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ELECTRON PARAMAGNETIC RESONAN:!E STUD IES OF 
COHERENT OPrICAL TRANSITIONS IN BU.BY 

Lance Riley 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
and Department of Physics, 

University of California, Berkeley, California 

ABSTRACT 

This thesis considers several aspects of the interaction of a 

passive ruby sample with intense, coherent radiation from a Q-switched 

ruby laser. 

Using epr monitoring techniques at X-band, optical pumping effici-

encies atfixed laser temperature are investigated for sample temperatures 

in the range 60 - 120o K. Two ground state transitions, the I + 3/2) ~ 

/-i/2) and the I + 3/2)~ / + i/2) were studiedo As the sample tempera-

ture is varied, the sample absorption frequency shifts relative to the 

laser emission frequency by many optical linewidths; during the course 

of a complete temperature sweep the various allowed optical transitions 

between 4A2 and E(~) sublevels compete with or reinforce each other as 

regards their effect on altering equilibrium values of 4A2 Boltzmann 

population differences. A mathematical model of the optical pumping 

process based on rate equations, microwave circuit theory, and theoretical 

expressions for temperature dependent frequency shifts and linewidth 

broadening is used to successfully interpret the results o.f these thermal 

tuning experiments. Predictions of rate equations concerning hole burn-

ing in inhomogeneously broadened lines are examined. Absolute measure

ments of changes in 4A2 spin level. poiJ.ulations are consistent with the 
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pyPothesis of hole burn~g.Finally, the model is critically examined and 

suggestions for a more accurate analysis put forth. 

Optical pumping experiments are also carried out with th e sample at 

4.2°K . . At this temperature, the slow rate of incoherent dephasing (long 

optical T2) requires that the problem be analyzed iOn terms of the density 

matrix rather than rate equations. The problem of an atom at a general 

position within an inhomogeneously broadened line which is subject to a 

resonant laser pulse of arbitrary time envelope is considered. A mathe

matical transformation leads to a second order differential equation 

with time varying coefficients. Perturbation solutions for atoms both 

very near and very far from resonance are derived, and are shown to con

verge to" closed form analytic expressions in the case of a 2n hyperbolic 

secant pulse. An exponentially growing or decaying pulse yields an exact 

solution in terms of Bessel functions. 

R~s~its of ~~ertments designed to verify the predictions of· the 

for~gotng ~nalysis are presented. The data indicate that either the 

~ensity matrix or rate equations provide an adequate description of 

the experiments. This ambiguity is shown to originate in the non

uniform transverse intensity distribution of the laser beam; the process 

9f av~raging over r~giorts of different intensity washes out the characteristic 

J'~atures of coherent pumping. A Fortran computer program is presented which 

is capable of solving the density matrix equation for arbitrary pulses. 

Predictions regarding hole burning by pulses of various shapes are presented, 

and the possibility of using inhomogeneously broadened resonant systems as 

envelope detectors for very fast pulses is discussed. 
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I. INTRODUCTION 

A. Previous Work Relevant to This Thesis 

Ruby, according to ancient legend, was supposed to "ensure its owner 

love and happiness, bring bad dreams to naught, and give peace and 

serenity." While today we are inclined to dismiss such beliefs with an 

amused smile, we note that ruby has proved to be of importance to our 

civilization in ways the Ancients never dreamed. Employed as the active 

medium in the first laser in 1960, ruby remains one of the most useful 

solid state laser materials, and finds additional application in masers 

and a host of other technical devices. The unusual optical, magnetic, 

thermal and mechanical properties which account for ruby's technological 

utility are largely understood. In particular, the optical energy level 

structure including Zeeman and Stark effects has been extensively investi

gated by experimentalists, and their findings successfully interpreted in 

terms of the quantum mechanics of multi-electron ions. More recently, the 

paramagnetic fine structure of the optical ground and first excited states 

have been examined using magnetic resonance techniques. In spite of all 

our progress, many problems of scientific interest remain unsolved, 

especially those pertaining to dynamic properties of excited optical 

states - for example, the measurement of lifetimes, linewidths, relaxation 

rates, and transition probabilities. Another area of current interest, 

the area in which this thesis lies, is concerned with the resonant 
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* interaction between coherent radiation and one of the atomic transitions 

of a passive ruby sample. We seek in studies of this type to measure 

the change in state of the atomic system which is induced by radiation 

of prescribed or at least known characteristics.. Having accomplished this, 

the atomic system can in principle become a useful probe for measuring 

the properties of the exciting radiation. It will be useful at this 

point to review' some of the recent optical and microw'ave investigations 

on ruby so that the present work may be placed in perspective. 

