tests done in the course of the laboratory work (described in 

Sect. IV.A). 

Finally, the effect of photon noise in a model system was 

analyzed in Chapter III. There it was concluded that if the ob

served component of the source density oscillated at a frequency 

to., and if a spectrum analyzer were used to select a band around 

a>0, the effect should be measurable if | inequality(lll.8)|, 

Here P and Q are the signal and background photocount rttes, T 

is the analyzer inverse bandwidth, and T is the time of observa

tion. In our plasma observations, phase-sensitive detection was 

used to reduce thp noise, so the above result does not apply di

rectly to the fata, but it does imply that the signal could not 

have bein observed without the lock-in amplifier. When measure

ments of plasma luminosity (see Appendix D) are scaled to our 

experimental conditions, the total photon counting rate deduced 
6, 1B roughly 10 /sec. The signal level was one-tenth of one percent 

of background (see Sect. IV.b) so Q = 10 and P = 10 . The in

verse bandwidth T was roughly 10 sec and the observation time 

was about 10 sec. Since these numbers do not satisfy the above 

criterion, it appears that the effective aperture of the system 
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would have to be increased before an unmodulated signal of this 

level could be observed. 

The theoretical analysis developed here is clearly more than 

was needed to explain our measurements, but the general formalism 

should be useful if this work is to be carried any further. If 

the project were to be continued, it would not be necessary to go 

on with 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 

measurements. But now it should be possible to concentrate on 

one or a few aspects of the problem without losing sight of the 

whole picture. Such a greater specialization should per-ait reason

ably rapid progress from this point. 

B. Extensions of This Work 

There is no shortage of directions in which this work could 

be continued. One obvious next step is to now use such a system 

for dttailed observations of a plasma. Only a few simple features 

of the plasma used In this work were considered. We have concen

trated on the optics of the spectroscopic system. The other half 

(or perhaps the other ninety percent) of the problem is to see 

what can be learned with such a system when it is used to observe 

a plasma. The availability of this new tool should permit a 

variety of interesting experiments. 

The multiple-beam spectroscopic system dt scribed here could 

b* Improved in several ways. One could use a system with a larger 

aperture, or with better spectral resolution, or with better 
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electronics to reduce the noise. 

As noted in the preceding section, the photon noise analysis 

presented in Chapter III has not been tested. In any further 

study of these spectrometers, the level of noise, including pho

ton noise, should certainly be examined in more detail. 

The range of possible multiple-beam systems—i.e., o" possible 

transmission functions T(r',tu) has only begun to be explored. One 

could construct and test a much greater variety of systems, and 

the analysis presented here could also be continued. Our calcu

lations (in Sect. II.B.3) vere limited by several simplifying 

assumptions, including a restriction to points near the focal 

plane of the system. The calculation of the functions 0 , 0 , 

and T for systems of this type could be done more completely, with

out such restrictions as vere used here. This is a problem which 

seems well suitefi for the use of some numerical analysis, which 

we have not employed at all. 

Also, in the general analysis, it would be valuable to know 

what type of systems are possible in principle. Given any desired 

T(r',ji), could one design a system which would produce it, or are 

there basic matheuatical restrictions on the transfer functions 

fj, _ and the transmission function T which can be generated? 

One property of the light sources which we have not discussed 

at all le angular coherence. All of the analyses done here assumed 

an isotropic source. This is acceptable when the range of angles 

actually used Is small) but If the observations were extended over 

larger angles, the effect of 'be source radiation pattern would 
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have to he included. This would give an added complication in the 

theory, hut 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 exs '!e, in observing brems-

strahlung or cyclotron radiation where the patterns depend upon 

particle energies. 

Another property which could also be observed is the lateral 

coherence of the source. We have assumed thrn'ighout that any dif

ference between the lengths of the interfering oeams was less than 

the coherence length of the accepted light. One might, however, 

want to deliberately introduce a path length difference In order 

to measure the coherence length, thereby obtaining information 

about the spectrum. This, in itself, is nothing new. The point 

is simply that when one had a multiple-beam system it would be 

relatively easy to add a path length difference. This should be 

particularly useful since a multiple-beam system would otherwise 

be limited in spectral resolution (see Sect. VI.A above). The 

addition of a coherence length measurement could be a convenient 

way to avoid exactly this restriction. 

Another possible extension is suggested by the origins of the 

multiple-beam technique. The development began with an analogy 

with scattering, where it was argued that one could obtain similar 

information from measurements of correlations in the light 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 separate 

analysis, since the assumption of an incoherent source is not 

valid in scattering, but a part of the answer can be seen already. 

In scattering, the amplitude of the light of wave vector k is due 
—s 

to one Fourier component, n (k ,<u ), of the electron density. 

(See Sect. I.e.) Such fluctuations typically are due to plasma 

waves. Thus if a two-beam system were used to measure the co

herence between two components of the scattered light, the result 

would be a measure of the correlation between two wavws in the 

plasma, a result which would in turn give information about higher 

order correlations between particles. Clearly, both the optics 

and the photocount statistics should be analyzed with care before 

attempting any such experiment. Success would probably require a 

very strong incident light beam, but -Miere may well be situations 

(for example, in laser-produced plasma experiments) where correla

tions in the scattered light could be observed. 

In our plasma observations, the light used was a neutral 

helium emission line. This was convenient because, in this; weakly 

ionized gas, the strongest neutral line was narrow enough to pro-

vice coherence and strong enough to give a high intensity. In 

more fully ionized gases, however, line radiation would be weaker 

or even lacking altogether. To observe such a plasma, one would 

have to make use of the continuum. With our system this would be 

more difficult, because the spectral resolution would become criti

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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optlcal 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 ceans is that 

light of different wavelengths would have different phase changes 

and hence would produce different interference patterns—i.e., 

that the observed source density component T(r',o>) would in fact 

be a function of ai. If too broad a spectrum were used the effect 

would wash out. This suggests an answer: If T(r',m) could be 

made independent of a>, then it would be possible to use a broad 

optical band. 

In our system the observed source density component had a 

wavelength (\fj/d), where \ was the optical wavelength, f. was 

the focal length of the first lens, and d was the displacement 

of one of the interfering beams. If the displacement d were not 

a constant, but were instead proportional to wavelength, then the 

whole expression would be wavelength independent. This would 

happen if the calcite rhomb were replaced by an element which gave 

an offset proportional to the wavelength o4* the light. Interest

ingly enough, our system already contained a device which gives a 

wavelength dependent displacement'-namely, the grating spectrometer. 

If the entrance and exit apertures were made large enough, one 

polarization component could be put through the Electrometer and 

then recombined with the other component to give a wavelength-

independent interfeienee effect. Such a change would greatly 
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extend the utility of multiple-beam systems. 

The possibility of making the device broad band is also 

interesting conceptually. Up to this point, ve have considered 

a correlation measurement as something additional to a frequency 

measurement. Physically, our interferonetrie apparatus was mounted 

in series with a standard spectroscopic instrument. But now it 

appears that the technique co"'-!; be made broad band and could be 

used to extract useful information from light whose spectrum is 

flat and uninformative. This possibility clearly shows that what 

we are dealing with here is really a separate aspect of the light— 

one which may have little or nothing to do with the frequency 

spectrum. 

C. Final Comments 

In comparison with a conventional spectrometer, a multiple-

beam system has the advantage of providing spatial resolution. The 

output from a multiple-beam system is a local measurement, not just 

an average along a line of oight. However, a multiple-beam spec

troscopic system is certainly not the only optical device which 

has such an effect. An ordinary camera also provides depth per

ception. By noting which objects in a photograph are in focus 

and which are out of focus one can tell something about distances 

along the line of sight. In closing our discussion here it might 

be of interest to examine the relation between the depth cf field 

provided by a camera and the spatial reolution of our spectro

scopic system. 

The depth of field of a camera is the range of distances over 
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vhich 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

ness of an image is really a statement about the amplitude and 

width of a diffraction maximum. 

To see how this effect could be simplified, one might try +~ 

reduce the number of interfering waves by mashing off portions of 

a camera lens. If the lens were masked down to one small aperture, 

the result would be a pinhole camera in which depth perception 

would be lost. There the light coming through the aperture would 

contain 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 small apertures. Then the 

J'.ght coming through each hole would have a direction and the 

different directions combined would imply the distance of the 

source. The result on the film would no longer be a clear image, 

but would be a set of interference fringes. Most simply, one 

could leave just two apertures in the lens. Then if the source 

were away from the focus of the system the two beams of light 

would strike the film at different points, but if the source were 

in the focal plane, the two beams would intersect on the film to 

give a set of interference fringes, a result which thus would con

stitute the most rudimentary precursor of an image. But now we 
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are right back to the two-beam system with which this whole dis

cussion started! 

It is important to realize that in order to detect any pro

perty like the sharpness of an linage, one has to observe at least 

two light intensities. With one light intensity value, one has 

no way of knowing whether the source is in focus or not, but two 

intensities give an additional piece of information--namely whether 

they are equal or different. From that one can say something about 

-ihe sharpness of an interference pattern, a statement which is 

similar in kind to statements about the sharpness of images. In 

this sense, the "multiple-beams" of importance in our system 

were not so much the observed beams A and B, but rather the two 

measured light intensities, 1 and 2. 

One can think of a scale, an ordering of optical techniques 

according to the number of intensities observed. At one end of 

the scale are spectroscopic methods in which, at least at each 

wavelength, only a single light intensity is observed. At the 

other end of the scale are photographic methods in which many 

light intensity values are recorded on the film. The subject of 

the present study l-os between these two extremes. We have shown 

that by taking the single step from one to two intensities, one 

can obtain new typos of information. Two is a convenient num

ber of intensities to use, because as we have seen, it is then 

only necessary to consider the single difference 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 with beam 1 alone, by observing features in the frequency 

spectrum of the output I (t). But in that case, one would still 

bo taking the difference between two light intensities, namely 

the intensities seen by the same phototube at different times. 

Both types of intensity differencing are used by the human 

eye and by other natural optical systems. Sharp spots or edges 

in an image are immediately apparent to a person, and any motion 

of light jjatterns is noticed at once. On the other hand, the 

overall luminosity can change by orders of magnitude and the eye 

will adjust quite completely to keep the signal the same. Of 

course, one can make too much of any such comparison, tut the 

results of the evolutionary process do seem to suggest that dif

ferences in light intensity are much more interesting than total 

light levels. 

A comparison 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 and any interference or diffraction effect depends upon the 

coherence of the light. Thus "phase" is a much broader category 

than one might have thought. 

The term comes originally from the simple mathematical 

description of a nearly sinusoidal quantity: 

a(t)<coslo>t + $(t)'. 
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where 
2 

I =1.2|Ef + )(r,t)| 2 = l 2 6V ^ 

n - is the mean electron density, 

/e2 f |&'|» 

is the differential Thompson scattering cross section, and 

1 
S(Jk,a>A) = '"e^'V*^ 2 

^ e O 

is called the "dynamic form factor." 

In a scattering experiment, one records a spectrum of the 

light scattered into some direction k . The relative variation 

in optical wavelength is usually negligible, so the scattering 

is all due to fluctuations of one wavelength, 2F|k.|" . This is 

customarily related to the plasma Debye length L by a "scatter

ing parameter", 

1 
(1-13) 

The spectrum of scat tered l igh t then provides a frequency spec-
p i 

trum of the k^ component of n . By the Wiener-Khintchlne theorem, 

£jp I n ^ k ^ o ) ! 8 = j t o ^ n B

# ( k a , t ) n . ( k a , t + T ) , ( l . l * ) 

t h i s i s equivalent t o a measure of the time corre la t ion function, 
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APEENDICES 

A. Holography, Spectroscopy, and Scattering 

In introducing the concept of multiple-beam spectroscopy, we 

first reviewed the standard technique of laser light scattering 

and then proposed its spectroscopic analogue, two-beam spectros

copy. What scattering and our two-beam system have in common is 

a dependence upon phase relations, a dependence which leaiio to 

results which are inexplicable in geometrical optics terms. Now 

there exists also another class of optical techniques of which the 
24 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 

and the scattering and spectroscopic systems which we have been 

considering. In the following appendix (which assumes eoae know

ledge of holography) the relation between these different methods 

is examined briefly. 

