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ABSTRACT 

First a brief survey of the fields of two—beam inter—

ferometry and of optical masers (especially ruby lasers and 

non—linear laser effects) is given. Then an original 

experiment is described for the study of transient inter—

ference fringes produced by two independent ruby lasers. 

The apparatus is a simple interferometer, reminiscent of 

that used for the Young double slit experiment° The 

fringes are recorded with the help of an electronically 

gated image converter, which is triggered when "spikes" 

in the two laser beams appear in coincidence. The image 

is photographed and then examined with a microdensitometer. 

The presence of fringes confirms a prediction about transient 

interference effects for degenerate light, which are unobser—

vable with ordinary thermal light. Finally some preliminary 

experiments are described for producing and detecting second 

harmonic generated light in potassium dihydrogen phosphate 

crystals using rotating prism Q—switched laser,with the 

object of comparing the spatial coherence of the fundamental 

and the SHG beams. 
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Chater T 

HISTORICAL INTRODUCTION. 

Like many physics experiments nowadays, the work 

reported below involved several subjects. Two—beam inter—

ferometry and optical masers are the two most important of 

them. So in this historical review we shall describe the 

background of the developments in these subjects. 

(a) Two—beam interferometry. 

Apart from the "pre—classical" beginnings, when 

Grimaldi and Hooke independently discovered diffraction 

(1667 and 1672, respectively) and the fundamentals of the 

corpuscle versus wave controversy were laid down by Newton 

and Huygens (1704 and 1690, respectively), physical optics 

had three great periods, three waves of high tide, so to 

speak, preceded by decades of low ebb. In all three of 

them, two—beset interferometry played a central role. 

The first wave started with Th. Young, in 1800, after 

a century of stagnation. Although it was Newton who first 

used an interference phenomenon for analysing the properties 

of light, his rather offhand conjectures on the corpuscular 

nature of light in his Opticks had a damping effect on the 

development of physical optics. Because of his great 



authority, Huygens' wave—theory was rejected. (The latter's 

longitudinal wave assumption was, of course, partly to 

blame.) 

It took the courage of Young a hundred years later to 

restore wave optics to its full rights. After he founded 

the science of physiological optics, Young became interested 

in light. In 1798 he performed some experiments on light 

and sound which he described to the Royal Society in 1801. 

He made use of the analogy of water waves: a sequence of 

ripples moves across a lake and into two parallel narrow 

canals; where they join again, depending on the difference 

of length, they either augment or extinguish each other. 

He described this mutual destruction as "interference". 

"I maintain that similar effects will take place wherever 

two portions of light are thus mixed and this I call the 

general law of the interference of light" (Young, 1801). 

He first demonstrated the effect two years later, using 

sunlight through a pinhole as a primary source and the two 

diffracting edges of a strip as the secondary sources. 

(Most textbooks give a distorted account of this story, e.g. 

Jenkins and White, 1957.) 

About the same time Fresnel (1826) came to the same 

conclusions as Young, and later established a close 

correspondence with him. Fresnel improved the conditions 
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for the observation of the fringes by eliminating the ground 

glass screen and using a lens instead to view the fringes 

in space. He worked out a precise mathematical theory for 

light waves, using Huygens' principle. He presented it in 

final form in 1818. Together with Young, they discovered 

the transverse nature of light—waves, which enabled them to 

explain polarization. This way they could account for the 

fact that two perpendicularly polarized beams do not give 

interference fringes. 

The high tide was reached with Fresnel, Arago, Hamilton 

and Airy. Then followed a relatively quiet period. The 

second "tidal" wave came in the second half of the last 

century, with Abbe's diffraction theory of the microscopic 

image. It reached its peak with Michelson's interferometry, 

and Maxwell's electromagnetic theory of light, Michelson 

established the class of two—beam interferometers which are 

based on the division of wave amplitude. This, coupled 

with the use of extended light sources, makes a much higher 

intensity available. Also the two beams can be widely 

separated, and various objects can be interposed in one 

beam, so these interferometers (Michelson, Twyman and Green, 

Jamin, Mach—Zeider) can be utilized for various purposes. 

It was Michelson who first used interference to obtain 

spectral information about the light—source (1891, 1892). 
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In modern terminology, he discovered that the Michelson 

visibility gives the amplitude of the complex interference 

function or degree of coherence, of which the energy distri—

bution is a Fourier transform. 

Then another low tide came; for example Michelson's 

stellar interferometer idea was not applied for thirty 

years. It is true that these were the years of the most 

brilliant developments in quantum mechanics and related 

fields. Among others, the theory of radiation fluctuations 

was worked out, admittedly only for closed systems; its 

importance for travelling light beams was realised only 

recently. 

The third "tidal" wave of physical optics started in 

the late 1930s. The modern concept of partial coherence 

was arrived at in 1938 by Zernike (1938). According to his 

definition, two light vibrations are incoherent if their 

second order correlation coefficient is zero. So he recog—

nized the significance of correlation as a measure of 

coherence. After the war, Gabor (1946) introduced the 

complex analytic representation for wave amplitudes, which 

has been used since to develop the coherence theory (see 

Born and Wolf, 1959). 

The modern coherence theory puts the emphasis on 

commonly measured quantities of experiment as a starting 
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point of theory (Wolf, 1954). Hence -bile central role of 

second—order correlation functions and their Fourier 

transform, the spectral density function which one can 

obtain from the visibility curve of a two—beam interfero—

meter. On this basis it is possible, for example, to 

define the coherence time of thermal light as the normalized 

r.m.s. width of the Michelson visibility curve (Wolf, 1958). 

The fourth order correlation function can be determined from 

the intensity fluctuations in a two—beam interferometer. 

(Hanbury Brown and Twiss, 1956, 1957a). As the intensity 

correlation depends on the degree of polarization, the 

latter, in principle, can be found from correlation measure—

ments of two partially polarized beams (Wolf, 1960). Even 

the phase of the correlation function can be obtained by 

using an auxiliary coherence light—source or by triple 

correlation (Gamo, 1961). From the detailed examination 

of the interference effects in a two—beam experiment, one 

is led to the concept of cross—spectral purity (Mandel, 

1961b). As these examples illustrate, modern coherence 

theory shows that we can obtain all the necessary infor—

mation about a Gaussian light source with the help of a 

two—beam interferometer. 

The advances made on the experimental side were also 

significant in this third period. Using centimetre 
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microwaves, Hull (1949) demonstrated all the microwave 

analogs of optical phenomena (polarization, diffraction, 

etc.), and produced interference "fringes" by using two 

independent sources. Janossy and co-workers (1957) re-

examined the so-called "duality paradox" of light. In a 

Michelson-type interferometer with long armlengths, 

exceeding the coherence length, they found that, even at 

very low intensities when only one photon passes through 

the apparatus during the coherence time, the fringe modu-

lation remained the same. This was expected from quantum 

theory because, in an interference field, each photon 

interferes only with itself and hence the intensity of the 

beam is immaterial (Dirac, 1958). Adam et al (1955a) also 

put photon counters in the way of the two beams and did not 

find any correlation above the normal rate of accidental 

coincidences. This they interpreted as meaning that the 

photons at the beam splitter pass only one way or the 

other; again as expected from quantum mechanics. Neverthe-

less, when in the first experiment they changed the position 

of one mirror, all the photons were redistributed, so the 

photons were apparently influenced in their behaviour by 
frovn 	%loam 	rp7¢c±4 

a mirror, titrebIgh which they dtd not pmts.. This is the 

"paradox" that arises if we want to construct a pictorial 

model of a light-beam as distinct from the mathematical 
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description of it in Quantum mechanics. 

At about the same time, Hanbury Brown and Twiss did 

prove that there exists a small correlation between photons 

in two coherent beams of light (Hanbury Brown and Twiss, 

1956, 1957a). They had earlier developed a new interfero—

meter to measure the angular diameter of extra•-terrestial 

radio sources which was an extension of the Michelson 

stellar interferometer. Here the measurement of the cor—

relation of intensity fluctuations from two antennas played 

the central role (Hanbury Brown et al, 1952; Hanbury Brown 

and Twiss, 1954). Later in a laboratory experiment they 

extended the principle to visible light. In this experi—

ment a quasi—monochromatic light—beam from a mercury source 

fell onto a half—silvered mirror and then on two photo—

multipliers, one of which was movable across the beam. The 

photoelectric outputs of the photomultipliers were amplified 

and filtered, then fed to a correlator; an integrating motor 

indicated the correlation. Great precaution was taken to 

reduce the noise, drifts, etc. which were inevitable in 

the observation of a very small effect. The two photo—

cathodes were (virtually) superimposed as seen from the 

source, and then moved away. The correlation of the two 

outputs was observed as a function of positional change of 
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the cathodes. The expected correlation was calculated 

assuming a "wave interaction noise", as the authors called 

the above-mentioned photon correlation, and taking the 

geometry of the arrangement and the characteristics of the 

detectors into account. There was a reasonable agreement 

between theory and experiment. Since then the effect was 

more thoroughly investigated experimentally, using corre-

lation methods (Hanbury Brown and Twiss, 1957b) or pulse 

counting (Rebka and Pound, 1957; Brannen et al, 1958; Twiss,  

Little and Hanbury Brown, 1957). The theory of the effect 

was worked out by several people, who explained it either 

classically (Hanbury Brown and Twiss, 1957a; Wolf, 1957; 

Janossy, 1957, 1959) or quantum mechanically (Purcell, 

1956; Mandel, 1958; Kahn, 1958) as a result of fluctuation 

caused by the instantaneous interference between independent 

wave-trains or alternatively as excess photon noise due to 

the bunching effect, characteristic for boson particles. 

Another important experiment was carried out by 

Forrester, Gudmundsen and Johnson (1955). They observed 

beat-notes resulting from the photoelectric mixing of two 

completely independent light-beams. The difference fre- 

quency had to be greater than the linewidth 	109  c/s) 

so they utilized a spectral doublet produced by Zeeman 

splitting. Even so the expected signal-to-noise ratio was 
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very low: - 10-4  . This is a common feature of all these 

experiments: the degeneracy of thermal light, i.e. the 

number of photons in the same quantum state, is much less 

than one (Mandel, 1961a), so the probability of detecting 

photons interfering in the same cell of phase-space is also 

very small. In the experiment the signal had to be modu-

lated for easier separation from the noise and amplified 

in a narrow-band amplifier in order to detect it. "It 

implies an interference between light originating in 

different atoms, which many physicists find contradictory 

to their ideas about the nature of interference". They 

predicted that, with less degenerate light, the effect 

would be easy to observe. 

Finally, an effect reminiscent of interference was 

observed by Alford and Gold (1958) and analysed by Givens 

(1961) and Mandel (1962a). Two coherently modulated light 

beams were superimposed on a photodetector. Although the 

path-difference was much longer than the coherence length 

of the light, the photoelectric output, coming through a 

sharply tuned filter, showed an effect analogous to inter-

ference: the signal was modulated as the path difference 

varied. It was shown by Mandel that the Alford and Gold 

effect differs significantly from ordinary interference: 

it strongly depends on the degeneracy parameter and is 
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proportional to the second degree of the cr,7)ss-correlation 

function. Hence it belongs to the same class of phenomena 

as the Hanbury Brown and Twiss intensity correlation. 

These novel phenomena found a certain element of oppo-

sition among some physicists. Brannen and Ferguson (1956) 

tried to repeat the Hanbury Brown and Twiss experiment and 

reported a negative result. They also quoted the experi-

ment by Adam et al (1955b) which failed to find a positive 

correlation too. They remarked: "It would appear to the 

authors and also to Prof. Janossy (private communication) 

that if such a correlation did exist, it would call for a 

major revision of some fundamental concepts in quantum 

mechanics." In fact it was shown by others that these 

negative experiments were too insensitive to detect any 

such effect by at least four orders and seven orders of 

magnitude, respectively. Both these groups later repeated 

their experiments with much improved sensitivity and detected 

the expected effect. It was also shown that it would not 

call a major revision of quantum mechanics: in fact it is 

a confirmation of a typical quantum effect. 

When Forrester et al first proposed their beat experi-

ment (1947), there was also some opposition. Griffin (1948) 

doubted the practical possibility of observing the light-

beats on an extended photocathode. Makinson (1949), who 



gave a classical treatment to the photoelectric enissions  

showed that the percentage modulation due to beats would 

be very small, because the phase of beats varies with the 

electron velocity. Nevertheless the presence of beats was 

experimentally indicated. 

Hence it was important to arrange an experiment which 

would unambiguously show a phenomenon belonging to the 

same group of effects, the fluctuations of light beams. 

This effect was the direct observation of radio frequency 

beats and optical interference between two independent 

light beams. The latter forms the subject matter of the 

present thesis. 

There was also some scepticism as to the practical 

value of the classical correlation theory of VTolf and 

others (cf. for example Glauber's remarks (1963b) that such 

an approach restricts its application to the treatment of 

field distributions which are statistically stationary in 

time). We tried to show in our work that the modern 

coherence theory is capable of predicting and describing 

such important new phenomenon like the transient inter—

ference fringes due to two independent light beams. 

An important achievement of this third period was the 

development of the optical maser, which opened up new 

fields; a number of experiments, like our own, which 
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hitherto were thought to 11.: impractical, became a 

reality. 

(b) Optical masers. 

Although this is a very young offspring of modern 

physics, it has grown to such proportions that it is 

impossible in the present framework to survey the whole 

territory. Recently a number of reviews were published 

(e.g. Heavens, 1962, 1964; Bennett, 1962; Yariv and Gordon, 

1963; Lengyel, 1962; Birnbaum, 1963, etc.). What we attempt 

here is to summarize briefly those developments which have 

some direct relevance to our work, namely properties of 

ruby lasers, Q-spoiling techniques and non-linear laser 

effects. 

It was Einstein (1917) who first postulated the exis-

tence of stimulated emission from thermodynamical consid-

erations. The practical utilization of the effect waited 

until the 1950s, when in the USA and the USSR, independently, 

the principle was applied for the construction of molecular 

oscillators and amplifiers in the microwave region (maser) 

(Gordon et al, 1954; Basov and Prokhorov, 1954). Communi-

cation engineers were led to the principle of masers by the 

need to produce generators of shorter and shorter wave-

lengths. There is a limit to the size of conventional type 



of resonators, beyond which miniaturization becomes extremely 

difficult. On the other hand nature has provided the 

required oscillators in the form of molecules and atoms, 

emitting electromagnetic radiation. The only problem was to 

find a way for coherently coupling them, because of the 

feeble intensity of the individual oscillators. The solu—

tion was found in inverting the population between two 

atomic energy levels and using stimulated emission and feed—

back. The active medium is brought into a non—equilibrium 

state so that there are sufficient number of atoms in the 

upper, excited state to give a small gain per pass during 

decay in the resonator. In the case of the ruby laser, 

this means that more than half of the atoms must be excited 

before oscillation can build up, because the terminal state 

is the ground state. The excitation is brought about by 

fast optical pumping, with the help of an r.f. discharge or 

high current pulses, and then stimulated emission couples 

the individual wave—packets into a coherent oscillation 

long before the spontaneous emission would depopulate the 

upper level. The active medium is built into a suitable 

resonator, normally a pair of highly reflecting optical 

quality mirrors in a Fabry—Perot type arrangement. During 

the passes the radiation is amplified until saturation sets 

in. A small loss in the end—mirrors couples the oscillation 
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to the external field. Ba-100,2== The lifetime for stimulated 

emission is much shorter than that for spontaneous emission. 

The linewidth is comexteezpozattrig3zy narrower. The beam has a 

high directionality, a high degree of spatial and time 

coherence, great photon density per bandwidth (i.e. high 

degeneracy). In 1958 Schawlow and Townes (1958) investi-

gated theoretically the possibility of extending this 

principle into the optical region. They realised that a 

maser device in the optical region would be necessarily of 

multimode character, calculated the input power require-

ments, the output spectral width. They suggested optical 

pumping as the means of producing the inverted population, 

the use of Fabry-Perot type resonator, methods of tuning 

and then surveyed specific systems. The first successfully 

operating optical maser was constructed by Liaiman in 1960, 

who used synthetic ruby as the active medium - Cr+++  ions 

embedded in the transparent host lattice of A1203. He 

first observed the depletion of the ground state during 

optical pumping by detecting a sudden decrease of micro-

wave absorption (1960a). Then with a 1 cm crystal, polished 

plane and parallel and coated with silver, he observed the 

narrowing of the R1  (6943 A) line (1960b,c). The epoch 

of lasers was ushered in. 



In the first solid state lasers helical flash lamps 

were used for pumping, requiring thousands of joules for 

reaching the excitation threshold (e.g. 2000 j. for a 

2" x 	ruby — Collins et al 1960). The search started 

for more efficient pumping systems, Miles and Edgerton 

(1961) made use of straight xenon flash—tubes, dimensionally 

matching the ruby, in a cylindrical assembly, with Al foil 

reflectors. They succeeded in reducing the threshold by 

a factor of ten. An even more efficient configuration 

(Ciftan et al, 1961) used a cylindrical ellipse, as light 

condensing cavity, with the ruby and a linear flash lamp 

in the two focal lines. This reduced the input power by 

15 and made convenient cooling possible. For high energy 

output, others (Bowness et al, 1962) developed this into a 

multi—elliptical cavity, although Fried and Eltgroth (1962) 

and also Cummins (1963a) proved that there was not much 

gain compared with the single ellipse. However, theoretical 

calculations by Ackerman (1963) supported Bowness et el. A 

generalization of this scheme was proposed and constructed 

by Roess (1963a,1964); it consisted of an ellipsoid of 

revolution, on the axis of which were the ruby'and linear' 

flashtube, situated symmetrically between foci and walls. 

Apart from further reducing the threshold to 50 j., it 

avoided inhomogeneous magnetic fields around the ruby and 
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ensured rotationally symmetrical absorption of light; these 

features are important in beat—signal detection. There are 

more exotic types of optical pumping systems in which 

exploding wires (Church et al, 1963), a plasma pinch 

(Brandewie et al, 1963) and high explosives (Crosby and 

Honey, 1963) are used, not to mention the special optics 

and geometry of Kbozekanani et al (1962b), or Nelson and 

Boyle (1962) and of Cook (1962) to achieve continuous maser 

action. Improvements in flash—tube operation also lead to 

better laser efficiency. We mention only two cases in 

point. Cook (1961) observed that highest efficiency is 

achieved when the flash—tubes are charged by high—voltage 

and low capacitance condensers. Emmett and Schawlow (1963) 

achieved enhanced ultra—violet output (by a factor of ten) 

of their flash—tubes, operating them in two steps: after 

the first, smaller pulse produced the usual shock—wave, it 

is possible to put in a much higher energy in the second 

pulse and obtain a more efficient discharge, especially in 

the ultra-violet. 

Thermal effects are very important. Abella and Cummins 

(1961) found that the peak of the Ri  line shifts from 

6934 A at — 180°C to 6953 A at 210°C, i.e. 0.065 A/deg. 

Elevated temperatures lead to degradation of performance. 

Wittke (1962) found that the major factor responsible for 



the increased threshold energy was the drop in fluorescent 

efficiency of the .upper level (2E); the linewidth broad—

ening is less significant. Barns and Nathan (1963) confir 

med that, although the total red emission from ruby is 

independent of temperature between 77°  and 500°K, the 

fraction of radiation in the Ri  and R2  lines decreases with 

increasing temperature. McGamber and Sturge (1963) made 

accurate measurements and confirmed that the R lines are 

homogeneously broadened above 90°K. 

Ruby is a very complicated system for optical maser 

action, which gives opportunity for many different, often 

contradictory, studies of the same feature. 

