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A rate equation model of the Nd3+-glass laser amplifier is set
up, and, with the aid of certain simplifying assumptions, a solution is
obtained. From this solution, models relating the power and energy of
the laser amplifier to its input pumping energy are constructed. The
energy gain model thus obtained is tested by experiment, the procedure
of which is described in detail in this thesis.  The results of this test

indicate excellent agreement, within the limitations of the experiment.
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ABSTRACT

A model relating the gain of a Nd3+-g1ass laser amplifier to
its input pumping energy is developed in this thesis. This model, which
is based on the Nd3+ rate equations, is tested experimentally, using a
giant pulse as the input to the amplifier. The results of these

experiments conform well to the model.
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CHAPTER I

INTRODUCTION

1.1 The Laser Amplifier:

The name '"laser' arises from the principle upon which the
device is based, namely, light, amplification by the stimulated emission
of radiation. This amplification takes place in a medium in which a
sufficient number of a particular ion are in a metastable state above
the ground state. A photon beam of the correct frequency, passing through
~such a medihm, stimulates this ion to release its energy to the beanm,
thus amplifying it.

The ions may be raised to the upper metastable state by either
electrical or optical means; in the case of solid state lasers, such as
the Nd3+-in-g1ass laser ﬁsed in this experiment, optical pumping is used.
In the case of optical pumping, the ions are first pumped to the "pumping
levels", a number of closely-spaced levels above the upper metastable
state, which quickly decay to that state. If the laser action takes
piace between the upper metastable state and the ground state, we describe
the system as a three-level laser. This is the case with the ruby laser,
in which Cr3+ is the active ion. If, however, the laser action occurs
between the upper metastable state and a second, lower state also above
the ground state, the system is described aé a four-level laser. This
is the case with the Nd°'-in-glass laser described in this thesis.

The term '"laser'" is commonly used to mean the system comprised

by an optical cavity containing the optically active medium just described.

(N



If the Q of this cavity is '"spoiled" exéept for a few nanoseconds, a large
overpopulation of the upper state results, and the energy is released
in a single "giant pulse'". This '"Q-spoiling" may be accomplished by any
one of several techniques, involving electrical, chemical, or mechanical
shutters placed within the cavity.

In studying the gain characteristics of the laser amplifier,
i.e. the optically active medium by itself, the input beam to the am-
plifier is usually chosen to be a giant pulse, generated by a Q-switched
laser. This choice is made for two reasons: first, because of the
higher powers attainable, and second, because of the ease with which the
energy in the giant pulse.can be controlled, i.e., by controlling the
pumping energy.

Studies of the gain characteristics (i.e., variation of gain
with pumping energy) of a three-level solid state laser, namely, ruby

(14)

were made in 1965 by Steele and Davis Their results indicated
essential agreement between experimental power gain, and power gain as
calculated from the solution of the rate equations. The subject of the

present thesis is the study of the gain characteristics of a four-level

solid state laser, namely, an Nd3+—in-g1ass laser.

1.2 Scope of This Thesis:

The first part of this thesis is chiefly concerned with the
construction of an analytical model of the four-level solid state laser
amplifier. This construction is based primarily upon two sources. The

first of these is the description presented by Hi11(6), of the four-level



solid state laser, its rate equations, and their solution as achieved by
means of certain simplifying assumptions. The second source.is Steele'scls)
work relating the solution of the three-level laser rate eﬁuations to the
amplifier gain.

The next part of this thesis deals with the experimental method
used to test this énalytical model. The final part, Chapters 4 and 5,
illustrate the agreement that is obtained, and outline the consequences
that can be inferred from it.

It is hoped that this thesis will prove useful, not only in the
development of the theory and its experimental testing, but also (as seen

particularly in Chapter 3) in assisting future investigators to circum-

vent some of the technical difficulties that can arise.



CHAPTER  II

ANALYTICAL DESCRIPTION OF A LASER AMPLIFIER

2.1 Introduction: The Nd3+-in—Glass Laser:

The rare earth ion Nd3+ is the most popular of the four-level
laser ions for several reasons. First, its terminal level is high
enough above the ground level, so that is is sparsely populated at room
temperature. Thus, pumping to obtain a population inversion is relatively

easy. Second, it can be used in a number of different host lattices to

obtain laser action. Such crystals as CaWO4:Nd3+, SrWO4:Nd3+, SrMoO4:Nd3+,
3+

and Ca(NbOs)Z:Nd have all been used to produce highly monochromatic

(spectral width approximately 0.1 Angstrom) laser beams at low power

(8) -

levels . Finally, and most importantly as regards this thesis, the
. . . . : :
Nd3 ion imbedded in glass can be used to attain laser action at very

high power levels. Powers in excess of a gigawatt per square centimeter

have been reported(l).
The transition employed in the Nd3+-g1ass laser is the
4. 4
Fsr2 7 Ty

level scheme for Nd3+, Figure (2-1). Since this is a 4f-4f transition,

transition (1.06 microns), as indicated in the enecrgy

it is strictly parity forbidden in the case of the free Nd3+ ion. The
fact that it does occur may be explained in terms of a mixing of states
of opposite parity, due to the non-centrosymmetric portion§ of the micro-
fields from surrounding ions. If this mixing is small, it may account
for the fact that the upper laser level lifetime is hundreds of micro-

6)

seconds at room temperature

(4)



Figure (2-1)

Nd3+ energy level scheme, showing pump levels
and laser transition. (After G. H. Diecke: in
""Advances in Quantum Electronics'", edited by
J. R. Singer, Columbia University Press, New

York, 1961)
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2.2 Formulation of the Rate Equations for the Laser Amplifier:

Consider first the case where the upper and lower laser 1evels;
k and 1, are of equal degeneracy.~ In this case, the net number of transi-
tions taking place per unit time per unit volume in the laser amplifier

©),

medium can be shown to be

a(NZ - Nk)
——ten w20l - HD (2.2-1)
L
ot
where Nk .= population of level k per unit volume,
Nl = population of level 1 per unit volume,
¢ = photon density referred to a vacuum,
¢ = speed of light in a vacuum,
and o = stimulated emission cross-section of the Nd3+ ion.

This expression includes two assumptions. First, the stimulated emission
is assumed to monochromatic, which is equivalent to saying that its
spectral shape is rectangular and of unit width. Second, it is assumed
that the number of spontaneous transitions minus the number of transitions
due to continued pumping is negligible, compared to the number of stim-
ulated transitions.

Next, cgnsider the effect of the introduction of a finite life-
time 1t for the terminal level 2, as is the case with a four-level laser.
Then (2.2-1) becomes:

B(Nl - N Nl )
XL 2ee(y - N - 2 (2.2-2)

ot

k)'

We can now see that the number of photons per fixed unit

volume -- say, a circular platelet section of the amplifier rod, of area



A and thickness x -- chahges at a rate given by:

9 iR , X
B ® SRk oc¢(NE\ Nl) (2.2-3)
3¢

where the term -c represents the net rate at which photons flow out

X
of the fixed unit volume.
Finally, we can also see that the rate of change of population
of the lower level i is:
aNz-
e = cc¢(Nk - Nz) - (2.2-4)
Next, we wish to take into consideration the splitting of the
upper and lower laser levels, and their degeneracies. The splitting is
shown in Figure (2-2). The laser transition is between levels 2 and 4,
with popuiations N2 and N4 respectively, and with degeneracies gy and g4 -
respectively. With these vglues, (2.2-2), (2.2-3), and (2.2-4) become:

o(N, + N, - N, - N,) N N N, + N
3 4 1 2 = 2och(=2 - _ﬂg et (2.2-5)
at : g8, 84 %
N N
B & g8 L -
e & B ¥ cc¢(g2 g4) s (2.2-6)
and
o9(N., + N,) N N N, + N
3 4 2 4 4 3
—_— = gcp(— - —) - ———— ., 2.2-7
- Lt Rl (2.2-7)

Our next step is to make use of the thermal equilibrium relating

each pair of levels. The Boltzmann equations are:
AE
1



Figure (2-2)

—_— 4 4
The splitting of the F3/2 and 111/2 energy
levels in glass. (After K. O. Hill, "Giant
Pulse Evolution in a Nd3+-G1ass Q-Switched

Laser'", McMaster University, 1968)
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where g, and g3 are the degeneracies of levels 1 and 3 respectiveiy.

We'now define:

N N N
N = -—2— - -—‘!- s N = -—1 5
1
Kl = AE s

g, * 8 ext-—l)
2 ) G S J

The introduction of the parameters K1 and K, is most useful for its

2

minimization of the uncertainty due to our present ignorance of lower

(6)

level splitting" “. The manner in which the degeneracies are split
between levels 3 and 4 is as yet incompletely\known.
Expressing N1 and N3 in terms of N2 and N4 by means of the

Boltzmann equations, and using the definitions just given, we simplify

equations (2.2-5), (2.2-6), and (2.2-7) to the following form:
' N

oON _ 1

¥ = -(K1 + K2)0c¢N + . (2.2-8)
aNl N1

= = KocN - —= (2.2-9)
L R | 5
. - ¢ ox + ocoN (2.2-10)
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In order to render these rate equations soluble by analytical
means, it is necessary to make a further simplification. If t is assumea
to approach either zero or infinity, fhe number of equations immediately
reduces to two, with a Aifference of only a facto; of two between the two
extreme cases. As will be seen in Chapter 4, the half-power width of the
giant pulse is roughly 20 nanoseconds. Estimates of 1, on the other hand

(10) (6)

vary from 60 nanoseconds , to 400 nanoseconds . We therefore set 1 °

equal to infinity in the rate equations,-which then reduce to the follow-

ing:
oN  _
-5-t— = -(Kl + K2)O'C¢N (2.2-11)
L e | y s
s B e 4 oc¢N | (2.2-12)

It now remains only to set up the boundary conditions to which
these rate equations are subject. We define x = 0 as the end of the
laser amplifier rod through which the giant pulse enters, and x = L as
the end through which it 1eave§.r We further define t = 0 to be the time
at which the beginning of the giant pulse reaches the position x = 0.