Holography can be explained in several ways. One explanation, 

which is particularly well suited for a comparison with scattering, 
24 

is that presented by H. M. Smith In his book on holography. Con
sidering off-axis holograms (in which the reference wave and the 
object wave intersect the photographic plate at different angles) 
be describes the object wave as a superposition of plane wave com
ponents. When a hologram is made, each such component interferes 
with the light in the reference beam (which consists essentially 
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 reillumlnated with the reference 

team, each recorded set of fringes acts as a diffraction gating 

a.nd diffracts the light into a reconstructed wave identical to that 

plane wave component which produced the fringes when the hologram 

was made. So the object wave is considered as a superposition of 

plane waves, or k components, 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 

single k component of the scattered wave is observed. The inten

sity 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 phase of every k com

ponent of the object wave. It thus describes not one, but all of 

the Fourier 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 can record a complete frequency spectrum of the scattered 

light which can be complicated and quite useful. In holography, 

one does not have such Information, and the method will not work 

at all unless the object studied is precisely stationary 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-beara spectroscopy, which 

was first introduced by a comparison with scattering, may also 

have a holographic analogue. 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 hologram of a self luminous or incoherently illuminated object. 

Incoherent light holography is usually discussed in terms of 

a somewhat different explanation of holography advanced by Rogers. 

Rogers described a hologram not as a superposition of diffraction 

gratings, but as a superposition of Fresnel zone plates, one for 

each point of the object. When the hologram is illuminated, each 

zone plate acts as a lens to focus light towards the location of 

the corresponding object point. According to this explanation, 

when coherent light is used to make a hologram, light from each 

object point interferes with the light m the reference beam to 

make a fringe pattern which, when photographed, becomes the needed 

zone plate. P--1.. thifa technique is not the only way in which such 

patterns can be made. There are several other possibilities, some 

of which apply to incoherently illuminated objects. 

One approach is Just to use a mask cut as a zone plate. 

Placed between the object and the film, this mask will cast a set 

of shadows .̂f the needed form--one for each object point. This. 
27 technique was used by Mertz and Young to make an x-ray star 

camera. In their device, each x-ray star produced a zone plate 

on a film. When the developed film was then illuminated with co

herent visible light it acted as a hologram, focusing the light 
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into an image of the x-ray sky. Thus this technique rerembled 

standard holographic methods in its reconstruction phase, bu1'. the 

formation of the "hologram" was due only to simple shadow jasting. 
28 Mertz, however, then proposed a purely optical arrangement which 

also used interference in the making of the hologram. His sugges

tion was to use a beam splitter to split light from ar. incoherently 

illuminated object into two components. These two waves c ..Id then 

be focused at two different points above a photographic vlate. 

Assuming roughly equal lengths of path (which *.?•' assured in his 

suggested setup) the contributions to the *wo wavefronts from each 

single object point would interfere to make a set of fringes on 

the film. The system was arranged to make this pattern have the 

form of a Fresnel zone plate. For an incoherent source, the total 

illumination of the film would just be a sum of contributions from 

the separate source points, and the developed film would be a set 

of zone plates, just as in coherent light holography. 
2Q After Mertz' suggestion, several other people •' proposed 

schemes for making holograms from liglil or other radiation from an 

incoherent source. The several methods outlined all involved the 

same idea of dividing the emitted radiation into two component waves, 

which can then be made to interfere, producing a pattern of fringes 

which, when photographed, becomes a hologram. Shortly thereafter, 

several authors reported succe? m making holograms of some 

simple objects which were incoherently illumii^.ted. 

In practice, extension of the method to more complicated 

objects has proved difficult, l«causo the superposition of many 
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intensity patterns tends to uniformly expose the film, giving a 

much lover contrast than is obtained in holograms made with co

herent light. Several techniques have been employed to partially 

alleviate this problem, but the art of making holograms with 

incoherent light apparently has not progressed beyond the stage 

of simple demonstrations. Nevertheless, experiments have clearly 

verified the theory of the technique: Light from an incoherent 

source contains sufficient information to construct a hologram. 

It is evident from this work that incoherent light holography 

resembles multiple-beam spectroscopy in much the same way that co

herent light holography resembles laser scattering. Like scatter

ing, the spectroscopic system observes only one source density 

component, while a hologram, recording all the source components, 

permits reconstruction of a complete image of the object. But as 

in the coherent case, the holographic object must be strictly sta

tionary, while the output of a spectroscopic system would follow 

the time variation of the observed component of the source. 

Moreover, the need for contrast is also different in the two 

techniques. To obtain a photograph of a fringe pattern requires 

recording the intensity at many different points. A spectroscopic 

system, on the other hand, would measure only two intensities, I. 

and I„, each containing roughly half of all the light accepted. 

Furthermore, a small difference between these two should also be 

more easily distinguished, since the two phototubes can be pre

cisely balanced, as described in Sect. III.B. As explained there, 

a spectroscopic difference signal far below the level of the back-
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ground l ight should s t i l l be readily observable--a s i tuat ion very 

different from the need for contrast in a fringe pattern recorded 

for holograjihy. 

Nevertheless, the two techniques •'nvolve related theories , and 

thus the demonstrated poss ibi l i ty of making holograms with l ight 

from incoherent scjrces gives an added proof of the essent ia l fact 

that measurements of phase made on such l ight can give a complete 

record of the spat ial dis t r ibut ion of the source. 
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B. Some Mathematical D e t a i l s 

1 . An Integrat ion Heeded i n Sect ion I.C 

Ti.o express ion , 

| r - r ' | 

/ ' 
, -ik T i , 

d r e d r' n | r ' , t [fi x (n x EQ)] 

/ 
r - r' 

i i *£ ' • °ii fc 

u 
(Bl) 

occurs i n Eq.. ( 1 . 6 ) . I f one def ines r" = r - r 1 ( so n = r"), 

then (Bl) becomes 
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Here 

n e ( k , t ) s j d 5 r , " * £ n e ( r , t ) 

a t i a l Fourier transform of n . e 

form the r" in tegrat ion in polar coordinates . Replacing / d r" 

i s the s p a t i a l Fourier transform of n . I t i s convenient to per-
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The i n t e g r a t i o n over d i r e c t i o n s may be done s e p a r a t e l y . In 

a s p h e r i c a l c o o r d i n a t e system, r 1 ' = ( p , 0 , $ ) , def ined so t h a t 

k 6 = ( | k B l , O , 0 ) and EQ = ( 1 ^ 1 , ^ , 0 ) 

k - r " = Ik I ! r " | cos9 - s — ' - s '— 
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r " . E n = IEJ-I (cos9 COST) + s i n e sinT| c o s 0 ) . 
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(e cos 9 cosi) + § •= sin 9 sint)) 
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This expression is to 'be integrated over |r"|. For this one 

may neglect all tut the lowest order term in l/|j;"|. The higher 

order terms would make little contribution to the integral and 

would in any case vanish in a long time limit take later see note 

below Bq. (BT)J . ThJs leaves, from (B5) 

—Ox 
i lk IIp-I 

-ilk l|r"| 
(B6) 

E. is simply the component of E Q normal to k . It is convenient 

to write this in the invariant form 

Sox - "O 1 • (I " V s ^ O ' 

Using the resul t (B6) for the integral over direction Si leaves, for 

the ent i re expression (B5) 

If 
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This Is the desired integration of (Bl). 

2. An Integration Weeded in Section II.A.? 

A similar, but less complicated expression 
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appears in Eq. {II. lb). It is again convenient to use polar co

ordinates. Replacing 

Jd 3 p by J"d|p| |p| 2r<l Sp 

gives 

/*lftl/«l*IMftl *i+)*U * - ̂ } s ( + ) (rS t - i ^ j 

jf\ e+1^J*% . - ^ * . (BIO) 

The integration over directions cun be done in spherical coordi

nates 
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The integration over p- gives the same function of |k_|, |p_! 

because this expression is invariant under complex conjugation. 

This leaves for (BIO) 
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since |kj = Ikgl = |k| (see Sect. II.A.3). 

If T = t - | e i|/c, then the p_̂  integration becomes 
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where s* + '(r',|k|c) is the temporal Fourier transform of s*+'(r',T). 

Since (-|k|c)is negative and s^'fr'j-Jby definition contains only 

positive frequency components, the first term in the above expres

sion vanishes and the second term describes the integration in 

Eg.. (B12). Hence, as t -» oo, (BIS) approaches 

W 2c 2 
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This Is the desired integration of (B9) 
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C. The Design of a Multiple-Beam Spectroscopic Apparatus 

1. Previous Conclusions 

In Sect. II.A.l, the effect of an elementary two-beam spec

trometer was described in fairly simple terms. In this appendix, 

that first discussion is extended to include analyses of several 

other spectroscopic sys-.ems. 

Reviewing briefly, the two-beam system, which is shown in 

Fig. II-2, was designed to compare light emitted in different direc

tions from the same volume of plasma. As explained in II.A-1, the 

screen at the end of the system would receive light from two types 

of (point) sources: 

(a) Sources observed through one beam (A or B, but not both). 

(b) Sources within the "common source volume" which are ob

served through both beams. 

An (isotropic) source of the first type would produce on the 

screen a fairly broad smooth intensity distribution—one whose 

width would be determined by the diffraction of a single beam. 

The second type of source would produce a two-beam interference 

pattern on the screen. 

The optical system was designed to use this difference to 

observe selectively a localized region within a distributed source. 

But there is a further complication: All the sources within the 

common source volume might not produce coincident interference 

patterns on the screen. The positions of the intensity maxima 

would depend upon the precise location of the source. 

Some sources, however, would produce identical patterns. As 
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explained in Sect* H.A.l, a set of sources which lie in planes 

which are normal to k s k_ - k. and spaced 2jr/|kJ apart (within 

the common source volume) would all produce the same interference 

pattern on the screen, (k, and 1L are the wave vectors of the 

light In beams A and B.) Light from sources located halfway between 

these "source planes" would produce the opposite or complementary 

set of fringes on the screen. Hence any overall fringe pattern 

must represent not the total number of common sources, but rather 

the difference in numbers of two such groups of sources. The system 

observes not the total density, but rather the amplitude of one com

ponent of the fluctuations in the density of common sources. 

It should be emphasized that these results do not involve any 

interference between light from different sources, as occurs, for 

example, in a scattering experiment. Here the light from the dif

ferent source points is incoherent and the observed light intensity 

is Just the sum of the intensities due to the various point sources— 

some of which 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". 

Hie quantity of interest is the difference in intensity between 

beams 1 and 2. This difference is proportional to the amplitude 

of the k. Bpatial Fourier component of the distribution of light 

sources within the region observed through both beams A and B. 

To use these result J one <;—'. actually construct such a device, 

m planning for this, one i Q 1'aced with several further questions: 

What Is a practical way to separate "beams 1 and 2"? Are there 
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other equivalent but more convenient optical systems? Is it 

possible to make better use of the available light? And, finally, 

is this observation the only possibility, or is this system one 

of a larger class of devices with which one could make a variety 

of optical measurements? 