Artificial rubies of microscopic size were produced as early as 

1857 by Gaudin by firing a mixture of alum and chromium sulphate. It was 

not until 1902, how'ever, that Verneuil, using his now famous flame-fusion 

process, succeeded in grow'ing large ruby boules which were technologically 

valuable, and, due to their controlled characteristics, suitable for 

serious scientific study. Early spectroscopic investigations in the 

1 visible region of the spectrum were carried out by Becquerel and others; 

the temperature dependence of the energy levels was first investigated 

by Gibson2 in 1916, while Deutschbein3 extended measurements into the 

near infrared and studied the Zeeman effect of the Rl and ~ lines. In 

recent years research efforts have succeeded in delineating the infrared, 

ultraviolet, and fluorescence spectra. Trail blazing papers by Sugano 

and Tanabe 4 provided the theoretical foundation for the interpretation of ';-, 

* "Coherent" radiation in the context of this work shall be taken to 
mean radiation for which the time-bandw'idth relationship 6i:LY.D~ 1 holds, 
where 6t is the pulse width and t:1n is the width of the pulse frequency 
spectrum. This of course assumes that the radiation is sufficiently' 
intense that it may be treated on a classical rather than quantum
mechanical basis, and is describable by a w'ave of form A( t) s in rut. 
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ruby spectra in terms of crystalline field perturbed eigenstates of the 

free Cr3+ ion} (see Fig. 3, Chapter II) and in addition presented 

theoretical predictions of optical selection rules and Zeeman patterns. 

The Zeeman structure of the 4~ optical ground state was studied by 

Manenkov and Prokhorov5 and others using paramagnetic resonance techniques. 

The knowledge of spin Hamiltonian parameters and relaxation times con-

tributed by these workers led to the achievement of maser action in ruby 

by Makhov et al.
6 

in 1958, and ruby has remained the most w'idely employed 

material in three level solid state masers. Attempts by Wieder7 to 

apply optical pumping techniques to ruby w'ere somewhat inconclusive, but 

shortly thereafter Maiman 8 carried out experiments on optical-microw'ave 

interactions that are the direct ancestor of this thesis. In his 

experiments, Maiman loaded a micro'W'ave cavity with a ruby sample and 

monitored the change in reflection coefficient caused by irradiation from 

a pulsed white light source. While this experiment itself yielded results 

of no particular significance, some rather conventional optical absorption 

experiments conducted with much of the same apparatus enabled him to 

measure the nonradiative decay times betw'een the ruby pump bands and the 

metastable E(2E) level, and between the pump bands and the ground state. 

Knowledge of these rates is essential for asseSSing the feasibility of 

achieving optical maser action in ruby. The rest is history. Maiman 

succeeded in building his laser, but it is doubtful whether many physicists 

and graduate students active in quantum electronics have enjoyed much 

"peace and serenityfl since that fateful day. 

Countless experiments on the properties, idiosyncrasies, and possible 

applications of ruby lasers have been performed in the eight years 
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following Maiman's discovery, many of which fall into the classification 

of optical-microwave interactions.. These experiments have proved valuable I 

in a number of respects, which we shall now enumerate. 