The photon density before amplification can then be written as:
¢(0, t > 0) = ¢_(t) | (2.2-13)
The initial population inversion in the amplifier rod can be similarly

expressed:

N(x, t < 0) No(x) : » (2.2-14)
In order to simplify subsequent calculations, we assume uniformity of the

amplifier rod, so that No(x) becomes simply No = constant.
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2.3 Solution of the Rate Equations:

Equation (2.2-12) can be immediately solved for N:

I §
N = prs (¢

I<}

. | | o (2.3-1)

_‘?L
ot \

(o5

€3
¢
Substituting this expression into equation (2.2-11), we obtain:

0

129
T G

¢ 39y - L8
_a_f + -—) = -(Kl + K2)0C¢( o ax)

Cc 9¢
$ 9x 3t

© |-

which can be integrated(ls) to yiéld:

_a__i_ (b(t - x/c) )
s t) = B )
¢ (x (K, + KJoc[b(t - x/c) + d(x/c)]

(2.3-2)

where b(t - x/c) and d(x/c) have arisen as constants of integration.
An expression for b(t) is now obtained by imposing the boundary condition
(2.2-13). This gives:

S b()
¢o(t) = (K1 + Kz)cc[b(t) - do]

‘where do = d(0/c),
which, when integrated, yields:
t
- ' -
b(t) = d1 exP[(K1 + Kz)oc I-m¢o(t )dt'] do

where d1 is a constant of integration,

t' is a dummy variable of integration.
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Substituting this result for b(t) back into equation (2.3-2),

we find that:

¢,(t - x/c)
¢(X, t) =

1 ; K(x) exp[-(K1 + Kz)oc

t-x/c
J ¢, (t')dt']

-00

-——- (2.3-4)
This solution in turn is substituted into equation (2.3-1), which gives:
S ( 9K (x)

meeettcte )
N(x; t) = ocC 9X

t-x/c
CK(x) + exp[(K1 + Kz)cc J ¢o(t')dt'] ‘ (2.3-5)

-00

Under the second boundary condition (2.2-14), this becomes:

1 1 AK(x)
N = ~54= K(x)) ax

and we see, by integrating, that

-oNox
K(x) d2e -1.

And since K(0)

0, from equation (2.3-4), we see that the constant of
integration, dz, must equal unity.
We now need only substitute K(x) into equations (2.3-4) and

(2.3-5) to obtain the complete solutions:

. ¢,(t - x/c)
¢(X, t) = t-x/c
1 - [1- exp(-oNox)] exp[-(K1+K2)cc I ¢o(t')dt']
) -—-- (2.3-6)
N exp(-oN x)
N(x, t) = o £ ey
exp(-oNox) + exP[K1 + Kz)cc J ¢0(t')dt'] (2.3-7)
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2.4 Amplifier Solution for a Lorentzian Input Pulse:

Our next step is to apply these solutions to a particular input
pulse shape. From Figure (2-3), we see that it is reasonable to approx-
imate the actual giant pulse shape by one which is Lorentzian in its time

development, described by:

0,(t) = 2{—(?-{—17) , ) (2.4-1)

where D is the total number of photons per unit area in the beam,
T is the half-width of the pulse.

We can use this approximation to evaluate the integral in (2.3-6) and

(2.3-7):
t-x/c " t-x/c
08 o pehdiner R S g
) @ . Li - t'2+T2
I I
- Tl (5.1
= gz-[ ;z-r-tam-1 %—+ 1] (2.4-2)

And the output photon density obtains explicitly from (2.3-6):

DT 1
= s g,
bout(t) = ——— oD 2 Tt
UL 1 - [1 - exp(-oN_L)] exp[K+K )G (1 + = tan™ L) ]

The ratio of the output photon density. to the input photon density now

gives us the power gain Gp’ namely,



Figure (2—3).

(a) Oscillogram showing the variation with

()

time of the amplitudc of a typical
giant pulse.

Graphical comparison of the intensity
measured from this oscillogram with the
corresponding intensity of a Lorentzian

pulse shape.
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D 2 -1t
p z:t = {1 - eXp(—oNoL)] exp[-(K1+K2)%r 1+ ;-tan T') ]}

We can also calculate the total energy gain for the pulse with
acceptable accuracy. Since (K1+K2)g§-<< 1 for the results in this thesis,
we begin by making the approximation,

2 -1

oD -1t v oD 2 t
exp[-(K;+K,)=>= (1 + = tan T941 =1 - (K+K)— (1 + =tan ~ %)

It is necessary to note at this point that our assumption of a
Lorentzian pulse shape has changed our time scale, in that t = 0 now is
the time at which the middle, rather than the beginnihg, of the giant
pulse reaches the position x = 0.

We now observe from Figure (2-3) that almost all of the energy
of the giant pulse is concentrated between t = -2T and t = 2T. In this

region we have, roughly,

-1t 71t
tat oy YT T
so that ¢out’ from (2.4-3), simplifies to:
DT 1
= ()
i : e t2 N T2
out ; SR 1t
) 1 - [1- exp(-oNoL)][l - (k1+k2)7T (1 + E..,f.) ]

With these approximations, we can now calculate the total energy’

gain GE’ namely,



i6

, éT
(t)dt
6 - =5F out
E 2T
I 6 (t)dt
22T
FT at
a5 7.2 . o0 .
2 22227 (25 # T%) (a * bt/T)
f £T dt
=37 22 & 72

where 4= d: fi: exp(oN L)If1 = (K + kzj%r ]

aRd b 2 1 = exp(zaN L1(K) * Ky) el
Thén; _ _
gé . Bisg |a + 2b| = log !? 2_§b|).flé(tahé}2_; ianéiv;éj

(éz + sz(tan- 2 = tan~ " =2)

HeweveF; in most cases we will find (Sce Appendix I) that b %< a; So that

wé have; finally:

’ % 3" - e Tk e e madk e % : . :
éé 2 %— = {1:=101- exp(=oN.1)1[1 = (K, + K) ] } (2:4-6)
3:5 Tatal Energy Gain at Saturation:
The term "saturation” is applied to the condition in which ail
the ﬁﬁs/z ions are stlmulated to release their energy to the glant pulse

as it passes through the ampllfler. It will be observed that this
condition is not included in the preceding treatment.
The ealculation of the total energy gain is extremely simple

tnde¥ saturation ébnditibns:
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nunber of photons out

humber of photons in

_ number of photons in + number of 4F3/2 ions
nunber of photons in
which is simply
D + NOL
B — (2.5-1)

2.6 Relation of Pump Energy to Population Inversion:

The population inversion in the amplifier rod, before the
N N

arrival of the giant pulse, has been written as No = EZ-- Eﬁ- in the
N 2 4

preciding section. Since L Wil be of the order of a hundred times

N, g2 N N,

— (See Appendix IJ), we'ignore — and write N = — .

g4 . 24 (o) g2

We begin our calculation by assuming that the increment AE of -
the amplifier pump energy is linearly related to the fractional number

of ions pumped from the ground state to the pumping levels, and hence to

4 ok
the F3/2 levels. Equivalently,
AN -
AE = -'Y-—-g-,
Ng

where™ y is a constant,
which gives, on integration,

Ng = Ngo exp (-vE)

where Ngo is the total number of Nd:I>+ ions.
Since the transitions from the pumping levels to the 4F3/2 levels

arebfast, we may approximaté the number N, of ions in the 4F levels by

k 372
ey

Nk = Ngo(l - e



We now recall, from Figure (2-2), that only the ions in the

4
lower of the two F3/2

lower level contains only about 60% of the 4F

levels are available for lasing. Since this

3/2 ions, one would first

be led to consider that only this 60% would be available for lasing.
However, due to the short relaxation time between these two levels (less

than one nanosecond(6)), nearly 100% of the 4F ions are available over

3/2

the 30 nanosecond duration of the pulse, in the saturation case. Thus:

N,- .60 N
b R I i
N, = o 7 = 230N, (- Y] (2.6-1)

for the non-saturation calculations,

!
and N 1.00 hk VB

- J——— = 50N (1 -e
go

- g—z‘ ' 5 ) (2.6-2)

for the saturation calculation.