We can note at once that beams A and B need not be restricted 

to narrow pencils of rays. To obtain more light, the apertures 

which define the beams may be enlarged to parallel slits. This 

increases the efficiency, but, as we shall see, the resulting 

system may be further improved. 

2. A Modified Two-Beam System 

To separate two complementary interference patterns, one 

might simply replace the screen with an array of light pipes and 

direct the light from the locations of the maxima of different 

patterns into different photomultiplier tubes. But for this to 

be feasible, the interference fringes would have to be rather 

widely spaced--which would probably require additional lenses to 

amgnify the pattern. The resulting system would be fairly compli

cated. Furthermore, such an arrangement would only approximate 

the desired system because interference produces a sinusoidal 

intensity distribution, while a set of light pipes would separate 

two "square wave" patterns. Indeed, some light would go into each 

phototube, no matter what type of interference occurred. 

To see what else one might do, consider again our reason for 

making these interference patterns. The object is to compare the 

phase of the light in beam A with that of the light in beam B. 
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The "interference patterns 1 and 2" are simply the result of two 

possible phase differences between the light in beams A and B. 

This technique, of course, could be used with any type of wave, 

"cut in an optical 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. II.B.l, and, more completely, in Eef. 39. 

Consider the apparatus shown in Fig. C-l. Here we have again 

beams A and B. But now we wish to consider t>'*ir polarxzation. A 

first polarizer transmits only one component of the light--the 

same for each beam. The two beams are then lineaily polarized in 

orthogonal directions. They are then combined. If the two were 

in phase, their superposition would again be linearly polarized--

in the intermediate direction "1" shown in Fig. C-l. If the two 

components were 180 out of phase, their superposition would also 

be linearly polarized, but in the orthogonal direction "2". Con

veniently enough, these two intermediate polarizations are just 

beams 1 and 2, which we wish to separate. 

So, to summarize, the conclusion iis that if the light came 

from a source lying in one of a set of planes normal to k, and 

spaced 27r/|k.| apart, within the common soorce volume, „hen the 

contributions to beamB A and B would be separated in phase by an 

integral number of cycles and the l'.ght would (all) to into beam 

1. Other sources within the c.s.v. would contribute to beam 2 — 

or both 1 and 2. And sources out6ide the c.s.v. could at most 
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eontribute light only to beam A or only to beam B. This light 

would be divided equally between beams 1 and 2 and would contri

bute nothing to their intensity difference. 

In the arrangement of Fig. C-l, the relative phase of beams A 

and B, and hence the resulting polarization, also depei.ds upon the 

position of the point of observation (where the entrance slit to a 

spectrometer is indicated/. Indeed, if there were coherence between 

A and B, then there would still be an interference pattern—and a 

Bet of fringes on the screen. But instead of a sinusoidal varia

tion in intensity, there would be n variation of polarization. If 

a polarizer oriented to select beam 1 were placed before the screen, 

a set of fringes would appear, and if the polarizer were rotated 

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

zation, making it possible to, in effect, observe both "patterns" 

while looking at only one fringe. The presence of spatial varia

tion in the pattern also limits the size of the slit in the screen: 

Its width must be less than the width of one 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. C-l. In such an 

arrangement, the frequency resolution would occur after the inter-

ferometry, and the filter shown in Fig. II-2 would not be needed. 

This system, which uses polarization, has several convenient 

features. The separation into beams 1 and 2 is just what is 
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needed, and the pos3ibility of simply mounting the interferometer 

before the entrance of an existing spectrometer is a M g advantage. 

This not only simplifies construction of the system, it also mini

mizes the number of interferometer-quality optical components 

needed, because precise equality of path length is not important 

beyond the entrance to the spectrometer. Light of unwanted phase 

is blocked by the screen and the following part of the system 

simply measures the spectra of the accepted 1 and 2 components. 

As long as these remain distinct, the signal will be preserved. 

Unfortunately, the new arrangement has a serious failing. 

It makes extremely poor use of the available light. The system 

is inefficient in two respects. First of all, because the angle 

0 is email, beams A and B, as seen from the source, subtend only 

a small solid angle. Secondly, because less than one fringe of 

the pattern on the screen is used, most of the light which did go 

into beams A and B would be lost. 

The second limitation is clearly removable in principle. One 

could, for example, construct a system which admitted light through 

several properly spaced slits. But there is a more convenient 

solution. In the arrangement of Fig. II-2, the interference 

fringes on the screen were needed for phase measurements. But 

the patterns on the screen in Fig. C-1 are simply an inconvenience, 

because the phase measurements are now made by comparing polariza

tions. 

The small slit at the entrance to the spectrometer may be 

thought of as a device which combines beams A and B. It is 
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necessary, as noted above, that this silt be smaller than one 

fringe of the interference pattern made by beams A and B. But 

this is equivalent to a requirement that the maximum of a siiigle 

Blit diffraction pattern of the slit itself include beams A and 

B. In other words, within the spectrometer, beams A and B are 

superimposed. To permit use of a larger slit, another method of 

combining beams A and B is needed. 

3. The UBe of Birefringence 

In constructing an optical system to define and focus beams 

of polarized light, it is often convenient to use optical ele

ments made of birefringent materials. We have not yet discussed 

this possibility, but one can see at once a simple way to produce 

with such an element a pattern of varying polarization. 

The optical system shown in Fig. C-2 includes a calcite rhomb, 

with the optic axis in the plane of the drawing, as indicated. If 

a bean of light is incident on the face of the rhomb, its path 

through the calcite depends upon it.3 polarization. That component 

of the light which is linearly polarized with the electric field 

vector normal to the optic axis is propagated through the calcite 

as an "ordinary ray." At normal incidence, its direction is un

changed. The other linearly polarized component, however, becomes 

an "extraordinary ray" and a normally incident beam is deflected 

by -v 6.26°, a change in direction which is reversed at the oppo-

oite face of the rhomb. The two polarizations thus emerge as 

separate beams of light. The various rays are again parallel, 

but one component of the light has been laterally displaced by a 
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distance approximately 0.11 times the length of the rhomb. 

On the arrangement of Fig. C-2, a small gas laser Is used to 

produce the Incident beam, which Is linearly polarized in such a 

direction that It is divided by the calcite into two beams of equal 

intensity. The light is then focused onto a screen. (More simply, 

one could place the screen so far away that the divergence of the 

teams caused them to overlap.) Tls total illumination of the focal 

spot is then rather uniform, but the pattern of polarization con-

rains more detail. If a linear polarizer aligned at ^5 to the 

polarization of either beam—that is, parallel to the polarization 

of the original laser beam—is placed before the screen, a set of 

interference fringes appears. And if one selects the other, 

orthogonal, polarization, the complementary set of fringes appears 

on the screen. 

This result is like that which was expected from the optical 

system of Fig. C-l. So, vith the calcite rhomb, one can construct 

a simple demonstration of the "polarization fringes" which were 

described earlier. Moreover, this suggests that such an optical 

component could be useful in the type of spectroscopic system 

which we wish to design. 

To explore this possibility, we need to consider mure syste

matically our objective. If only two-beam optical arrangements 

are considered, then there are essentially, four requirements: 

1. The apparatus must define a "common source volume"—the 

Intersection of two beams. 

2. It must define two directions beams A and B--fron> which 
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such sources are observed. 

3. It must include some spectroscopic element—a filter or a 

spectrometer--to select a limited portion of the optical spectrum. 

h. Finally, the apparatus must measure the correlation, or 

mutual coherence, of this spectral component of the light in the 

tvo beams. 

Note that, in any one particular .system, the size of the com

mon source volume may be varied inversely with the range of direc

tions included in the two beams. If beams A and B are separately 

focused at their Intersection (Fig. C-3a), then the c.s.v. is rela-

tively small, while the range of k. and k_—• and hence of k^— is 

large. This spread In k. may be thought of as due to the small 

number of "source planes" in the c.s.v. If, on the other hand, 

the beams are not focused at their Intersection (Fig. C-Jb), then 

the resolution in space is lesB precise but the resolution in k.. 

k_, and k. Is more precise. We shall consider only systems of the 

type of Fig. C-3a, but one could modify any arrangement to pro

duce Fig. C-3b. Of course, good resolution in k. also requires 

good resolution In |k,| and |k_|, that is, a spectrometer or a 

filter with sufficiently narrow pass band. 

If the angle between them Is small, it is convenient to ob

serve beans A and B through different sections of a single lens, 

as shown in Figs. II-2 and C-l. If the remainder of the system 

accepts only light nearly parallel to the axis, then the observed 

beams will Intersect in a common source volume around the focal 

point of the lene. For the Interference measurement, the two beams 
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oust he recombined beyond the lens. So the rest of the optical 

system must define and then combine two parallel, adjacent beams 

of light. 

The calcite rhomb in Pig. C-2 divides one beam of light into 

two separate parallel beams. If, however, the mask which defines 

the (single) beam is placed after the calcite element, then two, 

initially separate, incident beams are defined and superimposed. 

Conveniently enough, this is Just what is needed. 

The resulting system Is shown in Fig. C-1*-. There a lens plus 

a rhomb not only define and combine beams A and B, but also deter

mine their polarizations—something which required separate polar

izers in the setup which we first discussed (Fig. C-1). The first 

polarizer, which insures that we start with a single component of 

the light is, however, still required. 

This gain in simplicity is not, however, the principal dif

ference between the two designs (Figs. C-1 and C-M- More impor

tant is the change in the distribution of light over the illumi

nated portion of the screen (before the spectrometer). In the new 

arrangement, the two-beam interference fringes are absent. Beams 

A and B are parallel at the screen and their phase difference is 

constant within the limitations of the collimation of each single 

beam. 

An isotropic point source within the c.s.v. will here produce 

on the screen a single slit diffraction pattern due to either 

team alone, (since this Is ahead of the spectrometer, consider 

also that the source is monochromatic.) We can distinguish these 
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with a polarizer but, since the two components co-jie from the same 

slit, the two patterns will be identical, provided that the two 

distributions of phase acrosB the first slit are identical. (We 

assume, of course, that any polarization dependence of the effect 

of the slib is negligible.) If the two diffraction patterns are 

identical, than the variations in phase across the screen will 

also be the sane for each component. Therefore the phase differ

ence between the two—and hence the polarization of their super

position—will be constant across the screen. The entrance silt 

to the spectrometer nay be made large enough to admit a substantial 

part of the light. The result is a more efficient system. 

However, the second slit should probably still be narrower 

than the central maximum of a single-slit diffraction pattern of 
56 the first slit. This would insure that the phases of the A and B 

components could not vary much across the second slit. Then their 

relative phase, and hence the polarization of their superposition 

would also be approximately uniform, and each point source within 

the plasma would contribute with a single polarization to the out

put light. 

This is not to say that a larger second slit could not possi

bly be used. It could, but that would allow the polarization of 

the light from Borne point sources to vary across the width of the 

slit. The overall effect, given by an average over the slit area, 

could then include some cancellation between different contribu

tions. Now the illumination of the second slit is Just a sum 01* 

contributions (Huygens components) from the light which goes 
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through different portions of the first slit. If a source were 

near the edge of (or, for that matter, outside of) the common 

source volume, then the distributions in phase across 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, and the polarizaton of the total light would vary 

with position. If the seoond slit were wider than the suggested 

limit, there could be some cancellation of effect. But this would 

njt happen with all sources. A source near the center of the 

c.s.v., for example would produce uniform distributions of A and 

B auross the first slit, making two identical patterns on the 

screen. The polarization of light from this source would not 

change, even over distances greater than the suggested slit width. 