Partially conflicting evidence exists, for example, 

concerning the polarization of the output. Nelson and 

Collins (1961a) reported that for 60°  and 90°  oriented 

crystals complete linear polarization was observed in the 

appropriate direction, while there was no polarization for 

a 0°  specimen. Miyaji et al (1963) found that complete 

polarization existed for 67°  crystals, but even 0°  oriented 

ones showed partial polarization. 

Spatial coherence was one of the first properties to 

be examined. Collins et al (1960) observed the Fraunhoffer 

diffraction pattern due to arectang-ular aperture. Above 

threshold the pattern behaved as expected for a mono— 



chromatic and plane wavefronti they concluded that the 

output was spatially coherent at least over a distance of 

100 wavelengths. Nelson and Collins (1961b) used two slits 

(to perform an interference Young experiment with coherent 

source!) in contact with the rod and confirmed the above 

result. Kisthk and Walsh (1962) obtained interference 

fringes between the two beams energing from the opposite 

ends of a ruby laser. This proved that the two beams were 

substantially coherent. They also claimed that spatial 

distribution was the same for all spikes, but Weisman (1962) 

showed that this did not follow from their experimental 

results and was contradicted by time—resolved experiments. 

The use of two circular diaphragms in the exploration of 

the coherence of the field, instead of two slits, corres—

ponds more closely to a simple two—point correlation, so 

Galanin et al (1963a) used this method and found that the 

various pairs of points all gave interference fringes, 

indicating coherence over the whole area. However, the 

wavefront was not completely plane; this agrees with the 

theoretical prediction of Fox and Li (1960). 

An unexpected find by Collins and Nelson was a sort 

of filamentary behaviour of the rod. From the beam 

divergence (— 0.08°) they calculated the size of these 

elementary apertures to be— 5 x 10-2  cm. Evtuhov and 
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Neeland (1962) found their? sa me -Taxied. between 200 — 800 .4. 
Several people started investigatiu.the emission pattern 

of ruby lasers. Dayhoff (1962), Dayhoff and Kessler (1962) 

used a high—speed framing camera to observe the patterns 

as the laser pulses developed. There were both geomet—

rically regular and random patterns. The details changed 

during the cycle and there were completely inactive areas. 

Aagard et al (1962) showed that in polished rods the 

emission is centered in a spot of size R/n, where R is 

the radius of the rod and n the refractive index of ruby. 

This is similar to the focusing action reported for a 

composite (sapphire sheath) rod (Devlin et al, 1962). 

Evtuhov and Neeland (1963) examined a small, good quality 

ruby, which had a two—lobe far—field pattern. They attri—

buted it to the interference from two filaments, 10-2  cm 

in diameter; and with this assumption the calculated 

pattern and photographic trace agreed. Hence the ruby, 

although it had plane parallel ends, effectively behaved 

like one with curved resonators (due to changes in the 

index of refraction). The obvious conclusion is that the 

radiation pattern must be connected with the optical 

qualities of the crystal. Hercher (1962) reported that 

a relatively homogeneous crystal showed no filamentary 

behaviour. The measured optical path variation within the 
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rod was 1 — 10 wavelengths, i.e. more serious than 

variations in flatness or paallelism. So, in his opinion, 

the large beam divergence was not due to the presence of 

filaments. Stickley (1963a) confirmed the mueh more 

orderly behaviour of high quality crystals and concluded 

that these patterns are higher—order transverse modes of 

an open cylindrical resonator, George et al (1963) 

measured the intensity distribution of the far—field, 

away from the central maximum and found a reduction by 

105at 80°; they explained it as a result of scattering in 

the dielectric coating. 

Collins et al observed relaxation oscillations ("spikes°) 

in the output of their first laser. They occur because 

the rate of stimulated emission is greater than the rate 

of excitation leading to a depletion of the meta—stable 

levels. Johnson (1961) observed that, with a confocal 

ruby — first proposed by Fox and Ili (1960) — one can get 

periodic spiking. With large mirror separation (15 m), the 

spikes take up the character of damped oscillation (curs, 

1962). Regular spiking or damping was observed also by 

Tang et al (1963a) when a single, uniform sweep of a trav— 

elling ruby laser was used. Galanin et al (1963b) showed 

that the repetition rate and amplitude of spikes changed 

linearly with pump power. Ready (1963) found that spikes, 
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coming from various points of opposite ends of a rod, 

through circular holes of 10-2 cm diameter, were correlated. 

This must mean that different volumes are coupled. Mallory 

(1963) reported a high frequency modulation (10 — 100 Mc/s) 

on top of the usual spikes, which he explained as beats 

between slightly different frequencies of the different 

filaments.* 

The problem of filaments and spikes is related to the 

multimo ding of ruby lasers.** Ciftan et al (1962), using 

Using a special geometry, small size crystal and cooling, 

Nelson and Boyle (1962) produced a continuously pumped 

ruby laser. Collins (1961), Koozekanani et al  (1962b), 

managed to suppress spiking by cooling. The same was 

achieved at room temperature with a specially shaped 

crystal (Lipsett and Mandel, 1963a) or electrooptical 

shutters and feedback (Marshall and Roberts, 1962) or in 

a ring—shaped ruby (Walsh and Kemeny, 1963). 

* * 
	

Collins and Nelson (1963) showed that at 4.2 K°  the Ri  

line of ruby is so narrow that in a 6 mm crystal only 

1 axial mode can be excited. Generally, however, it 

is the resonator eigenfreauencies which determine the 

number of axial modes within the.speotral profile. 
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a 40—foot spotrugrapb, .observed about 10 lines within the 
0 

6943 A fluorescent line, which they attributed to the 

different axial modes of the ruby laser. Evtuhov and 

Neeland (1962) found no correlation between spiking and 

mode pattern. Using a Fabry—Perot etalon they were able 

to show the presence of three axial modes during a single 

spike. D'Haenens and Asawa (1962) found that the number 

of axial modes depends on the linewidth and the output 

level. Tang et al (1963b) proposed the following model 

for laser oscillation: it occurs first in one axial mode, 

establishing an inhomogeneous spatial distribution of 

excited ions, which is favourable for the start of other 

modes. This was confirmed by Birnbaum and Stocker (1963), 

who showed that even near threshold, with regular spiking, 

there were many axial modes (not more than two in a single 

spike). Boersch et al (1963) found that mode excitation 

was independent of flash—light intensity. Stickley (1963b) 

related the mode—switching to heating, which causes the 

distortion of the cavity, to the increase in the active 

volume, which brings in greater numbers of defects, and to 

saturation. The role of distortions in multimoding was 

shown by the experiment of Ilipsett and Strandberg (1962) 

who could control the modes by elastic deformation of the 

rod. 
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There were other methods proposed for mode selection 

and enhancement. Baker and Peters (1962) used an external 

aperture — 1.02 mm diameter — between the uncoated end of 

the crystal and an external reflector. In this way they 

limited the angular spread and increased the intensity by 

50%, because the off—axis modes did not take away excitation 

radiation. Okaya (1963) used a converging lens and an 

external spherical mirror to achieve the same ends. However, 

in this case, displacing the mirror from the axis of the 

system suppresses the axial modes and brings in the off—

axis ones. Collins and White (1963) used tilted Fabry—Perot 

etalons to limit the spectrum and narrow the beam angle. 

Rb'ss (1963b) produced less than 1 min of arc beam divergence 

by increasing the mirror distance to 250 cm. Cummins (1963b) 

noted that visual observation of the far field pattern does 

not reveal whether it is due to axial modes or an admixture 

of axial and transverse modes. 

Considerable interest was shown in the related topic of 

the ring—structure in the far—field pattern. Abella and 

Townes (1961) put a double—slit in the way of the ring 

pattern and obtained interference fringes; they concluded 

that the various "angular modes" must have the same fre—

quency, probably due to effective coupling by scattering. 

D'Haenens and Asawa (1962) assumed that the laser emission 
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is generated in axial modes near threshold and then strains, 

dislocations scatter light into a continuum of angles. The 

beams interfere only at discrete angles. They showed that 

at higher inputs there was a broad background, indicating 

continuous frequency distribution due to off-axis modes, 

and this explains the increased beam-divergence too. Shimoda 

(1963) also could not accept the "angular mode" explanation 

and proved that the rings were due to interference in fila-

mentary axial modes. Stoicheff and Szabo (1963) reported 

experiments which definitely disproved the off-axis origin 

of the rings: they occurred at threshold, they were indep-

endent of temperature and light in the rings had the same 

wavelength as axial modes of the ruby. 

The time-coherence of the stimulated emission belongs 

to the same group of problems. There are two main methods 

for its investigation: time-resolved interferometry and 

photoelectric mixing. Hughes (1962) used a Fabry-Perot 

etalon followed by a rotating mirror camera. He observed 

that emission starts in the centre and later spreads over 

the whole face. In a single spike he detected one or two 

(occasionally more) frequency components. From spike to 

spike there was a steady progression towards longer wave-

lengths which cannot be explained by thermal shifts. He 

assumed that emission starts near the centre of the H1 line 
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and then slightly lower down on the R1  profile and so on. 

Then Hughes and Young (1962) observed the first few spikes 

near threshold and showed that each spike was associated with 

a single mode, but several mode sequences occurred, assoc—

iated with difTerent_regions of the crystal which emitted 

independently. Hanes and Stoicheff (1962) used an image 

converter camera for time resolution, and their findings 

agreed with the above results. They estimated the spectral 

line widths as between 4 to 10 Mc/s. They attributed the 

wavelength—shift to frequency—pulling of the cavity. De 

Maria and Gagosz (1963),with the same technique, observed 

two modes per spike and they proposed the hole—burning 

model of oscillation. Borie and Orszag (1962) reported up 

to four modes per spike and a linewidth of 7 Mc/s. Clark 

et al (1962) found periodic emission from filaments with a 

frequency of 40 Mc/s. Ridgway et al (1963) and Sticq.ey et 

al (1963) observed mode switching within a spike. Vienot 

and Bulabois (1963) reported very intense pulses of a few 

hundred IA sec duration followed by a sequence of longer 

pulses. Korobkin and Leontovich (1963) found 5 - 8 axial 

modes at room temperature and 3 - 4 at — 1650C in a single 

spike. They attributed the beam divergence not to non—

uniformities of the crystal, but to changes of the resonator 

brought about by the laser action. 
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Photoelectric mixing for measuring the laser output—

spectrum was suggested by Forrester (1961a,b), although he 

was criticized by Smith and Williams (1962) for applying 

the formulae valid for thermal light. Herriot (1962), 

McMurtry and Siegman (1962) (see also McMurtry, 1963) 

measured the beats between axial modes of a ruby optical 

maser, by mixing them on the photocathode of a travelling 

wave tube; the individual linewi-dths were found to be 

— 2 Mc/s. This showed that primarily they are limited by 

the duration of the spike (0.5 µ sec).* Because of the 

possibility of phase coupling between modes (Haken and 

Sauermann, 1963), the measurement of the beats between two 

independent ruby laser beams provides a more reliable 

measure of the coherence time. This experiment was carried 

out by Lipsett and Mandel (1963b), whose results agree with 

McMurtry and Siegman. The work of Berkley and Wolga (1962) 

should also be mentioned, who tried to measure the coherence 

time using interference produced by two parts of a divided 

wave—front from a ruby laser; they found less than 1% 

visibility for a delay time of 0.1 µ sec. This conclusion 

Wittwer (1963) detected beats above 34 Gc/s, when his 

axial mode separation was 1.65 Gc/s. Heinlein and Roess 

(1963) eliminated the influence of the magnetic field of 

the flash tube and were able to detect a power—dependent 

splitting of axial modes in a photomixing experiment. 
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can however be criticised for their implicit assumptions 

about spatial coherence (see Lipsett, 1963). 

For really high power operation a special method, the 

Q—spoiling technique, was developed; this consists of the 

introduction of high losses into the resonator cavity during 

most of the pumping time and the subsequent release of the 

excitation energy within a very short time. The pioneers 

of the method were McClung and Hellwarth (1961, 1962, 1963), 

who used a Kerr—cell with a polarizer between the ruby and 

an external mirror. With slow switching 	500 nsec) they 

obtained — 40 k1W peak power in a single pulse, compared with 

the normal integrated output of — 5 kW, while with fast 

switching 	5.11sec) they were able to produce a pulse of 

about 15 MW. These figures are in agreement with the 

theoretical calculations of the authors as well as those of 

Wagner and Lengyel (1963). Vuylsteke (1963) proposed two 

new methods for switching, which would give even higher 

powers: "pulsed reflection mode switched to critical 

coupling" — 170 MW in 8 nsec and "pulsed transmission mode" 

— 900 MW in 1 nsec. Meanwhile others were experimenting with 

different Q—switching devices. Collins and Kisliuk (1963) 

put a rotating wheel with a slot between the ruby and an 

external mirror. The resonator was fully open for about 82 

µsec and the gain in peak power was 6. Maker et al (1963) 
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used a totally reflecting prism, rotated at 400 cps, and 

reported a pulsewidth of — 15 nsec and 120 mj energy. 

Masters and Ward (1963) used a distant mirror and observed 

a 50—fold increase in peak power together with a reduction 

in the number of spikes. Grant (1963) made use of a thin 

sheet of aluminized mylar film as a Q—spoiling agent; this 

was burnt out at the beginning of the stimulated emission 

and a giant pulse of 1 p sec duration, with 1 MW power, was 

released. Masters et al (1963) similarly used an easily 

vaporized absorbing film and got a 20 — 40 nsec risetime. 

DeMaria et al (1963) passed the laser light through an 

ultrasonic field and utilised the change in refractive index 

for swithcing. Amplitude, risetime and pulse duration were 

comparable with the Kerr—cell method. Helfrich (1963) made 

use of the Faraday effect in glass together with a Nicol 

prism; the result was a giant pulse of 600 kW power and 

60 nsec base—width. Peressini (1963) proposed not to switch 

out inserted loss, but to switch in additional gain by using 

two ruby rods and a Kerr—cell inbetween the cavity, in such 

a way that stimulated emission takes place only when the 

two rods are coupled by the cell. This has the additional 

advantage of frequency selection. First results indicated 

30 MW output in a 25 nsec pulse. 
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The advent of high—power lasers has made possible the 

observation of a large number of new non—linear effects in 

optics, i.e. effects associated with other than linear 

relationships between the induced charges and currents and 

the driving electromagnetic fields. The theory has been 

worked out by several people (e.g. Kleinman, 1962a,b,c; 

Armstrong et al, 1962; Bloembergen and Pershan, 1962; 

Bloembergen, 1963a; Hellwarth, 1963; Bloembergen and Shen, 

1964). 

The first effect observed was the generation of second 

harmonics (SHG) in crystalline quartz by Franken et al 

(1961). They established that about 1:1012  of their 10 kW 

ruby laser output was converted into ultraviolet radiation. 

Bass et al (1962) focused two ruby laser beams (one at room, 

the other at liquid N temperature) into triglycine sulphate 

and detected the two basic harmonic and the slim frequencies. 

Gordmaine (1962) produced SHG in KDP crystal from unfocused 

laser light. Boyne and Martin (1962) and Abella (1962) made 

accurate spectroscopic measurements to prove that the ultra—

violet was really the second harmonic of the fundamental 

frequency; their accuracy was 3 parts per million and 1.5 
ppm, respectively. Savage and Miller (1962) investigated 

8 different piezoelectric crystals from the point of view 

of their SHG efficiency and found that hDP and ADP were the 
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two most efficient media. Maker et al (1962) matched the 

wave—vectors of the red and blue light and used focused 

light; a conversion efficiency of 1:10 was achieved. Later 

Terhune et al (1963) observed that at 225 the SHG saturated. 

Saturation occurs because the practical conditions of SHG 

differ in several aspects from the ideal situation, worked 

out by theory, which would allow 1005 conversion. Miller 

et al (1963) studied SHG in ferroelectric—type crystals. 

Wright (1963) noticed that when the dielectric crystal was 

placed inside the laser cavity the peak amplitude of the 

SHG increased by a factor of 21. Barrett and Weber (1963) 

and Himbarger and Bjorkstam (1963) investigated the temper—

ature dependence of SHG. Changes of temperature destroyed 

the phase—matching condition, but when it was restored for 

the new temperature they could not detect any temperature 

dependence of the SHG mechanism itself. Continuous optical 

harmonic generation in IMP by the 1.15 1.1 wavelength radiation 

of the He—Ne gas laser was reported by Ashkin et al (1963) 

and four days later (!) by Adams and Schoefer (1963a), who 

used the 6328 2 line. They both had about 8.1014 W second 

harmonic power. The reason that SHG for low intensity gas 

laser beams is observable is due to the fact that a long 

coherence length is possible for the cw beam with a single 

transverse mode. For the same reason they were able to 
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measure more accurately the non—linear iinsor component 

of the dielectric constant. 

In the new field of non—linear optics these first 

practical achievements were almost exclusively concerned 

with the extension of the laser spectrum into new regions. 

The nature and properties of the light so obtained remained 

unexplored. The most important question in this respect 

is whether it preserves the coherence properties of the 

inducing primary laser light. In most theoretical treat—

ments (cf. Bloembergen 1963b), a driving harmonic field, 

the laser beam, is inducing a non—linear polarization of 

the crystal atom and the induced fields will propagate in 

all directions; a positive output can be obtained only in 

the direction where they interfere constructively. From 

this treatment one would expect that the coherence proper—

ties of the fundamental light are preserved. The use of 

partially coherent beams for SHG leads to the reduction of 

the efficiency and to fluctuations in the output (cf. 

Ducuing and Bloembergen, 1964). We have insufficient 

knowledge of the detailed processes, and the investigation 

of the spatial coherence of the SHG light compared with 

the fundamental might be a valuable tool for the descrip—

tion of the details of the mechanism. The information 

also is very useful for the potential users of this light. 
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There are other interesting non—linear effects 

observed recently. Terhune et al (1962) detected third 

harmonic radiation generated in calcite and also in iso—

tropic materials (Maker et al, 1963). Ducuing and 

Bloembergen (1963) reported non—linear reflection and 

refraction. Fluorescent double photon excitation was 

observed in CaF2:Eu2+  (Kaiser and Garrett, 1961) and in 

organic crystals (Peticolas et al, 1963; Singh and 

Stoicheff, 1963). Mixing of different sources: incoherent 

light from a mercury source with laser light (Smith and 

Braslau, 1962); second harmonic light with laser light 

(Terhune et al, 1963); 6328 and 11523 A lines from two 

gas lasers (Adams and Schoefer, 1963b) also gave the 

expected beat—frequencies. Direct generation of second 

harmonic light in Ga As injection lasers was detected by 

Armstrong et al (1963). An unexpected effect, stimulated 

Raman emission in liquids, was discovered by Woodbury 

(Woodbury and Na, 1962; Eckhardt et al, 1962). It was 

used for molecular spectroscopy of liquids by Stoicheff 

(1963); of gases by Minck et al (1963). 



Chapter II. 

THEORY OF INSTANTANEOUS INTERFERENCE 

OF LIGHT-BEAMS 

Interference effects with light can be divided into 

three groups (Mandel, 1962a,b). The first consists of the 

normal stationary optical interference, which is described 

by the usual second order cross-correlation function of 

coherence theory (cf. Born and Wolf, 1959) and is indepen-

dent of absolute light intensity. These stationary inter-

ference phenomena can be obtained both with thermal and with 

laser light. Traditionally they are subdivided into the 

wavefront-division and the amplitude-division type, the 

latter being either two-beam or multiple-beam. The same 

interferometers can be used with laser sources, utilizing 

the much larger coherent wavefront and coherence length 

(see for example Collins et al, 1960; Berkley and Wolga, 

1962; Morokuma et al, 1963). 