2.7 Summary of Assumptions Used in this Chapter:

Several of these assumptions were made in the procéss of setting
up the rate equations. First, we assumed that both the number of
spontaneous transitions, and the number of transitions due to continued
pumping during the time of passage of the pulse, were negligible compargd
to the number of stimulated transitions. We further assumed that the
transitions involved are predominantly electric dipole transitions. The
effect of any cross-relaxation processes that may be operative(lo’ll)
was neglected. Also, we assumed that the photon beam is uniform over its
cross—seétional area, i.e., that such non-uniformity as has been shown to

exist(7’4) does not significantly alter the results. Further, the spectral

shapes of both the spontaneous and the stimulated emission lines were



19

approximated.by rectangular distributions. We note here that this
appfoximation also gives us a first order account of the.mdde structure.
If there are M modes within the spectral width Aw of the fluorescent line,
then on the average, each mode contains 2%2 photons.

The assumption was made that losses to the photon beam in the
amplifier rod, other than losses due to reflectances at the ends of the
rod, were negligible. A spectrophotometer run was made to check this
assumption; total losses were found to be less thanAIO% for the whole
length of the rod. Furthermore, in measurements of gain, such as comprise
this experiment, we are concerned with ratios, so that even this factor
nearly disappears, making our assumption very good.

In taking into account the laser level degeneracies and split

levels, it was assumed that thermal equilibrium is maintained between

4 . 4 ‘
these sublevels of the F:,,/2 and 111/2 levels. In reducing the number
of rate equations from three to two, it was necessary to replace t,the
4

lifetime of the I state, by infinity. We noted at this stage that

11/2

this procedure would not alter our results unduly.

' | In setting up the boundary conditions for these two rate
equations, it was assumed that the pumping of the amplifier rod was
uniform. - This assumption was necessary in order to make calculations
.manageable, but probably introduced slight inaccuracy for two reasons.
First, the end 1/4 inch of the three-inch rod, held in the opaque teflon
holder, was not puﬁﬁed as much as the remaining 2 3/4 inches. Second,
the pumping was not uniform radially, but decreased toward the centre of

the rod(z).
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The solution of the rate equafions from this point was exact,
but in applying this solution to find power gain, it was necessary to
assume an input pulse shape. We assumed a Lorentzian pulse shape; as we
saw from Figure (2-3), this was a very reasonable approximation. In the
next step, the integration of the input photon density, we neglected the
term L/c. The reason for this approximation consists in the fact that
L/c ¥ 1/5 nanosecond, whereas T ¥ 10-20 nanoseconds.

In relating the pump energy to the population inversion, we
neglected the nunber of ions in the final state, 4111/2, due to thermal
equilibrium with the ground state, since this is very small at room

temperature. We also neglected the number of ions in the 41 level

11/2

due to all the spontaneous transitions from the 4F level before Q-

3/2
switching. This is reasonable (Appendix II), and so long as yE is
small, the final comparision between theory and experiment will not be
significantly affected.

Next, we assumed that the fraction of ions pumped was linearly
related to the increment of pump energy. We then assumed that transi-
tions between the puﬁping levels and the_dF:,,/2 levels were fast enough
to allow us to ignore the proportion of ions left in the pumping levels.

Finally, we assumed that the relaxation time between the two
4F3/2 levels was sufficiently short so that all of the ions in the

upper level could be made available for lasing, if the input pulse were

large enough, i.e., if the saturation condition held.



CHAPTER  III

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 The Optical System:

In our descfiption of the experimental set-up, we first consider
the system comﬁrised by those pieces of apparatus directly involved in the
creatiaon, amplification, and detection of the giant pulse. Since these
operations are all primarily optical processes, we designate this system
as the optical system.

The optical system is most easily subdivided for further
discussion, according to the particular optical processes involved. Thus,
the laser oscillator is responsible for the creation of the giant pulse;
the beam splitter's function is to divert part of this pulse for measure-
ment before amplification; the laser amplifier head amplifies the giant
pulse; and a TRG detection unit converts it into an electrical signal for
measurement after amplification. The oscillator, beam splitter, amplifier,
detector, as well as an autocollimator for lining up the system, can all
be seen in the photograph, Figure (3-1). The construction and function
of each of these pieces of apparatus is discussed in the following sub-

sections,

3.1.1 The Laser Oscillator -

This oscillator, consisting of the rotating prism Q-spoiler,
the laser head, and output reflector, has been described and studied in
detail by Hill(6).

The Q-spoiler is a Beckman and Whitley Model 402 rotating Porro

(21)



FIGURE (3-1)

Photograph of the entire optical system.

From left to right, the pieces of apparatus
are:

(a) rotating prism Q-spoiler, (b) laser
head, (c) output reflector held in a
precision holder. ‘These three pieces comprise
the laser oscillator. g

(d) beam splitter, held in a second precision
holder.

(e) second laser head, which constitutes the
amplifier.

(f) TRG detection unit.

(g) part of the autocollimator.
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prism, driven by compressed air. Under the maximum 80 psi, it can be

~ driven at speeds up to 1500 rps,ralthough 300 rps was found to be a
reasonable value for this experiment. The speed can be monitored by
means of a pickup coil built into the rotor housing. This pickup coil,
since it can be rotated through 360 degrees with respect to the prism, is
also useful for synchronizing the fléshlamp pumping pulse with the prism.

The use of a right angle (Porro) prism, rotating about an axis
parallel to the prism hypotenuse and perpendicular to the roof edge,
serves two purposes. First, any critical alignment problems are auto-
matically eliminated. Second, the cavity length is double the value
which obtains if an ordinary rotating mirror is used.

The laser head consists of a highly polished elliptical
cylinder with a Kodak Nd3+-doped silicate glass rod at one focus, and an
EG&GG FX-42C xenon flash-tube af the other. This arrangement results in
an energy transfer efficiency, from the flashtube to the laser rod, of

up to SO%(IZ).

The flashtube is enclosed in a glass tube to protect the
laser rod from possibly damaging ultraviolet radiation. The flashtube
and laser rod.are both air-cooled from the same compressed air source
‘that drives the rotating prism.

| " The partially reflecting mirror which serves as the output
reflector is a dielectric coated cylindrical glass plate; which is
mounted in the precision holder seen in Figure (3-1). This holder has a

spring and knurled screw arrangement, which allows manual adjustment of

the attitude of the output reflector, to within one second of arc.
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3.1.2 Beam Splitters, Laser Amplifier, Detector, and Autocollimator -

A beam splitter is used to divert part of the beam, for measuré- )
ment before amplification, and for triggering the oscilloscope. This
beam splitter consists ﬁf a plate of glass held at 45 degrees to the
direction of the beam. The holder for this plate is basicélly the same
in design as that used for the output reflector of the laser oscillator.

The second laser head, which constitutes the laser amplifier,
is based on the same design as the first laser head, except in two res-
pects.- PFirst, the‘ellipse is horizontal, with the flashtube beside the
laser rod, rather than vertical, with the flashtube under the rod.

Second, the base consists éf two plates rather than one. The upper plate
rests on the lower plate, which is fixed firmly to the lathebed, by means
of three knurled screws. Two of these screws are pointed, one to fit in-
to a conical indentation, and one to fit into a V-cut groove, in the

lower plate; the third screw is rounded. This arrangement allows complete
freedom in adjusting the attitude and height of the laser head, by means
of the knurled screws, while keeping its lateral position fixed: Thus,
alignment of the amplifier rod with the beam from the oscillator is
rendered relatively simple. This is especially important in the cése of
a Brewster angle amplifier rod.

The detector, a TRG Model 101, is the horizontal black cylinder |
seen in Figure (3-1). It consists of an input cone, into which the laser
is fired, and a reference cone c;nnected to it by means ofra thermopile.
Siﬁce the beam is almost entirely absorbed in the input cone due to the

Mendenhall Wedge Effect, the potential difference across the thermopile
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is a measure of the total energy in the beam. A beam splitter located
just in front of the input cone, however, diverts 20% of the beam energy
to a fast response photpdiode circuit. This circuit converts the
intensity variation of the pulse into a measureable electrical signal.
The autocollimator is an optical telescope, with a cross hair
.and light source arrangement that makes it possible to line up the normal
to any optical surface, with the optic axis of the telescope, to within
one second of arc. We see, from Figure (3-1), that the use of this auto-
collimator necessitates that we assemble the optical system from left to

right, aligning each piece of apparatus as it is put in place.

3.2 The Electrical System:

This section deals with those parts of the apparatus which are
not included in the optical system. Since the functions of these pieces
of apparatus are entirely electrical, we designate them collectively as
the electrical system. For convenience, we divide this electrical system
into several subsystems.

First, there is the GNB laser energy subsystem (Model 20-002),
shown in Figure (3-2), which provides the electrical energy for the
xenon flashtubes in the laser heads. This subsystem also includes the
circuit for triggering the flashtubes.

Second, Fhere is the synchronizing unit and its power supply,
shown in Figure (3-3). This-unit synchronizes the flashlamp trigger with
the rotating prism, so that the Q of the oscillator is switched on only

when the laser rod has been pumped to its maximum population inversion.



FIGURE (3-2)

Photograph of the GNB laser energy subsystem.

The ‘device resting on the top of the housing is
an error meter, which can be used to precisely
control the charging of the capacitor banks. The
switch protruding from the same surface controls
the relay connectiﬁg the two sets of capacitor

banks.
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FIGURE (3-3)

Photograph of the synchronizing unit, which
synchronizes the flashlamp pulses with the

rotating prism Q-spoiler.
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The T-connector in Figure (3-3) allows us to feed the pickup coil signal
to a frequeﬁcy counter as well, so that we can observe the p?ism
rotational rate at any time.