Thus, if a larger second silt were used, our simple statement 

that each common source contributes with one polarization to the 

output light would not be strictly valid. Some sources would, 

but the effect of others would be reduced or lost in averaging 

across the slit. Only some restricted portion of the c.s.v. 

would still make a definite contribution to the output signal. 

Other common sources would contribute only background light, as 

do the sources saen through Just one beam. 

Finally, the width of the second slit also limits the spatial 

resolution, since the c.s.v. Is Just an image of the second slit. 

Enlarging the slit would enlarge the c.s.v. but, on the other 

hand, reducing the slit to less than the limiting width would not 

further impro\• the resolution, since the image would then be 
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diffraction limited. 

Even with th i s l imitation on the second s l i t , the system 

shovn in Fig. C-h would s t i l l accept most of the l ight emitted in 

directions k and k„ by common sources. I t thus overcomes the 

second of the two limitations—noted at the end of Sect. 2.5—of 

the apparatus shown in Fig. C-l. If we wish to study only l ight 

emitted into two narrow beams, the apparatus of Fig. C-1* sa t i s 

f ies our requirements. 

k. Multiple-Beam Systems 

The more efficient two-beam spectrometer which we have now 

designed has both the advantages and the l imitat ions of the o r i 

ginal concept. Any device which accepts only two narrow beams 

can use only a small part of the available l i gh t . To further im

prove the design we must consider a more general class of systems. 

On doing so, we can consider observation of various other aspects 

of the source dis t r ibut ion as well. 

A simple two-beam apparatus responds, as we have seen, to a 

narrow portion of the spectrum of the spat ial d is t r ibut ion of 

sources within a localized "common source volume." One has a t 

once two types of spat ia l resolution: A coarse definition of an 

observation region and a fine definition of a wavelength--2jr|kj~ . 

One can make a local measurement, but only of f luctuations. Such 

an optical system i s hardly the only poss ib i l i ty . Ve have yet to 

explore th j range of possible observations. Could one, for example, 

select a l l the l ight emitted from within some localized volume anrt 

s t i l l reject that emitted from other regions? 
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Before considering other arrangements, i t i s convenient to 

summarize analyt ical ly the properties of the system already de

signed (Fig. C-5). This consists of a source region, a polarizer, 

a f i r s t optical system ( I ) , a s l i t , and a second optical system 

( I I ) • System I I , beyond the entrance s l i t to the spectrometer, 

selects a narrow portion of the optical spectrum, separates two 

polarization components—1 and 2—and measures the difference 

betw >̂n these two t o t a l i n t ens i t i e s . 

The preceding portion of the apparatus, System I , defines two 

beams, A and B, distinguished by the i r polarizat ions. A point 

source within the source region thus produces two Illuminations 

(including zero amplitude as a poss ibi l i ty) of the entrance s l i t 

to the spectrometer. These -vary in amplitude and phase along the 

s l i t . The effect of System I may thus be represented by two com

plex transfer functions, 0 and 0 (see Sect. I I .B.2) . If a 

point source of l ight of frequency m i s then represented by a 

(complex) source strength p(a>;t), that i s , by a source density 

s(r',<u;t) = p f e t ^ r 1 - r^) 

then the resulting disturbances at the slit are determined by the 

products (0.p) and (0„p). 

0 A and 0 depend upon the location of the source (iv) and 

the location along the slit of the point of o'bse, tion (x"). 

For completeness we include mention of a position across the 

width of the slit (y"). The intensities of light in beams A and 

B which passes the slit are 
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beans. 
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due to the point source, (xjj - xl') and (y£ - y") are the dimen

sions of the slit. 

A distributed source is described by a source density, 

s(r',o>;t). He assume that the source is incoherent. That is, 

the total intensities are the sums of the intensities due to the 

separate elements of the source: 

J A , B = Wj***'J dx" J ay' ,l0 A,B< x' ,'y"'£'' a )> s(l ,' a» t>l E 

Optical system II, however separates not these intensities, 

but those of the tvo intermediate polarization--1 and 2. The 

resulting signal, the difference in intensity, is 

, 2 ,. *2 
iJdVj dx"j dy" — (0T,S + |is) 

•\/2 

1 .21 
— <*,. - 0As) J' 

x" X 2 
= jf/d'r' s*sj dx" / dy" 
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Definlng an emitted spectrum as we did in Sect. II.A.3, 

A(m;r',t) a s (r',u>jt)s(r',u>;t) 

and reducing the above result we have 

r <- x" 2 r y " 2 

Y(<u;t) = \ j ^ ' M dx" J <3y" (0 B*0 A + 0 A*0 : 

xl y l 
The last factor can be written, 

= 2|0A!|jiSE[ cos9 

where 8 is the difference in phase between the complex valued 

quantities 0, and 0„. Defining A a 

2 y 2 

/
r 

dx" J dy" |0A(x"Jy",r',(U)||0B(x",y",r',u)| x" v" Xl yl 
x cosS(x",y"Jr',(o) 

we have 

Y(<u;t) =/d 3r' TCr'.oO^uyrSt). 

In distinction to the 0's, T is a real (but not necessarily 

positive) quantity. 

We have here a formal representation of the two types of opti

cal Interference which occur in the system: Diffraction due to the 

superposition of various Ruygens components of each beam defines 

the beams and determines each of the two transfer functions 0. 
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mterference between the two beams i s represented by the inter

ference between the two functions f). This determines the observed 

component of the source distribution—described by T(r',co). 

For our two-beam apparatus, the general form of these three 

functions is shown in Fig. 5B. | 0 , | and [0 [ are nonzero only 

within the respective beams. Therefore T i s nonzero only within 

their intersection. This defines the c .s .v . The relative phase 

of the two (the cos9 factor in T) varies within the c .s .v . as 

shown, defining a source wavelength, or k .̂ 

In this arrangement, the small size of the solid angle through 

which the system accepts light i s due to each of the 0's separately, 

while the object of the measurement i s defined by T. To use more 

of the available l ight, we need other "beams" 0 and 0 , ones which 

interfere to define either a T(r'jo)) like that we have already, or 

else some other T of particular interest. 

If, in the system of Fig. C-b, one specifies an optical wave

length, and an arrangement of lenses and calclte , then both the 

location of the c .s .v . and the wavelength 2rr|k,| are determined 

(the c .s .v . by the image of the entrance s l i t to the spectrometer, 

and | k j by the angle o which i s fixed by the distance by which 

the calcite element displaces an extraordinary ray). Finally, the 

direction k i s determined by the directions of the beams, that t s , 

by the location of the Aperture in the mask behind the calc i te . 

Sow, i f a Is snail, the range of possible positions of this beao-

defining aperture corresponds to only a snail range of k . And the 

locations of the maxima of T ( i . e . , the "phase of T") are also 
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unchanged because the exact center of the c . s .v . i s always a 

(zero order) maximum. So, over some range at least , T(r',a>) Is 

independent of tbe exact location of tbe aperture which defines 

the beams (at least near the center of the c . s . v . ) . The result

ing existence of many equivalent sets of beams A and B suggests 

the possibility of obtaining more light by using several pairs of 

beams at once—in a multibeam system. 

So far we have Insured a localized measurement by defining 

separate interfering beams A and B with a well localized intersec

tion. We shall for now retain this approach--which requires some 

sort of mask to define the separate beams. 

To use a larfle solid angle while defining separate beams, one 

might etiploy a aask with many s l i t s . Such an assembly is shown in 

Fifl. C-6. The s l i t spacing (in the mask) has been set at twice 

the distance of the displacement due to Mrefrigence so that the 

beams are dist inct . 0. and 0_ now describe two sets of "beams A" 

and "beams B". 

Beams 1 and 2 are again the Intermediate polarizations—separ

ated at the output of the spectrometer. So, again, only sources 

viewed through both A and B can contribute to the signal. And 

since the two only Intersect near the focus of tbe f irst lens, a 

localized c .s .v . la again defined. 

Within the c . s .v . , however, the situation i s different. The 

calculation or either 0. cr 0_ in the focal plane of the f irst 

lent reduces to the solution of a simple Fraunhofer diffraction 

problem for n identical, evenly spiced s i l t s . Hear the center of 
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the c.s.v. the various functions have the form shown in Fig. C-6b. 

The system thus achieves, at least In this region, a measurement 

of all the light from a small volume. This is something which 

cojld not be done with two beams because the angle a between the 

beams is, of course, larger than the angle 0 subtended by either. 

If 0 now denotes the range of directions included in either set 

of beams, then in Fig. C-6a, 3 is larger than a and the system 

permits a different kind of observation. 

The situation is more complicated, however, because the 

effect of sources near the edge of the c.s.v.--particularly at 

other maxima of 0. and 0 --and the effect of sources before or 

behind the focal plane of the first lens remain to be considered. 

In any case, this arrangement is clearly not Just a more effici

ent version of a two-beam spectrometer. The difference Is due to 

the Interference between the various "beams A" or "beams B". These 

interfere with each other as well as with the other polarized com

ponents to produce beams 1 and 2. 

It is of Interest to note that the nature of this interference 

depends upon the width of the entrance slit to the spectrometer. 

The narrow slit implicitly assumed above admits less than one 

fringe of the interference pattern. A wider slit would have a 

different effect. This is consistent with our earlier picture of 

the slit as an element which combines by diffraction light from 

different directions. A very narrow silt combines all incident 

light; a wider slit only combines nearly parallel beams. Clearly, 

thin system should be discussed more completely and carefully— 
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probably vith the help of numerical analysis. Such a discussion 

ve defer for now to consider instead a different design-

In the device of Fig. C-6, the entrance slit to the spectrom

eter defines a c.s.v. by rejecting unwanted light. But if any 

light is rejected by a mask after the many beams are combined, then 

interference among them cannot be ignored. To obtain more light 

while making an observation such as one would obtain with a two-

beam system, it is necessary to independently define the component 

beams. A system which does this is shown in Fig. C-7. 

Here we have used the fact that in preceding systems the 

second lens is not really needed to define a c.s.v. The light 

from such sources is already focused--at infinity. One can define 

a c.s.v. and insure coherence by placing a defining aperture suf

ficiently far away. This can be done separately for each component 

pair of beams A and B. One must simply add a set of collimating 

Slits to the apparatus. Beyond the collimator, a single lens may 

he used to focus the light onto the entrance slit to the spectrom

eter. This slit should now be large enough to admit all of the 
eg 

l ight transmitted by the collimator. 

The polarization components 1 and S, and hence the i r intensi ty 

difference are simply the sum of contributions from various com

ponent beams. There I s no interference here a t a l l and the system 

Is simply the sum of many two-beam assemblies--each with the same 

T(r',o>). 
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Plasma 
Polarizer^ Calcite c<>\\\maiot 

rhomb 

^Entrance 
i f slit 

Spectrometer 

Exit slit 

Glan -Thompson 
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'Photomultiplier 
tubes 

XBL72IO-4329 

Fig. C-7. A system with several Independently collimated pairs 

of teams. 
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5- Spectral Width, Beam Divergence, and the Quality of the 

Optical Components 

Several idealizations have been used in this analysis. Are 

the conclusions realistic? To answer this, one must consider 

departures from the model system. 

A calclte rhomb is to be used to combine two beams of nearly 

monochromatic light. Within the calcite, however, the two beams 

differ not only in path, but also in propagation velocity. This 

difference in velocity leads to a difference in optical path 

length—a difference which could, if necessary, be reduced with 
59 an additional birefringent optical element. 

Differences in path length are of great importance in any 

interferometric optical apparatus. If the difference in path 

exceeds tbe coherence length of the light, two beams with an 

initial partial coherence will almost certainly become incoherent 

and no net interference will be seen. 

