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SCOPE AND CONTENTS: 

A rate equat~on model of a mechanically Q-switched Nd•3-in-glass 


gi~~t pulse laser is presented. The _predictions of the model are com

pared with the experimentally observed behaviour of the device. Good 


q~antitative agreement is obtained. To account -for some of the observed 


features of the Q-switched laser, a non-radiative lifetim~ for the 


41 41 . . . t. . f Nd+3 . . 1 f 400 . . d d+ trans1 1on o -1n-g ass o nsec. is intro uce1112 912 

into the model. This lifetime is found to be in essential agreement with 

a quantum mechanical estimate of that quantity. 

A plane-parallel cavity having either rectangular or circular 

geometry with an angular limiting device introduced within it is described 

analytically. The results of some calculations on the rectangular cavity 

are presented. This problem is of interest in considerations involving 

. transverse mode selection in laser resonator design 
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ABSTRACT 

Of all the Q-switching methods employed to operate a laser in 

the giant pulse mode one of ~he simplest and most regularly used 

methods involves a rotating Porro prism. In this Thesis, experimental 

results are reported which show good agreement with predictions based 

on a rate equation model. The results indicate that it is possible to 

design a rotating prism Q-switched laser on the basis of those rate 

equations, and that the design when realized, should perform close 

to expectations. 
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CHAPTER I 

INTRODUCTION 

1.1 Survey of Q-Switching Tcchnj.qucs: 

McClung and Hellwarth(l), followed by others( 2), developed what 

is today known as a Q-spoiled laser. Their experiments were performed 

using a ruby laser rod as the active medium and a Kerr cell to control 

the regenerative action of resonant fluorescence within the cavity. They 

achieved a peak power of 0.6 Megawatts in their early work. Since the 

initial break-through in 1962, the field of giant pulse lasers has grown 

at a fast pace. This growth has been marked by an increasing quantity of 

available Q-switching techniques as well as new wave lengths. 

During the oscillation period of a laser the indµced emission 

effectively reduces the lifetime of the metastable upper laser level, 

thereby limiting the possible population inversion for a given pump power. 

This limitation of the inversion population in turn limits the peak out

put power of the device. Bel h~arth (3) pointed out that if one constructs 

a laser with external reflectors and inserts a closed shutter in the 

optical feedback path, the device will not oscillate and a large over

population of the upper metastable laser. level will result. If the 

shutter is opened when the overpopulation is maximized, positive feedback 

will be initiated and an extremely large output spike generated due to 

the presence of the large overpopulation. 

l 



2 
Q-switching techniques must therefore concern themselves with 

control should be fast in order that the losses be a minimum when the 

gia.P_t_ puls_e__evolves. _ Jus t_how_fas!._d_ep.endsr-....among- other-:--parameter.s, -on 

the gain of the active material when the overpopulation has been maximized 

as well as on the separation between the cavity reflectors .. Quantitatively, 

present solid state Q-switched lasers need to be switched in about 100 

nsec. 

Ultrasonic shutte~s( 4 ), Faraday effect shutters(S), electro optic 

6 8shutters such as Kerr cells and Pockel cells ( ), hlcachable absorberF ' .) 

and exploding filter~(9 ) have been used to advantage as Q-switching 

elements. Among the more novel of the Q-switching techniques is that 

-·-------·--·--- --- ·-±nvcrlving-spc-cia-1-Iy-prepar-e-d -1aser·-rods-1-rhich;-upon- be-if1g -purnpea-;-q.:.swi tch 

themselves(lO,lOa). 

Among the mechanical methods of Q-swl. tching a laser, perhaps the · · 

one which enjoys the most popularity makes use of a rotating Porro 

prism(ll,l 2). This thesis is concerned with the operating characteristics 

·--- ~-~ ...o.f..--a--Nd:-3---0oped glass. laser, -Q-switched by -·rneans ·of a -rotating Porro 

prism. 

We have referred to some of the techniques employed to Q-switch a 

laser but the list we have given is by no means· exhaustive. Future 

developments will most likely continue to enlarge the number of available 

·--··-- ----s\iifCnlng t ·ec-hniques. 

Finally we should point out that recently a technique has been 

developed whereby the mul tim.ode nature of a laser 	is used to adva.ntagc to 

3obtain high power and very short duration pulses(l ).· This technique, if 

used in conjunction with normal Q-switching .methods, can result in the 
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availability of a light source of very high power and short duration 

pulses. The high power and short duration pulses result if several 
. 


longitudinal modes are phase-locked so that the amplitudes of each mode 

are added in phase at particular periodic times whilst tending to inter-
i· 

fere destructively at all other times. 

1.2 The Giant Pulse Laser--Some Preli~inary Remarks: 

A giant pulse laser is a compl~x device. The factor which gives 

it that characteristic is its inherently non-linear and multimode nature. 

Coherence effects can influence the performance character~s~ics of the 

device; , for example mode locking techniques depend on mode coperencc. 

Also the non-uniform gain profiles of laser fluorescence lines introduce 

an added degree of complication to any analysis of the operation of giant 

pulse lasers. The dynamics of solid state fluorescent lines are not 

really well understood. For instance, what processes are involved . in 

restoring the equilibrium line shape of . an inhomogenco~sly broadened line 

originating from a transition between inverted levels after a hole has 

been burnt in its profile by an intense monochromatic beam? Evidence of 

such processes has been found (1 4) for the 1. 06µ transition of Nd+3 in 

glass, but they have been treated only on a phenomenological basis. The 

non-uniform excitation and heating of the laser medium along the rod 

radius during the pumping pulse can only complicate attempts to describe 

the device performance analytically(lS). There has, however, been a 

recent effort to take into account the effects of a standing wave 

resonator, and the initial conditions of radial variation in gain on giant 

pulse laser energy r~lease(l 6 )_. 

To attempt to take into account all the factors that can influence 

the operating characteristics of a giant pulse laser would be a truly 
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difficult task. All one can hope for is to arrive at ·some simplifying 

- - --~----a1fslimJft1-C~ms ... .\vhTcfi Ieave___the·· ess·entfal influences of the various factors 

governing giant pulse evolution within the framework of the model. This 

______ __ _____ _j.__?_\ihaL_t b_e___;r:_at~--~quation ri_o<lel Cl 7' 18 ' 19) for Q-spoiled laser action 

attempts to do. In this thesis such a theory is applied t6 describe the 

observed operating characteristics of a Nd+3 doped glass giant pulse 

laser. 

1. 3 --·scope of This Thes·is: 

This thesis concerns itself with two quite separable topics. The 

-· - ---major .portion of it- deals wi th -an --analytical model for a Porro prism 

. ·-· __	Q= ~w_itched _laser. ____Emphasis _is placed on the ability of that model to 

successfully predict .the operating cha·racteristics of the· particular Nd+ 3 

glass giant pulse laser which was used to . e~ract the relevant experi

----mental---da ta. · -T-he --sec-ond ~topic -to be considered is of a thcorct ica1 

nature. To be specific, the problem of·transverse mode seiection in a 

plane parallel passive interferometer will be treated. The use of an 

angular limiting device within the interferometer will be shown to result 

in mode selection. 

The work on the behaviour of the giant . pulse laser was undertaken 

because of the existence of a gap between ~heory and ~xperiment. The 

properties of many experimental giant pulse lasers have been reported in 

the literature. ·Theories of giant pulse laser operation have also been 
--- -------- . 

abundant, however, there has been very little visible effort to bring out 

- theoretical -calculations - and experimental -results simultaneously. It is 

hoped that this ihesis will serve· to partially fill that gap. A ·somewhat 

unique method of approach to the problem is uscd--an approach that makes 

the operation of the mechanically Q-switched giant pulse laser 
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underst~ndable in simple terms. 

_____The _..method used .to _solve the problem of transverse mode selection 

in a ~Ian~ ~arallel interferometer is presented as an original contribu

tion. It is hoped t~at the re.sul ts of the calculations, which. were under

taken in this context, will be useful in laser cavity design considerations. 

A method of increasing the apparent switching speed of the Porro 

prism switch will also b~ con~idered(ZO). Other methods are also 

available( 2l). 



CHAPTER 2 


ANALYTICAL DESCRIPTION OF A ROTATING REFLECTOR 


Q-SWITCHED LASER 


2.1 Introduction: 

This Chapter deals with the analytical description of a simplified 

model of a rotating mirror Q-switched laser. Certain concepts pertinent 

to an understanding of the operation of the physical device will be intro

duced. The equations forming the basis for the description of the device 

will be shown to be coupled non-linear differential equations. Since it 

has not been possible to obtain a closed form solution of these equations, 

-	 -numerical methods are invoked to deal with them. In particular, such 

solutions as will be presented, are based on parameters and initial 

conditions which describe the particul~r laser system used in this thesis. 

These solutions will be useful at a later stage when the feasibil~ty of 

describing a physical Q-switched laser system is considered, in terms of 

• the equations obtained from the simplified model of the system. 

2.2 	 State Transitions In Nd+3 : 

The energy level scheme of Nd+3 is shown in Figure (2-1) for 

- ---· - re-re-rencc( 22 ): -- It is well- known that divalent and trivalent rare~earth 

· ions contain only 4f electrons in their ground state in addition to the 

basic common xenon shel1CZ3). In particular, the Nd+ 3 .ground state is 

obtained by removing two 6s electrons and one 4f electron from the Nd 

ground state, leaving the basic xenon core and three shielded 4f electrons 
6 




Figure (2-1) 

Nd+3 Energy Level Scheme 

· Width of the levels indicate the total separation 

of the Stark components in the Anhydrous Trichlorides 

(after G. H. Dieke: in "Advances in Quantum Electronics", 

edited by J. R. Singer, Columbia University Press, New 

York, 1961) 
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as the Nd +3 ground state configuration. In the case of the trivalent 

. f t I h . h h . of _Tb+ 3 , 11 1 1 b 1ions o le rare eart s, wit t e exception a eve s e ow 

50,000 cm-I belong to 4fn configurations( 22). 

4 4Thus. in considering the 1.06µ transition ( F + 1 )
312 1112

. . l . . N<l+ 3 d . lgenera11y used f or 0Jta1n1ng1 ascr action 1n , we are concernc wit 1 

a 4f + 4f transition, which in the case ?f the free Nd+ 3 ion, is strictly 

parity forbidden. Nd+ 3 in a crystal matrix can be treated approximately 

in terms of the Russell-Saunders coupli~g scheme. In the LS approximation, 

4 4 we note the following violations by the F : 1 transition of
312 1112 

Nd+ 3 of the strong sele~tion rules ·applicable to electric dipole transi

.tions in the s'Cheme, namely, 

M ~ 0 ± 1 

Consideration of the ~agnetic dipole selection rules shows that 

. . 4 4t h e trans1t1on F + 1 although not strictly forbidden in this312 1112 , 

instance, nevertheless disobeys the ·selection rule 6J = O ± 1 applicable 

to those transitions. If it were not for this fact, the spontaneous 

transition probabilities calculated on the basis of electric dipole and 

magnetic dipole approximations could very easily turn out to be of the 

same order of magnitude. · The calculation of the inherently weaker 

4 4magnetic dipole transition probability in the case of the F ~ 1312 1112 

transition does not require a mixing of states of opposite parity, as does 

the same calculation undertaken in the electric dipole approximation. 

This might well be a compensating mechanism which could make the two 

transition probabilities roughly equal. 

The explanation of the observed transition 4
F + 

41 of Nd+ 3 
312 1112 
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in glass must concern itself with non-ccntro-symmetric interactions that 

lead to a mixing of states of opposite parity( 24 ~ In general,the non-centro

symmetric interaction may have as its origin the non-centro symmetric portion of 

the rnicrofields due to surrounding ions acting on the ion of interest. Thus, ·two 

states of a configuration ntN which become slightly admixed by a non-symmetric 

f . ld . h . f h f" : N-1 ' ' d ' ,41+1 N+l . ldie wit states o t e con 1gurat1on nl n 1 an n 1 nl y1e 

two mixed parity states which 'will become connected by the electric dipole 

operator. For f electrons the following selection rules apply: In the 

case of fN configurations, ·the perturbing states may differ only by the 

single substitution of n'd or n'g electrons. (That is to say, the con

figurations obtained by removing a 3d or 4d electron from the xenon core 

and placing it in the 4f subshell, or exciting a 4f electron into any of 

. +3the empty n'g or n'd suhshells, in the case of Nd ). Furthermore, the 

initial and final siatcs of the transition must be such that: 

!J.S = 0 !J.L ~ 6 

Under these selection rules, the observed transition 4
F +

312 
4 31 of Nd+ in glass becomes allowed. However, if the admixture of1112 

3states of opposite parity with the states of 4f configuration is small, 

the transition probability for spontaneous emission will also be small. 

This factor could qualitatively explain the .observed lifetime of the 

4 3
F level of Nd+ in glass, which is in the order of hundreds of micro

312 

seconds at room temperature. 

It is not difficult to see why the admixture of states of 

·opposite parity by the crystal field will be small, in the case of rare 

earth ions. For ions of the rare earth series the inequality 

H1 >> H2 >> H holds. H is defined here as the residual electrostatic3 1 


interaction Hamiltonian given by: 
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N 2 N 2 
e Ze

1: -- + 1: (- - U(r .) )Hl  r .. 1i>j=l 1J i=l r. 
l 

while H2 is t _he spin-orbit interaction Hami 1tonian givcn by: 

H2 = l: ( (r.) s .. !. 
1 1 1

i 

with 

112 
 dU 

~(r) = 2 2 2rn c r dr 

U(r.) 
where 1 is the effective potential seen by the ith electron. 

e 

H3 is the electrostatic Hamiltonian due to the influence of the electric 

-...,&: · ld f d" h . . . (ZS)-- 1.1c-· ·o surroun 1ng atoms at t e ion position . Shielding of the 4f 

electrons by the averaged electrostatic field of the Ss and Sp electrons 

of the basic xenon configuration tends to mirtimize the effect of an 

external electrostatic field - on the 4f electrons of the rare earth ions 

3R+ . It is this shielding that is responsible for the relative magnitude 

-----Of- Hrand the sharpness of the energy levels of rare earth ions located 

in a crystalline field. Since H is small relative to _H and H2, and3 1 

since the ' admixturc of states of opposite parity is assumed to be due 

only to the non-centro-symmetric portion of H
3 

, the admixture will be 

small and the LS coupiing scheme will be approximately applicable. 

·-we note that the 4F + 
41 transition being considered

312 1112 

takes place bet.ween two deep lying states. Furthermore, the states with 

which slight adm~xture takes place lie at least'· 50,000 cm-l above the 
4 . 4 . 

F and 1 states. Since t11i admixture of a given state with
312 1112 

another depends inversely on the energy difference between those states, 
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we again arrive at the conclusion that, in the case being treated, the 

admixture of states of opposite parity will be small. 

A ·non-centre-symmetric field will act on an ion that is located in 

a site that lacks a centre of inversion symmetry. Thus, considering a 

3Nd+ ion to be located . in a glass matrix and treating the glass matrix 

3-Nd+ system as a solution, there is no a priori reason to. believe that a 

centre of inversion will exist at the ion position. Hence, it is not 

unreasonable to suppose that the mechanism responsible for the 

4 4 . 	 +3
F 	 ~ I transition of Nd ~ in glass is the odd portion of the

312 1112 

crystal field Hamiltonian. 

It is 	interesting to note that the selection. rules for mixed 

parity states ~lso explain the appearance of some of the absorption 

3bands of Nd+ in glass which are used in practice for optically pumping 

the material. However, a few absorption bands are observed which violate 

the 65=0 selection rule. These observed bands can be tentatively 

explained if it is recalled that spin-orbit interaction · u'sually i"eads · to 

a breakdown of selection rules on Sand L( 24). 

It is perhaps worthwhile to indicate at this stage that the 

theory of intensities of rare earth crystal and solution spectra in the 

visible region of the spectrum is still in a stage of development. 

2.3 	 Formulation of the Rate Equations Governing 

Laser Action: 

2.3-1 Some Introductory Notions-

We begin by establishing a simple relationship between intensity 

and photon density. Consider a stream of photons trayeling in an 
. 	 . 

arbitrary direction in a non~absorbing medium of index of refraction n. 

Let us neglect the effects of diffraction, and consider that the photon 
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beam may ba characterized spatially by a cross sectional area A. Let 

the number of photons per unit volume ·within the beam with angular 

density per unit angular frequency range of the beam referred to vacuum. 

Each photon within the range w and w+6w carries energy ~w. Therefore, 

since gro~p velocity of the photons is £, the power per unit area flowing 
n 

through- the surface -n orma-1·-t-o-~the -<l-i rection-of ·-propagation of -the b earn, 

and with perimeter defined by the boundary of the beam, is: . 

n1lw -
c 

¢(w)6w 
n 

The quantity obtained above is the intensity of the beam due to 

photons -\~i.thfii ·the angular frequency- range · w and ··w+6w ~- ·-1f ·we -tlefine a 

. ___quantity, I (w), as the intensity per unit · angular frequency range, we have 

the relation: 

I(w)6w = n'tlw -
c 

Hw) L\w ••.• (2-1)
n 

In c_:e>~.:~.ng a boundary, formed by two media whose indices of refraction 

differ, which is normal to the direction of propagation of th~ beam, 

it is seen that I(w) is constant as a consequence of continuity. Reflec

tipn at the interface has been neglected since one is concerned with 

boundaries formed by laser rod end faces and atmospheric air. The laser 

rod__e_n_d___faces ~re generally dielectric coated to minimize reflections at 

an appropriate wave length. It also follows from (2-1) that if <P (w) is
1 

the- ~hoion den~ity per unit angular frequency range in medium 1 and <P 2(w) 

that in rnedturn 2 theri: 

= 

http:c_:e>~.:~.ng


13 

We have argued that in the case .of Nd +3 -glass lasers we are 

probably concerned with predominantly dipole transitions. I~ therefore, 

becomes advantageous at this stage to introduce some quantum mechanical 

. h d. 1 . . ( 26 )rcsu l ts pertinent to sue 1po c trans1t1ons . 

In general it can he shown that the probabilities of reverse 

transitions between any pair of states under the influence of the same 

radiation field arc equal. In particular, the transition probability for 

absorption or stimulated emission of a photon between two stationary 

- IEK - Etl 
states Kand l of energies EK and E (EK> E ) such that lwK 2 1 - ~ 

1 1

is proportional to I(wK) and hence to +CwKn). In the case of electric 
R, ~ 

dipole absorption and induced emission of light -quanta, both transition 

probabilities are also proportional to the square of the matrix clement 

of the electric dipole moment er of the particle involved. 

The spontaneous transiti~n probability is proportional to the 

square of the matrix element of the dipole moment of the particle involved 

and does not depen~ on the intensity of the radiation field. The 

spontaneous emission probability can be thought of as arising from the 

influence of the zero-point energy of the electromagnetic field on the 

particle under consideration. 

In the case of spontaneous emission, the radiation is distributed 

isotropically in angular spac~--in contrast to indticed emission which 

~aintains to a good approximation the angular distribution of the 

perturbing photon beam within the material. 

A measurement of the decay time constant of a dipole transition, 

by observing the fluorescence from the transition, yields a measure of 

the dipole spontaneous transition probability if the lifetime of the 



14 

relevant level is not shortened significantly by processes which comp~te 

with dipole de-excitation. 

2.3-2 Threshold for Laser Action-

A useful relationship, involving laser material properties and 

cavity reflector reflectivity, determining the conditions that must be 

met before laser action can commence will now be developed. ~p do this, 

let us consider a material of ihdex of refr~ction n within which are 

located active ions posseising . two non-·degenerate stationary states _labelled 

Kand 1, having energies EK and E (EK > ~1 ) respectively. Let level K
1 

and level 1 have popula~ions N~ per unit volume and N per tinit volume · 
1 

_ ___ _of__hos.Lma_teriaL .r.es.µcctivel.y.• __ _L..et__:the . two .le.vels .be .connected ..by . the 

electric dipole operator ~=e~. We assume that the material hosting the 

." ions is shaped in the form of a circular platelet of area A and thickness 

t:.x. Further consider a beam of polychromatic photons of this area, 

normally incident on the platelet, which has an intensity I(wK ) per unit
1

?IJ.IZ Vf.J<~ -r1,,.. 6 

__ -~~-angu_lar_ frequency r_ange at w_= wK.e: __The .transition probability"' for 

. . d . d d . . . h d" 1 . . . (26)absorpt1on an in uce em1ss1on in t .e ipo e approximation is : 

where CBK! is the vector whose cartesian components are the K-1 matrix 

elements of x, y, and z. THe net number of transitions per unit time per 

unit volume that will take place in the platelet, under the influence of 
d (NK-N .e)

the -photon beam, · can be written as -where: · . dt 
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Now let 
2 2

4n e 
CL = ----

0 3'h2c 

Then, 

= 

We can now substitute for I(wK ) from (2-1) giving
1

Each net transition adds or subtracts one photon to or from the beam. 

The change in <P experienced by the beam on going through the plate.let is 

6x . 

The photons added to or subtracted from the beam will have 

angu 1ar f requcnc1es· 1n· t he approximate· range wKt -+ !Y.w , where 6w · heis t2 

width at half rn aximum of the emitted or absorbed photon angular frequency 

distribution. Therefore by allow~ng 6x-+O we arrive at the result~ 

•••. (2-2) 

--Giv~n-now a host platelet--of---t-h-i-ckness 1 --a-nd -as.suming, as has 

been implicit in the above argument, that the intensity of the incident 

beam is low enough not to change the population of tl1e two levels 

significantly, we arrive at the folloiwng result by integrating (2-2): 
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••.. (2-3) 

where ¢ (wK1) is the incident photon density per unit frequency range,
0 

evaluated at w = wKl' while ¢(wK ) is the iesultant quantity after one1

traverse through the platelet. 

To further our argument, let us consider a system consisting of 

two circular plane parallel mirrors of the same radius facing one another 

and of reflectivity r and r 2 . In addition, let the mirrors be1 

-· separated by a distance Lt and imagine that the cylindrical rod of 

length l considered above is placed between, and coaxially with, those 

mirrors. From equati?n (2-3) we k~ow that a beam normal to the 

mirrors, (and of radius equal to the radius of the mirrors) characterized 

by a photon density per unit angular frequency, ¢(wK ), in free space,1


incident on one end of the rod will emerge from the ot~er end 


characterized by the following photon density per unit angular frc

quency range: 


Upon s-triking the first mirror of reflectivity r 1 , the region of the 

beam being considered will in part be transmitted and in part be 

.---1-eflected. __ The .refl.ected _portion of the beam will then be characterized 

by the photon density: 

t The role of · L will become clear as the development proceeds. 
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After a complete pass in the cavity, the photon beam will be 

characterized by a photon density per unit angular frequency given by: . 

. ____ (NK-N ,,) 
a n1lwK.£ t::.w ¥.., 29- · 

0
~(wK9,)r 1 r 2 e ••.. (2-4) 

The complete pass will take a time T where2 

L+ (n - 1)£). 
- ·--T2· : ..7 - c .( 

For the photon beam to sustain itself undiminished the condition 

(N :..N )K .£ 2£ 
t::.w = 1 

·---must -hold. 

This yields, upon taking natural logarithms on both sides of 

the equality, the following result: 

(NK-N R) 
---- .£

t::.w 	 .•• ·-· ( 2-5) 

which is independent of the photon density in the cavity . 

. The above condition is required to be met by the system in 

order to just maintain . oscillation. It is cons~quently the condition 

a~ __thresh~~d ~ne_rgy for -~aser action. Since - t _3-n r 1r 2 ~ O, we must 

therefore have NK-Ni ~ 0. Condition (2-5) on the populatjon inversion, 

NK-N£, is -essentially---onc· of unstable -·equilibrium, -hence energy must be 

'. 	 absorbed by the system from an external source "in order that condition 

(2-5) can be met. In practice the required energy is provided by an 

excitation source (commonly a pulsed xenon flash lamp in the case of 
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optically pumped solid state lasers). Threshold is then the energy 

required to drive the excitation source, which results in condition 

(2-5) being satisfied in the system. 

2.3-3 The Rate Equations--The Case of Equal 

Laser Level Degeneracies-

The coherent photon build up in a cavity of length L containing 

a laser rod of index n and l~ngth t, bounded by two mirrors of 

reflectivity r = r = R, obeys the following relation, · base·d on
1 2 

equation (2-4), written in terms of the photon density per unit angular 

frequency range: 

= L + (n-1).twhere Tl and y = - tn R c 

This relationship results directly from integrating from 0 to T the
1 

following differential equation, 

dcp (wKR., t) c 
dt L+ (n-1) t 

••.• (2-6) 

after assuming that the level population is not significantly disturbed 

during the portion of the build up that is of interest, namely in one 

pass of the photon beam. 

It is also inherently assumed that, in ihe time interval required 

for the p~oton beam to complete one pass, the photon density docs not 

change a~preciably. Thus, we are able, within the limits -0f the approxi

mations involved, to attribute to the cavity at a particular instant of 
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time a uniform ~lux density. In actual fact, the photon density will 

vary from point to point in the cavity leading, in a more precise formula

- - -~----t-ion of -the --p-roblc:m, -to -relationships between quanti ti.es of interest 

involving partial differential equations. The more precise formulation 

would, in the end, involve the solution of coupled non-linear partial 

differential equations. Numerical methods for their solution wo~ld be

come extreme~y_91mber_s_QIB_~_C:\]1cJ ___tif!1.~_c_Q.nsumiD_g__~Y.~m _if undertaken with the_ 

aid of high speed computers. In order to avoid this problem, we concen

trate our attention-on the simplified rate euqations which are far · more 

manageable numerically and likely to illustrate, · for the parameters 

applicable to the Q-switchc<l laser studied for this work, all the important 

cavity per unit angular frequency range is: 

<P(wKi' t) (L + (n-1) i] A 

W1ere A is the photon beam area. This quantity changes through stimula

__ ted emission at a . rate given by: 

This rate must be balanced by corresponding transitions between levels 

K and i. Therefore, we arrive at the following equality: 

(NK-N 9,)d [ N -N 
dt :w £. A£ 

J = -2<P(wKi, t) ~0nhwK£ !1w £] Ac 

The factor of 2 is necessary to take account of the fact that if c N~K:w £ Ai 

changes at a certain rate, the photon flux changes at half that rate. 
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We ne~lec~ ~he effects of upper lev.el depopulation by spontaneous emission. 

In giant pulse experiments the pump serves to establish a condition of 

gain in the laser rod. During·- the-times·-involved in--giant ·pulse transients, 

of the order of tenths of a microsecond or less, the gain just before or 

·immediately after the giant pulse has evolved will not be disturbed signi

ficantly by spontaneous emission, which in useful practical cases has 

____ _ ·____.J.i£e.t:im..e-5..in_th_e_orde.r _fil_ hundr.e.d s__oLmicr:.o..s_ec_o_nds . 

We now consider the effect of incor~orating into the above 

equation a lifetime for a terminal laser level, 1, which we imagine being 

able _to relax to a lower lying level by some undetermined mechanism. 