The second group consists of instantaneous interference 

effects. They are not stationary but transient and depend 

on the degeneracy of light, i.e. on the number of photons 

in the same cell of phase space. They may be subdivided into 

beat and fringe effects. The first is indirectly observable 
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with two independent thermal light—beams (Forrester et al, 

1955), when the degeneracy parameter is low, but not vani—

shingly so, because the measurement is in the time domain, 

where one can wait long enough for the information to 

accumulate. Beats are readily observed with lasers, either 

between different modes of the same source (McMurtry and 

Siegman, 1962) or two independent sources (Javan et al, 

1962; Lipsett and Mandel, 1963). Indeed, this is becoming 

one of the standard methods of laser spectroscopy. The 

other subgroup contains the transient fringe effects, which 

require laser sources to be observed; they will be discussed 

in detail later in the chapter. 

The third group includes the Hanbury Brown—Twiss and 

the Alford and Gold effects. They depend both on the cross 

correlation function and the degeneracy parameter; if either 

of them becomes vanishingly small, the effect cannot be 

observed. For an ideal laser beam the intensity correlation 

effect does not exist, as Mandel pointed out (1963a). 

There is a possible fourth group, although no experi—

mental work on it has been done yet. Theoretically it has 

been shown both on the basis of the semi—classical (Mandel, 

1963a) and the quantum theory (Glauber, 1963a), that with a 

non—ideal laser beam, which has a non—Gaussian distribution, 

higher order correlations might become significant. 



40. 

The distinction between stationary and transient intc)r—

ference has become very important, because with the advent 

of lasers some confusion existed about the coherence time 

of a laser. Golay (1961) rightly pointed out that the 

concept of coherence is independent of bandwidth and people 

are mistaken when they take "narrow—bandedness" of radiation 

as a measure of coherence. He also made the correct distin—

ction between ordinary thermal light having a Gaussian 

"molehill" amplitude distribution, centred on zero and 

laser light having amplitude stabilization, or a "mole—run" 

distribution with low probability at the centre. However, he 

was criticized by Bracewell (1962) for confusing_ amplitude 

consistency with "coherency". Neugebauer (1962) tried to 

extend the usual meaning of coherence to finite time inter—

vals and suggested an operational definition of coherence: 

"two beams are coherent when they produce interference 

fringes that can be observed". Mandel (1962b) showed that 

it was not sufficient to distinguish between short—time and 

long—time coherence, like Neugebauer did, but the concept 

of degeneracy of radiation had to be included, to distinguish 

transient coherence from the stationary one. Mandel also 

realized (1962c)that with the advent of lasers the transient 

interference effects from two independent sources Would 

become readily observable for the first time. Ready (1962) 
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noted that for ruby lacers the coherence time is not deter—

mined by the reciprocal bandwidth of the atomic line but by 

the Fabry—Perot cavity. He also predicted the possibility 

of observing interference fringes during the coherence 

time, although it is not clear what type of interference 

he had in mind. Mandel and Wolf (1962) showed that the 

different measures of coherence time introduced by them 

(Wolf, 	1958; 
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(where yM is the usual autocorrelation function of modern 

coherence theory) might be equal but the corresponding 

6\71  and 1v2  might differ, hence the reciprocal relation 

Lt, 1/Ay must be treated with caution, especially in the 

case of optical masers. 

The problem of the transient interference fringes can 

be treated either classically or quantum mechanically. The 

first should be preferred on the grounds of mathematical 

simplicity 

the lasers 

giving out 

properties 

finally on  

(Magyar and Mandel, 1963a, b), also because in 

we have for the first time a light—source, 

waves in the true sense, i .e. their fluctuation 

are like those of waves (Mandel, 1963a) and 

some philosophical grounds (Magyar, 1964), On 
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the other hand, the quantum-mechanical concept of degeneracy 

and intrinsic indistinguishability of photons (Mandel, 1961a, 

1962b, 1964a, b) 	is indispensable for a genuine appre-

ciation of the phenomenon. So we shall base our treatment 

on classical concepts, and occasionally refer to the quantum 

picture. 

Modern atomic theory explains the emission of light by 

electronic transitions in the atoms. Hence it is easy to 

show that for the normal stationary interference fringes 

one needs a single light source, because the sudden ampli-

tude and phase-changes occurring in it will not influence 

the relative phase-difference between the two beams. When 

we try the same experiment with two independent sources, the 

swiftly shifting transient interference patterns will cancel 

each other. A particular "fringe system" will stay only for 

the duration of a wave train or more precisely for a time 

less than or of the order of the coherence time, defined 

in equation (1); for the purest of the thermal sources this 

is of the order of a few nanoseconds. So for all detectors 

with a longer resolving time the effect is unobservable. 

Suppose, however, that we can construct a gated image 

intensifier with high enough gain to make observations 

during - 10-9  sec. On the basis of a simple theory we 

might expect to observe interference fringes: two 
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exponential functions, representing two independent wave-

trains at an instant of time, when multiplied together will 

give a cross term, corresponding to interference. We cal-

culate the effect in classical terms. Let us represent the 

two independent beams in a Young-type interferometer by 

the complex analytic random functions (see Born and Wolf, 

1959) v1(t - 2) and V2(t + t.) (ct being the optical path 

difference, measured from a point on the optic axis of 

the system). Then at a point in the plane of detection, 

where the beams are superimposed to give interference 

fringes, the resultant wave amplitude is 

v(t) = vi (t 	+ v2(t + 	 ....(2) 

The instantaneous intensity of a wave in this representation 

is 
1(t) = v#(t) v(t) 	 11'000(3) 

This is a very important step in the theory; in the des-

cription of stationary interference we usually take 

averages. Here averaging does not apply and this makes 

the quantum mechanical description fairly involved, while 

classically the instantaneous values are perfectly per-

missible. The instantaneous intensity for the two super-

imposed beams (substituting (2) into (3)) is 
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I(t) = I1  (t+ I2(t + -1p + 2Re[V4(t 	12-)V2(t + 

....(4) 

Now a quasi—monochromatic beam can be represented as a 

harmonic oscillation modulated by a slowly varying envelope: 

V.
3
(t) = 	

3% 	
explarivjt + ipi(t).] 	00414(5) 

where vj  is the mid—frequency of the light and pj(t) is a 

random phase function. (Envelope representation — see 

Mandel, 1963b.) 

ItoanbeshownthatI
0
.Mand. Pj(t) vary slowly in a 

time T (the time of observation) short compared with the 
ti 

coherence time A/ (Appendix A). So expressing V1(t 

and V2(t +IL) in the form (5) and substituting into (4), 2 
assuming T << A' and / 	we obtain 

I(t) = I1  (t)+ I2(t) + 2fI1(t)I2(t) cos[27(v2—yt + Tr(v 2+Nyt 

(P2  (t) 	PI  M] 

....(6) 

As we see, apart from the two separate intensities we get 

a cosine modulated cross—term which we interpret partly as 

beats ((v2 	vi) term) and partly as fringes ((v2  +vi) 

term). The presence of p2(t) 	cpi(t) means that, since 

these are random phase functions, the position of the 
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minima and maxima is unpredictable. 

In the experiment (to be described later) we are 

recording the results in the form of photoelectric signals 

S(t1T). So for the observation time T << A'C we obtain 

S(t,T) by integrating (6) term by term: 

t+T 
S(t,T) 	a  

I i(v)at' = Ii(t) + I2(t) + T 	T 
t 

+ 2/I1(t)I2(t) cos[27(v 2—v1)(t + 2) 

+ Tr( v2 +v1 )1 

P2(t) (Tim]  
sinTr(v 2—v1)T 

Tr(v 2—v1  )T 

4, 4, 00(7) 

(a,  is a constant, standing for the quantum efficiency of 

the photoelectric surface). The significance of the extra 

factor in the cross—term will become clear later when we 

discuss the practical difficulties of the experiment. It 

is preserved in the expression for the Michelson visibility: 

'max Imln 	2 
1) — 

	

	
sin Tr(v2  — vl)T  

Imax + Imin (I1/12yi (I 2/I) 	TT(v 
2 	v1)T  

....(8) 
It is sufficient to say here that even if all the other 
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conditions for maximum visibility are fulfilled, a signi—

ficant difference between the centre frequencies of the 

two independent beams, in comparison with 1/T, would 

seriously reduce the visibility. 

The analysis is equally valid for thermal or laser 

light if the condition T << G.t is fulfilled. The assumption 

about the sinusoidal nature of light waves within A.t is good 

for both cases. If we use lasers, the derivation assumes 

single mode output from the two lasers and alignment of the 

detector in the plane of superposition normal to the optical 

axis of the system. Any deviation from these conditions 

would also worsen the visibility (see Appendix B). 

As we mentioned earlier, the effect can be detected as 

beats in the Forrester et al experiment with ordinary 

thermal light. The question is: can we observe optical 

fringes in this case? Accepting Neugebauerts operational 

terminology, can we talk about coherence of two such beams 

within AV? In order to answer this question, we have to 

include the aspect of the degeneracy of the beam (Mandel, 

1961a). The number of photons of frequency v collected in 

the coherence time by a coherence area is 

C2 
N = 	E Ay 

v 2 v 

For a blackbody source at equilibrium temperature this 
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becomes (Einstein, 1912) 

— 	1 	 ....(10) 
exp(h VkT) — 1  

where E. is the degeneracy parametzr. For a typical thermal 

light—source 6 is — 10-4. Even for the purest conventional 

light—source it is — 2.10-2. This is then the probability 

of observing more than one photon in the same cell of phase 

space. Clearly, it is highly improbable to get observable 

fringes and we cannot speak of coherence in the sense 

defined above. 

The situation radically changes with the invention of 

lasers. In a typical case of a ruby laser, used in the 

reported experiment, the energy given out by a filament 

(area — 10-3  cm2) within a spike of psec duration is 

estimated to be about 0.001 J. Assuming that near threshold 

this is divided between very few axial and off—axis modes, 

the degeneracy of the beam, using equation (9), will be 

> 1012. This makes the experiment possible. Hence two 

independent ruby laser beams can be called coherent in the 

optical sense within a time of the order — 2 µsec. In 

principle, the experiment could be used for an unambiguous 

measurement of the coherence time of lasers. We shall see 

the practical difficulties of such a measurement. 



It should be emphasizea tlint the requiromen-L of large 

degeneracy originates in our definition of transient 

coherence. Mandel (1960) had shown that by using a very 

special technique, namely by placing line apertures of the 

dimension of fringe spacing in front of a photomultiplier, 

one could measure the presence of transient interference 

fringes from the excess fluctuations in the output of the 

photo detector, even with non-degenerate, thermal light-

source. Of course, here we would be again transferring our 

experiment into the time domain where we can afford to wait 

for longer time-interval than just one coherence time, and 

even then we would get an indirect indication of the 

phenomenon. 

There is a completely equivalent description of the 

experiment in the quantum mechanical approach (Magyar and 

Mandel, 1963a). The detailed mathematics of it was worked 

out by Mandel (1964a). He showed that the oversimplified 

treatment by Paul et al (1963) does not bring out the 

specific features of the transient interference effect. 

The mathematical description is much more complicated than 

in the classical picture; we shall not go into it here. 

We can mention briefly that the often quoted expression 

of Dirac (1958) about the photons interfering only with 

themselves is still valid for this experiment, because in 
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the plane of detection the photons in the clam cell of 

phase space are indistinguishable from each other, whether 

they come from two virtual or real sources. Interference 

effects normally depend on the existence of coherent super—

position states. In the case of incoherent beams the 

ensemble average of the number of photons contains no 

information about interference. However, in a short—time 

observation ensemble averaging does not apply. So two 

photons, not in orthogonal spin states and with approxi—

mately hAv  parallel momenta, covering a range ---, may be 

regarded as coherent in a time interval short compared 

with 1/Av. Hence, when the mean occupation number of each 

cell of phase space is much greater than one, interference 

fringes ought to be observable. 



50. 

Chapter III. 

EXPERIMENT FOR THE OBSERVATION OF 

INTERFERENCE FRINGES PRODUCED BY THE SUPERPOSITION 

OF TWO INDEPENDENT RUBY LASER BEAMS. 

(a) Optical and mechanical design.  

After the experiment on the observation of transient 

interference fringes has been shown to be feasible in 

principle, the possibility still remains of doing it in a 

variety of ways. It could be done in a wave—front or in 

an amplitude division type interferometer. We chose the 

Young—type arrangement because it is easier to align than 

the Michelson—type interferometer. There is also the 

difficulty of circular fringes in the farfield pattern of 

a ruby laser (see introduction) and circular thin film 

fringes produced in the image tube (Pautier — private 

communication) which are more easily distinguished from 

straight fringes like the ones in a Young experiment. It 

is easier to measure the separation of two slits than the 

differences in armlengths when calculating the expected 

fringe—separation. Finally from the historical point of 

view it seems fitting to repeat the very first interference 

experiment with the new feature of two independent sources. 
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Even after we decided on the Young—type interferometer 

there were a number of possible ways of carrying out the 

experiment. For example, we could have used two Kerr—cells 

or other types of Q—switching devices to emit giant pulses 

simultaneously and photograph the fringes directly. How—

ever, when the project started, there was very little 

experience with these devices. Furthermore, what was 

known suggested that the uncertainty between the opening 

of the shutter and the start of the giant pulse was so 

great that only by chance would have we got coincidences 

anyway. Even at the time of writing there is not much 

known about the spectrum of giant pulses (see Bradley et 

al, 1963) whereas we had some information on the coherence 

time of ordinary ruby lasers. 

The general set—up of this modified Young interfero—

meter is shown in Fig. 1. Two ruby optical masers face each 

other as the two independent light—sources. The two beams 

pass through two identical slits which are the corresponding 

counterparts to the two virtual sources of the classical 

experiment. From there on the two experiments are com—

pletely equivalent. The two beams are turned through 90 

degrees by two mirrors. The mirrors are adjustable so 

that the two beams can be superimposed in the plane of the 

photocathode of a gated image intensifier tube. A polarizer 
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ensures that only the vertically polarized components of 

the laser beams will reach the plane of detection. An 

additional red filter excludes most of the pumping radiation 

from the lasers. Fringes will be obtained if the two plane 

wave—fronts cross in the detection plane. 

We saw in the introduction that unless elaborate pre—

cautions are taken the ruby lasers emit a random series of 

spikes. To obtain a good overlap of two simultaneous spikes 

we relied on the chance that in a series of 30 — 50 spikes 

per shot there will in most cases be a pair whose emission 

coincides in time. For this reason we needed an auxiliary 

detecting and triggering apparatus. It operated in the 

following way: two beam—splitters (just two uncoated 

optical flats) were used to sample the two laser beams 

right at the source. The few per cent of radiation was 

enough to operate two photocells, the outputs of which were 

fed into a coincidence circuit. In case of a good overlap 

the latter activated a pulse generator, which opened the 

gate of the image tube for a variable but predetermined 

length of time. Pictures were taken from the phosphor end 

of the tube with the aid of a short focal length pair of 

lenses in a conventional camera. The electron image was 

focused electrostatically by gradually increasing potentials 

on the tube and magnetically with the aid of a solenoid. 
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.,The camera, being the slowest part of the chain, was opened 

first and that triggered the supply unit operating the twin 

optical masers. The physical Rrrangement of the main parts 

of the experiment and the supply units can be seen in Fig.2. 

Still, in the experiment it would have been possible 

to use a Kerr—cell in place of the image tube, and this 

would have avoided the conversion of photons into photo—

electrons and back again. Apart from the technical diffi—

culties of operating a Kerr—cell, we had an image tube 

developed for a similar purpose, which had certain advan—

tages. It could be made to give gain if necessary; emulsions 

are much better matched to the blue output of the phosphor 

than to the far red laser line. This gated image tube could 

be operated with pulses of a few volts amplitude, which makes 

the electronics much easier and more flexible in the nano—

second region. The easily variable pulse—width made the 

exploration of a single "spike" possible. Finally sufficient 

was known about the photoelectric effect to ensure that with 

the necessary precautions the image tube could faithfully 

reproduce the information gained from the photons. 

One more comment on the general arrangement. The 

inclusion of mirrors could have been avoided had we used 

the two lasers side by side. Once the use of an image tube 

was decided upon, its resolution introduced a certain limit 
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in the exporiment: two large slit separation would have 

produced unresolvable fuinge-spacing according to the well-

known formula: 

= X — s 

where D is the distance between source and screen and s is 

the slit-separation. When the corresponding data are put 

in 	= 6.95 x 10-5 cm, D = 200 cm), we see that a reso-

lution of 10 line pairs/mm requires a slit-separation of 

the order of a few mm. The physical size of the two laser 

boxes prevented such a separation. There remained the other 

possibility of having the two ruby rods side by side in the 

same pumping system. This solution would have presented 

difficulties in alignment and in achieving near-identical 

operation of two dissimilar rubies so that the solution 

described above was adopted. 

A close-up view of the "fringe-producing" part of the 

experiment, the laser sources, with the slits, beam-splitters 

and deflecting mirrors on a movable platform, is shown in 

Fig. 3. 

From the point of view of optical design the deflecting 

mirrors were one of the essential elements. They were 

aluminized optical plates. The aluminium seemed to stand up 

well to the low laser power levels applied. The glass sub- 
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strate was polished flat and _Tarallel to about X/4; this 

was thought to be adequate for the laser beams, which had 
minion 	 02.  

coherence areas at least a t#7mummt., 	
Okh  

times greater than ti.T1L. 

Because of the unusual arrangement of the mirrors, their 

alignment had to be done in an unconventional way. First of 

all to achieve a minimum of about 1 mm slit-separation the 

near edges of the mirrors were polished wedge-shaped so 

that in their normal 45°  position they were in near-contact. 

The rough alignment was done by screwing them to various 

positions on the platform. For final alignment two indep-

endent degrees of freedom were necessary in order to super-

impose the two beams on a distant plane. The closeness of 

the mirrors and the geometry of the deflection arrangement 

did not allow the usual 3-point screw adjustment of optical 

mirrors. Instead, the mirrors were mounted on thu ends of 

long cylindrical rods, pivoted at a single point, near to 

the mirror-holders. Around this point the mirror could 

execute two independent motions. First, a lateral movement 

allowed us to align the beams in the horizontal plane by 

making use of a lever action: the far end of the rod was 

pushed or pulled by a spring-loaded fine-threaded screw. 

The vertical alignment was done by tilting the mirror around 

the pivot: near the pivot the circumference of the rod was 

threaded and coupled by a differential gear to another fine- 
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threaded screw. To estimate the required accuracy we 

assumed that the six millimetre diameter laser spots had 

to be aligned to about half of a mm at the far end of the 

optical bench. This implied an angular accuracy of — 2 x 

10-4 rad. A full turn of the screws at the lever end or 

the differential gear corresponded to about 10-2 rad; 

hence to obtain the required accuracy we had to move the 

screws by a 50th of a turn. 

The slits were made from two razor—blades clamped in 

slots and were adjustable from 5 mm down to 0.1 mm. They 

were aligned visually by means of strips of materials of 

measured thicknesses. With fixed slit—width, the holders 

were movable on the platform so that various portions of 

the laser radiation could be used. 

The beam—splitters were made of the same optical glass 

of the same optical quality as the mirrors, except that they 

had no coating. They could be rotated in order to send the 

tapped—off beam to one of the photo-cells. Both of the 

parallel surfaces reflected back a few per cent of the 

radiation. Their optical quality ensured that the wavefront 

of the beam passing through them was not distorted. 

The ruby lasers were in light—tight Dural boxes. Once 

the slit—separation was fixed, we were able to use different 

parts of the ruby face by moving the boxes sideways on the 
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platform. There was also provision to move them backwards 

and forwards in case an additional component had to be 

inserted in front of them. This two—way motion was carried 

out with the help of a system of guide—rails: the boxes had 

guides attached to them which could move in one direction 

in rails which in turn were mounted on guides moving in a 

perpendicular direction. 

All these components were attached to a platform which 

could move along a Dural channel to which all the other 

parts of the experiment were fixed. All the attachments 

had at least one degree of freedom, usually along the 

channel, but the change of position became important for 

the image tube and the camera only. 