1. Devor et al .. 9 w'ere the first to use a ruby laser to optically 

pump a ruby sample. The experimentally observed quantity was the change 

in epr signal induced by the laser, and one of the results of the experi-

ment, aside from demonstrating the feasibility of achieving resonance 

between laser and sample, both cooled to 4.2°K, was the discovery of laser 

pumped maser action in the ruby ground state. This technique, as show'n 

b H d T~ttel,lO is bl f d i 1 i ti y su an ~ capa e 0 pro uc ng very ow no se maser ac on 

at high frequencies and elevated bath temperatures. 
11 Szabo succeeded 

in producing laser pumped maser action in ruby at 78°K and estimated the 

noise temperature to be 13 oK; it has subsequently been observed on a cw 

basis in divalent thulium at liquid helium temperature by Sabisky and 

Anderson. 12 

2. Bloembergen and Van Der Ziel,59 working entirely at room 

temperature, used a Q,..sw'itched ruby laser to preferentially depopulate 

the ground state Zeeman levels of ruby. The resulting change in sample 

magnetization induced an emf in a pickup coil which surrounded the sample. 

i): 

They found a large enhancement of magnetization near anticrossing points 

4 
of the ~ spin levels caused by state mixing. Spin relaxation times w'ere ~, 

found to be a function of applied magnetic field. 

3. Geschwind13 and his coworkers employed a sensitive microwave-

optical technique which enabled them to measure the spin-lattice relaxation 

time in the E(2E) excited state in ruby. Tl in the vicinity of 4°K was 
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found to follow an Orbach process involving the higher lying E(2A) 

state. This accomplishment has special significance for our present 

'Work, for the magnitude of Tl determines whether laser pumping of the 

transition 4~ <----> 2E is coherent or incoherent. 

4. Szabo
14 

has performed optical pumping experiments quite similar 

to those of this writer. He used a liquid nitrogen temperature ruby 

laser (operated in burst mode) to pump a passive ruby sample inside a 

microwave cavity. The ensuing change in epr signal gave information con-

cerning temperature dependent shifts of the laser emission frequency, 

hole burning in the homogeneously broadened optical absorption line, 

and optical saturation effects. His results and analysis are subject 

to the criticism that his laser frequency was not constant throughout the 

burst pulse due to flash lamp heating of the laser rod. His use of burst 

rather than Q-switched operation also prevented him from carrying out a 

systematic investigation of coherent effects at low temperatures. 

B. Accomplishments of This Investigation 

The following aspects of the interaction of a passive ruby sample 

w'ith coherent radiation from a Q-switched ruby laser have been examined: 

1. Using epr monitoring techniques at X-band we have investigated 

optical pumping efficiencies at fixed laser temperature and variable 

sample temperatures in the range 60 0 to 120°K. Two ground state transitions, 

the 1+ 3/2 ) <-> 1 - 1/2) and the 1+ 3/2 ) <-> 1+ i/2), were studied. 

These transitions are illustrated in Fig. 14, Chapter IV. As the sample 

temperature is varied, the sample absorption frequency shifts relative 

to the laser emission frequency by many optical linewidths; during the 
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course of a complete temperature sw'eep various optical transitions 

between the 4 -(2 ) ~ and E E Zeeman levels achieve resonance. At a given 

sample temperature the individual optical transitions may either compete 

with or reinforce each other as regards their effect on altering equili

brium values of 4A2 Boltzmann population, differences. The resulting 

temperature behavior of the epr signal is quite complicated. 

In an attempt to explain the observed signals w'e have applied the 

density matrix formalism and show that, in our case, a simplified rate 

equation treatment is indicated. Rate equations may be formally derived 

from the full-blown density matrix equation whenever the pumping rate is 

-1 slow relative to the quantum mechanical dephasing rate T2 ' and this 

condition is certainly met in our experiments. Combining rate equations, 

microwave circuit theory, and theoretical expressions for temperature 

dependent frequency shifts, a simple model of the optical pumping process 

has been constructed. The model explains the main features of the observed 

signals and in addition allows one to see the effect of individual optical 

transitions. The position of characteristic features of the epr signal 

provides a measurement of the actual lasing temperature. These predic-

tions agree very well with calculations of the lasing temperature based 

on the measured initial temperature and specific heat data. Various 

graphs and tables showing sample orientations, transitions, and ini tialt 

laser and sample temperatures favorable for optical pumping are presented.. ,1 
Some of the predictions of rate equations concerning hole burning 

in inhomogeneously broadened lines are examined. Absolute measurements 

of changesin 4~ spin level populations, made possible by calibration of 

the spectrometer, are consistent with a hypothesis of optical hole burning .. 
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Finally, the model is critically examined, various defects'are pointed 

out, and suggestions for a more accurate analysis are put forward. 