This latter transition may be radiative or non-radiative but is capable 

that the~ppropriate relationship is: 

d 
dt 

•••• (2-7) 

together with the relationships (2-6) and (2-7) which we have just derived-

the complete set of rate equations. To this end we write the equation 

governing the popu)ation of level 1, 

N A.t
1

•••• (2-8) 

Level R. is being· depopulated by de-excitation to a lower le.vel and by 

resonant photon ~bsorp~ion transitions to level K. In addition if is 

being populated by stimulated transitions from level 1. The above equation 



21 

quantitatively expresses these processes. 

The rate equation for the photon density (2-6) can be rewritten 

in the following form: 

d 
dt 

We now make the following subs·titutions to simplify equations (2-7), 

(2-8) and {2-9). We let: 

NK-Nt 
N = /J.w 

N t . 
N = 1 6w 

L+(n-l)t 
c 

We thus arrive at the following equations governing the photon flux, the 

population inversion and the laser terminal level population: 

d<I> BNR. = j;
dt •••. (2-10)-r;- i1 ] 

N
dN <l>BNR- 1 ...• (2-11)

= - 2 --+dt TTl 

dN Nl1 <l>BN.t .... (2-12) 
dt = -r;- - . T 

where T1 is the time per pass for a coherent photon in the cavity 

N is the population inversion per unit volume of the laser material 
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per unit angular .frequency range. 

N1 is the population of the terminal level 1 per unit volume per 

unit angular frequency range. 

~ is the coherent photon flux density per unit angular frequency 

range referred to the volume of laser material in the cavity. 

B may be considered to be a · coefficient of amplification. 

At this point we wish to summarize some of the noteworthy approxi

mations involved in deriving equations (2-7), (2-8) and (2-9). The 

contribution to the laser output from spontaneous emission has been 

neglected. Spontaneous emission is eventually called upon only to 

establish the initial value of the photon density in the cavity (see 

Section 6.1 ). y has up to this point been assumed to be constant. 
, 

The following subsection will introduce a time dependence into y. Further, 

we have dealt with the case of equal laser level degeneracies -- sub

section (2.2-5) will consider the. effects on the formulation of any such 

. degeneraCies. 

The rate equations (2-7), (2-8) and (2~9) have been derived by 

assuming that the spectral shape of the spontaneous emission line is 

rectangular. ~ in equation (2-9) can·be interpreted as the number of 

photons per unit volume of the cavity per unit angular frequency range 

averaged over the spectral width of the rectangular spontaneous emission 

line. If there are 'M cavity modes within the spectral width of the 

fluorescent line ~w, then 

is the number of photons per unit volume of the cavity per cavity mode. 
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For the assumed spectral shape, each cavity mode (on the average) contains 

the same number of photons. We thus see that, although no mention of 

cavity modes was made in arriving at equations (2-7), (2-8) an<l (2-9), 

the mode structure can nevertheless be accounted for in a first approxi

mation on the basis of those rate equations. 

2. 3-4 Introduction of A Time Dependent Loss 

Factor Into the Rate Equations-

In Q-switching experiments one is concerned with an externally 

controlled time-dependent loss factor; thus, in equation (2-10), we allow 

y to become a factor of time and write: 

y = y(t) 

For the case of interest, namely Q-switching by employing a rotating 

Porro prism as one cavity reflector, the above substitution represents 

an approximation. The nature of the approximation is evident if one 

re~alls that y arose from considerations of cavity reflector reflectivity. 

We are assuming therefore that the losses due to reflector misalignment 

can be accounted for by attributing a variable reflectivity to plane

paral lel aligned reflectors. The output of the laser, however, is 

calculated by taking into account the actual reflectivity of the output 

coupling reflector and the photon density in the cavity. The output is 

then proportional through the output reflector reflectivity to the photon 

density in the cavity. The·minimum value of y is ~imply -1nR where R is 

the output reflector reflectivity. This case corresponds to perfect 

alignment of the Porro prism with respect to the output reflector. 
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4> changes at a rate given by: 

d~ 4> R.nR 
0 0 

dt = 

due to output coupled into the beam, and changes at a rate given by: 

d4> y(t)¢
0 = - 0 

dt 

due to output coupled into the beam and internal losses owing to Porro 

prism misalignment. The above assumptions arc essential, if one is to 

proceed with the solution of the problem, since an "exact" formulation 

would be most difficult to achieve and even more so to solve. 

2. 3-5 The Rate Equations for N<l+ 3 in Glass-

The set of rate equations (2-10), (2-11) and (2-12) have been 

idealized in more than one respect. Among the idealizations is the 

assumption that the two energy levels between which lasing takes place 

are of equal degeneracy or multiplicity. This assumption does not 

necessarily hold. In fact for Nd +3 -glass lasers it seems unlikely that 

it does hold. The net degeneracy of the Nd+3 upper level 4F
312 

is 4, 

while the net degeneracy of the terminal level 411112 is 12. These two 

levels arc split by interaction with the glass matrix. The upper level 

splits into two Kramers doublets, each being 2-fold degenerate. The 

detailed splitting 9f the 4 1 level is not clear. In any event, the1112 

formulation of the rate equations must take into account the degeneracies 

of the initial and terminal levels involved in the lasing transition. 

If the lasing takes place between two levels, each belonging to a 

group of closely spaced levels, account must be taken of the fact that 
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·-ihos-e closely spaced 1 eve ls may be thermally connected to each other. 

In the case of Nd+3 -glass laser material, it is not unreasonable to 

_ ·-· _____ _ 	 assume_. __that thermal equilibr-ium between --the--t-h-e-rma-lly -connected levels 

is maintained, from instant to instant, during the period when lasing is 

taking place. If we attribute the energy level diagr~m shown in Figure 

(2-2) to the actiVe. ions of the laser m~terial, the laser rate 

R. - y ( t) JAc .:t [ct> (L+ (n-1) R.) A] = 
•.•• (2-13) 

d[N.e/~w A R.] 
- --dt - -"/).w - - .-... (2-14) 

N A 1 (N/gz-N4/g4·)
d [ ~w J = ¢fa n11wK.e, t] Ac ••.. (2-15)

0 	 ~w 
dt 

where 

N u 	 = NI + N2 = upper level population 

= N + NN.t 	 3 4 = lower level population 

gl 	+ g2 = gu = upper level degeneracy 

lower level degeneracy&.e, = 

6E1 


-KT 
0 = Boltzmann - relation between levels N and N1 2 

6E 
2 

- KT . 


= 
- e 	
0 =Boltzmann relation betwe~n levels N and N3 4 
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Figure (2-2) 

The Four Energy Level System Described by the Rate 

Equations 

The splittings and spectroscopic labels are those 

of Nd
+3

-in-glass.
. 
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LASER TRANSITION 
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In ,the ~hove equations account has b~en taken of the degeneracies 

g of the levels and it has been assumed that the close lying levels are · 

---- instantaneously thermally connected to each other. 

Nd+3 -glass lasers have the energy level diagram represented in 

Figure (2-2) and so the rate equations above are applicable to the Nd+

4in glass system. The 12-fold degenerate terminal level 1 is split1112 

- -into two levels, broadly speaking, by the glass matrix(Z7). The wtlcy in 

which the degeneracies are distributed among the two levels .is not known. 

Thus, for Nd+ 3-glass laser material, the relevant degeneracies of the 

4terminal level 1 components are not available. It should be pointed
1112 

out in this respect that in crystal fields of symmetry lower than cubic, 

4 4all degeneracies of the 1 F that can be removed by the crystal1112 , 312 
. (28)
field are removed . It would seem then that the use of the rate 

equations, inclt~ing the degeneracies, is foiled by this stat~ of affairs. 

This is not entirely true, and to demonstrate our point we make the 

following substitutions into equations (2-13), (2-14) and (2-15): 

N2 N4 N4 
N = ( - - - )/~w, Nl = ( - )/[).w ~ = ~tL•(:-1) ~J 

g2 g4 g4 

-L+(n-1) 1 1 
=Tl = c 

1K = ··. 2 . 
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and by making use of the relationships following equations (2-13), (2-14) 

and (2-15), we arrive at the simplified rate equations applicable to the 

laser material whose relevant energy levels are shown in Figure (2-2) 

namely; 

dN 
dt = 

.•.. (2-16) 

+ -
T •... (2-17) 

T .... (2-18) 

The above rate equat~ons are similar in form to the set (2-10), (2-11) 

and (2-12). The only difference lies in the appearance of K1 and K2 to 

take account of degeneracies and the thermal coupling between the close 

lying levels. Now, for the case of Nd+3 -glass material we may take: 

'l, -1 
g = g = 2 and tiE ~ 110 cm These data, together with the1 2 1 

operating temperature, are sufficient to determine K2 . We can certainly 

place lower and upper bounds on K1 . To do this we recall that g3 + = 12.g4 
4The separation between the two levels originating from the 1 terminal1112 

'l, -1level is tiE ~ 300 cm . From the above considerations, the smallest
2 

1 l - tiE 2/KT 
possible value of K is = where e 0.24

1 10 + 2 x 0.24 10.5 

1 . 1
and the largest is = . Therefore·, a good estimate2 + 10 .,. 0.24 4 . 4 

of K1 is 7
1 = 0.13. K2 has a value given by 1 = 0.314.. 5 2 + 2 x 0.59 

The estimates ar.e based· on room temperature operation. The approximation 

of instantanegus thermal equilibrium among the close lying sublevels is 
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valid if the longest relaxation time of the two sets of closely spaced 

sublevels is shorter than about 1 nsec .,, a value much shorter than the 

width of the giant pulse encountered both in theoretical and experimental 

observations. An estimate of the appropriate thermal relaxation rates 

is made in the Appendix. The calculation shows that the assumption of 

instantaneous equilibrium is justified. 

2.4 	 Some Properties of the Q-Switched Laser 

Rate Equations: 

2.4-1 Normalization of the Rate Equations-

Bcfore entering into a discussion of the properties of the set of 

rate equations (2-16), (2-17)', and (2-18), it is convenient to normalize 

them. A natural unit for the measurement of the time evolution of the 

giant pulse is the time per pass of the photon beam in the cavity. It 

is also convenient to express t, .N and N in terms of dimensionless
1 

variables. To do this we define: 

t = T1T 

~ = £1to 

N = £2No 

Nl = £3Nl0 

Equations (2-16), (2-17), and (2-1.8) may thus be reduced to the form: 

dt 
0 	

~ (8£21N - y(T) ) dT = 0 0 

dN 
0 	

- ~ B N Eli (K1 K ) £3dT = 0 0 + 2 + 
£2 
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Since £ 1, c2, and £ 3 are arbitrary we may choose their value at our 

discretion. Therefore, let: 

2 

This yields: 

d~ 
0 

= (N - y(T) ) •.•• (2-19)todT 0 

dN TlNlO 
= - CKl) ,. 0 

2 t NdT 0 0 + Kl+K2 .... (2-20) 

dN10 TlNlO 
= t N 

~ 0 0 T •..• (2-21) 

These equations, in terms of normalized variables, are much simpler in 

form than the equations (2-16), (2-17) and (2-18), from which they result. 

We note in particular that the factors a and t occuring in equations 

(2-16), (2-17) and (2-18), have been absorbed by the transformation and 

hence no longer appear in the above resulting equations. Further, the 

factors K1 and K2 appeared in equations (2-16), (2-17) and (2-18) as 

essentially separate entities. However, the transformation used to 

arrive at equations (2-19), (2-20) and (2-21) in 

degeneracy factors K1 and K2 into a single term, , appearing 

solely in equation (2-20). Hence, the effects on the solutions of the 

above equations, as a result of variations in the factor, ~::~~ , are 
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relatively simple to visualize -- much more so than are the ~ffects of 

variations in K1 and K2 on the solutions of equations (2-16), (2-17), and 

------ (2-Tu) . In partfCular, we note -that the term, ( 

2
K1 \ -- ~- multiplies the 

K1 +K;J 
quantity 

~lNlO 

population, N . 
0 

-- a quantity which may be pictured 

Using our estimates of K1 and K2 , we 

as reinverting the 

~ 2Klj 
see that K K 

l+ 2 
is less than unity. We could arrive at the equations describing laser 

·-· -----·---acti:-on-b-etween -non-degcnerat-e-energy -1-ev-e-l-s-s±mr-ly-b-y setting-t-fie -factor 

~:\) equal to unit~y ~~/Jquation (2-20) Hence we may presume that the 

presence of the tei:m K +K in equation (2-20) slows down the re-inversion 
--- 1 2 

-process which \vould exist in the non-degenerate case. 

The equations, as derived above, are in the form that is used for 

their solution via numerical methods. They-represent a description of a 

--·Q-'switched Nd+3 in glass laser when appropriate values of ~l' K2 and T 

are substituted into them. 

2.4-2 Behaviour of the Rate Equations Under Limiting 

Terminal Level Lifetime Conditions -
. ·-·-· - ·---- .. ~ ·- -~ - - -

Equations (2-19), (2-20) and (2-21) reduce, in two limiting cases, 

to .what arc essentially - the equat~ons of Wagner and Lengyel Cl 7). The first 

reduction takes place if we let -r,+<>o. Equation (2-21) becomes redundant and 

we are left with: 
d~ 

0 

dT = 
----~ --- ~ •. ;'":i. 

dN 
0 = dT 

We now assume y(T) = constant 

in the cavity as Tc where 

~ (N 
0 0 

y(T) ) 

' 
2 ~ N 

0 0 

tnR, and define the lifetime of a photon 

T = c = - tnR 

I 
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~ 

0 
= ·np 't"c <ti 


1 
 ~N = n
0 _np T c 

T T' cT = 
~ 

and thus obtain: 

d<P = dT' 

dn 
dT' 

The above equations are Just those of \\'agner and Lengyel Cl 7~ The notation is the 

__same _as ..thaL_employ~d by those authors -. _ We notice that since T is measured · 

in units of T the time per pass of a coherent photon in the cavity1 

T' is measured in units of T -- the lifetime of a coherent photon in c 
? _· 

the cavity. The second reduction takes place after replacing ~ by 2~ 
0 0 

and allowing T + O in equations (2-19), (2-20) and (2-21). Physically, 

we know that this implies N +o. In fact N tends to zero faster than10 10 

does Tsince, otherwise, by equation (2-21), N would have a finite growth
10 


or decay rate, implying that the terminal level, under limiting lifetime 


conditions, is capable of supporting a population, resulting in a contra

diction. In taking the lirni t T + 0 we first allow N10 + 0, noting that 
? 

-the --facto-r--0-f - t.w.0-- i-n -front of the stimulated emission- term is now unity. 

00We thus obtain the identical equations given by the case T + after 

replacing ~ by 2~ in the equations which result by letting T + 0. In 
o . . 0 . 


the latter case, the material no longer has gain when th~ populations of 


the upper and lower levels for laser action are equal, assuming equal upper 
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and lower level degeneracies, whereas in the former, the zero gain condi

tion comes when hoth unper and lower populations are equal to zero. In 

the zero lifetime case, we obtain twice as much energy output as we do in 

the infinite lifetime case. In fact, all equivalent quantities of 

interest behave identically in hoth cases, except that the output power 

and energy in the case of T = 0 arc twice what they arc for T = m. Note 

that N in the former case is related to the upper level population whereas,
0 

in the latter case, it is related to the difference in populatjons of the 

upper and lower levels. 

2.4-3 Some Properties of the Rate Equations of 

Wagner and Lengyel-

Certain useful concepts may be obtained by considering the simpli

fied rate eouations, resulting from the above mr.ntioned limiting orncesses, 

namelv: 

dct> 
0 

ct> (N - y (T) ) .... (2-22)dT = 0 0 

dN 
0 ' - 2 ~ NdT = 0 0 ..•• (2-23) 

The auantitics N and will not change in time if the initialct> 
0 0 

value of the flux density ~ . is zero. ct> • in the physical situation 
01 01 

arises from soontaneous emission in the laser rnd and can he estimated 

readily (I7) • The calculation of . is carried out in the Appendix.ct> 
01 

In the simolest case y(T) is thought of as a step switch going 

from a value y(T<o) > N to a value y(T>o) < N .• An initial value is01 . 01 

allocated to both ct> = ct> . and N =N . . In physical cases of interest 
0 01 0 01 

~ . is several orders of magnitude less than the peak value of ct> = ct> p·
01 0 0 
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Under these conditions N can be considered a constant during the build
o 

uo of 4> an<l equation (2-22) can be rcn<lily integrated to yield a pulse
0 

build-up time. The pulse build-up time can be arbitrarily defined as the 

time taken for the pulse to build uo from its initial value 4> • to one 
. 01 

one-hundredth of its peak value, 4> P. N i does not begin to change signi
0 0 

~oP
ficantly until 4> ~ • For the oulse build-up region we have 

0 100 

immediately: 

(N . - y (T > 0)] T 
01 

t = t . e 
0 01 .•.. (2-24) 

From (2-22) and (2-23) · we can ·obtain the phase plane eauation: 

dt N - y{T > 0)
0 0= dN 2N 
0 0 

which can be integrated readily to yield: 

y(T :> 0) N
1 0 

t - 4> • (N -N .) + .tn 
0 01 = - 2 0 01 2 N-:

01 .... (2-25) 

If t = t p we have from ~quation (2-22) ~hat
0 0 

N p = y(T > 0)
0 

Hence neglecting t i in comparison to tQP in {2-25) we obtain: 
0 

y(T > 0) NOP1 
(N p - N .) + .tn -4>oP = - 2 0 . . 01 2 N • 

01 

This last relationship can be used to calculate the build-up time in con

junction with (2-24). The final value of N = N F can also be found using
0 0 

(2-25). It is necessary that t = t be assumed close to zero. Since o oF 

4> • is also small we have immediately:
01 
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N 

N - N · . = y(T > 0) tn or
oF 01 N--:- = 

01 .•.• (2-26) 

The output energy of the pulse is proportional to N .-Np• A more 
01 0 . 

detailed discussion of the .coupled pair of differential equations (2-22) 

and (2-23) may be found in Wagner and Lengyel's paner(l 7). Equation (2-26) 

NoF N 


states that the ratio N""-:- depends only on the ratio No~ . The energy utili-
N . -N F 01 NOP 01 


zation factor 01 0 also depends only on N--:- , the ratio of the loss 
. Noi 
01 

factor to the initial population. inversion. 

The set (2-22) and (2-23)., assuming a step function switch, is 

characterized by a single pulse output. On the other hand, the set (2-19), 

(2-20) and (2-21) can exhibit, for certain switching functions y(T), multi. . 

pulse outputs. We may say quite generally that the ·multipulsc outputs 


result if the switching function y(T) is "slow". The multipulsing will 


be shown to be critically dependent on the relaxation lifetime of the 


terminal level for laser action. The sensitivity to multipulsing of the 


equations (2-19), c2~20) and {2-21), arising from a finite lifetime of 


the terminal level, will be used to advantage in the estimation of the ter


minal level lifetime of Nd+ 3 in glass . 


. 2.4-4 Qualitative Behaviour of the Solutions 

of the Nd+3 in Glass Laser Rate Equations-

Let us consider ouaiitatively the behav.iour of ~ , N and N . as 
0 0 01 

governed by equations (2-19), (2-20) and {2-21). From what has been said 


before about the switching function y(T) characterizing a laser system 


using a Porro prism switch, we can assume that y(T) rises monotonically 


on either side of the zero reference time point, which is assumed to be 
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located such that y . = y(O). From symmetry arguments, y(T) will be anmin 

even function of time. At a particular negative time T the condition: 

will hold for all non-trivial cases. For times T > T the pulse begins to 

build up. ~ , however, must reach a certain value before it begins to 
0 

disturb a lower N . . It is only during a time interval AT= 2IT-I thatoi 

an output pulse can occur. Thus, if ~ does not build up to a sufficient 
0 

amplitude to disturb N . significantly in this time interval, no pulse as 
01 

such will evolve. Switching can then be thought of as occuring too rapidly 

for the inversion N i that is assumed to be present. By decreasing the 
0 

'. 

switching speed, and so increasing AT, a point will be reached where ~ 
0 

is given sufficient time to reach a large enough value to disturb N . oi 

significantly. In this ca~e a pulse will evolve, but it will do so at a 

time where the losses are high and increasing. The pulse will go through 

one maximum which will be small in amplitude. A further increase in AT 

allows the pulse to occur at a position in time where the losses are lower 

but still characterized by'a positive time slope. The result is an 

increase in single nulse amplitude and energy. Eventually, if AT is 

increased to anproximately twice the value necessary just to obtain high 

switching speed cut-off, the pulse will evolve when y(T) = y . = y(O)min 

and the result will be the highest output energy and power content 

achievable in the pulse for the given initial inversion N . . A further 
. 01 

increase in AT results in a single pulse appearing before the switch has 

had the opportunity .to decrease the losses to a minimum. The pulse then 

reverts to a situation characterized by lower energy and power content. 
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The pulse is now occuring at a time when the losses are decreasing but 

relatively high. If the losses are high enough and the lifetime of the 

terminal level short enough -- though longer than the giant pulse width 

we have a situation where the available energy will not be entirely 

released after the initial pulse. Because the losses arc decreasing and 

re-inversion is taking place due to terminal level de-excitation, a time 

will come, as 6T continues to increase, when a secondary pulse will 

appear following the initial oulse. This pulse will carry energy and so 

the net output energy contained in both pulses will show an increase 

over the energy output obtained just prior to double pulse operation. 

The value of 6T in a Porro prism Q-switchcd laser system is 

controlled by the ro~ational rate of the prism. For a given excitation 

of the laser rod a set value of N . is established. Upon monitoring the 
01 

output energy content of the giant oulse for varying Porro prism rotational 

rates and constant laser rod excitation, we expect to observe the 

behaviour we have discussed above. This expectation is borne out by 

experiment. 

2. 5 Determination of the Population Inversi6n 

Necessary to Maintain Laser Action: 

The expression derived in Section 2,3-2 for the condition met at 

threshold by a laser system contains the product of two unknowns: these 

are the population differe~ce, .NK-N1, and the dipole matrix element for 

the K..,_..t transition, hidden in the tenn a . In order to calculate the 
0 

inversion necessary to maintain laser action, we must determine the value 

of the dipole matrix element in terms of a directly measurable quantity. 
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Rearranging the expression for the spontaneous transition probabi

lity it follows that 

1 
T 2 3 3 

r 4e w Kin .... (2-27) 

where T is the spontaneous radiative lifetime of level K, which is 
r 

(26) directly measurable in some cases . Also, from equation (2-5) after 

substituting in for a and rearranging terms, we can calculate 1Cr)K 1 
2 

0 1 

in an alternate fashion to arrive at the expression: 

3l\c~w= 
...• (2-28) 

. NK 
The quantity w can be interpreted as the number of atoms or

6

ions in stationary state K per unit angular frequency range per unit 

volume.EK is thought of as varying slightly from atom to atom due to 

different environmental conditions acting on ~ach particular atom or ion. 
Nl 

A similar internretation mutatis mutandis can be attached to With
6w · 

these interpretations, equation (2-28) can be used for c.U .culatioris 

relating to a resonant transitiori exhibitin~ a relatively wide profile in 

angular frequency space, since ~w becomes the spontaneous line width of 

the transition. 

The application of (2~28) to a 
' 

Nd
+3 

in glass laser is particularly 

simple since, under normal lasing conditions, as opposed to 0-switched 

conditions, level 1 can be assumed to be essentially empty allowin~ one 

to set N ~ 0 in equation (2-28):
1 

http:volume.EK
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Equations (2-27) and (2-28) provide us with two separate apnroachcs 

for the calculation of the magnitude of the matrix element for electric 

dipole transitions. Alternately~ if the radiative lifetime is known, and 

the reflectivity losses are the main contribution to the losses in the 

laser cavity and arc also known, an estimate of the number of excited 

ions per unit angular frequency range in the unncr itatc .K, at threshold, 

may be obtained. This estimate can then he used to ohtain an approximate 

value of stored energy in the rod as a function . of pump energy, if the 

relation between pump energy .·and fluorescent output intensity . 

is first determ1ned experimentally. The stored energy. 

estimate can then be used to determine the output energy 

in the case pertaining to 0-switched operation of the laser system. 

2Eliminating l(r)K by combining expressions (2-27) and (2-28) we obtain1 1 

NK 
the threshold value of fJ.w , afte_r setting N = O -- a condition applicable

1 
3 · 1 1 . 1 1to Nd+ in g ass aser mater1a -- name y: 

= 2 2nTHRESHOLD c '1T ,,, .... (2-29) 

The fact that the terminal level is assumed to be empty is 

responsible for the lack of dep~ndence of the threshold condition on the ? 

level degeneracies. An interesting point is brought out by equation 

(2-29) namely, that the longer the radiative lifetime, the greater the 

number of atoms that need to be excited into the upper level for laser 

action by the pump source. The reason for this result is that the matrix 

element involved in stimulated emission is the same one which arises in 

spontaneous emission; therefore, the shorter the spontaneous lifetime the 
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larger will be the stimulated emission matrix element. A laser system 

can thus afford to lose more coherent photons per second the shorter the 

radia-tive..il.f etime, while- st:lll maintain-ing- oscl1Tat:Ion, since coherent 

photons will then be created by stimulated emission at a faster rate. 

Alternately, with equal losses, the shorter lifetime results in a lower 

requirement on the degree of excitation. The pumping requirements, how

·--~ve-r;-will.-tre-inore-stringent-for-the-ca-se-of- a--s-hor:t-sl'.)ontaneeu-s- l-i-fet ime, 

since spontaneous emission can then become significant as a .mechanism 

for losing excited ions. Thus, given a pump pulse of time half-width T 
p 

, 

-- the optimum spontaneous lifetime would be close to 'r ~ 3Tp, approximately. 

This condition would allow adequate integration of . the pump pulse by the 

upper level for laser action, without destroying the advantages of a 

short radiative lifetime. It is also evident from equation (2-29) that a 

narrow fluorescent line width is desirable. Doubling the width of the 

fluorescent line requires twice as many atoms or ions to maintain the 

system at threshold. The fluorescent line becomes in essence a gain 

profile as a function of wavelength. Equation (2-29) also indicates that 

-ideal --·geometry is obtained by -having a long -laser rod with a small cross-

sectional area. This result will hold as long as diffraction losses are 

not overly increased due to the decrease of the cross-sectional area. 

The angular frequency dependence indicates that threshold is easier to 

achieve at low laser operating frequencies. From a pumping standpoint it 

~s also desirable to operate at low frequencies and between deep lying 

levels. 

An application of equation (2-29), employing experimentally deter

mined values of threshold and mirror reflectivity applicable to the laser 
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system used for the work presented in this thesis yields a Q-spoilcd out

put energy prediction · in good agreement with that obtained experimentally. 