The gated image tube was situated inside the solenoid: 

there was enough room left between the Perspex liner of the 

solenoid and the envelope of the tube to enable us to move 

the tube in the vertical and horizontal direction with the 

help of spacers of various thicknesses. This was important 

because the plane of the photocathode had to be perpen—

dicular to the optical axis of the experiment. 

The camera was mounted on a special holder, which could 

be moved in the forward direction for focusing. The camera 

itself could be moved vertically and horizontally in a two—

way guide—system. This was very useful for making use of 

the best part of the phosphor screen and of the lenses. 
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(b) Gating image intensifier. 

The outcome of the experiment depended on a fast shutter 

camera tube which (a) was fast enough to give a few nano-

second resolution and (b) had sufficient gain to make 

recording possible. 

Such a tube was developed earlier in the author's 

laboratory (see Mandel, 1961c) and the author actively 

participated in its construction and testing. A schematic 

diagram of the type which was actually used in the experi-

ment is shown in Fig. 4. This is in essence a single stage 

image intensifier with the addition of two finer-aperture 

(200 and 600 lines to the inch) metal meshes near to the 

photocathode as a control grid. Its envelope is a cylin-

drical Pyrex tube, into one end of which a phosphor screen 

is settled with an evaporated aluminium backing. There are 

platinum rings at regular intervals baked into the inner 

side of the tube which serve as accelerating electrodes. 

Thin platinum foils make connection through the wall to the 

exterior. The tube is evacuated on a diffusion pump in the 

usual way. The photocathode is made in one end of the tube, 

away from the phosphor. When there is caesium among the 

constituents of the photocathode, it is important to 

prevent the caesium contaminating the walls of the tube. 

Therefore the cathode is formed on a glass plate, which 
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rests on a metal shelf aria henco seals off this end—

compartment from the rest of the tube. When the processing 

is finished, the tube is sealed off and the photocathode is 

dropped to the end of the tube onto another metal shelf 

and turned over to face the tube the right way. The pro—

cessing shelf is also used to hold one of the meshes. The 

triggering pulse is applied to this mesh. The electrode 

in front of it is held at a positive potential with respect 

to the photocathode in order to get all the photoelectrons 

away from the cathode. However, as the mesh is normally 

held at a slightly negative potential, the photoelectrons 

will be turned back. When the potential on the mesh is 

raised to a few volts positive, all the electrons go 

through, except 10 — 20%,depending on the geometric shadow 

ratio of the mesh, which are caught. The second mesh 

protects the triggering mesh from the high electric field 

of the rest of the tube; it also helps in focusing the 

electrons and getting them away uniformly from the previous 

mesh. Finally, the electrons are accelerated with the aid 

of a 20 — 30 kV overall potential distributed evenly by a 

resistor chain and focused on the phosphor by a uniform 

magnetic field. 

The original version was made and tested for µsec reso—

lution, and it was imperative to test it in the nanosecond 
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region. Therefore we built an avalanche transistor circuit 

based on a Lollard design; it is shown in Fig. 5. The out—

put had an amplitude of about 6 V and a half—width of about 

4 nsec. It was not a very good square pulse and the ampli—

tude was not enough to bring the tube into the optimum focus 

condition, but for initial testing this sufficed. A reso—

lution chart was projected onto the photocathode, and a 

steady picture was taken. Then without changing the con—

ditions the triggering mesh was biased negatively and the 

nanosecond pulse was applied to it. The pulse—generator 

was triggered by pulses from a Nagard pulse—generator, at 

a high repetition frequency so that the total "on" time was 

approximately equal to the steady state exposure time (in 

fact it was slightly more because of the reciprocity failure 

of the film used). The resolution obtained was about 5 

line pairs/mm, which compares with the usual 15 line pairs/ 

mm steady state result. A typical picture is shown in Fig. 

6a. Later on a proper pulse—generator was constructed, the 

one actually used in the experiment, which will be described 

in detail in section (c) of this chapter. It is sufficient 

to mention here that it gave reasonably well—shaped 

square pulses, of 40 — 60 V amplitude and 50 — 500 nsec 

duration. When the top of the pulse was adjusted to raise 

the mesh to the optimum focusing potential, the resolution 
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achieved was 15 line pairs/mm and the resulting picture 

could not be distinguished in quality from the steady state 

counterpart. One such typical result is shown in Pig. 6b. 

(The bright lines are thicker because of "overspill" of 

photons.) 

The other importalit feature required of the gating tube 

was that it should have a suitable photocathode which can 

withstand the laser bombardment and at the same time have 

enough quantum efficiency to give sufficient gain for the 

tube. On this account some preliminary calculations were 

made and are presented here. 

Calculation of re uired sensitivities and gain of the  

system to record instantaneous interference fringes. 

If we take the area of a typical size grain of a fast 

photographic emulsion (like Agfa Record Pan) as 1 µ29  the 

number of photons required to blacken it is of order 104. 

So to reproduce fringes over an area of 1 cm2, the required 

number of photons: ne  — 1012. 

As there is a loss of photons in transmission from 

phosphor to photographic emulsion (see Mandel, 1955) 

ne  = nph + 4F0 +
= n a 2, 	1)2 	ph 

1-1 
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where nph is the number of photons leaving the phosphor 

se:nen, k is the transmission coefficient, F is the 

f—number of lens used, and 1.1. is the magnification. In 

our case LI was exactly 1:1. We used two f = 1.2 lenses 

coupled, so F — 0.6. For these lenses, k 	50% in the 

blue, so for the tvio take k 0.25. Thus the loss factor 

a — 3.7%. Hence nph  — 3 x 1013. 

Vie estimated the energy output per spike of our ruby as 

103.7.10-5  — 10-4  joule, which corresponds to 
6.6.10-27.3.1010  

—3.1014photons/spike. Hence we can calculate what gain and 

what type of photocathode we need for the image converter 

(Mandel, 1955). It is obvious at once that a since stage 

image converter is good enough for the purpose, even with 

a gain of — 1 

The photon gain (Gn) of such a converter is related to 

the power gain (Gp) by the formula 

Gn = 
v 
v o G p *6110(j 

3) 

where vi and vo are the average input and output frequen— 

cies of the light. In our case 	 — 2, We gain because v—. o 	5 
we are converting from red to blue light. The power gain 

G
P  

_ -6 eV  
h 

where _ is the mean quantum sensitivity of the photocathode, 
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eV is the accelerating voltage across the tube, r) is the 

intrinsic luminescent efficiency of phosphor, B is a loss 

factor to account for absorption, scattering and reflection 

by an aluminium backing to the phosphor. 

For our case eV— 25 kV, 5-10%, hvi  — 1.8 eV. So for 

G 	1, the quantum efficiency required, from (3), is 

1.x 	1.8 	7 x 10' -4 =  

25 x 103 x 10-1  

There is a large uncertainty due to the reciprocity failure 

of the fast emulsion at high speeds. Suppose, however, 

that the calculated parameters are good enough to record 

a complete spike. If we want to record only a part of the 

two overlapping spikes, the simplest way to increase the 

gain of the system is to find a more efficient photocathode. 

(The reciprocity failure will be the same, because in both 

cases it is determined by the decay time of the phosphor, to 

a first approximation.) 

We made some experiments in order to choose the best 

photocathode for our purpose. The Sb—Cs photocathode 

previously used in these tubes failed to satisfy the new 

requirements on two points. First it had a cut—off in 

spectral sensitivity well before the ruby laser output 

wavelength. Because of the high power of the laser beam, we 

were just able to measure the response of an average Sb—Cs 
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photocell, having a quantum efficiency a of about 3.10-2 

in the blue. It turned out to have a — 10—' at the laser 

wavelength, which, according to our calculations, was clearly 

not good enough. It was known that a trialkali (Sb:K:Na:Cs) 

photocathode not only had a higher overall sensitivity but 

extended much further into the red region of the spectrum. 

A not particularly good sample was tested, which had about 

5.5% quantum sensitivity in the blue and it had a a of nearly 

1% at 6940 A. However, it shared with the Sb:Cs photocathode 

the second disadvantage of being a semiconductor type cathode 

with an intrinsic resistivity of the order of a few megohm 

(Sommer, 1951). When the number of photoelectrons likely 

to be emitted during a laser spike is calculated, it is 

clearly seen that the resistivity is too high for linear 

response. 

The next obvious step was to find a transparent sub—

strate with a good conductivity. Such a substance had in 

fact been used in certain types of photoelectric devices. 

Commercially known as "nesa", it is stannous oxide sprayed 

onto the glass surface in an oven at about 6000C from a 

solution of tin chloride, alcohol and hydrochloric acid. 

We obtained good transparent layers of 500 — 1000 ohm 

resistance from edge to edge on circular plates of 4.5 cm 

in diameter. When we tried the then current techniques of 
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processing trialkali photocathodes on these coatings, we 

experienced failures, the main reason being that the 

potassium strongly reacted with the substrate. 

The shortest way out of the difficulties seemed to be 

the following. It was known that an ordinary Sb—Cs photo—

cathode goes down well on a nesa coating, although the 

sensitivity is reduced by about 50%. It was also known 

that oxidation increases the sensitivity of these photo—

cathodes mainly in the red. So a photocell was made with a 

Sb:Cs:0 photocathode on "nesa" substrate, which had a quan—

tum efficiency in the blue of about 1.2% and it had a — 

2.104 at 6940 A. This was of the same order as the minimum 

required to photograph full spikes, so a gating tube was made 

with this type of photocathode and used in the early stages 

of the experiment. 

Later shortening of the exposure became necessary, and 

hence a more efficient photocathode became imperative. Our 

attention was turned to the silver—bismuth—caesium—oxide 

photocathode (Prof. J.D. McGee — private communication). 

This is a metallic type photocathode, with a somewhat lower 

overall sensitivity, but its flat response curve extends 

well into the infrared. After a couple of trials we made 

a successful cathode of this type, which had a measured 

resistance of 5000 ohm across a gap of 1 cm and although it 
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had only 0.3% quantum sensitivity in the blue, at the 

interesting wavelength it was 0.5%. This was an improvement 

by a factor of 25 over the oxidised Sb:Os, so a new gating 

tube was made with this photocathode and used in the second 

part of the experiment. 

A comparison of these photocathodes is shown in Fig. 7. 

The response curve was measured with a simple monochromator 

and tungsten light—source without regard for great accuracy. 

The quantum efficiencies were measured with the calibrated 

light—meter unit of the department and a Beckman spectro—

photometer. In the blue the quantum efficiency was readily 

measured, because we had a calibrated light source and a 

blue filter for which the appropriate overlap integral was 

computed, so that readings of the photocurrent were easily 

converted into quantum efficiencies. To measure the quantum 

efficiency at 6940 A 2  we put our photocell into a Beckman 

spectre—photometer and measured its response at the peak 

wavelength of the blue filter first. Then we turned the 

output of the Beckman machine to the ruby wavelength and 

noted the photocell—response. As the machine automatically 

adjusts the slits to give the same spectral density, from 

the ratio of the blue and red sensitivities it was easy to 

calculate the red quantum efficiency. 
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Another important parameter of the tube is the effi—

ciency of the phosphor screen. The phosphor used in the 

tube was a relatively slow, ZnS:Ag blue phosphor (P.11), 

which has a decay time of about 15 µ sec, with a long tail 

of the order 5 msec (J. Beasley, 1964). This of course 

implies that,unless a deflection mechanism is used, the 

phosphor will integrate any time—variations in intensity 

which might occur during a single spike. We were not 

interested in a time—resolved spectrum of a single spike 

and the variable pulse length gave us the opportunity to 

examine a shorter portion of it if necessary. The longer 

decay time on the other hand was beneficial from the point 

of view of the reciprocity failure of the photographic 

emulsion. The quantum efficiency of these phosphors was 

the object of investigation of a separate group in the 

department, although the author took part in the initial 

phase of that work (see Davis, 1959). According to their 

findings (R. Airey — private communication) with the best 

methods of settling and aluminium evaporation, the quantum 

efficiency can be as high as 17%, but in the worst case it 

may only be 10%. In our calculation we took this pessi—

mistic estimate. 

Another parameter of the tube on which the gain linearly 

depends is the overall potential (see equation 4). We tried 
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to improve the ability of the tube to work at higher 

voltages without breakdown. Apart from maintaining utmost 

cleanliness at every stage of the tube—making, we applied 

ftaquadag" (carbon paste) coating on the outside of the 

tube opposite to each platinum ring, forming in this way 

little capacitors along the tube and this helped to stabi—

lize the high voltage. Another measure applied was the 

indentation of the tube between the electrodes. This was 

done at the early stage of manufacturing the envelope of 

the tube by glassblowing: a special tool was made up which 

pressed inwards the rotating hot soft glass, creating a 

worm—like appearance for the tube as a whole. The platinum 

was painted on the ridges and these prevented the electrons 

from bombarding the uncoated parts of the wall and causing 

ion—emission. These precautions improved the high voltage 

performance of the tubes considerably, i.e. these tubes 

could work at 30 kV smoothly, compared with the 15 kV of the 

old design (the figures are averages; we had a tube with—

standing 40 kV). 

The magnification of the tube is also an important 

parameter. Not only from the point of view of gain but 

also in the measurement of fringe spacing. As the actual 

picture size on the film had to be related to the input of 

the photocathode, we carried out the following simple 
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measurement. We focused a geometrical figure by means of 

a slide—projector on the photocathode. Then we took normal 

exposures with the tube and the camera in working positions. 

The film was developed and the negative stretched out on a 

holder. Keepingthe adjustments of the slide—projector 

intact we focused the image on top of the corresponding one 

of the negative. The two superimposed figures were examined 

with the aid of a travelling microscope from the other side. 

The accuracy was limited by the lack of sharpness of the 

photographic image. Within this limit, which was about 

a tenth of a mm, the two images appeared to be of the same 

size. Hence we concluded that the magnification of the 

image converter camera system was 1:1, for all practical 

purposes. Hence measurements carried out on the photo—

graphic film directly related to the events in the plane 

of detection. 

We used a Canon camera with two f/1.2 lenses coupled 

front to front, with the lenses focused at infinity, open 

at the widest aperture (the focusing of the camera was done 

by moving the whole body with the holder). This was the 

fastest camera coupled with the best resolution. The single 

lenses had a resolution of 75 line pairs/mm, while their 

combination still had 50 line pairs/mm, which was almost 

twice as good (in the middle of the field) as two f/1 Wray 
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lenses in a Wrayflex camera body (R. Sephton, private 

communication). It had the disadvantage that a single 

lens reflex body could not be used with this lens combi—

nation (not enough room for the back focus) so for focusing 

we put a piece of ground glass in place of the film and 

looked at the image with a microscope. 

Even with this fast lens we had to use the fastest 

film available. Ordinary fast films (Ilford HPS or Kodak 

Tri—X) gave no trace for a single spike when the tube with 

the Sb:Cs:0 photocathode was used. We had to obtain Agfa 

Record Isopan film, ASA number 1200. This was a fast but 

grainy film, the latter adversely affecting the micro—

photometer tracing of the fringes. We observed that films 

more than six months old started losing their speed, so we 

had always to use fresh film. We developed it in Licrophen, 

a fine—grain developer, which increases the speed consid—

erably. We used developing times longer than the maximum 

recommended (up to 30 min) for increased contrast; this way 

the y of the film was increased near to unity, which had 

important consequences for the measurement of visibility 

(see Results and Appendix C). Later on we acquired Kodak 

Royal—X Pan film which had also a nominal speed of ASA 

1200, but in fact was about 2 — 3 times faster than the 

Agfa Record as well as finer in grain. 
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The improved quantum efficiency of the Ag:Bi:Cs:0 photo—

cathode together with this film made it possible to go down 

to exposure—times of the order of 10 nsec. 

(c) Electronics, 

The main part of the electronics consisted of suitable 

detecting and pulse—generating circuits for the experiment. 

The power—supply and trigger circuit for the ruby lasers 

will be discussed in the next section. 

A block diagram of the electronic circuits is shown in 

Fig. 8. For the detection of laser—signals most workers 

used photomultipliers. We found that a commercially 

available simple photodiode, the 90CV, having a red—sensitive 

51 metallic type photocathode on a metal backing, does just 

as well. Because it is a diode, its response is very fast, 

requires very simple circuitry and with a suitable load can 

be made linear over a wide range. In our case we used a 

few per cent of theavailable light only, so the load across 

which the signal developed had to be rather high. This in 

turn led to the necessity of using an impedance changer to 

match it to the input stage of the coincidence circuit. An 

emitter follower was chosen for its compactness, although it 

was slower than a cathode—follower. The circuit is shown 

in Fig. 9. When it was tested we found that it had good 
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frequency response up to 10 Mc/s. In a later experiment, 

in order to detect very fast "giant" pulses, we replaced 

it by a cathode follower (Chppter IV). 

The rest of the circuit was made in two versions. 

First we intended to use all the available light of the 

two coinciding laser spikes, and therefore developed a 

circuit which amplified the combined spike envelope and, 

after limiting it, used it as a gating pulse to open the 

tube. Fig. 10 shows the circuit diagram. The random spikes 

of the two lasers were transformed into electric signals in 

the photocells and then were fed into a simple coincidence 

circuit. This essentially consisted of two fast diodes 

which were biased in such a way that only a simultaneous 

occurrence of two pulses of a few volts amplitude made them 

conducting. In that case the greater amplitude of the two 

was transmitted, otherwise only a small disturbance 

0.5 V) was passed. To eliminate the possibility of the 

latter triggering the rest of the circuit, a series diode 

discriminator was inserted after the coincidence unit. 

Then the pulse was amplified in a fast pentode (E 810 F) 

conventional amplifier. The output pulse could not be used 

to trigger the gating tube, because it still followed the 

shape of the combined spikes and did not have a flat top. 

The optimum focusing of the image required a quite definite 
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voltage on the mesh, In a steadj state wz!st we established 

that + 30 V was such a voltage, so the amplifier output 

was fed through a fast parallel diode limiter, which cut 

off the top of the pulse above that voltage. As the ampli—

fier output was much greater than that and had a very fast 

rise, the resultixg.  pulse was quite a good approximation 

to a square pulse. It could not be applied straight to the 

gating tube because the mesh and the adjoining parts of the 

tube had a relatively high stray capacitance, probably due 

to contaimination by caesium during activation. So it was 

sent through a fast cathode follower of a simple design. 

The mesh was kept permanently at a negative potential of 

about — 10 V, supplied by a battery (not shown). The first 

successful picture was obtained with this circuit. 

Later on a more sophisticated circuit was built which 

not only included a proper square—pulse generator but also 

made some improvements in other parts of the earlier 

circuits (see Fig. 11). The coincidence unit remained the 

same, except that the input matching was doubled to 150 ohms. 

For simultaneous spikes this was the correct matching for the 

75 ohms cables. The discriminator was left out because the 

following unit was arranged in such a way that only pulses 

above a certain amplitude triggered it at all. This unit 

was tailored to the actual pulses so that only full 
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coincidences could trigger the rest of the circuit. The 

circuit took the form of a modified Schmitt—trigger, which 

not only played the role of a discriminator aud trigger 

but also that of a paralysing circuit. The output pulse 

was adjusted to last for about 500 u  sec, which ensured 

that a second coincidence during the same pumping cycle 

of the laser could not activate the circuit. 