2. Whenever the rate of incoherent dephasing is slow relative to 

radiation induced transitiop. rates, the exact density matrix equation 

(or, equivalently, Bloch's equation, or Schroedinger's equation if 

relaxation processes may be completely neglected) must be used. Adopting 

this coherent approach the problem of an atom at a general position within 

an inhomogeneously broadened line which is subject to a laser pulse of 

arbitrary time envelope is considered. A mathematical transformation 

applied to the density matrix reduces the problem to a single second 

order differential equation with time varying coefficients. Such an 

equation is in general not soluble in closed analytic form. A change of 

independent variable from time to the turning angle, 8, yields an equation 

for a harmonic oscillator with variable damping. Solutions for w'ell 

known cases, for example, an arbitrary atom subject to a constant ampli

tude driving pulse, or an atom exactly on resonance being driven by a 

pulse of arbitrary shape, are particularly obvious in this formalism. In 

the general case a perturbation procedure is applied for those atoms near 

resonance, and in the case of the 2rr hyperbolic secant pulse it is found 

that the resulting expansion converges for arbitrary atoms to the solu

tion obtained previously by McCall and Hahn. l5 A perturbation treatment 

for those atoms far from resonance is also sketched. The theoretical 

development is concluded with the presentation of a new', exact solution 

in terms of Bessel functions for an exponentially growing or decaying 

pulse. 

Experiments designed to verify the predictions of the foregoing 
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analysis are described and their results presented.. Quantitative argu

ments based on measured laser intensities and known relaxation rates 

indicate that the coherent approach is the valid one. Nevertheless, the 

experimental data can also be adequately described by rate equations. 

The origin of this discrepancy, or inconclusiveness, is shown to lie 

in the transverse intensity distribution of the laser beam, which is 

highly nonuniform; the process of averaging over regions of different 

intensity washes out the characteristic features created by coherent 

pumping. To aid in analyzing the experiments a computer program is 

developed which is capable of solving the denSity matrix equation for 

an arbitrary input pulse.. Predictions regarding hole burning by pulses 

of various shapes are presented, and the possibility of using inhomo

geneously broadened resonant systems as envelope detectors for very fast 

resonant pulses is discussed. 
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frequency v
23

• This procedure affords certain advantages over the single 

frequency case. Frequencies v12 and v23 often differ by many orders of 

magnitude; in the case of ruby v12 is a microwave and v23 is an optical 

frequency. Receiving equipment sensitive to v12 will not be saturated 

by strong pulses at v
23

, and the receiver does not need to be detuned 

during the driving pulse, an ever present problem in 2-level coherent 

pulse work. The degree of coherent superposition created between levels 

12) and 13) by the coherent driving pulse at frequency v23 can in prin

ciple be measured by monitoring the population difference between levels 

11) and 12). In the optical region, at least, this is experimentally 

much simpler than trying to observe free· precession or spin echoes. 

Let us examine in greater detail how the dynamics of 3-level atomic 

systems w·ere studied in the present experiments. Figure I is a block 

diagram of the experimental apparatus. The passive ruby sample is placed 

in a microwave cavity which forms one arm of a microwave bridge circuit. 

Provision is made for cooling sample and cavity to 2.2°K. A constant 

magnetic field H splits the optical ground state of each Cr3+ ion into o 

four Zeeman levels, two of which are taken as levels 11) and 12). Level 

13) is one of the two spin states of the first excited optical state of 

ruby. In thermal equilibrium level 13) is unpopulated, all Cr3+ ions 

being distributed among the optical ground state spin levels according 

to a Boltzmann distribution. Steady state microwave pow'er at frequency 

v l2 is applied, and the amount absorbed by the sample measures the 

population different 6n12• The ruby laser, cobled to liquid nitrogen 

temperature, irradiates the sample with a pulse at the resonant frequency 

v
23

• The passive sample is optically thin, i.e. its thickness is less 
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-1 
than the absorption length a of the light. The fractional loss of 