The ordinary ray is unchanged in direction within the calclte. 

Its velocity is JUBt e/nQ, where n Q is the ordinary index of re

fraction, 1.698. Therefore the optical path is simply s. = I.658D, 

where D is the length of the calclte element. 

The extraordinary ray is characterized by t<io velocities, a 

phase velocity and a group velocity, which differ both in magni

tude and in direction. Conveniently, however, the projection of 

the group velocity onto the direction of the phase velocity _is 

equal to the phase velocity. For nomal incidence, this direct-

tion is the awne as that of the ordinary ray—normal to tbe surface. 
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And because the light i s focused at infinity and normal to the 

faces of the rhomb, before and after, the optical path length within 

the calcite (the free space wavelength times the number of wave

lengths along a ray) i s found from Just this normal component of 

the propagation. The magnitude of this phase velocity (which in

volves both n Q and n . the extraordinary index of refraction) i s 

approximately c/l.5^9, so the optical path length s = 1.5^90. 

The optical path length difference introduced by the bire-

fringent element i s 

s . - s = 0.109D. O x 

So, if the length of the calcite is one centimeter, the co

herence length of the light must be considerably more than one 

millimeter, or corrections must be made to avoid loss of coherence. 

In practial terms, this means that the width of the spectral fea

ture should be less than about two angstroms. 

In our analysis of the effect of the calcite, we have con

sidered only rays at normal incidence and used the conveniently 

simple result: One component of the light is laterally displaced 

by 0.1097D. The effect of birefringence upon light incident other 

than normally is, of course, more complicated. Two orthogonal 

polarisation components of the bean are then both displaced by 

the calcite and their resulting separation varies with the direc

tion of incidence. Rscell that, at normal incidence, the x-polari-

ration Is deflected by 6.26°. Clearly, our analysis is adequate 

only so long as any departures from normal Incidence are much less 
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than t h i s . We can hence consider only l ight from sources suffi

c ient ly close to the focal point of the f i r s t lens. 

In optical interferometry, much care i s often required to 

eliminate mechanical vibrations of the components of the system. 

But ?• a system designed to observe high-frequency phenomena, one 

can certainly ignore low-frequency vi ra t ions . Mechanical vibra

t ions are in general of much lower frequency than osci l la t ions in 

a plasma and should therefore present no problems. 

Even if one wishes to observe low-frequency phenomena, one 

needs to consider only relative changes in the length of the paths 

of the two components iu the interference. Through most of our 

system the two paths are identical or at least adjacent and much 

mechanical vibration may s t i l l be ignored--a resul t which further 

i l l u s t r a t e s the convenience of using polarization to define the 

interfering beans. 

Finally, one must consider what optical quality i s needed in 

the various components of the system. If the apertures were pin

holes, such requirements would be minimal, but s l i t s have been 

used to obtain more l ight and one roust insure that the nature of 

the interference does not vary acrosp the entrance to the spec

trometer or across the apertures which define the beams. 

Clearly, any imperfections in the system will d is tor t the 

image of the plasma and reduce the accuracy of the measurement. 

That i s , to a given point a t the entrance to the spectrometer, 

there corresponds some observed source distr ibution I T(x",y",r',a>) 

with x",y" f ixed]. If the optical quality i s poor, t h i s will 
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differ from the desired distribution. 

More serious than this, howeier, is the possibility that opti

cal imperfections may destroy the interference altogether. This 

will occur if the various points across the entrance to the spec

trometer observe different source distributions. That is, a given 

point source within the common source volume illuminates through 

each of the beams A and B a finite length of the entrance to the 

spectrometer. The two illumination patterns 0 ,x",y",r',">) 
A, ~ 

•with r 1 fixed must vary in the same manner along the length of the 

slit, or the polarization of their superposit.'/n will vary with 

x". That is, the function T(x",y",£' ,<a) = - ,0 110 | cose may 

vary with x" because of the (same) change '.r. |0.| and |{L|, but 

must not vary in sign because of the changes in relative phase, 9. 

To prevent such a loss of interference, the optical elements 

before the spectrometer (optical system I) must be of good quality. 

The two interfering beams go through different portions of the 

lenses and the calcite and any lens aberrations or curvature in 

the faces of the calcite will lead to a difference between 0 and 
0_, the two interfering illuminations. a 

This sort of difficulty would also result from a wedge in 

the calcite rhomb. If the two faces are flat but not parallel, 

the beam cannot be normally incident at both faces. There will 

be a refraction at one or both surfaces. This is not in itself 

destructive of the interference. But because the indices of re

fraction are unequal, the two beams will be refracted differently. 

The resulting difference in direction can destroy the interference. 
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The refraction i s described by Snel l ' s law, which involves the 

phase ve loc i t ies . These are approximately normal to both faces 

of the rhomb (inside the ca lc i te as well as outside). If there 

i s a email wedge angle 0 to the rhomb, each beam wil l be defected 

by an angle 9 = (n - 1)0. This wil l cause a difference in direc

t ion 

AS = (n A - 1)0 - (r^ - 1)0 = (n A - 1^)0 

= (1.658 - 1.5^9)0 = | 0 

Therefore, the exposed portions of the faces of the rhomb must be 

parallel to within a few optical wavelengths. But they need not 

be parallel to within a fraction of one wavelength—because only 

differences in deflection are important. 

Similarly, a small amount of wedge in the first polarizer 

(that before th.2 rhomb) would not be detrimental, so long as the 

diii'erent beams were deflected equally. 

The optical elements beyond the entrance slit to the spec

trometer (optical system II) may be of lesser quality. All that 

is required is a measure of the intensities of polarization com

ponents 1 and 2 of one portion of the optical spectrum. The 

optical elemento--such as the diffraction grating—must keep 

these two components distinct, but precise equality in path length 

is no longer important. It is for this reason that the interfer

ence is done before the spectrometer. 

Finally, all of the optical elements must be of sufficient 

quality to avoid loss of light through partial reflection, absorp-
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tlon, or scattering. Any decrease in light intensity will, of 
course, degrade the final signal. 
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D. Studies of the Plasma with Langnulr Probes 

and with Conventional Spectroscopy 

In preparation for the multiple-beam spectroscopic observa

tions, the plasma produced in the beam-plasma device was observed 

with some standard diagnostic apparatus. The basic plasma param-

ters were already known from other work done with this plasma. 

(for a description of the beam-plasma device, see Sect. IV.a end 

Ref. 51•) The plasma electron density had been found to be a few 
13 -3 

times 10 cm and the electron temperature had been estimated 

from spectroscopic observations to be greater than h eV, perhaps 

as high as 20 eV- The ion temperature was. less than a few tenths 

of an eV. 

To check the temperature measurement and to explore the possi

bility of using a probe to launch waves in the plasma, several 

Langmuir probes were made and used to obtain standard probe char

acteristics (current vs bias voltage). These curves had the 

expected form, showing an ion saturation region, where the trace 

was linear (with a non-zero slope) and an expontential increase in 

current as the voltage became less negative. The Indicated elec

tron temperature was about h eV, somewhat lower than had been found 
51 in the preceding work. This is not surprising, since the earlier 

spectroscopic data showed mainly the central region, within the 

electron beam, while our probe data were taken outside of the beam, 

where the electron tempera,ure would certainly be lower. (Probes 

could not be used within the beam, because a probe there would 

quickly have vaporized.) 
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In a helium plasma with T » U eV, Ion waves should have a 

velocity of 10 cm/sec. This is only an estlnate, however, since 

the plasma was strongly nonuniform, the electron temperature was 

higher in the center, and the effect of neutral atcas (and of doubly 

charged ions) nay not be negligible. To observe ion waves directly, 

and to show that a probe could be used to launch such waves, a jnir 

of Umgmuir probes were inserted in the plasma. The probes were 

both biased to draw ion current and were placed a few centimeters 

apart, with one directly downstream (i.e., on the same magnetic 

field lines} from the other. The upstream probe was used as a 

transmitter and the downstream probe was used as a receiver. A 

series of one microsecond pulses (of a few VOACS, positive) were 

Imposed on the transmitter, and the resulting fluctuations in 

receiver current were analyzed with a boxcar integrator. Figure 

D-l shows the results obtained at three receiver positions. Each 

trace shows receiver current as a function of time--a 10 usee sweep 

from left to right. Several propagating nodes can be seen. There 

Is a fast wave (the Initial negative pulse) with a velocity exceed' 

lng 10 cm/sec, which is probably a potential fluctuation. There 

is a slow wave, only visible In the first trace (but seen at greater 

distances at later times in other traces not shown here) with a 

velocity of a few times 10 cm/Bee, which probably involves the 

neutral gas. Finally, there is a pulse with intermediate velocity 

which Is seen ir all three traces. This disturbance moves with a 

velocity * l.J x 10 cm/sec, acceptably close to the expected ion 

sound speed. (The velocity appears to increase slightly with probe 
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? 

Ti /x f f ( / • * • « n - tfttf) 

XBL 735-670 

Fig. D-1. Langmuir probe observations of pulse propagation in 

the plasma. Top l e f t : probe spacing 1-1A i n . ; bottom 

lef t : probe spacing 2 - l / l 6 i n . ; r ight : probe spacing 

2-7/8 In. (These are tracings of X-Y recorder plots of 

the output of the boxcar integrator .) 
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spacing. This 1B not surprising. The probes visibly perturbed 

the plasma and the perturbation was smaller when they were farther 

apart.) From these results it was concluded that our estimate of 

the ion sound speed in this plasma vas correct, that plasma density 

disturbances would propagate at this spe?d for several centimeters 

along the magnetic field (without, in particular, being damped by 

collisions with the neutral gas) and that a negatively biased 

Langmuir probe could be used to launch such waves. 

In order to select the spectral feature best suited for 

multiple-beam observations, a complete emission spectrum of the 

plasma was recorded, using a monochromator with automatic scan 

connected to a chart recorder. Virtually all the expected neutral 

helium lines were seen. The helium ion line at U686 R was also 

present. Most of the remaining lineB were identified as due to 

a few impurities (oxygen, hydrogen, carbon). 

m e strongest line was the kkfl A neutral helium line. The 

nearest line of any strength was one at W57 A and even that was 

far less intense than the M71 A* line. Almost all the light within 

a hundred Jfngstrom band was found in the W71 R line. This was very 

convenient, since in a multiple-beam spectrometer the monochromator 

was to be used with a very large silt, giving poor spectral resolu

tion, while the interference which was to be produced required 

light with a fairly narrow (~ 1 A) spectrum. By tuning to the 

line the required coherence length could be obtained with

out precite spectral resolution. 

To estimate the intensities of various spectral components, 
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a few photon counting measurements were also made. For this, the 

plasma was observed through a 2 x 2 cm aperture 50 cm away. The 

light was focused onto the entrance silt of a monochromator (25 n x 

2} nm, imaged to 68 (i x 8 mm within the plasma). Various spectral 

features were selected and the nuraber of photocounts in 30 sec was 

recorded. The 4688 A helium ion line gave, after subtraction of 

background, 11.7 million counts, or 3.9 x 10 counts/sec. The 

4471 X neutral helium line was not counted directly (in this setup 

it would have exceeded the counting speed of the equipment), but 

from integrated photocurrent measurements the 4686 A line was found 

to be O.&f, as bright as the 4471 R line. Thus the latter would 

have given a counting rate of 4.6 x 10 /sec. 