The next and most important part of the unit was the 

nanosecond pulse—generator. Originally an avalanche pulse 

generator was built with the fastest avalanche transistor 

then available, the 2N 976. The circuit was capable of 

giving well—shaped square pulses of 4 nsec duration and 

4 - 6 V amplitude, depending on the particular transistor 
used. It was hoped that with the elongation of the feed—

back coaxial cable the pulse—length could be pushed up to 

a few hundred nanoseconds and with the help of a special 

ferrox—core pulse transformer the amplitude could be 

increased too. It was, however, found that with more 

than a few meters of cable, i.e. a few tens of nsec, the 

pulse shape was lost; obviously the losses were too high to 

keep the process going for hundreds of nanoseconds. It was 

also found that the pulse transformer saturated very quickly 

and the amplitude could not be increased by more than a 

factor of two. For all these reasons it was decided to use 
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a secondary emission pentode for pulse—generation, where 

there was plenty of available charge and the problem was 

how to make the pulse short enough. 

When this work was essentially finished, several types 

of avalanche transistors became commercially available 

which had much higher amplitudes (30 — 50 V). Also the 

technique of cascading them for bigger total amplitude was 

developed. 

The avalanche pulse—generator in its original form, 

however, was utilized in the circuit described earlier for 

two purposes: it provided a sharp trigger pulse for the 

secondary emitter pulse generator and its output was easily 

inverted by the pulse—transformer to give the required 

positive pulse. 

An EFP 60 (Philips) secondary emitter was used as the 

pulse—generator. The circuit is simply that of an ampli—

fier, except that a regenerative feedback is used between 

anode and cathode. The positive pulse is taken from the 

secondary emitter anode. The pulse—length is varied by 

changing the value of the feedback capacitance. It extended 

from 40 to 500 nsec. The shortest pulse—length was in the 

region 40 — 50 nsec, depending somewhat on the individual 

valve. These times represent the duration of the flat top 

of the pulse as this was the significant characteristic for 
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the tube. The rise—time was 15 nsec. From the point of 

view of the tube only the upper 2/3 of the rise—time was 

significant. Thus the ratio of the flat—top to the rise 

was about 4:1. There was also some drooping of the flat 

top, which amounted to about 3 V. We checked with steady 

potentials on the trigger mesh that such (10% on the total 

positive pulse) variation did not alter the optimum focusing. 

For reasons of impedance matching the secondary emitter 

anode voltage had to be supplied from a battery. The pulse 

height could be increased simuly by increasing the poten—

tials on the two anodes. The amplitude was between 40 and 

60 V, but much higher voltages could have been used if 

necessary. This is the region where hydrogen thyratrons 

are impracticable, although they are commonly used for 

nanosec pulse generation when the required pulse height 

is of the order of 10 — 20 kV (for Kerr—cells, for example). 

The pulse generator again was followed by a cathode 

follower. This time an E 810 F pentode was used which has 

a mutual conductance (slope) three times higher than that 

of the E 180 F. It was working with its cathode permanently 

at — 20 V and eliminated the need for a biasing battery. 

Ordinary impedance matching on the mesh did not work satis—

factorily, so an AC termination was required (300 CI in 

series with a 0.1 uF condenser). 
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Both circuits were tested part in part and as a whole. 

A Nagard pulse generator was used for this purpose. When 

it served as an input to the coincidence unit, its output 

was suitably shaped (in effect mismatched) to resemble the 

likely shape of the laser spikes. This required a frequency 

response of 2 — 5 Mc/s only, but the rise—times of the 
other sub—units were made very short, at most 20 nsec, in 

order to reduce the unavoidable delays along the circuit. 

There was an external delay too due to the presence of an 

input cable of 1 metre in length from the photocells to the 

unit and a similar cable from the output to the gating tube 

in the solenoid. The corresponding delay amounted to about 

7 nsec. The internal delay was measured with the help of 
a dual beam Tektronix oscilloscope with a dual—channel 

(CA unit) in one channel. In this way three traces could 

be displayed simultaneously. If we take as the origin of 

time the point where the coincident spikes triggered the 

modified Schmitt—trigger, then the total delay time until 

the tube was fully open, i.e. to the beginning of the flat 

top of the gating pulse, amounted to 40 nsec. This figure 

was the combined result of the rise—times of the individual 

sub—units. Although it does not seem to be too large 

compared with the average spike half—width of 500 nsec, we 

must remember that the trigger level was adjusted to respond 
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only to a full coincidence, and for a typical triangular 

laser pulse this meant that half of the pulse was already 

over before the coincidence circuit "recognised" that it was 

a full coincidence. However, to explore the full spike—

width we employed the simpler circuit, where such delays 

did not occur, and the present circuit was only applied 

with 50 to 100 nsec pulsewidths. In such cases, even the 

first half of the laser pulse being over, there was enough 

left of the laser pulse to be explored. Our results are 

strictly valid only for this case. That the longer pulses 

were not useful because of the delay was proved by the fact 

that there was no difference in intensity between pictures 

taken with 250 or 500 nsec. Later,to reduce the delay, 

theayalanche transistor stage was taken out and the output 

of the Schmitt—trigger was differentiated and the resulting 

fast pulse inverted by the transformer. In this modified 

circuit the total delay amounted to only about 20 nsec. 

(d) Characteristics of laser. 

We used two typical ruby lasers as the two independent 

light—sources of the experiment. The cheapest and at the 

same time the most efficient pumping system seemed to be 

the one originally proposed by Miles and Edgerton (1961): 

straight flash—tubes surrounding the ruby in a cylindrical 



cavity and wrapped round with aluminium soil functioning 

as a reflector and a trigger electrode as well. The 

schematic diagram is shown in Fig. 12. 

The rubies were supplied by a commercial firm (Hrand 

Djevahirdjian, Switzerland); they were of 6 mm diameter, 

58 mm long, with 0.02% chromium concentration, 60°  angle 

between optical axis and growth axis. The two ends were 
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flat to 0.06 

These latter 

excited by 6 

was required 

were sent to 

them flat to 

4 seconds of  

p. and parallel to about 15 minutes of arc. 

parameters proved to be inadequate: when 

flash—tubes, about 1000 j electrical energy 

to reach the threshold. Therefore the crystals 

an optical firm (Gooch and Housego) who polished 

better than X/10 and parallel to better than 

arc. Ready and Hardwick (1962) showed that 

the threshold is practically constant if mirror alignment 

remains within 30" of arc. Piper (1961) found that imper—

fect flatness has only a small effect. So in this respect 

our rubies were polished well within the required accuracy. 

Thethreshold for oscillation changed dramatically to 180 

and 200 joules electrical input respectively (with 4 flash—

tubes). With 6 flash—tubes the threshold was higher (about 

280 j). These figures compare well with those reported by 

Miles and Edgerton. By applying very special measures, like 

aluminized glass cylinder reflector, Congleton et al (1963) 
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achieved a 50,1,  improvement on this. A similar improvement 

could have been achieved by using the well-known elliptical 

cavity (Ciftan et al, 1961). In fact, when one of the 

rubies was tried in such a cavity, with a single flash-tube, 

the threshold was around 160 j, and the lowering of threshold 

was not significant. The only other advantage would have 

been the possibility of cooling. As this was not required, 

we retained the close-coupled pumping scheme. It had the 

advantage that the magnetic fields set up by the high 

discharge currents during pumping cancelled each other 

when the flash-tubes were suitably arranged. The flash-

tubes were of similar dimensions to the ruby rod, of simple 

construction, and were filled with Xenon. They were 

supplied by a commercial firm (P.T.W., Germany). Their 

maximum output was 80 joules (600 V), so for near threshold 

operation we remained well below this value with 4 flash-

tubes in series. Their lifetime was stated to be more than 

10/000 flanhep, but after about a 1000 flashes the glass 

walls developed striations etc. This may be because they 

were operating in an unusual, close configuration and their 

efficiency decreased. 

The circuit diagram of the supply unit for the twin 

pumping system is shown in Fig. 13. The mains voltage is 

transformed to about 2.5 kV and rectified. 4 condensers 
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are charged to the high potential, connected in parallel 

(33 µF each), and in turn discharge through the flash-

tubes across which voltage-stabilizing resistors were 

connected. As the two lasers had sl-Ightly different 

threshold, in order to keep both near threshold it became 

necessary to use two separate transformers for the two 

condenser banks (not shown). The trigger pulse is supplied 

by a separate unit, in which a trigger tube is discharged 

through the primary of a small trigger transformer. The 

secondary gives a 10 - 15 kV pulse, which starts the dis-

charge process in the Xenon gas. Care had to be taken to 

prevent this huge pulse from being picked up and triggering 

the detecting apparatus. 

First the rubies were coated with a multilayer dielec- 

tric coating of high reflectivity 	98%) by a commercial 

firm (Barr and Stroud).. 	But it was soon realised that for 

ordinary laser operation a good quality silver coating is 

sufficient. It had the advantage that it could be made on 

the evaporation plant available in the department and remade 

if necessary. In fact it could stand hundreds if not 

thousands of flashes without noticable deterioration. This 

is because of operation near threshold, where the amount of 

radiation absorbed was small. Probably the heat of the 

flash-tubes did more damage. Usually one end was coated 



94. 

to be completely opaque and—thc other end had about 95%,  

reflectivity, Di the air L./I-Ler-face. 

The ruby lasers showed similar behaviour to those 

reported in the literature. Near threshold the light was 

emitted from little filaments. A typical far—field photo—

graph, taken through the gating tube, is shown in Fig. 14. 

The graininess is due to the fast film used, but the fila—

mentary behaviour is well demonstrated. The number of 

spots could be reduced by working right at the threshold, 

but we had to work slightly above that to achieve an 

average of one coincidence per flash, so this picture is 

typical for our normal working conditions. The diameter 

of the whole pattern on the negative is about 7 - 8 mm, 

which gives about 2 ►» 3 milliradian divergence for the 

whole beam. However, the significant figure would be the 

divergence due to individual filaments. Working back from 

the spot size in the far—field pattern and the divergence, 

we obtained the same order of magnitude as quoted in the 

literature, namely 0.2 — 0.5 mm (cf. Evtuhov and Neeland, 

1962). This size had an important consequence for the 

experiment. As several authors reported (cf. Hughes and 

Young, 1962) that different filaments may be associated 

with different output frequencies, it seemed advisable to 

reduce the number of filamentary spots capable of inter— 



Fig. 14. Typical Far—field Pattern of Ruby Laser Beam Through 
Gating Tube (Magnification — 1:12). 
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fering with the spots of the other laser. We therefore 

inserted slits, the widths of which were chosen to transmit 

only one or a few filaments (i.e. the width was about 0.3 

mm). This measure did improve the visibility of fringes. 

It should be pointed out that Fig. 14 was taken during 

a single spike —coincidence, i.e. both lasers were fired and 

during the coincidence the gating tube opened. The two 

rubies had slightly different far—field patterns; the one 

with the lower threshold had a persistent large spot, coming 

on much earlier than the other filaments, and obviously 

associated with a far less lossy region of the crystal. 

A far—field pattern due to one of the lasers was taken 

either operating it very near threshold and switching off 

the other laser, or operating both of them and with the aid 

of the coincidence circuit obtaining a picture during a 

single spike, blocking one beam. The latter corresponded 

more to the working conditions of the main experiment. 

The laser outputs had the usual relaxation oscillations, 

"spikes", when observed on a fast oscilloscope (Tektronix 

545A). The spikes on average had a half—width of 500 nsec. 

This determined the longest required gating time of the 

tube. There were quite large fluctuations in this width 

from 200 nsec to 1 µ sec. The separation of spikes was 

random, varying from 5 to 30 µ sec, and there was no 
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definite trend in their ammlitude. This complicated 

behaviour results from the fact that these ruby rods were 

optically very imperfect, and the output consisted of a 

mixture of axial and transverse modes. Recently Nelson 

and Remeika (1964) reported that a flux—grown ruby, which 

is much superior in its optical qualities, showed a damped 

train of regular spikes, in a single mode, as predicted 

originally by Statz and de Mars (1959; also Tang et al, 

1963a, b). In our experiment no attempt was made to improve 

the spiking behaviour of the rubies. Spiking started about 

350 µsec after triggering. When simultaneously triggered, 

the two rubies started "lasing" at almost exactly the same 

time. 

The output spectrum of the rubies was measured very 

accurately by several workers, so we made only a very rudi—

mentary measurement of it, using a simple monochromator. It 

confirmed that the peak emission at 25°C occurs at about 

6945 A. Abella and Cummins (1961) measured the dependence 

of the fluorescent R1 line of ruby on temperature and this 

figure is in agreement with their finding (since laser 

action occurs near the peak of the fluorescent line, the 

measurement of the optical maser line should correspond to 

the fluorescent line measurement). 

There was no attempt to measure the mode—structure of 
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our laser outputs. We accepted the findings of, several 

workers that even near threshold there might be several 

axial modes present during a single spike and that the 

plane parallel resonators very easily oscillate in several 

transverse modes for which the losses are nearly the same. 

A possible indication of such multi—moding was that, in the 

first stage of the experiment, when we tried to use the 

whole area of the beams in superposition, fringes never 

occurred over the whole cross—section but only over an 

area roughly corresponding to the size of a filamentary 

spot. 

Our ruby rods had 60°  angle between optical and growth 

axes. As there were conflicting reports in the literature 

on the polarization of laser light from such crystals, we 

measured the polarization by noting the average change in 

amplitude of a photocell—output as a linear polarizer was 

rotated in front of it. The output was only partially 

polarized, the minimum never went below 20% of the total 

power. So we noted the direction of maximum polarization 

and made a small mark on the ruby, which saved repetition 

of this measurement every time the ruby laser was reassem—

bled. In the experiment the rubies had their maximum 

polarization in the vertical direction and an additional 

linear polarizer was placed in the way of the beam to 
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exclude all other polarizations. 

We did not have a calibrated detector to measure the 

energy output of our lasers. We estimated the energy of 

a single spike by measuring the response of a simple 

photocell with a known load resistance and known quantum 

sensitivity, We also compared the results of all those 

people who constructed a proper device for measuring 

energy. We used only those data which were obtained for 

similar rubies. Maiman et al (1961) used a calibrated 

phototube. Koosekanani et al (1962a) constructed an evac—

uated blackbody absorber and measured the change of resis—

tance by a bridge circuit. A similar method was app7..i. ed by 

Tingye and Sims (1962) who used a carbon transducer. We 

assumed that right at threshold there are unlikely to be 

more than about ten spikes and ten filaments. Hence if we 

take the value at threshold quoted in these papers, which 

was in all three cases about 0.01 j, and divide it by 102  

to get the energy in a single spike and due to a single 

filament, we get a figure of 10-4  j, which is in order of 

magnitude agreement with our findings. The number of 

photons corresponding to this energy is about 3 x 1014, 

which is the figure we used in the calculation of the gating 

tube parameters. 

The success of the experiment depended also on the fact 
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that the laser beam possesses spatial coherence and has a 

nearly plane wavefront. There is somewhat contradictory 

evidence on this as far as the whole beam is concerned, 

but all publications agree that this assumption is justified 

over a region containing only a few filaments. We made a 

simple test by putting a double slit in front of the emit-

ting face. We obtained fringes which showed that there was 

at least partial spatial coherence over a region of 2 mm. 

We did not pursue this line further because our require-

ments were much weaker, namely that the wavefront was 

nearly plane from a filament during a single spike. For 

the purpose of the experiment we took this for granted. 

Had there been indications to the contrary, we would have 

been obliged to carry out more stringent tests. 

(e) Results. 

To obtain any positive results at all and to be able 

to interpret it unambiguously, a number of precautions 

had to be taken. 

In the experimental arrangement the intersection of 

the two diverting mirrors represented the origin of the 

coordinate system with respect to which the two beams 

travelled along equal paths to the centre of the photo-

cathode and on the two sides of this central line fringes 
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should occur because the path—difference changes regularly 

outwards. The expected fringes therefore are vertical. 

Hence it was most important to align the image tube in such 

a way that the photocathode was normal to the optic axis 

of the system and parallel to the line of intersection of 

the two mirrors. This was done by the well—known methods 

of autocollimation. The slits were also carefully aligned 

to be parallel to the intersection line of the mirrors. 

The superposition of the spots was done visually, by firing 

the lasers separately on a target sheet in the plane of the 

photocathode. 

In order to prevent any "cross—talk" between the two 

beams, there was an opaque screen between the two mirrors. 

Also several light—shields were put up to prevent reflected 

light from one laser reaching the monitoring photocell for 

the other beam. 

The possibility of accidental firing of the system was 

reduced to a minimum by careful screening of all leads, by 

good matching of inputs and outputs and by avoiding loops 

in the earth--lines. As an additional safeguard, the elec—

tronic "condition" of the trigger mesh was monitored during 

every shot, so that the presence of a coincidence signal 

and the corresponding gating pulse were displayed. 
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It was mentioned earlier that occasionally "foreign" 

fringe--systems were detected on the photographs. These 

usually had the appearance of thin film interference frin—

ges and their curvature and their different fringe spacing 

would have given them away. Nevertheless„as a safeguard, 

we rotated the gating tuba until these fringe•--systems were 

at a large angle to the vertical. The close distance 

between the high potential end of the tube to the short—

focal length camera caused occasional corona discharge 

of the phosphor, in spite of very heavy insulation. So 

finally the camera itself was insulated from earth and 

its shutter was opened through an insulated trigger cable. 

When the tube was tested with normal light, a negative 

potential of — 5 V on the mesh proved to be sufficient to 

turn back all photoelectrons emitted by the cathode. With 

maser light, however, some penetration, causing fogging of 

the emulsion, was noticed even at — 10 V. Therefore a 

permanent bias of — 20 V was applied to the grid. 

Apart from these "static" safeguards, some dynamical 

ones were employed too. At the beginning of every run, a 

static and a triggered resolution test were made, which 

involved a careful refocusing of the system to ensure 

that the detecting apparatus was in a "fit" condition. 

As a further precaution against unexpected shifts of 
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focus during a run, the slits were adjusted to give fringe 

separation requiring not more than 5 line pairs/mm resolution. 

We observed that, even in an unfocused position of the trig—

ger grid, this kind of resolution was still achieved by the 

tube. On each film we took Dhotographs of the two lasers 

separately as a check on the superposition pictures. The 

pulsed nature of the light source made it impossible to 

obtain optimum alignment by continuous monitoring, so pic—

tures were taken after moving the superposed spots a small 

distance with respect to each other in two directions. 

In the first stage of the experiment the exposure time 

was determined by the duration of the spike—overlap. 

rather wide slit was used which transmitted light due to 

many filaments. The visibility was always very low, less 

than 5%. The fringes always occurred in a small part of 

the pattern. Because of the low visibility, the photographs 

did not reproduce well, so we took microphotometer tracings 

of the best results. Such a result, obtained with a 200 n 

sec (approx.) exposure, is shown in Fig. 15. The measured 

fringe spacing referred to the photocathode is 0.44 mm ± 5%, 

while the value calculated from the slit spacing is 0.48 mm 

± 10%. The latter uncertainty is due to the unusually small 

ratio of slit spacing (3.3 mm) to source width (0.8 mm). 

About 7 fringes can be distinguished on the tracing, in 
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agreement with the expected naMbere The Michelson visi—

bility is about 3% in the centre of the fringe system. 

On a few occasions fringes were observed when two 

coincidences fired the system during a single pumping cycle. 

This could be explained by assuming that on the two occas—

ions different filaments came into action and their spatial 

separation left the fringes undisturbed or a]ternatively 

they provided a diffused background. The very poor visi—

bility did not allow an unambiguous interpretation. 

These pictures were taken with an oxidised Sb:Cs photo—

cathode. Then a more sensitive cathode was developed which 

allowed us to shorten the exposure time. Although it was 

known from other experiments that the coherence time of the 

ruby laser was as long as the duration of a spike, neverthe—

less it was assumed that frequency shifts and mode—switching 

might occur during a spike, so shorter exposure times give 

a chance of improving the visibility. 

Not only was a new tube made, but also a new pulse 

generator and several other improvements were introduced. 