energy by the laser pulse is small, and all effects involving e.m. wave 

propagation or changes in pulse intensity with distance are neglected in 

these experiments. For weak laser pulses, which by definition cause only 

a small fractional change in level populations, the change in microwave 

power absorbed is proportional to the incident laser power. (Assume 

constant laser pulse width). Strong laser pulses, on the other hand, cause 

a significant fractional depopulation of level \2). They may do this in 

one of two ways, depending upon the relative magnitudes of laser pump 

rate vs. T2 type dephasing processes betw'een levels \2) and \3). If the 

pumping rate is slow relative to any dephasing processes present, but 

fast ,compared to thermalization processes, the microwave absorption 

increases monotonically with increases in laser power, reaching a satura-

tion value when the populations of levels \2) and \3) have been equalized. 

The alternative case of coherent pumping obtains whenever both dephasing 

and thermalization processes can be neglected during the pumping process. 

As is well known from nmr and epr theory, it then becomes possible to 

transfer the populations of level \2) entirely into level \3) (a 7T pulse), 

or from 12) ~ 13) ~ 12) (a 27T pulse). The behavior of microwave power 

absorption in the two cases is shown schematically in Fig. 2. Q,uantita-

tive relationships betw'een incoherent and coherent pumping will be 

developed in the following chapter. 

Unfortunately, the distinctive oscillatory behavior shown in Fig. 2b 

was not observed in this work. The oversimplified description given above 

has of course omitted many relevant physical considerations: relaxation 

rates between the 3-level system and the lattice; whether (in view of 

!o' 

, 



, 

CHANGE IN ABSORBED 
MICROWAVE POWER 

-13-

- - - - -- - - - - --- POPULATION 
EQUALIZATION 

LASER PULSE ENERGY 

Fig. 2a Idealized behavior of microwave signal as a 
fUnction of laser energy for the case of incoherent 
pumping. In the absence of thermalization processes, 
the signal can never have negative slope. 

CHANGE IN ABSORBED 
MICROWAVE POWER 

POPULATION 
INVERSION 

LASER PULSE ENERGY 

Fig. 2b Possible behavior of the microwave signal from 
an atomic system subject to coherent pumping. 

XBL 688-5618 



-14-

the complicated nature of the ruby energy level system) it is possible 

at all to consider three levels as being isolated; the actual dephasing 

mechanisms operative in ruby and their quantitative significance; the 

20 homogeneous or inhomogeneous nat ure of the microw·ave or optical line 

broadening, and the width of the optical absorption line relative to 

the frequency spectrum of the laser pulse. All the above considerations, 

and more, can be incorporated in a quantum mechanical treatment of coherent 

pumping in 3-level systems. But it will turn out that intensity varia ... 

tions acrOss the laser wavefront are almost solely responsible for washing 

out the oscillatory pattern of Fig. 2b, the inhomogeneously broadened 

nature of the absorption line also contributing slightly to this effect. 

The technological problem of obtaining repeatable ~-spoiled pulses of area 

2rr wi th uniform beam intensity over a large cross-sectional area from a 

nitrogen temperature ruby laser has not been solved in this laboratory. 

Before the experiments are described in detail, those optical and para-

magnetic properties or ruby relevant to this work will be s urmnari zed. 

It w·ill prove possible to abstract from the complex Cr3+ level scheme a 

simple 3-level system, and to successfully analyze certain experiments 

in terms of an inhomogeneous distribution of such systems. 

B. The Energy Level Structure of Ruby 

Corundum, or sapphire, is a hard, transparent, birefringent crystal 

with hexagonal syrmnetry containing two A~03 molecules per unit cell. In 

dilute ruby, some of the A13+ ions are substitutionally replaced by Cr3+. 