The output energy calculation, based on equation (2-29), will be 

demonstrated at a later stage in this thesis. 

The derivation of equation (2-29) follows similar lines to those 

employed by Yariv and Gordon( 2g) to calculate the threshold condition 

for both Gaussian and Lorentzian line-profiles. Those authors find that 

somewhat different inversion requirements are to be met in each case. 

For equal line widths, the Gaussian line-profile requires an inversion 

which is less by a factor of {n 1 n 2 than does the Lorentzian line-

profile. Our calculation of the inversion rcouirement to just maintain 

oscillation was based on a rectangular line-profile and the result of 

the calculation falls between the results ·for the Gaussian and Lorentzian 

line-profiles as obtained by Yariv and Gordon( 29l. 



CllAPTER 3 

MODES IN ANGULAR LIMITED RESONATORS 

3.1 Introduction: 

In Section 1.3 we indicated that this Thesis would be partly 

concerned with the electromagnetic field distribution within a symmetrical 

two reflector cavity containing an angular selective device. In this 

Chapter the relationship governing the field distribution in such a 

cavity will be developed and solutions based on it obtained. In particu

lar, the case of rectangular and also circular interferometer geometry 

will be treated. The problem, though not directly pertinent to the 

experimental work leading to this Thesis · ~ is of considerable interest in 

situations where it is desired to discriminate against competing trans

verse modes in a laser system. The solution will indicate a means by 

whi~h the diffraction losses, for all modes but one, may he increased over 

those which would exist in an identical cavity without an angular 

selective device within it. The increased losses, for all but one trans

verse mode, make it more likely that only this unperturbed mode will build 

up in such a laser cavity containing an appropriately-adiusted angular 

selective device. An idea of the desirability of single transverse mode 

operation of a laser system may be gained by noting that the transverse 

modes in a laser beam govern the distribution of energy in the far-field 

pattern of the beam. The larger the number of transverse modes forming 

42 
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the .beam, the greater will be the spread of the beam as it travels in 

space. Thus, for. example, in long range commuriications systems using 

laser beams for transmitting information, it is desirable to operate in 
I 

the single transverse-mode configuration. This will allow more efficient 

concentration of the available energy onto the receiver entrance pupil. 

In the field of optical harmonic generation, such single- transverse-mode 

operation may also be desirable, since in certain cases a well-collimated 

beam leads to increased conversion efficiency from fundamental to 

harmonic( 30). 

3.2 	 Rectangular and Circular Plane Parallel 

Symmetric Resonators with Angular Limiting 

Devices - Formulation of the Problem~ 

3.2-1 Rectangular Plane Parallel Resonators-

In order to proceed with the formula,tion of the problem presented, 

namely, when it,is desired to find the steady state field distribution 

and the propagation constant of the fiel_d within symmetrical cavities 

containing an angular limiting dqvice, it is necessary to consider some 

3relations obeyed by waves in three-dimensional space. It is well known( I) 

that waves in three-dimensiona) space may exist as plane waves, cylindri

cal waves with the motion ~nd space dependence in planes perpendicular to 

the cylinder axis, and in addition more general waves where the variation 

in space is neither linear nor planar. All these waves may be built up 

by a superposition of plane waves. For simple harmonic waves'= •e-iwt, 

with • a solution of the thPee-dimensional Helmholtz equation, 

= 0 
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it can be shown that the most general solution ""KC~ y, z) of the 

Helmholtz equation can be writt~n C3l): 

. 21T 

iK·r
i.IJK (x, y, z) = J dv J sin u du A(u, v) e-

0 

where the spherical angle u is the angle between the pronagation vector 

K and the z-axis, and the spherical angle v is the angle between the 

K - -Z plane and the x - z plane. A(u, v) is a function to be determined 

from the conditions imposed by the particular oroblem being considered. 

Its dimensions are field amolitudc per unit solid angle. r is the radius 

vector to the observation ooint and K is the pronagation vector with 

magnitude l~I = w/c. The integration is carried out over the surface of 

the unit sphere in ~-space since the magnitude of~ is fixed. The inte

gration over u may be from 0 to 1T or it may ·extend into the complex u 
plane. The latter situation takes account of the possibility of the 

existence of evanescent waves which may be necessary for the fitting of 

boundary conditions(3Z). These waves are of little interest to us because 

they only exist close to current source$ and carry away no energy from 

those sources. In what follows we will assume that the integration over 

u is from 0 to 1T and, by so doing, neglect the presence of evanescent 

waves. We will drop the subscript K from ""~ it being implicitly assumed 

that we are dealing with field distributions created by single frequency 

sources. 

We may. expand the term !:!.; the result, after expressing r in 
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cartcsian co-ordinates, is: 

K·r = l!,I (x sin u cos v + v sin u sin v + z cos u) 

The field distribution then becomes: 

21T J 1T . "'( . . . )i "' x s m u cos v +y s m u sm v + z cos u $(x,y,z) - . dv sin u du A(u,v)cJ0 0 

where 
IKI = K ...• (3-1) 

Let us consider a well collimated beam traveling along the positive 

z-axis. The function A(u, v), for such a beam, is non-zero only close to 

u = O. It is assumed to be collimated well enough so that we may set 
2 

sin u = u and cos u = 1 - ~ in equation (3-1) without significantly 

affecting the result of the integration. Furthermore, A(u, v) is assumed 

to decrease rapidly enough to allow the limits of integration of u to be 

replaced by ·co, m) • . It follows that: 

22
1Td Jm d A( ) iK(xu cos v + yu sin v + z(l- ~ ) )

~ (x,y,z) = v u u u,v eJ0 0 

We now let 

x = u cos v, Y = \I sin v 

Hence: 
x2 + Y2 

iK (xx + yY + z (1 - --· ,,_- ) ) . 2
.p(x, y, z) =. rrdXdY A(X, Y) e . 

• ••• (3-2) 
- CD .OC> 

We now consider the field distribution in the x-y plane. In order to ·do 

so let us put z = 0 in equation (3-2) to obtain: 
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H x,y,O) = 1 dXdY A(x, · Y) eiK(xX + yY)
2n 2n 

••.. (3-3) 

The above integral is a two-dimensional Fourier integral relating the 

field distribution on the x-y plane to its angular spectrum A(X, Y). 

Inverting equation (3-3) we have for A(X, Y): 

a Jb -iK(xX + yY)A(X, Y) = dxdy "1 (x, y , 0) eJ .••. (3-4)-a -b 

The limits a and b arise, rather than the usual infinities, because the 

field distribution is thought of as being zero outside the rectangular 

aperture defined by those limits. We may think of the aperture as a 

rectangular opening in a completely absorbing screen located in the x-y 

plane. The aper.ture i.s consid.ered to be illuminated by· a well-

collimated beam traveling in the positive z-direction and incident on the 

aperture from the negative z-portion of space. The field distribution in 

the positive z-portion of space is then given by equation (3-2) where 

A(X, Y) is defined by equation (3-4). "1(x, y, 0) becomes the field ampli

tude on the aperture seen from the positive z-portion of space and is 

limited by the aperture boundaries. 

If we locate an identical screen parallel to and a distance d 

away from the first screen along the positive z-axis, and further position 

the second screen symmetrically with respect to the first screen, we 

obtain the amplitude of the field at the second aperture as: 
x2 + y2

iK(xX + yY + d (1 - ) ) 2
t(~,y,d) = dXdY A(X, Y)e[ [ 
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for 

- a ~ x ~ a, and -b~y .~b 

The above equation was obtained under the assumption thnt all 

the plane-wave components propagating through the first aperture are 

allowed to contribute to the field amplitude at the second aperture. 

However, if we consider that a device is introduced between the two 

screens which strongly attenuates any plane-wave with a propagation 

vector whose direction is not contained within the square, 

we may write for the field amplitude at the second 	aperture: 
x2 + y2

iK(xX + yY + d(l y )/il ti2 2 ) 

"1 (x,y ,d) = J dX J dY A(X, Y)e 

-til -ti2 

for 
- a ~ x ~ a, and -b~y~b 

The above expression simply assumes complete attenuation outside the 

square. 

Let us assume that we may write: 

A(X, Y) = B(X) C(Y) 

It follows that: 

$(X, y, d) = 

2where iK(xX + d ( l 2 X ) ) 

/ildX B(X) e


J-Iii 

1 - y2) )
iK(yY + d ( 

lli2 2 ' 
"1c(y,d) = dY C(X) e •••. (3-5) 

li2 
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Also.from. equation (3-4): 

K. O) e -iK (xX)B(X) L: dx tl18(x,= 2ir 

-iK(yY)KC(Y) = t dy l/lc(y, O) e2iT" -b •••. (3-6) 

The manipulations undertaken above allow the separation of the two-

dimensional rectangular aperture pro~lem into two one-dimensional pro

blems. _It is not difficult to show that. each of the one-dimensional 

problems is in fact the formulation that results from considering the 

case of infinite strip a~ertures of dimensions 2a and 2b respectively, 

and an appropriate angle limiting device. 

At this point we impose on the field distribution tJ1 8 (x, d) the 

following restriction: 

.••. (3-7) 

This implies, if we allow A to be a complex number, as we must, that the 

acceptable field distributions are those which propagate from the first ' 

infinite strip aperture, and arrive at the second infinite strip aperture, 

to create the same field distribution present at the first infinite strip, 

except for an overall phase shift and some attenuation. A similar argu

rnent and restriction can be applied to considerations of the y-co-ordinate 

variations of the field. · 

The .restriction on the field distribution .int!oduces the concept 

of cavity transverse modesC33). It can be shown that a cavity; produced 

by two plane-parallel infinite and symmetrically-placed strip reflectors, 
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bas the same effect on a propagating beam's field distribution, as does 

an infinite number of geometrically identical apertures cut in absorbing 
- . ··- - .. 

screens, separated from each other by the distance separating the 

reflectorsC33). It follows mutatis rnutandis that the same is true for 

the cavity containing an angular selective device. Furthermore, condition 

(3-7), together with equations (3-5) and (3-6), defines - the cavity modes 

the properties assumed in .the derivation of equation (3-5) • . The property 

attributed to .the ,ngular selective device of allowing ~nly those plane-

wave components, who.se propagation vectors have dirccitons in the range_ 

- 61 ,~ X -~ ·8
1

, to contribute at the second aperture, is a special case of 

optical filt~rin;c34 ). This particular type of filtering is of interest 

because -it results in high losses for those cavity transve~se modes having 

'field distributions that have off-axis .propagation vector but\dles not 

falling within the bandp~ss, - ~ X ~ 61, of the filter. In ge~eral,61 

the higher the order of the transverse mode, the more off-axis its propa

gation vector bundles become.· Hence, by judicious choice of the filter 

- bandpass, it is possible to allow only the lowest order mode to propagate 

essentially unattenuated by the low pass filter. The filtering action of 

the angular selective device leads, then, to transverse mode selection. 

It is this property that makes the consideration of cavities containing 

angular selective devices wortl"while. 

Combining equations (3-5), (3-6) and (3-7) we arrive at the 

following eqtialfty after dropping from the notation the distance dependence 

of the field amplitudes: 
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·1 - x2· · 
·--J 1 la - -iK (X (x - ·x · d ( ) . ) -~ ') ·-+ 

A~(x) = ~ir· .dX dx'~(x') e 
2 


a 

-61 . 

We assume that we can change the order of integration and by so doing 

write: 
.Kd.. 

2At/l(x) = ~ 1T e l. J:.Hx ') K(x, x') dx' •••• (3-8) 

where 

6 iK(X(x - x') -2-) •••• (3-9)I 1 
dX 2 

K(x, x') - c dX 
- -61 

.Equation (3-8) is a homogeneous linear integral equation of the second 

-------- ----- ---kin(.rand--ha_s_____the --prop-e-rffestfiereotf3.S~ ~ . Non..:zerc» solutions of equation 

{3-8) result _only for certain complex values of th~ quantity ~. Those 

values are the char.acteristic numbers, or eigenvalue_s, of the· kernel 

K(x, x'). The solution corresponding to a particular eigenvalue is the 

eigenfunction associated with that eigenvalue. The eigenfunctions associa

ted wlth different eigenvalues are linearly independent. 

The expression for the kernel equation (3-9) can be obtained 

explicitly by perfo!ming the appropriate integration C.
36). The result is: 

2iK(x'-x) 
2d

K(x, x ') = Af {C[a] c[a] - i (s[a1 - s[s] ) } e 

--·~- •••• (3-10) 

where, 

Cl = n-;· (Kd~l + (x' - x) K)
nKd 

r-r's = (- Kd~l + (x' - x) K)/ nKd 



51 

The functions C(z) and S(z) are defined by: 
/' 

. J~z 2 · Jz 2 ··- - ---- -- ---C(..z) - =·-- -:- --COS -.-(.-~~ ... ) ____dt_, ______ _5_(z) __= ___.s_i~ __ _(Tr~ ) dt 
. . 0 0 

and will be recognized as the Fresnel integrals. 

It can be shown quite simply that the integral equation (3-8) has 

solutions which depend only on two dimensionless parameters. One of--- --- ---- - ----·-- ---·- - ----- - ----- ---- - - ·-- ·----·- . - ---- - .. - ---· ·--. - - - - . 

these parameters is the Fresnel numberC 33) given by: 

2 a
N = d). 

The other is a dimensionless number, A, given by the expression: 

27T db~ 2 

A . = 

which we may call the angular number of the angular selective device. 

At this point we estimate the minimum value of A that results in1 

low losses for the lowest ·order propagating mode. Let us call that value 

blc. Rec.alling -the diffraction 1fmit-"o1"' ~n-Trifin1te ""stifp ap'erture we 

- - -ean write for the .. critical angle Ale the following expression: 

where we have assumed that the .angular width of the lowest-order eyen mode 

of the infinite strip cavity is not significantly different from the dif

fraction limit of a strip. aperture of width 2a. If A1 is made smaller 

than Ale we begih to introduce strong .attenuation of the lowest order mode. 

On the other hand, if A is made larger than Ale we may begin to allow the1 

propagation of higher order modes without attenuating them significantly. 
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The critical product of N·and A is obtained if A is evaluated 

using 61 = 6lc· The critical pioduct is estimated to be (NA)c ~ ~ which 

is independent of the cavity parameters. 

If 6 is allowed to tend towards infinity the kernel of the1 

integral equation (3~8) yields the kernel obtained by Fox and Li, for the 

infinite strip cavity, as it should. 

3.2-2 Circular Plane Parallel Resonators-

We now consider in less detail the problem of a cavity formed by 

two identical plan9-parallel circular reflectors placed .symmetrically 

with respect to each other, with an angular selective device introduced 

between them. This case presents a complication. The indefinite integral 

required to undertake the step equi~alent to that which we took in the 

case of the rectangular resonator,to arrive from equation (3-9) to 

·equation (3-10) is not available in closed form. However, w~ will be 

able to derive the result obtained by Fox and Li for the circular plane-

parallel cavity as a limiting case. We may write: · 

2 
211 J oo iK (xu cos v + yu sin v + z (1 - ~ ) ) 

${x~y,z) = dv udu A(u,v) · eJ0 0 

by proceeding as we did previously in considering the case of the 

rectangular cavity. We introduce the change of variables; 

x = r cos e 

y = r sin e 

and consider 'the field distribution in the r ""'. ·e plane· and .so · obtain: 

!_(r,B,O) = J2wdv Jmudu A(u, v) eiKur cos (v - 6) 
•••• (3-11)

0 . 0 
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We write: 

-invA(u, v) = U(u) c with n an integer, 

and we employ the following integral relation for the Bessel functions( 3
S): 

-in c.;. - ~2)J2n iKrlr2 cos (~l - ~2) - in ~l 
e e <l~ 1

0 

Where J is the Bessel function of the first kind of integer-order n. 
n 

Equation (3-11) then reduces to: 

• 1T
in _2

R(r,O) = 2ne J: udu U(u) Jn (Kur) 

Where 
-in6 

111 (r, e, O) = R(r, O) 9(0) and 0(9) = e 

We are now in a position to solve for U(u) by making use of the Fourier 

Bessel forrnulaC 37). 

f(p) = r: S Jn (Sp) dS J:t f(t) Jn(St) dt 

We obtain; on applying it to the expression for R(r, 0): 

• 1T 
-1n - Ja e 2U{p) R(r, 0) J (Krp)rdr. n . 

- 0 

The upper limit of the.integral has been changed to a since R(r) is non

zero only for r ~a. The e variation o~ _ the field is independent of z 

-in9and is given by 8(9) = e It follows that we need to solve only for 

R(r, d) where d is the distance separating the two reflectors. As before, 

we assume that an angular selective device is introduced in the cavity 
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which attenuates completely those plane wave components ,whose propagation 

vectors K have directions not falling within the range u ~ /J.. Therefore: 

2 
iKd(l - ~ ) 

2 Ja
R(r,d) R(r' ,0) Jn(Kr'u) r'dr' 

0 

We assume further that we can change the order of integration without 

affecting the final result and so obtain: 

2 
-iKd 

u 
6 2

2 iKd Ja JR(r,d) =Ke R(r',O)r'dr' uduJ (Kur) J (Kr'u) e n n 
0 0 

We now require that 

R(r, d) = ).R(r, 0) 

We thus obtain: 

>.R(r, 0) = K2eiKd J: R(r', O)K(r' ,r) r'dr' •... (3-12) 

u2where 
-iKd 


2 

K(r', r) = J:udu Jn (Kur) J (Kr'u) e 
n 

Equation (3-12) is the integral equation governing the allowed steadystate 

field distribution on the surface of the reflectors of the circular plane 

parallel cavity containing an angular limiting device. If we let 6 + oo 

the integral expression for the kernel can be obtained in closed form~ 381 

The result, in this limiting case, is that equa~ion (3-12) becomes the 

Fox and Li result for the circular plane parallel cavity, as it should. 

To show this we must use the following expression: 



2 'IT 
u -i - (n+l). 2oo -iKd ~ 


udu Jn(Kur) Jn(Kr'u)e = 
 KdJ	
e 

0 

which is not available as an indefinite integral. It yields immediately 

on substitution into equation (3-12) 

iK 	 2 2i [ Kd 	 - !!. (n+l)] (i ~ r_r +r' ]2 2<l 
rn(r,O) =~ e 	 Ja R(r',O)r'dr'Jn \:K~'1j e 

0 

The above integral equation is the Fox and Li result governing the modes 

of the circul~r plane parallel cavity. The derivation undertaken above 

differs considerably fro~ that of those authors. 

3.3 	 Solution of the Integral Equation ~overning 

the Steady State Field Distribution in a Cavity 

Formed by Two Infinite Strip Reflectors and an 

Angular Limiting Device: 

The solution of equation (3-8) has been carried out numerically 

with the ~id of a high-speed .digital computer. The solution has been 

taken only up to the point necessary to demonstrate the transverse mode 

selecting properties of an angular limiting device introduced within a 

cavity. In particular, the Fresnel number range (1 < N < 15) has been 

covered. The angular numbers used in the calculations were allowed to 

vary on either side of the critical product (NA) for N ~ 3. Only the 
. 	 c 

lowest-order even transverse mode field distributions, togeth~r with the 

corresponding power losses per transit and phase shifts per transit, were 

obtained. The solution of equation (3-8) is discussed in this Section. 

We intend to consider now some of the properties possessed by the 
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integral equation (3-8). It is not difficult to see from physical argu

ments, or from the fact that the kernel being considered is the sum of an 

odd and an even function of x', that the eigenfunction solutions are 

either odd or even. 

It is also not difficult to show that the kernel of equation (3-8) 

is symmetric: 

K(x, x ') . - K(x', x) 

The eigenfunctions of symmetric kernels have important properties. In 

particular, when the kernel is continuous and symmetric ·the eigenfunctio.ns 

are orthogonal to each other over the range (a, b) where a and b are the 

limits of integration in the linear homogeneous Fredholm integral 

equation of the second kindC39) · 

The orthogonality condition for equation (3-8) can.be written: 

$ (x) $ (x) dx = 0 m I n m n 

.We have assumed that to each eigenvalue, A, there corresponds one 

and only one eigenfunction. Physically, the assumption is not unreasonable. 

We also have at our disposal the following theorem: "Any function which 

-can be generated from a continuotis function l(x) by the operation 

a K(x·, e:) ¢ ( e:)d e: where K(x, £) is continuous and symmetric J-a 

so that 

f(x) ~ Jb K(x, E) ~(E)dc 
a · 

for some continuous function t can be represented over (a, b) by a linear 

http:eigenfunctio.ns
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combination of the eig~nfunctions ~l' ~ 2 , ~ ---- of the homogeneous3 
Fredholm integral equation of the second kind with K(x, E) as its kcrnel''C39J 

Furthermore if the kernel is non-separable, hence yielding an 

infinite number .of eigenfunctions, the resultant infinite series converges 

absolutely and uniformly in the interval (a, b)C 39). This theorem is 

directly applicable to equation (3-8) if we assume that the kernel is non-

separable. We make the assumption purely on physical ·grounds, basing it 

on the infinite number of degrees of freedom that the field distribution 

on the aperture may possess. It follows then that we may expand any 

continuous function in the interval (-a, a) in terms of the eigenfunctions 

of the kernel of equation (3-8) which are assumed to form a complete set. 

We can define the mode content ~f a field distribution as the 

value of the coefficient multiplying the particular mode of interest in 

the series expansion of the field in terms of the eigenfunctions of the 

kernel. From physical arguments, the magnitudes of. the eigenvalues of 

equation (3-8) are all less than unity. The largest eigenvalue corres

ponds to the lowest-order mode since it will be by definition the mode 

with the iowest amplitude at the reflector edges and hence, will be 

characterized by the lowest "spill over" los.ses. It follows immediately 

that any arbitrary field distribution, initiated at the first aperture, 

yields a field distribution at the second aperture whose lowest-order 

mode content is enhanced relatively to the higher order mode contents. 

· It has been implicitly assumed that the field distribution at the first 

aperture does, in fact, have lowest-order mode content. 

If we now imagine that the field distribution at the second 

aperture is transposed to the first aperture and again calculate the 
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effect of this distribution. on the second aperture we conclude that we 

can continue to enhance the lowest order mode content of the resultant 

distribution by repeating the process several times. Physically, this 

represents the behaviour of the field distribution as the electromagnetic 

energy in the cavity travels hack and forth hctween the two infinite 

strip reflectors suffering, in each pass, the effects of the angular 

limiting device. In the limit of an infinite number of passes, the only 

mode content that will remain will be the lowest order one. 

The above <l~scription is . directly applicable to the numerical 

• 	 solution of the integral equation (3-8) and the method was first used by 

Fox and Li to solve for the low~st-order even and the lowest-order odd 

33modes of the infinite strip cavity without an angular selective deviceC ). 

We have used the same method of solution to obtain the lowest-order even 

mode of the infinite strip cavity with an angular limiting device. Any 

initial field distribution may be used. However, it is advantageous to 

start with an even field distribution since odd-mode contents are then 

excluded automatically and hence the solution will converge f·aster to the 

lowest-order even mode. 

The orthogonality relation satisfied by the modes can be used to 

advantage in seeking, · for instance, the second-lowest-order even mode. 

We have not used that relation, but it is worth while sketching the method 

to be used for higher order mode calculations. From an exact mathematical 

point of view, given an even field distribution, it is sufficient by means 

of the orthogonality relation to erase the lowest-order even mode content 

from the given field distribution and then simply proceed with the calcu

lation by iterating the resulting field distribution. However, from a 
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numerical .method's point of view, we need repeatedly to erase any lowest-

order ev·en mode content that enters from numerical inexactitude after each 

pass of the field distribution. The solution will then converge to the 

next lowest-order even mode because the resultant field distribution will 

be the even-field distribution obtained having the lowest losses, with 

the restriction that it has no lowest-order even mode content. The argu

ment can be extended to apply to higher and higher even-order mode 

solutions; but the calculations become lengthier the higher the order of 

the mode desired. The argument applies ~utatis mutandis to odd modes 

after one has obtained the lowest-order odd mod~ solution. 

Some details of the c~lculations will now be outlined. The range 

(-a, a) of the field distribution was sampled uniformly at 81 points. 
. 2 

The kernel of equation (3-8) was also evaluated at 81 = 6561 points. 

Each point on the· uniform grid · had associated with it the real and ~he 

imaginary portion of the quantity of interest. The larger the number of 

samples within the range, the larger the value of Fresnel number that can 

be covered in the calculations since the magnitude of the Fresnel number 

determines the number of periodic fluctuations of the kernel in the range 

of integration. The ultimate limitation on the sampling frequency is the 

storage capacity of the computer since io speed up the numerical calcula

tion the kernel sh6uld only be calculated once at the appropriate points 
.. 

of interest and the values obtained stored. The numerical integrations 

were carried out employing the Closed type eleven-point Newton-Cotes 

Formula eight times, thus · covering the entire range of integration 

(-a, a)C36). In thi!? type of formula the error vanishes if the function 

being integrated is a polynomial of degree not greater than .10. 
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The overall features of the solutions of the infinite strip 

cavity with an angular selective device are best presented in graphical 

form. The eigenvalues corresponding to tl1e lowest-or~cr even modes of 

th~ cavity arc particularly amenable to this type of presentation. In 

Figure (l-1) we have plotted the power loss per transit, as a function of 

the Fresnel number of the cavity for three values of the angular number. 

We define the power loss per transit by the relationship: 

Input Power - Output PowerPower loss per Transit = x 100% 
(percent) Input Power 

The Fox and Li results for an infinite strip cavity without an angular 

limiting device (angular number ~ ~) are shown for comparison. The 

corresponding phase shifts per transit have been plotted in Figure (3-2) 

in a similar manner. The Fox and Li results are again plotted for com

parison. The phase shift per transit is the phase shift in addition to 

the geometrical phase shift suffered by the field distribution and is 

hence just the phase angle of the eigenvalue of the mode ~f interest. 

The power loss per transit plot shows some interesting features 

associated with the presence of the angular selective device in the cavity. 

First of all we note that a break point in the angular number 0.566 curve 

appears at a point given approximately by formula (NA)c = ~/2 . as predicted. 

