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ABSTRACT

A Tunable Two Prequency Output, Giant Pulse Ruby Laser,

A brief survey is given of the progress made
in the study and development of Q-switched lasers in
recent years, and a review of the theory relevant
to the work described, is outined.

A gain-switched giant pulse ruby laser systen,
employing two ruby rods of differing lengthsin a
single resonant cavity coupled with a rotating
prism,has been developed. A systematic study of the
output characteristics of this system under wvarious
conditions has been carried out. High resolution
spectroscopy, including nanosecond time-resolution,
of the emission of this laser, and also of a Pockels
cell switched laser, has rendered possible the
direct observation of the axial and off-axial mode
structure, and has shown the existence of an intensity
dpendent frequency shift towards higher frequency in
the giant pulses.

When the two ruby rods in the gain-switched device
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are differentially cooled, simultancous two frequency
output pulscs with powers in the tens of megawatt
region are obtained, the wavelength separation of the
two frequencies being tunable from 1 to 5.58. The
suitability of this device for certain experiments
in non-linear optics, such as the generation of the
sum and differemce frequencies in crystals, and non-
linear resonance mixing in plasmas, is considered.
The two frequency output of the laser system has
been mixed in ADP, to generate the sum frequency,

and the conversion efficiency of the latter process

compared with that of second harmonic generation.
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CHAPTER TI: SURVEY OF RELEVANT AREAS OF LASER PHYSICS.

1.0 The Advent of the Laser.

Although the notion of stimulated emission was shown
by Einstein (83) in 1917 to be a necessary process in the
interaction of radiation and matter, it was not until
several decades later, that definite proposals were ad-
vanced, independently by several investigators, to apply
the phenomena of stimulated emission to the amplification
of radiation (87, 22, 239, 230). Subsequently, a molecular
amplifier and oscillator operating in the microwave region,
utilizing an inversion transition of ammonia, was developed
by Gordon, Zeiger and Townes (101, 102, 205); a similar
device was proposed by Basov and Prokhorov (23).

In 1958, Schawlow and Townes (202) and others (190,77)
considered the extension of the maser technique from the
microwave region to the infrared and visible wavebands.
This involved several problems, in that, in the microwave
region, photon energies are small, the cavity dimensions
are comparable with the wavelength of the emitted radiation,
and spontaneous emission is‘negligible. Whereas, in the

optical region the reverse is true, the photon energy is



comparatively large, the cavity dimensions are neccssarily
several ordcrs of magnitude greater than the wavelength of
the emitted radiation, and thus, it is necessary either to
minimisge the number of modes into which spontancous cmission
can occur, or utilize mode sclection techniques to restrict
amplification only to certain modes. The latter technique
was adopted by Maiman (152,153%,154,155,156), in constructing
the first pulsed solid state maser in the optical region,
oscillating at 69432. This was achieved by producing pop-
ulation inversion in a short cylindrical length of pink

ruby crystal (C.05% Cr3+ concentration) with partially re-
flecting silver coatings on the polished flat and parallel
ends, by optically pumping with thce intense radiation from

a helical flashtube.

This succoss arouseé the intercests of many workers and
as a conscquence laser research gathered momentum at a prod-
igious rate. After Maiman's success, Javan, Herriott and
Bennett developed the first CW laser, by exciting a mixture
of helium and necon in a discharge located between the
mirrors of a Fabry-Perot resonator (118). The output power
was many orders of magnitude less than that of the solid
state device, but since a gaseous medium is inherently more
optically homogeneous than a solid crystal, the spectral

purity, spacial cohcrence and dircctionality were far
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superior. Butayeva and Fabrikant (57) in 1957, looked for
negative absorption in a number of materials, such as Cs,
but their results were inconclusive. Basov et al (24)

gave a mathematical treatment of the conditions under which
exchange of excitation in a mixture of different gases
would produce negative absorption., Almost simultaneouswith
the development of the gas laser the successful operation

. 2
of new so0lid state lasers such as, Sm *

and U°F in CaF,(218),
red ruby (240, 203) and Na°* embedded in crystals (122) and
glass (211) were reported,

Speculation into the possibility of using semiconductors

o)

s laser materials was finally realized in 1962, when several
workers rcported laser oscillation in GaAs p-n diodes
(105,177,191).

Thig short introductory survey of the highlights in
the advent of the laser is of necessity, brief and incomplete.
A more comprehensive history of the evolution of the maser
and lascr has recently been compiled by Lengyel (137). Since
the work concerned with in this dissertation is on the prop-
erties and applications of pulsed solid state lasers, future
discussion will be restricted to this type of laser action,

and in particular to that of oscillation in ruby.
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l.1: Early Advances in Ruby Laser Physics.,

After the success of Maiman in developing the first
ruby laser, research into the properties and applications
of this device proceeded at an unprecedented pace. The
unique nature of laser light provoked numerous studies of
its spectral, coherence and directionality characteristics.

The spectral features of the irregular pulsations or
"spikes" of the ruby relaxation oscillation laser were soon
under closc scrutiny. The early adoption of Fabry-Perot
spectroscopic techniques resulted in the identification of a
series of axial modes (11, 62), the beat freguencies between
which being obsecrved by mixing different modes in a photo-
detector (73,148). Azial modes in a giant pulse laser were
first spectrally resolved by Bradley et al (43). Fast time
resolved interferomectric techniques led +to the observation
of a frequency shift, attributed to the change in length
and refractive index of the ruby crystal with temperature
(106,114), and also a variation of the oscillatory mode
pattern from one spike to the next. As a consequence of
this, the individual spikes were found not to be coherent
with one another (29).

The differences in the directionality qualities of
laser light and thermal light were studied by Collins et al
(64,179). Whilst the fluorescence radiation from the laser

—10m



before threshold was essentially nondirectional, the laser
light was cmitted within an angle of a fraction of a degree.
However, this was considerably larger than that expected
from diffraction theory. This discrepancy was explained
when examination of the radiation pattern on the face of the
ruby showed a non-uniform distribution of isolated luminous
spots which individually csatisfied the diffraction theory
(84). Purther work showed that the divergence of the beam
resulted from a non-uniform phase distribution over the end
surfaces of the ruby, although there was partial coherence
across the latter (24).

The polarization of the output of the laser was shown
to depend onr the orientation of the crystal optic axis to
the cylinder axisy for O deg. crystals the output is un-
polarized, while for 90 deg. crystals the output is 100%
linearly polarized with plane of polarization perpendicular
to the plane ofthe crystal axis (180).

The above is an extremely condensed resumé of the
pfogress made in probing the properties of ruby laser light,
and in no way does Justice to the effort which was made.
Some measure of the actual endeavour expended in the laser
field may be drawn from the fact that since 1960, there have
been six major international conferences devoted to guantum

electronics, the published proceedings of which provide a
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more complete picture (1,2,3,4,8). Several international
summer schools have also been held (5,6).

Apart from numerous'review papers which have been
pﬁblished on lascer science as a wholc, and on specific
fields of laser research, several monograms on the subject
have been written (136,107,231). Rgcently, more comprehen-

sive works have been published (54, 138,7,195,210).

l.2: The Technique of 0-Switching.

Stemming from the original proposal of Hellwarth (109)
the technique of Q-switching enables vastly increased
powers to be obtained from ruby lasers. The method involves
the introduction of high losses into the resonator cavity,
thus preventing oscillation until a high level of population
inversim has been rcached., ‘hen the losses are removed,
radiation quickly builds up, and the excitation is released
in a very short time. Using a combination of Xerr Ccell and
Glan-Thomson polarizer as a switch, Hellwarth and McClung
(1%39,140,141) obtained esingle pulse output powers several
orders of magnitude grecter than in relaxation oscillation
laserg. Thdr results, both in the slow switching, and in
the fast switching regime, were in broad agrecement with the

theorctical calculations of Hellwarth (110) and of Wagner

~14~



and Lengyel (234).

Since then, many differcnt techniques of Q-switching
have been devised (71). In the case of fast switching,
when the switching time is so short,such that during this
time, no significant change in population inversion occurs,
single pulsc outputs have been obtained with a variety of
svritching mcchanisms. Although the Kerr cell switched laser
may be synchronised with a low jitter time to external events,
it has the dizadvantage that the intrinsically narrow spectral
width of the laser output is spoiled by the addition of am-
plified spectral lines, originating from non-linear optical
phenomina occurring in the nitrobenzine cell. Electro-optic
(141) and magneto-optic (108,17) shutters do not have this
drawback, and hsve now been shown to be capable of with-
standing high power densities without damage. A Q-switching'
technique depending on the deflection of light ﬁaves in a
fluid cell by an ultrasonic field has been developed by
De Maria et al (74), and the successful application of
Vuylsteke's (233) original proposal of 'pulsed transmission
mode" operation of a laser has been recently reported (113).
The posdbility of magnetically Q-switching a cooled ruby
laser by sudden removal of an inhomogencous magnetic field
which restricts the gain of the ruby by Zeeman broadening

of the Ry line has also received some attention (178,82).
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Q-switches of extreme practical simplicity, consisting
of materials which are initially highly absorbant, but
become transparent upon intensc illumination have been dev-
eloped. Several types of doped glass (53), single shot cx~
ploding films (166),and dilutc solution of organic photo-
sengitive dyes (123%,215,219) have been uscd successfully as
Q-switches. In particular solutions of cyanine compounds
in alcohol have been used to producc extremely short (half-
width ~5nsec) high power pulscs, and by double pulsing the
pumping flashlamp, it 1s possible to control the onsct of
the laser pulse to within small jitter times (157).

HMechanical shutters are the most common cxample of the
slow switching mechanism of Q-spoiling, in which the switch-
ing time is large comparcd to the cavity decay time. These
generally take the form of rapidly rotating mirrors or
prisms (15,192,28). The earlicst device of this type
utilized a rotating chopper wheel (65). Thesc methods have
the advantage that the number of optical components within
the regonator is reduced to a minimum, and additionally,
because of their inherent simplicity, they are reliable.
Depending on the operating conditions, single or multiple
pulses are generated.

Other techniques of Q-switching have been discussed in

the literature at various times, but so far have not been
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widely adopted.

1.3: Giant Pulse Generation by Gain Switching.

An alternative method of Q-switching to those described
above is that of gain switching, first proposed by Peressini
(185). This technique utiliscs the non-lincar dependence of
threshold pump energy on crystal length, and differs from
other mcthods of UY-switching in that, instead of switching
a previously insertcd loss out of the optical cavity, ad-
ditional gain is switched in. In the gain switched device,
two separatc lengths of population invertcd media are ar-
ranged in a single optical cavity, separated by an optical
switch. The lcngths of the inverted media, arc designed
such that each rod is too short to oscillate independently,
but that when coupled to the other, threshold conditions
are attainable.

In the scheme adopted by Peressini, two plane ended 900
ruby rods of 0,04% Cr3+ concentration, of lengths 5.1 cm
and 7.5 cms were coupled together with a Kerr cell; the
shorter ruby being terminated with a TIR prism end. With
the Kerr cell activated to provide 90O rotation, the ruby
crystals, aligned with polarization axis parallel, were

cffectively decoupled. When the Kerr cell was switched
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the system produced single giant pulscs of pulsewidth 25 nsec,
with powers up to 30 MW.

A similar device, using two rods (lengtle 4 cm and 5 cm)
of ncodymium cdoped calcium tungstate coupled with a rotating
prism was rcported in 1965 by Clay and Findlay (63). In the
cage of a 4-level laser, thc non-linear dependence of thresh-
old pump power on crystal length can be derived from the
work of Yariv (245). Single giant pulscs of halfpower pulse-
width 30 nsec and pulse power~*2.5 MW were produced.

Both thesc systems described were capable of producing
a large nuanber of shots without a drop in pecak power. An-
other advantage was that since threshold conditions depended
on the inhercent reflectivity of the plane ended rods, the
necessity for the use of antireflection coatings was ob-
viated. However, the additional reflecting surfaces within
the resonant cavity, in both systems, may be the cause of
some loss; this could have been avoided by the adoption of
Brewster angled surfaccs. '

As will be described more fully in Chapter 4, the

design of the present system differs in several respectsifrom

those of Refs, (185) and (63). Ruby rods of lengths varying
between 7.6 cm and 15.2 cm, of 90° orientation, and 0.05%

3+

Cr concentration, with Brewster angle end faces were used.

These were coupled by means of a Brewster angled rotating



prism, with a single optical cavity bound by two end re-—
flectors. Different combinations from a large selection of
the latter were used at various stages of the investigation,
but the final types adopted were three plate optically con-
tacted resonant reflectors, one plate of which was a Brewster
angled wedge, The gystem vas aligned in such a manner that

the outputs from the two resonant reflectors, were parallel.

l.,4: Bffect of Variation of Temperature on Laser Action in

Undecr optimum conditions laser action in ruby occurs at
the peak of the Rl line, the wavelength variation of which,
in absorption and fluorcscence, with tecmperature, has been
known for a long time (98). More reccnt measurements of this
variation with temperature by observation of the fluoresence
of ruby, and of the laser emission frequency are in agree-
ment (10,202,242,76). From Wittke's measurcments (242) the

peak of the R, line of ruby varies from 69348 at 77°K Yo

1
69583 at SOOOK; ncar room temperature the variation is
0.0658/deg. The width of the R, line also varies with
temperature (204,242,143%,76,9) decreasing rapidly from 168
at 500°K to 0.03% at 4.2°K.

Since the width of the absorption line is simply re-
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lated to its pecak value, as the linewidth narrows with de-
crcasing temperature, thc threshold condition for oscillation
decreascs. VWittke (242) has measurcd the quantum efficiency
of tlL Rl line as a function of tempcraturc and found that
it varics betwecn 1.0 at 77OK to 0.1 at 500°K. However,
Burns and Nathan (56) have pointed out that the fluorescent
efficiency up to 5OOOK is mdz2pendent of temperature, if one
accepts all rcd radiation emitted by the ruby. It is the
spectral distribution which changes, and the fraction of
radiation emitted in the Rl and R2 lines which decreases with
increasing temperature. In a fairly rccent publication,
Nelson and Sturge (18) have made detailcd measurements of
the radiative efficiency and absorption cross-sections as
functiong of polarigzation and temperaturc. |

The effcct of a decrease in tempefature on de-excita-
tion logses, principally superadiance, has been estimated by
Masters (165, 167). This mechanism, which results in the
depopulation of high gain systcems by amplification of
the spontancous cmission is strongly temperature dependent.
This form of inversion loss aléo depends on the length of
the crystal, and has led to various cfforts to segment the
ruby rod, using as isolators, liquid or film organic dye ab-

sorbers.



1.5: Spectroscopic Techniques Employed in Laser Research,

Many spectroscopic techniques have becn used in the
development of lascrs and in the ncw ficlds of research which
they have stimulated. Well known interference methods have
recceived fresh impetus; to mention but a few applications,
the Twyman Green interferometer is used for the determina-~
tion of the quality of optical resonator components, the
Mach Zchnder interferomecter in plasma diagnostics and the
measurement of cohercnce length.

In particular, the demands of the new laser scicnces,
together with thoege of plasma physics and the solar and
astronomical sciences immediatcly took advantage of the
inprovenents made in high resolution spectroscopy (227).
This progress has mainly been in the fields of high resol-
ution gratings, gencrally of echelle type (224), and in
multiple beam interferometry (117). The latter has been as-
sisted considerably by the improvements made in the surface
flatness of Pabry-Perot plates, and in the development of
high rcflecting, low absorption, multilayer dielectric coat-
ings. The echelle and the Fabry-Perot are probably the
only two instruments capable of achieving resolving powers
in excess of 105. Although theoretically the Lummer Gehrcke
Plate could also provide the same resolutions, many practical

difficulties inhibit its use. TFor specific requirements,
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when rcsolving powers in excess of lO6 are necded, the
spherical Fabry-Pcrot (FPS) would appear to be the only
applicable instrument.

However, for many lascr applications a resolution of
106 is sufficicnt. In comparing the plane Fabry-Perot (FPP)
with the echelle for a given resolution (46) the former is
about two orders of magnitude more luminous, a considerable
advantage at the ruby laser wavelength Where most photo-
graphic emulsions and photocathodes are relatively insens—
itive. The echelle however, has the advantage that an ex-
tended spectrum may be photographed at high resolvance in a
single cexposure, whereas the free spectral range of an FPP
is inversely poportional to its resolving power. For the
measurement of laser beam linewidths, and the detection of
many non-lincar optical effects, a large free spectral
range is not required.

The introduction of the spherical Fabry-Pcrot by Connes
(68, 69), has enabled the direct spectroscopic observation of
the axial and off-axial modes of golid state lasers (106,47,
48). At high rcsolving powers, this instrument has several
distinct advantages over the PPP. The comparison of these
two interferomcters at high resolving powers is dealt with
in some detail in this dissertation.

Photoelectric beat techniques, achieving much higher
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resolution, have been usced with considerable success in
spectroscopic analysis of C W lasers, but great care is

requircd in their application to pulsed lasers.

1.6: Non-Lincar Optical Phenomina.

One of the most intcercsting applications of the laser is
in the investigation of the non-linecar iantecraction of light
with matter. This field of optics has expanded prodigiously
since the advent of lasers, primarily as a result of the in-
tense clectromagnetic fields, and high degrces of cohcrence,
manochromacity, and dircctionality afforded by laser light.
To therefore attempt a complete revicw of the subject is
beyond the scope of this thesis. There are, in any case, a
nuniber of cxcellent review papers on non-linear optical phen-
omena (92,226,243%3) as wcll as several comprehensive theoret-
ical trcatments, both in classical and quantum mechanical
terms (16,237,31,32,3%,34,35,36,186). Further discussion
will thus be restricted to those regions of the subject of
immediate interest, with which the laser system here des-
cribed could be associated; that is, sum, difference, and
second harmonic frequency gencration and various other op-
tical mixing processes. Reference to such non-linear effects
as paramctric amplification, self-focusing and trapping of

laser beams, stimulated Raman, Rgyleigh, and Brillouin scat-
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tering, and othcr multiphoton processcs will have to be
omitted. A rccent paper reviewcd these topics with partic-
ular cmphasis (172),

Since the first non-linear optical effect to be id-
cntified with lascr light, that of second harmonic genera-
tion (SHG), was observed in crystalline quartz (91) in 1961,
numerous cxperiments have bcen conducted to détect the same
and sinmnilar effccts in othcr piezoelectric materials.
HMeasurcments of the relative efficicences for SHG in various
vrystals (200) soon showed that'KH2 PO4 (KDP) and NH4 H, I’O4
(ADP) gencrated the largest second harmonic outputs. Even
g0, the efficiency of gencration of UV light at 34703, was
54111 ~ 1079,

Significant improvement of this ec¢fficiency is obtained
in anisotropic crystals by choosing a direction of prop-
agation of the laser beam, such that thé ordinary refractive
index at one fréquoncy is equal to the extraordinary re-
fractive index for the other (99,158). With this socalled
"phase matching® technique, efficiencies as high as 30-35%
have been achieved with unfocused lascr light (14). Satura-
tion effects at high powers and for long crystals have been
considerced by Wang and Racette (236). These aspects of
SHG have been studied theoretically in some detail by

Kleinman (127,128,129,171).
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From Klcinman's theory it is apparcent that the same
non-linear process that renders SHG, also accounts for sum
and difference frequency generation. Thig will be discussed
furthcecr theorctically in Chapter 3, and in Chapter 8, where
the successful sum frequency gencration in ADP of the two
tunable frequencies of the laser system is described in

detail.

1.7: Non-Linear Optical Effccts in Plasmas.

The development of a two frequency output laser system
of the typec described in this thesis, enables the generation
and detection of certain non-linear cn»tical phenomina
in plasmag to be brought into the realms of experimental
realizability. Amohgst these is the resonant excitation of
longitudinal plasma oscillations by the non-linear mixing of
two laser bcams, proposed by Kroll, Ron and Rostoker (132).

On the basis of theires, and others calculations (196,
197,176,27), a feasability study incorporating the expected
charactcristics of the two fregquency laser system was at-
tenpted (45). A recent publication proposed another method
of approach (135). However, this dependecd on the development
of a Kerr cell travelling wave linc capable of producing a
time varying frecquency shift. As with light mixing experi-

ments in crystals, optical mixing in plasmas is an effect
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cssentially depending upon cohcrence.While in the casce of
crystal mixing, the well organiscd aystal structure permits
large scalc volumc effects over a large range of sum and dif-
fercnce frequencics,in a plasma,the coherence volume and den-
sity are both much smaller,and also the generation of plasma
waves only occurs when the difference frecguency approaches
the clectron plasma frequency.Furthermore, the generation and
detection of these resonant plasma oscillations is hanpered
by collisional and Landauw damping effects(220) on the ampli-
tude cof the plasma wave and by the effects of convective non-
lincarities (133) on the plasma oscillation.Dctection of the
rcsonant plasma oscillations would be made either by direct
microwave detection or from the observation of scattered
light from the two original beams,or from a third laser beamn.
From the study made,as will be enumerated in Chapter 3.4,it
would appear that generation and dctection of the effect with
the use of a two frequency output laser should be possible.
Stern and Tzoar(222) have recently reported the direct det-
ection of longitudinal plasma oscillations excited.by two
microvave sources,whose frequencies differed by the plasma
clectron frcquency.The possibilitics of observing the effect
at lower plasma densities than proposed in Ref.(132)ﬂsing in-
frared lasers has been discussed (206). O;mical mixing at

frequencics other than the electron plasma frequency,in
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plasmas with an externally applied magnectic field, has also
been considered (199),

Several othcr non-linear optical effects in plasmas
have been investigoated theoretically; clastic light by
light scattcring in a plasma (187,188,79,80) (though this
was at first confused with resonance scattering (60)), sunm
and differecnce frequency generation in a plasma (124,125,198,
67) and thc obscrvation of stimulated Raman scattering in a
plasma (27). The generation of thc second harmonic and beat
frequencics of two microwave oscillations in a low density

plasma has been detected (221).

1.8: Simultaneous Two Frcqucncy Lascr Oytput.

It is evident from Chapter 1.7 and will be further in-
vestigated 'in later chapters, that a tunable two frequency
output giant pulse laser system would have considerable ap-
plications in the field of non-linear optics. The develop-
ment of such a laser system may be approached from two dif-
ferent directions; +the synchronisation of two separate lasers
opcrating at different frequcncies, or the operation of a
single lascer systcem which oscillates at two fregquencies.

The problem of the synchronization of several Q-switched
lascers has rcceived close attention by several research

groups. Nguyen van Tran and D. Kehl, synchronised a ruby
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laser and a neodymium laser,by c¢olinearizing part of each
optical resonator and employing a roof top prism as a common
Q-switching clement (182). Opowecr and Kaiser have reported
the synchronisation, to within~~3 nsec. of the light beams
(<10 ns pulsewidth) emitted from two passively switched
ruby lasers (184), This was achieved by employing the out-
put of a third Q-switchcd laser of moderate power to bleach
the 1iquid»dye solutions simultancously. From spectroscopic
measurcments made on the output of the two lasers, it is
found that when they arc switched by the third laser, their
cnission frequencics are locked to that of the third laser,
which bleaches the absorption bands of the dye solutions at
its own emission frequency. Similar results have been re-~
ported by Gregg and Thomas who synchronised the outputs of
five laser systems by the same method (103). Though there
would be no apparent limit ‘o the number of lascr systems
which could be switched simultancously in this way, since the
oscillating frequencics of the lasers are locked to that of
he triggering laser, multiple frequency operation would not
appear to be possible. Extra-cavity methods of frequency
shifting, utilizing the Doppler effect in a Kerr cell travel-
ling wave line, for instance (134), could, however, be em—-
ployed with the above systems.