Each Cr3+ ion is sLlrrounded by an octahedron of 0
2

- ions. This would 

normally produce crystalline field of cubic syrmnetry at the Cr3+ site; 

however, the chromium ion is slightly displaced from the center of the 

, 
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octahedron along the trigonal axis C
3

' which is the optic axis of the 

crystal. Since the off center displacement is small, C
4 

or cubic 

symmetry (a 90° rotation about one of the 3 C
4 

axes which pass through 

2- ) o ions at opposite corners of the octahedron is approximately pre-

served, and the electric potential to "Which the Cr3+ ion is exposed to 

may be taken as 

v = V b' (even, large) + Vt , (odd, small) ruby cu ~c rJ.g 

The crystalline-field induced splitting of the Cr3+ free ion energy 

levels, first calculated by Sugano and Tanabe,4 is shown in Fig. 3. 

Let us review the origin and nature of those ruby energy levels 

which are responsible for its technical and scientific importance. 

The triply ionized chromium ion has three 3d electrons in its 

outer shell. Only these electrons participate in optical or microwave 

transitions, the 18 electrons in the inner closed shells being more 

tightly bound and having their lowest transition frequencies in the x-ray 

region of the spectrum. The total wave function of the unperturbed d3 

configuration is assumed to be a product of 3 l-electron wave functions .. 
I 

Each 3d electron has (2£ + 1) X (2S + 1) = 10 magnetic substates avail-

able to it, hence, according to the Pauli Principle, an unperturbed 3-

electron state is 10X9x8 = 720"fold degenerate. The dominant perturba-

tion is mutual electrostatic repulsion betw'een the electrons, which 

lifts part of the 720 fold degeneracy and creates free ion Russell-Saunders 

states which in general, however, are still highly degenerate. The 

Russell-Saunde,rs states which give rise to the important optical and 
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4 2 
paramagnetic properties of ruby are the F and G. Either Hund I s rules 

or perturbation theory tell us that the
4
F state with S = 3/2, L = 3, is 

lowest lying.. When the Cr3+ ion is embedded in the corundum lattice, 

4 
the cubic component of the crystalline field splits the F state further 

into two quartets 4Tl and 4T2 , each 3X orbitally degenerate, and a quar

tet 4~ which is an orbital singlet. The .combined action of the trigonal 

crystalline field component and spin-orbit interaction split the 4~ 
4 4 level into two Kramer I s doublets A2 (±1/2) and ~. (±3/2) separated by 

.38 cm-l (ll.4 GHz). These are further split by an external magnetic 

field according to the prescription of the ground state spin Hamiltonian. 

444 
The Tl and T2 levels are broadened by thermal vibrations, ( 12 is 

approximately 1400 cm-l wide at room temperature) and any further splitting 

by trigonal field + spin orbit coupling is small relative to the width 

of these levels and is not resolved. 

The 2G free ion level is split by the cubic crystalline field into 

222 2 
the A

l
, T2 , T

l
, and E levels. We will be interested mainly in the 

2 E level, which is split further by trigonal and spin-orbit perturbations 

into two Krame rIB doublets E (2E) and 2A (2E) separated by 29 cm-l Both of 

these levels are metastable with lifetimes in the millisecond region. 

4 
They decay primarily via narrow line fluorescence to the ~ ground 

state and are the famous 11. and ~ lines. The width and center frequencies 

of the Rl and ~ transitions are temperature dependent; the investigation 

of these effects using epr techniques is the subject of the thermal 

tuning experiments which comprise part of this thesis. 
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c. Optical Transitions and Selection Rules 

The theoretical interpretation of optical transitions in terms of 

the energy level diagram and the calculation of selection rules, itlteB-

sities and the polarization dependence of the various bands and sharp 

4 lines is due principally to Sugano and Tanabe. The intensities of both 

band and line spectra are too great to be attributed to magnetic dipole 

transitions; on the other hand, electric dipole transitions betw'een all 

crystalline field sublevels of all Russell-Saunders states arising 

from the d3 electron configuration are strictly forbidden by parity. 

Thus electric dipole transitions between 4~ and 4T2 (both stemming from 

4 4 2 4 2 
the F Russell-Saunders state) or ~ and E (from F and G respective-

ly) are forbidden. The origin of this parity selection rule is not 

difficult to find. The parity of one electron in a d (t = 2) state is 

even; the parity of three electrons in a d3 configuration is just the 

product of the individual parities and is also ~ven. Butelectric 

dipole transitions are only allowed between states of opposite parity. 