The break point for the angular number = 0.141 curve also correctly 

appears at a Fresnel number of roughly 11. The break point for the 

angular number = 2.26 would have appeared at a Fresnel number of roughly 
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Figure (3-I) 

Power Loss Per Transit of the Lowest-Order Mode of 

an Infinite Strip Resonfttor as a Function of the 

Fresnel Number for Three Values of the Angular Number 

The Fox and Li results are shown for comparison. 
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Figure (3-2) 

The Phase Shift per Transit of the Lowest-Order Mode 

of an Infinite Strip Resonator as a Function of the 

Fresnel Number for Three Values of the Angular Number 

The Fox and Li results are shown for comparison. 
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0.7, had we taken the calculations far enough to show it. Secondly, we 

see that the curve for the angular number = 2.26 coincides for all 

practical purposes wit11 that of the unrestricted cavity, for the range 

of Fresnel numbers covered in the calculations. A similar comment applies 

to the case pertaining to the corresponding phase shift per transit 

curves. This result implies that the angular selective device is not 

significantly perturbing the lowest-order even mode field distribution 

of the infinite strip cavity without an angular selective device, for 

the range of Fresnel numbers consid~ied. We s11ould bear in mind i~ 

relation to the point just mentioned that in general, to evaluate an 

eigenvalue of the integral equation (3-8) to second order of exactness, 

the field distribution corresponding to that eigenvalue need only be 

kn~wn to first order of exactness. 

As less and less ot the plane wave components, into which the 

steady state field distribution at t11e first aperture breaks up, are 

allowed to contribute to the field distribution at the second aperture 

by narrowing the acceptance angle of the angular selective device - the 

losses corresponding to the lowest-order even mode increase. This behavi

our is shown graphically in Figure (3-1). For a given Fresnel number, 

the losses increase as the angular number decreases. The phase shift per 

transit is also seen in Figure (3-2) to decrease as the angular number 

decreases. . Physically, we can explain this behaviour by c·onsic.lcring the 

limiting case: angular number +O. We see that only those plane-wave 

components in the immediate vicinity of normal emergence from the first 

aperture, contribute to the field distribution at the second aperture. 

It follows that as the angular number is made smaller and smaller, the 
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field distribution at the second aperture becomes closer and closer to 

what it would be if only a single normally incident plane wave illumina

ted that aperture; Hence, the phase shift per transit (i.e. that phase 

shift in addition to the geometrical phase shift) tends to zero. It 

also follows that the ohase shift per transit has as its origin the off~ 

axis plane waves that are allowed to contribute at the second aperture. 

Arguing further, we can state that the higher the order of the mode the 

larger is the additional phase shift per transit that it suffers on pro

pagating back and forth between the two reflectors. 

As the angular number is decreased, keeping the Fresnel number 

constant, one expects to find a tendency on the part of the lowest-order 

even mode magni tu<le to ''flatten'' ont. The value of the field magnitude 

at the edge of the reflector will increase, giving rise to higher "spill 

· over" losses. This behaviour of the eigenfunction solutions is,in general,found 

to take place. The phase of the field along the reflector short dimen

sion also tends to flatten out with decreasing angtHar number. · A "flat" 

phase front would have to be considered a desirable feature of a laser 

beam-indicating a possible use for an angular selcciive device. Figure 

(3-3) shows the behaviour outlined above for two lowest-order even 

eigenfunctions. 

The smoothness of the phase and amplitude functions of the modes 

shown in Figure (3-3) contrasts with the solutions of Fox and Li, which 

show a superimposed low amplitude ripple on both the phase and amplitude 

functions.' The- ripple can be explaiD.ed in terms of the ma_gnitude of the 

Fresnel numberC 33l. The fact that it is not present in the solutions 

shown in Figure (3-3) is due to the presence of the angular selective 

http:explaiD.ed


Figure (3-3) 

The Amplitude and Phase of the Lowest Order Even 

Mode of an Infinite Strip Cavity for Angular Numbers 

of 0.141 and 2.26 
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device which "filters out" the high-frcciuency field variations. The 

ripple would eventually appear for an angular number lnrgc cnour,h to let 

through the off-axis plane-wave packets needed to account for the 

fluctuations. 

The behaviour for infinite angular number of the solutions of 

the integral equation governing the steady state field distribution in 

an infinite strip cavity has been discussed by Fox and Li. The hchaviour 

for constant angular number, of the solutions is essentially the same and 

will not be discussed here. 

~e have indicated earlier that the numbcrical method process of 

starting with an aperture restricted plane wave field distribution and 

iterating it by calculating the resultant field distribution at the 

second aperture and then repeating the process several times, corresponds, 

physically, to launching a plane wave excitation into the equivalent 

cavity and letting diffraction continually reshape the field distribution 

until a steady state field distribution is obtained. There is no a priori 

reason to believe that the aperture-restri~ted plane wave does not contain 

to some extent all the even-order modes. In particular, it should have 

1 a fair amount (greater than TO of the lowest-order even mode content) 

of second-order even mode content. As the iterative procedure is carried 

to its limit, the last surviving mode contents in the transient field 

distributions, to all ·intents and purposes, will be the lowest-order 

cve'n and the second-order even modes, with the second-order even mode 

content decreasing rapidly relative to the lowest-order mode content. 

If, instead of launching a plane-wave field distribution, we chose to 

launch the field distribution having only the lowest-order even and 
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second-order even mo<le contents in the same proportions as tl1e equivalent 

plane-wave contents, the solution would converge to a given degree of 

accuracy in the same number of i!erations as the plane-wave initiate<l 

solution. \\le emphasize that the above result docs not follow in general 

and is a fact established through ohservation of the convcrr,cncc of the 

solutions. This point will become clearer below. 

It fol lows from the above arguments that the numher of i tcratj ons 

required to determine the eigenvalue of the lowest-order even mo<le to a 

prescribed degree of accuracy, starting from a plane wave, is a measure 

of the relative magnitudes of the eigPnv~lues corresponding to the 

lowest-order even and second-order even eigenfunctions. If, for a 

n~rticular cavity configuration and cavity angular number, the solution 

converges more rapidly than it does for thP. same cavity configuration 

and different cavity ·angular number, we can say that the ratio, I ~~ I· 
of the eigenvalue magnitudes of the two lowest-order even mo<les in the 

former case is greater than that in the latter case. This is the same 

as saving that the ,ratio of the diffraction losses, with the angle limiting 

device, of the second order even mode to the lowest order even mode is 

greater in the former case than in the latter. The former cavity configura

tion offers increased mode selection properties over the latter. 

A plot of the number of transits required to determine the 

lowest-order even eigenvalue magnitude to a particular and sufficiently 

- starting. fine degree of accuracy (± 
1-) . f rom an aoerture restr1ctc. d 

105 

plane wave field distribution, is shown in Figure (3-4). The plot can 

be used to give a relative ide~ of the high order mode rejection properties 

of cavity configurations under comparison. When used together with the 



Figure (3-4) 

The Number of Transits ~equired for an Aperture Limited 

Plane Wave to Converge to the Lowest Order Even Mode for 

an Infinite Strip Cavity as a Function of the Fresnel 

Number for Angular Numbers of 2.26, 0.565 and 0.141 

I 
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power loss per transit plot, a hanoy medium of halancing lowest order 

mode losses agaiHst rno<lc rcicction properties can he attained. It 

appears that, if one can tolerate a certain loss, the best mo<lc rejection 

is obtained by <lccreasing the angular number and increasing the Fresnel 

number commensurate with the allowahlc losses as much as nractically 

possible. It should be pointed out that, i<leal ly, if the losses of al 1 

the modes were available, the number-of-transits-to-converge plot would 

be superfluous. 

We can show the behaviour of the converging solutions graphically 

by plotting the power ratio: 

Power Input 

Power Output 

as a function of the number of passes. In Figure (3-5) we show three 

plots of this quantity each for a Fresnel number of 6.25. As the angular 

number decreases, the convergence becomes more rapid. For the largest 

angular number it is seen that the power ratio at first oscillates irrcgu

larly, gradually going into a damped sinusoid about 1.0069. The initial 

irregular behaviour is associated with the presence of several modes in 

t1e} transient· 1eId cl.1str1·but1ons· C As diffraction takes its toll ofr· · 33l . 

the higher order modes only two modes, having the 16west losses, remain. 

These give rise to tl1e damped sinusoid. The phase shifts per transit 

of the two modes, being different, periodically concentrate to a certain 

extent the net field distribution on and off the second aperture, giving 

rise to fluctuating diffraction losses. The second-lowest-order even 

mode has higher losses than the lowest-order mode, resulting in the 



Figure (3-5) 

Power Ratio as a Function of the Number of Passes 

The power input divided by the power output is 

plotted as a function of the number of passes, starting from 

a plane wave. The Fresnel number is 6.65 in each of the 

three cases correspondi~g to angular numbers11of 2.26, 0.565 

and 0.141. 
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damp~ng wh~ch, in this case, will be almost exponential. As the angular 

number is decreased to 0.565, the second-lowest-order even mode damps 

out much more rapidly relative to the lowest-order mode and conver,gence 

is thus approached faster. The higher order ~odes, needless to say, 

damp out even sooner. For the smallest angular number considered, the 

limit IA 1 12 is approached even ~or~ rapidly. A similar behaviour is 
0 

observed for other values of the Fresnel number. 

In summary, we have shown that an angular selective device, 

which restricts sor.1c of the plane wave c·omponents of a_ propagating field 

distribution in a cavity from contributing to the field distribution at 

the secon<l reflector, is capable of mode selecting. Th~ purpose of a 

mode selecting device is to leave essentially u~perturbed tl1e lowest-

order mode of the cavity without a mode selecting device, while increasing 

the losses of all : the . other modes. For an ap~ropriately·adjusted angular 

number, the lowest-order even mode will bear a close resemblance to the 

lowest-or<ler even mode for infin~te angular number and the same Fresnel 

number. The other equivalent modes, however, will be quite different 

for the two cases. 

Mode selection is an important aspect of laser cavity design. 

Several methods of realizing an angular selecting device are available. 

The simplest consists of two lenses and a pin-hole. Another such device 

is the Lummer Gehrcke plate. The operation of the plate will be 

explained at a later stage in this Thesis in connection with its capacity 

to inctease ·the a~parent switching speed of a _rotating prism Q~switch. 



ClfAPTEH 4 

EXPERIMENTAL APPARATUS AND PROCEDURE 

4.1 Introduction: 

This Chanter will deal with the details of the experimental 

apparatus employed during the course of this work to observe those 

aspects of a Q-switched laser system of direct interest to us here. The 

method of extracting meaningful physical data from the system will be 

clarified. In relation to the first instance, the general features of a 

Q-switched laser system as well as the role of supporting equipment will 

be ·described. A detailed characterization of the various individual 

components of the particula-r system used will follow, and some of the 

design considerations involved in the realization of an efficient Q

spoile<l la~cr system will be presented. In the second instance, the 

specific experimental methods used to extract information ahout the 

system behaviour relevant to this Thesis will be outlined in detail. The 

type of measurements · required for. the comparison of theoretical pre<lictiens 

with experimental results will show the necessity of having a versatile 

laser system on wh~ch to undertake those measu!ements. It is this 

requirement that rules out as impractical the "off-the-shelf" commercially 

available units. 
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4·. 2 Exper'imenfal Apparatus: 

4. 2-1 The Q-S\~i tched Laser System-

A schem~tic diagram of a Q-switched laser with subsidiary equip

ment for observation ofthe_time evolution of the giant pulse, as well as 

its energy content, is shown in Figure (4-1). A photograph of the system 

is shown for reference in Figure (4-2). The laser itself consists ~f 

two plane parallel reflectors between which is placed a material capable 

of providing gain at some optical frequency. The laser mat~rial is 

usually shaped in the form of a long cylinder with optically.polished 

ends. The ends, in the case when the cavity is formed by external 

JI1irr9rs, .rnay _be plane .parallel and normal to the axis of the rod. It is 

then advantageous to have anti-reflection end coatings. Brewster angle 

ends can alternately be used, in which case .the component transverse 

vibrations of the electromagnetic field.in the plane of incidence are 

transmitted through the interface without reflection loss -- for a beam 

propagati6n vector parallcil to the rod axis. Brewster angle ends may 

thus serve in lieu of antireflection coatings. 

The cavity formed by the output reflector and the Porro p~ism 

has as its purpose the providing of sufficient optical feedback to form, 

together with the laser ma~rial amplifier, a laser oscillator. The Q 

-· 	 of the. cavit~an_he _switched, periodically, by rota tjng__the Porro prism 

(Section 4.2-2) at a uniform rate. It is only when the Porro prism is 

aligned parallel to the output reflector to within a rather narrow toler

ance angle, that gain in the excited l aser crystal can overcorn~ ·inherent 

cavity losses. Lasing can occu-r, then, only within a very small fraction 

of the time required for the rotor to complete a full. revolution. 

http:field.in


. Figure (4-1) 

Schematic of the Giant Pulse Laser System 

1. Energy Detecting Thermopile head 

2. Back-Biased Light Sensitive Diode 

3 . Diode Load 

4. . Diode Power Source 

s. Osei l loscope 

6. Microvoftmeter 


7~ Capacitor Bank Power Supply 


8. Synchronizing Unit 

9. Fire Button 

10. Pick-up Coil 

11. Porro Prism 

12. Xenon Flashlamp 

13. UV Reflection Filter 

14. Cooling Fan 

15. Nd+3-in-glass Laser Rod 

16. Output Reflector 
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. Figure (4-2) 

Photograph of the System 
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Excitation of the laser rod itself is accomplished hy optically 

pumping it with the ai<l of a pulsed linear flashlamp, located along 

one focus of an elliptical housing (Section 4.2-5) which l1as highly 

polishe<l inner metal surfaces acting as reflectors. The rod is located 

along the other focus of this elliptical housing, assuring good coupling 

for optical excitation transfer from the flashlamp to the rod. 

The flashlamp is driven hy a capacitor-bank power-supply (Section 

4.2-5), and is triggered by a high-voltage ionizing pulse from a trigger 

coil. In practice, the duration of the pumping pulse from the flashlamp 

is much longer than the time interv~l during which the Q of the cavity 

is high enough to allow oscillation of the system. The pump will 

establish a laser level population inversion which grows to a maximum at 

some time during the pumping pulse, and it is desirable that the Q of 

the cavity be switched at a time when this population inversion is a maxi

mum. The requirement is, therefore, that the rotor shall bring the Porro 

urism into alignment with the output reflector at the appropriate time 

during the flashtube cycle. This state of affairs is accomplished by 

synchronizing the rotor to the power supply. The rotor position, under 
. 

steady state conditions, is determined by the phase of an AC signal from 

the pickup coil located in the rotor housing. This information is used 

by the synchronizihg unit (Section 4.2-7) to trigger the flashlamp, 

through the power supply, in such a way that the Porro prism comes into 

alignment -when maximum inversion in the crystal has hecn established by 

the pump. The laser is fired by activating the synchronization unit 

which in turn triggers the flashlamp at the appropriate time. 

The phase of the AC signal may be varied coarsely with respect 
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to the Porro prism orientation by rotating the pickup coil with respect 

to the rotor housing. It is thus possible to synchronize the rotor to 

the flashlamp pulse in spi t _c of the varied range of conditions that can 

arise in practice. Fine phase control is accomplished electronically 

within the synchronization unit proper. 

The output pulse from the laser is monitored in two ways. In 

--· ·-- t-he---f-irst--()f these, ,-tft-e-energy cOfl-t-ent- -of- the--pulse is -converted into 

heat at the input cone o~ the energy monitoring thermopile (Section 4.2-6) 

thus raising its ~emperature. The cone has a long tape! making its 

aperture appear like .a black -body to an incident beam. Identical refere

nee and input cones absorb roughly the same amount of non-collimated 

radiation. The maximum temperature differertce reached by the two cones 

-- ---is -then proportional to the -energy content of the pulse. .The tempera

· turc difference is measured by means of a thermopile .-- the '"hot" 

junctions b~ing those attached to the input cone and the "cold" those 

attached to the reference cone. The maximum voltage generated by the 

thermopile is monitored by a DC rnicrovoltmeter and is associated, by 

- cal-ibration of the device ,- -with the joule -content of the laser pulse. 

A small pin-hole, bored through the end of the input cone, provides a 

means of extracting a minute fraction of the power of the pulse which is 

then collected at the surface of a fast response photodiode. The output 

of the photodiode is coupled to an oscilloscope (Tektronix 555) and thus 

-- --provides a means of observing the .time development of the giant pulse. 

Some · subsidi~ry ~quipment, not shown in Figure (4~1) completes 

the laser system. This subsidiary equipment consists of a high-resolu

tion autocolli~ator which may be used to measure the degree of parallelism 
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of a surfate's unit normal with respect to the optic axis of the auto

collimator. A transit-type optical telescope, with the capability of 

focusing on close lyirig planes, also forms part of the system. These 

optical tools may be used, in conjunction, to align the optics of the 

laser system. 

4. 2-2 Rotating_ Prism Laser Q-Spoiler-

The Q-spoiling was accomplished ·with the aid of a Beckman and 

hbitley Model 402 rotating-prism laser Q-spoiler. The device is driven 

by compressed air. The maximum app1icable ·drive pressure is 80 psi 

resulting in a turbine rotational rate of 1500 rps. The device accommo

dates 5/8'' maximum diameter laser beams. To eliminate critical alignment 

problems, the device employs a Porro prism, rotated about an axis parallel 

to the prism hypotenuse and perpendicular to the prism roof edge. 
. . . . 

Synchronization of the Q-spoiler with the flashlamp pumping pulse is 

accomplished through the signal coming from a built-in pickup coil ' in 

the turbine housing. The signal frequency is a direct measure of the 

prism rotational rate. Its phase with respect to the prism position is 

continuously variable through .360° by rotating the pickup coii with 

respect to the rotor housing. The prism roof edge width is less than 

0.1 mm and the prism roof .angle tolerance is better than 1 minute of arc. 

The manufacturer claims light losses for the device at least five 

times less than those incurred with Kerr cell Q-spoilers. The Porro 

p.rism re.sul ts in cavity lengths which are effectively about twice those 

which would result if an ordinary mirror were mounted on the rotor 

turbine. 
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---~-+he ---upper-bound_ orLthe rotational _rate of the device results from 

tensiie sir~ngth limitations of the.materials used in its construction. 

The lower bound of s9 cps, achieved by us, is mainly limited by jitter 

in the syrichronization between the rotor and the flashlamp pump pulse. · 

Also, at lower switching speeds, the percent random fluctuations in the 

rotational rate of the device are larger than they are at higher speeds. 

At low switching speeds, there is some difficulty involved in setting 

-
the phase of the signal from the pickup coil for correct synchronization. 

It is not difficult to understand the reason for this if one considers 

that ·-the optimum time for Q-sWitching OUT laser last.s at best 0 .1 milli

seconds . . At SO cp~, 0.1 msec~ -corresponds to an angle sweep of 1.8 

_deg~e~s· .___]h~ phase must therefore be set to within l. 8 degrees. The 

scale monitoring the position of the pickup coil is readable to 1% or 

3.6 degrees. 

A Hewlett Packard digital frequency counter was ~ied in the 

"Period" mode to measure the time · required by the rotor to complete a 

revolution. This procedure yields a periodically sampled "instantaneous" 

rotor rotation~! rate. Since the stability of ·the rotational rate was 

thus readily monitored, it was. possible to keep the long term rotational 

rate of the Q-spoiler within toler~nce. 

The laser rods used for the experimental work of this Thesis 

were Type ND-11 as supp.lied by the Eastman Kodak Company. The doping of 

all the rods was nominally 3% by weight Nd2o in EK iilicate glass. The3 

relatively long lifetime of the metastable ~F312 state of Nd+3 in this 

host material makes it particularly useful in Q-spoiling applications and 



80 

is recommended in this regard by the Eastman Ko<lak Company. The meta

3stable lifetime of Nd+ in silicate glass ~s 360 microseconds at room 

temperature as compared with the 51 microsecond lifetime of tl1e Nd +3 ion 

in borate-base rare earth optical glass - a laser material manufactured 

by the same company. 

A large majority of the experimental results were obtained using 

3" .x 1/4" rods with plane parallel ends normal to the rod axis. The 

rods were supplied by the manufacturer with antircflcction coatings on 

both ends peaked for 1.06 l.I operation. One 3" x 1/4" ro<l was purchased 

with Brewster angle ends and some fluorescence observations were made 

employing it. 

AKodak quotes end-flatness better than IO and end-parallelism 

better than 6 seconds of arc for its glass laser rods. In order to 

evaluate the tolerances, note that a 1/4'' apert~re has a diffraction 

limit of approximately 30 sec·onds of arc and that IOA in 1/4" corresponds 

to about 3 seconds of arc of "roughness". Thus the end faces arc to all 

intents and purposes optically perfect, since the quoted tolerances are 

well within the diffraction limit of the 1/4" aperture used. Homogeneity 

of the glass laser roc.5as checked by us with the aid of a He-Ne laser, 

appears to be excellent -- a fact that is not surprising since optical 

3quality glass is being employed as the host material for the Nd+ ions. 

It might seem that accurate measurements of the parallelism of two sur

faces are limited by the diffraction limit of the smaller of the two 

surfaces. However, one may use large-diameter optical flats placed in 

intimate contact with the surfaces being measured and so avoid the 

limitations placed on the parallelism measurement by Rayleigh~s criterion. 
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4.2-4 2rtical ~loui:.its_-

That part of the system comprising the laser head, the rotating 

prism Q-switch, the output reflector mount and the high resolution auto

collimator as well as the energy monitoring hea<l was mounted on a 2.5 m 

lathe bed. The rigidity of the lathe bed resulted in a relatively 

vibration-free optical cavity. 

The mount for the Q-swi tch was a l '' thick plate made of mild 

steel which could be pulled firmly onto the two horizontal flat rails of 

the lathe bed hy means of a crossbar and bolt assembly. Vertical height 

adjustment of the Q-switch,which is desirable, was made possible by 

mounting a machinist's slide onto the plate and bolting the Q-switch 

firmly on the carrier of the slide. Vertical positioning of the Q-switch 

to 1/1000" could thus be accomplished without difficulty. The mount of 

the Lummcr Gehrcke device was similarly constructed. In the latter case, 

however, an aluminum plate wis horizontally mounted on the carrier of a 

machinist's slide. Three adj~sting screws, symmetrically located and 

passing through the plate, (each having been provided with a ball-end), 

fitted onto V-cut strips on the Lurnmer Gehrcke device, thus giving the 

necessary freedom to control the attitude of the device. 

Lateral attitude was accomplished in both cases by appropriately 

orienting the mild steel base of the mounts with respect to the lathe 

bed. This adjustment was undertaken with the aid of an optical alignment 

telescope and autocollimator. Precision alignment of the Lurnmer Gehrcke 

device and the Q-switch rotor with resp~ct to the axis of the cavity was 

thus made possible. 

The reflector mount was of k~nematic design. A vertical holder 



82 

mounted on a steel base plate, similar to those already described, 

coupled a plate to the lathe bed. The plate itself coul<l he slid 

vertically on the hol<lcr and secured to it at will. Another plate, to 

which a reflector could be attached, had three screws passing normally 

through it. The screws formed the vertices of a right angle triangle. 

One of the screws had a ball end--the other two had fine point ends. 

The ball en<l sc~cw rested against the plate held hy the holder, while 

one of the point-end screws rested in a V-cut groove on the holder plate. 

The point end of the last screw rested in a conical i<lentation of the 

holder plate. Two strong springs, within the triangle formed by the 

three screws, were mounted in such a way that the two plates were always 

l1cld in contact through the screws by pressure from the springs. The 

V-cut groove w~s oriented to prevent rotation of the actual mirror mount 

about the conical indentation. This design gives reflector tilt about 

two independent axes. The three inch closest-neighbour separation of 
. 

the screws together with their fine thread allowed accurate control of 

the reflector tilt. In practice, and wit~ some care, it was possible to 

set angles to within one second of arc. 

The autocollimator was placed on a rigid platform located at one . 

end of the lathe bed. The platform's height relative to the lathe bed 

was adjustable. Precision height and lateral adjustment was not 

required because the exit pupil of the autocollimator was 5 cm in diameter. 

The autocollimator's tilt attitude could he controlled precisely using 

the three support screws provided on the instrument for that purpose. 

The laser head was bolted. to a plate which in turn was held 

·securely to the lathe bed by a cross-bar and bolt assembly. All 
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adjustments were made with respect to t11c laser crystal axis and so only 

lateral translation and rotation of the laser head with respect to the . 

lathe bed needed to be controlled to align the laser crystal axis, 

initially and appropriately, with respect to the lathe bed. No height 

adjustment was necessary and adequately machined laser head parts 

assured that the laser crystal was horizontal, within necessary tolerance, 

to the lathe bed rails. 

The energy meter optical-head was placed on a bellows type mount 

whose height could be readily adjusted. 

4.2-5 Laser Ilead and Power Supl?.!L:_ 

The laser head used to optically pump the laser crystal was of 

the elliptic type. A pumping system must he capable of coupling light 

from the pump source to the laser crystal as efficiently as possible. 

The elliptical cylinder type-of laser head, when used in conjunction 

with a linear flashlamp, constitutes such a system. If the laser crystal 

is supported along one focus of the ellip~e and the flashlamp along the 

other, a degree of concentration of the light emanating from the flash

lamp on the crystal is realized. That degree is strongly dependent on 

the quality of the reflectors forming the closed elliptical cylinder and 

on the geometry of the ellipse. The present trend is to have the crystal 

and the flashlamp close together in an appropriate elliptical cavity. 

Two partial sections of an elliptical cylinder are very often used to 

form a symmetrical three-focus system with the crystal located between 

two linear flash lamps. The ellipse in the present case had the following 

dimensions: 
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Major Axis 5" 

Minor Axis 4 1/2" 

Distance Between Foci 2 1/8" 

Using the calculations of Schuldt and Aagard(40l, which assume 

a Lambert's Law pump and define the efficiency of the system in terms of 

~he-Telative percentage of rays which travel from the ~ource to the laser 

crystal and reach there--suffering no more than one reflect~on by the 

cylinder--one obtains an effici~ncy of 50% for the above geom~try. 

_____ _ The flash lamp used _as the pump source was a Edgerton, Gcrmeshausen 

and Grier FX-42 linear xenon flashtube. It was excited by a GNB Model 

20-002 power supply and capacitor bank. This unit is composed of 8 

separate capacitor units, each capable of storing 250 joules of energy 

at 2200 volts: This being the maximum rated voltag~ o~ the ~ower supply 

At the o.ther extreme the minimum output energy obtainable is 62. 5 joules ~ 

at 1100 volt~. The individual capacitor units are easily connected in 

parallel to cover .this output energy range of 62.5 - 2000 joules. 

_The .stored energy is controlled by the controller module in the 

GNB unit. The flashtube easily supports a potential difference of 2200 

volts across its terminals until a ·20,000 volt t~igger pulse is supplied 

to a · coarse 1/2 inch conducting .grid surrounding the flash tube. The 

· trigger· pulse ionizes the xenon in the flashtube, resulting in a main 

-- ~reakdown of the gas by the energy stored in the capacitor banks. This 

energy is. converted into useful l_ight output as wel 1 as into hea~. Part 

of the role of the controller module can now be appr~ciated; it can 

control the trigger pulse in any of- three ways, namely: 
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(1) Manually 

(2) Automatically with a perio<l ranging from 
0.01 sec. to 100 sec. 