Third, and last, there is the subsystem concerned with
detection. This includes a microvoltmeter (TRG Model 102) connected to
the TRG detector mentioned in the previous section, which measures the
total energy in the pulse. Also, it includes the fast photodiodes and
their backbiasing circuitry, which are used to convert the photon pulse
amplitude into voltage, displayable on an oscillqscope.

Each of these three subsystems is described in detail in the

following subsections.

3.2.1 The GNB Laser Energy Subsystem -

The GNB laser energy subsystem consists of four modules. The
Controller Module, as the name suggests, includes the controls governing
the Energy Module. The Energy Module consists of the circuitry for
charging the eight capacitors banks, four of which are located in the
Energy Module, and four of which are housed in a separate Capacitor Module.
The Eﬁergy Module is used to charge these banks to any value between 1100
and 2200 volts. Two large coils comprise the fourth module, called the
Inductance Module. These coils are used as current limiting chokes.

All connections between the capacitor banks of the Energy Module,
those of the Capacitor Module, and the coils of the Inductance Module, are
made externally to the modules, but internally to the GNB housing shown

in Figure (3-2). This arrangément makes it fairly simple to connect the
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capacitor banks in the Energy Module with those in the Capacitor Module
by means of a relay. This relay makes it possible to charge the banks
supplying power to the amplifier flashtube, independently of the banks
supplying power to the oscillator flashtube. This circuit is shown in
Figure (3-4), as part of the laser energy subsystem.

The Controller Module also controls the trigger generator,
which produces the 20,000 volt trigger to fire the flashtube. In this
experiment, the triggering control was left in the "External Trigger"
mode. This made it possible to control the triggering by means of the

synchronizing subsystem, as indicated in Figure (3-4).

3.2.2 The Synchronizing Subsystem -

This subsystem consists of the pickup coil, the synchronizing
unit and its power supply as shown in Figure (3-3), and a frequency
counter. The synchronizing unit produces a 10+ volt pulse which sets off
the 20,000 volt GNB flashtube trigger, so that the flashtubes are fired
at a fixed phase of tﬁe sine wave from the rotating prism pickup coil.
The unit does this by first clipping and amplifying the 0.5 - 2.5 volt
sine wave, squaring by means of an adjustable Schmitt trigger, and then
differentiating. It then uses the negative-going spikes of the resulting
pulse train to fire a unijunction transistor. It is this unijunction
transistor which provides the required 10+ volt pulées. Figure (3-5) -
shows the schematic of the synchronizing unit, as part of the synchronizing
subsystem.

The prism position at which the 10+ volt pulse occurs can be



FIGURE_3-4)

The GNB laser energy subsystem, showing the

relation of the synchronizing subsystem.
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FIGURE (3-5)

The synchronizing subsystem, showing the

schematic for the synchronizing unit.
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'crudely varied over 360 degrees, by loosening the top of the prism
housing, and rotating the pickup coil with respect to the prism. The
potentiometer controlling the Schmitt trigger (the FINE control in
Figure (3-3) ) can then be used as a trimmer, varying the phase at which
the 10+ volt pulse occurs, over about 10 degrees.

Since the delay between the triggering of the flashtubes, and
the Q-switching of the prism, will vary with prism rotational speed, this
must be kept constant by continual adjustment of the air pressure. The
frequency counter is used to indicate what adjustments must be made.

We now see that this subsystem allows us to obtain the delay,
which yields maximum pumping of the laser rods when the prism is Q-

switched. In practice, this optimum delay is about 400 microseconds.

3.2.3 The Detection Subsystem -

This subsystem consists of several units. First, there is the
TRG Model 102 Energy Meter, which is the microvoltmeter connected to the
TRG Model 101 Ballistic Thermopile. The Energy Meter is calibrated in
joules, so that the maximum joule reading, observed one or two seconds
after the laser is fired, is the total energy in the pulse. From Figure
(3-1), we can see that this is the pulse energy after it has passed
through the amplifier rod.

The photodiode which detects the pulses after deflection by
the beam splitter in front of the input cone of the Ballistic Thermopile,
is connected té Channel 1 of the oscilloscope. The connection is made

by means of 30 meters of BNC cable, which provides a delay of 120 nano-
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seconds. A second photodiode, an EG&G SGD-lOO, is connected by 1 1/2
meters of BNC cable to Channel 2 of the oscilloscope. This second photo-
diode is positioned to receive that part of the beam which is reflected
from the beam splitter, i.e., it sees the pulse before it is amplified.
The oscilloscope, a Tektronix Model 454, is left in the "add'" mode. This
allows us to see both the unamplified pulse, and, 80 nanoseconds later,
the amplified pulse, in the same oscillogram. |

It is important, in connecting these photodiodes to the oscillo-
scope, to terminate the BNC cables in their characteristic impedances.
This enables us to eliminate ringing in the cables,>and to transmit the
pulse shape to the oscilloscope without distertion. Now, since we also
know that the rise-times of the photodiodes are four nanoseconds or less,
and that the rise-time of the oscilloscope is less than three nano-
seconds, we can conclude that the pulse shapes observed in the oscillo-
grams are a good approximation to those which actually occur.

In order to trigger the 200 nanosecond (20 nanosecond/division)
sweep of the oscilloscope at the proper time, two stratagems are employed.
First, the A Sweep is triggered form the "SYNC OUT" of the GNB Controller
Module. The B Sweep is held off for the first 300 microseconds of the
A Sweep by leaving the B triggering switch in the "B triggerable after
delay time'" position. This stratagem circumvents the difficqlty that
otherwise, noise from the flashtube triggef pulse triggers the B sweep too
| early. The second stratagem is to trigger the B sweep off the photon
beam itself, by means of a second beam splitter and a fairly fast photo-

tube. This is, in fact, the only way this triggering could be done, since
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any other method would require a delay time accurate to within 0.01%.

The entire detection subystem is shown in Figure (3-6).

3.3 Procedures:

The alignment procedure, as mentioned earlier, consists
-primarily of aligning each part by means of the autocollimator. It is,
however, necessary to use a low-power He-Ne laser for alignment in several
instances. First, the light from.the autocollimator source, reflected
from the laser rod end faces, is insufficient to be seen with the auto-
collimator telescope. Consequently, the.He-Ne laser is used to align
the rods parallel to the output réflector normal, to within a minute or
so of arc. Second, in the case where a Brewster angle rod is used, the
autocollimator principle is invalid, again necessitating the use of the
He-Ne laser. Finally, it is also necessary to use the.He—Ne laser to
position the various detectors.

The procedure for charging the oscillator flashtube storage
capacitors, independently of the amplifier flashtube storage capacitors;
is quite simple. First, the relay connecting the two sets of banks is
closed, and the combined capacitance is charged to the voltage desired
for the amplifier flashtube storage capacitors. Next, the relay is
opened, leaving only the oscillator flashtube storage capacitors still
connected t§ the Energy Module. These capacitors are then charged to the
value desired for the oscillator, after which the flashtubes are triggered.
It is a good assumption that the leakage from the amplifier flashtube
storage capacitors, which occurs in the time taken to charge the

oscillator flashtube storage capacitors, is negligible.



FIGURE (3-6)

‘The detection subsystem.
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In the procedﬁre of the experiment itself, measurements of
energy gain are made before those of power gain. Since therfheoreticél
calculation of energy gain at saturation is simple (Section 2.5), whereas
that.fOr power gain is not; this procedure allows us to ensure that the
amplifier is not saturating before proceding further. The actual proced-
ures for making the energy gain and power gain measurements are given in
subsections 3.3.2 and 3.3.3, following a subsebtion on amplifier pump

N

energy determination.

3.3.1 Procedure for Determining Amplifier Pump Energy -

The amplifier pump energy E, as used in the calculation for
population inversion (Section 2.6), can be non-linear with the electrical
energy input to flashlamp for two reasons. First, since the electrical
energy is varied by changing the voltage on the capacitors, and since the
flashtubes operate differently at different voltages, the light energy
output of a flashtube may not be linear with the electrical energy input.
Second, the fact that the upper laser level lifetime is finite implies
that only a certain fraction of the light energy reaching the rod is
effective, i.e., the ions pumped by the remaining fraction decay before
the arrival of the laser pulse. Thus, since the flashlamp output pulse
shape varies with the input power, a further non-linearity may be
introduced.

Determination of the non-linearity, in order to correct for it,
is carried out as follows. First, oscillograms are taken of the flashlamp

pulse as a function of time. The SGD-100 photodiode, which conveniently
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hasha good spectral response in the region of the pumpiné radiation, is
used for this purpose. The output of the photodiode circuifAis a linear
function of power, i.e., the sensitivity is a constant ¥ 0.5 microamperes/
microwatt, so that the oscillogram height above the base level is a direct
measure of power, and hence of pumping radiation incident on the rod.
These pumping flash oscillograms, roughly 360 pseconds in
length, are now divided up into increments of 20 useconds each. The
height of each increment is measured, and is multiplied by exp(iaéggéa t)
to correct for the finite upper laser level lifetime. (The quantity t is
the time iﬁ seconds from the increment to the arrival of the laser pulse.)
The sum of the increments, ecach multipled by this féctor, now gives us a
measure of the amplifier pump energy E, with the two sources of non-
linearity removed. This amplifier pump energy is then plotted against
the corresponding electrical energy input to the flashlamp. The resulting
curve gives us a means of easily determining the amplifier pump energy,

since electrical energy input can be read from the laser energy controller

module.