Sugano and Tanabe attribute the occurrence of the observed transitions 

to "configuration mixing" in the following manner. The configuration d
2

p 

has odd parity; it is split by electrostatic repulsion and the cubic 

crystalline field into a number of levels, each of which has odd parity, 

in a manner analogous to the splitting of the d3 configuration. The 

odd, i.e. trigonal component of the crystalline field causes the actual 

energy levels to be mixtures of crystalline field eigenstates arising 

from the d3, d
2
P' and higher lying configurations. Although 

4 
the ~, 

442 
T2, Tl , and E levels are derived almost entirely from the even parity 

J 

, 
, 
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d3 configuration, the small amount of admixed i p wave functions are 

nevertheless sufficient to account quite well for the features of the 

observed spectra. Quantitative calculations are presented in Refs .. 4 

and 21. 

The transitions 4~ ~ 4Tl and 4~ ~ 4T2 correspond to the well known 

uv and green absorption bands, by means of which the ruby laser is pumped, 

and are not of immediate interest in this work. Our main concern is 

with the ~ transition 4A2 ~ E (2E), and in particular with its Zeeman 

components, which in dilute ruby can be resolved at liquid nitrogen 

temperatures and kilogauss fields. The theoretical prediction of the 

relative intensities of the ~ Zeeman components we owe to Sugano and 

22 
Tanabe, and their experimental verification to Sugano and Tswikawa. 

They are presented in Fig. 4 for the case where H is applied parallel o 

to the crystalline axis. The Zeeman splittings themselves were crudely 

predicted in Ref. 4, but are most accurately described by the ground 

and excited state spin Hamiltonians discussed below. 

D. 4 
Paramagnetic Properties of the ~ State 

The spin Hamiltonian formalism provides a means of describing the 

energy levels of an ion subject to both crystalline electric field and 

external magnetic fields in terms of a small number of experimentally 

determined parameters. The method is originally due to Bleaney and 

co .. workers ;23 the spin Hamiltonian for Cr3+ in A1
2

0
3 

was first published 

24 by Manenkov and Prokhorov. It may be written t 
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Fig. 4 Relative in~ensit~es of optical transitions be
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The z quantization axis is parallel to the crystal c-axis. ~ is the 

Bohr magneton. The other constants are: 

1.984 

1.987 
5.746 GHz 

effective spin (=true spin in this case) 

These values and useful graphs of energy levels and eigenectors for var

ious orientations of H , c may be found in the article by Schulz-Du Bo~ .25 
o 

4 
We will use his notation for the A2 spin states throughout this thesis. 

Relative transition probabilities between the various eigenstates of 4A2 

may be calculated from the graphs in reference 25 or may be obtained 

directly from plots given by Siegman.26 The spin Hamiltbnian given above 

neglects all hyperfine interactions. The most abundant chromium isotope, 

Cr52 (84% abundant), has no nuclear spin and hence its electrons experi-

ence no hyperfine interaction with their own nuclei. A ruby sample 

enriched to 92% Cr53 , which has a nuclear spin, exhibited an epr line 

l~ 
with hyperfine components seperatedby about 20 gauss. Hyperfine 

splittings due to interactions between the chromium electrons and the 

neighboring aluminum nuclei are small 27 and contribute to the epr. 

linewidth but do not produce a resolved hyperfine structure. The pre-

cession of the aluminum nuclei do, however, create important dephasing 

28 
effects which have been observed in connection with electron spin echoes 

18 29 and photon echoes. Makhov has conjectured that interactions between 

the inverted electron spin system in a ruby maser and the aluminum nuclei 

provide the mechanism responsible for the pulsed mode of maser operation. 

The above mentioned dynamic hyperfine effects are slaw compared to the 

effects caused by the Q-spoiled laser pulses and can be neglected in 
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this work. 