Simultaneous giant pulse laser opcration at two fre-
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gquencics has been reported in a single ruby crystal (58), by
forcing the latter to oscillate at the peaks of the Rl and R2
fluorcscence lines (69433 and 6929%). This laser cavity was
rotating prism Q-switched and containcd a thermally or mech-
anically adjustable bircfringent crystal which rotated the
plane of polarization of the Rl line emission by 9OO while
lcaving that of the R2 linc unchanged. Though this systen
has thce advantage that the two frequencies arce gencrated in
the same optical resonator. they are orthogonally polarized,
and frcquency tuning could.only be achicved by employing
a sccond ruby rod., The operation of a ruby lascr and a Nd3+
glass lascr in a singlc rcsonant cavity, Q-switched by a rot-
ating prism has been recently reported (100). The output
powers recorded werc~2.5 MW at 6943% and~410 MW at 1.06 4.
The lascr system described in this thesis combines many
of the capabilities separatcly exhibited by the above devices,
Mot only docs it provide two simultaneous parallel pulses
with powers in the tens of meggawatt range, dbut also each
pulsec may contain two frequencies, the wavelength separation
of which is tunable from 1-5%. Additionally, the rdative
powecrs. of the two pulsos,.and the relative intemsitices at

the two frequencics are wvariable.
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CHAPTER 2: SOME THEORETICAL ASPECTS OF GIANT PULSE LASERS.

The inclusicn of a timec varying loss or gain mechanism.
into o lascr rcsonant cavity, enablce the generation of
extremely high powers emitted in single short 'giantt'pulsecs,

The completc theoretical description of this technique,
which is devendent on the bchoviour of many complicated,
rapidly varying processes, has yet to bec attempted: con-
secuently, sxiesting aralyscs have resorted to simplified
noccels of the doninant mechanisms involved. By formulating
rudimentary ratc equations for the population inversion and
photon cdewnsity within the resonant cavity, and by approxima-
ting the temporal change of the cavity Q, realistic pred-
ictions ¢ she principal characteristics cif the giant pulse
output may he made, These are such paranmeters as the energy
and pcak power radiated, the rise and decay]times of the
light pulse, and the required buildup time between switching
and the cvolution of the puisc,

In the following, the hroad outlines and general con-—
clusiong of the dynamic ratc equation analysis are discussed.
Particular reference is given to the time behaviour of the

cavity Q switching terms, and the consequences and relative

merits of 'slow' and 'fast! switching on the output of a
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laser system are discussed.

The form of switching known as gain switching, as
mentioned in Chapter 1.3, is considered analytically. A
brief outline is given of the approachecs of several workers
to the problem of investigating the nature of optical cavity
rnodes in a IFabry-Perot type recsonator., From this, axial

and off-axial modcs arc distinguished.

2.1: Simplificd Theory of Q-Modulation.

The theory outlined here follows that developed by
several workcers, (110,234,15,173,201,93) and to a large
cxtent utilizes the same notation.

Represcenting the photon density at frequencqubygé,
the population inversion per unit volume by M= N,-/V (where
M,= N, + N, = number of active ions/unit volume) and neg-
lecting the effects of all processes which arec slow in com=-
parison to thc formation of the giant pulse, the simplified -
rate cquations forigandewith time may be deduced as follows,

Consicder initially the case of 'fagt' switching,when
the change in cavity Q is represented by a step function,
such that no significant change in population inversion takes
place_during the switching process. The lifetime of a
photon within the resonant cavity of lengthi , is Tiztnfgﬁ

where "t.344Q . The fractional photon loss per single



passage of the resonator, % = ,* 4, where % -—E‘ EnRPt the re-
flection losses,gt: incidental internal losses. The cavity
fd=:w37 is smaller than that due to diffraction losses.

Prior to the formation of the pulse, wvhen the laser
'rod is optically pumped, the loss coefficicnt being %')} E(
the population inversion rises from —/\gto f-’\/‘;and the photon
density tozf’-;. When the cavity Q is rapidly increascd by
reducing the loss to% , at time t=C, photons travelling the
length !, of the crystal are amplified at the rate 254(1 per
transit time, €,, wherc gain coefficient o = cé.,)\f:/_f\/g,a{“being
the absorption coefficicent of unexcited material. The loss

rate of photons from the resonator is ¢/T .

P (!_% - 1;‘34..‘{’ - ._’.‘; F (2 - 1)
dt LE, T/ 1
The inversion decreases as the rate
b T, T

since /¥ decrecascs by 2 for each photon emitted. By norm-
alizing nN= r=/,fN°)¢= &{/'M’ introducing the threshold inversion
= 5’/{?@{,, and then changing the time scale to make T -‘-‘t,/g

the unit of time. Then

d3d _ ;
Ef.__i—' =(~f_,l}p—,/f¢ (2 -3)
odn _ _ (2 - 4)
gt = g.%?



As the inversion falls from 2. to n.f s the photon density
QS risces several orders of magnitudc fronm Q‘QWith time con-
stant Tg= t.v/(otlt‘z) to a pecak value L}ﬁp , before decuying
with the natural cavity decay time T .

The first integral of the above equations gives in-
formation concerning the physical nature of the giant pulse

'
as a whole. It follows that

d$_ao___l. 2 -5
i ( )

and thus §?= P "‘z"[/'lp {I.Oj (imﬁ:s)-(a-q;}] (2 - 6)

N

Since ¢y and @, are negligibly small

np ey (nefni) = 5= (2 -7

The total radiative energy in the lascr is
-1y '
£ =L (R VINGT L (2 - 8)
for volume of active materialV.
As gencrally ﬂ_‘{llf)éj.,. Mg frng €O-07,
and by expansion of the logarithmic term of the equation

above, then

E ~{nifne)ne =np)VNo K w (2 -9)

The peak power is related to the peak photon density (;'ﬁ‘,, at
r.=np and the cavity decay time T

F=¢@ N, V‘f;.w/"t: (2 - 10)
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and the peak effective output power is A = ('45./8 =
Hence

=3 ['N @ (nefn:) - (ne =n.)]g MVhofe, (2 -11)

In order to obtainqp and . as complete functions of ¢ ,
and thus expressions for tho pulse buildup time T, between
switching and eveclution of the pulse, and the approximate
duration time of the pulse, complex integration of % as a
function of ¢ and i , in one region by machine computation,
is required. This has becen done for the case of fast switch-
ing, rendering results in good agreement with practice (234).
Theorctical predictions on the optimisation of the output
by adjustment of the loss rate for a given population in-
version have been made for this case (168).

Wang (235), has shown that this same approach may be

adapted for a moderately fast switch where, now

Sa(g -cw)e

C(f) reprecscenting a ramp function.

(2 - 12)

The more general rate equations of Vuylsteke (233) have
been solved by computer for slow switching, simulating the
rotating prism switch, by utilizing a cosine function switch-
ing term (169). Hellwarth (110) considering slow switching
assumed a switch function () =/ +exp(-Wt) obtained results

exhibiting multipulsing where, as the switching becane
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slower, the pulses became broader, and less intense both in
peak and integrated intensity; experimentally confirmed by
Basov ¢t al (25).

However, high power single pulse outputs from lascrs
operatcd with slow switches, such as rotating prisms, may
be obtéined by optimising the resonant cavity lcength with
the specd of rotation of the prism (15,192, 28), Arecchi
ct al (15) in their experimental and theorctical analysis,
having derived the samec rate equations as above, made det-
ailed estimates of the temporal behaviour of the loss co-
efficient. The cavity losses as a function of prism al-
ignment were obtained experimentally, and also by analytical
interpolation using the thcoretical relation between max-
imwn population inversion and pump cnergy (216,97). They
found

s{e) = (t/ts=1)%+ b (2 - 13)

where %(t) is minimum when t =tg¢ , assuming as time
origin, the point when threshold conditions, controlled by
the rotation of the prism, of period T , bccomes equal to
the population inversion. tg may be expressed in terms of
T ; b (<t) is constant, dependent on the cavity parameters.

When tg = T , the photon lifetime in the resonant
cavity, the final relative population inversion drops below

the minimum threshold value, and all the available energy is

-~
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thus releascd in a single pulse., If %5 £ T the efficiency
of the process is reduced and the pulsc will be consequently
of smaller amplitude. When ¢, ¥ the pulse occurs before
the minimum threshold condition is reached, thus allowing

the possible formation of further pulses.

2.2: Theory Associated with Gain Switching.

Instead of producing giant pulses by switching the
cavity losses from an initially high value to a lower one,
gsimilar rcsults may be achieved by switching additional gain
into the cavity, as rcported in Chapter 1.3. This technique
utilizes the non-lincar dcpendence of the threshold pump
energy on crystal length, which may be shovn from the
following.

I'rom the general rate equations for a three level

laser system, at threshold, it may be shown that

My -N, W, Wis = Fy (2 - 14)
N, - W’) 1 1’72)
where, for ruby, '/gz = probability of spontancous

emission from the zb state to the ground state, and W3 is
the threshold pump rate from the ground state to the 4F
levels,

Hence the threshold inversion

( \/\1,3?,'1,)/{ I+ ‘A 31.2: )
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From Chapter 2.1., npe =%/, {
j v/ & (2 ~- 15)
¢ T / . 4 1 —_—
S W 7. T ;//! ff;c.,t)

The incident radiative flux density!%»at threshold

= Wosh v [z (2 - 16)
where V, and c;are the mean frequency and the integrated
absorption cross-section for pump radiation, respectively.
Hence for a cylindrical ruby rod of length { and radius r ,
and assuming a square pumping pulse of length b , the total
punp energy requircd for oscillation threshold

v b ! 4 \ 2 - l
E, = 4nrlehve (1{1+ Yitol) i | "
P Ta [ (- %)

It can be secen from the above equation, that for a

o

given loss coeffiecient § , the threshold pump energyf;inp
creases asymptotically as L is decreased to?{hx,. For values
of {< ¥ju,the threshold condition for oscillation is never
rcached.

Thus in the gain switching schenme, two ruby rods are ar-
ranged in a conmmon optical resonator, separated by an optical
switch. The ruby rods are such that, when decoupled by the
optical switch, thrcshold conditions are unattainable. How-
cver, when the two rods arce coupled together the total length
of ruby is such that the threshold pump encrgy is low. The

system described in this thesis, though different in some
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respccts from the original device of Peressini (185), may be
classified as a gain switched system, in that, when the
Brewster angled rubles are decoupled, oscillation is pre-
cluded. Additionally when the system is operated in the two
frequency mode, there is some evidence to suggest that gain
switching is required. That is, for one of the oscillating
frequencies, if not both, laser oscillation is inhibited with-

out somc additional gain from the other ruby rod.

2.3: Modes of a Resonant Cavity.

The use of the plane Fabry~Pcrot interferometer as a
multinode regcnator for optical masers was first proposed
in 1958 (202). However, it was the work of Fox and Li (90)
which showed that ca?ity modes, in the sense of self-re-~
producing field patterns, exist for an open structure such
as a Fabry-Perot interfcrometer., This was done using a self-
consistent field analysis, based on Huygen's principle, with
the aid of a computer. Other theoretical investigations of
the same problem, either using‘Maxwell’s equations (212), or
a classical pertubation theory (20,21) led to essentially
the same results.

For an optical resonator to support high Q modes,
certain basic criteria must be satisfied (246). There must

exist a family of rays within the resonator for which mule
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tiple reflection from the two reflectors does not result

in appreciable "walk off", Additionally, the loss from dif-
fraction effects nust be low: i.e. thc angle subtended by
one reflector at the other, must be greater than the angle
of the far field diffraction pattern of a planc wave or-
iginating at, and with the dimensions of the other ref-
lector. That is, the Fresnel number, N =Q2/N| >

wherc o = radius of the rcflectors.

Baronc (21) found that if WM< g , where %/Q, is the
variation from ' parallelism of the end reflectors, then the
transverse modes of the cavity may be characterised by Bessel
functions. For most solid state lasers this is not the case,
ané the transverse mode structure must be described by more
complicated functions derived from analyses of non-confocal
resonators (39,40). However, to illustrate the difference
between axial and transverse modes, the simplifying as-
sumption of the Bessgel function solution will be made.

The resonant frequencies of a cylincdrical lascr of
radius r nmay be obtained from the expression for the vector

potcential as
/’X-Lm}?‘ + ..'.17‘)7‘ = (g_’:f)z (2 - 18)
‘-.—F‘“ / - L \,-\

where X ,nis the mth zero of the Dessel function of order { .

The longitudinal, or axial modes of the resonator are
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characteriscd by the integer (large) . , where lem =20 ’
and defining Y , =0 . Thus two adjacent axial modes are sep-

aratced by froquencylﬁv s, Whence

Wn~r) T 27(v+Av) 25V
i e N G )

s bv o= L2
For a laser cavity of length L = 100 cms, thenAv: 150 Me.

Thus the spectral output of normal lascers will be sevecral
axial modes spacings wide, though considerable effort has
been exerted recently to obtain singlc mode operation.

Transverse modes are produced when Zz'fmz';t 7. The
first transerse mode in the cylindrical case is that for
which {=¢,¢ri={ . The separation of this mcde from the
axial mocCe is given by

V-V, = X_“c, A (2 - 20)

which for a ruby rod of diamcter of 1 cm, gives a frequency
scparation cf~200 KC. The transversc mode separation in-
creascs with higher order modes.

However, in the case of ruby lasers, this trecatment of
the transverse mode structure is complicafed by several
factors. These arise due to inhomogcnous effects within the
crystal, temperature effects, and effects associated with
non-ideal cavity conditions. Additionally, more complex

modes, associated with the quality, shape, and optical pump-
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ing arrangement may also exist. In general to distinguish
thesc modes from axial modes of thc cavity, they are clas-
gified in this rcport undcr the term of 'off axial modes!.
High rcsolution spcecctroscopy of the outputs of giant pulse
lascrs, rcported in this disscrtation, has énabled the direct

obscrvation of off axial modes.
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CHAPTER 3¢ THEORETICAL OUTLINLS OF SOME NON-LINEAR OPTICAT

PHUITOMENA ,

3.0: Non-linear Susceptibility.

The intent of the following chapter is not to give a
detailed analysis of non-linear optics, but merely to pro-
vide the theoretical framework for optical effects con-
sidered in this thesis, These are sum, difference, and
harmonic frequency generation in anisotropic aystals, and
certain non-linear optical effects occurring in plasmas.

The treatment is by no neans rigorous, as lack of space pre-
vents this, but only serves as an indication of the under-
lying principles, approach and conclusions of detailed the-
orctical analyscs.,

The theory of wave propagation in non-linear media
depends on no new fundaqental theoretical concepts, and in-
deed may well have been developed with purely classical
methods by the early postulants of electromagnetic field
theory, had they had the stinulation of the experimental
findings of today. The properties of non-linear materials
may be described by expanding the polarizationf?in a power
series in the field .

P=X,E+XEE T X EEE . (3 - 1)

Where‘kgis the normal linear susceptibility and X the

lowest order non-linecar susceptibility.
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In the following, the non-linear polarisation terms res-—
ponsible for the sccond harmonic and sum frequency generation
processes are examined, Phase matching is considered.
Finally, the theory of optical resonance mixing in a plasma

is surveyed.

3.1¢: The Lowest Order Non-Linecar Palarization,

Since the non-lincar susceptibility U(Iin equation (3-1)
is very snall, thc lowest order non-linecar polarization f’"L
to which it gives risc, become of consequence only when the
highly cohcrent fields generated by lasers are considered.
For instance, the lowest order non-linear polarization at the
second harmonic frequency (Iw,) due to the presence of a field
£ uxp(ik-m-ywt) , may be written

PN-(2w) = L2W) E, E, expilZk,.c - 2iwt) (3 - 2)
In general, X, is a third rank tensor, whose elements Liﬁ.are
restricted by the symmetry of the non-linear medium. it
vanishes for any system with a centre of inversion.

Due to fhe dispersion in the optical media, the second
harmonic wave g}emp(£5£§j~i.201t) will in general travel with
a different propagafion velocity to the fundamental, and
hence

2k (w) # k. (2) (3 - 3)
Thus the second harmonic wave and this source will get out of
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step, and there will be a 180° phase shift with respect to

the second harmonic after a distance for which

(ke =2K)-4, , = (3 - 4)
Expressed in terms of the rgfractive indices for the prop-
agation direction of the second harmonic and fundamental

wC"[ﬂ{Zw) ”2‘.,“’]](:.:1; =77 (3 - 5)
where fmﬁ_is callcd the cohercnce length of the wave.

Thercfore, the power absorbed from the second harmonic
wave
-W(w) =W(2wi=20 1,67 P 0w (5 _ ¢

will alternate in sign. When the second harmonic has been
gencrated, conscquentially decrcasing the power of the
fundamental wave, the harmonic will be reabsorbed and the
fundamental recreated etc., Variation of the optical thick-

ness of the non-lincar media by rotation of the latter dem—

onstrated this interfercnce effect (158).

3.2: Phasc Matching.

The effect of the difference in phasecsof the second
harmonic and fundamental waves, mentioned in the previous
chapter, may be overcome., The most effective method is that
of phase matching (99,158). By optimally orientating a suf-
ficiently birefringent crystal, it is possible to achieve

an index match between the beam polarized in one direction
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and its fundanental polarized in the other direction. Bire-
fringence is then balanced against dispersion. This is done .
by constraining the fundamental waye to be an ordinary ray
and its harmonic an extraordinary ray, or visa versa, de-
pending on whether the medium has positive or negative bire-
fringence. Then, it is possiblc to make the phase velocities
of the two waves equal, by choosing a particular angle (E%n)
between the direction of propagation and the crystal axis

where, (243),

SilB, = R (W) ~ns?(20) (3 -1
I—IQ-Z (.(-'J.) - ,‘“lo"‘l (-Zu)

Using this technique conversion efficiencies in excess

of 30% have been rcported with the use of giant pulse lasers
(14).

3.3: Conclusions from Kleinman's Theory.

In this chapter the main assumptions and conclusions
of rigorous trcatments of second harmonic generation, and in
particular that due to Kleinman (129), are reviewed. This
theory is described in classical terms, based primarily on
the non-linear Maxwell's equations and is an extension of
previous theories for lossless anisotropic media., It in-
volves the determination of the nature of the electromagnetic

field arising from the production of the non-linear polariza-
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tion P™-(2w) in equation (3-3). This ficld is derived from

the inhomogeneous vector cguation.

- I ' 2 ‘ _
\/AV/\. g - (ZE—L:)Q_.--E - qu ‘i.! ’?NL(_Z(J) (3 8)

"}‘)’J

where g is now the field gencratcd by the non-linecar polari-
zation, and 1is a linecar function of it.

The casc of phasce matching is considered, though the
effccts of optical activity and absorption are neglccted.
A1l cohcrence effects are trcecated exactly, and it is shown
that there is a change in the bchaviour of the enérgy flo%
at the sccond harmonic frcquency, expresscd by the time av-
eraged Poynting vector § along the dircction of propagation.

S ~ielf
This change becomcs apparent as the length of anisotropic
ncdia, f becomes comparable to the "coherence length for the
penecll®, defined as,
Lo = 2/44 (3 - 9)
where Sis a mismatch factor incurred because of the finite
divergencedof the lascr bean. (/3*“ 4 x 10° cm-%. The
peneil of light contains many waves, with widely varying4ﬂ,h:
{;m is a suitable average over the distribution of {wﬁ in
the pencil., The two limiting cases are
’

(a) Thin crystal case £ << Ceos : (3 - 10)
' L j~y2
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(b) Thick crystal case { >> {[., (3 - 11)

<S> o (Y205 4)
(1,= the phase natched index of rcfraction.

L;L can thus. be rcgarded as that crystal thickness at
which < $>changes from being quadratic to  linearly - dep-~
endent on the crystal length. Vhether a crystal is thick
or thin dcpends on the beam divergence of the laser bean.

The non-lincar susceptibility’XAWjZQO may be trans-
formed from a (3 x 3 x 3) rank tensor to (6 x 3) tensor,
d‘n,gs for the piezoelectric tensor. ,

Hence it may be shown that the Poynting vector for the

intcnsity of sccond harnonic is

~ L {22738 L 2 o, : _
5> = SFL L eing | (200)° dy 50, F(MA) (3 - 12)

where §

> 1s the intensity of the fundamental

bean. ﬁf/%fﬁ) depends on whether the crystal is thick or
thin. initial

With two frequencics,w,, and W, prcsent in the/clectric
field strength, then e¢xpressions may be deduccd for the
non-linear polarizations at the second harmonics ZuL andZ&h_,
and at the sum and difference frequency (W, 4+l ) and @-W,)
respectively. '

It can easily be shown that cxpressions for [ ™ (i)

end F"L(AL~1J1) are similar to those of f”%inand F)NL(2€01>i
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FPor an initial field

é— = g' Q’)\P(l E,*_{\_ i,u).'(_)-vigzwxp(lij_’):.valt) (3 _ 13)

Then
o N -
PUN 20,0 T A 20 ;F P2k, 2W,t) (5 - 14)
and
!JN'L(:eZLE,i‘wL)':ZX(LJ, i«"«)?t) E, E;Q*KF(:(‘EJ.?’EJff"‘t..{(;}ltm;.}"f,. (3 - 15)
Thercfore the analagous expression for the intensity at

the sum frcquency, corresponding to (3-12) is

.3,17
ucw) S ghza,f?;,]—; }/wqu d L Sin N ‘/MA) (3 - 16)

That is, in the simplified case of single mode fundamental
fields, of two frcquencics, (v, and J,, the efficiencj of
sum frequency optical mixing is four times greater than that
of the second harmonic process generating frequencies Ze,
andﬂéithe additional assumption is also impliedlthat the

two frcquencics are sufficiently close together such that the
dispersion relations, and thus the value of’ﬁmﬂ are the sane
in both cases).

When this trcatment is applied to the case of optical
mixing with a ruby laser opcrating at two frequencies, the
rclative efficicnces of the sum frequency generation and
second harmonic processcs are modified, due to the multimode

nature of the lascer emission. This will be discussed further
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in Chaptcr 8.

3.4: Optical Mixing in a Plasna,

As nenticoncd in Chapter 1.8, the non-~lincar mixing
of two lascr bcams in a plasma was considerced theoretically
by XKroll, Ron and Rostocker (132).

Fron theiré, and others' analyscs, in order that en-
hanccd longitudinal clecctron oscillations be generated in a
plasma, of tenperaturc x| and electron density n by the
non-lincar nixing of two monochromatic electromagnetic beams
E.wxp(ik-r-i,t)  and E,axp(tker ~its,t) the following
conditions, must be met (45).

The difference frequency should correspond to the el-
cetron plasma frequency CJP:G?nﬁilfnn)”‘ .

Wy~ = €+ AL D €< p<T Wy, W
TFor collccitive cxcitation }!§,~{<_e/>\;)< |

K-k, =k +Ak Ak << k (3 - 17)
where )\; = D;bye length - (K T./’A._ﬂhef') T
In order that the cold elcctron plasma equations may be
enployed

Wi, 7 ki Y Q> ‘!‘“vﬁz
Vi = thermal celcctron volécity.
Por low temperature plasmas, the perturbation assumption is

valid so long as the non-lincar resonance field is much less
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than the transversc fields. That is (£§,1§1 /[“'QJP ) must
not be so large as to make d-rm“é/k of the samc order as

Eﬁ, Ea .rmis the Landau or collisional danping which ever is
dominant, Fﬁ”(éﬁwﬂ is thc rcsonant density fluctuation.