(3) By an external +10 volt pulse into 4000 ohms. 

The controller module also sets the energy stored in the capacitor to 

the value required by a manually adjustable control which is of the on-

off type. To offset the acc~racy limitations of such a control, we 

incorporated an error monitoring meter into the power supply, which 

allowed for 1:1000 energy reset-ability ~rorn firing to firing. We note 

that the average output power of the GNB unit may not exceed the rated 

linear charging rate of 200 joules per second. The pulse from the 

thyratron that generates the flashtube trigger pulse via a pulse trans

former, is .also used to generate a +2 volt pulse from · 100 ohms which is 

useful for external synchronization purposes. 

The energy module is used to generate a linear charging rate of 

200 joules per second until a predetermined voltage across the capacitor 

banks is reached. This voltage is controlled from the panel of the 

controller module. A pointer and scale on that module is calibrated to 

read directly in joules. The scales may be interchanged with one of 

several others which are available in order to allow direct energy set

tings to be made for different capacitor bank interconnections. 

An inductance module is provided consisting of two 800 miilihenry 

coils each tapped at 100, 200, and 400 millihenries. This permits inter

connecti6ns to be made between the chokes and the capacitor banks in order, 

for instance, to give the resulting circuit current limitingproperties, or to 

simulate the discharge from a transmission line and so approach a 
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rectangular shaped light output pulse from the flashtube. In general, 

only the current limiting aspects of a single choke (200 millihenry) in 

series with the flashtube were exploited in this Thesis work. 

4.2-6 Dctectors-

Three different types of detectors were essentially used in 

pe~forming the experimental measurements. The first of these was an 

energy detector, while the second and third were a fast response solid 

state photodio<le and photomultiplier respectively. 

The energy detector (TRG Model 102) consists of a ballistic 

thermopile which measures the temperature rise of a nickel-plated silver 

input-cone resulting from absorbed incident radiation, with respect to 

the temperature rise of a second identical reference cone. The input 

cone receives the laser beam together with non-~ollimated background 

radiation, while the reference cone receives only the non-collimated 

background. The thermopile consists of ten series-connected iron

constant thermocouples. Radiant energy, which is directed into the 

aperture of the input cone, is almost totally absorbed due to the 

Mendenhall wedge effect. The temperature rise of the input cone with 

respect to the reference cone causes an emf to be generated in the thermo

pile, which can be monitored by an externally-connected microvoltmeter~ 

The peak emf measured is linearly related by a known calibration factor 

(206 µv/joule) to the total input energy, as long as that energy is 

incident on the input cone in a time short compared to the response time 

of the instrument c~10 seconds). 
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The r:idiant power of the l:iscr hcam is monitore<l by a fast 

response (rise time = 4 nscc.) photo<lio<le located in an enclosure 

immediately behind the input-cone. A small pin-hole at the vertex of 

the input-cone allows a small fraction of the power in the beam to be 

incident on the photosensitive area of the diode detector. The diode is 

backbiascd with a 90 volt battery across whose terminals is connected a 

0.1 µ farad capacitor. The capacitor serves to maintain the bias 

voltage when current is drawn by the p11oto<liodc and also recluces external 

transients from the signal picked up by the battery-leads. The photo

diode is loaded by a 200 ohm resistor and it is across this resistor that 

a voltage sig~al, proportional to the laser beam incident power, is 

monitored by a Tektronix SSS oscilloscope. The connection between the 

oscilloscope and the photodio<l~ is made using 100 ohm coaxial cable, 

terminated at the input of the vertical amplifier of the oscilloscope 

with a 100 ohm load. This procedure ensures a fast response time for 

the system free from degrading capacity-loading effects. The system 

comprising the photodiode circuitry and the oscilloscope was estimated 

to have an impulse response time of roughly 20 nanoseconds. 

From the point of view of Q-spoiled pulse detection, noise 

considerations take a secondary place to r~sponse time. This is, of 

course, due to the strength of the signals being detected. 

In order to make observations on the fluorescent 1.06µ 

4r ~ 4 1 transition of Nd+3 , a Dumont 6911-Sl photomultiplier
312 1112 

tube was used in conjunction with a grating spectrograph. The circuit 

for the photomultiplier was designed using the relevant principles outlined 

in reference 41. The S-1 photocathode response is the only response 
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characteristic commercially available in photomultiplier tubes which 

is satisfactory in the lp region of the electromagnetic spectrum. Lvcn 

so, at l.06lJ the quantum efficiency is down to 0.04% corresponding to a 

photocathode sensitivity of 0.004 amperes/watt. The only alternate 

choice to the S-1 photomultiplier at lµ is a silicon photodiodc or a 

Riese p-i-n junction photodiodc(42). The availability of the S-1 photo

multiplier forced the choice in this instanc~. 

The photomultiplier circuitry was designed to provide a 0.5pscc. 

response time. A faster response time would have been desirable and 

could have been obtained by cooling the photomultiplier tube to 77°K. 

The response ~ime was limited by the necessity of minimizing the noise

ban<lwidth. The limited response time of the photomultiplier and associated 

circuit simply puts an upper limit on the speed of the transients of the 

signal being detected which can be observed. To be more specific: If 

one observes fluorescence from a laser rod in a narrow frequency range 

and then, by some means or other, is able to burn a hole in the fluores

cent line, the equilibrium line shape will be restored after a certain 

time. If the time required for this process to take place is shorter 

than the detector response time, the hole burning will not be detected. 

4.2-7 The Synchronization Unit-

A schematic diagram of the synchronization unit is shown in 

Figure (4-3). The sinusoidal signal from the pickup coil of the rotor 

Q-switch is clipped symmetrically and then amplified. This procedure 

assures that faster rise-times than would be obtained with a sinusoidal signal 

will characterize the resultant waveform. Fast rise-times at the input of the 
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Schematic of the Synchronization Unit 

1. Input Signal from Pick-up Coil 

2. Symmetric Clipper 

3. Amplifier 

4. Schmitt Trigger Circuit 

s. Differentiator and Clipper 

6. Monostable Multivibrator 

7. Differentiator and Clipper 

8. Connecting Circuit 

9. Delay Control 

10. Fire Button 

11. Output · Synchronizing Pulse 

12. Binary 
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~chmitt trigger circuit r~sult in a rectangµlar waveform output from 


that circuit with less phase jitter than would be obtained with a 


sinusoidal input signal. 


The rectangular waveform output of the Schmitt trigger circuit 

is differentiated and clipped to allow only the positive going spikes 

to arrive at the monostable multi~ibrator input. The spikes trigger the 

- -·monortable ,multivibrator -·thus -changing-·its ~state. · 'fhat -,, state -lives for 

a time determined by the ~C time-constant of the multivibrator. Control 

of the RC time-constant of the device allows one to obt~in a delayed 

- -signal. ··- Thus, -t}\e spike train output from the differentiator and clipper 

following the multivibrator is delayed by a controllable time interval 

with respect to the spike train output of -the first differentiator and 

· ---dipper. By making contact-with the --aid of the -control release switch
. 

between the terminals from the second differentiator and clipper and 

those of the _binary, one _is able to obtain a change in state of the 

binary. The switching action initiated in the binary by the pulse just 

following the contact instant, gives rise to that change of state. The 

result is -a step output from the binary which is used to -automatically 

trigger the power supply. The circuit is readied for the next laser 

pulsing cycle on reversing the state of the binary by means of a switch. 

· The synchronization unit we have described is capable of providing 

a trigger pulse whose phase can be varied within a certain range (O.Smsec) 

--- -with respect to a reference sinusoidal signal. . The 0. S msec electronic 

. 0
phase control · proved to be adequate ·in practice·. A maximum. 360 phase 

control could be obtained mechanically by rotating the pickup coil in its 

mounting on the Q-switch housing. The electronic phase control could then 

be used as a trimmer. 



91 


4.2-8 The I.ummer-Gchrckc Pl<itc

32 )A mo<li ficat ion of the Lummcr Cchrcke interferometer C results 

in an optical device useful as a one-dimension<ll angle-limiting filter. 

The device is available commercially from TRG Inc. under the name Daly

Sims accessory. It m<lkcs use of the phenomenon of total internal 

reflection in a multiple-reflection plane-parallel optical plate. 

To understand the operation of the Lummer Gehrcke plate as an 

angular limiting filter, we consider a beam of monochromatic light pro

pagating within a plane-parallel non-absorl>ing plate with a given angle 

of propagation measured with respect to the unit normal of the plate. 

We further limit our discussion to a plate whose thickness is large 

compared to the width of the beam being considered. This restriction 

allows us to neglect the cf~ects of vignetting on the plane-wave com

ponents of the beam after it is ~llowed to exit from the interior of 

the plate. Those plane~wave components of the beam, whose angles of 

inci<lcnce are greater than the critical angle of the medium in which the 

plane-waves are propagating, will be totally internally reflected. In 

contrast, those plane-wave components whose angles of incidence arc 

smaller than the critical angle will, in part, be refracted at the 

boundary and, in part, be reflected. The net result is that such reflected 

plane-waves have suffered attenuation. After a large number of passes 

the angular content of the beam will essentially be th~ same as the 

angular content before the first reflection--except that now the angular 

content is truncated on one side by the loss mechanism described. 

A schematic of the Daly-Sims accessory is shown in Figure (4-4). 

The diagram shows the way in which the ideas just outlined are implemented 
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Figure (4-4) 

Schematic of Daly-Sims Accessory 

1. Field Control 

2. Axis of Rotation of the Plates 

3. Brewster Angle Multireflection Plates. 
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to yield a practical device. The arrangement shown in the r1gurc has 

the a<lvantage of having the entrance an<l exit pupils on line. The 

Brewster angle ends allow those plane-wave components, polarized with 

the electric vector in the plane of incidence, to cross the houndaries 

without suffering a reflection. 1~c angular field of acceptance can be 

varied by simultaneously rotating the two component plates about the 

axes shown in Figure (4-4). In the device proper an arbitrary scale is 

provided to allow the monitoring of the field of acceptance of the 

device. 

To gain an idea of the sharpness of the cut off of the device 

it is perhaps useful to quote the results of some of our calculations 

on a 12-reflection plate made from a medium of index of refraction 

n = 1.46. The calculations.assume a plane-wave polarized in the plane 

of incidence and are based on the Presnel formulaJ 32), and the law of 

refraction. The restriction on the polarization takes account of the 

fact that when the device is placed inside a laser cavity, the losses 

for the two linearly independent polarization~ are different. Due to 

the Brewster angle windows of the plate, the losses for those plane-

waves polarized in the plane of incidence arc the ~mallcst, and hence 

the output beam will be polarized accordingly. For small deviations 

from the critical angle, 9 , given by ~ > 0 we can easily arrive at the 
c 

formula: 

2 

1 k
(1 - ) }.li7 
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where R is the reflectivity for one reflection and n is the index of 

3refraction of the plate. For a 12-pass plate with n = 1.46 and d = 10

12 3radians= 3.4 minutes, R = 0.01. For the same plate ·with d = 0.5 x 10

radians, R = 0.04. These figures, applitable to this Daly-Sims accessory, 

give an idea of the sharpness of the cut-off of the device for plane-waves 

incident at angles smaller than the critical angle. 

As long as the main lobes of the plane-~ave components of a given 

beam fall within the band-pass of the device, the beam will propagate 

through the device ~ssentially unattenuated. To be more .specific, we 

focus our attention on .the lowest order transverse mode of the cavity in 

whi~h the device is assumed to be located. The lowest order mode has its 

main angular lobe symmctJ:"ically located about the axis of the cavity. We 

further assume that the angular width of the main lobe is narrow enough to 

be allowed to propagate through the device essentially unattenuated. The 

device then has no apparent effect on that cavity mode. Assume now that 

the previously well-aligned cavity has one of its reflectors tilted with 

respect to the other. The lowest-order mode of the new configuration, if 

it exists, can be considered to be made up from a mixture of modes of the 

unperturbed cavity. Some of these component modes which normally would 

give rise only to extra diffraction losses are now also attenuated by the 

device ~ince tl1ey will fall outside its bandpass. Bearing this picture in 

mind it is not difficult to understand that the losses associated with 

the misaligned cav!ty containing the device will be higher than the losses 

for the misaligned cavity without the 9evicc. On the other hand, for the 

case of the aligned cavity with and without the <levicc, the losses can, 

tinder certain circumstances, be ma4e approximately equal. 
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One of the uses of the Lwnmer Geh:r:ckc plate js to increase the 

effective S\vitching speed of a rotating reflector ()-switch. The effective 

switching speed may be increased hy narrowing the loss vs angul;ir-misnUgn

mcnt function of the cavity. This narrowing may he accomplishc<l hy intro

c.lucing the Lummcr Gchrckc device into the cavity. The largest increase in 

effective switching speed is obtained when the angular bandpass of the 

device is a<ljustcc.l to the minimum value that results in essentially 

identical losses for the aligned cavity witl1 and without the device. 

4.2-9 Reflectors: 

The cavity in a laser system is formed by two reflectors. In Q

spoiling applications these are usually plane parallel. If Q-spoiling is 

accomplished using a rotating totally internally reflecting prism, one of 

the reflectors forming the cavity is the prism itself, the other one being 

the output reflector. 

The output reflector can be made from a metallic thin film 

deposited by vacuum-evaporation techniques on a dielectric substrate, such 

as fused quartz or glass polished to optical tolerances. This type of 

reflector is highly unsuitable for Q-spoiling applications since it may 

become irreparably damaged fiftcr a single operation of the laser in the 

giant pulse mode. 

Multiple dielectric coated optical flats provide a much more satis

factory answer to the search for a suitable output reflector. It has been 

observed experimentally by us that they may become damaged by the output 

giant pulse of the laser for output pulse power densities of the order of 

0.3 joules in 25 nanoseconds over a 0.05 in2 area. 



96 

J')y far the most suitable tyre or reflector for n-s;10i led opcr~1tjon 

is of the resonant type. This type of reflector hos ~ wavclcngth-cl cpcn<lcnt 

reflectivity. ror normal inci<lencc an n platelet rcsonnnt reflector 

formed from a medium of index of refraction n has rcflcctivjty n given hy: 

R = [ ( n) :-1 ] 2 
(n) +l 

at optimum resonance. The dcrivat ion of the formula fol 10\,'S from the 

Fresnel lawsC 32J. 

For a three platelet resonant reflector ma<le from sapphire 

(n = 1.76) R = 87%. The separation and thickness of the platelets arc 

such that the spacing between the resonant electromagnetic wavelengths is 

1 cm-l. Since the fluo;escent line width of Nd+ 3 in glass for the 

4 4 1. r + 1 transition is about 300 cm- at toom temperature, we see
312 1112 

that there are many resonant wavelengths within the fluorescent line wi<lth 

for which the reflectivity is high. 

Most of the experiments were performed using dielectric reflectors 

of eitl1cr 50% or 80% reflectivity~ An 87% resonant reflector was available 

but was not used except in making some energy utilization measurements. 

1be reason for not ~sing it more extensively was that it was found to 1,c 

defective in its alignment when it was checked out using a high resolution 

autocollimator. The resonant reflector was later realigned with the aid 

of a lie-Ne gas laser and subsequently used in some of the energy utiliza

tion factor measurements. It performed in a similar manner to the 80% 

dielectric coate<l reflector,' as fa·r as could be determined from observations 



97 


of the output energy level of the heam and the energy utilization factor. 

4.3 Procedure: 

4.3-1 Alignment Tcchniques-

Thc alignment problem in laser systems lies in the requirement that 

cavity reflectors be parallel and that all optical apertures he centered 

on the optical cavity axis. The optical cavity axis need not be a straight 

line. This case obtains when a Brewster angle laser rod is used as the 

drive clement in a cavity. 

The solution to the alignment problem may he found in the use of 

a single optical-tooling telescope and autocollimator combination. This 

solution is adequate .when high resolution is not <lemandc<l from the auto

collimation process. lligh resolution autocollimators (68~0.S seconds of 

arc) arc only available as fixed focus instruments. They do not perform 

the function of a t'clescope. llowcvcr, when used in conjunction with a 

transit type telescope they may be used to effectively solve the alignment 

problem. We will now briefly indicate the method employed to realize the 

solution. 

The projection of the cross-over point of the autocollimator cross 

hairs defines a direction in space within the circumference of autocollimator 

beam. A telescope focused at infinity with its axis parallel to the 

direction defined by the autocollimator and whose objective receives t11e 

·beam from 	 the autocollimator will form a real image of the autocollimator 

cross-hairs at its focal plane. If the axis of the telescope is marked by 

cross-hairs located in its focal plane, then the cross-over point of the 

im~ged cross-hairs will coincide with the telescope cross-hairs. Imagine 
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that the telescope is now refocused at a roint intcrmc<liate hctwccn jt an<l 

the autocol linwtor. The output reflector is placed at that point an<l is 

then tilted in jts mount until its rcflectc<l cross-hairs, as viewed jn the 

autocollimator, in<licatc p;ir<1llclism of its unit normal to the axis of the 

autocollimator. The reflector is now ali~ncd \vhen one h(IS made certain 

that the ima.!.!e of the reflector centre folls on the cross-over po.int of 

the telescope cross-hairs. 

The next step is to refocus the telescope at a closer point on the 

front face of the laser rod which, hcl<.l in the elliptical pumping housing, 

has been moved into the . line.of sight of the ·telescope·. The axis of the 

laser ro<l is made to coincide witl1 the imaginary line segment traced in 

space by the cross-over point of the telescope cross-hairs as the telescope 

is first focused on the front end ·of the laser rod and then on the back end. 

If it is desired to make use of the Lummer-Gehrckc plate, the same 

technique may l>e applied to align it as was used to align the laser rod, 

after placing the plate between the telescope and the laser rod. llowevcr, 

orie must now check the position in angular space of the angular field of 

acceptance of the device with respect to the autocollimator axis. To this 

encl the telescope is refocused on the autocollimator cross-hairs. The field 

of the plate is then closed almost completely. The previously circular field 

of view of the telescope as illuminated solely by the autocollimator beam is 

now a single vertical band. If this band is located symmetrically ahout the 

vertical cross~hair of the telescope the Lummer-Gehrcke ~late is perfectly 

aligned. If not, a slight adjustment of the attitude of the plate is made 

until this situation obtains. For this procedure to be successful the 

Lummcr-Gehrcke plate must be in perfect adjustment. 
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The · Q-switching rotor may now be placed in the desired location 

closest to the telescope. It is positioried with the 90° edge of the Porro 

prism in the imaginary plane traced out by the horizontal cross-hairs of 

the telescope as it is focused over its range. This is accomplished by 

means of a previously-placed accurate mark on the back of the rotor housing. 

If it is desired to operate the laser in its normal mode, the 

prism must be fixed in position and th~ whole t6tor housing rotated until 

the prism is normal to the output reflector. The existence of this condition 

---- may be rnoni to-red with the aid ~_of the autoco11 ima tor. 

4.3-2 	 Q-Sp6iled Pulse Output Energy Measurements 


and Complementary ~·!easuremcnts: 


A set of Q-spoilcd output energy measurements consists of those 

values obtained experimentally for the output energy content of the Q-

spoiled laser beam for various Q-s\vitch rotor speeds and laser rod excita

tions. Those measurements must be complemented by a knowledg~ of the values 

of other variables of interest. 

·The aim of making output energy measurements, together with measure

ments of other relevcint data, on a Q~switched laser system is to obtain 

sufficient quantities to allow a complete descript~on of that system. 

At this point, therefore, it is perhaps worth while to recall those 
- -·---------· .- ---- ------~--------- -- - ----- 

quantities which are . complemen_tary to the output energy measurements. Cavity 

· configuration measurements are thought of as yielding values of the physical 

.cavity. length, L, the laser rod length, t, the index ·of refraction of the 

rod, n, and· the rod end face area, A. Measurements on the physical properties 

of the . laser rod are similarly thought of as yielding the value of the · 
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magnitude of the electric dipole matrix element for t11c transition in 

question, which has already hcen related directly to a, hy measurements on 
0 

the decay time constant and the branching ratio of the upper level for 

laser action. Such measurements are also thought of as yicl<ling the 

operating angular frequency of the device, wK!' the half-width of the 

fluorescent transition, Aw, the relevant level degeneracies, g, the 

operating temperature, T , and the splittings of the upper and lower 
0 

levels for laser action, AE. 

By rcfcring to the equations for Nd
+3 ' 

ions in a glass matrix (2-13), 

(2-14), (2-15) we sec that a knowledge of the above listed quantities 

together with a knowledge of y(T), t, and the initial conditions - are suf

ficicnt to enable us ~o predict the behaviour of the laser system hy 

solving those equations. In particular it is possible to predict the out

put energy characteristics of the 0-switched laser system under consideration. 

The complementary measurements yield, through the rate equations, predicted 

output energy characteristics which may be compared with the experimentally 

observed characteristics. 

In practice, the situation is not quite as simple as that described 

above. In the first place the level degeneracies are not known; this 

obtains because of experim9ntal difficulties in their measurement. Secondly, 

the relaxation time constant, T, of the lower level for laser action is also 

not· directly known. In Section 2.3-5, however, we have indicated how to 

deal approximately with those unknown level degeneracies. On the second 

point, however, if we assume that the rate equation model is valid, we may 

fit the predicted output energy characteristics to those observed cxperi

mentally if we treat T as an adjustable parameter in the solution of those 

MllLS MEMORIA[ UBRARY 
McMASTER UNIVERSITY 
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rate cqtrntions. This procc<lurc allows us to obtain an approximate value for 

t. The overall validity of the model can then he judgc<l by the measure of 

agreement between the experimental an<l theoretically fitted output energy 

characteristics. 

The problem is simplified somewhat if one considers the normalized 

rate equations (2-19), (2-20), (2-21). The solution of those equations is 

determined by a knowledge of the switching function, y(T), the time per pass 
2K

L+(n-l)R. . 1
of a photon in the cavity, Tl = t1el cl egcncracy f actor, K K c 1 + 2 

and t11c relaxation lifetime of the terminal levcl,T - taken together with 

the imposed initial conditions. The outp11t energy, E , of the laser system
0 

model being considered will certainly be proportional to: 

r <l> dT 
0 

T=O 

The proportionality· constant may be determined by fitting t11at point of 

maximum experimentally observed output energy, (for single laser-pulse 

action at a particular constant excitation energy), to the corresponding 

point of the theoretical characteristic. Once this constant is determined 

it should be applicable to all excitations of the laser rod. The fit 

further enables one to determine t . · - which is the initial condition on ~ . 
01 0 

The quantity t . can also be obtained from theoretical calculations and 
01 

thus a comparison may be made with the fitted ~ . . The validity of the 
01 

rate equations can therefore be determined in respect to their ability to 

predict the relative behaviour of the output energy characteristics. To 

validate the rate equations as far as the prediction of the absolute energy 

output is concerned we need to use the results of Section 2.5. It may be 

noted at this time that a very satisfactory agreement of predicted output 
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energy with experimentally ohs6rvcd output energy results (sec Section 6.2). 

The fitted 4> . is also found to be in goo<l agreement with the correspon<ling
01 

predicted value. 

The method just outlined is, in fact, the one use<l to test theoretical 

predictions against experimental results. We have indicated that the first 

step in the procedure to apply the method consists in determining the 
2K 1· switching function, y(T), the degeneracy factor, K K , and the time 

1 + 2 
per pass of a photon in the cavity T

1
. Of ~hcsc, the degeneracy factor 

and T1 arc easily arrived at. The problem is then to determine y(T) and 

the initial conditions. Since 4> • is fitted to experiment we need only
01 

determine N (recall that N = 0 initially) to be able to find the 
0 01 

solutions of equations (2-1~), (2-20), (2-21). We naturally need the 

experimentally determined output energy characteristics to determine the 

quantity 4> • , and the output energy constant of proportionality. Later 
01 

(see Section 6.1) we will sec that in fact 4> • can be estimated theoretically.
01 

The result of such an estimate will he shown to be in good agreement with 

the experimentally fitted value. 

4.3-3 Determination of The Loss Function ·y(T): 

In this Section the method of evaluating the loss funct·ion y(T), 

associated with the prism switch, will be described. To begin with, the 

laser system is first aligned for normal operation without Q-spoiling and 

the cavity length is noted. The threshold energy for laser action is then 

measured by observing the minimum pump energy required to brjng about the 

onset of laser relaxation oscillations. That value of the_pump energy is 

recorded. 
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. 
Refering 

. 
to equation (2-19) we ~ee that the threshold conditon is 

simply: N = y(T) Since we make ·the measurements with a static aligned
0 

Porro prism, the threshold condition becomes: 

rN J e . = = y(O) = ;... R.nRl 0 O, Threshold 

This result obtains since for high quality Nd+ 3 in glass rods, and 

large cavity Fresnel numbers, the only significant losses arise from the 

fractional reflectivity of the output reflector. We are con~equently able 

t6 associate a particular value of 
. 
the quantity N

0 
with the threshold pump 

energy. Now, experimental evidence indicates (see Section 4.1) that N for 
0 

.our laser system, (assuming for the moment that positive feedback is being 

prevented), is to~ good approximation, proportional to the pu~p energy for 

the entire range of flashlamp input energies. It fqllows that if the output · 

reflector is misaligned by an angle e, and the threshold pump energy is 

once again measured and recorded we immediately obtain rN ]L 0 8, Threshold 


which we can then equate to y as follows, 


rN J = y(8)l o 9, Threshold 

Repeating the measurements for various ~egrees of misalignment, e, we obtain 

- - the -aiigfflar- depencle1n:-e -·of y. This information together with an assumed 

given rotational rate of the Q-swi tch detennines the time dependence of 

the swit~hing function, y(T). In these measurements it is evident that we 

have made use of an approximation; namely, that it does not particularly 

matter which reflector - the output reflector or the Pbrro ·prism - is made 
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responsible for the misalignment. For small angles, A, this conclusion 

will ce.rtainly follow. \\'e may in a similar manner <lctcrminc y(9) for a 

cavity containing a Lummcr-Gehrcke plate. In this case we can arrive at a 

family of curves each of which·corrcspon<ls to a particular field opening of 

the device. 
' 

4. 3-4 r.1easuremcnt of The Q-Spoi led Output Energy 


Characteristics of a ~~cchanically Swi tchcd Laser: 


Once the switching function y(T) has been determined by the method 


· outlined in the previous Section it only remains to determine the output 

energy characteristics of the device. To this purpose the rotor is 

allowed to come to a fixed rate of rotation, following whi~h the energy 

content of the Q-switched output pulse is monitored for certain pump-drive 

energies. The synchronization of the Q-s~itch is set to assure that the 

giant pulse appears when the laser rod is at peak excitation. This require

ment maintains the linear relationship between the inversion, N , prior to 
. 0 

giant pulse evolution and the energy input into the flashlamp. It is also 

the condition for obtaining maximum inversion prior to the appearance of 

the giant pulse, for a given pump excitation. 