The slits were narrowed to about 0.3 mm. After taking many 

photographs with an occasional indication of fringes, we 

obtained one where the fringes were reasonably well modulated 

and extended over the whole field. The full pattern is 

shown in Fig. 16(a). The large black blob in the middle is 



Fig. 16(a) 

Fig. 16 (13) 

Fig. 16. Actual photograph of fringes: (a) Full far—field. 
(b) Portion from which microphotometer tracing 

is taken. 
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due to a fault in the photocathode, which. incidentally 

facilitated alignment. The curvature of the fringes is 

due to inhomogeneities of the focusing magnetic field. A 

small portion of the same pattern, together with the micro—

photometer tracing taken from it are shown :i.n Fig.16(b) 

and (c). The photograph was obtained in a 40 nsec exposure. 

The measured fringe spacing is 0.277 ± 0.003 mm, while the 

corresponding value calculated from equation (1) of section 

III(a), with D = 180 ± 0.5 cm, d = 4.51 ± 0.03 mm, X = 
0 

6945 A, is 0.277 ± 0.003 mm. The number of distinguishable 

fringes is about 23, which is rather less than the number 

expected from the ratio of slit spacing (4.51 mm) to slit 

width (about 0.3 mm). However, the high granularity of the 

film makes small variations of photographic density difficult 

to detect. The maximum measured fringe visibility of the 

pattern is about 15%. 

The fringe spacing was measured by taking a number of 

tracings, measuring the average for each and then averaging 

these in turn. The slit width and slit separation were 

measured with the aid of a travelling microscope. The 

visibility was obtained from measurements of the maximum 

and minimum transmission of the microphotometer tracing and 

the well—known formula for the Michelson visibility 

(Equation (8) of Chapter II). This was justified because 



• 
• 

MINOSTIVIILL 0001T1101.11 LTD, IMINOVIIL LAIIALILDOIL 1001LAIIII 	 'ORM IN alma Norrar 	 CHART NA 3401-043R 0-100 EVEN 
I. 	IF • 0• 	k 04 44 he Or Or Or ir dr N 41 Or k N ft 110 b 4 Or De he he •4 It 	 o I. •o I. •o 	t • t • t 

441% 1116 	--..3--  . 00- 	 41111.--__*.i.___ 
4.-- 

i..- 	 
it *di.-- 

4:—  -.1...b.-----1.0—  
4. 

— . -- .-_-- — 

.-- Z1-- 
- .---- ._ 	 

V 

- . 

• V  
--.... _,_ .., 

_ . 
•	 

malimmom 
Amemm -....m 

- mommomm am um 

.... AM6m.mm 
--11---  	 _ 	 =  

- = 
11110101I 	  

110e1Pr 

11------  • r.. 

- _ ____ _ . 	. 

_ . 
. 

. 

. 

. 	- 	- ._ _ 

- 
. 	_. 

- - 

___._ _ . ___ . _ 
---- -- . _ . 
- --- - -- • 

--..-- 
.. 	--.. 

— .-- --7 - - 

_ . 
'• 	- 
-- 

--- 
Alle LL:-:..11:— 

. 	.. 	. 

-- 	- 

_ 

-- r-- 

__ _ . 
- 	-- 	. 

-- 
..-- 

___ . ... 
-- 

- 
-- - - - • - 

_.. 

._.. 
• 

.. —1.- --WI' 

- 

-- 	- 

=r-- . -.: 

_. 
- 

N :7_ - 

_.. _ 
- 	-, • 

ni M 

- • --- - - - 
. - 	-.. 

_____ 

- 	- 

_ 

, 

- 7 '.---12 - 1  I I ro I . 

.._.__ —____ 
-- 

-.- 	- 
_ 	_ 

. 

trinir 

1 _ - 

•- - 	- 

— -L-  - - 
•: 

i.  - - ±-1! __ . 	_ 4)°-2.----14  . .1-4— 4110; 	i 

  

f 

 

	

I. 	• 	 I 

	

WW 41 	14 	4 

 

• It 	I 	I 	WWW 	 ** 

VW DO 

 

   

1110 • °ow 

     

Fig. 16(c). Microphotometer tracing of (by. 	 • 

(Fringe separation: 0.277 ± 0.003 mm) 
	 • 

.03 



109. 

the y factor of the film used was nearly unity. However for 

a more accurate evaluation one must use the more accurate 

formula, taking into account the density of the emulsion 

used; this is done in Appendix C. 

(f) Discussion. 

We set out to show that transient interference fringes 

can be obtained from the superposition of two independent 

laser beams. Our experimental results prove that, indeed, 

this is feasible and such interference is observable. It 

was long known that interference between two independent 

radio or microwaves is a commonly observable phenomenon. 

However, it could be always pointed out that in this case 

the radiation does not have a markedquamtum character. In 

the case of a light beam, we are dealing with an evidently 

quantized field. After all laser light is produced by 

coupled quantum oscillators. Therefore it is of great. 

theoretical importance to prove the existence of such trans—

ient interference effects. At the same time this experiment 

illustrates the radically new character of the laser light 

and is one of those many new experiments, which were made 

possible by this remarkable discovery. 

We also set out to use this phenomenon to measure the 

coherence time of ruby lasers. In this we did not succeed 
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for reasons we shall try to analyse below. To measure the 

coherence time of the lasers, we need to observe the decrease 

in visibility as the exposure time becomes longer and 

longer, compared with the coherence time. Such a general 

tendency was indeed observed: by reducing the exposure time 

we obtained better modulation of the fringes. There were, 

however, two difficulties in the interpretation of the 

experimental results, from this point of view. The visi—

bility was always very poor, even when the exposure was well 

within the coherence time. Secondly, only very rarely, 

perhaps one in 50 or 100 pictures did we have any indi—

cation of fringes. 

There are several factors which could account for these 

anomalies. The simplest is, of course, just bad alignment. 

We were dealing with vary short pulses and therefore could 

not continuously observe and optimise the visibility of 

fringes. This, however, cannot be the full explanation, 

because, even when we had fringes, slight changes in the 

superposition, which should have improved the visibility, 

did not lead to better fringes. 

So let us assume that we were near the optimum alignment. 

There are still some other factors. From the expression for 

the Michelson visibility it is clearthat 100% modulation 

requires the two intensities to be equal. We know from the 



observation of the photographic density of the far—field 

pattern that the intensity changes from filament to fila—

ment, from spike to spike. This was also found by other 

workers, like Galanin et al (1963), Dayhoff (1962). How—

ever, even a 50% change would not cause the serious deter—

ioration in visibility as observed in the experiment. 

In the derivation we made the assumption that the 

observation is made in a time short compared with the 

coherence time. That this assumption was valid, especially 

for .the short time exposure in our experiment, was confirmed 

amply by several independent experiments (for example 

McMurtry and Siegman, 1962; Hanes and Stoicheff, 1962; Borie 

and Orszag, 1962; Lipsett and Mandel, 1963b) which all agree 

that the coherence time of the ruby laser is of the order 

of the halfwidth of a spike. In our case it would be of 

the order of 0.5 0. sec. 

A further possible factor may be the complicated mode—

structure of the ruby laser output. We assumed a single 

mode operation. The presence of n axial modes would reduce 

the visibility by a factor 	as shown in Appendix B. There 

exists contradictory evidence on this question. Korobkin 

and Leontovich (1963) found as many as 5 - 8 axial modes in 

a single spike, while the majority agree that near threshold 

it is more likely to be one or a maximum of 2 	(D'Haenens 
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and Asawa, 1962; Hughes, 1962; Birnbaum and Stocker, 1963). 

So this factor may have some effect, but not sufficient to 

account for the poor visibility. Less is known quantita—

tively about the possible number of transverse modes, but 

we may assume that near threshold this is not a great 

number (Hughes and Young, 1962) and the use of narrow 

slits eliminated many of them. A further possibility is 

the presence of mode switching during a single spike. There 

is a well—documented case that it does exist for ordinary 

ruby lasers (for example Stickley et al, 1963; Ridgway et 

al, 1963; Lipsett and Mandel, 1963b) 	This, of course, 

would tend to smear out fringe modulation. This shift 

amounts to as much as 10 Mc/s for 0.5 p sec (Hanes and 

Stoicheff, 1962). In a beat experiment this is quite a 

substantial percentage of the beat signal (Lipsett, 1963), 

but in our experiment the effect would be small, especially 

in a time of the order of 50 nsec. 

All these factors together might have produced a large 

effect but they still would leave unexplained the absence 

of fringes from most pictures. Moreover in a beat experi—

ment akin to the one reported here in its main features 

(Lipsett and Mandel, 1963a,b) the same rare occurrence of 

beat—notes was observed. Actually the rate was slightly 

higher in that experiment, because much smaller rubies were 
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used which had a simpler mode behaviour. So there is a more 

fundamental reason fcr these difficulties. This comes out 

clearly from the mathematical treatment. 

The effect described in equation (6) of Chapter II gives 

no indication of such behaviour. If we want to record 

fringes, we require a square law detector operating for a 

short, but finite time. When we integrate our general 

formula (6) over time, the new expression for the modulation 

amplitude (equation 7) contains a factor less than unity 

which depends on the two different centre frequencies. 

Taking the peak of the fluorescent line profile of the 

ruby, the difference between the two centre frequencies 

could be made very small, provided we controlled the tem-

perature of the two rubies to a high degree of accuracy. 

The dependence of the H1  wavelength on temperature is shown 

in Fig. 17(a). This curve was obtained by several groups, 

e.g. Gibson, 1916; Schawlow, 1961; Abella and Cummins, 1961; 

Wittke, 1962. . 

As soon as laser action commences within this fluor—

escent line, the situation becomes more complicated. The 

emission frequency gets much narrower, but can be anywhere 

within the fluorescent line. This last statement needs 

Qualifications. It had been shown (D'Haenens and Asawa, 

1962) that at 300°K the laser will oscillate in an axial 
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cavity mode nearest to the centre of transition. However, 

time resolved spectroscopy by Hughes (1962) and others had 

shown that there is a frequency drift from spike to spike, 

so that the centre waulength gradually becomes longer. 

There are several factors contributing to this. The 

crystal absorbs a lot of the pumping radiation, which is 

shown in Fig. 17(b) (after Wittke, 1962). This shifts the 
0, 

fluorescent line. The shift is 0.065 A/deg in the region 

of room temperature (Abella and Cummins, 1961). For this 

reason we applied air cooling in our lasers and waited 

about 5 minutes between shots. The heating has long—term 

effects (5 — 10 minutes), namely thermal expansion and 

change of refractive ill—x, which lead to variation of the 

optical length (Blume and Tittel, 1964). 

At room temperature the fluorescent line gets broadened. 

This is shown in Fig. 17(c). Hence within the usual reso—

nator cavities there are many eigenfrequencies possible 

near the centre of the fluorescent line, with almost equal 

losses. So at first the ions nearest to the centre start 

the emission, then the ions slightly lower down on the Ri  

line profile and so on. Frequency pulling operates as 

well. The magnetic field due to the pumping light also 

may have some effect. 



• 6 . 

So even when we have two near—identical rubies, it is 

very unlikely that they would have identical properties as 

optical resonators. Even if they had,a temperature differ—

ence of 100 would mean a difference of 4000 Mc/s between 

two cavity frequencies which happened to be on the centre 

of the fluorescent line But we know they are not equal 

and the cavity frequencies shift continuously. 

Thus the situation would be hopeless for our experiment 

if we tried to equalize the two temperatures. Because there 

are temperature effects and the two crystals heat up 

unequally, their optical lengths change unequally, so that 

we arrive at conditions only occasionally when the two centre 

frequencies are near enough to give observable fringes. 

Clearly, the shorter the exposure time the greater is the 

chance of detecting transient interference fringes (see 

equation 8 of Chapter II). However, once their existence 

has been demonstrated, there is little justification for 

going on with the experiment in its present form. It would 

require a very great number of photographs to establish any 

quantitative results and even then the many different 

disturbing factors would make the interpretation very 

difficult. 

This is the reason why we did not attempt to improve on 

the auxiliary measurements, like the degree of spatial 
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coherence or the calibration of the system for precise 

measurement of visibility, etc. In the meantime several 

different methods were developed for the measurement of 

the coherence time of lasers, so we turned our attention 

towards the coherence problem3of second harmonic radiation 

generated by laser light. 



118. 

Chapter IV. 

PRELIMINARY EXPERIMENTS ON THE COMPARISON OF THE 

SPATIAL COHERENCE OF THE FUNDAMENTAL 

AND OF THE SECOND HARMONIC GENERATED BY LASER BEAMS 

(a) Optical considerations. 

We have seen in the earlier chapters how the coherence 

properties of laser beams can be used for some unusual 

experiments. After the demonstration of the transient 

interference fringes, our attention was turned towards the 

coherence properties of second harmonic laser beams. 

An experiment was set up to compare the spatial coherence 

of the fundamental and the second harmonic laser radiation. 

In what follows we describe some preliminary work connected 

with this experiment. At the time of writing the experiment 

has not yet been concluded. 

On a simple theoretical basis one would expect a one to 

one correspondence in the spd5ial coherence of the two beams. 

Let 

elk (.1191290) = <Ej*(ri ,t) Ek  (r2,t)> 	....(1) 

denote the coherence tensor, describing the spatial 

coherence between two quasi—monochromatic light beams, 

where E(r,t) is the complex analytic signal associated with 
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the real electric vector E(r)(r,t) (see Wolf, 1954). 

The second harmonic polarization produced in a suitable 

crystal by a laser beam of frequency v, wave—vector k, 

P(2v) =
2 

	E(v)E(v)  e  2 j-s.E v ....(2) 

where mnx3  is a non—linear susceptibility tensor, related 

to the dielectric constant of the medium through the 

relation: e = 1 	47x. It is possible to show (Bloembergen, 

1963) that P(2v) becomes the source for second harmonic 

electromagnetic waves and for the case of perfect matching 

(2kv- = k2v ), we get initially 

2 z E2v = Z, — 1SHG 

where z is a coordinate in the direction of propagation 

and 1SHG  is an interaction length, inversely proportional 

to the fundamental amplitude 

1SHG  

Hence if 

analogous to 

JLI2v)  2 1 

3 Ev 27k2 mnx 

we construct a spatial coherence tensor 

(1), then from expression (3) for a crystal of 

thickness d, assuming the same linear polarization, index 

matching and plane wavefronts, we obtain 

....(4a) 
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c2v (rV r29  0) = <E2v - (r' t)E2v (r t)> 

<Et(r19t)Ev(129t)> 

e V  (11 9x2 9 0 ) 	 ....(4b) 

The experimental arrangement is shown in Fig. 18. The 

source is a rotating prism Q—switched ruby laser, which 

from this laser 

by a dielectric 

Mach—ander type 

focused into two 

in (d). The giant pulse 

is split into two beams of equal intensity 

mirror. The two beams then traverse a 

interferometer. On their way they are 

identical KDP (potassium dihydrogen 

will be described in more detail 

phosphate) crystals, inclined at the phase matching angle. 

From then on the fundamental and the second harmonic beams 

remain aligned after collimation by achromatic lenses. A 

second beam splitter brings the two mixed beams together. 

The two outputs are filtered so that red or ultraviolet 

components are isolated. The separated fundamental and SHG 

beams are directed side by side onto the photocathode of an 

image intensifier. The filters and the spectral sensitivity 

are arranged to give a balanced intensity of the two beams 

on the phosphor of the image tube from which pictures are 

taken with an ordinary camera. The resulting two fringe 

systems are then compared by a microdensitometer from which 

the visibilities can be obtained. 
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0 

The 6328 A line emis.sion of a He — Ne gas laser is used 

to set up the interferometer. Because of their hygroscopic 

nature the KDP crystals are housed in two perspex boxes 

(not shown) with a sizeable quantity of drying crystals 

(silica gel). The light enters and leaves through Brewster--

angle windows. In the path of the ultraviolet beam quartz 
0 

optical components are used, because at 3470 A the normal 

optical glasses transmit only 50 — 70% of the radiation. 

The whole apparatus, with the exception of the rotating 

prism, is mounted on a rigid dural table, which in turn is 

mounted on a U—shaped dural channel, along which the 

solenoid, containing the image tube and the camera, can be 

moved. 

Before embarking on the main experiment we had to carry 

out some preliminary tests; namely to investigate the poss—

ibility of ultraviolet emission from ruby laser directly due 

to non—linearities9 to determine the transmission properties 

of the various filters used. We also had to construct 

the rotating prism Q—switched laser and measure the 

generation of SH light in KDP. 
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(b) The possibility of second harmaic emission due to 

non—linear effects in a ruby  laser. 

It is well—knoifin (cf. Giordmaine, 1962 and Maker et 
-.4011'" 

al, 1962) that uniaxial crystals like ruby are not suitable 

media for SHG under normal circumstances. On the other hand 

such crystals, e.g. calcite, which normally would produce 

only third harmonic radiation, when suitably biased, produce 

SHG as well (Maker et al, 1963). Similarly, the possibility 

could not be excluded that non—linear effects in a ruby 

laser would lead to a small amount of SHG. 

There was only one reported attempt to eliminate this 

possibility of u.v, production in the ruby laser itself by 

Peticolas et al (1963), who looked for double photon 
0 

excitation in organic crystals. They could find no 3471 A 

radiation from the laser itself, and their "limit of detec—

tibility was 10-4 compared to the fluorescent intensity". 

However, it was not clear what this meant in absolute terms. 

Since this part of our experiment was concluded, Schultz 

(1964) reported effects of over—excitation on ruby crystals: 

a pumping energy of four times the threshold energy made the 

ruby crystals change their colours to orange, and this was 

accompanied by a rise in the threshold for laser action. In 

our experiments we never exceeded the threshold by more than 

a factor 2. 
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The experimental arrangement is shown in Fig. 19. We 

used the same laser as in the previous experiment and tried 

to separate the red and possible u.v. outputs. The beam 

was focused into a single—grating monochromator and then on 

to a quartz prism spectrometer. The beam was turned through 

180°  in order to cut down background due to scattering and 

pumping light. An E.M.I. 9660B photomultiplier, with a 

Sb:Cs photocathode was used to detect the u.v. radiation 

and the signal was displayed on the lower beam of a Tectronix 

551 Dual—beam oscilloscope. A small amount of the red beam 

was tapped off by a monitoring photocell and displayed on 

the upper beam of the oscilloscope. The photocell also 

triggered the time base for the two displays, Light—pipes 

were used between the optical components (not shown) and 

two Kodak Wratten 18A u.v. filters were interposed. Their 

importance was shown by the fact that, when the one in 

front of the photomultiplier was taken away, there were 

enough scattered red photons to show up on the signal 

channel. The sensitivity of the photomultiplier was 

increased to the level where it could count single photo—

electrons. Quartz lenses were used throughout. 

The system was calibrated with a mercury discharge lamp 

as light source in place of the ruby laser. Each element 

was calibrated separately and finally a screen with a slit 
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was put in front of the photomultiplier and calibrated in 

terms of the known lines of the Hg spectrum. The dispersion 

was 160 A/mm in the plane of detection. The photomultiplier 

either scanned the whole spectrum or alternatively the prism 

turntable was rotated and the spectral lines reached the 

photocathode through two narrow slits. 

No u.v. photon emission was observed up to twice the 

pumping threshold. Our detection limit was about 400 u.v. 

photons per pulse. This high figure came about because of 

the high discrimination needed against 1014  red photons. 

This figure could have been improved by 5 - 10 using a 

quartz—window photomultiplier with a higher quantum sensi—

tivity. Near saturation conditions could have been achieved 

by using a more efficient pumping geometry. But then, of 

course, the danger of changes in the ruby arises, as 

mentioned above. 

We could safely conclude that no SHG occurs in the 

laser itself which could confuse the results of the inter—

ference experiment., 

(c) Transmission properties of u.v. filters. 