The scattering cross-section is then proportional to
kZ(,: £, >Ujk ,k L)]/lm“’ We Ay I;-(kw) H (3 - 18)
where ‘é(k(g)bl longitudinal dielectric constant

TS| [t ~{<:--v/w)‘)l+rl (3 -'19)

The choice of a suitable plésma is rathcr limited.
Thomson scattering and Stork broadening measuremnents made on
a pulscd hydrogen arc at Culham Laboratory (75) have given
values of M=9 x lol%mQB andl{r=2.2ev . If thc angle
between the two beams is chosen such that ¥~AD=O.27 an angle
cf 4.6°, then Landau danping is §,=3.3% x 1072 and collisional
danping [,= 2.3 x 1072, TFor detuning due to the varistion of
density to be of thc same order as dissipative effects then
bnfn <3 x 10 &ver the scattering volume~1072 cm?. This
implics thet the spectral width of the laser be narrow enough
to allow ALfwevl, 5 1072, i.e. AN = 0.068. With these con-

ditions the ratio of scattercd to incident light is ™5 x 10—11

for £,,E,=107v on™l
Recently Boyd (42) has shown that there is a transfer
time Uypequss characterising the trensfer of encrgy from the

transverse to the longitudinal mode.
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~ z ’?7.(.{ CJ} = (3 - 20)
Tor theparancters discusscd above, fuuhf“SO nsec. Hence

the existence of such a term might prove to be a serious

liniting factor on the experiment.
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CHAPTER 4: THE DESIGN AND TECHNOLOGY OF THE LASIR SYSTEM

4.0: Adoption of a Single Resonator Cavity.,

The need for a high power laser capable of generating
two frequencies sinultancously has alrcady been discussed.
The developnent of such a system can obviously be approached
from several possible directions. As has already been in-
dicated (Chapter 1,8) systems dependent on the synchroniza-
tion of two separate lasecrs, operating at different fre-
quencies, suffer from loss of simultaneity. Vhen designing
the present device, it was felt, and it would still appear to
be true today, that, beoaring in mind the present state of.
the art, thce grcatest posgibility of achieving complete
sinultaneity of two tunable output fregquencies, would be to
incorporate two active media in a single resonant cavity,
ancd cnploy a common Q-switch., If, in additicn, this latter
switching mechanism was such that it prevented one ruby rod
from lasing without additional gain from the other, the pos-
sibility of thce two frequencies being cmitted simultaneously
would be even greater. This argument naturally led to the
adoption of the gain switching mechanism.

A rotating prism was chosen as a Q-switch because at
the time it was the only reliable switch which did not in-

troduce undesirable spectral characteristics into the laser
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emission. Other spectrally 'clean' optical switches are now
cryptocyanine

available. Towards the cnd of the project;/dye ceclls were

substituted for the rotating prism as a Q-switch, as will be

Geseribed in Chapters 7 and 8.

4. L: Choice of Main Components.

In order to satisfy the high power and narrow spectral
width requircments demanded in the field of non-linear op-
tical effects, and to utilize to the test advantage the mrel-
ative responses of photoelectric detection devices, ruby
rods were chosen as the oscillation material. The two rods
of the laser system were chosen from a selection of four
rods, of lengths 3", 4", 59, and 6", all of 3/8" diameter,

>+ concentration, 90O orientation of the crystal ¢

0.0% Cr
axis to the rod axis. At that time, threec grades of Lind¢
ruby were available, Developmental (Czochralski),S.I.Q.
(Verncuil) and Stapdard quality. The second grade, S.I.Q.
vas chosen, partly for economic reasons, and also because

of its well proven ability to withstand high power densities.
The 6% rod had polished sides, whilst the others all had
roughcned sides to reducc the possibility of the existence
of spurious modes, and additionally to produce more uniform
punping within the crystal i.e. it destroys the focusing

action of a polished optical cylinder. All thc end faces of



the ruby crystals were cut at the Brewster angle (290306 to
the cylinder axis, with a surface flatness of.\/lo and par-
cileclisn tolerance of 10 minutes of arc. Although the ad-
cpiion of Brewster angle cnd faces created difficulties in
thce alignment of the system, the resulting advantages fully
countercd these. Toremost among the latter, was the red-
uction of intra-cavity losses and superradiation effects
wifthin the resonator cavity by the elimination of all r9f~
leeting surfaces, and the conscquential obviation of the use
of the anti-reflcction coatings, which have shown on occaé-
ions to be incapable of withstanding high power densities
over a reasonable period of time. Also, for a laser systen,
on which spectrecgcopic studies on the characteristics of
raerious mode sclceting resonant reflectors was going to be
performed, the elimination of all refleccting surfaces which
may influence such mode propertics, was a necessary pre-
rcquisite. |
Optical pumping of the ruby rods wasvschieved by the
employment of linear Xenon flash-tubes of appropriate length,
suitably arranged with the ruby rod inside an elliptical
optical pumping cavity, a design which utilizes the focusing
propertics of an elliptical cylinder with highly reflecting
internal walls. This choice of punping scheme was made in

preference to the other popular method, originally used by
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the pioncers in pulscd lasers (154, 64), the socalled'close
coupled!punping system utilizing helical flashtubes, for
eoveral reasons. The latter method which dcpends on single
noss running ond in which only part of the flash light is
dirceted towards the ruby, is thus less efficient than a
foeused optical cavity, and thereforce correspondingly higher
input cncergics arc required. Additionally, the adoption of
en c¢lliptically focuscd cavity facilitated refrigeration of
the ruby morce easily than for the close coupled system.
Nermal nethods of punmping ruby rods with linear flash
tubeg in an c¢lliptical cylinder utilise the focusing prop-
crtics of the ellipse by arranging the flashlamp and ruby rod
to oo situated at the two respective foeii (61,41). This
hos the disadvantage, espeecially with rubics with polished
sidces, that there is a non-uniforn distribution of pump
1ieht within the crystal, the maxinum pump cnergy being in
th.. centrce. The scheme adopted herc, the so-called '"exfocal®
punping design, first proposed by Ross (193), abandons the
principle of imaging the source in the ruby. Instead, the
ruby rod and flashlamp are situnted on the major axis of |
the cllipse, between the focii and end points, as shown in
Fig. 4.1, Vhen the light source is situated outside the
najor axis, and the ecentricity of thce ellipse is such that

that part of the major axis between the focus and the end
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Fig4.1: Optical Pumping Configurations in

Elliptical Cavities,

(a) Focal Optical Pumping.

(b) Exfocal Optical Pumping.




point is completely covercd by the source, then the energy .
distribution along the axis is transformed to the opposite
part of the cllipse, wherce the ruby rod is situated, with a
ratio of 1l:1. Unabsorbed light rcturns back to the source,
whence it is rcflected back to the laser rod., The pumping
efficiency of this multipass configuration depends largely
on the rcflectivity of the interior walls of the elliptical
cylinden and on the accuracy to which the latter can be made
(in this case'»?lo_3 inch). Considerablc attention was paid
to the former problem. It was found that the possibility of
nachining or polishing, accurate high reflecting elliptical
.Surfaccs from pure aluminium, is inhibited due to its soft
naturc. PFinally a scheme was devised whereby thin (0.002
inch) stainless stecl liners, werc inserted as a close fit
inside clliptical cylinders machined from brass or aluminium,
These metal liners were first electropolished in a solution
of orthophosphoric acid and glyccrol, and then coated in an
evaporation plant with a thick layer of aluminium, which was
then oxidised. Ipn normal operation, these liners had a life
of sevcral hundrod shots, and were easily.replacable. The
flashtubcs used in the systcn were either Thermal Syndicate
T/E 6/60A or EGG FX-42A -3 and FX-45 -6,

The choice of matcrial for the rotating prism was given

considerable attention. It was necessary to find a type‘of

5T =



glass of high optical gquality and homogemity, as well as a
glass which had o rcfractive index as ncar as possible to
that of ruby (n=1.76) in order that the Brewster angles on
the prism would nt be too disecinilar from that of ruby, con-
scquently, naking the two ruby rods ncarly parallel_for‘op-
tinun alignment. From the work on lascr damagce thresholds in
various glasscs by Cullom and Waynant (70) and Martinelli
(164), the prisms were nade by Gooch and Housego Ltd. from
selected Censc barium crown glass (DBC) of S2 type

(n = 1.62), which has 2 nominal life of.~2 ycars bcfore
surface blcmishes appear. Before this material became avail-
ablc,‘prisms of DBC of S84 and S6 types, which have shorter
blenish free lives, wcre employed. These prisms were found
to have a considerable shorter working life in the laser
systen before damage hecame apparent, than the prisms of 852
typc. Although discussion of the various types of resonant
recflectors experimented with, is left to a later section, it
should be mentioned here, that the circular wedges incorp-
orated in the optically contactcd resonant reflectors were
made of the same material as the rotating prism. Consequent-—
ly, when these reflectors werc employed, the two laser out-

ruts werc parallel and in the same direction.
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4.2: Design of the Laser Systen.

The ecxperimental design of the system is shown schen-
gtically in FMig. 4.%. The ruby rodswre arranged so that
the planc of polarizaution of the recsulting laser light vas
horizontal, thus all the Brewster anglc faces were in a vert-
ical planc. Bince there is o refractive index differential
between the glass prism and the two rubics, the latter were
offset from parallelisn by a small amcunt. The glass prism
rototed about a horizontal axis whichwias perpendicular to
he ncan axis Sf the ruby rods. Dy rigidly setting the pfism
in a balanced air turbine, (constructed at AWRE, Aldermaston),
spceds of up to 40,000 rpm wcre obtainable; although the
nornal operating spced was 24,000 - 30,000 rpm. The prism
mount was sct on a scparate bench from that holding the ruby
boxcs, in order to isolate the latter from any vibrational
¢ffects. The ruby bcxes were both mounted, with vertical
and horizontal adjustucnt facilities, onto a single solid 1%
thick aluminium table, which was rigidly fixed to a stable
wooden bench., The aluminium table was so designed that the
position of the different lengths of rubies, and the end

reflectors, could be varied., A photograph of the assenbly is

2

hovm in Pig., 4.4.
The mcchanical design for locating the ruby rods within

the pumping boxes dcserves some explanation. In the case of
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the ruby which was lkept at room tempcrature, the ends of the
rod were hcld in the cend plates with thin perspex slceves,
to prevent ncchanienlly stressing the crystal, and also to
protecet the end faces frowt being chipped in assembly. The
design for the cooled ruby optical pumping box, needed con-—
siderably more claboration as can be secn from Fig. 4.2. The
ruby was nountced in two closc-fitting brass holders, neccs-—
sary for the cooling system (scc latcr). These holders were
thermally isolatcd from the cend plates by ncans of thin
perspex slceves and thin circular layers of asbestos paper.
sincc it was soon discovercd that perspex carbonised when
dircctly cxposcd to the flashlamp radiation, the insulative
holdecr for the trigger wire was made of glass. The flash-
tubcs for both pumping boxes werce isolated from the walls of
the cavity by a small (0.010 inch) gap and held in position
with perspex holders. The thermocoupie was fixed permancntly
in contact with the ruby by mcans of an Araldite plug which
insulated it from the cnd plates. Its output was suitably
displayed on a scnsitive galvanometer. Both pumping boxes
were thermally isolatced from the bench mounts and thick Al
table, which would act as effective heat sinks, by separating
the boxes from their mounts with mica sheets, and the ut-

ilization of polythenec fastening screws.
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4.3: Electronics Associatcd with Operaticn of Laser System.

The elcctronic circuitry requircd to charge, control,
and fire the laser system wos of generally an orthodex
naturc, and becausc of such, nuch of the apparatus was
available in the form of standard units which needed little
or no nodification.

The two independent charging units for the flash-tubes
werc favricated spceially for the project. DIach consisted
basically of a full wave rectifier bridge, charging to
between 1 and 2.5 kV. a 3804F capacitor, which was connected
in parallel to a 1004 H inductance in series with the flash-
tube. VWhen the flash-tube was triggered, between 190 and
1200 Joules were dissipated in the flash-tubes in a time
~'lmnsec defined by the timec constanﬁ'Tf==ZTTVZE~.The effecet
of pulsce shapening on thce thrceshold conditions was studied
by connceting a delay line in parallel with the flash-tube,
Considerable pulse shapening was observed, but there was no
discernable change in the threshold: this agrecs with the
theorctical conclusions of Mace and MacCall (149). Also,
since faster risc tinmcs arc involved in pulse shapening, the
life of the flash~-tube is considerably diminished. Both
charging units were carthed to the ground, independent of
all othcr cquipment in the laboratory.

A block diagram of the triggering circuit is shown in
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Pig., 4.5. Tor maxinan cfficicney of the laser systen, the
flashtubcswere pulscd several hundrcd nicroscconds before
the prisn nﬂchcdthe high @ position. This temporal control
resultel from a photodiode receiving an optical signal from

a tungsten source rceflected off the rotating prism, half a
recvolution before the latter passed through the lasing pos-
ition. The~<4InV pulse fron the photodiode (Texas IN 2175)vas
first anplificd. The spced of the rotating prism wes meas-
ured with a ratemeter which rcceived part of the amplificr
signal from the gating unit. When the lascr wes to be fired,
a =10V pulse rcleascd by the push button from the pulse box,
was sufficient to open thc gate circuit and permitw one

+10V pulsc from the amplifier to pass through to the trigger
unit. The gatcwss closed by the suceeding pulse from the
photodiode. The trigger unit had two -50V outputs, which
wire fed into the two delay units. It also served as a man-—
ually operated triggering unit when the laser system wks op-~
erated in the relaxation oscillation mode with tho prismn
fixed, Aftcer a suitable delay, such that the flash*tubeswgre
triggered«v70gpseo, before the prisn reaohéd,opfimum align—
nent, the outputs from the delay units (+200V)were amplified
te  12-15 %V nulsces by nmeans of two smali pulse transformers
located at the lascer pumping boxcs. These pulscs pass down

the small thin trigger wire adjaccent to the flash-tube,
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and shiort to earth through the latter, thus causing bfeak-

down of the flash-tube.

4.4: Resonator Ind Mirrors.

The very first lascrs were constructed using partially
or fully rcflecting silver coatings on optically flat sur-
faces. These were socn supcrscded by multilayer. diclectric
coatings. The invention of Q switching techniques, and
improvements nade in growing longer and better optical
quality rubics, ushered into laser physics a new era of
vastly incrcascd powcrs. As a consequence, dielcctric mir-
rors had only a short lifc in such systems, before the high
power densitics caused scrious deterioration to the ref-
lceting surfacces. Because of this difficulty, and as a re-
sult also of the lower reflectivities gencerally required fér
Q-switched systems the adoption of single sapphire plates,
and of multi-elcement glass platc resonant reflectors, has
become nmore widespread. These havé the advantage of posses-
sing much higher damage thresholds and additionally when
optimally designed, introduce mode selectivity into the re-
sonator cavity. Rgecently, technologicul improvements have
readered the produétion of diclectric mirrors roputedly'
capablc of withstanding power densities of several hundred

r

i s
].\LI. i, C1l

~67-



In the analysis of the spectral output of this laser
system, o large varicty of c¢nd mirrors have been tried. Di-
clectric mirrors of reflectivities ranging from ~60% to 98%
at 69438 on plane (surface flatness A/10) and concave glass
blanks were cmployced. Without exception, these coatings
were burnt within lcess than ten shots of the laser with power
outputs ~10MW. Vhen longer rcsonator lcengths were required,
onc of the end rcflcctors was replaced with a roof top prism,
which c¢ffcctively doubled the rescnator lcength. At one time,
the 3% ruby was cut with one TIR ¢nd, but this soon becane
chipped end was rceplaced with a Brewster angle facc.

Apart from the wedged optically contactcd rcecsonant
rcflectorss or etalons, shown in Fig.4.3%., a selecticn of
glass optical flats of diffcrent thicknessces made possible
fho construction of several types of rcsonant reflectors
having different mode sclccting properties. In the more
conplicated of these mode selecting resonant reflectors,
in which the optical distances betwecen the reflecting sur-
faces were arrangcd in sone type of mathenatical series,
thin (8«¢) plastic films stretched over metal frames, called

"pollicles™, were also used as reflccting surfaces.

4

1

1 The Jonling Systcem.

- s ® i

In order to produce a change in wavelength of as
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much as 5% in the oscillating frequency of one of the ruby
crystals, it was estimated, froir the work of Wittke (242)
that the crystal would hove to be refrigerated to a temp-
craturc of ~-200°K. Additicnally, if the wavclength separa-
tion of the two frequency output was to be tunable, then the
tenperature of the crystal nmust be variable fronm 200°K to
rocn temperature. Other factors were also involved. The

usc of glass slecves surrounding the ruby to isolate the
coolant fron the rest of the cavity would, in the case of the
cxfocal pumping configuration, and because of the use of -
Brewster anglce faccs, be technologicelly difficult, as well
as an extra loss factor in the pumping mcchanism. Thercfore,
the coolant would have tc be introduced into the whole cavity,
yet at the samc time must nct deteriorate the high reflecting
lincrs.

The systen devised fulfilled these conditions. Nitrogen
gas was fed into a T juhetion, (Fig. 4.2.) where, by approp-
riatec sclcction of two valves, the gas could eithcr be fed
dircct to the cavity, or bce passed through a glass helix im-
mersed in a dewar of liquid N2 at 77OK, and thence to the
cevity. When cooling the ruby crystal, nitrogen gas at roonm
connerature was first fed into the cavity to expel all mois-
ture vapor winich would condense on the cavity liners, to

thole Cetriment, once the cold gas was introduced. Gas was
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allowed to escape from the oavity through the flash-tube
holders, but all othcr lcaks wcrc blocked with adhesive tape,
or plastacene., The pumping box was also clad in thick wad-~
ding to reduce the heat loss from its exterior faces as it
was coolced. A constant flow of liquid N2 wag maintained to
the dewar in which the helix was immersed, by a suitable air
flow tc a large pressurized tank of ligquid N2.

The problen of condensation on the ruby faccs was over-
comc by thoe usc of small hcater coils which were wound round
the brass ruby holders (Fig. 4.2). Thesc did not actually
hcat the faces of the ruby crystal, which, since ruby is a

- good conductor of heat, would have been in opposition to the
cooling process, but merely isolated the faces from the out-
sidec atmosphere by the creation of hot air plugs within the
brass ruby holders,

Contrcl of the temperature could thus be achieved by
(a) varying the rate of flow of nitrogen gas (b) varying the
mixture of hot and colld gas with the control valves, cr (c)
variation of thc current in the heater coils on the ruby
holders (fine adjustment). Thus the temperature could be con-
trollcd to within< 1l deg. Accepting Wittke's results for this
temperature region, this means a wavelength control of
~0.G55.

Ls o corollary, perhaps it might also be mentioned that

~70~



after the adeption of this ccoling schene, McClung and
Weincr (142) reportcd, in a paper on longitudinal mode con-
trelled lascrs, the usce of a similar cocling systen, in
which the ruby was totally enclosed in the coolant.

A.6: Alignment of the Tascr Systen.

As indicated corlicr, coptical alignment of the laser
systen prescented scveral problens not net with nmost lascrs.
Arecchi et al (15) have shown that the threshold for lasing
incrcascs rapidly with nisalignient of the cond reflcctors.,

Although intrinsically the nost accurate ncthod of al-
ignment, the usc of autocollimators was inhibited for sev-
cral rcascns. The heavy absorption in the long length of
ruby rod (16 inches for the combination of minimun lengths
of rods) cnable only a very weak reflection from a high
reflectivity nirror to be visible. When the more usual
lower reflcetive nirrors werce used, o reflected image was
indiscernable. Additionally, optimization of the positions
of thce ruby rods within the optical rescnater was not well
facilitated,

Tc overcome thesc difficulties, a nethod of alignnent
utilizing a gas lascr was devised (sce Tig. 4.3). The out-
put ( ~ 1lnW) from a small (Elliott ILtd.), d.c. excited

He-Ne gas lascr, with a hemispherical resonant cavity, oscil-
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lating at 6ZBSR was collinated to o fine bean (~2mm in
dinmeter) with a 50 cnn leng suitably positioned, passed
through a swall apcerture in a large white screen, and via a
mirror M, into the¢ loager resonont cavity. 4 clear reflected
inage from the ncar reflector was visible at the screcn and
by adjustuent was nade colincar with the original beam. By
adjusting the position of the ruby crystal Rh the laser
becanm was entronced and exited at the centres of the end
faces and by rotation ¢f R, , thc cxit bcam was nade parallel
to the ingoing becan. The prisn, with the gyro fixed, was
optinally positioncd, and the ruby RC adjusted in a like
nanner to Rh. Vhen ideally positioncd, the imoge from the
far reflector was clearly visible at the white screen, and
thus the two rcflectors were made parallel to within less
than 2 nilliradian. The cavity length was generally of the
order of 100 cms. This system of alignment was highly suit-
ablc for the alignment of the variocus diagnostic instruments
which were used, and also for aligning to the laser bcam, non-
lincar optical crystals, such as ADP., When the latter was
situatcd ~30 cms from the far reflcctor the front face of the
crystal could be aligned such that a reflected image was vis-
ible at the whitc screen.
When mirrors other than the optically contacted wedge

resonant rcflectors were used, a similar method of alignment
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was ciployed.

4.7: Monitoring Tcchniqucs.

apart fronm the spectral characteristics of the laser beam,
which will be dcalt with in latcr chapters, the power and
temporal behaviour of the output were of fundamental im-
portance, and becausc of such, wcre neasured as a matter of
routine for coch lascr pulsc.

The cnergy output was measurcd by placing a (T.R.G.Inc)
cone calorimecter and thermopile (Type Ng. 107) standardized
at the National Burcau cf Standards, Washington, in the path
of the beam. The output of the thermopile (sensitivity 45 .V/
Joule) was rccorded with a microvoltneter (manufactured by
Keithley, Inc., U.S.A.). Sincc the rise tinc of the output
was ~30 mecs, in order to compute the cnergy to less than 10%
error, the rise and fall of the microvoltumetcr reading nust
be plotted with time, and the full curve extrapolated back
to the cncrgy valuc at zero time.

In order to obgserve the temporal behaviour of the pulse,
a fast biplanar photodiode - Tektronix 519 oscilloscope. sys-
tem was employed having a complete rise time of €1 nsec. The
photodiode was an ITT:FW1l4 with an S4(Cesium Antinony) photo-
cathede; opcrated at ~1kV; it had a maximun current rating

~~5a and a luminous scnsitivity of 2§uA/lumon. It was only
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nceessary to sanple the lascr bean at 90o vith a 1% reflecting
glass plate, and to suitably aticnuatce the sanpled bean with
neutral density filtcers, until a suitable currcnt was dis-
charged through the 125/M1cad, to give deflection on the
scrcen of the 519 oscilloscopc which had a sct scnsitivity
of 8.75V/cn. Photographic rccord of the ogcilloscope
troces were obtained with the use of a Tektronix Cl2 canera
and Polaroid type 410 (10000 ASA) film. The timc scales of
the oscilloscope werce pericdically checked with a fast nano-
second oscillatcr,

Thus, by nmeasuring both the energy and pulse shape for
a singlc laser shot, it was possible to calibrate thc height

of thoe pulse shape in terms of the power of the pulse.
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CIAPTER 5¢ SPECTROSGCOPIC INSTRUMENTS USED T THE BXPLRIMENT,

5.0: Pabry-Pcrot Tecchniques.