The output energy measurements are 'made for various rotational 

rates of the Q-switch rotor. These measurements are continued until 

enough data points arc secured to determine the functional dependence of 

the output energy content of the beam on the rotational rate of tl1c prism. 

The result is several energy qutput constant-excitation characteristics, 

distinguishable from each other by the particular input energy to the flash-

lamp used in the observation of each one of them. 
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In practice, the range of switching speeds of the rotor must he 

such as to allow cut-off of the laser giant pulse to be reached at the 

maximum excitation of the laser rod. The origin of cut-off has been 

explained. For a given laser rod, cut-off is a function of laser rod 

excitation, cavity length and output reflector reflectivity. The hir.hcr 

the excitation of the. ro<l the greater will he its gain, and conseriucntly 

the shorter ~ill be the huild-up time of the pulse; thus in or<ler to reach 

cut-off one will be requireJ to employ a faster switching speed. 

Increasing the cavity l~ngth results in two effects. The first of 

these is due to the increase in the transit time per pass of a photon in 

the cavity. This increase, in fact, slows down events taking place in the 

cavity by the ratio of the old transit time to the new. In turn, cut-off 

will occur at a slower switching spe~<l~ Experimentally it has been 

observed that longer cavity .lengths have a narrower switching function y(8). 

Thus at a given rotor speed it will appear to the photons in the cavity 

thit switching is taking place faster when longer cavity lengths arc 

employed. The two effects iaken together result in a higher apparent 

switching speed, and cut-off will consequently occur at slower switching 

speeds for the longer cavity. The higher the reflectivity of the output 

reflector, the faster will be the pulse build-up and consequently higher 

switching speeds will be required to cut -off the pulse. 

For 50% and 80% output reflector reflectivitics it was foun<l that 

the interesting portion of the 'output energy characteristics coul<l be 

observed employing a cavity lcn~th of 45 cm separating the Porro prism and 

the output reflector. The experimental output energy characteristics 

presented in this Thesis were in general measured using SO joule flashlamp 
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excitation encrs!Y intervals to approx:imately cover the 250-550 joule ranr,c. 

The procedure can be exten<le<l to the measurement of energy cl1aractcristics 

for the case of a rotating prism Q-switched laser containing a Lummcr

Gchrcke plate with its field of acceptance hel<l constant. 

One serious experimental difficulty arises from these measurements. 

At peak output powers and high excitations any damage that occurs to 

either the Porro prism or the output reflector, from the high power 

densities of the heam, will change y(8) irrcversihly. On various occasions 

measurements had to be halted because of radiation damage sustained by the 

dielectric coated output reflector. The damage may be sensed by observing 

any drop in output energy - for constant excitation and switching speed. 

To avoid the detrimental effects of such damage the cl1aracteristics were 

measured by starting the run at low switcl1ing speeds and finishing it at 

high switching speeds. Thus relatively high power densities were only 

encountered at the end of the run when most of the measurements had been 

completed. The results presented in this thesis were obtained with minimal 

resultant damage to the laser system components and it is therefore felt 

that they are a good measure of the actual characteristics of the system. 

4.3-5 Fluorescence Measurements and the 

Energy Utilization Factor: 

The determination of the fluorescent line width, 6w, for the 

4
F ~ 4

1 1.06µ transition of N<l+ 3 in glass, as well as the line shape312 1112 , 

of the transition, was ascertained with the aid of a concave cylindrical 

grating spectrograph. (1.5 meter Bausch. and Lomb Model 11 stigmatic grating 

spectrograph). 1hc required setting of the grating was determined with the 
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· aid of a mercury source by observing in second order the two mercury yellow 

lines (A = 5791, A = 5770 R) as well as ihc mercury green line (A = 5461 R).1 2 


Use was made of the fact that a grating will not distingui5h spatially 


between spectral lines satisfying the condition n~ = constant, where A is 


the wavelength of the lines under observation and n the spectral order in 


which they are observed. Observations on the above mercury li11cs thus 

proyide<l markers in first order at A = 1.1582µ, 1.1540µ and 1.0922µ 


respectively. 1be dispersion of the grating in first order could thus be 


calculated and the position determined at which to expect the 1.06µ transi

. f Nd+ 3t1on o i · • 

A photo multiplier with an Sl spectral response was used to monitor 

the wave length dependence of 1.06µ fluorescence transition, for various 


pulsed excitations of the laser rod. The fluorescence was guided into the 


entrance slit of the grating spectrograph with t~e aid of fibre optics. 

Visible radiation was excluded fro~ the spectrograph by an appropriately 


located Wratten 87C filter. 


The fluorescent strength of the 1.06µ transition is a direct 


4 3
measure of the number of ions in .the excited F state of Nd+ • By
312 


measuring the drop in fluorescent strength at the time the giant pulse 


occurs, one obtains the fraction of the available ions wl1ich have in fact 


contributed to the energy of the output pulse. This quantity is just the 


energy utilization factor. The value of such a factor may also be 


obtainable from solutions of the rate equations; thus a further check is 


possible on the validity of tho~c equations. 

Energy utilization factor measurements were made on the system and 


the results of those measurements arc in good agreement with the values 


predicted by the rate equations (see Section 5.7). 




CHAPTER 5 

EXPERIMENTAL RESULTS 

5.1 The Fluorescent Output Strength of the 

4 4 +3F + 1 Transition of Nd as a
312 1112 

Function of the Pump Input r:ncr~y: 

Figure (5-1) presents the functional dependence on wavelength of 

4 4 . 3
the fluorescent strength of th~ F + 1 transition of Nd+ -in glass

312 1112 

for Kodak type NDll laser rods at room tewperature, and under pulsed 

excitation conditions. The energy input into the flashlamp is the variable 

parameter labeling the family of curves obtained experimentally. 

A background signal, which is dependent on flashlamp excitation and 

wavelength, is clearly visible on the wings of the fluorescence response 

curves. The background is attributed to the flashlamp output in that 

region of the infrared spectrum. The m1tput from xenon flashlamps extends 

well into the infrared and certainly into the lµ region o( the spectrum.t 

We note, in particular, that the ba~kground signal increases by a factor of 

approximately two for a change by a factor of three in the excitation energy 

into the flashlamp. This observation may result from the increase in 

voltage across the flashlamp which was employed to gain the increase in 

excitation energy, since xenon flashlamps tend to give proportionally less 

output in tl1e infrared at highe~ operating voltagesC43l. Th~ background is 

t General Electric Flashtuhe Data ~fanual 
108 



Figure (5-1) 

Intensity of the 4F + 
4 I Transition

312 1112 

of Nd•3-in-glass as a Function of Wavelength 

for Various Values of the Pulsed Input Energy 

into . the Flashlamp 

I 
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not constant with wavelength, hut drops as one approaches the long wave

length side of the electromagnetic spectrum. This result cannot he attributed 

to a variation of the infrared output of the flashlamp with wavelength, 

since we arc dealing with a relatively narrow spectral band. The cause of 

such a dependence lies in the spectral response characteristic of the Sl 

photo surface of the photomultiplier, which drops rapidly with increasing 

wavelength in this region of the spectrum(4Z). Finally, we should note that 

it is important to consider the presence of flashlamp background in the 

fluorescent signal when energy utilization measurements are made. 

In Figure (5-2), the peak fluorescent intensity has been plotted as 

a function of excitation energy into the flashlamp. The data used to obtai·n 

the plot were obtained after subtracting out the background contribution 

from the fluorescent signals. It is evident that the dependence of fluore

scent output on the flashlamp input energy is linear, and that the extra

polation of the plot to low flashlamp energies goes through the origin. 

Thus, in the calculations based on the rate equations, it is correct to 

assume that the initial inversion just prior to switching is proportional 

to the input energy into the flashlamp. These results hold as long as 

switching takes place at a time when peak inversion has been reached . . 
Referring back to Figure (5-1), we observe that the measurement of 

the fluorescent line half-width yields a value for that width of about 180R; 

this is somewhat low. Kodak quotes a fluorescent 1ine width for its ND 11 

laser rods of approximately 300 R. Recall that the response c11rves of 

Figure (5-1) have not been corrected for the spectral characteristics of 

the Sl photo surface used for their measurement. Also, the observations of 
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Figure (5-2) 

4Peak Fluorescent Intensity of the F +312 

Transition of Nd+3-in-glass as a Function of Pulsed 

Excitation Energy 

The peak fluorescent intensity is a measure of the 

maximum gain of the laser rod obtained with the given 

excitation. It depends strongly on pumping geometry. 
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the fluorescence were made on axis, and at 600 joules excitation the gain 

of the laser rod is significant - so that one may be observing a degree of 

fluorescent line narrowing due to stimulated emission taking place in the 

laser rod! 

As a final note, it may be pointed out that the slope of the 

straight-line relation ship between fluorescent strength and excitation 

energy will depend strongly on ·thc condition of the reflectors of the 

elliptical pumping housing, as well as on the relative alignment of the 

linear flashlamp and the laser rod within the pump housing. Thus, the use 

of newly buffed pump reflectors will yield a steeper slope for the above 

relationship than reflectors that have experienced the effects of a 

deteriorating environment. The slope will evidently also depend on the 

d+3 . . . h 1 dN 	 concentration present 1n t e aser ro . 

5.2 	 The Experimental Determination of the 

Switching Function y(8): 

Figure (5-3) shows the depen<lcncci · of the threshold energy for 

normal laser action upon the tilt angle of the output reflector, which is 

of 75% reflectivity. We have indicated previously that the same dependence 

would result if we held the output reflector fjxe<l, and tilted the Porro 

prism about its axis of rotation in the turbine housing. Thb plot is for a 

separation of 46 cm between the Porro prism and the output reflector. 

Because of the optical propc~ties of a Porro prism, tl1is distance corresponds 

t Pluorescent measurements made under very low excitation conditions on a 

3Nd• -in-glass sample at room temperature yielded a fluorescent line half

width of 230 R. · 
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Figure (5-3) 

Threshold as a Function of Output Reflection Tilt 

Cavity Length = 46 ems. 

Output reflector reflectivity = 75% 

At 100 rps sweeprate is 2.16 minutes/µsec. 
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to a cavity leng:th of approximately 92 cm. 

The plot in Figure (5-3) is quite symmetric ahout the position 

3' 50''. This dependence may be described - up to 450 joules excitation 

by two straight lines, one vali<l for 8 ~ 3' 50'' and E ~ 450 joules and the 

other valid for 8 ~ 3' 50" and E ~ '150 joules. If we change the scale of 

the dependent variable in Pigure (5-3) so that in terms of the new scale 

the functional dependence becomes y(8) we need to keep in mind the 

reflector reflectivity (R = 0.75) which was used to obtain the measurements. 

We know that the minimum tJ1rcshold for a high quality laser ro<l and a large 

enough cavity Fresnel number is governed entirely hy the cavity reflector 

reflcctivitics. In the case being considere<l, there is only one such 

reflectivity to take into account. This may be don~ by recalling that 

YTh = - ~nR = 0.286 for R = 0.75 

We thus arrive at the correspondence: 125 joules excitation is needed to 

overcome losses characterized by a loss function value yTh = 0.286. We see 

that if, say, 250 joules are now assumed to be needed to overcome the 

losses, y must be equal to 2 x yTh = 0.572. The dependence is linear. 

Both scales arc shown in Figure (5-3) for case of reference. 

We now clarify a small point in order to avoid confusion. The 

roof edge of the Porro prism in the experimental apparatus lies in a 

horizontal plane. The angle 8 in y(8) is a rotation about a vertical axis. 

A rotation about a horizontal axis does not change the losses significantly 

if the angle of rotation is kept small, a consequence of the optical 

properties of the Porro prism. Thus only one angle of rotation needs to be 

speci ficd. 
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Many loss-function dependences on tilt ~ngle were measured. It 

was observed, experimentally, that the widths of the loss functions vary 

with cavity length.---For -- long___cav:lties the··10s·5·-runction is narrow. The 

loss function is also critically dependent on the condition of the optical 

components within the cavity. A damaged output reflector or faulty 

dielectric antireflection coatings on the laser rod faces, as well as 

·-·-·cll'ippeu--Porr-o-· prisms, increase th·e losses -at a given angle and generally 

change the function y (9) .. 

The loss f~nction y (8) depends somewhat more sub_tly on cavity 

alignment. The position of the Porro prism roof edge with respect -to the 

cavity axis passing through the centre of the laser rod end-faces is 

critical. A variation of as little as 0.040 i~ Porro prism height changes 

the response of the laser system significantly. This is a result of 

·variations in the loss function brought about . by the change of the pr~sm 

roof edge he~ght. 

5. 3 The Switching Function y (8) with the Lummcr Gehr.cke 


-·Angular Limiting Device Present in the Cavity: 


The methods for the determination of the loss function for a 

cavity containing the Lummer Gehrcke device, arc exactly the same as those 

employed to determine that function for the case without the device. One 

can now determine, however, a family of loss functions, each member of 

--which corresponds .to - a particular field opening of the device. 

Figu~e (5.4) shows the results of measurements· yielding the family 

of loss functions for various arbitrary field openings of the device. The 

degree to which the field has been opened is monitored on a scale provided 



Figure (S-4) 

Threshold as a Function of Output Reflector Tilt 


with the Lummer Gehrcke Plate in the Cavity 


Cavity Length = 40 ems. 


Output Reflector Reflectivity = 55% 


The arbitrary field setting is the parameter for the 


family of loss functions. 


FIELD SETTING 

0 - No Lumrner Gehrcke in the cavity 

1 - 320 

2 340 

3 - 300 

4 - 280 

5 270 

6 - 260 

7 - 245 

(Experimental points not shown in order to avoid clutter 

of the diagram) 
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on the device for that purpose. The loss function obtained by simply 

removing the device from the cavity, is also shown for comparison. 

The family of loss functions is characterized by various note

worthy features. It is evident that the threshold energy for the aligned 

configuration is essentially independent of the field opening and further

more of whether or not the device is present in the cavity. On the other 

hand, the angular width of each loss function is strongly dependent on the 

parti6ular field opening - as monitored on the scale provided for that 

purpose - that characterizes each of those functions. The Lummer Gehrcke 

angular limiting device nrovides a means, then, of increasing the effective 

switching speed of a Porro prism 0-switched laser. 

Before proceeding further, an apparent discrepancy will be pointed 

out, and an explanation removing it given. The reflector reflectivity 

· used to obtain the measurements of the loss functions was 55%. Using the .. 
data of the previous section, we wnuld expect threshold for the aligned 

cavity to have occurred at joules excitation. Threshold, however, occurred at 

175 joules excitation. The apparent .discrepancy will be resolved with the ful..loffig 
l ' 

addi~ional information. In particular, the measurements on the system 

cont~ining the angular selective device were carried out under ideal con

ditions. A TIP.W flashtube had iust been installed and the elliptical 

cylinder reflector surfaces polished to a fine finish. A new laser rod had 

been inserted accurately along the appronriate focal line of the elliotical 

cylinder. pump housing. These conditions combined to obtain an ideal situation 

which would ~end to minimize threshold, in contrast to the measurements des

cribed in the last Section which were not carried out under quite such ideal 

circumstances. The differences in the system, from one set of measurements to 
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another make analytical comparisons 'meaningless. 

The results of Figure (5-4) were not easy to obtain. Many attempts 

to make similar m~asur~ments were frustrated by incortect results. In 

particular, it was observed on numerous occasions that, rather than narrow

ing the loss function, closing the field of the angular limiting device 

,simply resulted in an apparent upward displacement of the loss function 

y(9). The correct results depicted in Figure (S-4) were obtained after 

careful alignment of the Lummer Gehrckc device with respect to the axis of 

the cavity, a~d also after careful alignment of the two .component plates 

.of the device with respect to each other. 

Th~ device plates must be positioned in such a manner that on a 

double pass through the system by a beam, well spread in angular space, 

the two resulting cut-off angles of one plate coincide witb the appropriate 

cut-off angles of the other plate. In this ·configuration, the cut-off is 

as ~teep as can be obtained with the given device. Inspection of the 

characterisiics of Figure (S-4) tells us that the above mentioned condition 

must be met within approximately ten seconds -of arc. 

With reference to the alignment of the cavity axis with respect 

to the axis of the device, ..the condition to be met can be formulated as 

follows. The cavity axis must coincide in direction with the propagation 

vector ·of one of the "plane-waves'' which will be allowed to propagate, 

unattenuated, through the device when the acceptance angle of the device 

tends to zero. Inspecting once mbre the magnitude of the angles involved 

in ·Figure (5~4), w~ see that the above restriction can be .violated by 

not more than ten seconds of arc without imparing system performance. 



119 

Frqm su<;h tolerance restrictions, . therefore, it is .evident why 

success did not arrive immediately on the first attempt at measuring the 

characteristics with the devic·e in the cavity. 

Output energy characteristics were obtained from the laser using 

a field setting of 270 as determined from the arbitraty scale of the 

Lummer-Gehrcke device. The .results of those measurements will be presented 

- -in--Sec-tion S. 6. 

5.4 The Outnut Energy Characteristics: 

Figure (S-5) shows graphically the results of output energy 


measurements 6n our Q-spoiled laser systemfora cavity configuration 

·- 

without an angular limiting device. The output reflector reflectivity 

.. was 75%. The cavity configuration which was used in the measurement of 


the output energy characteristics shown.in Figure (S~s} was identical to 


that . used to determine the switching function shown in Figure (S-3). The 


appropriate switching function to use, in calculations attempting to 


predict the energy chara~teristics of Figure (5-5), is thus the switching 

function depicted in Figure (S-3). 

Each member of the family of characteristics of Figure (5-5) is 

distinguished from all other members by a label giving the energy input 

into the flashlamp which was Used in obtaining the particular characteristic. 

One could just as easily label each characteristic by the maximum population 

inversion obtained for the particular flashlamp input energy. To av6id 

cumbersome numbers one could, alternately, use the value of N corrcspond
o 


ing to the flashlamp energy. The procedure is already familiar to us. 


Corresponding to the aligned threshold value of 125 jpules, we can 


http:shown.in


Figure (5-5) 

Experimental Output Energy Characteristics 

Cavity length = 46 ems. 


Output reflector reflectivity = 75% 


Excitation energy in~o the flashlamp is the 


family parameter. 
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calculate the approprjatc value of N given by N = 9-nl~ - whjch for H = 75% 
0 0 

gives N = 0.286. The relationship hetwcen N ancl input. energy into the 
0 0 

flashlamp ]s linc;ir; thus, for 450 joules, the corresponc.Jing value of N 
0 

450will he 125 x 0.28() = 1.03. The value of N so obta:incd w:ill he the 
0 

normalized inversion just prior to the start of positive feedback in the 

cavity for 450 joules.excitation into the pumping flashlamp. Since all 

measurements refer to that time during the pulsed pumping cycle when the 

fluorescent strength is at its maximum, the value of N which we have 
0 

arrived at for 450 joules excitation is the maximum normalized inversion 

obtained during the pumping cycle. Since we now know l1ow to relate the 

input energy into the flashlamp to the normalized initial peak in~ersion, 

N , we henceforth may label the characteristics by the input energy into 
0 

the flash lamp. 

The characteristics of Figure (S-5) have some noteworthy features. 

In particular, we see that each characteristic of the family cuts off at 

sufficiently high switching speeds. There also exists a maximum for each 

characteristic, (correspondfng to the largest energy output obtainable 

from the laser system for a given excitation), which occurs at a switching 

speed roughly one half that of the corresponding cut-off speed. \\'c have 

indicated earlier that this is just the behaviour one wo11l<l expect in the 

presence of a symmetric switching function, y(S). If we restrict our 

attention to that portion of the 450 joules cl1aractcristic relating to 

switching speeds slower than the optimum, we note that tl1e output energy 

first decreases and-eventually reaches a minimum at about 200 rps. 

The increase in output energy, upon continuing to still slower 

switching speeds, would finally saturate, resulting in a new energy maximum. 
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The 4SO joules charactcrisUc of Figure (5-5) unfortunately docs not show 

this behaviour, because sufficiently low switching spec<ls were not reachc<l 

during the cxperimcntnl run. 

If we refer now to F.igurc (5-()), we note tile clear evi<lcncc for a 

secon<lary maximum in the case of the 550 joule and (>00 joule characteristic. 

The characteristics of Figure (5-6) were obtained \dth a 75% reflectivity 

output reflector employing a similar cavity configuration as that which 

was used to obtain the results represented by Figure (5-5). On ma~ing a 

comparison l>etwecn the two sets of characteristics, it is evident that 

the characteristics of Figure (5-6) have shifted towards lower switching 

speeds with respect to the cl1aracteristics of rigure (5-5). The shift is 

due to somewhat different cavity configurations used in ohtaining the 

two sets of characteristics. The second cavity · configuration either 

because of the positioning of the laser rod in the elliptic pumping 

housing or because of. slight maladjustment of the Porro prism height with 

respect to the cavity axis, was not quite as efficient as it could have 

been made. We conclude that about 50 joules of excitation were "lost". 

The characteristics of Figure (5-6) clearly show the effects of 

reflector damage, which probably occurred at 460 rps and 500 joule excita

tion, and this fact was confirmed visually. The result of tl1c damage was 

to make the high excitation energy (> 350 joules) characteristics cut-off 

much quicker than they would have done -had damage to the output reflector 

not occurred. 

The two sets of characteristics we have been discussing show 

clearly that the optimum switching speed depends strongly on the excitation 



Figure (5-6) 

Experimental Output Energy Characteristics 

Cavity length = 46 ems. 


Output reflector reflectivity = 75% 


Excitation ~nergy into the flashlamp is the 


family parameter. 
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of the laser rocJ. In particular, the lmver the laser rod cxcit~tion, the 

slower will he the optimum switchi11g speed rcf!uired to yjcJd maximum 

energy-content in the.pulse. We should, at this point, specify that we 

arc speaking of the optimum switching speed as determined from the maximum 

in the output energy characteristic for the excitation of interest. We 

shall see later tl1at maximum pulse energy and maximum pulse power arc not 

necessarily ohtaincd simultaneously. 

Together witl1the output energy measurements presented in Figure 

(5-6), time evolution observations on the development of the giant pulse(s) 

were made. The results of those measurements arc presented in the next 

Section. 

5.5 	 Relation of the Time Evolution of the Giant 

Pulse to the Output Energy Characteristics: 

Figure (S-7) is a plot of the peak output power of the giant 

pulses that gave rise to the output energy characteristics of Figure (5-6) . 

The plot represents the height of the leading pulse, when two or more 

output pulses arc observed in a single pulsing of the laser. The power 

scale is arbitrary. The arbitrar1ness of the scale may be approximately 

removed by recalling that the giant pulses arc, in our case, typically 

about 30 nsec. long. The appropriate output energy measurements may then 

be used to calculate giant pulse power content. 

\\'c sec, upon referring to Pigurc (5-7), that the height of the 

lead pulse for a particular laser rod excitation has a sjngle maximum and 

that output power decreases monotonically ~bout t11at ~aximum for switching 

speeds on uither side of the optimum. If we compare the switching speeds 



Figure (5-7) 

Experimental Output Power Characteristics of 

the Leading PUlse 

These data were taken simultaneously with the 

data of Figure (5-6). It should be noted that the 

response time of the oscilloscope was not really 

fast enough to mak~ accurate power measurements. 
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at which maximum power .'.ln<l maximum cncr~y arc obtained by sjmulatcously 

referring to the related charactcristjcs of Figure (5-7) and (S-6), we sec 

that peak power outnut occurs at higher switching speeds than docs maximum 

output pulse energy content. This experimental ohscrvation appears to he 

somewhat baffling. It is, however, one of the more pleasant surprises of 

the laser rate equation solutions in that such behaviour is in<lec<l 

· att .ained. 

It is not difficult to understand why a single giant nulse output 

from a given laser system will, in general, be narrower in. time than a 

giant pulse allowed to evolve in the same system, hut ~iose energy content 

is lower than that of the former pulse. The output energy clwracteristic 

for a laser rod excitation of 550 joules, as depicted in Figure (5-6), has 

a minimum at a switching speed of about 240 rps. At somewhat slower 

switching speeds the energy content of the laser output pulse is seen to 

increase. On the other hand, referring to the related power' characteristic 

of Figure (5-7), we sec that t11e peak power of the lead pulse is decreasing 

in this switching speed region. Hence, its width in time is increasing, 

bt1t not nearly as fast as the correspon<ling decrease in pulse height. 

Thus, the sudden increase in energy content of the output is due to the 

evolution of a secondary pulse following the lead pulse and which contribu

tes its energy content to that of the lead pulse. In the foregoing we 

have been discussing the onset of double pulse outputs. Multiple pulse 

outputs would be observed at still lower switching sreeds. Observations 

of the time evolution of the giant pulse on an oscilloscope screen 

confirmed the point in question, namely; that the rather sudden increase 

in laser pulse output energy content as observed at sufficiently low 



Figure (5-8) 

Experimental Time Evolution of the Giant Pulse 

The results shown in the Figure are for constant 

excitation (500 joules) and for a 46 cm cavity length. 

1 - 663 rps 

2 565 rps 

3 - 461 rps 

4 - 382 rps 

s - 313 rps 

6 - 276 rps 

7 - 236 rps 

8 - 180 rps 

r 
f " 9. 115 rps 

See Figure (5-6) for the corresponding output energy 

characteristic. 
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~witching speeds, is due to the appearance of a secondary giant pulse. 

Pulse narrowing is observed as a consequency of increased pulse 
-- -----.- ·---· ---- - --~- ------- - -· - ~···--- -----·--- ~ -- · . ---·-· . -·· - - -- --~ . .. 

energy content. Thus, it is not surprising that the ~eaks of the power 

characteristics increase more rapidly with excitation than do the optimum 

switching speed peaks of the corresponding energy characteristics. 

In Figure (5-8) we show the various stages of pulse time evolution 

The data necessary to depict such .time developments was obtained from 

photographic ~ecord.s of pulse evolution as viewed on an .oscillosco~e 

screen. Figure (5-8) represents a faithful record insofar as 

giant pulse height and width are concerned, while in the case of double 

pulse outputs, pulse separation is also recorded. 

5.6 	 Output Energy Characteristics - Lummer-Gehrcke 

Device Within the Cavity: 

·--~-.!The ~introduction of an -angular -limiting device within the cavity 

of a rotating Porro prism Q-switched laser alters the operating characteris

tics of the laser. The alteration is parti~ularly drastic in the case of 

the apparent switching speed of the Porro prism. The direct effects of 

the Lummer-Gehrcke plate can be summarized as follows: 

-------·- --1·-;--Po-lari-zation--of--the -he-am du-e --to--the --four -Brewster- ang-le 

windows which afford a lower reflect'ion loss· to a .particular polarization. 