As a check on these measurements, it was assumed that the 

phototube was 10$ efficient and that the 4471 R line contained 10$ 

of all the light emitted. Then an accounting of the total source 

volume and total solid angle gives an estimate of a few milliwatts 

of light emitted from the plasma. Judging by the apparent lumino

sity, this is a reasonable value. 
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E. Some Botes on the Definitions of Spectra 
1. Direction-Dependent Spectra 

In diBcuB6ions of optical problems, the direction of emission 
or scattering of light is frequently defined (in r-space) as the 
direction from a localized source to a distant observer. (See, 
for example, P,sf.l6.a.) In the present discussion, the directions 
of propagation of light waves have been defined (In k-space) in 
terms of spatial Fourier transforms. The equivalence of the two 
descriptions should be noted. 

In the r-space formulation, one considers a source, j(r,t), 
which is non-zero only within a bounded region—say within a dis
tance r Q jf an origin of coordinates. The emitted radiation is 
described by the usual retarded Green's function integral, 

f 1 I r - r ' h 
E(r,t) = d V I" 6!*''* • < E 1) 

J |r-r'| \ c / 

One assumes that E ( r , t ) i s observed a t a distant point r ( | r | » r 0 ) , 

where | r - r ' | may be expanded, 

I r - r ' l = ( | r | 2 - 2r.£- + | r ' | ) l / 2 = | r | - ?•£' + . . . . 

Keeping only leading terms in the magnitude, but including first 
order corrections in the phase, the radiation field is then approxi
mated 

E(?,|r|,t) = E(r,t) « -fa f ^ r ' s[r',t - i (|r| - ?-r')] . (E2) 

At large distances |r|, the Poynting vector is nearly parallel 
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to r and the energy flux (per unit solid angle) is simply 

«r,t)-^|p| 8| £(P,|p|,t)| a. (15) 

Except for retardation, t h i s should be independent of | r | . 

The spectral density Is then defined in terms of the temporal 

Fourier transform of E('r, | r | , t ) , 

I ( r » = - 1 | r | 2 | E ( ? , | r | , o > ) | 2 , (EU) 

8TT2 " - _ 

vhere 

E(r, |r|,<o) sjit eME($, | r | , t ) . (r5) 

(We f i r s t consider only cases where th i s integral ex i s t s . ) To 

compute the radiated energy, the intensi ty may be integrated in 

time or In fi-vjuency, since, according to Parseval 's theorem, 

j d t | E ( r , | r | , t ) | 2 = J | | E ( ? , ! r | , c o ) | 2 

and hence 

/ d t I ( r , t ) = /dec I(r,u)), (E6) 

when l(r,u>) i s normalized as in Eq. (E1*). 

Evaluating th i s spectral density, 

!(?,„) = -^jdtjif e^V^'JdVjdV 

' B[ r ' , t - i ( | p | - r - r ' ) ] • s [ r " , f - | ( | r | - r-p")] . 

Substituting 
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o ' s f l i r - r " - •=-

gives 

l(r ,a,) = 4 j j d a e ^ J t o ' e ' 1 " 0 ' 

. j d 5 r , e l ( f f l f / c ) . r - | a 3 r „ e - i ( ^ / o ) - £ " £ ( l . , a ) . 3 ( r , a - ) 

• our i - a i r 
— , to -Bj- -

BIT I c / 1 c 
£ { — , <at>|-_s| , - a j | 

c / tor j „. , asr 

8? 
s I — > »|>s — , a>| 

vhere 

- l ( E .r- - « ,! 
. (SEE) = J d 5 r | d t e U ~ ' s ( r ' , a ) 

Is the Fourier transform of s ( r ' , a ) . So, f inal ly . 

I Off 
I ( r » = T - 5 | s [ — ,a, | r (E7) 

LC i? 
Independent of | r | las anticipated In the notation, I(r,<o) I . Hence, 

In the approximation of a localized source and a dis tant observer 

the definition In r-space of the spectral density of the l ight 

emitted into a given direction r reduces to a simple expression 

involving the Fourier transform of the distr ibution of sources. 

In the present discussion, however, both the direction of 

propagation and the spectral density of a l ight wave have been 

described by spat ia l Fourier transforms. This i s convenient 
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because the transform of the field amplitude 

E(k,|k|,t) =E(k,t) 

E /d 3r e'^'i E(r,t) 

defines in one step both a direction k and a vaveleneth 2ir|k| ". 

[Here, as above, such expressions are considered ve i l defined. 

If the simple Fourier integral does not converge, E(k, |k | , t )— 

and E(r, | r| ,a>) discussed above—must be defined either as ensemble 

averages or as Instantaneous spectra, as discussed in Sect. J 

below. We consider f irst the simple case in which the usual 

definition of a Fourier transform i s sufficient.] 

Using again the retarded Green's function jEa.. (El) i to 

compute the field amplitude, 

E ( k , M , t ) = fd 5 r •-*£'£ far- — ^ s r' 
J J l£-£*l \ 

r - r- ' 
, t - - ) 

c / 

3- . . -^£ , / d 3 p . - «* -£ jL 8 | r . , t . i £ 
IPI 

vhere 

p s r - r'. 

If the p dependence i s described in polar coordinates 

( d J p - d | p | | p | 2 d 2 p ) 

the integration over directions may be done at once fas in Eq. 

(Bll)] leaving 
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Br °° 
«S .W, t ) . — ,'aV e-^'i ' d|p| • (.*Wlfil - •- iWlfi' 

IPI 
, , r ' , t 

I 
t — f *,^,,)f. iw«<*-*)..- iw«<*-')'; 

i l k l • ; _ " L J -oo 

where T s t - • 
c 

In the long time limit, which, of course, is also required in 

Eq. (E5h we have 

Kk,w,t) - !!! rf. 1W e t

£(s.-iiio-- _ t ,^ c t-(k,ik|c)! (E8) 
t - o i k I -> 

To use a k-space formulation, the spectral density must oe ex

pressed In teroB of E ( k , | k | , t ) . yet E ( k , | k | , t ) I s here seen to 

involve two components of the source dis t r ibut ion, while l (r , to) , 

the spectral density discussed above, was found to depend upon 

only a single component of _s. Clearly, the staple expression 

l ( k , | k | ) « | k | 8 | E ( k M k | , t ) | 2 

is not equivalent to the usual frequency spectrum. The reason 

for the difference is evident in Eq. (E8): E(k,|k|,t) contains 

negative as well as positive optical frequency components. The 
A 

negative frequency components, which propagate in the -k direction, 
A 

would not be observed with a detector on the +k side of the source. 
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On the other hand, negative frequency components of E(-k), vhich 

would be observed, have not been included. 

This suggests the form, 

«k,|k|) « |k|8 [|E(+)(£,|k|,t)|8
 + |E<->(-k,|k|,t)|S] (E9) 

where by ] T + \ k , | k | , t ) [ E ' " ' ( k , | k | , t ) | i s meant the positive (nega

t ive) frequency portion of E(k , t ) : 

oo oo 

E ( + ) ( k , t ) ^ J g e - t o t j ' a t ' e t o t ' E ( k , f ) (ElOa) 
0 -oo 

0 oo 
E ( - ' (k , t )H | | e " t o t [ at ' e ^ E ^ f ) (ElOb) 

-00 -00 

Equation (E9) can be further simplified, however, because the 

reality of E(r,t) implies that E(k,<u)= E (-k,-<u). Hence the two 

terms in the above expression are identical and only one is needed. 

This leaves 

l(k,|k|)«|k| 2|E ( + )(k,|k|,t)| 2. 

Final]- ' , according to Eq. (E8), 

| k | 2 | E ( + ) ( k , | k | , t ) | 2 - ^ c a | s ( k , | k | c ) | 2 (Ell) 
t -> 00 

which is time independent. Comparing t h i s resul t with that ob

tained for I(r,u>) |Eq. (E7)l, the r- and k-space formulations are 

eeen to be equivalent provided that (1) the direction k i s ident i 

fied with the direction r, (2) the wavelength 2ir|k|" is related 

to the frequency to by the usual, a> = | k | e , (3) I (k , jk | ) i s cor-
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reetly normalized, and (k) only positive frequency components of 

E(k,|k|,t) are Included. 

The two expressions, |js(<a?/c,a)) | and |£(k,|k|c)| , are still 

not quite equivalent, since the former includes negative frequency 

components, vhile the latter does not, but this is not an essential 

difference, because e(-k,-0)) = £ (k,co). Indeed, since <a appears 

in both the wave v 'tor and the frequency of s(aJr/c,to), the two 

halves of the spectrum In Eq. (E7) simply correspond to the two 

terms in Eq. (E9). 

The normalization of I(k,[k|) should be chosen to equate the 

integrated spectrum to the total radiated energy as in Eq. (E6) . 

The proper value is 

«k,|k|) ̂  lim 1-4] |E(+)(k,|k|,t)| 
t -+ oo \ 4 T T / 

/ dco l(f,tu) / 

for then, 

oo 
dto • 

-oo 

/ 

8TT 

dco • 
l«r 

/or | 

(E12) 

cd|k| -g- |s(k,|k|c)|' 

alxl (kTf 
lira | E ( + ) ( k , | k | , t ) | 
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•1 
oo 

d |k | I ( k , | k | ) 
o 

as required. The normalization of the two in tens i t ies i s most 

transparent from a comparison ^r different ials) 

K?,«)4» a 8 P - fe(gj;|r|ad8*!|£(?,|rU)|a (E15a) 

\kir'\ 2JT / 

2 ' " 
| ,2 _fJV i lim 

(27T) Cj X 

| E ( + ) ( k , | k | , t ) | 2 (B13b) 

[Again, the factor of tvo in X(k,|k|) reflects the fact that this 

spectral density is non-zero only for positive frequencies, 

|k|c > 0.] 
lhis definition is in accord with s\ idard practice. In 

analyses of optical problems, the light intensities and correla

tion functions are often defined in terms of the positive frequency 
2c portion of the radiation field. In an r-space formulation, 

B(r,t) is real and E (r,t), which is called the associated ana

lytic signal, Is a complex valued quantity which completely de

scribes the field E(r,t). The use of an analytic signal is a 

generalization of the familiar device of replacing a cosine hy 

a complex exponential. If E(r,t) is nearly monochromatic, the 

Magnitude of the analytic signal |E*+'(r,t)| is a slowly varying 

quantity. 

The magnitude of the positive frequency portion of the spatial 

FOurler transform |E' '(k,t)| which was used above also contains no 
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rapid oscillation. I See Eq. (E8). There either term alone has 

constant magnitude, but their sum does not.j This elimination of 

the rapid optical frequency variation is convenient because it 

permits one to define a slowly varying or constant light intensity 

without resort to a time averaging procedure. 

However, E (lt,t) was Introduced above for a different 

reason: to define a direction of propagation of the wave. The 

definition of an optical spectrum I(k,|k|) in terms of the spatial 

Fourier transform of the field requires the use of only the posi

tive frequency portion of E(k,t). If negative frequencies were 

Included, the results would not be equivalent to the frequency 

spectrum l(r,cn) of the light emitted in the k = r direction. Yet 

the quantiti" E '(k,t), which was seen to be needed for this, is 

J'-̂ t the transform of the usual analytic signal E/ ^(r,t) since, 

at least for well behaved functions, the two operations commute: 

oo 03 

'0 "-0O 
[E<k,t)]<+> = J §8 .-**J df e^'j d'r e-^%( £,f) 

,-00 00 
a ' - - U t * r I *i> -lust .,., = i u ) t ' _ , . > 
" ' • / 5 ? e d t ' e E(r,tJ 

0 "-co 
d r e 

» j ' a ' r e - ^ E ( + > ( r , t ) 

It should be noted also that different definitions of the 
2c i analytic signal are in use. Sone authors consider E 2 C — - ( + )(r,t), 

while others 'define an analytic signal equal to twice this 

quantity I to eliminate the factor of two in Eq. (El1*) belovj. A 
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superscript r--for "real"--is sometimes used to Identify the origi

nal signal, but this Is inappropriate when spatial Fourier trans

forms are employed, since E(k,t) Is not necessarily a real quantity. 