A considerable proportion of this thesis is devoted to
the spectroscopic analysis, especially at high resolvances,of
the output of the laser system under various opcrating condi-
tions, For the rcasons outlined in Chapter 1.5, the spectral
neasurements were nade using IFabry-Perot techniques. The
spectroscopic analysis of the laser system fell basically in-
to two categorics, depending on the manncr in which the laser
was operated and the phenoména which was to be observed. Since
some of these techniques arc relatively new in their applica-
tion to lascr diagnostics, some discussion on then, and on the
limitations of morc conventional techniques is not out of
place.

Vhen the lascr was operated such that the spectral out-
put consisted of two frequencics of scparation up to 53 (see
Chapter 7), a planc Pabry-Perot (FPP) of low resclution, free
- spectral rango*fBR was cmploycd to measure the wavelength sep-
aration of the two lincs, At these fairly low rcsolving povers
(m'104) the PP is easy to adjust, and its alignaent to nain=
tain., The discussion of the FPP which follows considers the
various factors which govern its usc, and how best these may

be optimised,
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For the analysis and dircct spectroscopic detection of
solid statc laser axial and off-axial modes, vastly increased
resolving powers (~ 108) arc rcquircd, Thesc are not best ac-
comodated by thce ¥PP, for rcasouns wvhich will become apparent
in this chaptecr. Instcad, a rclatively ncw spccetrescopic in~-
strument, the spherical Pabry-Perot (FPS), which has scveral
notably important adventages over the FPP at these resolvan~
ces, is emplcycd. The broad outlinc of the theorcetical aspects
of the FPS is given and the differences between it and the
PP, botlh in its mechanism of operation, and in the inter-
ference pattern to which it gives rise, are discussed. The
practical arrangencnts of the instrument used in this project
arc described, and its mcthod of use, which is more critical

than that of the FPP, outlined.

5.1: Practical Considerations Associated with the Plane

Fabry-Perot Interferomcter.

For much of the spcctroscopic studics reported in Chapter
6, and all of thosc reported in Chapter 7, an FPP was used.
Resolving powers in the range 104 - 106 were required. To
facilitate attainment of this wide range of resolution in the
most convenicnt manncr, a variable gap plane Fabry-Perot was
employed.

The elementary thcory of the instrument is well known
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(%8,121) so the discussion here will be concerned with the
various factors which arc involved in its usc. Vhen onc takes
into account ccrtain practical factors inhcrent in the instru-
ment's usc, then it has been showm (59, 117) that the instru-
mental function is no longer the well known Airy IPunction,but
a convolution of thrce functions. These results from (a) the
cffect of the abgorpticn cocfficicent of the reflection coat-
ing (b) the effeet ¢f there being nccessary a finite width of
the focal diaphram, which governs directly the etendue, or
lizht gothering power, and thercfore the luminosity of the in-
struncnt, and (c¢) the effecet of the surfoce imperfcections and
degrec of parallelism of the plates, which is probably the
most scrious limitation on the attainment of high fiﬁesses
with thce FPP., These thrce factors may be thought of as in-
dependently manifesting themselves as scparate fincsses of fhe
final distribution.

The rcflection finesse Nk depends only on the reflecting

! where /. is the reflectivity of the

power as m&=;7ﬁ§h~-Q)“
plates, Thus the limit cf resolution, for the hypothetical
case of porfectiy nlane aﬁd parallel plates and zero width in-
terferometer aperture is Q = /.\,.A‘//\/Rwhere AN = free spectral
rangc. With the high valucs of reflectivity that can be ob-

tained with modern diclectric coatings of low absorption

(<0.5%), practical valucs of AQ in cxcess of a hundred are
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casily achicvable,

The finecsse associated with vhe allowed range of incid-
e¢nce angles can be cxpreascd asﬂ4==4x/f wherefszonk, J
being the solid anglce subtendcd by the circular aperture of
the intvcerferomcter. Then f is the resolution limit for

Ne =N, = oo . Dzperimentally, N; need not seriously limit
the final fincsse A/, asfndfmay be incrcased indefinitely,
rcndering higher values offV{, though ultimately at the ex-
pensce of the luminosity of the instruncnt.

The nost scrious limitation to the attainment of a high
effcctive finesse is in the fincsse duc to surface imperfec—
tions and misalignment of the plates. For ﬁﬂ(=/V} = O and as-
suning the ideal cxperincntal state of perfect parallclism,
this so-called "limiting® fincssc AQ==AA/d with the limit of‘
rosolution<J=A>ZSHh\whore S§t is the voriation of separation:
of the plates duc to surfacc imperfections. If, as is common,

Stis cxpressed in terms of k (St=Na), then A,ID:: mf2 . TFor
cxample if the platcs are flat to Within_kf5o then the high-
cst possiblc limiting fincssc attainable is 25.

Conseguently, the actual effective fincsse N associated
with the instrumental function, when all threc factors are
taeken into account, cannot be grcater than any one of the fin-
ésses NR_)/VF/ Na . It can be shown that N is related to the
latter by
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A (5 - 1)

A% - /\/,ql /\/,.7“ LV
As has been seen, the most scrious limitation to high valucs
of M is the cffect of surface imperfecetions, which result in a
relatively low value of the liniting fincsse A, . W, rmal
PPP platecs have a surface flatness specificd tO\fXﬁao, though
it is now possiblce to obtoin pletes flat to 'jrenf a wave,

The FPP picves uscd throughout this cxperiment were of
6 cng diarcter vith a specificd surface flatncss of~X[ppat the
nercury srocen wavelcength (54612), which gives a naxinun linit-
ing finessc at 69432 of ~45. The platecs werc coated with a
dicleetric stack of raxinun reflcetivity 98%. Thus at best,
assuning perfect parallclisn of the plates, an effcctive fin-
cssc of no Dbetter than 40 would be realizable.i In actuality,
an cfiective finessc of grcater than 30 were scldon obtained,
In criler to facilitate casy and quick variation of the free
spectral range of the instrunent, a variable gap FPP was used,
and this typc is inhcrcently less stable than the fixed gap
varicty.

When uscd, the interferoncter was aligned centrally and
nornally to the lascr bea:i:, by ncans of the gas laser, and a
suitable scatter screen (ground glass plate) used to angplarly
randonisc the incident light. Alignnent of the plates was ac-

hicved by use of scveral types of nonochronatic sources, dep-

¢nding on the resolution required. Photographic record of the
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Fabry-Perot fringes was obtained with a canera with a suitable

lens, cither on Kodak spccetroscopic plate or on Polaroid filn,

5.2: Inadequacy of the Planc Fobry-Perot at High Resolving

?@_}V_O}‘_S_ * I 1
Significant iuprovenents in the cocherence, directionalityl;
intencity and gpectral lincwidth propertics of solid state k
lacers has crcecated a conscquential necessity for spectral l
|
analysing techniques posgcssing very high rcesolving powers.
This denand cannot be met satisfactorily by conventional spec—~
troscopic ricthods. 1

The following chaptcrs describe the utilization of an

instrument which is ideally suited to the study of fine spec—

tral charactceristics of narrow linewidth lascers. As a con-

sequence, it has been possible to resolve single axial and J
off-axial nedes of ruby lascr giant pulses (47, 49). Addit-

ionally, nanosccond tinc resoluticn of the output of this

device has lcd® to the detection of a frequency shift towards
|
highcer frequency during a single giant pulse (48), \
|

To rcsolve dircctly the off-axial nodes of a typical gilant

pulzc ruby lascr with a pulscwidth of ~-40 nsec, and hence a

|
gpectral handwidth of 25 Me, with a plane Fabry-Perot in- M
terferonceter (FPP) would require a plate separation of some ik

20 cns and an instrumcantal finessen/40. The construction of |
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sueh o device with sufficicnt stability would require con-
giderable coffort. In order to attain the high effcctive fin-
gssc values denanded, stringent conditions of alignnent would
also have to be nct.
the

The usc of/sphcricul Pabry-Perot intcecrferconceter posscsses
nony distinct aldvantages over the FPP at thesc high resclving
powecrs, net lcast onongst which is the permancncy of alignment
of the gpheyienl nirrors. Additionally, since the fringes
will only be visible in the spherical intcerferoncter when the
latter i® illuminatced by a mnonochromatic axial point source,
the instruncnt is well suitced to the high resolution spectral
analysis of norrow divergence lascr beans, The luninosity of
the FPS i1s such that only a sunall fractiocan of a meggawatt ruby
lascr bhean is sufficient to illuninate the detecter. This im-
ncdiately has inmportant advantages, since the FPS nay be used
as a nonitoring device while the main portion of the bcam is
uscd for soie other purpose. This facility will become a nec-
eseity in work where the precisc node structure of each suc-
cessive pulsc nccds to be knowm.

Turther practical advantages of the type of FPS used in
this analysis arc its quasi-lincar dispersion ( away from the
central fringe), and the high cfiective fincsse of its fringe

pattern., These will bce discussced in the following chapter,
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5.3: The Spherical Fabry-Pcrot Intcrferometer.

o

The usc of two partially rcflccting spherical surfaccs
in a ccenfocal arrangcnent as an interfercucter was first prop-
osed by Conncs (68,69). Thoorctical considcerations of the
spherical TPabry-Pcrot (FPS) have been outlinced by several
workers (69,116,117), while a general analytical interpreta-
tion of the propcrties of the confecal resonator has been un-
dertaken (40). Lack of spacc does not pernit a detailed des—
cription of the FPS, which, in its use as a "classical light"
spcetranl analyscr has alrcady been given by its inventor (69),
but nentien should be made of its gencral properties, and of
the nodifications nccessary to nalkke it an cxtrenely effcctive
high rcsolution lascr light interfceronctoer,

In the original instruncnt of Connes, the spherical nir-
rors arc scparated by distancce , equal to the radii of curv-
ature, with thc centre of curvaturc of each mirror lccated
at the contre of the other mirror. In the present instruncnt,
the nirrors arc uniformly coated with partially reflceting di-~-
elcetric laycrs, whercas in Conncs' case half of the nmirror
surfaccs arc coated for naximum refleetivity. An incident
bean at M, (Mfig,5.1) is partially rcflceted at ™., the ref-
lectcd beam following the path MN, M, (~4 2 ) before exiting
the cavity atM,, not only parallel, (as in the case of the

FPP) bLut also spatially coincident with the original bean.
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Fig5.1: The Spherical Fabry-Perot Interferometer.

Y

Fig5.2: Path of a plane wave through a spherical
mirror resonator.




Thus unlike the I'PP, the FPS is not translationally invar-
iant in a parallcl bean, and thcecrefeorce acta as a spatially
resolving spectral analyser, By suitable linmitation of the
aperturcs, the diffcrence in eptical paths of on axial ray and
o ray incidcent at ?. and S& frou the centres C, and (, of the
two nirrors rcepectively, nay be nalc the order of a wavelength.
If a ncans is provided for slightly varying the optical path
(c.g. by variation of the gas prcssurc between the mirrors
or Ly ncans of the 'loulspcaker! principlce (229)), the FPS can
be uscd as a scanning interferoncter of high resolving power
with particular application to the study of modes of a gas
lascr (112,89,209).

By couparison with the TPP, the FPS has a resolving
power of R, = 4NQ//\ , Where ,'\/ is thec fincssc, and therefore
a linit of rosolutixm18k=-%l/4¢VQ . Thec spectral range
A= /\2/42,:NS/\, that is twice "cha,'t of an FPP of equal plate
spacing. |

When the spherical mirrors arc scparated by exactly their
radius of curvature, as in Connes' original instrument, the
cptical path diffcrence between the direcctly transnitted and
the rcefleceted rays is, )

8=“¢€ng (5 - 2)

where

2 .
Aﬂg = "'.?s‘l?a. Q*""S“}Q/eg
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éybcing defined as in Pig. 5.1,

The oxprcssion.llg, plays the scaic role asf&:‘QSQﬂﬁfQ
in the PP,  The condition for constructive interference is
then given by & = miA, which in the paraxial roy caso,?;ﬁﬁ=?
Cos 26 = g ives

S:4e - F4e3 (5 - 3)

The principlce disacdvantage of Connes' instrument as a
specetral diagnostic cdevice,as can be scen from equation (5-3),
is that thce order of interfercnce of the resulting fringe pat-
tern decreascs as the fourth power of the fringe radius, con-
parcd tc the squarc law dependence of FPP frianges. However, a
quagi-lincar dispcrsion may Dbe obtaincd with the FPS, by ad-
justing the separation of the spherical mirrers to be slightly
less than the radius of curvature (51). Uscd in this rcgine,
tiec FPS becomes a powerful tool in the high resolution spec—
troscopy of lascr light.

The lincar dispersion characteristics of the instrument,
when thce scporation of the two mirrors is (&+ & ), £ being a
snall ncgative increment, may be seen by considering the re-
visced cquation for the optical path (69), which now beconcs

§ =8+ As + 4 (5 - 4)
where &£¢=-V2€(?JVE:)/Q‘
Vhen lascr radiation is incident on the interferometer, the

gencral casc may be sinplificd to the paraxial case, Fig.5.2.,
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where G =F.=¢ Cos26 =|
Then
S = ale+€)-9%e? -4EpYer=mA (5 - 5)
Differentiating a glj_’% - "‘1”_?3/83 ’ny]@L (5 - 6)
the dispersion will bLe lincar for
gjg.\ =0 = - 12§ e’ - Rpfe® (5 - 7)
Thus by chooé&ng € to be a suitable nezative value,a lincar
wavelength dispersion with zonal radius?rmw'bo cbtained over
a convenicnt rango<xf3 . TFor the intcrferometer enmploycd in
the experiments described in this thesis, € = 15qu,Eiu<lOcms;
thus after corrccting for the diverging lens cffect of the
plano-concave spherical mirrors, then i::Z.Ymm(output zonal
radius ¢, = 4mn). This is most convenicnt for laser light
becans, of beam dianeter ~1 cn. By defining fringe number as
p = §¥/e3 +4E£9 e (5 - 8)

then, p=0 for 557‘4‘ 4€e =0
and the 'zero order' fringe occurs for an output zonal radius
of ~Tia. Calculation (52) has showm that the Jdispcrsion shodd
be lincar to within 2% over a frequency spread of 500HMc, gnd
expcrimental studics heve shown that linearity is largely
naintainced over a range greater than the free spectral range
(750Mc) .

Beeauvse the contribution to a particular point on the FPS

fringe originates from dircetly localized points on the curved
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nirrors, the cffective fincssc of the I'PS is governed nainly
by the rcflcction finesse A/, . This is not thc case for an
PP, where light from all parts of the illuninated aperturc
of the interleroucter contribute to cach individual part of
the fringe system. Tor the FPS, Mg is approximatcly half
that of an PP of the sane refleectivity.
N, ~ TR [2(1-R)

With the inprovenents made in producing nultilayer diclectrice
refleetion ceatings, rcflectivitics of ~98% arc easily ob-
tainable. Thus a rcflcection finessc and hence an effective
fincssc ~75 for the FPS is not unattainable.

This thcn illustratcs another important advantage of
the PPS over the PP at high resclving powers. With high re-
flcetivity coatings, an PPS has a considerably higher effec—
vive fincssc than a conventional FPP with similar reflcction
coatings., In a latcer scction, this is verified, when effcc-

tive fincascs > 70 arc recorded,

5.4: The Use of the Spherical Interferometer.

The TIPS used in the analysis which follows wags construc—
ted at Royal Holloway College under the dircetion of
Dr. D.J. Bradlcy. The 1% diameter spherical surfaces of
radius of curvaturc € = 10 cms, werc ground into 15" diameter

spectrosil A glass substratces by Mr. H., Yates of Optical
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Surfaccs Ltd. Iphomogenuitics of the surfaccsof the mirrors
were of less than Afgo, and the radii of thc curvature of the
two nirrors were the sanc to within %{10c~vcr the full apcriture,
Mover a central aperturce of~5 mn diancter. Multilayer
diclectric coatinge of refleetivity 98% were applicd to the
spherical surfaces., The two nirrcrs, scparated by a cylin-
drical invar spaccer, werc sultably clanped to the latter by
necans of invar collars and by an adjustablce lcaf spring point
contact retainingnechanisn, The invar spacer of intcrnal
diamcter 1% was of such a length tfat the scparation of the
was

curved mirroraﬂ~15qM_loss than the radius of curvature. The
interferoncter was held in an adjustable Fabry~Pcrot'type
mount, with facilities for horizontal and vertical oricnta-
tion of thc I'PS axis, and for horizgocntal latcral novemcent
cf the azis. A photograph of an FPS with cxactly the sanmc
gpccifications as the onc uscd is shown in Pig. 5.3. After
asscenbly and alipgnnent, the interferometer rcguired no further
attention, c¢xcept that it ncceded carceful alignment to the
inecident beam axis. |

The TPS requirces nuch nore careful alignment to the axis
of the incoming beam, than is nccessary with the FPP. The
central axis cof FPS nust bc accuratcly aligned to be both
parallel to, and coincident with, the incoming beam. It was

found that thc most versatile ncthod of alignment was facil-
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itated by naking use of the gas lascr wvhich was used to align
the laser systen (Chapter 4.6). The gas lascr beam thus
antonatically rctroced the path of the ruby lascr beam. This
bearr was sonpled in the horizontal planc, with o pelliclq*at
an anglc of about 60° to the forword direcction. Since the
output of thc ruby lascr is horizontally polarizcd and the
refroctive index of the pellicle is~1.45 the fraction of the
giont pulsc reflcetced by the pelliclce into the TPS was~ 1%.If
the I'PS was niesalipgncd, then two or rorc sets of circular
fringes would be visible. As the instruncnt was adjustedthen
thesce scparate ingges would ccuverge until coincident.

The intcrference fringes'observod fron the TPS may be
considcred as ncn-localized., This can be seen to be a con-
scqucnce of the cficct of the twe substrates on which the
curved mirrers are ground, which effccetively act as negative
lenscs, The fringes then may be thought of as originating
from a virtual source sone distancce in front of the inter-

fercneter., Tolansky (228) hos described the distinet char-

A pellicle 1s a thin clecar plastic membrane stretched over a’
netal framc, nanufacturcd by National Photocolor Corporation
U.S.A. It is capablc of withstanling very high power den-
gitics, is flat to a fraction of a wave over the central re-
gion, and sincc it is only 8 microns thick, double images,

are chviated (238).
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acteristics of non-localiscd nultiple bean fringscs obitained
fron using a point sourcc with a I'TPP.

Photographic rccord of the fringcs was obtaincd by
convenicently focusging a camcra on a point on the axis of the

PSS nidway between the two nmirrors.
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CIIAPTER 6: HIGH RUSOLUTION SPLCTROSCOPY OF GIANT PULSE TASER

EMMISTON.

6.0¢: Narrow Tincwilih Gicnt Pulse Lascrs.

This chaptcer rcports the results of spectroscopic ncasus-
nents nade on the gain switched loscr, and also on a Pockels
cell switched lascr, when operated at room tempcerature. Both
planc and sphcrical PFabry-Perct interfcrometer technigues
were usccd. The work prcgented here forms part of a conpre-
hensive survey of the spcetroscepy of giant pulsc lasers,
uncertaken jeointly with the lascr group basced at Reyal
Hollovay College, under the direction of Dr. D.J.Bradley
(47,48,49).

A brief review is given first of the various efforts
which have bceen mado t0 rcduce the spectral linewidth of
ziant pulsc ruby lesers {(GPRL). A sclecction 6f different
andd reflcctors hove been used with the object of devising
ricans by which the highest powcrs in a single pulse could be
extracted from the laser with the narrowest possible spectral
width. L study of the lascr ocutput when nulti-clement res-
onant rcflcctors ¥ ysed as end nirrors renderced results
which werce in aporroximate agreement with theorctical predic-
tions madeg with the aid of an analcg conputer,

Utilizing the high resolving power provided by the sphe-
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rical Tabry-Pcrct (TPS), Aircet spectroscopic ohscrvation of
e axial and off-axial nodc structurc of +the output of both
ooin switched lascr and the Tockels ccll switchcd loser was
achicved (47). By opcrating the latter very near threshold,
it was possible to record single off-axial nodes of spectral
to the
width ~10Mc, oorresponding approximatcly;ﬁnverse pulsewidth.
Finally, nanosccond tinc rcsolved gpectroscopy of the
cutput of the gnin switchcecd device revealed the cxistence of
an intcensity dependent fregqucency shift towards higher fre-

queney (48). Teuntative suggestions are given as to the

possiblc ricchanism of this cffect.

6.1: Longitudinal ligdce Sclccting Techniques.

For nany expecrinents utilizing high power lasers, the
narrowest posegible spectral lincwidth is required., Since
the Ry fluorescence lincwidth of ruby ( ~62 at 300°K) is con-
sidcrably wider than the inter-axial mode spacing (2.4 10”38
for a 100 cn long resonant cavity), the spectral output of
a GPRL without any gpectral discrininaticn, consists of a
broad band (“«O.SR) sprcad over nmany axial nodc spacings.

Although mode selecting techniques externcl to the res-

onant cavity have been succcssful for CV lasers, in the case

of GPRL's,promising recsults have only becen obtained by using

gcheomes operating within the cavity. Singh et al (207) ob-
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scrved norrowing of the speetral output when the ruby rod was
situated ncar the end of the rescnator, while lMaucdadsze (159)
rcported similar rccults wien an external reflector, of sin-
ilar length to the ruby, was adjacent to it. Some success
has been reported with scgnented ruby rods (159,55,189),While
non-cxial nodces nay be reduced by intcerpoesing restricting ap-
crturcs within the optical rcsonator (18). Tilted plates or
ctalons (189,66,160,161,213) within the cavity have also
been uscd to reduce the pass band of the resonator, but are
unsuitable in high pewer systcms becausc, to be cffeetive,
they necd to have high reflectivity diclectric coatings
(~*90%). The narrow sncetral outputs of solid state lascrs
switchced with organic dyc solutions, investigated by several
workers (215,144,104,174), have been cxplaincd (217) as a
conscquence of the "nmatural sclection®™ associated with the
longer build-up tinme of thesc switches. Recently single long—
itudinal and transvcrsc node oscillation has been reported
using a vanadium phthalocyaninc dyc switched laser with
spherical resonators of concave and convex dielectric nir-—
rors (72).

The possibility of using a Fabry-Perot structure within
the lascer rcsonator, to discriminate against unwanted modes,
first proposed by Klecinnman and Kisliuk (126) was incorporated

in a GPRL system by Birch (30). Utilizing a single plane par-
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allel glass platc as a rescnant rcflector, he showed that
virtually 2ll thc output of a 1 MW, 20 nscc, laser pulse was
concentrated into a ginglce axial node. A detailed study of
the propcrtics of single plate resconant reflectors, cither
of glass or rutil, has been given by R8ss(194,96). To obtain
sufficicntly high reflecting resonators with optical glass it
ig noccssary to cmploy mwre than onc glass plate: whence
the reflcetivity is given by .

R = (n*m-fintme )"
for#tre plates of rofraotive index %(38).

With such nmultiplatc rosonant reflectors Boiko et al
(37) reported cxperimental valucs of K in agrecnent with the
theoretical valus However, a rccent paper gives contradic-
tory rcsults (214).

The passive Q-switched laser for which Hercher (111)
clainms a lincwidth of <60 Mc, for pulses of>5 MW, employed
a resonant rcflector consisting of two idsntical flat glass
platcs of thickness 1.7 mnm, soparatcd by 25 mm. However,
lMcClung and Veiner (142), using a combination of the tcch-
niques described above, including tempcrature tuning of the
laser rod to the peaks of a resonant reflector, the intro-
duction of a cryptocyanine ccll and tilted plate btransmission
node sclector, werc unablec to rcduce the spectral lincwidth

of thce laser below 200 Me, the approximate axial mode separ—-
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ntion, for similar power lcvels.