In the interference experiment monochromators and prism 

spectrometers cannot be used to separate the fundamental 

and SHG beams for obvious reasons. Thus we had to rely upon 
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gelatine and liquid filters. There were reports in the 

literature that under high power conditions these filters 

showed unexpected non—linearities. For example, Barrett 

and Weber (1963) noticed that "the shape of laser pulse is 

drastically changed upon passing through the CuSO4  filter". 

Boyne and Martin (1962) observed that the lacquered surface 

of gelatine filters becomes opaque during the first part 

of a high intensity pulse. 

Hence it was imperative to examine the transmission 

properties of the various filters we intended to use. 

First of all, we were interested in the comparison of 

various filters as far as their discrimination between the 

fundamental and SHG wavelength is concerned. Most of the 

commercially available interference filters offered a ratio 
0 

of 25:1 in favour of the 3471 A wavelength and this is 

achieved partly at the expense of the transmission coef—

ficients (less than 40% for the u.v.). Thus we compared 

the much cheaper Kodak Wratten 18A gelatine filter and 

NiSO4  and CuS04 
liquid filters, in standard 4 cm long cells, 

the latter in two different concentrations. The measure—

ments were made on a Beckman DK2 spectrophotometer, the 

calibration of which was carefully checked with the help of 

the sharp lines of didymium chloride. Curves were obtained 

both for the whole spectrum and in the neighbourhood of 



the two interesting wavelengths. The mean values of these 

measurements are shown in Pig. 20. As we see, the 18A 

filter offers a discrimination of 401, with the additional 

advantage of cutting out all visible light. However, it 

transmits only 50% of the u.v. at 3471 A. The NiSO4  has a 

similar u.v. transmission, but it discriminates against the 

red only to the extent of 9,11. An M/2 CuSO4  solution has 

a similar discrimination as the 18A, but a much higher 

transmission (90%) for the u.v. When the concentration is 

doubled, the transmission decreases slightly to 75%, but 

the discrimination increases to 250:1! However, it is 

difficult to keep this concentration for longer than a 

couple of hours: the excess soluisfe tends to precipitate 

on the walls. The curves for CUSO4 
are in partial dis—

agreement with those reported by Tittel (1964), who observed 

a flat 99.5% transmission from 5000 to 34000 A. The pro—

bable reason why he could not detect aaight variation 

there is the weakness of the solution he used. 

On this test alone the CuS04 
filter would be preferable. 

However, we examined the scattering produced in these 

filters during laser radiation. We included the Kodak 

Wratten 70 deep red filter as well, which is normally used 

to eliminate unwanted pumping radiation. We used the 90 

CV photodiode to detect scattered laser light from 0 to 
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90 degrees off the optical axis of the system. The results 

are shown in Fig. 21. As we see, the liquid filter scatters 

much more than the other two. The scattering due to the 

ruby itself can be neglected here, because according to 

George et al (1963) at 10 degrees off axis it is reduced 

to 10-4 of its peak value. 

Finally we examined how the liquid filter transmits 

laser light interference fringes. For this purpose we 

repeated the experiment, first reported by Kisliuk and Walsh 

(1962): we superimposed the two beams from the two ends 

of a ruby laser on a half—silvered mirror and obtained 

fringes, proving the spatial coherence of the beams at the 

opposite ends of the ruby laser. The experiment was easy 

to set up, with the help of an autocollimator for precise 

superposition. The fringes were transmitted through the 

CuSO
4 
liquid cell, photographed and compared with similar 

pictures, obtained without the cell. We observed that 

undistorted transmissfLon occured only if the solution was 

completely homogeneous and absolutely free from mechanical 

vibrations. For this reason we decided to isolate the 

rotating prism from the rest of the system. 

A typical photograph is shown in Fig. 22. These 

pictures, incidentally, show another interesting effect. 

We have already mentioned the controversy between Abella 
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(1961) 
and Townes/and Shimoda (1963) and Stoicheff and Szabo (1963) 

about the origin of rings in the far—field patterns of ruby 

laser beams. On the photographs we can see these rings and 

they are modulated by the same interference fringes as 

the central spot. 

(d) 0—spoilt ruby laser.  

For the first successful generation of second harmonic 

laser light a 10 kW ordinary ruby laser was used (Franken 

et al, 1961). Terhune et al (1963) reported saturation of 

SHG at 20% with a few MT fundamental power. This sets the 

limit to our power requirements. There are two types of 

giant pulse lasers which can give this power. Both have 

advantages and disadvantages. The Kerr—cell operated 

Q—spoilt laser can switch very rapidly (few nsec), can be 

controlled with precision and is easy to couple to other 

electronic apparatus. On the other hand, the whole set—up 

is fairly difficult to build or expensive to buy and only 

the very special (and very expensive) types give really 

short pulses. The many additional surfaces lower the beam 

collimation. A great drawback for non—linear applications 

is the fact that the nitrobenzene itself becomes a Raman 

laser at these power levels. If KDP is used instead, it 

rapidly deteriorates. 
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The rotating prism Q—switching laser does not have all 

the above advantages, but neither has it the disadvantages. 

It is simple to build, no extra components are introduced 

into the cavity and it can give reasonably fast pulses 

(25 — 50 nsec). It can deliver as much power as the other 

type. In fact, Bortfeld et al (1964), with an exceptional 

ruby, reported 100 MW output and the beam was essentially 

diffraction limited! 

Thus it was decided to build this second type. The 

schematic diagram of our Q—switching laser is shown in 

Fig. 23. A small rectangular prism is cemented to a little 

turbine. 135°  before the prism reaches its normal mirroring 

position, it reflects a faint light beam into a small photo—

multiplier. The latter sends out a signal to a delay unit, 

Which in turn activates the trigger circuit for the flash—

tube. The delay is adjusted so that the Q of the cavity 

is restored when the population inversion is maximum. In 

our . case the delay was found to be between 700 and 750 µsec 

from the start of the pumping light pulse. The electronic 

circuit for the delay and flash—tube trigger is shown in 

Fig. 24. 

The air—driven turbine was taken out of a wartime 

gyroscope; its shaft was prolonged on one side and a window 

cut into it to house the prism. Vie found that the 90° 
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Fig. 23. Schematic Diagram of Rotating Prism Q--spoiling Laser 
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angle of the prism had to be accurate to within 2 seconds 

of arc for good imaging. The turbine could be rotated up 

to 30,000 r,p.m., if necessary, but 20,000 was found to be 

adequate. Our limitations lie in the pumping system. 

Investigations by Congleton et al (1964) showed that 

for high power applications the helical and close—coupled 

type pumping systems are better suited than the elliptical 

cylinder focused type. So we retained our previous system 

of 6 linear flash tubes surrounding the ruby. However, one 

reflector now was a prism, which meant that the light had 

to make a double pass through the ruby. In a perfect, 

homogeneous crystal this would not have mattered, but in a 

real ruby this meant that the oscillation threshold depended 

on pairs of good filaments. The threshold nearly doubled, 

as compared with the usual working conditions. At this new 

threshold the flashtubes were used slightly above their 

maximum ratings. Above this level the flashtubes deterior—

ated very rapidly. 

From this several consequences followed. The cavity 

length had to be kept short (30 cm), although the optimum 

power would be obtained around 100 cm. The dielectric 

coating on the mirror face of the ruby had to have 80% 

reflectivity instead of the generally used 50%. Hence, 

when too many layers were used to produce such 
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reflectivity, the high power radiation damaged it very soon. 

Even with a 5—layer coating, small pinhcaes occured after 

a few dozen giant pulses. We had to coat the other end of 

the ruby and the transmitting face of the prism with an 

anti—reflection coating (single layer of NgF2). 

The giant pulses obtained under these conditions are as 

predicted by the theoretical calculations of Wagner and 

Lengyel (1963), as shown in Fig. 25(a). When the initii1 

inversion in terms of threshold inversion, ni, is not very 

high — the curve is d:awn for.ni 	1.649 — the power is not 

very high and the pulse is wide. In our case the power was 

estimated to be about 40 kW and the halfwidth about 70 nsec. 

This value would correspond, according to the theory, to 

plo  n. = 1.2 and a  /, 	0.02 (i.e. 30 kW). A typical pulse 

is shown in Fig. 26 a,b. However, if one could increase 

theni  . to 4.482, then the photon—density could be increased 

by more than a factor ten aryl the halfwidth shortened to 
OUgy 

aboutathirdtasisshowninng. 25b.For r —= 1  .2, the ni  

increase would be a factor 100 for peak power and pulsewidth 

would decrease to about a sixth. 

Nevertheless, we used our far from perfect Q—spoilt laser 

to generate second harmonic light. The fundamental beam 

was focused by a short focal length (1.6 cm) lens into a 

slab of KDP tilted at the approximate matching angle. The 
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output was collimated with a similar lens and passed through 

three 18A filters onto the Sb:Cs photocathode of an EMI 

9660 photomultiplier. The discrimination was about 109:1 

in favour of u.v. photons. A typical result is shown in 

Fig. 26a. The bottom trace shows the output of a 90 CV 

monitoring photocell, with a 1.8 KO, load, followed by a 

cathode follower. The top trace shows the output of the 

photomultiplier across a 75 c2  load matching the 551 

Tectronix os,dlloscope. Fig. 26b in comparison shows the 

result of interposing a Kodak 70 filter, which completely 

stops the u.v. radiation, but lets through 75% of the red. 

About 108 red photons produced one u.v. This was far 

from optimum. Maker et al (1962) observed that with a 

similar platelet of IMP the following efficiences were 

obtained: 10-12 for unmatched and unfocused beam, 3 x 10
-9 

for unfocused but matched and 10
-6 for matched and focused. 

The use of a giant pulse should improve on these figures. 

In our case the discrepancy comes from not using the 

optimum conditions for matching. 

(e) Discussion of the problems of second harmonic  

generation. 

The basic limitation of the present system is power. 

First of all the pumping system needs to be changed. We 
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Fig. 26. Second harmonic generation in KDP. Top trace: 
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intend to uoe the ex—focal elliptic cavity pumping, first 

proposed by Roess (1964). The threshold of the ruby with 

the prism reflector will be below 200 J and we can use a 

linear flashtube, matching the ruby, with a 900 J rating. 

The ruby might be changed too Our present crystal has a 

Cr+  concentration of 0.02% while in high power applications 

it is customary to use 0.04 — 0.05%. Our ruby is a 60°  

oriented one, while 90°  rubies are more common for Q--

switching. RSss (1963c) showed that the 60°  ruby is the 

worst from the point of view of efficiency and power, in 

comparison with 0°  and 90°  ones. A slightly longer (3") 

and bulkier ( H diameter) ruby would be also more useful. 

We are not using the full volume of the present crystal, 

because of the focusing action of the polished side (cf. 

Congleton et al, 1964). So a roughened surface would also 

increase the output energy. 

For maximum transmission of u.v. light, the collimating 

lens and the window of the detector should be made of quartz. 

It would be better to dispense with focusing altogether. 

Kleinman (1962c) showed that second harmonic generation 

becomes extremely complicated with focused beams and this 

might cause confusion in the present experiment, too. So 

it would be advisable to use only collimated beams. How—

ever, the full coherence length could be better utilized 
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with a thicker KDP crystal (1.5 cm instead of the present 

1.5 mm). 

A thicker crystal might perhaps be usable with a con-

tinuous gas laser ex the source. We tried out the He •- Ne 

gas laser we built as the test source for the experiment. 

The power output was not optimised and the KDP was thin, so 

the expected SHG light was below the fluctuation level of 

the uncooled detector. 

At the time of writing, the principal part of the exper-

iment, i.e. the measurement of fringe visibility both for 

the fundamental red light and the harmonic u.v. light, has 

not yet been completed. However, the apparatus is now at 

a stage where these measurements should shortly be possible. 
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coNpTusIoNs. 

The main aim of this work was achieved: we have proved 

the existence of transient interference fringes in the 

superposition of two independent laser light beams. This 

experiment belongs to the new important group of transient 

coherent effects. The high degeneracy and great spatial 

and time coherence of ruby laser light was a necessary 

precondition for success and demonstrated the significance 

of these properties of maser light, The results are readi:ly 

described by the semi—classical coherence theory of Mandel, 

Wolf and others, so the success showed the power of this 

theory. As our experiment was intimately connected with 

some fundamental characteristics of light, it is no wonder 

that a debate has sprung up after the first report on how 

to interpret the results in Quantum mechanical terms 

(Mandel, 1964a,b; Paul et al, 1963; Jordan and Ghielmetti, 

1964; Jordan, 1964). The experiment showed, incidentally, 

that the tacit assumption that the mechanism of photoelectric 

detection (cf. Mandel et ni  , 1964) is the same for laser 

light as for thermal light, was correct. 

Some physicists had certain misgivings about the 

experiment although not expressed in print. A few of them 

doubted whether it was genuine; no doubt the standard 
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assertion of optics temtbooks about the impossibility of 

obtaining interference fringes with two independent light 

beams strongly influenced their judgement. Others, on the 

contrary, could not see any significance in the experiment. 

They quoted the common occurrence of beats with two indep—

endent radio—frequmcy waves and also the beats demonstrated 

with two gas lasers. It is true that in principle our 

experiment belongs to the same class of phenomena, but in 

experimental form it is completely different. We showed 

earlier that beats were achieved even with two thermal beams, 

because of the experimental flexibility allowed in the beat 

experiments of the time domain. In our case we had "spatial 

beats": the fringes had to occur simultaneously over a 

finite area. Hence we could not afford any relaxation on 

the requirements of high degeneracy and fast switching. 

Compared with beats observed in the radio or microwave 

domains, here the quantum character of radiation posed new 

problems of detection and interpretation. The experiment 

differs from all the beat experiments in that it used an 

image preserving detector. 

It may seem that it was an academic exercise. But 

physics has always been a healthy mixture of "academic" and 

"practical" projects. Academic experiments often form the 

basis of practical devices at a later stage and help our 
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understanding of the subject. With the improvement of 

solid state lasers, this experiment might one day become 

a standard undergraduate exercise. In view of the above—

mentioned controversy, it would perhaps be worth—while to 

repeat the experiment with two independent gas lasers, 

which have a less complicated behaviour. The experiment 

might also serve some immediate, practical purpose: when 

heterodyning with solid state lasers (e.g. optical ranging) 

becomes practicable, the lessons learnt in it will help in 

the design and interpretation. 

As for the second experiment, if it succeeds, it will 

give valuable data on the coherence properties of SHG, of 

which we know so little at present. 
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APPENDIX 

The slow variation of the envelope of the conlplpx anal7tic 

function V(t). 

Let us represent a quasi-monochromatic light-beam by the 

envelope" representation: 

V(t) = U(t) exp 21-rivot = /I(t) exPL12uiv ot) + im(t)] 

....(1) 

where vo is the centre frequency of the light beam and 

U(t) is a complex amplitude function, with amplitude 

U(t) I = /77 and phase argU(t) = p(t). 

The Fourier transform of V(t) is 

V(t) = SA(v)exp(arrivt)dv 
0 

If we express the frequency v as a sum 

v = vo + v t 

then equation (2) can be written as 

oa 

V(t) = exp arivo  t S A(vo +vt)exp(2Trivit)dvi _v  
0 

which, in comparison with (1), gives 

....(3) 

U(t) = $ A(v o  + vt)exp(27ivit)dvt 
-v 0 

To prove that this is a slowly varying function in a time 

short compared with A't , 1/Lv, we take its value at a 

0004(4) 
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time t + 	when t « 1,/py 

co 

U(t + 	J' A(v 0 	N) 
	exp(21-riv't) exp(2rriv 1.5)dyl 

0 

Our assumption about a quasi.--monochromatic beam ensures 

that only frequencies within the /N) width will contribute 

to this integral. Together with the assumption about 'C9 

this means ytt « 1, hence the contribution from the 

second exponential term is negligible. Hence 

U(t + 	U(t) 	for « 1/Ly 

which we set out to prove. 

As U(t) is a complex function, it applies both to its 

amplitude I /1(t) I and phase p(t). Thus both 1(t) and p(t) 

change slowly in a time short compared with 1/Ay. 
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APPENDIX B. 

(a) Reduction of fringe visibility due to the presence  

of N axial modes. 

Let us represent the two interfering beams as a sum of n 

and m axial modes, respectively: 

V (t — 1) 	E U (t — i) e21-ri(v1+116v1M 1 	2 	n 	n 	 ....(1) 

V2  (t+ ) 	E U2m(t 	e2fri(v2+mov2)(t+i) 
2 	 ' 2' 

1.\ 
 

where all the symbols have the same meaning as in Chapter 

II. Then the instantaneous intensity becomes 

=I1 + I2(t+2) + 2RiE m 	(t-124.)Un 
111 	2 
(t+1) in  

x e271[(v 2—vi)t 	(v1 4-v2)  

x e 2TTi [ (ma -2-126 	t+ (m6  v2+no )2.')'14` 

As U(t) is the complex amplitude function, we can express 

it in terms of its amplitude /I(t) and its phase, p(t). 

Assuming that the amplitudes of the components are equal, 

they can be factorised out of the summation. Taking into 

account their slow variation in times -5 « 1/6, 	find 
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I(t) = I1  (t)+ I2(t) + 211/Iin(t)112m(t) 	iEne2Tri(v2-9t+(v2±v1)21  

x 	e2ri [(m5v2  -nOv1  )t+(m8v2  +n&1 2  )1-1 

x e27i42m(t) 	ciDinm 

In the cross-term we can neglect the exponential term 

containing mElv2  and n8v2' because (m8v2 - nOvi )T << 1, and 

(m6v  2 + 11"14 << 1. Hence 

1(t) = I1  (t)+ I2(t) + 2R/I1n(t)I2n(t) e27iL(v2-v1)ti-(v2+\1)21 

x E E e2Tri[cp2m(t) 	eP1n(t)3 m n 

Thus we are left with the problem of summing the random 

phase terms. If there are a large number of axial modes 

(in part (b) of this Appendix we see that in principle 

this assumption is justified), then we can write 

N N 
= E E e27i(pm 

	
fin) = E 	1 + E earri(cPM 	S°n)  

n m 	n=m 	n/m 

Hence 
= N 

and 	 i71ll  = 

Thus on substituting these tviean values into the above equat ion,  

	  fri•R v 	v 
I(t) 61.1 (t) + I2(t) + 2R4Iln(t)I2m(t)

2- 
 e 2 1 

)t±(v 
 2 v1)2 Neif,- 
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where eta  is another random phase term. But we can 

express iIinN from Triiin(t):ze/f7) and similarly 

NiI2m(t) ce.lI2(t). 

Hence 

I(t)f5Ii(t) + I2(t) + 2411(t)I2(t) E2   cosC2702—yt N 
+ ir(v2+v1 	+ cc] 

ON.04.(4) 

In comparison with our basic formula, equation 6, Chapter 

II, we see that the presence of N axial modes will reduce 

1 the modulation by T. This, of course will be carried through 

to the expression for the visibility. 

(b) Number of possible axial modes for our ruby laser. 

If the frequency separation of the cavity modes is Ayc 

and the halfwidth of the natural line is Avi, then the 

number of- possible axial modes is 

N = v c 

Ay
1 
is given from experimental measurements (see for 

example Schawlow, 1961): 	the wave—number spread Lk at 

room temperature for the ruby 111  line — 11'cm-1 9 hence 

Ay 	= c. Lk — 3.10+11 sec-1 

The cavity eigenfrequency separation can be calculated 



Hence, using (5), 

•  3 	1011  N 	x  
1.5 x 109 

— 200 
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from the Fabry—Perot condition: 

2µt = n% = 	 ....(6) 

where µ is the refractive index of the medium, t is the 

resonator length. 

From (6) 

Av
c 

= --9 
24t 

From (7) for a ruby crystal of length 5.8 cm and refractive 

index 1.75, we obtain Avc 	1.5 x 109. 

So if all the axial modes were activated simultaneously 

the relative modulation amplitude would be reduced by 1/200 

or .5% of the single axial mode value. 
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APPENDIX C. 