2. A significant increase in cavity length for cavities whose 

output reflector Porro orism separatio~ is of the order of 40 ems. This 
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increase in cavity length comes about, first of all, because of the intro

dµction of the quartz medium (index of refraction n = 1.46) within the 

previously air filled.space. Secondly, the fact that the plates arc 

oriented at a significant angle (27°) to the axis of the cavity contributes· 

a further increase in cavity length. Thirdly, an increase in that path 

length also results from the fact that the proµagating beam within the 

plates travels at a steep angle with respect to the axis of the given 

plate (critical angle= 43°). We may amalgamate these effects by saying 

that an air filled space of 20 cm app~ars upon the introduction therein 

of the Lummer-Gehrckc device to have . an optical path length of 40 cm. 

This effective increase in cavity length bro11ght ahout by the aforementioned 

causes will increase the effective switching speed of the Porro prism. 

3. An increase in effective switching speed accomplished by 

critical adjustment of the band-pass of the angular selective device. 

4. Some extra insertion losses arc added to the cavity arising 

from multiple internal reflections from imperfectly "clean" boundaries. 

A secondary apparent loss mechanism will be pointed out. If the laser 

prefers to lase in a given polarization and the introduction of the Lummer 

·cehrcke device changes that situation there will he an increase in the 

threshold for the given cavity configuration. We can, therefore, think 

in terms of an increase in the losses. 

We have reviewed the direct effects of the presence of the Lummer 

Gehrckc plate on the cavity characteristics. Particular attention should 

be paid to the increase in cavity length. We can state quite generally 

that if other variables remain constant, then a doubling of the cavity 
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length will in fact result in a <louhling of the effective switchinr speed 

of the prism. Now consider a particular cavity whose switching function 

y(B) has heen narrowed by a factor of 3.6 due to the presence of the 

angular limiting device. The cavity is also assumed to have been shortened 

from a separation of 45 cm to one of 40 cm between the output reflector 

and tl1e Porro prism. The effective cavity lengths would then he 90 cm and 

120 cm, respectively. The switching speed of the rotor would appear to be 

120increased hy a factor of = 1.34 due to the longer cavity length. The90 

net apparent switching speed increase may then be ohtaincd hy multiplying 

the actual rotor speed by a factor of 1.34 x 3.6 = 4.8. We would thus 

expect the characteristics to peak at iotor switching speeds which arc 

lower than those of the device-free cavity, as a result of the introduction 

of the angular limiting device into the cavity. 

Referring to Figure (5-10), we sec that the 450 joule characteristic 

peaks at a switching ~peed of 80 rps. Figure (5-10) represents the 

experimental output energy characteristics ·for a cavity length of 40 cm, 

and for a field setting of 270 on the Lummer Gehrcke device. The appropriate 

switching function is that of Figure (5-4) corresponding to a field 

setting of 270, where we also note that the output reflector reflectivity 

is 50%. 

If we now refer to the results of Figure (5-51 we see that the 

450 joule energy output characteristic peaks at 525 rps. Since the 

results depicted . in Pigure (S-5) were obtained by employing a 45 cm cavity 

length and in addition the width of the appropriate switching function 

(sec Figure (S-3) ) at 450 joules excitation is 6 minutes of arc, it 

follows that we have results at our disposal that are equivalent to the 



Figure (5-10) 

Experimental Output Energy Characteristics with the 

Lummer Gehrcke Plate in the Cavity 

Cavity length = 40 ems 


Reflector Reflectivity = 50% 


The field setting was 270. Refer to Figure (5-4) 
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situation postulated ahovc. The only difference hetwccn the experimental 


conditions under which the data of Figures (5-5) and (5-10) were obtained 


and the postulated situation is that in the former case the output 


· reflector reflectivities were not held constant. The effect of reflector 

rcflectivities on the argument will he considered in Section 6.3. 

\Ve know that the 450 joule characteristic with the. Lummcr Gchrckc 

525plate in the cavity should peak at = 110 cps . We recall (see Figure4 . 8 

(S-10) ) that, in fact, it peaks at 80 cp~. The difference in the two 

values is due to the two different reflector reflcctivities used. Had a 

75% output reflector reflectivity been used for the output energy measure

ments on the cavity with the angular limiting device, the 450 joule output 

energy characteristic could be expected to peak closer to .110 cps. llowcver, 

since a 50% reflector reflectivity was used, the 450 joule characteristic 

naturally peaks at the lower value of 80 cps. The estimate is admittedly 

rough, especially since the shapes of the two switching functions we have 

been concerned with, are somewhat different. In the case of the simple 

cavity, the switching function of Figure (5-3) applies, whereas in the 

case of the angular limited cavity it is the switching function of 

Figure (5-4) corresponding to the field setting of 270 which applies. 

Also, we have noted that the relevant reflectivities are somewhat different. 

llowever, the generdl agreement between the two sets of characteristics is 

seen to be present. One cannot, without direct solution of the laser rate 

equations, verify precisely the degree of agreement between the two sets 

of characteristics. Neverthelessy in Section 6.3 we take into account the 

remnant reflectivity .factor, employing an approximate calculation, the 


result of which is to improve upon the agreement already obtained for the 
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positions of the peaks of the two 450 joule characteristics. 

The characteristics of Figure (5-10) show the general behaviour 

that we have come to expect on the basis of previous discussions. We will 

· not discuss such behaviour further at this time. 

5.7 Energy Utilization Factor Measurements: 

An important consideration in giant pulse laser studies is the 

fraction of the availabie excitation energy in the laser rod which is 

converted into coherent photons upon the evolution of the pulse. This 

fra~tion is just the encrny utilization factor. In this section we will 

concern ourselves with th~ measurement of .that factor under strong pumping 

conditions. It is under such conditions that the energy utilization tends 

asymptotically towards its maximum value. 

The strength of the 1.06µ fluorescence of Nd+ 3 just before the 

start of the evolution of the gia~t pulse provides us with a measure of 

the number of excited ions in the 4F state. The relatively short life312 

time of the terminal 41 state assures us that it will be essentially
1112 

empty under the conditions being considered. 

Let us for a moment digress from our considerations and thereby 

pinpoint the conditions under which we assume the laser to be operating. 

The population inversion is several times above its threshold value at the 

instant the giant pulse evolves. The laser rod has gain as long as the 

pertinent population is inverted. We recall that the peak power in tl1e 

laser pulse is reached when the population inversion is equal to its 

threshold value, having been driven to that point hy the depleting effect 

of the positive feedback. We may say that the giant pulse goes through a 
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maximum when the system gain is equal to losses. The population inversion 

will, however, continue to drop because of the high flux density now 

present in the laser cavity. Its final value will dep.end upon the initial 

inversion, among other tl1ings, but if the initial inversion is large 

compared with the losses, the population inversion will be driven to a value 

close to zero. This final value will . be essentially re~ched by the time 

the flux density has decreased to one tenth of its maximum value. The 

4 upper F level population has ~t this time almost reached its short
312 

term steady state value, which naturally deperids on the ~opulation of th~ 

terminal 4
1

1112 
level at the same instant of time. If the latter level is 

not ~_epopula ted fast enough. by transitions to the g·round state, the final 

4population of the F level will not be zero after t11e evolution of the
312 

giant pulse. It will take on a definite value just after the cvolutiori · 
. . 

of the pulse. It is now evident that, even under ideal circumstances·, 

only a certain fraction of the initially excited ions will be allowed to 

contribute energy to the giant pulse. 

From .the foregoing it · is ·concluded that a measure of the fluorescent 

strength, just before and just after the evolution of the giant pulse, 

yields a 'value of , the energy utilization factor. The quantity yielded by 

the measurement will be independent of laser rod excitation as long as the 

·- _____ __pumpiJ~ is strong enough and operation takes place in the optimum energy 

output region . of the switching speed characteristic corresponding to that 

excitation. 

In order to measure the fluorescent st~ength 6f the 1.06µ transi

tion, a grating spectrograpl1 was utilized to provide th~ ne~essary <lisper

sion. Fiber-optics were used to pi~k off fluorescent radiation from the 



Figure (5-11) 

Experimentally Observed Fluorescent Strength of the 

4F ~ 41 Transition of Nd+3 During the Pumping312 1112 


Interval 


The steu discontinuity is due to the evolution of 

the giant pulse. 
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laser rod. The entrance pupil of the fiber-optics bundle was located 

close to a~d fa~ing one of the crystal end faces hut just outside the 

spatial extent of the Q-spoiled beam. The exit pupil was positioned in such 

a manner as to illuminate the entrance slit of the grating ·spectrograph. 

An appropriat~ly : located photomultiplier detected tl1e fluorescent strength 

of the 1. 06µ transition as a function of time. Th.e signal from the photo

multiplier was displayed on an oscilloscope screen. 

A result of a measurement of the fluorescent ~trength is shown in 

Figure (5-11). The measurement was made with the laser operated at 600 

joules excitation with a cavity length of 45 ems and a 50% output reflector 

reflectivity. With reference to this figure it is to be noted that the 

flashlamp pump builds up the fluorescent intensity to a peak value, which 

is reached when excitation losses by spontaneous emission are equal to 

the rate of population o{ t11e upper level by the flashlamp pumping pulse. 

At this time the Q-spoiled pulse is allpwcd to cvol~e, and so force the 

fluorescent intensity to drop sharply to a value which is proportional to 

the 4
F population just after the evolution of the giant pulse.

312 

Spontaneous emission now takes its toll on the upper level population and 

the fluorescent intensity falls exponentially to zero once the pumping 

pulse from the flashlamp has died out. 

From the figure one would conclude that the energy utilization 

factor is approximately 50%. It must be remembered, however, that the 

signal has background "noise" from the flashlamp superimposed on it. 

When this background noise is taken into account the true energy utiliza

tion factor is foun~ to be 61% . . The energy utilization factor fust quoted 

will be close to its saturation value because Q-spoiling was allowed to 

take place at optimumenergy output and, furthermore, because 600 joules 
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excitation correspon<lcd to three times tJ1rcshold. Calculations show that, 

at three times threshold, 94% of the available energy will be released in 

the giant pulse. 

This 61% energy ~tiliiation factor saturation value provides 

dramatic proof of the conversion efficiency of the Q-switched laser 

system used in obtaining the experimental results presented in this thesis. 

At this point we indicate that theory predicts a saturation value of 

approximately 68% for the energy utilization factor (sec Section 5.3). 

Reasons for the discrepancy will he prc~ented . in C}1apter 6. 



CllAPTER 6 

DISCUSSION OF RESULTS 

6.1 Determination of the Initial Flux in the Cavity 

.and its Relation to the Positions of the Energy 

Maxima in the Switching Speed vs Energy Output 

Characteristics: 

In the Appendix it is shown that the initial normalized flux t . 
01 

is given approximately by the expression: 

.tn R •••• (6-1)~ ~ = 
01 

where T · is the mean lifetime of a photon in the cavity and T is the c r 

spontaneous radiative lifetime of the laser transition under consideration. 

R is the output reflector reflectivity and ~n is the solid angle containing 

~ . . We recall that t . is the initial value of ~ appropriate to 
01 01 0 

equations (2-19), (2-20) and (2-21) just at the time when the laser 

·material gain overcomes the cavity losses and the cavity is perfectly 

aligned. It is in general not necessary td worry greatly about the 

accuracy of~ ., as estimated from expression (6-1), since the dependence
01 

of the optimum switching speed on~ ., for a particular output energy
01 

characteristic, can be seen after some thought to be logarithmic. Thus 

the position of the optimum switching speed for a given excitation of the 

laser rod is relatively insensitive to variations int .• 
138 Ol 
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3For the Nd+ doped glass laser rods used in the experiments forming 

the basis for this work, the value T = 360 }Jscc is appropriate. T is r c 

estimated to be of the order of magnitude of the time per pass of a photon 

in the cavity. Since we are dealing with cavities with an effective 

cavity length of approximately 90 cm, we can set this valt1c as T % 3 nsec. 
c 

The appropriate reflectivity is 75%, therefore, tnR = - 0.29. Further, if 

we assume the diffraction limit for Afl, we can set the magnitude of this 

2 -4 2 -8quantity as Afl % {l minute) = (3 x 10 radians) = 9 x IO steradians. 

Upon inserting the quantities just estimated into equation (6-1) we 

-13arrive at 4> • % 0.2 x 10 . This is the value of 4> . at threshold for 
01 01 

the aligned cavity (125 joules for the case being considered). 4> • will 
01 

increase in proportion to the input pump energy. Hence at 400 joules the 

-13appropriate value for 4> • is approximately 10 This value of 4> • 
01 01 

represents an estimate which most likely is good to within an order of 

magnitude. 

We have indicated earlier ·csee Section 2.5) that the initial lower 

'1cvel population NlOi is to be taken as zero due to the expected short 

lifetime of the terminal 41 laser level of Nd+3 in glass. The method 1112 

of obtaining N . has also been outlined. Tnis information together with 
01 

the form of the switching function is sufficient to allow one to proceed 

with the solution of equations (2-19), {2-20) and 2-21) with T treated as 

a parameter. If .it so happens that .the estimate of 4>. is too large or 
01. 

too small, we expect the output energy characteristics, as calculated from 

the above mentioned coupled differential equations, to peak s~oner or 

later respectively than in the case of the experimentally observed 

characteristics. The reason for this expectation is not·difficult to 
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under~tand. · The value of ~ up to which the field in the cavity must 
0 

build in order to significantly disturb the inversion N , is independent
0 

oft .. It follows that if too large a value is assumed for~., the 
01 01 

switch, y(T), must sweep at a relatively fast rate in order that t build 
0 

up to its perturbing value in the time vicinity where y(T) takes on its 

minimum value. The calculated energy maximum of the characteristic will 

-- -- ·--·- -
thcrefore 1ie at a fas fer-· s\vi fching spe·ea··val ue than tl'iat--o£~he 

corresponding experimentally observed characteristic . 

. _The value of ~ . as estimated from _equation (6~1) yields a very
01 

satisfactory fit of the positions of t~c energy maxima of the calculated 

output energy characteristics to those corresponding positions which are 

observed experimentally. We conclude that equation (6-1) is valid for the 

case we have considered and provides the basis for ~ useft1l estimate of 

~ . . Finally, it may be pointed out that the value -0f ~ . can be · 
01 01 

translated back into physically .more meaningful dimensions by reversing 

the appropriate parts of the argument used in the derivation carried out 

in the Appendix. 

We can employ a simple physical argument -as a cross ···chcck on the 

estimate of~ . obtained usin2 equation (6-1). If we allow the crystal-. ot .... 

upon being pufuped~-to de-excite itself by the process of spontaneous 

_______ ~~-i-~~~c~_n, we can in fact assume · for simplicity that a "pulse" (of 

-6360 x 10 · sec. duration for our pumping configuration) has been emitted 

isotropically into space by the laser rod. On the other hand, if we no~ 

ima~ine the laser to be Q-spoiled, we obtain a giant ·pulse whose half 

9width is of the order of 20 x 10- sec. and is contained in a solid angle 
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6n. It follows ~mmediately that: 

~ 360 x 10-6 
_ER  xt . 

01 20 x 10-9 

If we take the value 6n = 9 x 10-S steradians we obtain 

.4' 
x 1013

_2.E. - 0.2 . 
01 

Calculations show that t is of the order of 0.2 in the case of interest. . op 

13
Hence a value of t . = lo- is ift good agreement with our previous

01 

estimate. 

It is important to note that there are certain limitations in the 

arguments used to arrive at the results outlined above. ror instance, no 

mention has been made of the fact that the 4F level of Nd+3 can undergo
312 

three known approximately equal strength spontaneous radiative transitions 

in its quest to reach the ground state<44). Under Q-spoilcd laser action, 

on the other hand, the 4
F 'level will mainly he depopulated through

312 

stimulated emission to the 41
1112 

level. It is not difficult to see that 
t 

these consid~.rations wi U influence somewhat the ratio .~r: as written 
01 

above. 

6.2 Estimation of the Output Energy of the Nd+3 

Doped Glass Q~Switchcd Laser: 

An expression which is useful in estimating the output energy of 

3 a Q-spoiled Nd+ doped glass . laser is already available to us. This 

expression is explicitly; 
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r= - tn(R)C~J 
4T n2 

Threshold 

2TrCLUand follows directly from equation (2-29). We may write bw = .A where2 

3 0 

~A is the spectral half-width of the 1.06µ transition of Nd+ , and ~w is 

the corresponding angular frequency half-width . If VR is the volume of 

3the laser rod, the numbe~ ~f ~xcited Nd+ ions ~t thresho~d is then VRNK' 

4which is, in the case of interest, just the number of ions in the F
312 

state. Thus: . 

2Tr ct:...A 
.A 2 

0 

1i.c
Each transition contributes energy hw =~ · to the outp11t. beam . . Hence, 

. 0 

the net available energy in the laser rod at threshold, EAT' for de~ · 

excitation by Q-spoiled laser actjon to t} e 
4 

1 level is1112 

J2 2
81nr c n b.Ah = ·v N h·C = - 9..n(R)

R K· .A [
0 A 5 R. 

0 •••• (6-'-2) 

In orc.ler to find the avaifable energy at 450 joules excitation knowing 

that thr6shold is 125 joules (this is just the case which applies to the 

- - -. - experimental -resuH-s--depicted -graphically --in -Figure (5-5), we need to 

multiply EAT by the ratio 
450 
125 . 
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TABLE 6-1 

.!n{R) = - 0.29 R = 75% 

'tr = 360 x 10-6 sec. 

n2 = 1.582 = 2.34 

A 5 = (1.06 x 10-4)5 = 1.34 x 10-20 cm 5 
0 

2 2c2 9 x 1020= cm I sec 

1 = 15.2 cm 

3 
= . 2. 4 cmVR 

81T = 25.1 

fiA = 0.03 x 10-4 cm 

x .10:::34h = 6.63 joule - sec. 

.Table 6-1 summarizes the values of the quantities used in the energy 

estimate and are applicable under the experimental conditions used to 

arrive at the results of Figure {S-5). Using the values of the Table in 

equation {6-2) we arrive at EAT = 0.13 joules. At 450 joules excitation 

the available energy is then equal to 0.46 joules. 

Using the experimental value of 65% energy utilization, the . 

optimum energy output to be expected in the giant pulse at 450 joules 

excitation is 0.65 x 0.46 = 0.3 joules, a value which is in good agreement 

with 
--· 

the experimental value of 0.33 joules obtained from Figure {S-5). 

This agreement is presented as an indication that the Q-spoiled 

laser rate equation model is ~apable of predic~ing in a .satisfactory 

manner the absolute energy content to be expected in the Q-spoiled output 

beam from a Nd+ 3 glass laser. 
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Having established the di~ect relation between the observed peak 

output energy and the predicted value of the same quantity, we can now 

simply concentrate on the rel~tive behaviour of the p~~dicted and the 

observed energy output characteristics. We may scale the calculated 

quantity J~0dT apprOpriately to fit the 450 joule characteristic for 

the particular case involving the results depicted in Figure (5-5) . Once 

the scaling factor has been determined forthat characteristic, it is not 

varied when it is to be applied to the results of calculations relevant 

to lower excitation characteristics. The method can be similarly 

employed to deal with other situations which may arise. 

6.3 · Theoretical Switching Speed vs Output 

Energy Characteristics: 

In the previous two Sections we concentrated on two important 

aspects of the solutions of the rate euoation~. In the first of those 

Sections we indicated that~ . % l0- 13 , and later we , estimated the 
01 

avai,lable energy ~~ - the laser rod to be 0.46 joules at 450 joules exci

tation. The available energy estimate gave a fairly close fit of the 

expected and measured peak output energy from the laser rod operating 

under 450 joules of excitation. 

In this Section we shall direct our attention to the relative 

behavi6ur of the calculated output energy characteristics and then proceed 

to makt a comparison of this relative behaviour with that of the observed 

characteristi_cs .. We will, in specific _terms, b_e conce:r-ned with the 

experimental characteristics depicted in Figure (5-5). We will allow our

selves the freedom to arbitrarily fit the calculated quantity f ~0dT to 



145 

a particular point on one experimental characteristic, having already 

established that the rate equations yield the correct output energy to 

within a reasonable degree of accuracy. 

Figure (6-1) shows the calculated output energy characteristics 

obtained by solving the set of laser rate equations (2-19), (2-20) and 

(2-21). The solutions were carried out on the basis of the appropriate 

experimental switching function : shown in Figure (5-3). The switching 

function -. was approximated in the calculation by two ramps having slopes 

of equal magnitude and opposite sign. Table 6~2 summarizes the initial 

values of t , N~ and N10 together with the numerical values of other 
0 

relevant quantities used in the solution of the laser rate equations 

(2-19), (2-20) and (2-21) for a laser rod excitation corresponding to 

, 450 joules. 

TABLE 6.2 

_QUANTITY (INITIAL) .VALUE 

• •01 

N • 
01 

t 

l.036 

o.o 

o.o 

400 n sec 

0;59 

3. 29 nsec 



Figure (6-1) 

·The Calculated Output Energy Characteristics Together 

with the Observed Experimental Data 

Cavity length =46 ems 

Output reflector reflectivity = 75\ 

Terminal level lifetime. =400 nsec. 

The calculated characteristics are for excitations of 

450, 400~ 350 and 300 joules. 
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For the other laser rod excitations of interest, the only 	quantity which 
2K

is varied appropriately is N . . The degeneracy factor 1- was 
01 K1 + K2 

determined elsewhere in this Thesis (see Section 2.2-5). The value oft 

is in estimate arrived at by comparing the behaviour of the theoretical 

characteristics with the experimental ones as T is varied incrementally. 

Before entering into a discussion of the complete set of oµtput 

energy characteristics and their relation to the observed experimental 

behaviour, it is worth while showing in detail just how t is chosen. 

Figure (6-2) shows four calculated characteristics corresponding to 450 

joules excitation. They differ from one another only in the choice of T 

used to calculate them, and which has been varied incrementally from 100 

nsec. to 800 nsec. The appro~riaie experimental ·points are shown in the 

same Figure for comparison. The experimentally· observed turn-up point 

observed at about 200 rps is seen to be best described by the calculated 

characteristic based on t = 400 nsec. One cannot immediately draw the 

conclusion that t is of the order of 400 nsec. because of the particular 

behaviour exhibited by the characteristics as t is varied. To make the 

point .clear, as tis decreased still further from 100 nsec., the turn

over point, instead Of climbing the characteristic with decreasing T (as 

it bas shown a tendency to do in Figure {6-2) ), in fact starts to appear 

at lower switching speeds once again. This behaviour is shown in Figure 

(6-3). Thus, for T = 25 nsec., the turn-over point appears once more at 

about 200 rps. This means that one must distinguish between t = 25 nsec. 

and t =400 nsec by arguing from a point of view not based on the position 

of the turn-over point. It is seen that the secondary maximum in the 

output energy characteristics for ~ the short lifetime region is not as 



Figure (6-2) 

The 450 Joule Excitation Characteristic for Long 

Terminal Level Lifetimes 

The points and circles represent two sets of 

independent experimenta~ data. 

The solid lines represent the calculated chara

cteristics for :terminal level lifetimes of: 

1 - 100 n sec. 

2 - 200 " " 

3 400 ' " " 

4 - 800 " " 

·.) , .. 

The deJenera~y f ac~or used in the calculations was 

0.59 in all cases. 
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Figure (6-3) 

The 450 Joule· Excitation Characteristic for Short 

Terminal Level Lifetimes 

The points represent one of the sets of data from Figure (6-2) 

The solid lines represent the calculated 

characteristics for : terminal level lifetimes of: 

1 - 50 nsec. 

2 . ~ 25 II ' " 

3 - 1.25 -., " 

4 - 6' " " 

ierminal ~evel ~ifetimes 

The degeneracy factor used in the calculations was 

0.59 in .all cases. 
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marked as it is in the long lifetime region. However, the recovery in 

the experimental characteristics is quite strong, favouring the long life

time T (= 400 nsec.) over the short lifetime T (= 25 nsec.). The calcu

lated energy uti~ization factor for the case T = 400 nsec. is 68% 

at optimum energy output whereas 'for the case T = 25 nsec. it is 82% 

It is evident upon comparing these two values with the appropriate experi

mentally observed energy utilization factor of 61\ that once again T =400 

nsec. is a favoured choice over T = 25 nsec. 

Theoretical estimates of the multiphonon spontaneous emission 

4lifetime of the 1 level indicate that the long lifetime case is
1112 

probably the one being observed. Those estimates will form the basis for 

a discussion in Sect~on 6.4. 

The arguments just outlined suggest the choice of T =400 nsec. 

in the -calculations utilizing the rate equations. This choice will be 

assumed to hold true from this point on. 

Referring once more to Figure (6-1) we clearly see the· degree of 

agreement that is present between the experimental points and the 

theoretical characteristics. The theoretical characteristics cut off 

somewhat slower than is indicated by the exp~rimental points. Also the 

fit of the observed and cilculated output energy peaks corresponding to 

low excitations leaves something to be desired. On the .other hand, the 

experimental and theoretical behaviour of the magnitude of the energy 

·maxima as the laser rod excitation is varied is consistent. The overall 

behaviour predicted on the basis of the rate equations is also in good 

agreement to that observed experimentally~ 

In looking for reasons for the lack of detailed agreement between 
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t~eory and,expe!iment, one must look more closely at the physical system 

comprising the active amplifying medium as well a~ the resonator structure 

and properties thereof. The use of a rectangular line profile in the model 

4 . 4 f .for the F ~ 1 trans1t1on. . o Nd+' 3 1s certainly. not a very accurate
312 1112 

approximation, but it is one that must be made to keep the problem simple 

enough to be handled analytically. The rectangular approximation will 

break down for ·large changes in -the excitation to threshold ratio. The 

breakdown will not be manifested too strongly in the build-~p time of the 

pulse, nor on the positions of the energy maxima of the characteristics. 

However, it will manifest itself in the behaviour of the energy utiliza

tion factor. In particular, the rectangular line approximation would 
---- -- -·----- --- - --- -----·- -- ------- --~ --- -··· -- ---- · 

appear to be valuable as long as the envelope of the laser emission 

___ __spectrum remains fairly constant. This case will result if the excitation-

over-threshold ratio is not varied significantly du~ing an experiment. 

the case close to cut off represents large variations in the ratio. The 

4 4effect of the spectral shape of the r ~ 1 transition on the312 1112 
-

..._ -- --laser ·enliss'1on ·wlll manifest · itself in a variation of the latter's spectral 

.envelope half-width. This will be particularly true if the e-nergy utili

zation factor is far from its ideal optimum value. At low excitation-

threshold ratios the spectral envelope of the laser emission will be 

relatively narrow, widening towards a saturation value at high excitation 

to threshold ratios. The. saturation value would be -the 1 foe- -width of the 

lasing line only in the case where there is no energy transfer within the 

lasing line .for freq~encies . separated by the separation of the 19ngitudinal 

modes of the cavity. The narrowing of the spectrum envelope of the laser 

emission at low excitation to threshold ratios will result in a lower 
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overall energy utilization factor than that obtained on the basis of an 

assumed rectangular line shape. This point of view leads us to conclude 

that the experimental characteristics should cut-off faster than the 

theoretical, as is observed. The actual calculation of the size of the 

effect would be difficult to carry out. 