Throughout the present discussion, a superscript (+) is used to 

Identify the analytic signal, as defined by Eg. (ElO) [and similarly 

for other quantities, s^+', Ĵ *', E^ +\r,t), etc.J. Since E(r,t) 

Is real, Eq. (ElO) implies that 

E(r,t) = 2 Be E^(r,t). (El1*) 

In It-space, however, both E(k,t) and E* + '(k,t) are, In general, 

complex valued functions. For such functions, Parseval's theorem 

implies that 

oo oo oo 
J dt|E(k,t)|2 = J atlf/'^k.t)! 2 « / dt|E ( + )(k,t)| 2 . 

-OO -OO - 0 0 

For a real valued function such as E(r,t), this reduces to 

oo .oo 
f dt|B(r,t)|2 = 2 J dt|E ( + )(r,t)| 2. (E15) 
-co -oo 

Using this relation, the time-averaged intensity of polychromatic 

as veil as monochromatic light can be expressed In terms of the 

associated analytic signal. 

The analysis of optical interference, however, requires an 

expression for the rapidly varying amplitude, as well as the mean 

intensity, of the Interfering waves. Both the amplitude and the 

intensity of the light transmitted by a spectrometer may be ex

pressed in terms of the Fourier transform of the input, as can be 
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seen from an analysis of the actual effect of such an Instrument. 

A brief review of this discussion is included here. 

In a grating spectrometer, the length of the path from the 

entrance slit to the exit slit is different for light reflected 

from different lines of the grating. Components of the light are 

delayed by different amounts and the output of the instrument is 

a superposition of many preceding inputs. 

£ ( o u t ) ( t ) = £ [ — 0 * ^ 1 E^>(t-delay) 

(lines of L •> 
grating) 

oo 

• / 

dT f ( T ) E ( l n ) ( t - T ) . 

°(delay time) 

f ( t ) i s a real valued quantity which, according to Eq. (El4) may 

be expressed in terms of an associated analytic signal. Making 

this replacement, 

oo 

E ( o u t ) ( t ) = 2 ReJ dT f ( + >(x)E ( l n ) ( t - T) 
0 

- 2 Re J d(t - T) | g e ^ ^ ' e ^ t t ^ ' f t - t> 
-oo 0 

.-oo 

- 2 Re £B e- l f f l tf(«,)B ( l , , ,(<D) (El6) 

which JuBt describes the effect of the spectrometer in terns of a 

transfer function f(o>). 

In the limit of perfect resolution, that Is, of an infinite 
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slnusoidal grating, f(r) = cosauT, f(oi) = v S(CB - mQ) + 5(u> + iaQ) , 

and Eq. (El6) reduces to 

E<°ut>(t) - R e e ^ V ^ W ) . 
t •* oo 

To calculate the mean intensity of this, only the magnitude |E(O> 0)| 

is needed, since, after time averaging, 

-taut „ „ 

To descries interference, however, the rapid oscillation of 

the field must also be considered. It is again useful to express 

tbe result both in terms of uave vector k and in terms of direction 

r and frequency a>. Considering once more a localized source, a 

distant observer, r.nd a temporal Fourier transform, E(r, |r|,m), 

ve have from Eq. (El6) an expression for the amplitude, 

E(out) ( 

:t)«Re[|r|e- t o tE(r>llU)] • 

The factor of |r| permits normalization of the intensity to solid 

angle as was done with I(r,a>) in Eq. (E>+). 

The same amplitude can also be expressed in terms of the 

spatial Fourier transform of the field and the two forms can be 

related to the source density as vas done vith l(k,|k|) and 
./\ . 

I(r,a>). In exactly the same manner as in that discussion, one 

obtains the two equations 

-imt„ Re Irle^VP.Irlo))! - Re 
I III 

•.Kalrl/c-Bb^lar^J, ( E 1 ? a ) 
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R e [ ^ ^ e % £ i ( + ) ^ w ^ ) ] t : G [ >

K e i(k-r-|k|ct) 

s(k,|k|c) <E17b) 

Either of these forms can be used to describe the i'ield amplitude. 

The normalization, if needed, can be obtained from the correspond

ing expression for the spectral density, Eq. (E13a) or (E13b). If 

the form of (ElTb) is used, it should be noted that the order of 

the operations is important, since (+) and (Re) do not commute. 

2. A Property of the Analytic Signal 

Equation (El1*) Implies that 

[Re E ( + )(r,t)] ( + ) = \ E ( + )(r,t). (El8) 

Equation (Elk) applies only to real valued functions, E(r,t), but 

the relation (El8) is in fact more generally valid. Because this 

result is used in Chapter II, a simple derivation is included here. 

Consider a complex valued quantity, E(k,t). The positive 

frequency portion, E'+'(k,t), may be written 

E ( + )(k,t) = [Re E(k,t)] ( + ) + i [B» E(k,t)] ( + ). (E19) 

Re E(k,t) and Bn E_(k,t) are both real valued quantities,and hence 

a relation like (El1*) must hold for either term alone. This sug

gests that even though E(k,t) Is clearly not equal to the real 

part of 2E/+^(k,t), the imaginary part of E_'+'(k,t) may still be 

redundant. 

Taking the real part, 
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00 00 

Re E ( + ) ( k , t ) = Re J £ a" 1** J d f e ^ ' s f e f ) 
0 

00 00 
•/ » / «'i[E(k,f)e-Mt-f) 

- C D 

+ : 

The positive frequency portion of t h i s , 

Re E(+>(k,t) <+> - j \ e t o t f \ ' .**'/" "V f "df 
0 - > O - o o 

Jl ) e - W ( f - t " ) 

+ E * ( k , t " ) e + l m , ( t , - t " ) 

00 . 00 
tot" f d-u -totj" dm' / A i r f ,. „ 1 

•J 2 i e J ST J d T J d t 2 
0 0 -co -oo 

• [E(k , t")e 1 < a M 0 ' ) T

 + E * ( k , t " ) e i ( W > T 

/
CO CO CO 

da> -iustf to' J ,,„ 1 

0 0 -a> 

• [E(k,<U)e1( (°-'D,>T

 + •(k.-uje 1*"""')*], where T 3 t' - t". The T integration gives 
oo oo 

/ ^ ° ' j ^|[s(k»ffl)2«J(<i>-<u') +E(k,-o))27re(<U + tu')] . 
0 0 

Since the ui and u>' integrations include only positive frequencies, 
the second term contributes nothing [ E(k,a>) = 0 at a> = 01, and 



-251-

the first gives 

1 ^-2776(0) -05' )E(k,U>) = 
0 

E(k,o>), a) > 0. 
1 ^-2776(0) -05' )E(k,U>) = 
0 
1 ^-2776(0) -05' )E(k,U>) = 
0 I 0' to < 0. 

Using this, we have \ 

[ReB(+>(k,t)]«=J ge-^^Bfto) 

= |E ( + )(k,a>). (E20) 

This result, identical in form to Eq. (El8), applies to complex 

valued functions E(k,t), I i.e., to any well behaved complex valued 

function of time. We have assumed only that simple algebraic steps 

are valid, the the integrals used exist, and that there is no con

tribution from to = O.J 

The same result can be obtained by evaluating separately the 

contributions of the two terms in Eq. (E19). 

3. Tine Dependent Spectra 

The use of Fourier transforms to describe a spectroscopic 

measurement is convenient for analysis, but such a description is 

highly idealized. Literally, the measurement of any wave vector 

component, E(k,t), of a field, E(r,t), requires observation of 

B(r,t) at every point in space. A description in terms of fre

quency components requires knowledge of the field throughout all 

time. A long time limit is also needed In the k-space analysis 

[c.f., Eq. (1.7) orEq. (11.15)]. 

The output of a real spectrometer is not a single Bpectral 
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amplitude; It Is a time-varying signal vhich depends upon the past, 

but not the future input to the Instrument. This situation is not 

unique to optics. Any actual spectral measurement is related only 

in a long time limit to a simple Fourier transform. To improve 

upon this description, other mathematical techniques have been 

developed (primarily for studies of electrical signals in commu

nication systems) vhich tetter represent the effect of a spectrometer. 

Most simply, the usual Fourier transform f(co) of a signal f(t) 

is sometimes replaced by an integral over past, but not future 

times. The result is a time dependent quantity vhich Is called a 

running spectrum: 

_t 
f(o»t) s j at' e i u > t ,f(t'). (E21) 

-a> 

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 veighting 

factor in the integrand, one obtains a time localized expression 

vhich is called an instantaneous spectrum. An instantaneous 

spectrum not only better represents the effect of a real spectral 

instrument, it has the added advantage of being veil defined for 

many functions vhose Fourier transform does not exist at all. 

The analyses in this report have all been done vith reference 

only to a simple Fourier transform, but much the same discussion 

could be done in terms of time-dependent spectra. Indeed, expres

sions for running spectra and for instantaneous spectra emerge in 
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a simple and straightforward way from calculations done in Chap
ters I and II. For this reason it seems appropriate at least to 
mention how these concepts could be introduced in this discussion. 

Expressions of the form of Eq. (ESI) appeared both in the 
analysis of scattering in Chapter I [see Eqs. (I.7) and (B7), from 
which it comes I and in the analysis of a two-beam spectrometer in 
Chapter II [see Eq. (11.13) and the discussion after Eq. (Bll)j. 
In each case a long tine limit was invoked to change the result 
Into a standard Fourier integral. But one could Instead consider 
the expression as a running spectrum. So one need not introduce 
this concept—it is already present in the calculations as they 
stand. 

Both of the same calculations started with a spatial Fourier 
transform, which involves an integral of the field over all space. 
Since tbis represents the effect of the diffraction grating in the 
spectrometer, it would be more realistic to replace the Fourier 
Integral by one over a finite volume comparable to the dimensions 
of the grating. If this were done, the final expressions .lust 
discussed [Eq. (B7), etc.] would have a finite lower limit too. 
I The integrals over the retarded times came from Integrals over 
|p| > |r - r'[> which eameoriginally from the spatial Courier 
transforms.) Thus a more realistic model of the spectrometer would 
give at once an instantaneous spectrum as the output. 

In Chapters I and II, the time dependence of the measured 
spectra, I, O(o>;t), and of the corresponding sources <&(a>;r',t) 
was reintroduced after the Fourier transformation, essentially be 
treating the two time scales separately. If Instantaneous spectra 
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were explicitly employed, this separation of tine scales would not 

be necessary. The difficulty with such an approach is, of course, 

that it would not permit use of the standard theory of Fourier 

transformation. In particular, the light intensity, which was 

defined by integration over the complete time axis would then have 

to be restated locally. (Recall that the Intensity was written In 

terms of an analytic signal, which was in turn defined in terms of 

the whole Fourier transformation -) Also, the treatment of the 

total intensity as Just an integral over |kj components I in Eqs. 

(II.8) and after] would have to be rewritten for a local definition 

of intensity. Thus a conversion to an instantaneous spectral for

mulation would require a new definition of intensity, and probably 

also of analytic signals. 