6.2: Multiclenent Resonant Reflectors.

This chaptcer reports the results obtained when certain
tyves of reflectors werc uscd with the gain-switched lascr.
In particular, thc decreasc in the spectral linewidth of the
lascr when cnploying nulticlcencent rcsonant reflectors is des-
cribed. To deteriiine the spectral linewidth of the laser
hean unlcr thoesce varying conditions, the variablc gap plane
Fabry-Pcrot interferometer was cnployed, set up as is schen-
atically shown in Fig. 6.1,

ith dicleetric mirrors of rcflectivity 80% and 56%, and
the lascr systen constrainced to rclaxation oscillate or
'frce lasc!, the lincwidth was 0.6 - 0.78. VWhen multiplate
ctalons, either two planc parallcl platcs of esbiesd thick-
nesscs 1 mm, 2 mm, 6 rm, or 10 mn separated by 1/16" diamcteér
ball bearings, or the optically contactced wedge ctalons, ccn-
sisting of a circular glass Brewster wedge and twe plates of
“pdieat thiclncsses 6 mn and 8 mm with separations 2 mn and
2.5 rm, then the speetral width was~0.02% for powers-~10 V.

These two, or threce clenent reflecctors, werc desipgned
prinmarily to give maximum reflcetivitics of 40% and 56% rcs-
pectively, for the casc when all the eigen-frequencics of the

resonator are in phasc. Howcever, by julicious choicc of the
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nunber and scparation of the rceflecting surfaces, nulti-
¢lement resonant reflectors can be made with instrumcental pro-
riles, deduccd from the Liry Tunctions, which have very narrow
frequeney bands, or “spilcs?, for which the rcflectivity is a
naxinum, scparated by large frequency intcervals of low .re-
fleetivity. By temperature tuning of the lascr, onc of
the high rceflectivity spikes nay be made to coincide with the
pealr of the fluorcscence linc. An approxination to the Airy
FPunction was made by considering a (cosine)zmodulation of
reflcetivity with frcqucency for a single pair of surfaccs.
By nultiplication of the various (cosinc )qunctions for the
diffcerent optical scparations cf the reflecting surfaces, an
indication are obtaincd of the bchaviour of the resonant re-
flcector, This was done with the aid of an analog conmputer.
Various combinations of separations betwcen five reflecting
surfaccs werce tricd and itheir profilces comparcd.

Onc of the buest combinations obtaincd was that of the
geometric scrics x. 2x. 4%. 8x. 16x. where x is the smallest
separation. The reflectivity profile was of the form

N
; K-

e i S et ieainnee T S

T

cos2 X, COSZZX. cosg4x. cosg8x. 003216.
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This is similar in some respeects to the Lyot filter (121),
Cther similarly rcasonable profilcs were obtained with the
scrics x. 5x. Tx., 10x.20x. and x, 5x. 7x. l4x. 28%., both
these giving narrower width reflectivity bands.

The former of thesc two scerics was tried cxperimcentally.
Vhen five rceflecting surfaces in scrics x. 5x. 7x. 10x.20zx.

were usod, having a profilc of the form

N
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then with x= 3% nm. the spectral output of the laser remaincd
~0.028 = AN = NY/45x

Occasionally, lascr outputs of~:10 MV with a spectral width
0f~0.0061 wore obtained. The effcct of the variation of the
tenperature of both rubics over the range 0 - 20°C was inves-
tigﬁted,but insufficient results excluded firm conclusions
being drawn. Due to the technological difficulties of pro-
ducing planc parallel plates of such lengths in thc'analysis,
a combination of glass platcs and "pelliclecs®™ were used to
obtain thc corrcct scries of rcflecting surfaces., As a con-
sequence the systen was insufficicntly stable, thus adversely

affecting rceproducibility. A continuation of this work in-
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corporating technological improvements in the design of the
o flectors has recently been published (151).

One of the cnd rceflectors was rcplaced by a dielectric
coated (reflectivity 98%) concave mirror of radius of curv-
ature cqual to thce resonator length, (100 cms), thus forming
a hemispherical resonant cavity. Therc was little apparent
change in the character of the spectral output of the system,
though some broadening of the pulsewidth was observed. When
a2 1.5 mm diameter aperturc was placed betwecen the mirrors
and the adjacent ruby, the pulscewidth was rcduced to-~~15 nscec,
since oscillation was restricted to a small central region

of thc ruby rod.

6.3: High Resolution Spectroscopy of the

Gain-Switched Lascr.

It was desirable to explore the spectral characteristics
of the narrow lincwidth output of the lascr, cspecially at
low power levels, still further. This was cspecially required,
in view of the differing results of Hercher (111),and lMeClung
and Weincr (142), mentioned in Chapter 6.1. To facilitate
this, greater rcsolving power was necded. Consequently, the
spherical Fabry-Perot (FPS) was used as a spectral analyser.

Simultancous measurcments were made on the laser output)

with both the 10cm spherical Fgbry-Perot and the 10 cm plane
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FPabry-Perot interferometers. The cnergy and temporal nod-

ulation of the pulse shape was also recorded.

The experimcntal arrangement is shown schematically in
Pig. 6.1. The lascr systen and both interferometers were
aligncd by necans of the gas laser, thus ensuring that the
FPS and the FPP were centrally aligned to the two outputs of
the laser. The total resonator length was~100 cms. With
both the 6" and 5" ruby rods maintained at roon temperature
by modification of thc cooling system, the laser was cperated
in such a manncr as to give.single pulse output with powers
up to 10 MW from cecach output mirror. The interferograns were
recorded on Kodak IR-ER spectroscopic plate. The usc of
mode sclecting resonant reflectors limited the spectral line-
width of the output of the lascr to lcss than the spectral
range of the FPS (750 Mc or 12 x 10728 at 6943R8). This
could be chccked with the FPP which had a spectral range of
1500 Me or 2,4 10728 at 69438. Fig. 6.2. shows the PPS in-
terferogran for a low power laser pulse (~-4MW). The single
fringe is conposed of a cluster of lines, which arc individ-
nally separated by much less than the inter-axial node spac-
ing, for a 100 cn cavity equal to~150Mc., This is dircct
spectroscopic evidence for the existence of off-axial modes
in a giant pulse. With a FPP of lower resolving power this

spectrum would be interpreted as a sinple axial mode of ap-
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proxinate width 200 - 250 iic., i.c. nuch greater than the
pulsewidth transforn Dv= f{ ~40 Mc . These results are in
quantitative agrecement with thosc obtained by McClung and
Weincr (142) and confirm their hypothesis that the broadening
of the line spectrum is due to the prescnce of off-axial
rnodcs,

At highcr powers, the lascer oscillated in more than one
axial node, yet, as can be secn fron Pig. 6.3(a) the inter-
ferogram of the FPS shows that individual axial modés are not

distinct, but ore cntirely filled in with off-axial nodes so
that the spcctrum appears as one broad band composed of off-
axial modes, with a total spectral width of~ 3 axial mode
spacings (450 Mc). The FPP interferogram (Fig.6.3(b)) indeed
confirms this, showing a spectral linewidth~1/3 of a spectral
order, or 500 Mc. Since the effcective finesse of the FPP is
at lcast 15, clearly defined axial modes would have been res-
olved if they had existed.

The oscillogram sheows deep (~ 30%) modulation at a fre-
qucney corresponding to the beat frequency cof two neighbour-
ing axial modes, The FPS interferogram shows the existencc of
more than two axial modes. Thus,'there might well appear to
be a discrepancy. This could be resolved by the explanation
that during the pulse there is temporal shift of the oscillat-

ing frequencices of two axial modes, evidence for which is pre-
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sentcd in a later chapter (Chapter 6.5).

6.4: High Rcsolution Spectroscopy of a Pockels cell Switched

<
TLaser.

Since the gain switchced device is cssentially a slow
switched laser, it was decided to apply the same experimental
technique, described in the previous chapter, to a fast
switched lascr. The lascr uscd was a K-1Q systen supplied to
Culhan Laboratory by Korad Corporation, U.S.A. It consisted
of a planc ended 4" x 9/16" ruby, with antircflcetion coat-
ings, in an optical cavity formed by a roof top prism and a
single sapphire platc, Q-spoilcd by a querter wave Pockels
cecll switch. A cryptocyanine cecll was inscertcd in the cavity
to inhibit prelasing, and the sapphire plate was rcplaced with
a nulti-plate resonant reflector to reduce the spectral line;
width. to within lecss fhan a spectral order of fhe FPS., The
I'PS was aligned to the laser beam with a He.Ne. gas laser in
the sanc manner as with the gain switched de#ice. The FPP had
a free spectral range of 0.25% and was uscd only to ensure
that the spectral width of the lascr was less than 0.01R.The
pulse shape was monitored with a ITT photodicde - Tcktronix
519 oscilloscope combination. Photographic rccord of the in-
terferograms were uwade on Kodak IR-ER spectroscopic plate and

Polaroid Infra Red film Type 413. It was found that this
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laser could be opcrated at values nuch nearcr threshold than
the gain-switched devicce. The output powers for the results
discussed here are~100 kW/cn. of the pulscheight on the os—
cillograms. The time scale of the latter are a2ll 100 nsec/cm.
Pig., 6.5. shows an interferogran on which therce are three
axial nodes, two being ncighbouring nodes. The width of each
line is nuch greater than the pulscwidth transform. The in-
terfcfogram on Pig. 6.6. shows two narrow componcnts which

are spaced by~40 Mc compared with the axial node sebaration
0of ~150 Mc., It is highly probable that these are transverse
nodes although there separation is slightly higher than onc
would cxpect from theoretical considerations (223). More
closcly separated nodes nay have been oliminated by some res-
onancc cffects associated with the resonant reflector. Direct
spectroscopic cvidence for the existence of a single off-axial
mode is shovn in the interferogram of Fig. 6.7. The measured
linewidth is~s10 Mc. which is in agreement with the limit of
resolution =10 Me, for an instrument finessc of 75 (dielcctric
coatings of reflectivity 98%). Oy the basis of the pulsewidth
transform, the width should be~5 Me., To rcsolve this, an FPS
of higher resolving power would be needed, On the basis of
heterodyning (119) and scanning FPS experiments (209) with
He.Ne. lascrs one might expect fine structures within the

10 Me. wide line. However, as Stickley (223) has shown, ruby
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lascr wavefronts nust be trcated as only approxinately plane
parallel duc to inhonogcnceitics, scattering etc., so the off-
axial nodes are nmore widely separated. That the GPRL wave-
front is always curved (85), was shown by the ncasurcments of
Barkhudarova (19).

It should be¢ notced here that the corresponding pulseshapes
for the intcerferograms of Figs 6.5 - 7 arc all completely free
of tenporal nodulation irrcspective of the number of axial
modes present. Hence, it is not safce to infer single axial
nodce operation nerely from the abscncc of beats on the spat-
ially integratced pulscshape. Haoever, oscillograns for pulses
with a morc complicatcd structurc, were obtaincd on which mod-
ulation, cither duc to beating between two neighbouring axial
nodes, or to beating betwecen two neighbouring off-axial modes,
or to both, were obtained,

The author wishes to acknowlcdge the assistance rendered
by Dr. G. Magyar, who operated thc lascr systen, while the
spectroscopic results, reportcd in the preceding three section%

werce obtaincd.,

6.5: Tinc Resolved Spectroscopic Analysis of Mecde Structure,

In an abempt to resolve scme of the apparent anomalies
nct with in Chapter 6.3., c.g., the discontinuity between the

interfeorogram and oscillogram rcsults, and to endeavour to in-
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vestigate the mode structurc of giant pulses more closcely, nano-
sccond time rcsolved, high rcesolution spectroscopic studics
werce performed on the output of the gain switched laser systen.
In the coursc of this study an intensity dependent frequency
shift towards higher frequency was dctceted (48).

Time rcsolution was achicved by strecak photographing the
FPS fringces with an S5.T7.L. image tube canera. The experinental
arrangceuent required to time resolve the interferograms of both
the FPS and the FPP is described in detail in Chapter 7.3, and
illustrated in Fig. 7.5. Though the image tube had a (S11)
photccathode of very low quantun cfficicncy at the ruby laser
wavelength, becausce of the high luminosity of the I'PS it was
possiblce to rccord fringes at a writing specd of 20 ns/cn on
Polaroid 10000 ASA film, with a tinc resolution of 2 nsec, The
cancra was focuscd on the meridinal plane of the FPS, which had
been carcfully aligned to the lascr bcam, after the latter had
passed through an optical delay. The FPS was aligned directly
in the path of the full laser beam, the diameter of which was
restricted by the various apertures in the optical delay line.
L slit was interspaced in the diverging cone of the TIPS in-
terfercnece fringes so as to restrict the rings for streaking
normally to the slit length. As will be appreciated, consid-
erable difficulty was cxperiencced in aligning the FPS accurate-

ly to the incident laser bean.
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Pig.6.8: TieB resolved PPS interferogram of a ruby

laser giant pulse. (Streaking direction: to right)
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Pig.6.9: Streak Photograph of Q-switched ruby laser
beam cross-section. (Streaking direction: to right)



Pigure 6.8. shows a typical streaked interferogram., The
strcak picture and the nonitor pulse cenvelopc are on the same
tine scale., As expected from clenentary theory (44) the
interference fringes appear sonc 20 nscec after the beginning
of the light pulsc - this tine being required to establish a
fincsse of~15 in a FPS of 750 MMc. spcctral range. The central
bright fringe is that of the 'straight through'! axial ray and
is modulatcd at thce sane frequency as the temporal modulation
of the spatially integrated pulscshape.

The nost conspicuous feature of the fringes is the shift
towards incrcasing diamcter and thus increasing frcqucncy. For
peak cavity powers of 5 - 10 MV, the average shift is~-200 lc.
and the average lifetime of a fringe is ~20 nsec. Sometines
a later frinzge appcars and this has the samc initial diameter
as that at which the original fringe started.

Time depcendent frcquency shifts towards the red in relazx-
ation oscillation ruby lasers have been previously reported
(106,114,115,13,86). A shift of~+10 Mc. pecTr msec, was accoun-
tcd fof by changes in thc length and refractive index of the
ruby rod rcsulting from thermal effects. The shift recorded
here, of~ 10 Mc. per nscc is too rapid to be explained by
thernal changes, and norcover, is in the direction of increas-
ing frcquency.

The observed rate of frequency shift as a funection of
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pcak cavity powcr, shown in Fig. 6.10, indicotes a lincar
relationehip power dependence with a slope of~-1.4 Mc. per
nsec., pcr MW. All the pulscs ncasurcd had half power pulse-
widths ofer35 nscc. Greater than average shifts usually oc-
currcd with nore strongly temporally modulatced giant pulses,
Recduction in the spread of the experimental points could be
achicved by taking into account thc pcak powers of such nod-
ulaticn. Local variations in power acroses the laser bean would
also contributc to this spread. While such spatial variations
arec integratcd by the photodiode, beccause the FPS, unlike plane
interferometers, is nct translationally invariant in a parallel
laser bcanm, each streakcd fringe corrcsponds to a small local
region of the cross-scction of the laser bean.

This lincar powcr dependence suggests that the frequency
shift arises from a non-linear elcctric field effect. 1In order
to explain the filamentary naturce of the ocutput of Q-switched
ruby lasers, Javan and Kelley (120), suggecsted that self-foc-
using in ruby crystals rcsults from non-lincar anomalous dis-
persion. Whercas self trapping would rcquire an incrcase in
the refractive index of the ruby, if the lascr operates on the
high frcquency side of the rcsonance line a decrease in re-
fractive index should rcsult. The magnitude of the required
change in refractive index can be ecasily obtained from the

equation
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2.+ l,) = mA (6 - 1)
for the wavelength A , corresponding to an axial mode of order
m, of a planc parallel rcsonator consisting of a ruby length
t,and rcfractive index nhand a path length in air lg.
Differcentiation and rcarrangencnt renders the relation

S Jfinbe <l Sy . Sm gy (6 - 2)

- e e cov—

1 b 2L\

Substituting~ap§;opriatc valucs for the gain-switched device
(lr: 25 enm /_o - 56 cm Yy _4.3 lOléps ) gives g, = -1.9 10—6
for a Su =+ 20:Mce which corrcsponds to a 5 MW output pulse
(In rcf (120), an cstimate of &nz - 3 X 10—6 is given for a
Q-switchcd lascr operated at roon temperature). &m=Dfor con-
stant axial modc nunber in.

If it is assuncd that this is the correct‘theoretical ex-
- planation of the frequency shift then it may be possible to
detect a sinilar shift towards lower frequencics, by constrain-
ing thc lascr systcm to oscillate on the lower frequency side
of the resonance line. It might then be feasible to neutralize
this ecffecet by cmploying two rubics in one rcsonator, as with
the prescnt systen, suitably differentially refrigerated, such
that the positive frequency shift originating from one ruby is
cancclled by an cquivalent ncgative frequency shift in the
other ruby.

Strcak photographs wore also taken of the laser beam cross-—

scction as it appcared in the apcrture of the FPS. A slit
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selected a suitable central portion of the beanm (to include
a few"filaments") and the streaking cancra was then focuscd on
the slit. The writing rate was 1 nscc/mm. 4 typical phto-
graph is shown in Pig. 6,9. The intensity is temporally nod-
ulated at the sane rate as the beats of the oscillogran. Also
noticcable is the filancentary character of the emission and the
randon switching of the various filancnts, soric of which only
had a few nanoscecond lifetine.

Further intecrpretation of these rcsults will be attenpted
. in thc following chaptcer.

After this work was conplcted, and the most intercsting
rcsults subnitted for publication (48), similar spectral shifts
of thc output of a passive Q-switched ruby laser (131) and of

a rotating prism switched lascr (232), were reported. In

neither case was the power dependence of the shifts investigated,

and the suggestion that lascr heating could account for a dec-
rcasc of rcfractive index of the cryptocyanine, and thus in
the optical cavity length, in the former case (131) docs not

apply to the gain-switched lascr systcen,

6.6: Some Conclusions Fron This Spectroscopic Analysis.
These rcesults help to resolve some of the apparently con-
tradictory fcaturcs of the spcetra of giant pulse ruby lasers.

It was scecen in Chapter 6.3. that the temporally intcgrated
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PPS intcrferoprans for modcecrate power levels - several meg-
gawatts - showcd no spectral distinction betwecenreighbouring
axial nodecs. From Fig. 6.3. thce spectrun appears as a broad
band of spcetral width cqual to scveral axial node scparations,
and nany times wider than the pulscwidth transform, cntircly
filled in with off-axial nodcs. This is most likely duc, as
was shown in the previous chaptcecr, to the temporal shift of
the oscillating frequency of the axial nedes, At any instant of
tinc during the pulsc, the axial nodes arc distinguishable.
The rate of change of frequency shift with time is governed
by the powcr of the beam. For very low powers, (~100 XW) just
above lasing thrcshold, when negligible spectral shift would
be expected, very sharp linces (2f 10 Mc), appreximately equal
to the pulscwilth transforn, arc observed (Fig. 6.7.).

At higher powers thc FPS interfecrograms show fringes
the widths of which vary randomly around the ring, but with the
two-fold scrcw axial synnmctry cxpected with the spherical in-
terforonctecr., The broader fringe sections then correspond to
filancnts opcerating at high powcrs, and the narrow scctions to
low powcr filaments., When the FPP was uscd in the parallel
bean, the interfcerograns of the giant pulse ruby loser were
unifornly broadened as expectcd.

The frequency diffcrence of approximately 150 Mc. between

two sets of fringes shown in Fig. 6.8., correspond to a charge
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of &m=tin cquation (6~2). The resulting beats - scen in the
oscillogrenm of Fig. 6.8., between the axial medcs visible in the
interferogran, arc not affccted by the continuous frequency
shift, which is thce sanme fer all componcnts, Occasionally
oscillograns of the typc shown in Pig. 6.4. were obtaincd. 1In
this casc, a clecar csharp change in the modulation of the pulse-~
shape occurs during the pulse., This nay bec associated with a
corrcsponding change in the oscillating axial modes., Upfort-
unately, the strecak intcrfcrograms of pulses which showed sinm-
ilar charactceristics werce of insufficient clarity to provide
further evidence,

An inportant conclusion frem these results is that non-
lincar effcets in the active mediun 1limit the effective spectral
brightness (power per unit frequency interval) obtainable fron
giant pulse ruby lasers., This limitation night possibly be
removed by ncutralising the frequency shift, as tentatively
suggested in the previous chapter, assuming that the effect
is accounted for by the thcory of Javan and Xelley (120). These
non-linecar e¢ffeccts satisfactorily explain why the spectral
widths of neggawatt pulses reported here, and also by McClung
and Weiner (142), are considerably broadcr than thc pulse-
width transforn, and pcrhaps throw doubt on Hercher's (111)'
claim of a 5 MW pulse in single axial nocde with a spectral

width of less than 60 Mc,
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Additionally, it is abundantly clcar that the results of
Mgs, 6.5, - 6.7. do not substantiate Hercher's claim that the
abscnce of intensity fluctuations provides positive indication

of singlce node lascr cinission.
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CHAPTER 7: TvwO FREQUENCY OUTPUT OF THE TASIR.

7.0: Scope of thc Spcctroscopic Studly.

The differcnt types of lascr systcens which lend thenselves
to two frequcncy opceration have been described in Chapter 1.8.
and the rcasons for choosing a gain-switched device enumcrated
in Chaptcer 4.0. This chapter describes the spectroscopic in-
vestigations nade on the lascr when the two rubies were dif-
ferentially refrigeratcd. 4s explained in Chapter 5, plane
Pabry-Perot techniques werc adopted. The effect of the varia-
tion of optical pumping conditions and the temperature dif-
ference of the two rubies on the two frequency emission of the
laser was investigated: the separaticn of the two frequencies
was tunable from 1 to 53. Nanosecond tine resolved spectros-
copy ascertained the degrec of synchronization of the two
frequencics. Two frequency giant pulse enission of the laser
systenm was also achieved by Q-spoiling the laser with one or
two cryptocyanine bleachable dye passive switches.

Also included in the chapter are fecaturcs of the laser
system, observed at various tincs thoughout the project, which
arc not directly associated with results already reported, and

which do not warrant detailed description.
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T7.1l: Somc Characteristics of the Lascr Systen.

Reported hcecre arc sonce fegturcs of the lascr system which
arc not particularly spccific to any of the studics previously
described. These obscrvations were usually nade when both the

rubics were at room tenpceraturc, and in gencral were not ex-—
anined in any great detail.