3.3.2 Procedure for Measuring Energy Gain -

As described earlier, the oscillogram obtained from each firing
of the laéer contains first, the laser pulse output of the oscillator,
and 120 nanoseconds later, this same pulse after it has passed through
the laser amplifier rod. The first step in measuring gain is to relate
the height of the first pulse in the oscillogram to the energy of the
pulse before amplification. This is done by plotting the variation in

the height of the first pulse, against the variation in the energy
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measured by the ballis£ic thermopile, when the amplifier rod is left
unpumped. Energy gain measurements follow immediately when the amplifier
rod is pumped, since the ballistic thermopile gives the amplifier output
and the height of the first pulse now gives the amplifier input.

The next step is to measure the cnergy gain.for an input pulse
about an order of magnitude. smaller, to determine whether saturation is
occurring. This reduction is accomplished by placing a thin filter of
CuSO4 solution just before the laser amplifier. Since the resultant
amplified pulse is too small to measure accurately by means of the ballis-
tic thermopile, the second pulse on the oscillogram must be used for this
méasurement. As noted in the pr;ceding subsection, the height of the
oscillogram above the base level is a linear function of power. This
means that the area of this second pulse will be linearly related to the
energy of the pulse after amplification. To find the slope of this line,
we begin by measuring the areas of second pulses in the oscillograms
taken for the preceding energy gain measurements. These areas, plotted
'against the energies recorded from the ballistic thermopile, give a
straight line‘of measureable slope. Tﬁe attenuating CuSO4 filter is now
put in place, and the sensitivity of channel one of the oscilloscope, to
which the amplified pulse detector is connected, is increased until a
good oscillogram of the amplified pulse is obtained. Several oscillograms
‘are now taken with the amplifier unpumped. The areas of the second pulses
of these oscillograms, divided by the increase in oscilloscope sensitivity,

give us the CuSO4—attenuated laser pulse energies, by means of the straight

line relation just obtained. Since the height of the first pulse gives
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us the laser pulse energy before attenuation, the attenuation factor is
obtained. Energy gain measurements follow immediately when the ampiifier
rod is pumped.

As a final check on the results, the input pulse energy is now
reduced by another order of magnitude, by means of a much thicker CuSO4
filter. Before replacing the thin filter with the thick one, it is first
necessary to remove some of the protective cardboard filter from in front
of the amplified pulsg detector. Tﬁe oscilloscope sensitivity is then
reduced to something like its original value, so that a reasonalbe pulse
amplitude occurs on the oscillogram. Several oscillograms are taken, with
the amplifier rod umpumped, to obtain the new pulse area versus energy
relation. The thick CuSO4 filter then reblaces the thin one, the
sensitivity of the oscilloscope is increased, and more oscillograms are
taken with the amplifier unpumped. From these oscillégrams, the new
attenuation factor is obtaiﬁed, in the same manner as was the first
attenuation factor. The amplifier is now pumped, and the final measure-
ments of energy gain are made.

Some minor variations in the procedure of this section, due only
to a lack of previous experience with the apparatus, were made. Since
these variations concern only questions of chronological order and repéats
of measurements, however, they are not discussed here, but are left for
the reader whose interest leads him to a careful perusal of the data

presented in Appendix ITI.
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3.3.3 Power Gain Measurement Procedure -

It was hoped that the oscillograms used to obtain the enefgy
gain measurements would be able to furnish power gain measurements as
well. Theoretically, this should be quite simple; since the area of the
pulse in the oscillogram is the integral of the height, which is directly

proportional to the power, we have:

area J height dt = J constant x power dt

constant X energy

and so,

power = Eg%ggx x height.

However, as will be expiained in the chapter containing the results, this
was not possible in our case. Even if it were possible, however, it is
highly unlikely that any new information Qould come to light, since in
the development of thevtheory, the calculation of energy gaig follows,

and is based on, the calculation of power gain.



CHAPTER IV

EXPERIMENTAL RESULTS

4.1 Relation of Amplifier Pump Energy to Electrical Energy Input

to Flashlamp:

This relation was obtained by the method outlined in the
procedure; the resultant curve is given in Figure (4-1). This curve is
broken into three parts corresponding to three different storage
capacitor arrangementsl In the lowest range, only one capacitor is used,
with the result that the flashlamp pulse shape is shortened. Thus, in
this range, the flashlamp pulse has finished eighty microseconds before
the arrival of the laser pulse. In the centre range, three capacitors
are used, with the result that the pulse shape is longer, so that the
end of the flashlamp pulse and the arrival of the laser pulse are nearly
simultaneous. In the highesf range, with four capacitors, the pulse
shape is lengthened further, so that the laser pulse arrives approximately
eighty microseconds ﬁeforé the end of the flashlamp pulse. It is these
differences in pulse shape, together with the fixed time of arrival of

the laser pulse, which give rise to the discontinuities in the curve.

4.2 Energy Gain Results:

A typical set of five oscillograms, from which these energy
gain measurements were made, is shown in Figure (4-2). As described in
the preceding chapter, the first pulse in each oscillogram gives the time

development of the pulse input to the amplifier, and the second pulse

(41)



FIGURE (4-1)

Relation of the amplifier pump energy, E,
to the electrical energy input to the

flashlamp.
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FIGURE (4-2)

A typical set of five oscillograms, from which
energy gain measurements were made. The time
scale is 20 nanoseconds per division. The
punping of the amplifief in each case was (in

arbitrary units):
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(b) 240
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gives the time development of the same pulse as it emerges from the
amplifier. As can be seen from this photograph, the pulse is stretched

out slightly as it emerges from the amplifier. Since this occurs even

in the case in which the amplifier is unpumped, we see that this stretching
out is due, not to any nonlinear gain effect of the amplifier, but rather
to the unavoidable capacitance of the BNC cable used to delay the signal
from the second photodiode. This stretching out, fortunately, is suffi-
ciently slight so that it does not observably affect the following energy
gain measurements.

These measureménts begin with the determination of the experimental
relation of the unamplified pulse energy to the height of the first pulses
in the oscillograms. The result of this determination is given in
Figure (4-3). No significance attaches to the curve itself; as mentioned
in the procedure, it is merely-a convenient method for determining the
pulse energy output of the laser oscillator. The output from the laser
amplifier is measured directly with the ballistic thermopile; the resultant
gain of the amplifier is displayed in Figure (4-4). This graph displays
the data in céndensed form, i.e., each point on this graph is the average
of nine or more experimental points. The smooth curve shown is fitted to
the eiperimental points by the method of least squares, using the model
demanded by the theory of Chapter II, for the case in which saturation
does not occur. This model is:

. _ —\E
1 oNoL oL x .30Ngo(1 e ')

N : o -
Gy = TN L e, =R

1-[1-e °][1 - (K1+K2)%[l]




FIGURE (4-3)

Experimental relation of the unamplified pulse
energies to the heights of the corresponding

pulses in the oscillograms.
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FIGURE (4-4)

Energy gain of the laser amplifier, for input
pulses of 20-50 millijoules total energy. The
points are averages of nine or more experimental
points. The smooth curve has the shape given by
the theory. It is determined by the method of
least squares, from the uncondensed experimental

points.
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The factor [1 - (K1 + KZ)EE ] is'neglected, since for the largest input

2
pulse energy used, namely 50 millijoules, we have D = 6.15 x 1017

photons/cmz. And since Hill(6) estimates K, = 0.13, and K2 = 0.314, and

1
since Cabezas, McAllister, and Ng(z) find 0 = 3.5 x 10—2O cmz, we find that
this factor is nearly equal to one, i.e., [1 - (K1 + KZ)%? ] = 0.995 ¥ 1.00.

Since we know both the quantity L(7.61 cm.) and the quantity
Ngo(3.3 b 4 1020/cm3) from the data supplied by Koqu for the doped rod,
the only pnknown in the model is y. It is this parameter which is varied
to minimize the residual sum of squares. The standard deviation given on
the graph is that of the unaveraged experimental points from the fitted
curve; it is a measure of the scatter of the eight-six experimental points.

We observe from the graph that all of the condensed points are
remarkably close to the fitted curve, i.e., the curve shape given by the
theory appears to be in agreement with the experimental results. Thus,
it appears that the amplifier is not saturating; saturation, as shown in
the theory, would give a straight line relation. For a verification of
this, however, the gain measurements for attenuated input pulses were
carried out. If saturation were occurring, greater gains should be
observed for the attenuated input pulses.

Before these measurements could proceed, however, a minor re-
adjustment of the unamplified pulse detector necessitated a new determina-
tion of the relation between the unamplified pulse energy and the height
of the first pulse in the oscillogram. The new experimental relation is

given in Figure (4.5).



FIGURE (4-5) -

The second experimental relation of the unampli-
fied pulse energies to the heights of the cor-

responding pulses in the oscillograms.
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The next step, as mentioned in the procedure, was to find the
relation between the area of the second pulse in the oscillogram, and
the output pulse energy. This is given in Figure (4-6).