Finally, it should be noted also that the concept of a time-

dependent spectrum is closely related to the coi.cept of a time-

dependent correlation function. (Here "time" means the Instant 

of observation, not the length of a delay.) Goth a scattering 

experiment and a simple two-beam spectroscopic apparatus would 

give a measurement of one Fourier component ot the fluctuations 

in the source or electron density within a plasma. According to 
19 r 1 

the Wiener Khintchine theorem '[see Eg.. (I.l>0i, this gives infor

mation about the two-point correlation function of the source or 

electron distribution. This correlation function is customarily 

defined in terms of a stationary ensemble of systems. But any 

real observation is made on a single system, and most experiments 

involve pulsed plasmas which are far from stationary. These 
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differences are Just as basic aB—and, in fact, related to—the 

difference between a rour'er transform and a measured .spectrum. 

It i s possible, however, to defi.ie a correlation function which 

does not assume a stationary situation. The correlation function, 

like the spectrum, can also be defined in terms of a t i je - loca l -

ized expression. Several authors have used definitions of this 

sort to generalize the Wiener-Khintehine theorem—obtaining a rela

tion between this type of correlation function and i corresponding 

instantaneous power spectrum. Thus a more real is t ic treatment of 

the correlation function leads again to the idea of a time-depend

ent spectrum. Conversely, a description of the radiation from a 

plasma in terms of instantaneous spectra—a description, which 

emerges naturally from a more real i s t ic model of the optical 

deviceB used--would lead to a description of the plasma in terms 

of time-localized expressions for the correlations between particles. 
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F. Notation 

The Fourier transform is used repeatedly in this discussion. 

For any function, such as |(r,t), the spatial Fourier transform 

is denoted by ?(k,t), while ?(r,aO denotes the temporal Fourier 

transform. [For the definition used, see Eq. (1.8).J For any 

function of time, such as ?(r,t) orE(r,t), a superscript (+) is 

used to denote the positive frequency (or analytic signal) portion, 

^ + )(r,t), EP+'(r,t), etc. [This is defined by Eq. (ElOa) in 

Appendix E.j 

A wave amplitude which is linear in the source may he divided 

into separate contributions from the different source points. 

This is occasionally indicated by a second spatial variable, as 

in i(r,t;r') which means the contribution to £(r,t) from sources 

near the point r'. 

A vector quantity is denoted by an underscore, as £, its mag

nitude by the addition of an absolute value sign, as |r|, and its 
^ i i A 

direction by the same symbol with circumflex, as r. Thus r = |r|r, 

E = |E|E, etc. 
Strictly speaking temporal Fourier transformed quantities 

are functions of frequency and do not depend on time. But in prac

tice, measured spectra are time varying, a fact which cannot always 

be ignored. In our notation, a time dependence is explicitly indi

cated in such quantities as ^(aijr',t) in those equations where it 

is important. (The mathematical basis of this procedure is dis

cussed in Appendix E.J.) 
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The principal symbols used in the discussion are: 
a angular spread of a beam (in Sect. I.B) 
a(r't) amplitude of a nearly monochromatic source 

[see Eg.. (11.36)] 
a acceleration 
a' acceleration of a particle at time t' (in 

Sect. I.c) 
A magnetic vector potential 
b apparent angular eize of a focus (in Sect. I.B) 
B magnetic field strength 
c speed of light 
c,, c^, c Q, c, c' (used in Sect. II.B.3) various time delays 

in multiple-beam spectrometers 
C (T) electron density time correlation function 

ne 
d lateral displacement of the extraordinary ray 

in a calcite rhomb 
d a difference in optical path of one wave

length (in Fig. I-^b) 
D the length of a calcite rhomb 
e electronic charge 
j\ A. A 
e , e , e unit vectors of a Cartesian coordinate system 
x y z 

E electric field strength 
E electric field of an incident light vave (in 

a scattering experiment) 
E- amplitude of an incident light vave, E± 

1 , A •* > 
E, = (I - k k IE-, tbe component of E~ normal to k 
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E electric field of a scattered wave 
—8 
f j , f„ focal lengths of the input and output lenses 

ofa multiple-beam spectrometer (see Fig. II-6) 

f(cu) the (complex valued) transfer function of a 

spectrometer or spectral f i l t e r 

F(y') a function which defines the region observed 

by a multiple-beam spectrometer see Eq.(11.28)! 

g ,g Green's functions which describe the central 

section of a multiple-beam spectrometer I see 

Eq.( i I .Sl ) j 

I the unit tensor of the second rank 

l(£,|k|) the spectral density of a light wave defined 

in terms of spatial Fourier transforms 

l(?,o>) the spectral density of light emitted in 

direction ? |see Eq.(E^)i 

I„ the intensity of an incident light wave 

I.(t), Ig(t) the two light intensities which are measured 

in a multiple-beam spectrometer 

J electric current density 

k., k wave vectors of light in beams A and B 

kj wave vector of an Incident light wave 

k wave vector of an observed scattered wave 

k. a difference wave vector (« k - k, or 
-6 -s -1 

the length of a collimator 

mass of a particle 
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n index of refraction 
n the number of pairs of beams in a multiple-

beam spectrometer (i.e., the number of slits 
in the mask which defines the beams) 

n a unit vector = (r - r')/(|r - r'|) 
n number of photocounts (in Sect. HI.C) 
a electron density 
n mean electron density 

e 0 
n. density of light sources (in sect. EC.c) 
N noise level in a spectrum of the output of a 

multiple-beam spectrometer 
p(to;t) a complex-valued source strength (in Appendix C) 
P the photocount rate due to signal light 
p (n) the photocount probability distribution associ

ated with the signal Y(t); similarly for 
P Yi( n)» etc. (in sect. ni.C) 

Q the mean photocount rate due to background 
light received by each of the photomultiplier 
tubes 1 and 2 (in Sect. HI.C) 

r position vector 
r' position of a particle at time t' 
r,, r_ points of observation of the selected k com-
'"A —"Is — 

ponents of 5, and |_ | see Eq. (II.5)j 
'1 r', r" points in a multiple-beam spectroscopic system 

r(toT p(<wt)> (see Fig. II-6) 'J 
r,(t) the position of one of a set of point sources 

(in Chapter V) 
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r points immediately behind a calotte rhomb 
(In Sect. II.B.3) 

r points immediately behind a collimator (in 
Sect. II.B.3) 

s a scalar wave source [from Eg.. (1.3) 1 
S the signal level in a spectrum of the output 

of a multiple-beam spectrometer (in Sect. 
m.c) 

S(k,,(o.) dynamic form factor in scattering (Sect. I.C) 
4i<o,r') the spectrum of the light emitted by sources 

i near r' ; see Eq. (I1.15b)^ 
t time 
t' retarded time 
T the total time of an observation (sect.IH.C) 
T(r',<!>) the transmission function of a multiple-beam 

spectrometer I see Eq.(lI.2U) 
v. the velocity of a moving frame of reference 

(In Sect. V.A) 
v the velocity of a moving source (in Sect. V.A) 
—0 
x distance from a focus (in Sect. I.E) 
*'' x" 1 (in) 
(in) (out)} components of r', r̂  ', etc. 

X f X J 
quantity used in 

Sect. II.B.3 
y'' y" } (in) 
(in) (out)) components of r', r^ ', etc. 

i 1 y [ 
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Y(t) the output signal from a multiple-beam 

•pectrometer 

Y'(t) tbe result of frequency mixing and then time 

averaging the signal Y(t) (in Sect. III.C) 

r . f t ) , Y„(t) the positive and negative portions of Y'(t) 

(in sect. III.C) 

Y - («n/e)[y'/^ + y"/t2] 

z'> z" • fin} 
(in) (out)) components of r', r* ', etc. 

Z(t) - [ v'(t)l 2 (in Sect. III.C) 
a scattering parameter = l/(|k.|\_) 
a tbe angle at vhich two observed beams inter

sect at a source 
9 tbe angle subtended at the source by a 

single observed beam 
1V.(T,|k|) the mutual coherence between the |k|c fre-

quency components of tbe light in beams A 
and B [see Eq. (11.12). 

r~.(T,|k|,r') the contribution to r_.(x,fltj) from sources 
near r*; this is only meaningful for an in
coherent source 

T a complex correlation function [see Eq. (II.J1*)] 
r M(T,|k|) tbe outual coherence between beams A and B 

observed after beam B Is Doppler shifted in 
frequency [see Eq. (V.V)j 

rB.(T,|k.|,|k_l) a mutual coherence between light of different 
wavelengths [see Eq. (V.7»)J 
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o focal spot size (in Sect. I.B) 
6 a small displacement of a source within a 

common Bource volume (in Sect. II.A.l) 
o 

8 Q the small solid angle subtended at the source 
by an observed beam 

A the distance between adjacent beam-defining 
slits in a multiple-beam spectrometer 

Ŝc the width of a spectrometer instrument function 
&D a spectrometer bandwidth, or the width of an 

observed spectral line, whichever is narrower 

6 the angle at which two interfering beams 
intersect at a screen 

9(x",y",r',a)) the difference in phase between the transfer 
functions 0. and jlL 

\_ plasma Debye length 
{(r,t) scalar wave amplitude [from Eq- (1.3)j 
{ (r,t) the amplitude of the light acceptpd by a 

multiple-beam spectrometer 
( (r,t), {-(r^t) amplitudes of the light in beams A and B, or 

of the A and B polarization components of the 
light 

?•,(>•»*) the light in beam B observed free a moving 
frame of reference (see Eq.('v.?b)l 

p charge density 
a differential Thompson scattering cross section 
T the Inverse bandwidth of the spectrum analyzer 

used to obtain a signal spectrum (in Sect.III.C) 
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T- = 1 aQ, a time Interval characteristic of the 
k. component of a light source distribution 

T., T time required for beams A and B to travel 
A B 

through the calcite rhomb 

0 electromagnetic scalar tential 

0 angle subtended at a screen by one of a pair 

of interfering beams 

0 = ic-'fj - £«'2L,> a P 1 " 1 6 6 factor in the meas

ured mutoal coherence 

0 (r ' , t ) the phase of a nearly monochromatic source 

[see Eq. (I1.36)j 

0 (r",r',a>),| the two complex-valued transfer functions of 

0 (r",r',a>) j a multiple beam spectrometer 

0 , ( t ) the phase o' "WJ of a set of point sources 

(in Chapter V) 

0,(r' ) , ; optical path lengths added by the input and 

0_(r^ ') ' output lenses of a multiple-beam spectrometer 
d ~ J 

^io' ^30 constant contributions to 0 X and 0 

$ a mean path length for rays in a multiple-

beam spectrometer I see Eq. (11.30)1 

at angular frequency 
ca. a characteristic frequency of the k component 

o* a light source distribution 

ctu a frequency of a nearly monochromatic sour'-e 

[see Eq. (IL36)] 

to., (u_ the frequencies of light In beams A and B (in 

Chapter V) 
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to. frequency of incident light 

a) the frequency of one of a set of point sources 
J 

(in Chapter V) 
a) frequency of scattered light 
a). a difference frequency (= to - <o± or <u_ - to.) 



-265-

FOOTNOTES AND REFERENCES 
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New York, 196>t). 

b. G. V. Marr, Plasma Spectroscopy (Elsevier, Amsterdam, 

1968). 

8. Toe mechanisms of bremsstrahlung and cyclotron emission are 

discussed in Chapter 19 of J. D. Jackson, Classical Electro

dynamics (Wiley and Sons, New York, 1962), and in Chapter 3 

of P. C. Clesmov and J. P. Dougherty, Electrodynamics of 

Particles and Plasmas (Addieon-Wealey, Reading, Haas., 1969). 
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9. Here and throughout, the term "observed beam" Is used to 

denote a bundle of rays accepted by an optical system. 

This does not mean Incident light, the light Is all emitted 

by the plasma. 
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Diagnostics, W. Lochte-Holtgreven, Ed. (North-Holland 
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