Maxinun attainced powcr: The maxinum attainablce power
was linitcd by the danage threshold of the optical conponcnts
within thc optical rcsonator. The maxinun recorded power was
obtained using the 6" and 3" ruby rcds in an optical cavity
bounded by two, two plateresonant rcflectors (reflectivity~~40%)
Single pulscs, 10 nsce widc, of cnergy~ 0.75J from cach c¢nd nir-
ror were rccordced with the ITT photodiode - Tektronix 519 (on
the 100 nscc/cn scalce) combination in conjuhction with the cal-~
orimeter. This ncasurcncent of a peak power of~*TOMW was coh—
firmed from deductions froo the nominalphoto-iiode sensitivity.
However, aftcr a restricted nunber of shots, rapid deterioration
of the rotating prism (bubbles and surfacc blemishcs) reduced
the maxinunm attainable power to~40MW. Although the output
energy rcnained approxinatcely constant, the pulsewidth prog-
rcesively increased to valucs greater than 20 nsec,

Multipulsing: Variation of the operating parameters of the
laser system (prisnm speed, optical pumping etec,) under certain

circunstancecs, which were not fully investigated, produced nul-—-
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tiple pulse enission from the lascr. This was a special char-
acteristic when the two rubics wecre differentially cooled, and ﬂ
one end of the optical resonator was terninated with a TIR prism.:
The initial pulse, was counsidcerably narrowcr than successive ﬂ
pulses (50-100 nsec wide) which werc separatcd by 200 - 300 nsec.L
Probable cxplanations nay be associated with non-optimisation of !
the operating conditions of this inherently high gain systern.

Ncar Ficld Pattern: Due to the effect of the Brewster
angle surfaccs cnployed, the shapc of the near field patterns
from both cnd mirrors was elliptical. The pattern at the cnd
nirror ncarcst to the 6" ruby rod, when the latter was used,
was smaller than that observed at the other end mirror, due
presunably to the focusing action of the polished sides of the
6" rod.

Bean Divergence: The lascr beam intcnsity distribution i

was neasurcd using the technique described by Winer (241). The

far ficld pattern of the lascr beam at the focus of af=1lm lens -

on a MgO block was photographed using a multi-lens elcenent con-
sisting of ninef=10 cms lenscs, cach being backed by a noutral
density filter of known transmission. In this manncr the cal-
ibration of the photographic plate (Polaroid type 55 P/N) was
implicit in the data rcduction process, and a complete record
of the becan intensity distribution was obtained with a single

laser shot. The becan divergence of the laser, operatcd with the
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wedge resonant reflecctors, was found to vary fromeb5 nilli-
radians at 10 MW output to~9 nilliradicn at 25 MW output from
cach rc¢flcctor.

Yhen the lascr systen was Q-switchicd with a bleachable
filtcr (cryptocyanine sclution), the noxinum bean divergence
was rcduccd to~5 nilliradioans. No significant variation fronm
this valuc was obscrved when the system was operated in the two
frequency node,

The bean divergence of the lascr system could probably be
furthecr improved by facilitating the rcenoval of the rotating
prism which c¢ffectively couplcs the two ruby rods over a fairly

large angle.

7.2: Tunable Two TFrequency Oubtput of the Laser.

As has been implicd carlicr, onc of the main aims of the
work rcported in this dissertation was to produce a giant pulse
laser capable of cmitting a two frcquency output. This was to
be achicved by differentially refrigerating the two ruby rods in
the gain switchced systen, as described in Chapter 4. Consider-
able cffort was applied to obtain this recsult, and it was only
after nuch variation and intachanging of the componcnts, that
satisfactory operation of the system in the dual frequency node
was obtained.

Different combinations of lcngths of the ruby rods, and a
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varicty of cnd rcflectors were cnploycd in an effort to obtain
the desircd rosult. When the 6" and refrigeratced 3" ruby rods
wcre uscht in a recsonant cavity, bound by a wedge etalon and an
87% rcflecting diclcetric uirror, under optimun differcntial
optical punping of the two rods, two frequency output (wave-
length separation~v4ﬁ) was obtaincd., However, when the diel-
cctric mirror was replaccd with another of lcower reflectivity
(50%) the systen lascd at only one frequency. That is, when thei
root of the product of the refleetivities, ( R, R, )éis de-
crcased from 0.7 to 0.53, the gain factor within the resonator
for the 3" rod is rcduccd to below thrceshold.

The 3" ruby was replaced with a similar ruby of length 5"
in an cffort to incrcase the gain at the coolcd ruby wavelength.
Two frecquenciecs werc gencrated when a TIR prism and a wedge

etalon werc uscd as reflcctors. For this casec, when the cavity

lcngth and gein per pass was effectively doubled Aduc to the ef- ‘
fecet of the prism, the photodiode trace showced a series of sharp
pulscs (~ 30 nscec) separatcd by 200 - 300 nscc., There was no

disccrnable variation in the character of this multipulsing when
c¢ither onc or two frcquencics were generated., Single pulse op-
cration was achieved when the prism was replaced with a diel~ ‘

cetric nirror (87% or 50% reflectivity). Continual operation

with these diclcctric nirrors was unsatisfactory because they

suffercd scrious deterioration after only a few lascr shots.
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However, when the 50% diclcetric nmirror was replaced with an-
other doublc plate reconant rcflector (peak roflectivity ~40%),
the systcen would only lasc at onc wavclcength.

The final arrangencnt of the systen found to give satis—
factery tunable two frequency two output enission was composedl
of 6" and 4% ruby ro’s, the latter being cooled. The nost con-
venicent choice of end reflcectors was the optically contacted
wedge resonant reflectors (ctalons), which could withstand high
lascr powcers, did not nced further attention after alignment,
and renderced the fihal ocutput beans parallel.

Speetral necasurcncnts were made with a FPP with a free
spectral range of~8] at 69438 (plate spacing-~~0.3 mm). The
speetral range was deduced from neasurcnents of the diameters of
the fringes in the focal plane of a lens of known focal length,
with nonochronatic 1lisht of known wavelength. This was checked
by neasurcnent of the platce separation with the aid of feeler
gaugos. The othcr output of the laser was used for power and
energy ncasurcricnts.

As the tenperaturce of the smaller ruby was progressively
reduced, the systenm continucd to lasc only at one frequency,
until a ccrtain temperaturc differcnce AT (~ 30 deg) was rcached,
when the single lince was obscrved to split into two separate
lincs. This suggests that frequency pulling effects, possibly

due to the overlapping of the fluorcscencc lincs of the two
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rubies, prcidoninatcs until thce separation of the peaks of these
lines (governed in part by the relative inversion of the two -
rubics) is 'such that the rcsultant convoluted fluorescence line
is dual peaked, when the laser will oscillate at two frequencies.
This would inply that when coupled by the rotating prism, cach
ruby obtaincd additional gain from the othecr: a situation which
yould appcar to increasc the likelihood of the two frequencies
being gencrated sinultancously. After threshold for dual fre— -
quency preocduction is rcachcd, the wavelength separation A X
riscs sharply with increasing Aj-(Fig. 7.1a) until it reaches
o peok at ~42 (AT~-50 deg), then falls to a mininun at

BT~-70 deg , before rising again. The initial  wvariation of
wavelength with tenperature (ﬂwO.25R/deg) is nuch greater than
that observed when a single ruby laser is refrigerated (*0;0653/
deg).

Sinilar ncasurenents were nade when the wedge rcesonant
reflectors were replaced with 'hard! diclectric ccatings of the
sare moninal reflectivity (-+56%). These coatings, cupplied by
Speetrun Systens Inc, Mass., U.S.A., were reputdly capable of
withstanding power densitics in exccess of 200 MW/cmg However,
after only two lascr shots at output powers of~-15 MW consid-
erable Cauage was observed on the nirror adjacent to the 6" ruby.i
This may have been duc to the focusing effect of/ggfished cyl-

inder 6" ruby rod. The variation of 4) withAlis shovm in Pig.T.1(%
|
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The wavelcength scparation increascs samewhat less rapidly with
increasingAT than in the previous case, and shows no evidence
of the naxima and ninina of Fig. 7.1(a). This apparcnt dis-
continuity night result from the use of the resonant rcflectors.
Although the naxinun value of A\ obtaincd WHS‘“S.SR, higher
valucs ofA)\would be achicvable with improved tcchnology. Small
variation of the relative punping (- 2%) produced slizght var-
iation of MAfor the sancATanad also resulted in a variation of
the rclative intcensitics of the two lincs.
When only one frequency was present in the laser outputb,
the tine intcgrated FPPP spectrun was as ih Fig. 7.2. Single
pulsc output from each end nirror ~7 MW, ~30 nsec half power
pulsewidth. With the optinum temperaturce and differential pump-
ing conditions, then the single pulse output of the laser con-
tained two frequencies (Fig. 7.3.) power ~5.5 MV, ~ 35nsec pulse- .
width., Occasionally pulse shapes of the form shown in PFig. 7.4.
werc procducced; again two frequencies being visible though the
pulsc shapc suggests that perhaps two pulses were in evidence, |
thoush not quite sinmultaneous in time; each pulse oscillating i
at one frecquency. This effect occumed on average one in every ]
. 50 shots or so. Additionally, when the laser was punped harder i
(Fig. 7.5.), and nultipulsing occumed, the spectrun again con- |
tained two frequencics, yet these could be attributed to sep- ‘
|
I

arate pulscs. To resolve thesc ambiguities it was decided to
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tirnic resolve the PPP interforcgran with a fost streaking cancra.

T.3: Tine Resolved Spectroscory of the Two Prequeoncy Output.

In ordcr to tine resolve FPP interferograns during the
~730 nece lifetine of a giant pulsce, foirly sophisticated ap-
paratus was rcecquired., Nanosecond tince resolutioh was achicved
by the use of a high spced streoking S.T.L. camcra, borrowed
fron onc of the plasna physiecs rcscarch groups at Culhan,

The cxperinental arrangements werce as shown in Fig. 7.6.
Before being incident on the IFPP, it was nccessary to delay the
agser bean by "walking' it round the laboratory for a suitable

period, through a systen of nirrors, to conpensate for the
delay (~T75 nscce) inoufrcd by the trigger pulse for the streak-
ing concra from o biplonar photodiode, This optical delay'con—
sistced of threc 100% diclectric mirrors suitably arranged to
provile 2 total optical »nath of 23 n, before the laser beam was
incident on thce intcrferometer. Sincce the "jitter™ in the ac~
curacy to which an air turbinc rotating prism Q-switched laser
coan be synchronised is greater than{%)fAsec, it was inpossible
to trigrer the canera by any cvent which occurred before the
laser pulse. Thereforc, 10% of the output bean from onc cend
nirror was fed into a photodiode, situatecd close to the camera
to reduce cablc length. The output from the photodiode (v100V)

was fcd into a pulse transformer (delay~30 nscc) which increased
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the trigger voltage to~450 V, sufficient to trigger the tlyro-
tron on the streaking camcra (~35 nsec delay). The FPP spee-
trun (frce spcetral rangcJ“BR) wos focuscd, by a4 =15 cn lens,
symmetrically onto a 1 mnm wide slit, placc at rizht angles to
the stroaking dircction of the cancra. The STL cancra was fit-
tcd with a ff:rgj 50 mm1 lens which focuscd the inage of this
slit onto the photocathede, and thus streak photographs of a
snall central slice of thc circular fringe pattern werc produced.
Although the cancra had an antimony ccasium oxide (S11) photo-
cathode, an¢ was therefcre highly insensitive at the 69433 wave-—
length, this loss of sensitivity was conpcensated by the high
luninosity of the low rcsolution Pabry-Perot instrument. Photo-
graphic record of thc strecaked interferograns was made by one-
to-onc optics onto Polaroid 10,000 ASA film.

Strong evidence for the sinultaneous co-cxistence of the
two frcequencies within a single pulsc is shown in Figs. 7.7. and
7.8, In thesc two consccutive laser shots, Fig. 7.7. shows the
casc wherce two frequencics were observed, whercas on Fig. 7.8.
only onc is present. A8 has been mentioned in Chapter 6.6. the
intunsity of the tinmc resolved interferogran is modulated at
the sane frequency as the peak frequency recorded by the photo-
diode.

The results shown in Fig. 7.9. resolves one of the ambig-

uities cncountered in the tinme integratced spectra. The first
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100ns

Pig.7.7: Time resolved PPP interferogram (P.S.R.8%)
of the output of the laser system: two frequencies.

40ns

100 ns

Pig.7.8; Time resolved PPP interferogram (P.S.R.8%)
of the output of the laser system: one frequency.



pulsc is sinilar to that obtained in Fig. 7.4. wherc it was
conjcctured that the pulsc night be composed of two pulses,
cach containing one frequency, nct gquite sinultancous in
tine. In Fiz.7.9. the peaks of the "two' pulses are sep-
aratcd by ~15 nsec, and the tine resolved interferogran
shows that at least the first 'pulsc! contains only one fre-
quency. Thus in this particular casc, only a relatively
short pcriod of tiric existed when the laser oscillated at
both fruguencics at the same time. Another recsult (Fig.7.10)
shows an unusual casc viherc the lascer pulsc is secen to con- |
sist of two pulsces of different pulscwidths (~~20 nsec and
~40 nsec) each oscillating at a single frequcncy, as estab-
lished by the streak interferogran. Fron Pig. 7.9. and
other tine resolved intcrferograns it was cvident that in
the cascs when the device nultipulscd and the two frequences:
werce present in the time integratcd interferogranm, then at
lcast the first pulse contained both frcquenciecs.
Occasionally the intensity nodulation of the two fre-
guencies on the interfcrogram are secn to be out of phase,
suggesting that altcrnative peaks on the modulated spatially'
integrated pulse shape contain predominately one frequency |
or the other, Fig. 7.11l. Asinilar, although nuch smaller
effect may also bc noted in'quite a nunber of the streak

interferograms (e.g. Pig. 7.7.) and nay well explain the ap-.
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20ns

100ns

Fig.7.9: Time resolved FPP intorferogram of laser
output (F.8.R.8X): ’two pulses' separationr-ab nsec
20ns

40ns

Fig.7.10: Time resolved FPP interferogram of laser

output fF.8.R.8X):'Two Dulses'of different mlsewidths
40ns

100ns

Fig.7.11 Time resolved interferogram of laser output
(F.8.R. : Modulation of two frequencies out of phase.



parcnt loss in cfficicnecy of sunm frequency generation rela-
tive to sccond harmonic genceration encountered in the optical
nixing cxperirent (Chapter 8).

Thus, by ncans of high spced spectroscepic techniques,
it has becen cstablishced that, on the najority of occasions,
the two frequencics were sinultancous within the single
ciant pulse. PFurther evidence for this is implied later on
in Chapter 8 when the two frcquency output is uscd to gener-

ate the sun frequency in a non-linear optical aystal.

T7.4: Two Fregucency Output of the Laser System, Q-Switched

Vith a Saturable Absorhber.

In an attenpt to study further the cffects of the multi-
inode character of the lascr enission on the sun frequency and
the second harnonic generation proccsses in ADP, as will be
described in Chapter 8, the laser systen was Q-spoiled with
a bleachablc dyc solution. The dye used was a solution of
cryptocyanine in methyl alcohol.

A small cell of this solution, placed in the optical
resonator of a lascr, strongly absorbs light of the ruby
wavelength, this absorption preventing nett amplification of
light occurring until a high degree of population inversion
has been attained. The pumping energy input increases until

anplification in the ruby overcomcs the loss duc to absorp--
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tien in the cell, and cohcrent light 'bleachcs! the solution
which thcen becowmes alnost perfectly transparent to the ruby
light. At this instant, there is a sudden large nett anp-
lification, and a giant pulsc containing all the storcd en-—
ergy is enitted.

As has been noted earlicr, (Chapter 6.1.) due to its
inhercent poin and loss discrimination, the saturable filter
also acts as a node sclector, only allowing a few nodes to
build up to high powcr. The sclf bcats of these modes lead
to output intensity fluctuations. Under certain conditions,
this self-node locking behaviour rcsults in the output con-
sisting of a train of pulses, of halfwidth 1 - 2 nsec, sep-
arated by the invcrse of the rescnator axial node frequency
spacing (174). The length of the train of pulses is typ-
ically 30 - 50 nsec and the halfwidth of the individual
pulscs depends on the number of axial nodes present.

Sinilar results have becen recorded by Q-spciling the
gain switched laser system, oscillating at two frequencies,
with a cryptocyanine dyc solution. The rotating prisn was
fixed in thc optimally aligned position and a snall 1.5 cm
thick Brewster anglc faced cell of cryptocyanine in methanol
inserted in the optical resonator between the 6" ruby and
the adjacent end mirror. The concentration of the crypto-

cyanine dye was adjusted until the laser gave single pulse
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emission., VWhen the two ruby rods wcere diffcrentielii coslicd,
single pulscs, consisting of a train of narrcw pulscsnZ .acec
vide, were cnitted from the laser, the two frequences being
present. The variation of the frequency difference with
tenperature, with resonant rcflectors or diclectric mirrors
as end nirrors to the optical resonator, appeored to bhe sin-
ilar to the casec when the laser was rotating prism Q-switched.
The single dyc cell was then replaced with two plane
faced cells, 2 cns thick, situated within the resonator, ad-
jacent to each of the end nmirrors. The concentration of each
cell, such that single pulse c¢nission occurred when both
ruby rods were at room temperaturc, was correspondingly less
than in the single cell case. When the laser systen was op-
erated in the two frequency manner, the relative concentra-
tions of the two cells were varied and the effect on the
single pulse shape observed., By naking the concentration of
the dye cecll adjacent to the 4" ruby ~40% greater than that
of the other cell, pulseshapes, containing two oscillating
frequencies separated byﬂu43, as is shown in Fig. 7.1l2.,
were obtained. The individual pcaks are separated by~ 6 nsec,
corresponding to the inverse of the rcsonator axial mode sep-
aration™50 Mc. The half power width of the individual pul-
ses is~2 nsec, and their peak power is (~10 MW) thus ~3

tines thc mean power. MN,de locking of the type shown in
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Pig.7.12 ; PulsGshape of the output of the laser system
Q-switch”l with a saturable absorber: 1lOnsec/div.

(@)

®)

Pig.7.13; Pulseshape of the output of the laser system
O-switched with a saturable absorber; 10Onsec/div*

a) Fundamental beam 6943%.

b) Second harmonic beam: (3472%) generated in ADP.



Pig., 7.12. did not occur in every laser shot when two fre-
quencies werc prescnt. Occasionally pulscs were obtaincd
which were~10% nodulatcd at~~75 Mc, half the axial nodc sep-
aration. This apporent randonness in the results was prob-
ably due to insufficient sensitivity in adjusting the opera-
ting parancters of the lascr to create reprodueibility fmom

shot to shot.
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CHAPTER 8: OPTICAL SUM GENERATION OF THE TWO FREQUENCY. QUT—

PUT OF THE T/ SER.

8.0: Advantajes of the Present Systcen.

Onc of the principal rcasons for devising a lascr sys-
teir possessing the facility of a two frequency, single pulse
output, was its suitability to the study of non-lincar op-
tical phenoncena. The investigation of such effeccts as op-
tical mixing in plasumas and anisotropic crystals nay be con-
siderably assisted with a laser of this type.

In this chapter is described an experinent which demon-
strates the lascr systcen's capabilitics in the non-linear
optics fiecld. The two tuncble output frequencies of the
leser in a single giant pulse, the attainnent of which is
described in the previous chapter, were optically mixed in
a crystal of ADP, resulting in the genceration of the sum fre-
quency (50). Spectroscopic and spatially integrated pulse-
shape neasurcments were made on the two fundamental fre-
gquencies and also on the output frequcncics in the U.V., fron
the crystal,

This nethod of sun frequency generation possesses sev-
eral distinct advantages over previous experiments, Since
the lascer power was 10 - 15 MW, and the conversion effic~

iency of the cryotal was~1%, the output powecr at the mixed
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frequcnecy was sufficient to cnable a spectroscopic rccord
with a singlc lascr pulsc. Previous experiments with sclid
statc lascrs enploying photographic spectral detection ut-
ilizced crystals possessing lower gencrating efficiencics and
required integration over a nunber of laser shots to achieve
sufficient rcsponse. Exccpt for thosce cascs reported in
which stinulated Raman lines are optically mixed with the
fundanental, all cother sun frcquency gceneration experinents
with the exception of Ref. (100), have uscd two separate
sources.

In the prescnt casc, however, both frequendes, the
spectral separation and relative intensities of which nay
be varied, arc gencratcd in a single rcsonant cavity, and
are thus inhercntly colinear, synchrcnous, and spatially

cohcrent.

8.1: Previous Ixpcrinents.

The nixing of coherent or incoherent light bLeans in a
peizoclectric naterial to produce the sun frequency is a
wellknovwn non-lincar optical effect.

In the first reported gencration of the sun frequency,
Bass ¢t al (26) utilized the wavelength variation of the Ry
fluorcscence linc with temnperature, enploying two separate

relaxation oscillation ruby lascrs operating at 77°K and
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300°K. The two beans were colincarized with a half silvered
niirror and focuscd onto a crystal of tryglycine sulphate;
the two sccond harmnonic beans and the mixed bean being
photographically deteccted by rncans of a prism spceetrograrph.
Sincc the two beams werce of low power, nine successive laser
shots were requircd for a spectrograrhic record,

Using similar techniques Miller and Savage (170) nixed
the output frequencics from a ruby laser (69343) and a
CaWO4: Na 2t 1ascr (1.158244) in a varicty of crystols, in-
cluding ADP and KDP. With both thesc experimcnts, the two
beans had to be very precisely aligned and focused onto
the saiic spot on the crystal.

Sun generation in ADP has also been achicved using two
He. Ne. CW gas lascrs oscillating at 1.1532/¢and 0.6328/4(12).

Thce conversion efficiency waswlo"ll

and the output power
of the mixed frequency was found to be proportional to the
powers of the input beams.

The nixing of thce small incohercnt light output of the
green line from a Rercury discharge lamp with the output of
a ruby laser has been reported (208). Sum frequencies have
also been producced using purcly incoherent light by nixing
the differunt spectral lincs of a xenon arc in ADP (145,146).

The obscrvation of many spectral lines in the emission

of solid statc lasers in which Ranan active liquids are sit-
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uated cither inside or outside the resonant cavity has been
atributed to opticel nixing of the Stokes and antiStokes
freocneics with the fundancntal (73,244,162,150). In sone
cascs, however, third ordcr processcs nay be involved,
Reccntly, thec sun gencration in XDP of the frecquencies

+ o .
5 glass lascr, originating fronm

of o ruby lascr and a Na
a single Q-switched resonant cavity was rcported (100). Al-
though the degrece of synchronization of the two frequencics
was not specifically nentionced, o sunm generation ccnversion

efficicney of '»1% was obtained.

8.2: The Experincntal Arrangcncnt.

A schenatic diagran of the experimental sct up for
the generation and detection of the sun of the two frequen-
cies in the output pulsc cf the laser, when operated as des-
cribed in Chapter 7, is shown in Fig. 8.1. A photograph
of the cxperinmental arrangencnt is shown in Fig.8.2,

The cutput from onc end nirror of the lascr system was
incidcent on a 5 cm long crystal of ADP (supplied by SRDE,
Christchurch, Hants) orientcd in the phase matched position.
The laser was opcrated in a nanncr such that the output con-
tained two frcquencies separated bva4ﬂ. The second harmon-
ic becams and the nixed hecan generated in the crystal were

incident on an aluniniun coatcd Fabry-Perot interferometer
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(FPP) with a frce specetral rangefv4ﬁ (reflcctivity 85%,
surface flatncss of platces ﬂ*Kf4£at 34708). To disperse the
UV light sufficicntly befcore incidencce on the FPP, a short
feeal lcength lens (£=5 cn) and a ground quartz screcn was
inserted in thce bean, Photographic record of the Fabry-
Berot fringes wos nade on Folaroid type 57, (3000 ASA) sheet
filn or on Kodak 'Royal X' spectroscopic film. 4 ncutral
density wedge (ND0.0, NDO.3, ¥DO.5, NDO.8) was placcd in the
focal planc of the cancra.