At this point, the CuSO, filter was put in place. The oscillo-

4
scope sensitivity for the amplified pulse detector was increased by a
factor of ten, in order to see the amplified pulse. The slope of the
relation of Figure (4-6) was divided by a factor of fen, to give the out-
put energy from the amplifier. This energy, obtained with the amplifier
rod unpumped, is then compared with the energy output of the oscillator,
given by Figure (4-5). This yields the attenuation factor of the CuSO4
filter, 0.0379. The amplifier is now pumped to obtain the required gain
measurements. The results are displayed in Figure (4-7). This Figure

is set up‘exactly as was Figure (4-4), except that the condensed points
are averages of four or more, rather than nine or more, experimental
points.

We observe from Figuré-(4-7) that the energy gains observed are
nearly the same as for the unattenuated input pulses (Figure (4-4) ). This
confirms our inference from the curve shape of Figure (4-4), that the
amplifier is not saturating. The distance of the first condensed point.
from the theoretical curve in Figure (4-7) may be explained by the facf
that it repreéents an average of only five experimental points, whereas
in Figure (4-4), the first condensed point represents an average of nine-
teen experimental points.

In preparation for a further attenuation of the input pulse,

some of the protective cardboard filters were now removed from in front



"FIGURE (4-6)

Amplified pulse enrgy, related to the area of
the second pulse in the oscillogram. Note that

this is a straight line relation.
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- (FIGURE 4-7)

Energy gain of the laser amplifier, for input
pulse energies of 0.7-1.4 millijoules. The
points are averages of four or more experimental
points; as in the previous case, the smooth
curve is a least squares fit to the experimental

points.
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of the amplified pulse detector, and the oscilloscope sensitivity was
decreased.: More oscillograms, with the amplifier rod unpumped, weré
taken. With the first pulses in the oscillograms, and the present attenua-
tion factor, the energies of the pulses were determined. The second
pulses in the osciilograms were then used to find the new output pulse
area versus energy relation, given in Figure (4-8). The thin CuSO4
filter was then replaced with the thick one, and the 6scilloscope sensitiv-
ity was increased. In the same manner as before, the attenuation factor
was measured, and was found to be 0.00307. The amplifier was now pumped,
and the energy gain measurements were made. The results are displayed in
Figure (4-9). In this graph, each condensed point is the average of five
or more experimental points. In connection with this, we note that the
closeness of the condensed experimental points to the theoretical curve
is slightly better than in the previous case, in which each condensed
point was the average of only four or more experimental points.

As in the previous casé, we note that again the energy gains

are nearly the same as for the unattenuated input pulses. This reconfirms

our statement that the amplifiér is not saturating.

4.3 Result of the Attempt to Measure Power Gain:

As could be seen from Section 3.3.3, measurement of power
depends directly on thé ratio of the pulse height in the oscillogram to
its area. This ratio, however, is significantly affected by the '"stretch-
ing out" observed in Figure (4-2). Consequently, it was impossibie to

obtain accurate power gain measurements. However, as mentioned in



FIGURE (4-8)

The relation between the amplified pulse energy
and the area of the second pulse in the oscillo-
gram, after some of the protective cardboard
filters have been removed from in front of the

amplified pulse detector.
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(FIGURE 4-9)

Energy gain of the laser amplifier, for input
pulsés of 0.05-0.12 millijoules total energy.
The points are averages of five or more expe-
rimental points. As in the previous cases,
the smooth curve is'a least squares fit to

the experimental points.
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Section 3.3.3, such measurements are contained in the energy gain measure-
ments, since the theoretical energy gain is derived from the theoretical
power gain. Thus, all of the results from which we could desire to draw

conclusions have been obtained.



CHAPTER V

CONCLUSIONS

A theory of the four level solid state laser amplifier has been
constructed, and applied to the case of the Nd3+-in-glass laser. Expe-
riments were carried out to test this theory, namely, energy gain measure-
ments for a Lorentzian-shaped input pulse. These measurements were made
for different pumping energy inputs to the amplifier rod.

Three sets of such measurements were made, the latter two
being made with attenuated input pulses. From these latter th, we were
able to conclude that the laser amplifier was not saturating. We now
consider the first set of results, since it contains over four times as
much experimental data as either of the other two, and hence is more
reliable for the conclusions to be proposed.

We see from this set, from Figure (4-4), that the relationship
demanded by our theory, namely (as shown in Section 4.2):

oL x 0.30 N__ (1 - ¢ YE)
. go

is adhered to rather well. Since this model was fitted to the experimental
points by varying the parameter y, it is now important to test this
agreement against variations in other factors, to determine the significance
of the agreement.

To this end, in Figure (5-1), we have given with the condensed
points the theoretical curve obtained by least squares fit, for various

20

values of 0. o . is the 0 = 3.5 x 10 cm2 value found by Cabezas, 7

given

(56)



(FIGURE 5-1)

Fitted theoretical curves for several values of
the stimulated emission cross section o, compared

to the condensed experimental points.
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McAllister, and Ng(s). A curve for o >> ogiven (i.e., one for which

oL x 0.30 N (1 -e ') oL x0.30N  x yE
go go

e > e ) was also fitted. However,

this curve was found to be so close to the curve fitted for o = Ogiven’
that these were indistinguishable on a graph of the scale shown. Consequent-

ly, only the three curves, fitted for ¢ = ¢ 0, and

< » 0 =0 . <
given given

o = :+ 20 appear on this graph.

0given
It.is of interest to note that the condensed point lying.farthest

from the origin, where the three theoretical curves diverge the most, lies

on the curve fitted with the value of o given by McAllister. This suggests

that we have evidence to support two conclusions. The first of these is

that the true value of o is not less, within an order of magnitude, than

that given by Cabeczas, McAllister and Ng. The second conclusion is that

our theory is basically correct in the form that it gives for the relation

between the amplifier pump energy and the energy gain of the laser amplifier.

We note that it has proved impossible to test that part of the

theory which gave rise to the term [1 - (K1 + K )%;-],‘since the term was

. B
indistinguishable from.unity for the values of D which we were able to
obtain. This would not be the case, however, for an input pulse, and hence
D, an order of magnitude larger than that which was obtainable here.
Experiments with an input pulse increased by this amount are recommended

to future Nd3+-in—glass laser investigators for the following reason.

Hill's(é) estimate of K1 = 0.13 has rather wide uncertainty limits, due

to the fact that the distribution of the degeneracies between the two


http:followi.ng

4111/2 levels is unknown. The experimeht here recommended, if carried

out with sufficient accuracy, could be made to furnish a value of K1 from
which the distribution of these degeneracies could be inferred.

It is hoped that these conclusions and recommendations, together
with the theory and methods outlined earlier in this thesis, will be of

value to those wishing to pursue further the investigation of the Nd3+—

in-glass laser amplifier,



APPENDIX I

Justification of the Statement 'b << a'":

On page 16, we applied the following relationships, namely:

[
n

1 - [1- exp(—oNoL)] [1 - (K1 + Kz)%g ] , and

b

oD
[1 - exp(—cNoL)] (K1 + KZ)TI‘

We now list some typical values for the terms in these expressions. These

were obtained both from theoretical and experimental work:

exp(-oNoL) = 0.5

(K + K)) = 0.44

o = 55% 10" @

D = 6.15 x 107 photons/cm2

These values yield the following results,

a 0.503, and

b

0.001,

which justify the statement on page 16 that b << a.

(60)



APPENDIX II

N N

Comparison of — and .
£2 Eq
To obtain this comparison, referred to on page 17, we first note
N N
that we can obtain a typical value of N0 = Ez-- Ei from our gain measure-
’ 2 4
o % oN L

ments. Thus, the typical value GE =1.7=¢ ©° yields No = 2.1 x-1018/cm3.

Now the level N, can be populated in two ways. The first of

4

these is by thermal equilibrium with the ground state. Neglecting
degeneracies, we obtain from the Boltmann relation,

AE

—— -1 -13
N =N e KT 3.3 x 1020 exp - (2000 cm ~ = 4 x 10 ergs)

. 80 1.38 x 1016 ergs/°K x 300°K

1.5 % 1016/cm3.

Since the degeneracy of the N4 level is at least 2(6), we see that at
N
most, Ei- = 8 x lols/cms, from thermal equilibrium.
4

' The second way in which the N, level can be populated, is by

4

spontaneous decay from the 4F3/2 state. To calculate this, we begin by
N

taking Egi equal to twice the value found above, to account for the

2 N4 (6)
largest possible value of ks Since g, = 2 , this gives us

4 B
N2 g 2,1 x 1018/cm3. We approximate the value of N2 for the 5 pseconds

prior to the arrival of the laser pulse by this value. During this 5

-2n 2 x 5/360

useconds, then, (1 - e = 0.01) x 2.1 x 1018 ions per cm3

will have decayed to the N, level, i.e., the rate for one cm3 is

4

(61)
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approximately 4 x 1015 ions/usecond. We now make the limiting assumption,

that the rate of decay of the N, level is equal to lowest estimate of it,

4

i.e., 1 = 400 nanoseconds. With this assumption, we find that of the

4 x 1015 ions per cn which decayed to the N, level in the first psecond

4

prior to the arrival of the pulse, only 2 x 1015 of them are still in the

N, level when the pulse arrives. Of the 4 x 1015 ions per cm3 which

4

decayed to the N, level in the second usecond, only 1 x 1014 of them are

4
still in the Ny level when the pulse arrives. At the very most, then, we
: N
see that the contribution to Ei from decay of the 4F
4
2 X 1015 ions/cms.