It is important to note then that spectral line dynamics and the 

mode structure of giant pulse lasers are likely not unimportant considera

tions in determining the performance of a device. Another point to keep 

in mind is that the output beam divergence represents a considerable 

fraction of the switching function, y(6), angular extent. This is parti

cularly true in the case of switching functions which have been narrowed 

by the introduction into the cavity of an angular limiting device. It 

has been observed experimentally by us, that ·the narrower the switching 

function with respec_t to the natural divergence of the beam, the poorer 

will be the determination of the true switching function by threshold

misalignment measurements. The conclusion may be reached by considering 

the output beam as being composed of its component plane waves. The 

angular content of the beam is pictured as being spread over a relatively 

large portion of the switching function y(0). With each plane wave com

ponent an appropriate average loss can thus be associated. The normal 

cut-off condition would occur when the centre of the angular content of 

the "evolved'' beam occurs just at the point when losses are equal to gain. 

However, cut-off will in fact occur sooner because ·the assumed angular 

field configuration is not, as it were, "allowed". An estimate of the 

size of the effect of diffraction would. be difficult since one is dealing 

with a misaligned c.avi ty. Essentially, then we · conclude that the switch, 
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as determined by threshold-misalignment methods, is a first approximation 

to the real situation and it will be a good approximation as long as the 

switch is wide compared to the angular divergence of the output beam. 

It was mentioned ea~lier . that the peaking of each individual 

characteristic, as the excitation is varied, shows a degree of disagree

ment when experimental and theoretical results arc compared. The 

position of · the energy maxima for different excitation may be shown 

theoretically to be dependent on the shape of the switching function. 

The disagreement probably results from extrapolating the shape of the 

switch determined by threshold - misalignment measurements to above

threshold giant pulse output condit.ions. 

We refer now to the characteristics of Figure (5-10), for a 

cavity configuration which includes the presence of the Lummer Gehrcke 

angular selective device. The solutions .to the rate equations, for the 

given situation, may well be expected to yield characteristics whose 

positions along the switching speed axis will be ~n essential agreement 

with those observed experimentally. To prove this statement we need 

only consider reflector reflectivities since we have already accounted 

for the other factors which affect switching speed in Section 5.6. To 

see just how one includes the effect of reflector reflectivity on the 

characteristics let u~ look at the equation for the build-up of t , namely;
0 

.~ .• (6-3) 

We note that N is a constant during the build up of the giant pulse.
0 

Hence, we can formally integrate equation (6-3) to arrive at the result: 

CJ 
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t = t . 
0 01 

· When ~ reaches a certain value t ' the approximation, N = constant,
0 0 0 

will no longer hold. This point is reached at the time just prior to the 

evolution of the giant pulse proper . . The value of t ' is fairly insensio 

tive to the assumed operating conditions ·of the device, 'sis t 01 . Hence, 

a similar insensitivity will hold for the quantity 

· if the integral is evaluated over the total region where N = constant. 
0 

T.he integral represents the area bounded by N , y (T), T
1

, and T • If T 
0 2 1 

is defined by N = y(T1) and T2·by ymin = - lnR ~ y(T2), we have the
0 

appro~imate condition for optimum energy utilization. The integral then 

· becomes equal to the one .half of the area bounded by . y(T) and N • We 
0 

kno~ that if ·we change the output reflecto~ reflectivity from R to a
1 

higher value, R
2

, the threshold for the aligned cavity wil,l have decreased 
1nR1by a factor of .tnR . The aligned threshold for the cavity used to 

2 
measure the characteristics of Figure (5-10) was 200 joules with a 50\ 

reflector. This th~eshold would have been ·expected to be about 85 joules 

had a 75% reflector been used. Note that the area bounded by the 

switching function and N is roughly proportional to excitation minus 
0 

threshold. Thus, for the 450 joule characteristic we considered in 

S~ction 5.6, the switching speed at which maximum energy output would 

have been expected,· (if a 75\ reflector reflectivity had been employed), 
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would be: 

450 - 85 x 80 RPS = 117 rps 
450-200 

This value compares favourably with the value of 110 rps estimated in 


Section 5.6. We conclude that the rate equation solutions remain valid 


over a reasonably -wide range 80 - 500 rp~. 

J ' 

4 . +3
6.4 De-excitation of the · 1 Level of Nd by1112 

Multiphonon Emission~ 

.In this Section we apply the multiphonon spontaneous emission 

. ( 45) 4 . +3theory of Kiel to the 1 level of Nd to obtain an estimate of1112 

the lifetime of that level. 

In contrast to mul tiphoton· emission, mul tlphonon emission occurs 

with relatively high probability. The reason for this can be found in 

· the densities of modes which differ by a factor o'f g!. = 10~ 1 . v 

To give an example from the field of lasers, Kiel has calculated 

the 5 phonon emission rate for non-radiative transitions f~om the green 

4T2 a bsorpt•ion band of ruby t o t.he narrow 2E s t at e. The 2700 cm-l separa

tion of these two states is far above the· energy of either the acoustical 

or optical modes of ruby so that direct single phonon latti~e transitions 

are not possible. Yet Maiman has shown that the efficiency of the trans

fer of the excitation from the 4T2 to the ~E state is nearly perfect-<45 )_. 

Multiphonon processes must evidently be invoked here. Kiel has done thi.s 

for · the 4!2 + 
2E transition of ruby and concludes that the .S phonon 

transit~on rate is: · 
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4.w5 is the inverse of the lifetime of the T2 state and the subscript 

refers to the number of phonons which are assumed to be emitted in the 

calculation. · This result obtains because the 4 ~ 2E transfer is nearlyr 2 


perfectly efficient. Kiel also. points out that since there are optical 


modes for even 3 or 4 phonon processes available, Wcould easily be 


8 -1
10 sec . 

The above · example indicates that the emission probability does 

not drop off ·very rapidly as higher and higher order processes are invoked, 

in contrast to the case of multiphoton emission. Since optical phonons 

· are generally more energetic than ac.oustic phonons it is a good appr~xi• 

mation to consider that they alone are effective in coupling energy . 

levels which are greatly separatedC45). 

As an indication of th~ concepts involved in multiphonon sponta

neous emission, it is worth while considering the case of· emission of a 


single opt~cal phonon by an ex~ited ion in a matrix host. · We start by 


recalling the· golden rule: 


2ir . I 12WI = ~ . p ( K) H' KM 

where Wi_is the rate of occurrence of transitions, p(K) is the density of 

final states and M is the initial state. H'KM is the matrix element of · 

. H · 1 . h. h • . b ( 28)t he petturbat1on am1 ton1an w 1c 1s given y 

H' • I vs Qs • J: vs I 
is !? 

The .Q5 ! . ~enas :·are· normal ·co-ordinates of the modes causing the transition 

while the· v terms are the associated energy gradients. The Q terms 
5 5 
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.arise from thermal motions of the lattice and so are considered to be · 

linear functions of the normal co-ordinates q. associated with lattice 
1 

heat waves. 

In order to evaluate the density of final states p(K) we consider 

that the density of states of a particular optical branch is uniform over 

th~ frequency range 6~ and zero outside this range. The number of modes 

per branch is equal to the number of primitive cells tontained in the 

material being studied. Hence we may write: 

v •••• (6-4)P (K) = 

3where V is the volume of the host material, and R the volume of the 
0 

primitive cell. Equation (6-4) is evidently an approximation to the real 

.situation. We obtain: 
. , 

2
4ir v 

< K 1: v l: a >w1 = s siqi I M 12 
h2R 3 6\J s i 

0 

a . < K v= Sl e s 

where the summation extends over the localized modes and the lattice modes. 

The summation over the latt.ice modes will only contain one non-zero term 

h . h b h . th After evaluating the appropriate matrixw ic we assume to e t e i . 

. f . h .th h .element ~e can therefore write or t ~ i p onon: · 

tm. 
a . < K . v IM 1 

s1 e s e 27T~fw. 
1 
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where M is the mass of the host material and wi is the a~gular frequency 

of the emitted phonon which conserves energy approximately. The quantity 

. h b f h . h .th d ~ 1 fni 1s t e num er o p onons 1n t e 1 mo e; we can set ni or room~ 2 
temperature operation. The quantity a . of course depends on the details 

Sl: 

of the crystal structure surrounding the ion being studied. The result : 

is complete if we sum over all the optical ·branches. If we consider that 

the relaxations due to the different normal ·modes of vibration of the 

complex take place independently then, 

1 
.•.• (6-5)2hPAW.6'V s 

·. 1 \ 

where P is the number of ions in the primitive cell and A ~heir average 

mass. Our final result as represented by... 'equation (6-5) is in essential 

agreement with the appropriate result of 'Kiel for the single phonon 

spontaneous emission transition rate. 

The method of calculation just outlined can be generalized to account 

thfor an n order process. The golden rule ·. can once again be applie~ if 

one substitutes the nth order matrix element for ·the usual first order 

matrix element( 26). The calculation of the density of final states must, 

h b treated . h care. T be "f·. order convo. u1 t"ion ofowever, e wit o spec1 ic, nth 

the single phonon density of states must be applied. 

We will simply write down our result for the rate of spontaneous 

emission of phonons in second order. wifan be shown to be given by the2

expression: 

l I I a .ad::K Iv In >
sd s1 ..J e s eI int 

elect <n Iv 'IM > •• (6-6))( e a estates 
(EM-EJ,· Tv;_~j 
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Once again we must sum over,allthe optical branches. 

Kiel has argued that the relation between the probability of an 

n-phonon process and an (n-1)-phonon process is approximately (for a 3

fold degenerate branch) 

w Ch I< K I v I n >1 
2 

n e s e = 
w lOnPA v (E(n ). + hv +--- - E(M )) •.... (6-7)n-1 s e , l e 

whe.re -c is the number of equivalent processes. Equation (6-7) together 

wi th·--the transition rate for a one phonon process provides us with an 

-------~1?~!.~~i~~-!_e -~eans -~f caICulating__t~~ - ~th order_~ptical phonon transi~ion 
rate between two given levels. 

The application of the procedure to Nd+3in glass cannot be 

approached without trepidation. However, it is instructive to do so in 

the sense that an idea of the order of magnitudes of the_ transition rates 

involved will ~e gained. Before entering into the detailed calculations 

it is worth while noting that the ratio w;w as obtained from equations2 1 


(6-5) and (6-6) is given by: 

2 2 ' 

<a .><ad.>l<K Iv In >121m lvalM >12r r s1 J e s e e e 
h . ~n.elect.states)sd 2

(E -E) v.v. 
--,..1 n . 1 JSnPA 

l~- -~_l YK !Me >I 2 

v ; •. (6-8)
1 

The above result is to be compared with Ki~l's result given by ~quation 

(6-7) after setting n = 2. We see that the two expressions are in 
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e~sential ~gree~ent. The disagreement is minor - we obtairi ,the figure 8 

as opposed to Kiel's 10 in the denominator. Our analysis also results in 

the appearance of the mode expansion coefficients a .. 
Sl 

With the above considerations in mind we are now in a position to 

app y t1 he t heory to t he . 4 1 _.. . 4 1 non-rad"iat1ve. transition. . o f Nd+3 
1112 912 

in glass. The bebye temperature e of glass is about l000°K. Hence,
0 

K9
0 13 -12.1 x 10 cps -- 700 cm"max . = h = 

Since the energy separation between the 41 and the 4 1~12 levels of1112 

+3 -1
Nd is 2000 cm , it is evident that 3-phonon processes will be the most 

·- ---·-----~---- -- -· - ·-

likely to occur-:- --·Now for rare ·-eartns-tne___matrix- elements 

I< Ke I vKR I Me >1 2 ~ 10
5 

cm-
2 

. where R is the radius of the co~plex 

being considered(4
S). It can be shown .that w is_g~.ven approximately by:· . .

3 

M >16 
e 

4 3 
(fo.r) " 

where C is the number of equivalent processes. 

Th~ quantity C may be calculated quite readily~ We assume that 

4 3-~oJ..i-lni..&.ly-the -C.Omponent_s_tates_of__the JH-f2.. '!~~-.. ~!912 multiplets of Nd+ need 
~· 

be included in th~ calculation. We are thus dealing with 22 electronic 

2
states, which for a given set of optical modes give rise to (22) = 484 

... 
equivalent processes. Assuming that there are 3 normal modes of the neigh

bours which have the ~ right frequencies, we obtain C = 484 x (3) 3~ 13,000. 

-1 IIf we now assume f). ·v = 28 cm (i.e., - of v .) we may calculate w from
25 ··max 3 
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the above formula. We obtain !__ = 30 nsec. In the calculation it was 
w3 


assumed that each of the 13,000 equivalent processes contributed strongly. 


Thus the magnitude of Wl = 30 nsec. is an estimate of the shortest 


possible lifetime of the 
3 4

1 /i state as determined by multiphonon 
11


spontaneous emission. The existence of selection rules which must be 


accounted for in the matrix element calculations could easily increase 


t he l 1.f · f t he 41ll/Z state of Nd+3 by an order of · de.
etime o magn1tu 

We conclude that it is unlikely that the lifetime of the 411112 


level of Nd+3 is shorter than 30 nsec. Our experimental results are 


4 +3 . consistent with two values of the lifetime of the 1 level of Nd1112 


one that is shorter than 30 nsec. and one that is long~r - so that to 


account for the results of this Section .we must choose th~ longer of the 


two. On this ·basis we may conclude that the lif~time T of the 41
1112 


level is given by: 


t = 400 nsec. 

6.5 Temporal Development of the Giant Pulse: 

This Section will concern itself withethose ~spects of a giant 

pulse laser involving the t~me · base growth and decay of the output pulse. 

In particular, attention will be focused on the time half-widths of the 

experimentally observed giant pulses.. They will be shown. to be in good 

agreement with those which are calculated from the rate equations. We will 

de~l with the separation between ~qJtipulses as ·calculated and observed. 


In this connection we will restrict ourselves to the double pulse region.• 


The discussion of the giant-pulse· widths will necessarily be semi-quantitative · 
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since the i;espo~se time of the oscilloscope used to make th.e time 


evolution observations was of the order of the giant pulse half-width. 


Figure (6-4) shows the time development o! the calculated giant pulse, 

under certain conditions which are included in the Figure for reference. 

We note that the pulse is occuring close to the point of highest energy 

output of the 450 joule characteristic of Figure (6-1) ·and so is 

characterized by close to th~ narrowest expected giant pulse width. The 

insert in Figure (6-4) is a faithful copy of a polaroid pho~ograph of the 

oscilloscope screen showing the giant pulse obtained from th~ Q-switched 

laser under the same ideal conditions. The pulse widths of the obs~rved 

and calculated output pulses are clearly in good agreement, both being of 

the order of 25 nsec. The somewhat steep rise and more gradual fall of 

the giant pulse intensity is clearly visible in both reproductions. 

Generally speaking, we may conclude that the magni tu.de of the observed 

and calculated pulse widths will be in good agreement since over the normal 

operational range of the laser we expect the pulse width to do no more 

than double. The calculated pulse width ~ill also tend to increase under 

the less ideal circumstances being assumed, leaving little room for any 

significant discrepancy. 

Figure (6-5) illustrates the calculated output pulse trains in 


the vicinity of the secondary maximum of the 450 joule characteristics of 


Figure (6-1) for various values of the terminal level lifetime. In that 


switching speed region (at approximately 125 rps) two output pulses 


.. characterize the bea~. 

The pulse appearing first in time, some 500 nsec after the laser 

gain just overcomes the cavity losses, .is seen to be fairly insensitive 



Figure (6-4) 

Calculated Time Development of the Giant Pulse 

Unit of time = 3.29 nsec 

Excitation = 450 joules 

T = 400 nsec 

Output reflector reflectivity =75\ 

Gain overcame losses at T = -685 

Rotational rate = 616 rps 

The· pulse is occurring at a time of minimum losses 

The small insert is the observed time evolution of 

the giant pulse - sweeprate is 20 risec per division. 
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Figure (6-5) 

Calculated Time Development of the Giant Pulse 


in the Double Pulse Region 


The calculated pulse trains are for a terminal level 

lifetime of: 

1 8-00 nsec 

2 400 nsec 

__ _____ ___3 -~ _-2.D_O __nsec 

4 100 nsec 

. . 
Unit of time = 3.29 nsec 

Excitation = 450 joules 

Output reflector reflectivity = 75% 

Gain overcame the losses at T = -328.8 

Rotational rate = 128.4 rps 

The small insert is the observed time evolution of the 

______g_!.~!lLJ?)llse__-_~~~~E.!_?te is 12.Q_ _nsec per division. 

. . 
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to the lower level lifetime. The observation is not surprising since the 

pulse has a half width of 50 nsec which does not give the lower level 

enough time to reinvert the population significantly - everr with an assumed 

lifetime of 100 nsec. The effects of the lower level lifetime are, however, 

felt strongly by the second pulse. For the range of lifetimes considered 

in Figure (6-5), we see that shorter lifetimes effect an earlier 

appearance of the second pulse. The largest secondary pulse in the 

Figure is seen to correspond to a terminal level lifetime of 400 nsec. 

The reason 'it is the largest is that it occurs closest to the zero of the 

time scale, which is precisely the t~me when the losses in the cavity are 

lowest. Comparing the two secondary pulses characterized by the lifetime 

T = 800 nsec and 200 nsec, we note that they evolve at two different times 

which are, however, characterized by approximately equal losses. (± 20 

time units). However, in the first case the lifetime corresponds to 

800 190= . 0.78 is the number of lifetimes244 time· uni"ts. Roughly, = 3 . 29 244 

representing the separation between the two pulses in the first case, and 

150--g-r = 2.46 is the corresponding number in the second case. We conclude 

that reinversion by lower level depopulation is almost complete by the 

time the second pulse evolves in the case of T = 200 nsec, whereas this 

is hardly the case for T = 800 nsec. Thus, the secondary pulse is more 

intense for T = 200 nsec th~n it is for t ,, = 800 nsec - even if both 

secondary pulses are evolving when the losses are approximately equal. 

The insert of Figure (6-5) illustrates the experimental time 

evolution of a double pulse output from the laser. The experimental 

situation under which the observation was made allows .us to compare the 

pulse train of the insert with the pulse trains c•lculated from the rate 
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equations. We see first of all that the pulse widths arc in good agree

ment. The pulse separation observed experimentally is about 350 nsec, 

which does not compare too favourably with the calculated separation of 

about 550 nsec. This is an indication that the threshold-misalignment 

loss function is not quite as accurate as one would hope it would be. 

However, the simplifications involved in arriving at the laser rate 

equation model are so drastic that better agreement between theory and 

experiment is unlikely to result. Another point of disagreement is in the 

relative heights of the two pulses of the train as observed and calculated. 

The lead pulse of the calculated pul~e sequence has the largest amplitude 

while it is in fact observed experimentally that the secondary pulse is 

actually the one with the largest amplitude. 

Finally, we sum up by saying that giant pulse widths as calculated 

on the ·basis of the rate equations are in good agreement with .those widths 

as observed experimentally. The pulse . separations in the double pulse 

region are in reasonable agreement. That agreement could conceivably be 

improved upon by varying somewhat the shape of the switch used in the 

rate equati9ns. 



CHAPTER ·, 7 

CONC LUSl ONS 

A theory of giant pulse regenerative action in a Q-spoiled laser, 

based on the modified laser . rate equations of Wagner and Lengyel ·, has 

been presented. The theory ~f those authors was augmented to include the 

effects on giant pulse evolution of a terminal level lifetime and of laser 

level ·degeneracies, as well as of a time d~pendent loss function. We have 

shown that good agreement between theory and experiment results when the 

threshold-misalignment function i~ used as the time dependent loss 

function to solve· the laser rate equatio~s - as long as the angular width 

of the loss function is significantly wider than the diffraction limit 

of the cavity. An estimate of the relaxation lifetime of the 41 level
1112 

of Nd+3 in glass was obtained by making comparison of the experimental 

and calculated output energy c~aracteristics of the giant pulse laser. 

The value of T = 400 nsec so arrived at was shown to be in essential agree

ment with the value for t~at,quantity obtained from the multiphonon 

spontaneous emission theory of Kiel. 

Experiments to determin~ the efficiency of utilization of the 

+3 .
stored energy in the Nd in glass laser rod were shown· to indicate that 

the device was operating reasonably close to maximum efficiency. Calcula

tions of the output energy of the las~r, as based on the rate equations, 

were · found· to be in close agreement with the observed value of that quantity. 
167 
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The effects of an angular limiting device on the switching speed 

output energy characteristics of the laser were considered. · In particular 

it was found that it was possible to obtain an increase in apparent 

switching speed of a factor of six by incorporating the device into the 

cavity, without significant losses of output beam strength. 

Comparison of the observed and calculated giant pulse widths 

indicated essential agreement. Multipulse separations in the double pulse 

region as observed and calculated showed some disagreement. 

In future work on giant pulse Nd+3 in glass lasers it would 

perhaps be fruitful to study the dynamics of the 4F ~ 41 laser312 1112 

transition during and after evolution of the giant pulse. With such a 

study it would be ros~ible to arrive at information on cross-relaxation 

processes within the spect~al line, and an attempt could then be made to 

include such effects into an analytical description of the laser device. 

Some work has already been done along this line by MichonCZ7) and others(l4) 

but further effort in that direction would not be wasted. 

One cannot help feeling that a more adequate switching function 

can be arrived at by means other than . those described here. The problem 

of the switching function can of _course be completely avoided by using 

fast switches as· exemplified, in particular, by Kerr cells. Use of such 

switches, capable of lowering the cavity losses in a time less than the 

bu~ld-up time of the giant pulse, would allow a more detailed concentra

tion on the actual physical . processes taking place in the laser itself 

than is possible when mechanical means are used to switch the Q of the 

cavity. 
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Finally, we considered the introduction of an angular limiting 

device in a plane parallel Fabry Perot laser interferometer· and 

illustrated the transverse mode selecting properties of such a device : 



APPENDIX 

In the Appendix we wish to first calculate the quantity ~ . and 
01 

later consider those transitions between the close lying electronic energy 

levels of an ion located in a crystal matrix which are accompanied by the 

spontaneous emission or absorption of a single acoustical phonon. 

1. Let <f> be the number of photons per unit volume per unit angular 

frequ·ency range in the cavity. Further, let those . photons be contained within 

solid angle .M2. 

We recall the relationship: 

u = - 2 !nR ( :WK) 
Thresh. 

which yields the number of ions in energy level K per unit angular frequency 

range per unit volume. 

If we neglect induced emission we may write the rate equation; 

.dN 
K 

= dt 

where \ is the radiative lifetime of the Kth level. 
r 

The number .of photons per unit volume emitted spontaneously per 

second per Unit angular freau~ncy range at las~r threshold into solid 

angle AQ is then; 

170 
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v 
xd<t> = - 2 tnR dt Ve 

where V is the laser crystal volume, and V the cavity volume. Now,
x c 

photons are lost at a rate given by: 

L= T c 

where Tc is the cavity lifetime. ~ssuming equilibrium to exist between 

the two rates we may write: 

v 
v 

x 
T c¢ = - 2 

c 

Making the usual linear transformations we obtain for the quantity ~ oi at 

threshold 

t:i.n T c% 9JnRc~oi] Thresh 4n 't r 

For excitati6ns X, times above threshold we have: 

= x 


2. Under th~ action of a pert~rbation H', the state mis assumed to 

make transitions to a band of states K characterized by a density of states 

p(EK). The transition rate Wis given by the golden rule: 

w 
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The. transition probability per unit time that an atom in state g 

absorb a lattice phonon i of energy 6E and make a transition to state e 

is then given by:(2S) 

41f 2 


h 


The above exnression needs to be averaged over i; 

= 
[ wg ·+ e, i] av wg + e 

Now we may assume for H' the form; 

H' = t vK ' t aKiqi
K i rand recalling that < ncl I q. n. > = [ hn. 

1 1 
4112M:i 

we obtain: 

1 .. ni Jwg + "' e = M 
·- · ~(Ee) t aKi < •e I .vK ' "' g >12 

K wi av 

The values of the density of states in terms of w, for longitudinal and 

transverse waves are given by: 

p . 
R. 

wher~ v1 and vt~ are, ~espectively, the velocities of the longitudinal and 

transverse waves and V is the volume of th~ crystal. Assuming vt • v1 • v 

we obtain: 
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1 

- - ··----24n~w/v 

P(w.) = 3 


1 hv 


Assuming that the relaxations due to different normal modes take place _ 

independently and further allowing ~w = 6E to be the average value of ~w. 

and <n.> the average value of n. we obtain: 
1 1 

-. .. -·--. ·-. -w . --. --= <n. > _;_. r -<a ~> -g _.. e 1 K Ki 

lwhere < n. > = 1 e6E/KT _ l , 

> av 

if we assume v = = vt and further restrict ourselves· to an XY6 compiex.v1 

R is the equi libriurn distance X ++ Y. 

\\' . - ·=·-·····256 n7R 
2(6E) 3 1 


g _.. e 
 6E/KT
e - 1 

Similarly; 

r 
K 

v ' K I "' ->I 2g 

where p is the host matrix density. 
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TABLE A-1 


p 

R 

v 

h 

K 

T 

6E 

I<1/J IvK Iw > 1
2 

e g . 

1T7 

33.09 gms/cm 

10-S ems 

S.Sx105 ems/sec 

-276.63x10 erg-sec. 

-16 0
1. 38xl0 erg/ K 

· 300°K 

3.98xl0-14ergs 

. -12 2 24xl0 erg /cm 

3020 

. ,- .. 

3UsinR the ~alues in the Table we can calculate W for Nd+ in a . 	 g-+e 

glass matrix~ and so obtain, 

This corresponds to a phonon broadened homogeneous linewidth of about 

-1 +3
5 	 cm for the Nd ion in a glass matrix. The calculation shows that 

+3 -1
Nd Stark split energy levels which are separated by about 200 cm 


-14 . . . 

---- · - (-3 ~-98 x 10 · . ...,. ...._erg-S-) and are connected by .the phonon ma_tr_ix element 

-12<1/J
e I vK' I lJI g > . have a lifetime of the order of 10 seconds at room 

temperature. Hence those levels tend to thermalize very rapidly. 

Work done by Michon(46) indicates that the homogeneous · iine width 

of the 4F -+ 
41 transition of Nd+3 in glass is of the order of 1sR

312 1112 
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or 15 cm-1 at room temperature. Most of the broadening of the transition 

fs in homogeneous and due to the different environments in which the 

Nd+3 ions find themselves in~the glass matrix. 

/ 
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