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A Intrpduction

Since’ introduction of 'the term "optical pumping" by
Kastier% its meaning has broadened somewhat, especially with
the advent of thé quantum electronics era and the laser.
Generally optical pumping is a method of creating and main—
taining a non-thermal population distribution of atoms in
differcnt quantum states. While carly experiments were
concerned with optical pumping of gases with resonance
radiation, more récently the technique has also been applied

to solids.  In particular broad band pumping is now commonly

" used to excite solid state lasers. In this thesis, phe

resonant optical pumping of the ruby transition 4A.2-'—‘*2E

(R1 line) by a ruby laser beam is examined. — The study is
focussed on two appliecationsg of guch a resonant interaction,
(1) laser pumping of microwave masers and {2) self-Q-switching
of ruby lasers. Specific objectives in (1) were to measure
the laser induced change, 8, in the ground state fine
structure populations in ruby and to compare these with
available theories and to construct new theoretical models
where necessary.  In particular hole-burning was incorporated
into the theory for the first time and a new experimental -

technique introduced which directly demonstrates the
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inhomogenecous nature of the ruby Rl line at low temperatures.
In (2) a new technique of laser Q switching is described and
good agreement between saturable absorber theory and experiment

demonstrated.

B Laser—Pumped Ruby Maser

There are two primary advantages of optical pumping of
microwave masers as first outlined by Hsu and Tittel2 in the

case of CW pumping, (1) iow noise maser operatibn is possible |
at bath £emperatures much higher than the usual 42°K value
which is required when microwave pumping is used and (2)
maser operation can be extended to higher frequencies. In
the case of ruby at 78°K say, the latter analysis shows that
CW low noise maser operation is not possible, essentially
because of a low ratio, f/w, of optical to microwave relaxation
rate. An extension of the analysis into the time domain is
introduced in Chapter B2,1 which shows that, under pulsed
conditions, low noise operation becomes possible during a time
approximately equal to the microwave relaxation time following
application of the pump. The theory was verified experimentally -
using thé apparatus shown in Fig.l. A spin temperature Ts =
-12°K was measured with ruby laser pumping at a microwave
ruby temperature of 78°K. " Since the maser noise temperature3
T = |Tsi, this demonstratced that low noise maser operation at
high bath temperature was indeed possibleé’s as predicted by
the time dependent theory. |

The feasibility of CW high frequency (300 GHz) operation
éf a ruby microwave maser using optical pumping is discussed in
chapter B 2.2, Calculations indicate that the pump power

requirements are quite reasonable (= 5 Watts/cmz). Another

advantage of optical pumping is pointed out,-namely that because ot
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of the spin selection rules, 3 level maser operation using only
the ground state Zeeman levels is not possible at the high
magnetiec flelds requlred for mm wave operation. HOVevér a
optical tran51t10ns to the 2E electronlc state are allowed and
in fact constitute the only yay to achieve maser action in
ruby at mm wavelengths. ? |

In chapter,B 3, & nev technique (1nternal optical pumping)

”grcomlng an unfavourable f/w ratio by

is described far”
combining 1aseguﬁnd maser action in the same crystal, Unlike
{the external pumplng scheme of Hsu and 11ttel 2 internal
pumping ‘allows the gttalnment of a low |T ' in ruby, at 78°K
for example, under CW conditions.  The calculated pump power
for such operation in ruby however is probably impractically
high and other materials such as F centres in alkaii;halides
which have much longer microwave relaxation times et higher

teomperatures are suggested as being more promising.

QO Optical -Microwave Double ._Resonance Studies of Ruby

Comparison of experiment and the simple theofj of chapter
B showed that an order of magnitude 1arger pump energy‘ﬁés
required in practice than predictedrhy theory., Such'ar
discrepancy had also been previously noted by Devor et al6 and
was ascribed to a lack of frequency match between the ruby
laser and;absorpt;on in the microwave ruby. To test this
idea, a caréful messurement of the laser and microwave ruby
line pbsitigns was_underﬁakeﬁ using'&irect optical spectro-
scopy as well as an optical-miérowave double'resonance '
techniqueT. This technique and.fheoretiéal extensions
arising from these experiments are summarized below.

In the theoretical extension, considération is‘giyen‘to

three main factors neglected in the simple theory. These
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are, the finite optical linewidth which results in pumping of

all the ground state levels in varying degrees depending on the

laser frequency, the effect of hole-burning in the inhomogeneously

broadend Rllliqe at low temperatures and finally the fact.thaﬁ
the microqave_ruby.is_opticnllylthick, that is the pump power
varies with distance in the crystal. The apparatus used is
shown in Fig. 1 with a modification which allowed vgfiation of
the sample temperature from 4.2 to 1009K. The cavity resnance
frequency was 9.4 GHz.. When the microwave ruby is irradiated

by the pulsed laser beam, a change in the cﬂv1ty reflection

coefficient occures due to a change, 6, in the population

difference in the energy levels, . Experimental and theoretical

values of this change are shown in Fig., 2 for the 1/2 <> —1/2
transition (magnetic field is parallel to the crystal axis) as
a function of the crystal temperature. Since-the.optical
energy level spacing is temperature dependent, 8 goes through
positive and negative values as the laser pumps the ﬁpper or
lower microwave levels. Of”p1rticuldr interest.afe the zero
cr0551ng points at 46 °K and 37 °K at whlch points one of the
two lasers lines lies midway between the optlcal trangitions
from the +1/2 and -1/2 4Aé levels. The'measureﬁent‘of these
zero crossing points allowed a precise determination of the
elatlve 9051t10ns of the laser and absorption 11nes. These
_p031t10ns were 1n good agreement wlth direct mneasurements
using a large (35 foot) grating spectrograph. The solid line
in Pig. 2 is a theoretical calculation valid for low pump
powers. Agreemcnt with experiment is reasonable except at
higher temperatures where splnnlattlce relaxation effects
become important. AY higher pump energies (x in ‘Fig. 2), the

hole—burnlng theory agreed with experlment w1th1n 20 % 2t 4.2°K.
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However the large change in & which occurs in.the temperature
range 10 to 40°K was quite unexpected, since in this range,
negligible change in the absorption frequency occurs..