3/2 level is

Adding this result, to the result from thermal equilibrium,
N
we obtain: Ei = 2 X 10ls + 8 x 1015 = 1016/cm3. We observe that No,
4
RSB 7 O b - N2
and hence A is roughly 200 times this value.
2



APPENDIX  III

DATA

(a) The first set of data presented here was obtained to determine the
relationship between the electrical energy input to the flashlamp, and
the amplifier pump energy, E (Figure 4-1). The energy E is determined

as outlined in Section 3.3.1, from oscillograms of the flashlamp pulses.
Each Polaroid frame hés space for nine oscillograms or tracés; this gives

rise to the '"trace numbers'" listed below:

Frame Trace Elect. Pump Energy E
No. No. Energy  (arbitrary units) Remarks
Input
(joules)

a 2 67 90 For the oscillograms in this
4 100 131 frame, only one of the four .
5 133 156 storage capacitors were con-
6 166 . 115 nected to the flashlamp.
7 200 211
8 83 110
9 117 145

b 9 200 235 In this frame, as also in

: 9 250 . 291 frame C and in traces 7 and
7 300 320 9 of frame d, 3 of the 4
6 350 340 storage capacitors were used.
5 350 340 155 Oscilloscope sensitivity
4 450 399 182 was changed here. These
3 500 423 193 numbers are the energies
2 550 440 201 E, before the corrections
1 600 475 217  for this change were made.

(63)
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Frame Trace Elect. Energy Pump Energy E

No. No. Input (joules) (arbitrary units) Remarks
c 1 200 128 x £ The set-up of the apparatus
3 300 149 x £ was altered slightly between
5 400 189 x f frames b and c. Consequently,
7 500 208 x £ this frame was used to find
9 600 229 x £ the multiplicative constant,
f, relating the arbitrary
units of frames a and b to
those of ¢, d and e.
d 9 600 468 234 These numbers are the
7 . 700 486 243 energies E before the
multiplicative constant
f is allowed for.
5 400 402 201 In these traces, as in
3 533 462 231 all the traces of frame
1 600 480 240 e, all 4 of the storage
capacitors were used.
e 9 666 494 247
7 733 540 270
5 800 562 281
3 867 582 291
1 933 588 294

This completes the first set of data, giving the relation found in

Figure (4-1).

(b) The next set of data was taken to provide energy gain measurements

for the case in which the input pulse energy to the amplifier was 20 - 50
mullijoules. The pulse energies as recorded below, are corrected for the
loss due to the beam splitter located in front of the thermopile. The
amplifier pdmp energies E, recorded below, are obtained from the electrical

energy input and the relation given in Figure (4-1).



Frame
No.

30

33

36

37

31

32

33

Trace
No.

NOUT AN -

AN AE NN - coNN OV

WOV NN = wv s

Do -

Height

Pulse
of Energy
First Before
Pulse Ampl.
(arbitrary (milli-
units) joules)
30.0 56.0
30.0 52.5
28.0 50.5
24.0 42.5
22.0 36.5
18:5 29.5
17.0 26.5
18.0 25.5
25.5 46.0
25.0 42.0
23.0 38.5
30.5 58.0
31:0 54.5
30.0 53.0
24.0 40.0
23.0 38.5
16.0 22.5
205 32.5
17.5 26.3
18.0 270
2245 37.0
16.0 24.0
16.0 24.0
14.0 21.5
23.0 38.5
13.0 20.5
22.0 35.0
23.0 38.5
22.5 37.0
27.5 49.0
28.0 50.0

Pump
Energy
E
(arbitrary
units)

182
208

92
110
125
142
155
170
195

92
110

170
125
92

Pulse

Energy

AFter
Ampl.

(milli-
joules)

56.0

55.5
46.0
30.0
32.0
28.0
48.0
275
38.0
48.0

47.5
58.5
52.5

Gain

1.000

1.000

1.307
1.442

1.315
1.242
1.251
1.335
1.301
1.246
1.341
1.057
1.247

1.282
1.196
1.050

65

Remarks

These oscillograms,
to trace 6 of frame
37, were made to
obtain the relation
between the first
pulse height, and
the energy of the
pulse before ampli-
fication. These
data gives the
relation shown in
Figure (4-3).

The "pulse energy
before amplification"
for these gain measure-
ments (to trace 9 of
frame 36) is obtained
from Figure (4-3).
These gain measurements
form part of the data
upon which Figure (4-4)
is based. '
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Height  Pulse  Pump Pulse
of Energy Energy Energy
Frame Trace  First Before E After iy " hsnavks
No. No. Pulse Ampl. (arbitrary Ampl.
(arbitrary (milli-  units) (milli-
units) joules) joules)
34 1 29.0 52.3 240 78.5 1.500
2 26.0 45.7 285 72.5 1.586
3 30.0 54.2 318 90.5 1.668
4 30.0 54.2 345 90.0 1.660
5 21.0 33.6 370 65.0 1.993
6 24.5 42.0 395 88.5 2105
7 24.5 42.0 418 85.0 2.023
8 27.0 48.0 442 98.5 2.052
9 23.0 38.5 468 - 82.0 2., 130
35. 1 27.0 48.0 480 101.0 2.105
2 23,5 40.0 455 85.0 2.125
3 21.0 - 33.6 430 69.0 2.052
4 24.0 41.0 407 82.0 2.000
6 25.0 43.53 358 78.0 1.802
7 21.0 33.6 330 59.0 1.753
8 24.0 41.0 300 70.0 1.708
9 23.0 38.5 262 63.0 1.638
36 3 28.0 50.0 240 75.0 1.500
5 26.0 45.7 370 85.0 1.860
7 23.5 40.0 468 84.5 2.110
9 26.0 45.7 492 101.0 2.206
38 8 31.5 58.0 x g 0 26.0 1.000 For these oscillograms,
9 31.5 58.0 x g 0 28.0 1.000 beginning with trace 8
A of frame 38, the input
41 3 31.0 . §7.0% g 0 25.3 1.000 pulse was attenuated
from ~ 40 mj. to ~ 20
39 1 27.3 22.8 468 42.3 1.860 mj., in the hope that
2 26.2 21.7 442 29.3 1.810 if saturation were
3 26.2 21.7 418 40.0 1.845 occurring, it could be
4 29.0 24.6 395 41.4 1.680 detected with this
5 27.3 22.8 370 38.0 1.668 attenuation. Since it
6 30.0 25.6 345 41.4 1.620 was not detected, it
7 27.8 ©23.4 318 36.0 1.540 was decided that these
8 27.3 22.8 285 33.4 1.465 results should be in-
9 28.0 23.5 240 31.0 - 1.320 cluded with the previous



Frame Trace

No.

40

41

45

46

64

W0~ UGN

No.

O oo~nNo W ooNON BN

CoNOUNTDWnN

NN UT AN =

Height
of
First
Pulse
(arbitrary
units)

23.0
24,2
30.0
30.0
26.7
29,7
28.2
28.8
26.6

.

BB WL N
AR LCAHAONYO
oococoovmown

(%
(@)}
o

Ll o
[lo o
w O

39.2
38.0
29.0
20.8

(arbitrary

Pulse = Pump
Energy Energy
Before E
Ampl.

(milli- units)
joules)

18.1 262
19.5 300
25.6 330
25 .6 358
22.2 382
25.2 407
18.4 430
24.5 455
22.0 480
11.8 170
12.0 125
18.6 110
19.3 92
52.0 0
52.0

48.0

43.0 0
26.0 0
30.0

21.0

16.4

16.0

22.53

2.5

32.7

40.0

46.4

52.0

55,7 0
31.5

32.0

45.0

36.0

35.0

25.0

18.0 0

Pulse
Energy
AFter
Ampl.
(milli-
joules)

28.
30.
40.
39,
37
44,
34.
41.
41.

A DULUNOANWO OO

13.
12.
18.
22.

O VW

52.

o

43.
26.0

o

55.7

19.0

Gain

1.547
1.540
1.562
.560
.695
.743
. 862
.690
.880

bt b b b et

.126
.050
.020
. 140

Pk ek et fed

1.000

1.000
1.000

1.000

1.000

67

Remarks

ones, in a '"'20-50 mj.
input pulse energy"
class. Traces 8 and

9 of frame 38, and
trace 5 of frame 41,
were used to find the
attenuation factor, g.
This factor g was then
used to determine pulse
energies before ampli-
fication for the
remaining oscillograms
to trace 9 of frame 41.

The attenuator was
taken out at this
point, and the
arrangement of the
unamplified pulse
detector was changed
slightly. This
necessitated a new
determination of the
relation between the
first pulse height,
and the energy of the
pulse before ampli-
fication. Thus, these
oscillograms, from
trace 2 of frame 45 to
trace 8 of frame 64,
give the new relation,
shown in Figure (4-5).