Relationship between Thotodensitometric and absolute  

visibility. 

The usual definition of the film contrast factor, 

D  
Y = 

log E — log i 
on the straight portion cf the curve where D is the 

photographic density and can be expressed also as 

D = — log 0 	 ....(2) 

Here 0 is the transmission we are actually measuring in the 

photodensitometer. i is the inertia or a measure of the 

sensitivity of the film. E in (1) is the photographic 

exposure, which is related to the intensity of the light—

beam through the rel'aion: 

E = TI 

where T is the exposure time. 

Hence from (1), (2) and (3): 

• • • • ( 3 ) 

Y — 	
— log 0 

   

   

log(TI) — log i 

  

and from this we obtain the required relationship 

 

(TI\Y _ 
--37/ - 8 
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Hence the Michelson visibility becomes: 
r1 	1 Y _ 11 	,1Y 

I 	I . = 	) 	ke 	) 	Y 
_ eY 
	— e . 

— 
max 	man 	 Amin.  - 	-max 	max 	man 

*4V -   I 	+ I 	( 
° 

1 	\Y 	(1 	y 	e Y  + 0 max min 
 

	

7 ) + 7 	
max 	man 

min 	max 

Whel.ey is very nearly unity, as IMO is the case for very 

fast, long developed films (see curve attached), we can 

take the modulation of the transmission of the film as a 

measure of the Michelson visibility. 

0.00(5) 

Deep tank 
development 
in Acta Atomal 
New Developer: 

"Gamma" was measured 
as the slope of the line con-
necting the density values 
S = 0.5 and S = 1.5 on the 
characteristic curve 
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INTERFERENCE FRINGES PRODUCED 
BY SUPERPOSITION OF TWO 

INDEPENDENT MASER LIGHT BEAMS 
By G. MAGYAR and Da. L. MANDEL 

Department of Physics, Imperial College of Science 
and Technology, London 

OILITICAL intorforonco effects aro normally only 
obsorvod with photons in cohoront superposition 

status. Such states can bo brought about with the holp 
of beam splittors or induced optical transitions. It has 
boon said that "each photon then intorforos only with 
itsolf. lntorforence between different photons novor 
occurs'''. Howovor, transiont intorforonco offocts havo 
boon demonstrated with two completoly indopondont 
microwave boams2. Such effects, which aro analogous to 
optical boats from incoherent sourcos3-2, aro immediately 
understandable in classical terms, for the amplitude and 
phase of oath beam remains constant for a time short 
comparod with the roeiprocal frequency spread, 1/ Av (tho 
coherence time). While it is true that in this caso the 
ensemble average of the radiation intensity at difforont 
space points gives no indication of interference, the 
ensemble average is not rolovant to any ono short-time 
observation. 

Interference effects ought to be observable also with 
two independent light beams, provided: (a) the photons 
in the two beams are not ill orthogonal spin states; (b) the 
observation is made in a time shortor than the rociprocal 
total frequency spread, 1/ Av, of the two beams, so that all 
the received photons may bo regarded as falling into the 
same cell of phase space; (c) the moan number of photons 
received on a coherence area in a cohoronco timo6, that 
is, the moan occupation number of each cell of phase 
space—or the photon dogonoracy paramotor, a—is much 
greater than I. 

As has boon shown7,8, for light from typical thermal 
sources 8 is always much loss than unity and reaches 
tho value 1 only when the source temperature approaches 
105  °K. On the other hand, 8 is usually very largo for 
optical maser boams8, and this suggests tho use of masors 
for tho oxporhnonte. Wo wish to report observation of 
intorforonco fringes producod by tho superposition of two 
independent beams of ruby maser light. 

The experimental arrangement is shown in Fig. 1. Two 
light beams from two independent ruby masors aro 
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Fig. 1. Outline of the apparatus for recording transient interference fringes 

aligned with the help of two adjustable 45° mirrors and 
superposed on tho photocathodo of an electronically 
gated imago tubo10. Tho tube is magnetically focused 
and the imago produced. on the output fluorescent 
scroon is photographed. Tim effective soparation, d, of 
the two virtual (ineohoront) sources is defined by two 
slits and the expected fringe spacing, x, is, as usual, 
givon by 

= XD/d 	 (1) 

whore X is tho wave-length and D the slit-to-cathode 
distance. Thu two rubies aro rotated until the polarization 
planes of the two beams aro parallol and a linear polarizor 
is introduced as a further precaution. A narrow-band 
optical filter attenuates most of the pumping radia-
tion. 

Tho fiesta tubes exciting the two masons aro triggered 
simultaneously; but, as the maser omission from ruby is 
in the form of a sorios of random `spikos' of approximatoly 

ii.sec duration, two light beams are only occasionally 
omitted in coincidonco. The imago tube is thoroforo 
normally gatod-off by a negative bias voltage applied to 
tho grid. Two monitor pliotodotoctors feeding into a 
coincidence circuit determine when two maser beams 
emerge in coincidonco, and then causo the imago tube to 
bo gated-on by a positive pulse of selected duration 
(30-500 nsec) applied to the grid. 

The two rubies mod in the experiment aro 5.7 cm long, 
of diameter 6 mm (0.02 per cent Cr, 60° orientation) and 
have silver-coated plane ends. They aro surrounded by 

2 
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Fig. 2. An examp a of fringes recorded: (a) photograph; (t) inicrophoto- 
meter tracing 

four straight xenon flash tubes in a configuration of tho 
type described by Milos and Edgorton". Under excitation 
of a few per cent above tho threshold for maser action 
(approx. 200 joulos) the rubies deliver about 20-40 'spikes', 
which loads to an average spike coincidence rate of about 
ono per xenon flash. Provision is mado for provonting 
double exposures rosulting from double coincidences by 
paralysing the electronic gate for somo hundreds of IISOC 
after each oxposuro. 

Fig. 2 shows a photograph of interforonco fringes 
obtained in a 40-nsec exposure, together with a micro-
photometer tracing across the negative. The measured 
fringe spacing is 2.77 ± 0.03 mm, while the corresponding 
value calculated from equation (1) with D = 180 ± 
0.5 cm, d = 4.51 ± 0.03 trim, A = 6943 A, is 2.77 ± 
0.03 mm. The number of distinguishablo fringes is about 
23, which is rathor loss than the number expoctod from 
the ratio of slit spacing (4.51 mm) to slit width (about 
0.3 mm). However, the high granularity of the film 
makes small variations of photographic density difficult 
to detect. 

3 



The maximum measured fringe visibility of the pattern 
is about 15 per cont. As in conventional interference 
experiments with coherent light beams. the visibility is 
partly determined by the ratio of the two light intensities. 
but, in this case it, is strongly dependent on the exposure 
time. 

The approximate relation is easily calculated classically. 
Let 118 represent the two beams at some point in the 
superposition plane by the complex analytic random 
functions" IT,(t— -:!,7) and 172(t+ T), whore CT represents an 
optical path difference varying systematically from point, 
to point. Then the resultant wave amplitude at any point 
of superposition is: 

V(t) = Vi(t — -!2r) + 	+ 47) 
	

(2) 

and, if /,(t) = l',(t)lz and .12(t) = 117 2 (012  aro the in-
stantaneous intensities, the resultant intensity is: 

J(1) = 	+12(t 	!, 7) + 2/?[ I", 	— T) 11.2(t + 17)-1 (3) 

Now 17 ,(t) and 172(t) can be expressed in the form": 

17-,(t) 	V/i (t) oxp[277ivit 	ip„(t)] 4 

	

1'2(t) = V/2(1) exp[2riv,,t 	iy,(1)] 	 ( )  

whore v, and V. are the mid-frequencies of the two light 
beams and cp,(t) and ep,„(t) are random phase functions 
which, like I t (t) and 1.2(t), vary only slowly. in particular, 
they change by an insignificant amount, in a time T short 

	

compared with the coherence time 	From (3) and (4). 
assuming that T .< t, IVO have: 

= I,(t) 	I 2(t) 	201-  i(t)I 2(t)1 
x cos [217.(v,— v i )t 	;7(v.,21- v1 )7. 	q 2(t) — cp,(t)] 	(ii) 

if the observation time T is also shorter than then the 
signal S(t.T) recorded in time T is given by: 

t+T 
S(I,T) _ 1 f j(r)dt , 

T J 

sin r(v2 —V1 )T 
7.,(v2 — v1)11  

cos[277(v,,— 	(t+ 	+ :7(v2-1-vi)T + q2(t) — pi(t)] (6) 

Since S'(1,T)1.7' is a cosine function of -, the recorded 
signal shows a positional modulation in the plane of 
superposition which we interpret as interference fringes. 
The fringe visibility is: 

	

2 	 	I sin  r:(v,—v I )T r = 
1/[11(t)i-i2(t) + 1/[/2(W/1(1 )11 7.:(v2 — v1)T 

4 

= I,(t) + 12 (1) 	2\/[1,(1).1- ,(t)] 

(7) 



and has a maximum valuo of unity when /1(0 = /2(0 and 
T < lily, — v,l. Since cp,(t) and (1),(0 aro random phases, 
the positions of tho fringo maxima and minima aro unpro-
dictablo. 

This simple calculation ignores the possible presence of 
several axial modus in each maser beam. Thorn is some 
ovidonco"," that, closo to threshold, tho number of 
modes in a single maser 'spike' may be as low as unity, 
but if it is not tho fringo visibility will be,  loss than that 
given by (7). 

Recent measuroments5,19-" of the cohoronco time of 
tho maser radiation from ruby havo shown that this timo 
is of the ordor of the spike duration, so that the con-
ditions T . and T < under which equation (6) holds 
appear to have boon satisfied in our experiment. But 
because the frequencies v, and v, refer to separate masers 
they may differ appreciably, and the requirement T 

— v 1 I for high fringe visibility is normally the most 
difficult to satisfy. Not only aro the optical lengths of 
the two rubies likely to differ, but also those lengths aro 
subject to significant thormal variation". At worst, 
lv,— v i l may ho as groat as the natural fluorescence lino 
width, which would make T extremely small. In practice, 
it is to be expected that thermal fluctuations will cause 
v, and v, to vary from pulse to pulse, and that observable 
interforonco fringes will only occasionally bo obtained, 
and this is confirmed in our observations. 

It seems, therefore, that, as with microwaves, those 
intorforonco effects aro describablo in completely classical 
terms. 

We thank Prof. J. D. McGee and Dr. W. L. Wilcock 
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An Interference Experiment with Two 
Independent Beams of Ruby Maser Light 

G. MAGYAR and L. MANDEL 
Department of Physics, Imperial College, London. 

INTRODUCTION 

Interference effects normally depend on the existence of coherent 
superposition states. With incoherent light beams the ensemble average 
of the number of photons received is independent of the optical path 
difference. However in principle it is possible to make observations 
to which ensemble averaging does not apply. Thus two independent 
photons with parallel momenta and similar spins in mixed energy states 
covering a range h Pv may be regarded as coherent in a time interval 
that is short compared with 1/P v . Within this time interference effects 
should be observable with independent light beams and should yield 
information on the frequency range A v (I)  An experiment of this kind 
is the spatial analogue of the optical beat experiments which have been 
carried out with independent beams 

Such observations are however feasible only when the number of 
photons defining the interference pattern is appreciable. This number 
is of the order of the average occupation number of a phase space cell, 
which is the degeneracy parameter 5 of the photon beam. For light 
from thermal sources (7-83  & is much less than 1, so that the effect is 
not likely to be observed, although it has been demonstrated with 
degenerate microwave beams(9). We have set up an experiment to record 
interference fringes with independent ruby maser beams. 

The effect is most easily described in terms of waves. Consider 
two plane waves with similar polarizations superposed in a plane, such 
that there is a systematic change of optical path difference T in some 
direction in this plane. Let us represent the two beams at a given point 

of superposition by the complex analytic random functions (1°)  Vi  (t--1  2 
1 	\ 

• and V2  ( 	2 + — T ) Then the resultant wave amplitude is 

V (t) = Vi  (t - 2 T) + V2  (t + -21- T ), 	 (1) 
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while the instantaneous light intensity is given by 

I(t)=V (t) V(t) = 	) r2  ++,) + 2 R [ Vie 	- 	) V2 	( 2 ) 

Let v1  and v2  be the centre frequencies of the two beams. Then V1  (t) 
and V2  (t) can be expressed in the form(10) 

V1  (t) = 	exp [2 7L i vl  t + 	1 (01 

V2  (t) = VI2 (t) exp [ 2 n v2  t + i cD2  (0] 

where 	(t) and (I) 2  (t) are random phase functions which, like I1(t) and 
I2 (t), change only slowly and by an insignificant amount in times short 
compared with the coherence times of either beam (11) . If we substitute 
(3) in (1), then, if T « 	we find 

I(t) = I1(t) + I2(t) 

+ 2V[I1(t) I2 (t)] cos [2 "II( V2  - 	t +n (V2  + v1 ) T 	(1)2 (t) - CT)1(t)] 	(4) 

It can be seen therefore that, in a time interval which is short both 
compared with E, and with 1/1v2  - v11,  every term in (4) is constant.  
Over this interval there is a cosine modulation of intensity, corres-
ponding to interference fringes, as the optical path difference c T varies . 
The fringe visibility is 

2 
V Iii(t)/12(01 + ‘r[ 'MOM)) 

and will be less than unity unless I, (t) = 112  (t). The positions of the 
fringe maxima and minima cannot be predicted since 1)1  (0 and (')2  (t) 
are random phases. 	 • 

This simple calculation ignores the possibility that there may be 
several axial modes present in each maser beam. There is some 
evidence(12-13) that the number of modes in a single maser spike may 
be as low as one, but if it is not the fringe visibility is appreciably 
reduced. 

Because the frequencies v, and v, refer to separate masers they 
may differ appreciably and the requirement to make observations in 
times T of order or shorter than 1 2 - v,1 may be the most difficult 
to satisfy. If T is greater than 1 nv2  - v11  but less than l we find, on 
integrating (4) over time, that the recorded signal 8(0 is 

SS  (t)  - 11(0 4 I2(t) + 2 V I1(t) I2(t) sinTt  ( v2  - 	T  cos 
n (v2  - v,)T 

[2V, - )/ + -TT) + ( v2  + 1 	\ 1(5) 

(3) 
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and the fringe visibility is reduced by the factor isinn(v2  - v1 )T/T:(v2  - vI )T1. 
At worst Iv2  - v11 may be as great as the natural fluorescence line width . 
However, if 1\12  -vl lcan be controlled and made small, for example 
by temperature control of the lengths of the rubies, or by the use of 
two masers with common reflectors, examination of the time development 
of the fringe system should give information on the form of the auto-
correlation function and the spectral distribution. 

THE APPARATUS 

The experimental set-up is shown in Fig.l. The interference fringes 
are photographed via an electronically gated image tube. The two-beam 
interferometer resembles the classical Young double-slit interferometer 
in that it is a double wave-front instrument. It is easily aligned by 
means of the mirrors shown. The fringe separation X is given by the 
familiar formula 

X = Did, 

where X is the wave-length of light used, D is the source - screen 
distance, and d is the separation of the sources, It can be seen that 

• 

• Twin Optical Maser 	Mirrors Photodetecters Coincidence Unit Pulse Generator TriggerTuba Catwra 

I 

Fig. 1 - Interference Experiment with Two Incoherent Beams of Light. 
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when the wave-length (6 943 A), the fringe separation (limited by the 
resolution of the image tithe to about 15 line pairs/mm) and D (limited 
by the 2 m length of the optical bench) are fixed;  the slit-separation 
must not be greater than a few mm (unless a magnifying lens is intro-
duced). One can either arrange the two rubies side by side in a common 
optical pumpting system, which may lead to difficulties in alignment , 
or use a system as shown, in which the rubies face each other in two 
separate boxes and the beams are diverted by two 45° mirrors. The 
virtual images in the mirrors of the two separate slits become the 
equivalents of Young's double slits. The mirrors are separately adjusted 
to superimpose the two beams on the photocathode of the image tube. 
As the mirror edges are very close the effective slit separation can 
be varied between 0.2 cm and 2.0 cm. The two masers are aligned 
to give beams of parallel polarizations, and a linear polariser is inserted 
after the mirrors as a further safeguard. A red filter excludes most 
of the pumping radiation. 

The image tube is normally cut-off by a-20V bias on the grid 
but coincident light "spikes" cause it to be gated-on. Two pieces of 
plane optical glass acting as beam splitters tap off a few percent of 
the light and send them to two red-sensitive (90 CV) photocells, which 
in turn operate a simple coincidence circuit. The trigger level of this 
circuit can be adjusted so that the system responds only when the 
pulses are in almost complete coincidence. A pulse generator then 
sends 40 V positive approximately square pulses of determined length 
(30 - 500 n sec) to the grid of the shutter tube. A paralysing circuit 
prevents multiple coincidences from activating the system. The image 
tube has a P. 11 phosphor at the output end from which the fluorescent 
image is photographed via a pair of coupled f/1.2 Canon lenses. In 
the first trials the photocathode was Sb : Cs, whose quantum efficiency 
at 6 943 A (0.01%) proved to be inadequate, but this has now been 
changed to 13i : Ag : 0 ; Cs. 

The two pumping. systems are similar and of the type described 
by Miles & Edgertont"). The rubies (5.7 cm long, 6 mm diameter , 
0.02% Cr, 60° orientation) have plane ends and silver coatings and 
are surrounded by four straight Xenon flash-tubes of similar dimensions. 
The whole cylindrical assembly is enveloped by reflecting aluminium 
foil, which serves also as trigger electrode. A 132 p. F condenser-
bank is discharged through the four flash-tubes connected in series and 
the threshold is reached at 180 and 200 joules for the two assemblies 
respectively. Because maser action occurs in several spots or filaments 
of the rubies more or less independently, two parallel slits are used 
to isolate a few maser filaments of each crystal. Maser action starts 
in both rubies — 350 µ sec after triggering. An average of one chance 
coincidence per flash is obtained with 20 - 40 spikes from each ruby ; 
this corresponds to excitation a few percent above threshold. 
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RESULTS 

All the fringes recorded so far have visibility well below 10 6,?0 
The fringes can be distinguished on the negative but are difficult to 
reproduce. A microphotometer tracing of a typical photograph obtained 
with a 200 n sec exposure is shown in Fig. 2. The measured fringe 
spacing referred to the photocathode is 0.44 mm ± 5 7̀:0, while the value 
calculated from the slit spacing is 0.48 mm ± 10%. The latter uncertainty 
is due to the unusually small ratio of slit spacing (3.3 mm) to source 
width (0.8 mm). About 7 fringes can be distinguished on the tracing , 
in agreement with the expected number. The Michelson visibility is 
about 3% in the centre of the fringe system. 

Fig. 2 - Microphotometer tracing of fringes from a negative. (fringe separa-
tion : 0.44 ± 5%). 

By photographing a resolution test chart via the image tube under 
pulsed conditions we have confirmed that the low fringe visibility is 
not attributable to loss of resolution in the optical system. Moreover, 
according to recent measurements(5-6-15-16)  of the coherence time of the 
maser light, the exposure time was nearly short enough to satisfy the 
conditions of equation (5). It is most likely that the low fringe visibility 
is due to a large difference between the centre frequencies v2  and v1  
of the two beams. For not only do the crystals differ in length, but 
these lengths vary throughout the excitation cycle. We are examining 
the possibilities of working with very much shorter exposure times, 
and with independent parts of the same ruby maser. 
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DISCUSSION 

0. HEAVENS - Have you any idea, what is the frequency drift of the two 
rubies during operation ? 

G. MAGYAR - We have not made any measurements, but results of other 
authors indicate that the frequency difference can be as large as 4 000 Mc/sec , 
which is many times larger than the drift in a microsecond 	2 Mc/sec). 
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