The pulscshapc and relative power of the UV light was
obtained by sanpling the exit bcan from the crystal with a
glass plate, dctection being with an RCA 1P28 (S5 photo-
cathode) photomultiplier with suitable necutral density atten-
uation, and a Tgktronix 585 oscilloscopc. The latter was
triggered by a pulse from an ITT photodiocdce which received
a sanmplc of the fundanental bean. Sufficient . discrinina-
tion against the red light tronsnitted by the crystal was
obtained with 3 cns of CulQ molar solution and Wratten 184
filters placed inncediately in front of the camera and photo-
nultiplicr.

Simultancous spectroscopic recording cf .the separation
of thc th fundancntal frequencics was achicved by gaining
a sannle éf the output from the other end nirror of the laser

systen with a pellicle, and neking it incident on a ground

-146-



gloss screen and a dielcectric coated FPP (reflectivity~98%,
surfacec flatnoss«‘xlloo at 69408) of frcc spectral raonge
~74. Palaroid type 413 Infra Red filn was uscd to rccord
the fringces. 4 Weatten 70 filter was placcd in front of the
canera to clininate non-lascr light frow the interferogran.
The remainder of the bean was uscd for cnergy ncasurencnt
with the czlibroted thermopile. The spatially intcegrated
pulse shape of the fundancntal input becan was nonitored with
an ITT photodiodc - Tektronix 519 detcction systen.

Thus for each singlc lascr shot, thce specetral charac-
ter, pulseshape and energy, of the input and energent bceans

from the crystal were uniqucly deternined.

8.3: Sccond Harnonic Generation: Phase Matching,

As has been nentionced in Chagter 3, by balancing the
birefringence of the ADP crystal with its dispersion, a
large incrcasc in second harnonic generation is obtained.
This is done by orienting the optiec axis of the crystal
at angle .%o the dircctioh of propagation such that the
fundancental beam, travelling as an ordinary ray has the sane
phase velocity as the generated harmonic bean travelling as
an ¢xtraordinary ray. For ADP the value of CL; 510, obtained
fron substituting the relcvant refractive indiccs (247).

onu:l.52 an 210,4'7 &ﬁ_,__w‘_ 1.55 n. 11.50

e € Rl
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into cquation: (3 - 7).

The 5 cns thick crystal uscd in the cxperincent was cut
at 6,,,‘51O with flat polished cntrance and exit faces, and
nounted with the planc contoining the optic axis in the
vertical plane on a gonioneter gsscubly with vernier rota-
tional and translational adjustient in voth vertical and
horizontal dircctions., The front face of the crystal was
aligned to the ruby lascr Leun with the aid of the gac luser,
to within ~10 ninutes of arc, The crystal position was fin-
ally optinized by rotating it in the verdical plane by small
increnents ~5 minutqs until the second harnonic outputs det-
ected by the photoaultiplicr was naxzimisced. The neasurcd
conversion efficiency was betwecn 0.1% and 1%, agrceing
tolerably well with the theorctical estinmate nade from equa-
tion (3-12). |

In crder to ensure that the signal received by the
photonultiplicr was in fact that of the sccond harmonic, sev-
cral differcent choecks were made. A reod Wratten 70 filter
which has a cut-off at 0.65z.was pleced in front of the
photonultiplicr with the rcsult that no signal was rccorded,
When this was replaccd with a polaroeoid filter oriented with
the polarization axis in the horizontal plane there was a
rcduction in the signal, since the plane of polarization of

the second harnonic is orthogonal to that of the fundanmental
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(in this casc horizontal). TFinally, thc second harnonic was
obscrved visually by placing a (P31) flucrcscent zereen,
whic 1s insensitive to light ot 7060&, in the bean.

By photogrophing this inage an approximate value of
Auu= 3 nilliradians woas obtained for the bean divergence
at the second harnonic. As espected this is less than the
bcan divergence of the fundancental which was~6 niiliradians.

An interesting result was rcecorded while the avwparatus
was being adjusted for Q-ewilcbizng with cinc saburable ab-
sorber dyc ccll. In the proccss of optinising the concen-—
tration of the lattcr, the result shown in Pig.7.13 was ob-
tained. The top oscilloscope trace shows the cutput of the
loser at 69433; two pulses of approximately the sane nean
power arc evident, the first being relatively unmodulated
while the sccond exhibits strong node locking. The lowexr
oscilloscope trace, that of the photonultiplicer record of
the sccond harmonic, shows that the cfficiency c¢f SHG was
clcarly greater for the node lcocked pulse than for the prev-
ious unmnodulated pulse. This agrecs gqualitatively with
the work of Kohn and Pantell (130) who showed that there

was an enhanccnient in the efficicency of second harmonic gen-

cration for node locked laser pulses,
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8.4: Sun Frcqucney Generation.

This chaptcr describes the results obtaincd when the
cutp .., of the lascr which was opcratcd in such a nonner as to
give a two frequency output with a scparation of’V4R was op-
tically nixecd in ADP. Variation of thc temperature dif-
ferenece of the two rubics preduced a variation in the fre-
quency scparation and the reletive intcnsitices of the two
lincs could be varied by altcring the punping conditions.

A typical result for a single loascr sinot is shown in
Pig. 8.3. TFig. 8.3(hH) shows the interferogran of the fund-
aricntal bean; two lines scparatcd by*w4.0R, and of slightly
diffcrent intcnsitics, arc apparent. Thc corresponding
interferoygran of the UV light shown in Fig. 8.3(a) confirns
the cxistence of thrce lincs, cach scparatced byu/l.Oﬂ. The
lines of maxinun and nininun intensitics are the second
harmnonics of the two fundanmental frequencics, and the inter-
ncdiate line is that of the nixed frequcency. It will be
noted that its intcensity is botween that of the other two
lines. The intcnsity differcnce of the fundancntal fre-
quencics is exaggerated in the harnonics because of the non-
lincar proccss. The UV fringes are nuch broader due to the
low finessc of the interferonmeter (< 15) resulting from the
use of aluniniun coatings (high absorption) on FPP plates of

nomninal surfacc flatness ofAfyoat 34708. Figs. 8.3(c) and
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(a) (b)

Pig.8.3: PPP interferograras of (a) mixed and (b)
fundamental frequencies.

()

@

Pig.8.3 ; vuiiewpunuing puisesnapes or |,cj fundamental
(20nsec/div) and (d) ultraviolet beams (50nsec/div),



8.3(d) shows the oscilloscope traces of the fundamental (20
nsce/em) and the UV light pulse (50 nscc/cm) respectively.
The power of the fundamcntal was~ 10 MV,

Many lascr shcots werce rccorded with the laser working
in this mode of opcration. In all cascs in which the two
fundamental frequencics were simultancous in onc laser pulse,
then the corrcspondings UV intcrferogram showed the existence
of threc equispaced lincs, the intensity of the centre line,
that of the mixed frequency, alwoys being approximately mid-
way betwecn the intensities of the two second harmonic lines.
This was also the casc when the fundamental input beam was
focused with an £ =50 cms lens into the ADP crystal.

Howcver, when the samc mecasurcments werc made with the
laser being Q-switched with onc, or two saturable absorber
dye cells, although the two second harmonic frequencies were
clearly in evidence, there was a total absence of any rad-
iation at the mixcd frequency. The explanation of this
rcsult is at prescent unclear. The effect appecarcd to be in-
dependent of whethcer the spotially integratced pulseshape was
mode lockcd or not. Vhen the input beam was focused into the
crystal, there was no change in the result, indicating that
the explanation of the effcct is not purely dependent on

any spatial characteristics of the beam,
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8.5: Conparison of Intcnsitics.

Sinilar rcsults to thosc described in Chapter 8.4, ob-
taincd when thce lascr gcysteir was rotating prisnm Q-switched,
were recorded on Kodak 'Royal X' spcecctroscopic filn, in order
that the UV interferogramns could be densitomctered. The
relative intonsitics of the three lines [ (2w,), I(E&& )
and I(ah+ma&) could then be conparcd.

It was shown in Chaptcr 3.4., that sinple thcory pred-
icts thce efficicney of sum frequency generation is four
tincs greater than that of SHG for single mode fundanental
cleectric fields containing two frequencies. However, this
type of ficld does not accurately rcepresent the actual
ficld distribution in the emission of a Q-switched ruby
laser, This field distribution is difficult to dclincate,
due to the prescnce of ncre than onc node in the radiation.
As has alrcady been scen (130), the relative phascs between
these nodes can affect the efficiency of SHG. Furthernore,
Ducuing and Blocmbergen (8l) have shown that when two laser
beams of different frequencics each containings Ndifferent
nodes with randon phascs, arc nixed in a non-linear nediurn,
therc is a factor of (2 - N’l) inprovenent in SHG conparcd to
sunl frecquency generation, which does not cxist in the case
of single node ficlds at two frecquencies. This would necan

that overall sum generation would be only twice as cfficient

-
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as SHG. However, it is qucstionable whether the assumption
of phase randormcss is valid for the case cof the present laser
systoen.

Experinentally, it was found that the ratioR of +the
intensity of sum frequency genceration to the root of the

praoduct of the two SH intensitics,

R = T,/ { T{2w)Ti2e)]"%
was consistently lcss than this facter 2, and varicd botween
the valucs 0.8 and 1.2 with a naxinun crror of £¥0.2. No
inprovenent was noticcd when the fundancntal bean was focused
into the crystal, indicating that the diffcrcnce is not due
purcly to an effect associatcd with the spatial distribution
of thc bean. The discrepancy nay well arise as a result of
the peculiar node structure cof the enission. From the time
rcsolved interferometry * of the two frequency enission of the
systen, a lack of complete synchronisation of the two fre-
qucneics within the single pulse was cvident. The reascn for
the null sun frequency gencration obtained when the laser

was passively Q-spoiled, nay have a similar cxrlonation.
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CHAPTITR 9: FURTHER APPTICATION OF THE LASTR SYSTEM.

s

9.0: Possible THelds in Which the Lascr llay Have fpplication.

It is cvident fron the reecent published work rofcrred
to in Chapter 1.8. that tho ficld of rcscorch and developnent

of high powicr pulscd lascrs has rcached o stage whore
the design and constructicon of nmore conplicated lascr systenc,
to necet conplex speccific tasks, is now possible. Thce laser
systcn described ih this report could well be included under
such a classification.

The systen's unusual features of providing two, syn-
chroniscd, parallcl pulsces, of the same power, or of variable
relative powers, together with the facility -7 that each
pulse nay contain a spectral output consisting of two fro-
qucncics scparatced by up to 5.5%, nay well have applications
in many laser dependent ficlds of rescarch,.

It's suitability to the study of non-linenr optical
phenoncna has alrcady been demonstrated. Further exploit-
ation of thce laser's capabilitics in this ficld nay be en-—
visaged. The posgibilities of tunable frcquency mixing in
various natcrials nay provide a useful ncthod of probing
nolecular structurc. The generation of nillimeter waves by
optical mixing is considerecd in the following chapter. The

laser's application to plasna diagnostics has alrcady becn
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outlined and is bricfly considred in Chaptcer 9.2.

Therc nay well be further applications of thc lescr
systernl in other branches of lascr physics, such oo gpesthro—
scopy, Laser induccd plasna production,and holcopeaphy. These,

however, will Dbcecone apparent in the future.

9.1: The Genecraticon of Millinctre Waves as o Differcnce

IFrequency.

By optically nixing the two frequencics in the output
of thc lascr systcn in a suitable nedia, it should be pos-
sible to detect the c¢ifference frequency, which will have a
wavelcength in the renge 1 - 10 mn. This would bhe of con-
sidcrable intercest to the nicrowave enginccr, who at the
present tinc, has few cohcerent sources available to hin in
this spcectral region.

The thcorctical aspcects of the gencrotion and detection
of waves in the far infrarcd and nicrowave rczgions has becn
considcered by a number of workers (88,95,225). The success-—
ful gencration of the diffcrence frequency in other regions
of thce speetrwa has becen reported. The gencraticn of 10 cn.
waves by suitably nixing lascr axial nodes in crystalline
quartz was reportcd by Nicbuhr (183) while axial nodes have
also becen nixed with phototubes (147). Ter infrared waves,

in the 0.1 mm region have been gencrated in quartz by mixing
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two frequencics from a ncodyniun glass lascr (248). The
crystal was oricntcd in the phase natched position and a
refrigerated palliun doped erianiun photoconductor uscd as

o detector. &\ nunber of differcnce frequencics in the infra-
rcd have also been ¢generated by optically mixing various
Ranman lincs (163%), but thesce are 211 of nuch shorter wave-
length than considerced herc.

At the present tinc an atfeupt is being nadc to gencrate
and dctect the differcnce frequency of the two frequency out-—
put of the lascr in crystallinc quartz. The quartz crystal,
with polishcd input and exit focces is outside the lascr res -
onator in thc approxinate phasc natched position, in a sinil-
ar nanner to the sun frcequency gencration cxperiment. A

choicc of cdctectors is availablc,

9,2: Use of the Lasecr Systen for the Gencration and Detection

of Resonant Plasma Oscillations.

From prcvious discussion on thce possibility of detecting
cnhanccd longitudinal clecetron oscillations in a plasna, pro-
duced by optical nixing, (Chaptecrs 1.8. and 3.5.), it was ap-
parcnt that the principle obstacle to thce achicvement of such
a rcsult was the simultancous gencraticn of two laser giant
pulscs oscillating at different frequencics (45), With the

development of the laser system described in this thesis,
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this obstacle has been removed.,

Howcver, before the lascr system could he employed
successfully, in such on cxperiment, some improvements,
nostly of n tcchnologicnl naturce, would have to be made.

The most important of thesce is the nceessity to increasc the
brishtness of the lnscr. This may be facilitated, in prin-
ciple, by (a) the addition' +t¢ the system of amplificer rubies
differentially refricerated in like manncr to the oscillator
rods, and optically isolated frow the latter by a suitable
absorbant dyc, and (b) the improvemcnt of the bean divergence
speccification of the system. Higher values of the frecguency
differcnce of the two oscillation frcquencics could be ach-
icved by technolosical improvement of the cooling system.

If the laser was incorporatcd in an cxperiment with
such a plasma as referred to in Chapter 3.5., a pulscd hydro-
gen arc, then o possible experimental arrangcement as shown
in Fig.9.1l., might be adopted. The two beams from the laser
would b¢ feocused at the correet angle into the plasma, by
long focnl length lenses, with the employment of suitable
bafflecs, angular filters, ctc., to reduce background light.
For the plasma considercd the cohcrently scattered light
from cach incident lascr beam will consist of two beoms
scattercd at an angle of«z4.6o in the planc of the two in-

coming bcams. Onc of these scattercd beams will be buried
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byvthe other nain lascr bean. Hence the detectable scat-
tercad light will consist of two beams at an:lce of ~14° to
ceah other of wavolcngthPV6935R and~ 69472 rcspeetively,

The scattered beans could be scparated fron thic nain
bcan by neans of a conicnl lens, which would have a central
hole to allow the nain beans to be filtercd off and cvent-
ually dunped in a Rayleigh hern.

Initially, sinplc interfcrence filtcr tcechniques could
be enploycd to detcect the scattcred signal. INorc sophistica-
tced spectroscopic instrumcntation, such as 2 Fabry-Perot
interferoncter inage intcecnsificr combinaticn, could be used

for hisher resolution,
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CONCLUSIONS

The worlk described in this thesis, ac is cormen today
of much rescarch in the new ond fronticr scicncces, spans
scveral branches of physics and tcchnolosy. Thesce cnconpass

1d and well-cstablished ficlds, such as interfercncse spcee—

@]

troscopy, as well as the ncw an rcejuvenated scicnecs, atonmic
physics, plasna physics, and non-linear cptics. Although
nany of the basic physical principlcs, upon which lascr sci--
¢nee is founded, were fornmulatcd nany dccades ago, without
the benefits of the rceccent technolesical inprovernients made
in crystal scicnce, optical thin film techniques, sophist-
icated clcectronics and photoclcctronics, and a host of other
disciplinces, nuch, if not all, of the rcesults hercin des-
cribced would have been unattainable,

Although the progsrannc of rescarch was orientated
anvout a ccentral thene, it was also initioted with a definite
goal in nincd,., That is, the projcct was formulatced within
the context of a general spoctroscopic analysis of the
criission of giﬁnt pulsc ruby lascrs, and included cfforts
to rcduce the spectral output of such to as narrow line-
widths as possible. Concurrcnt with this general study,
and ascribed cgual inportance, was the specific task of

fabricating a Q-switchcd lascr systen possessing the novel

-161-



fcotures, here described, This was fclt nccessary as it
was appreciated that the exciting ncew studics nade on the
intcraction of lisht with matter, would be considcrably as-—
sizted by the developnent of a hijh power lascr systen
hoavihgs a speetral output consisting of two fregquencies,which
were both tunable in separation and rclative intensity.
Such a gystenm has been successfully constructed, and an cx-
tensive analysis of its specetral and tenporal character-
istics, incluling nanosccoad timce rescolved spectroscopy, has
beeuw undertaken. The desirability of the application of this
lasmr systen to the stuly of non-lincar optical phcnoriena
1as been verificd by the successful gencration of the sun
frequeney, and the dirccet couparison of the cfficicncy of
this effeect, with that of sccond harnonic gencration (50).
The possibility of utilizing this lascr in the obscrvation
of non-lincar optical cffcets in plasnas rcsulted in a study
into the feasability of producing and dectceting enhanced
longitudinal clecctron plasna oscillations within a hydrogen
discharge of optimunm parancters (45). TFron this, it was
ceoncluded that, with suitable inprovencnts to the lascr syster:
such an c¢ffcet should be dctectable.

The general spectroscopic analysis of the output of
scveral different laser devices, including thce oncs herein

described, was injected with considcerable inpectus by the
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der Lopnient of the spherical Pabry-Perot interferoncter,
viirnch extended the range of realizable resolving powers
athainable with conventional instruncnts, by over an order
or warnitude., Yith the aid of this powcerful device it was
racsible to cxanine in detail the axial and off-axial rniode
structure of piant pulscs (47,49). Past tine rcsolved high
rcsclution spectroscopy of the output of the gain switched
lascr systen revealced the presence of an intcensity d&pendent
frcqueney shift (48). The existcnce of such an effect in
conventional lascer systceiis constitutcs o liniting factor
to the effective spectral brightncss attainable from giant
pulsc ruby lasers. Fron this detniled spectroscopic anal-
ysis, it becanc elcar that the mode structure of giant bulse
lascrs cannot be satisfactorily deduccd from photoclectrice
tenporal detcction of the intensity alonc.

This cxperinental study nay be considered to have con-
tributed to the furtherance of laser scicnee in several
rasncets., A new lascr systen has been developed for use in
ficlds where simultancous tunablce two frequency cnission is
desirablee HAdditionally, the adoption c¢f high resolution
spcetroscopic techniques has yiclded elmcidation c¢f nuch of
the couplex nature of the spectral cutput of sinnt pulse

ruby lasers,
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THE CO-OPERATIVE SCATTERING OF LASER LIGHT IN A THETATRON PLASMA

The ratio between the Thomson and the Rayleigh

cross-sections is
o, et

AN?

o mj2ct dn(n—1)%°

where N is the number density of molecules, n the
index of refraction of the gas at one atmosphere
pressure, and A the wavelength of the laser light.
Taking nitrogen as the Rayleigh scattering medium
gives the result

0e/o N, =3.65 X 102

and this indicates that electrons at a number density
of 5x 1016 cm—3 scattering incoherently (a<€1) will
scatter as much light as 0.7 atmospheres of nitrogen.
The total light scattered co-operatively (a>1) is a
half of this and so corresponds to 265 torr of nitrogen.
The stray light, which is 92 Torr of nitrogen, should
therefore contribute only about one quarter of the
observed signal due to the co-operative feature when
the latter is not spectrally resolved. However, it is
proposed to use a Fabry-Perot etalon with a plate
spacing of 1.5 mm giving an inter order spacing of
1.5A to resolve the ion feature. It is expected that
a finesse of 20 can be achieved, and a multichannel
device which divides the interferometer fringe system
into 20 equal parts has accordingly been built, making
use of an axicon mirror system described by Katzen-
stein /5/ and illustrated in Fig. 3. The KORAD
laser line width is narrower than 0.07 A and could
consequently be confined to one channel of an
instrument of infinite contrast. Integrating the Airy
formula for the instrumental fringe shape shows in
fact that rather less than half of the light from a
monochromatic line illuminates resolution intervals

199

other than the one in which the line appears to be. ..
central. The accompanying table shows the stray
light position which can be expected with this instru-
ment. Each channel is one resolution interval; the
laser line is assumed to-lie entirely within channel 0.
Light intensities are expressed in terms of the pressure
in Torr of nitrogen which would give rise to the same
signal by Rayleigh scattering. '

TABLE 1
Channel Number o | 1 1|1
Stray light 51.5 | 14,5 3.9 1.6
Plasma signal 15.0 | 15.0 | 15.0 | 15.0
Total signal 66.5 | 29.5 | 18.9 16.6
Plasma/total 22.5%| 51% | 79% | 90%

It is proposed in the first instance to make a
search for the peaks at the plasma frequency by
merely tilting a narrow band interference filter in
front of a single photomutliplier. A more sophisti-
cated approach, consisting of an array of interference
filters whose pass bands are spaced out over a range
of approximately 100 A, will later be used to locate
these peaks in a single shot. o
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RESONANCE SCATTERING DUE TO LASER LIGHT MIXING IN A PLASMA

~

.D. J. BRADLEY, G. MAGYAR and M. C. RICHARDSON

UKAEA Culham Laboratory and Royal Holloway College, University of London, UK

1. Introduction

The mixing of two laser beams in a crystal to
produce a third light beam of the sum or difference
frequency is now a well-known phenomenon. More
recently, the generation of coherent hypersonic
waves with laser beams by non-linear electrostrictive
coupling in dielectrics, including liquids, and detection
of the light subsequently scattered by the acoustic
waves, has been reported. A third phenomenon is

- the non-linear mixing of two laser beams in a plasma
to produce longitudinal electron plasma waves which

then scatter the remaining laser light. This resonant
excitation of longitudinal plasma oscillations by
non-linear mixing of two laser beams was first studied
by Kroll, Ron and Rostoker /1/, as a possible plasma
density probe by detection of the scattered light from
the exciting beams or alternatively from a third
laser beam. As with light mixing experiments in
crystals this is an effect essentially depending upon
coherence. While in the case of crystal mixing the
well organized crystalline structure permits large
scale volume effects over a range of sum and difference
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frequencics, in plasma the coherence volume and
density are both much smaller and it is only when
the difference frequency approaches the plasma
fiequency that generation of plasma waves occurs.
Further, clectron plasma waves are limited in ampli-
tude by collisional and Landau damping or by the
effects of convective non-linearities on the plasma
excitation, so that the generation and detection of
these resonant plasma oscillations will be correspon-
dingly more difficult.

The relative advantages of two beam and three
beam probes have been further discussed theoretically
/2] and the various assumptions of reference /1/
including the small perturbation assumption have
been evaluated and shown to be valid for low tempe-
rature plasmas /3,4/.

In order that non-linear resonance should occur
with two laser beams E,, E, of frequencies w;, w;
and wave vectors k,, k, it is necessary that the fol-
lowing experimental conditions be achieved /1, 4/

(@) w—wry=wpt+Aw; Aw<wy and
W) ~ W3>wWp

wp = (47 e2 n/m)'2 the electron plasma
frequency.

(b) k,—k,=k+Ak, Ak<k, |k -k, |Lp<1
for collective excitation; Lp = (KT/4n 2 n)\/2
the Debye length.