Frame Trace

No. No.
65 3
4
5
6
7
8
9
66 1
2
3
4
5
6
7
8
9
67 1
2
68 1
2
3
4
5
6
7
8
9

Height
of
First
Pulse
(arbitrary
units)

46.4
31.0
43.7
34.8
39.0
32.0
33.0

22.0
32.6
36.7
21.0
52.0
33.4
36.3
39.0
36.0

37.8
44,0

42,0
36.2
40.0
43.2
39.5
38.0
3745
39.0
42,3

Pulse  Pump
Energy Energy
Before E
Ampl,

(milli- units)
joules)

56.0 240
36.3 317
52.6 370
40.8 419
46.3 466
37,5 487
38.5 510
26.6 532
38.1 522
44.0 500
25.6 477
37.5 455
39.0 442
43.0 395
46.3 345
42.5 285
44.8 580
53.0 570
50.3 467
42.7 498
47.5 522
52.0 542
47.0 562
45.0 560
44.5 580
46.3 589
50.7 592

(arbitrary

Pulse
Energy
After
Ampl.
(milli-
joules)

79.0
56.2
95.2
76.7
96.0
73.2
74.0

51.3
78.0
95.2
50.7
71,2
2.7
80.0
84.7
69 .2

114.5
125.3

116.0
101.2
108.0
118.5
108.0
104.0
109.3
108.0
130.6

Gain

1.412
1.580
1.812
1.880
2.072
1.956
1,922

1.930
1.050
2.120
1.975
1.900
1.860
1.860
1.830
1.630

2.555
2.360

2.300
2.370
2.280
2.280
2.300

2.310

2.450
2 +.335
2.585

68

Remarks

The '"pulse energies
before amplification"
for these gain measure-
ments were obtained
using the relation of
Figure (4-5). These
measurements, ending

at trace 9 of frame 68,
complete the set of
data upon which Figure
(4-4) is based.

(c) The next set of data was taken to provide energy gain measurements, for

the case in which the input pulse energy to the amplifier was 0.7-1.4 milli-

joules. It was first necessary to relate the area of the second pulse in the

oscillogram to the corresponding energy.

The oscillograms on frames 45 and 46

are used to obtain the data for this; the resultant relation is shown in

Figure (4-6).
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Area of Pulse : Area of Pulse
Second Energy Second "~ Energy
Frame Trace Pulse (milli-  Frame Trace Pulse (milli-
No. No. (arbitrary joules) No. No. (arbitrary joules)
units) units)
45 2 260.0 52.0 46 1 88.0 16.0
3 251.0 52.0 2 103.0 22,3
4 249.5 48.0 3 155.5 32.5
5 222.,0 43.0 5 169.0 32.7
6 126,0 26.0 6 217.5 40.0
7 149.0 30.0 7 240.0 46.4
8 98.0 21.0 8 295.0 . 52.0
9 82.5 16.4 9 286.0 55.7

The thin CuSO attenuator was then put in place, and the sensitivity of

4
~ the oscilloscope was increased by a factor of 10. The slope of the
relation in Figuie (4-6), divided by 10, gives the '"pulse energy after
amplification" in the data given below. In the data given below, the
oscillograms from trace 4 of frame 52 to trace 2 of frame 55 were used

to find the attenuation factor h. In the remaining data, from trace 5 of
frame 52 to trace ] of frame 55, the "pulse energy before amplification"

was found by using this attenuation coefficient. These remaining data

constitute the gain measurements upon which Figure (4-7) is based.

Height  Pulse Pump Area Pulse
Frame Trace of Energy  Energy of Energy Gain
No. No. First Before E Second After
' Pulse Ampl. (arbitrary Pulse Ampl.
(arbitrary (milli- units) (arbitrary (milli-
units) joules) units) joules)
52 4 39.5 47.5 x h 0 101.0 2.00 1.000
.. 53 1 42.0 50.5 x h 0 100.0 2.00
2 38.0 45.5 x h 0 80.8 1.61
3 37.53 44.5 x h 0 90.0 1.80
4 29.5 33,8 x h 0 62.0 1.23
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Height  Pulse Pump Area Pulse

of Energy  Energy of Energy Gain
Frame Trace  First Before E Second After
No. No. Pulse Ampl. (arbitrary Pulse Ampl.
(arbitrary (milli- units) (arbitrary (milli-
units) joules) units) joules)
55 1 42.0 50.5 x h .0 53.0 1.05 1.000
52 5 26.8 1.156 © 100 68.5 1.36 1.178
7 15.0 0.720 » 157 50.8 1.00 1.390
53 9 15.0 0.720 92 41.0 .81 =~ 1.12%
54 1 19.2 0.842 92 55.0 1.09 1.294
2 18.3 0.815 125 56.0 1.11 1.360
3. 24.0 1.040 240 76.0 1.50 1.440
6 24.6 1.060 420 112.5 2.24 2.110
7 15:2 0.728 © 467 65.0 1.29 1.775
8 25.6 1.106 280 83.0 1.65 1.490
9 32.0 1.408 345 118.0 2. 35 1.665
55 3 20.3 0.878 455 82.0 1.63 1.860
4 31.3 1.367 332 111.0 2.20 1.606
5 26.3 1.127 263 81.0 1.61 1.428
6 14.0 0.701° 442 63.0 1.25 1.780
7 22.1 0.958 - 395 79.0 1.57 1.640
8 18.0 0.797 370 74.5 1.48 1.860
9 25.0 1.080 319 86.0 170 1.577

(d) The next and final set of data was taken to provide energy gain
méasureménts,'for the case in which the input pulse energy to the ampli-
fier was 0.05 - 0.12 millijoules. It was necessary to increase the
sensitivity of the amplified pulse detector by removing some of the
protective cardboard shielding surrounding it. This was done, the
sensitivity of the oscilloscope was decreased, and the following os;illo-
grams were taken iﬁ‘order to determiné the new relation between the érea

of the second pulse and the amplified pulse energy:
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Height Pulse  Pump Area Pulse
of Energy Enexrgy of Energy
Frame Trace  First Before E Second After Gain
No. No. Pulse Ampl. (arbitrary Pulse Ampl.
(arbitrary (milli- units) (arbitrary (milli-
units)  joules) units) joules)
57 1 31.7 1,533 0 162.0 1.533 1.000
2 27.9 1.307 150.0
3 24.0 1.130 114.3
S 40.8 2.060 128.0
6 19.0 0.910 49,3
7 14.2 0.770 42,2
8 237 1.118 58.8
9 10.0 0.700 0 39.8 0.700 1.000

It is this date which yields the relation shown in Figure (4-8).

The thin CuSO4 filter was then replaced by the thick one, and
the oscilloscope sensitivity was increased by a factor of ten. In the
data given below, the oscillograms from trace 2 of frame 58 to trace 8
of frame 63 were used to determine the new attenuation factor, j. This
factor was used to find the '"pulse energy before amplificatipn" in the
remaining oscillograms; to obtain the data upon which Figure (4-9) is

based. Height Pulse Pump Area Pulse

of Energy  Energy of Energy

Frame Trace  First Before E Second AFter fais

No. No. Pulse Ampl. (arbitrary Pulse Ampl.,

(arbitrary (milli- units) (arbitrary (milli-
units) joules) units) joules)

58 2 16.6 20.0 x j 0 76.2 0.070 1.000
3 19.0 22.0 x j 84.2 0.077
4 26,7 30.0.% 97.7 0.089
5 32.0 37:.2 % j 106.8 0.098
62 -8 15:1 19.2 X j 67.5 0.062
9 38,2 45.8 x j 137.3 0.126



Frame
No.

63

58

59

60

62

Trace
No.

O 00 [ BN e NN Jp NN X

O oo N+

NN Ay -

TR LN

Height
of
First
Pulse
(arbitrary
units)

33.6
16.0
16.0
26.2
19.5
13.0

N
(o]
NN N

26.7
32.0
31.2
18.2
17.2

Pulse
Energy
Before
Ampl.
(milli-
joules)

19.2
19.7
19.7
30.0
22.5
18.0

Ea R T
e e L e

.0771
+0519
.0613

.0960
.0590
.0537
.0660
.0691
.0830
.0598

.0918
.0630
.0724
.0613
.0599
.0559

.0928
.1145
.1107
.0645
.0630

Pump

Energy

E

units)

318
370
419

301
262
442
345
285
370
240

331
383
407
430
442
455

92
100
109
117
125

Area
of
Second

(arbitrary Pulse

Pulse

Energy

After
Ampl.

(arbitrary (milli-

units)

114.2
73.5
70.2
78.8
72.2
66.3

142.3
107.9
129.0

157.
103.
119,
120.
109.
159.
95.3

NO 00w O

168.
126.
142,
120.
127
117.

NN ONNO D

117.
138.
132,
81.
82.

Do OowN

joules)

0.105
0.067
0.064
0.072
0.065
0.061

0.131
0.099
0.118

0.144
0.095
0.1095
0.1173
0.100
0.146
0.0985

0.145
0.1156
0.130
0.110
0.1167
0.108

0.107
0.126
0.121
0.074
0.075

Gain

1,000

1.000

1.698
1.909
1,921

1.500
1.610
2.045
1.775
1.445
1.760
1.460

1.580
1.835
1.796
1,793
1.954
1.940

1.156
1.106
1.093
1.147
1.190



APPENDIX IV

COMPUTER PROGRAMS

The program which follows is typical of the programs used to
obtain the least squares fits, given in Figures (4-4), (4-7), (4-9), and
(5-1). The method used to minimize the residual sum of squares,

AL - e 9.2

I(y - e )
where y = GE 5
A = 0.30x0xLxN
go
and - x = E

is to reduce its derivative with respect to y to zero by successive

in

: . . . 2
iterations. In the case in which o was set equal to 10~ x Ggiven

Figure (5-1), limitations of the computer necessitated replacing

- e ) by yx.
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