Factors such as temperature-dependent spectral diffusion and
transparvency effects were theoretically examined, however:

they were found to be too small -to explain the results. This
anomalous behaviour was finally explained as due to-a
thermalization effect in the'zE levels which, under saturation .
conditions, allows additional ions to be pumped into the «
excited state. Calculations of this effect were in good.

quantitative agreement_with‘experiment.7
D Laser Induced Fluorescence Line Nhrrowing in Ruby

An important coneclusion of the prev1ous chapter was that

under optical saturation condltlons, "holc~burn1ng“ occurs
in the R1 line when it is excited by a laser whose frequepcy
width is.less than the Rl inhomogeneous linewidth. | In other
words, only those ions which are resonant with the laser
will saturate, while the rest of the line is unaffected.
The-ev1dence however 15 1nd1rect as indeed are other
observations such as the temperature dependence of 11new1dth
In this chapter, the 1nhomogeneogs na@ure of the R1 line at low
temperatures is directly demonstrated using a technique of laser-
induced fluorescent line-narrowing. ‘ ‘..

| The apparatus used is shown in Fig. 3.. Arliquiﬁ nitfogen
cooled ruyy_la59r resonantly excites.the R1 1ine? after which
the fluorescence is frequency-analyzed by a high-resolution
scanning Fabry~Perot interferometer. Initial resﬁlts showed
a narrowing from the inhomogeneous width of 2. 2'GHz to a
value of 600 MHz. More recent results9 have resulted in

values as low as 60 Miz, which is approach1ng the homogeneous
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width of = 10 MHz implied by photon~echo studies in zero ..
magnetie field.lo The latter width arises from the-Cr—AIE?
electron-nuclear spin dipole interaction. - An intereétiug
aspect of the observations is that no spectral diffusion
occurs for times up to 10 msec after excitation., These
results support Birgeneau’s11 recent calculations which show
that earlier postulated multipolar interactions do not-prodﬁce
single-ion to single-ion energy transfer in concentrated ruby
but rather that the interaction must be of a short range type

such as exchange.
E Self—Q-—Switching of Ruby Lasers

A'nbvel techniéue for producing high power optical ﬁulses
from a ruby laser is described.12 It is shown that when Cr
jons in an unpumped portion of a ruby laser rod resonantly
inte?dct'with laser radiation produced by the pumped portion
of the rod,'thén rapid saturation of the unpumped ions occurs
resulting in a cdrresponding rapid decrease of the optical
cavity loss.  As is well known, such a loss switching
mechanism in lasers fesults in a form of operation called (-
switching. In the present case, the term Self—Q—Switching is
introduced since the usual optical switch such as a Kerr or
_ Pockel cell external to the laser rod is not required. An
essential feature of the self-Q-switching mechanism is that
é non-uniform cavity photon density is required to obtain

saturable absorber switchingl3

by unpumped laser atoms. This
was achieved by the use of a rooftop laser rod in which the
photon denéity is doubled in the volume contained in the
rooftop because of folding of the beam on itself. When the

rooftop was shielded from the pump, a Q~switched laser pulse
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of peak“ﬁower 200 KV and width 6 nsec was produced. This
operathp only ocecurred at liquid nitrogen temperatures,
ceasing. at temperatures above 150°K.  The Q-switching’

behaviour and its temperature dependence are quantitatively-

'explaipbd by'sdturable-abSOrber giant pulse theory.’l3 A .plot

of thﬂoretlcal and experimental pulse shapes is shown: in Fig.

4. The theoretical curve was adjusted to the experimental

polnts by variation of the theoretical parameters. A comparison

of bhe latter parameters with values deduced from experimental

condit10ns ‘ghowed. good agreement

F Conclusions

The main conclusions .and accomplishments of this work

are 1istéd below. - o

(1) Theoretical frediction that laser pumping of microwave
masers could produce spin temperatures (absolute valfie)
mich less than the bath temperature was experimentally
verified. For a ruby system, a spin temperature of -12°K
was measured4’5 at a bath temperajure of 78°K.

(2) A difficulty which arises with ruby is that at higher
temperatures, the optical to microwave relaxation- time
ratio becomes unfavourable for CW maser action using
optical pumping. A method of circumventing this problem
was suggested and a detailed theory outlined.

(3) Quantitative comparison between theory and experiment of
the effects of laser pumping on the ground state populations
of ruby showed that several factors not considered in
previous work6 required consideration. The most 1mportant ’

- of these were line—overlap,hole—burning and thermalization

in thele levels. In addition a double-resonance




technique was developed. to precisely loeate the laser
frequency relative to the absorption freguencies.

(4) A limiting factor in the resolution of sharp lines in
gases and solids by conventional spectroscopy is inhomogeneous
broadenihg. Doppler inhomogeneous broadening in gases
has recently been overcome by a laser saturation techpique.14
In this thesis a laser technique was described which, for
the first time has overcome inhomogencous broadening effects
in a solid.

(5) A new technique of Q-switching ruby lasers. was reported
which involved saturation of an unpumped portion of the

ruby rod.12
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