© wmz>kiav, @>kvg; Vi is
electron velocity.

the thermal

(d) (E,-E,/I'w,) must not be so large as to make
dnxen/k of the same order as Ej, Ep; I is
the Landau or collisional damping whichever
is larger, n® (k,w) 1is the resonant density
fluctuation.

Condition (c) is necessary so that the cold electron

plasma equations can be employed and condition
(d) ensures that the non-linear resonance longitudinal
field will not be of the same order as the transverse
fields and thus make the original perturbation
assumption invalid. Practically, this wiil be true for
low temperature plasmas [4/.

The scattering cross-section is then proportional

to k?(E, - E,)20 [k — (k; —ky))/nww,? L2p|e (k, w)P, (2)

where ¢ (k, ) is the longitudinal dielectric constant
given by ’
| &k, @) |2 = (1 —(wp/w))? + I"2. @

From (2) it can be seen that detuning of the
resonance will be caused by non-uniformity in density,
and hence in plasma frequency or by any dissipation
in the plasma. Thus the choice of a suitable plasma
is rather limited.

Thompson scattering and Stark broadening mea-
surements on a pulsed hydrogen arc in this laboratory
have given an electron density of 9 X 1014 cm~? and
an electron temperature kT =2.2 eV,

If the angle between two laser beams is chosen
to make kLp = 0.27 i. e. an angle of 4.6°, then the
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Landau dampmg is Iy = 3.3 x 102, and the coI-
lision damping is Ie = 2.3 X 10~2,

If detuning due to density variations is to be of . .

the same order as dissipative effects then dn/n
<3 X 10-2 over the scattering volume of 10-3 cm3
(say). With these conditions the ratio of scattered
to incident energyis 5 X 10~ for E|, E; =107V cm-1.
These calculations, of course, imply that the laser
spectral width is narrow enough to allow Awp/w,~

~ 1.5 % 10~2i. e. ~0.06 A and that the laser power
output is large enough to produce a field of 107 V cm—1,

The experimental conditions for this plasma seem
less critical particularly with respect to uniformity of
plasma density and spectral purity of the laser beams
than for the plasma of Ref. /1/, without any reduc-
tion in the ratio of scattered to incident energy for
a given laser power density.

Normally spectral width and peak power of laser
giant pulses are inversely proportional and although
the power density could be increased by performing
the scattering inside the laser cavity the most serious -
obstacle to experimentally demonstrating resonant
excitation of plasma oscillations with light beams
would appear to be the production of synchronised
laser beams of sufficient spectral purity and adequate
power. However, measurement of the scattered
flux for the above plasma and laser light fields should
be possible /5/ and we wish to propose a suitable
laser system, and to describe initial results obtained
in evaluating its performance.

Finally, a proposed detection system is briefly
discussed.

2. A Two-Beam, Two Frequency Giant Pulse
Ruby Laser

The idea of using two separate lasers of different
frequencies had to be rejected for two reasons.
First of all, since even the best-controlled Kerr-cell
switched lasers have 5—10 nanosec jitter, complete
synchronisation would not be possible so that the
two independent pulses would only partially overlap.
Secondly, the theory assumes that the two mixing
light beams are of the same width and have the same
polarisation and mode-structure. These conditions
are more easily obtained if they are generated in
the same cavity.

Kerr-cell switching introduces Raman scattered
lines, which can substantialy broaden the laser

output spectrum. While cooling would eliminate

this, one of the lasers has to be at room temperature
to permit generation of two frequencies separated
by wp. Passive Q-switching devices are ruled out
because of uncertainty in timing. Q-switching by a
rotatmg prism was chosen. This -method employs
the minimum number of components in the cavity.
This helps to achieve the required high spectral
purity and also reduces losses, thus maximizing
output. power. .



RESONANCE SCATTERING DUE TO LASER LIGHT MIXING IN A PLASMA

A schematic diagram of the laser is shown in
Fig. 1. It is basically a gain switching device. The
two ruby rods are pumped optically in two separate
ellyptical cylinder cavities in the socalled ‘“‘exfocal”
configuration i. e. ruby and matching linear flashtube
* are situated symmetrically on the major axis of the

Fig. 1. Two beam, two frequency Q-switched ruby laser. RP:
rotating prism, R;: cooled ruby, R;: ruby, C: Nitrogen gas
cooling. F-P | and 2: Fabry-Perot etalon reflectors.

ellipse, between the foci and the end point. When
maximum inversion is reached, the rotating prism is
timed to turn into the coupling position. Then both
rubies suddenly find themselves in a common Fabry-
-Perot cavity, the light describes figure of eight path
while travelling between the end-mirrors. A giant
pulse of laser light results and population inversion
drops below threshold level.

The rotating prism and the ruby rod ends are
Brewster angled to reduce super-radiant pre-lasing
losses. At these high powers the use of any coatings
— reflection or antireflection — is not practicable.

The end-mirrors are parallel plate resonators
which give about 609 reflectivity — the optimum
for this type of laser — by constructive interference.
The various distances between the parallel surfaces
are so chosen that the maximum reflectivity occurs
only for a narrow frequency bandwidth. This facilitates
axial mode selection. In fact, near threshold only a
single axial mode is generated. The rubies were
(Linde superior quality) both 3/8" in diameter, 3"
and 5" long, respectively, 0.05% Cr3*+ concentration,
90° orientation, with roughened sides to reduce
losses due to spurious side-modes.

Parallel plate resonator reflectors also lead to
more rapid Q-switching with a rotating prism with
consequent decrease in pulse rise time and increased
power output.

The laser when operated at room temperature,
produces a single-beam, single-frequency output when
one mirror is replaced by a prism or a TIR end ruby
is employed. The cavity length is then doubled.
When working under this regime the laser multipulses
for prism speeds of up to 40000 rpm. Up to 6
regularly spaced (by 1/2 microsec) giant pulses have
been obtained, of equal intensity (2—3 MW near
threshold), of high spectral purity (< 0.01 A). These
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could be of interest for some applications and a
detailed description will be published elsewhere.

For the proposed experiment the most important
feature is the simultaneous Q-switching of two
differently tuned laser rods rather than the gain
switching mechanism. The production by mixing of
a resonant frequency which corresponds to 4.3 A in
terms of a wavelength shift is required. This can
be conveniently achieved by keeping one ruby rod
at room temperature and cooling the other to about
—52°C. By further cooling the range could be
extended to 9 A. A moderate warming of the other
rod could perhaps increase this range to about 12 A
(although warming would tend to reduce the peak
power available.) So neglecting other considerations
the maximum plasma density for which this method
would be available is #, ~ 8 X 1015,

The cooling of one laser rod is accomplished by
blowing dry nitrogen gas into the pumping cavity,
after passing it through a helical tube immersed in
liquid air. The tuning is then achieved by simply
regulating the flow of the gas. We are able to
control the temperature of the ruby to about +1 °C
down to the required temperature corresponding to
+ 0.06 A at 6939 A which is within the above theo-
retical requirement. To prevent the condensation of
moisture on the Brewster-angle faces they are defrosted
with a steady flow of dry hot air.

- At this temperature difference the fluorescence
lines are so much shifted that each ruby should act
independently when they lase near their natural line
peaks. However, the important point is that they
should not act as absorbers either. The cooled ruby,
of course, has higher gain, so a shorter rod is used
for this half of the laser.

" At the moment peak power is limited by losses
in the rotating prism which has rather bad geometrical
aberrations and inhomogeneities.

Spectral width measurements were obtained with
a Fabry-Perot variable gap interferometer. The
plates, flat and parallel A/120, were silvered to
909; reflectivity giving an instrumental finesse ~ 25. -
The width of fringes photographed on polaroid film
(type 57) appeared to be instrumental even at 5cm
plate separation. Simultaneous pictures of the output
of a biplanar fast photodiode on Tektronix 519
oscilloscope (combined bandwidth 1 Ge/fs) showed
beats modulating the pulse amplitude suggesting
that the linewidth due to axial modes was narrower

than indicated by the Fabry-Perot photographs.

3. Detection of Resonance Scattering

The experimental arrangement will basically be
as is schematically shown in Fig. 2. The two outputs
from the laser are first passed through separate
evacuated angular filters, not shown on the diagram,
and are focused into the plasma with the required
angular separation of 4.6°. The plasma is generated
between stainless steel electrodes, 50 cms apart in
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Fig. 2. Resonance scattering by laser light mixing in a plasma. L; f= 300 cm lens. P, hydrogen arc plasma. A, conical lens
M, mirror. L,, lens. S, spectrograph.

200 mTorr of hydrogen and is maintained for about
350 microsec by means of an axial magnetic field
of 5 kGauss /5/. For such a plasma it is reasonable
to assume that the fractional variation in density
dnfn<3 x 10-2 over a distance of 1 mm for the
duration of the laser pulse, typically 40 nseconds.

The coherently scattered light from each incident

laser beam will consist of two beams scattered at
an angle of 4.6° in the plane of the two incoming
beams. One of these scattered beams will be buried
by the other main laser beam. Hence the detectable
scattered light will consist of two beams at an angle
of ~ 14° to each other, both of wavelengths 6934.1
and 6947.3 A,

The scattered beams will be separated from the
main beams by means of a suitable conical lens,
which will also serve as a plasma vessel end window.
The conical lens has a central hole to allow the main

beams to be filtered off and eventually dumped in a
Rayleigh horn.

Initially a narrow band interference filter will be
empioyed to detect the scattered light signal. Later
a Fabry-Perot interferometer image intensifier combi-
nation is contemplated.

We wish to acknowledge many useful discussions
with Dr, J. M. Boyd, Dr. D. E. Evans, and Dr. J.
Katzenstein.
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FAR INFRARED FARADAY ROTATION IN A PLASMA

A. N. DELLIS, W. H. F. EARL, A. MALEIN and S. WARD

UK Atomic Energy Authority, Culham Laboratory, Abingdon, Berks, UK

Pulses of laser radiation, of wavelength 28 u, have been transmitted through gas discharge plasmas
in the direction of a known superimposed magnetic field and the rotation of the plane of polarization
measured. Rotations of up to 60° were observed. Values of the plasma electron density, calculated from
these Faraday rotations, are compared with values measured simultaneously, using a laser interferometer
working at 3.39 u wavelength. Good agreement is found between the two estimates of density. The
operation of the apparatus designed for measuring the Faraday rotation is discussed in detail.

1. Introduction

I shall describe measurements of the Faraday
rotation of a beam of radiation, of wavelength 28 u,
in its passage through a laboratory plasma. The
infrared source used, giving 1 usec pulses of peak
power 10 W at this wavelength, is of the type described
by Large and Hill /1/. ’

For a plasma of electron density # cm™3 having
constant superimposed magnetic field B gauss parallel
to the propagation path of length /cm, the Faraday
rotation in radians is '

9 =263 x 1077 nBI 72, )
where the wavelength A is in cm. Much greater

rotations are therefore observed than in previous
work using shorter wavelengths /2, 3/.
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DIRECT SPECTROSCOPIC DETECTION OF RUBY LASER GIANT PULSE

OFF-AXIAL MODE STRUCTURE

Daniel J. Bradley, Malcolm S. Engwell, and A. W. McCullough

(rm temp; 10 MC linewidths; E)

Single axial mode operation of giant pulse ruby
lasers has-been previously reported.’* While it has
been claimed that the spectral bandwidth of one of
these laser systems? is limited by pulse duration (for
the l-cm-gap Fabry-Perot etalon employed, this
would imply a recorded finesse of 250), for the other
system' the measured spectral linewidth was much
greater than the corresponding spectral transform
from the pulse width measurements. More recently
a single off-axial confocal giant pulse laser system
has been reported.® In this case the evidence for
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single transverse mode operation was based on the
observation of pure far-field mode patterns.

We report. the direct spectral detection of off-
axial modes of giant pulse ruby lasers, including
single off-axial mode output.*

To resolve with a plane Fabry-Perot mterferom-
eter (FPP), off-axial modes of a typical giant pulse
ruby laser (GPRL) with a pulse width of 40 nsec and

-hence a spectral bandwidth of 25 Mc, would re-

quire an etalon gap of some 20 cm for an instru-
mental finesse of 40. At this resolving power the
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plane interferometer is not very luminous, so sam-
pling of the laser radiation is usually not possible
and interferograms of low power pulses cannot be
photographed. The spherical Fabry-Perot inter-
ferometer (FPS), on the other hand, is well suited
for this kind of high-resolution spectroscopy due
to its high luminosity’ with the added bonus that
the plates are permanently in adjustment.

The detection system arrangement is shown in
Fig. 1. Temporal modulation of the giant pulse out-
put was observed with a biplanar photodiode and a
Tektronix 519 oscilloscope of combined passband
1 Gc. Initially the main laser output was sent into
a “low resolution” FPP to detect modes, if any, out-
side the free spectral range of 750 Me of the FPS.
Once a reproducible narrow spectral output was
achieved, the FPP was replaced by a TRG calorim-
eter for accurate measurements of output power.
The FPS was adjusted for multiple-beam marginal-
focus spherical aberration fringes, localized in the
interferometer meridional plane.” T hese FPS fringes
have a very nearly linear dispersion outside the
central fringe, of great advantage for laser diag-
nostics.

Some results are shown in Fig. 2. Figure 2(a)
shows a typical spectrum of a slow-switched (ro-
tating prism) GPRL (3" x 3/6" ruby rod in an ef-
fective 200 cm cavity). Mode selection was accom-
plished with a 3-plate optically contacted resonant
reflector. The FPS interferogram (photographed
on Kodak IF film IR 135) reveals off-axial mode
structure in the two main components which are
themselves separated by five axial mode spacings.
At lower resolving power, particularly if Polaroid
film was employed, these would appear as two sin-
gle-axial modes. The total spectral width of ~ 200
Me of each of these components greatly exceeds the
50 Me expected from the pulse duration transform.

PHOTO-DIODE
GAS LASER

CAM ER

RUBY LASER \4 FA"BRY PEROT

(PLANE)
FABRY PEROT"

(SPHERICAL)

CAMERA

Fig. 1. Arrangement for direct spectroscopic detection of
giant pulse laser off-axial modes.
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This recorded spectral width is the same as the
figure quoted by McGlung and Weiner and the FPS
interferogram thus confirms their hypothesis that
spectral output Ijroadening is in part due to the
presence of several off-axial modes.

Figures 2(5) and 2(c) show outputs of a fast-
switched (PockcTs cell) GPRL (4 in. x 9/16 in. ruby
rod in an effective fO00 cm cavity). Mode selection
was achieved by employing a 2-plate resonant reflec-
tor liacked u|) with a cryptocyanine cell isolator. By
pumping very near threshold, single off-axial mode
output was obtained (Fig. 2(5)). Figure 2(c) shows
two off-axial modes. T he two components are spaced
by 40 Me compared with the axial mode separation
of 150 Me. As would be expected from the pulse
width of 200 nsec (5 Me transform), the spectral
line width of these single off-axial modes was nar-
row enough to set an upper limit of 10 Me for the
FPS instrumental width. For these GPRL systems,
off-axial mode spacings should exceed" this < 10
Mc/.s instrumental width.

Fig. 2(a). Spherical Fabry-Perot interferograms and corre-
sponding oscilloscope traces of mode-selected giant pulse ruby
laser outputs. Free spectral range: 750 Me. Output spectrum
of rotating prism giant pulse ruby laser. Time-scale: 20 nsec/cm.
Peak power 1 mW.
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Fig. 2{b). Output spectrum of a Pockels cell switched giant
pulse ruby laser. Time scale: 100 nsec/cm. Peak power 100 kW.

More generally we have found that for the same
peak power fast switched giant pulses are spec-
trally “cleaner” than slow ones. It is also interesting
to note that the oscilloscope traces do not show any
difference between single or double off-axial mode
operation although the expected beat frequencies
fall within the detection bandwidth. In fact we have
observed that there is little correlation between beat
patterns and FPS spectra; the latter usually contain
many more lines than would be expected from the
pulse envelope pattern. Single-mode operation
cannot therefore be safely inferred from the absence
of beats.

APPLIED PHYSICS LETTERS

15 August 1966

Fig. 2(c). Same as (b), except two off-axial modes.

This work, first reported at the Paris ICO 7 Meet-
ing, (May, 1966) forms part of a general investiga-
tion of the spectral purity of laser giant pulses which
will be described in detail in a future publication.”
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Intensity Dependent Frequency Shift in
Ruby Laser Giant Pulses

IN the course of a general investigation of the spectral
outputs of highly monochromatic giant pulse ruby lasers?
we have dotected an intensity dependent frequency shift.

The giant pulse ruby laser used was a rotating prism,
gain-switched type?, where the prism momentarily couples
two ruby rods (6 in. by 3/8 in. and 4 in. by 3/8 in.),
exfocally pumped by linear flash tubes, into a common
resonator. Both output mirrors were three-plate optically
contacted resonant refloctors of 56 per cent peak reflec-
tivity.

A 10 cm spherical Fabry-Perot interferometer, free
spectral range 750 Mec/s, provided adequate spectral
resolution of 10 Mec/s with the added advantages of higher
luminosity® and stability of adjustment over a plane
Fabry—Perot interforometer. Time resolution was achieved
by streaking the fringes* with an 8.T.L. image tube camera.
Although the image tube had an antimony-caesium S11
photocathode, of very low quantum efficiency at the ruby
laser wavelength (6943 A), because of the high luminosity
of the spherical Fabry—Perot interferometer it was possible
to record fringes at a writing speed of 2 nsec/mm on
10,000 A.S.A. ‘Polaroid’ film, with a time resolution of
2 nsec. '

The camera was focused on the meridional plane of the
spherical Fabry—Perot interferometer which was adjusted
for multiple beam marginal focus spherical aberration
fringes, localized in this plane®. A suitable slit was inter-
posed in the diverging cone of interference fringes so as
to restrict the rings for streaking normally to the slit
length. Temporal modulation of the spatially integrated
output of the giant pulse was simultaneously recorded
with a biplanar photodiode “Tektronix 519’ oscilloscope
system with a combined band pass of about 1 Ge/s.

Fig. 1 shows a typical result. The streak picture and the
monitor pulse envelope trace are on the same time scale.
As expected from elementary theory* the interference
fringes appear some 20 nsec after the beginning of the
light pulse—this being the time required to establish a
finesse of about 15 in a spherical Fabry—Perot interfero-
meter of 750 Mc/s free spectral range. The most con-
spicuous feature of the fringes is the shift towards increas-
ing diameter and thus increasing frequency. For peak
cavity powers of 5-10 MW the average shift is about
200 Mc/s and the average lifetime of such a shifted fringe
is about 20 nsec. Sometimes a later fringe appears, and



40 nsec

Fig. 1. Streak pliotosraph of spherical Fabry-Perot interferogram and
corresponding oscilloscope trace of laser giant pulse. Both time scales,
20 nsec/cm. Free spectral range, 760 Glc/s. Peak output power, 5 MW .
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Fig. 2. Plot of rate of frequency shift against peak laser power.

this is of the same diameter as that at which the original
fringe started.
Time-dependent frequency shifts towards the red in



relaxation-oscillation ruby lasers have been previously
reported®’® A shift of 10 Mc/s per |rsoc® was accounted
for by changes in the length and refractive index of the
ruby rod resulting from temperature effects. Our
recorded shift of 10 Mc/s per nsec is too rapid to be
explained by thermal changes and, moreover, is in the
direction of increasing frequency.

Fig. 2, which shows a plot of the observed rate of shift
as a function of peak cavity power, indicates a linear
relationship power dependent with a slope of 14 Mec/s
per nsec per MW. All tlie pulses measured had durations
of about 35 nsec at the half-power level. Greater than
average shifts usually occurred with more strongly
(temporally) modulated giant pulses and vice versa.
Taking into account the effect on peak power of such
modulation would lead to a reduction in the spread of the
experimental points. Local variations in power across the
laser beam would also contribute to this spread. While
such spatial variations are integrated by the photodiode,
because the spherical Fabry-Perot interferometer, unlike
the plane interferometer, is not translationally invariant

20 nsec

40nsec

Fig. 3. Streak photograph of laser light distribution in the plane of the
interferameter. Streak times, 10 nsec/cm; resolution, 1 nsec. Pulse
time-scale, 20 nsec/cm. Peak output power, 5 MW .



in a parallel laser beam, each streaked fringe corresponds
to a small local region of the cross-section of the laser
beam.

This linear powoer relationship suggests that the froquency
shift arises from a non-linear optical electric fiold effoct.
In order to explain the filamentary nature of the output
of @-switched ruby lasers, Javan and Kelley? suggoestod
that self-focusing in ruby crystals results from non-linear
anomalous dispersion. Wheroas sclf-trapping would
require an increase in the refractive indox of the ruby,
if the laser operatos on the high-frequency side of the
resonance line a decrease in refractive index should result.
The magnitude of the roquired changoe in refractive indox
can be easily obtained from the equation

2(nly + 1) = mx @8]

for the wavelength 2, corresponding to an axial mode
of order m, of a plane parallel resonator consisting of a
ruby rod of length I, and refractive index n, and an air
path of length [,. Differentiation and rearrangement
- give the relationship

sn = — [l + L)L [9M] + (3m/2L0(ch)  (2)

Substituting our data (I, = 26 em, l, = 56 cm, and

v =43 x 10 ¢/s) gives dn = — 1-9 x 10-¢ for dv = -
+ 200 Mec/s, which corresponds to a 5§ MW output pulse.

(An estimate of 8n of —3 x 10-¢ for a @Q-switched ruby laser

operated at room temperature is given in ref. 6.) dm = 0

for constant axial mode number m.

Finally, we took streak photographs of the laser beam
cross-soction as it appears in the plane of the spherical
Fabry-Perot interferometer. A slit sclocted a suitable
portion of the beam (to include a fow ‘‘filaments’’), which
was then streaked at 1 nsec/mm. A typical photograph is
shown in Fig. 3. The intensity was usually modulated
at the same rate as the beats of the oscillogram. Also
noticeable was the filamentary character of the emission
and the random switching of the various filaments, some
- of which only lasted for a few nanoseconds.

These results help to interpret some of the apparently
contradictory features of spectra of giant pulse ruby
lasers. Very sharp lines (about 10 Me/s) and off-axial
mode spacings of about 40 Mc/s were observed! on some
interferograms when the laser was operated just above
threshold (approximately 100 KW output)—when a neglig-
ible spectral shift would be expected. At higher powers,
spherical Fabry-Perot interferograms showed fringes
of which the widths vary randomly around a ring, but
with the twofold screw axial symmetry expected with a
spherical interferometer!. The broader fringe sections
then corresponded to filaments operating at high powers

4
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and the narrow sections to low power filaments. When a
plane spherical Fabry—Perot interferometer was used in
the parallel beam, the interferograms of the giant
pulse ruby laser were uniformly broadened, as expected.

The frequency difference of approximately 150 Mec/s
botween the two sets of fringes shown in Fig. 1 corre-
sponds to a change of &n = 1 in equation (2). The
rosulting boats between these two axial modes were not
then affocted by the continuous shift in frequency, which
was the same for both components. This is confirmed
by the oscillogram of Fig. 1.

An important conclusion from these results is that non-
linear effects in the active medium limit the effective
spoctral brightness (power per unit frequency interval)
obtainable from giant pulse ruby lasers.

After this work had been completed, a similar spectral
shift in the output of a passive @-switched giant pulse
ruby laser was reported®. Power dependence of the shift
was not considered, and the suggestion that laser heating
could account for a decrease in the refractive index of the
cryptocyanine and thus in the optical length of the cavity
does not apply to our rotating prism giant pulse ruby laser.
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