The linewidth of epr transitions in diluted ruby has recently been 

investigated by Wenzel and Kim.30 They find that the linewidths vary 

considerably for different transitions and different angles 8 between 

the magnetic field and crystalline c-axis. For all transitions the mini-

mum linewidth occurs for H parallel to c and is approximately 12 gauss. 
o 

The total linewidth can be attributed to by two independent inhomogeneous 

broadening mechanismB. Hyperfine interactions between the electronic 

spin of each Cr+3 ion and the neighboring 100% abundant A127 nuclei of 

spin 5/2 account for a linewidth of approximately 9.7 gauss, which varies 

by less than 1 gauss over all angles 8. Experiments show however, that 

the linewidth varies by a facotr of 5 over a 90° range of 8. Two models 

are proposed to account for the linewidth and its angular variation: a 

mosaic model in which the c-axis orientations in different microcrystals 

vary randomly about a mean direction, and a strain model featuring random 

variations in the spin Hamiltonian parameter D caused by crystalline 

strains~ The strain model is best and is quantitatively correct except 

in a few angular regions. 

The :importance of ruby as an active medium in microwave masers has 

engendered many studies of spin-lattice relaxation times over a wide 

range of temperature and Cr+5 concentration, and for various c-axis 

orientations and transitions. In multilevel spin systems relaxation 

b tween each level and the lattice may be governed bya different T
l

• 

other mechaniarns, such as cross relaxation and harmonic cross relaxation3l , 

are generally operative, and at low temperatures tend to establish an 

equilibrium within the spin system itself faster than the spin system 

can reach equilibrium with the lattice. Since we wish only to use ground 

state population differences to measure an optical pumping effect, we 
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are concerned only with the order of magnitude of various relaxation 

processes - namely are they slow compared to the laser pumping rate? 

This is certainly the case for spin lattice relaxation. Ruby with a 

.05% CY?+ concentration has a Tl for all transitions of about 50 micro

seconds at 78°K and .. 1 seconds at 4.2°K.3
2 

Even the shortest cross

relaxation time reported,33 T12 ~ 40 microseconds, is much longer than 

the 10 nanosecond Q-spoiled laser pulse. During and immedi~tely after 

the laser pulse we can accordingly neglect the presence of nearby ground 

state spin levels not directly undergoing radiation induced transitions. 

Similar arguments will be seen to apply for the spin levels of the excited 

optical state, and we need analyze only a 3-level instead of an 8-level 

system. 

E. 
2' 

Paramagnetic Properties of E ( E) 

Excited optical states are not populated at room temperature, and 

their paramagnetic fine structure cannot be investigated by conventional 

epr techniques.. If the level under consideration is metastable, however, 

it may be possible by means of optical irradiation to create an excited 

state population large enough to permit the successful application of 

microwave spectroscopy. GeshhWind34 and co-workers were able to measure 

the parameters of the E spin Hamiltonian using a very sensitive and novel 

microwave-optical double resonance technique. They found that the spin 

Hamiltonian, aside from the hyPerftne effects, was well;I'epresented by 

J{ gil ~H S + glP (H S + H S ) z z x x y y 

where 

gil = -2.445 

gl = < .06 
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The curious magnitudes of the g-factor deserve ccmment. To a first 

approximation the crystalline field quenches orbital angular momentum so 

that all matrix ele~ents of L between the Zeeman components of E vanish. 

This leads one to expect a gil of approximately 2 corresponding to spin 

only. Since the spin operator S cannot affect the orbital quantum number 

we would expect that gl = O. Sugano and Tanabe
14 

and later Clogston35 

showed that higher order perturbations involving the trigonal field, 

spin-orbit and coulomb interactions mixed in same orbital angular momentum 

from several higher lying states into the E state. Clogston calculated 

values of gil and gl which are good agreement with experiment. The nega

tive sign of gil means that the magnetic moment precesses in an opposite 

senSe fram that of a free spin. This occurs because transitions between 

the Zeeman levels of E are caused by the interaction 1/2~ h_L+ (h is 

the microwave field), rather than the interaction 1/2~ h+S_ as is the 

case for a normal spin doublet. The small numberfcal value of gl makes it 

very difficult to carry out microwave experiments in the E state, since 

* the interaction between the sample and the ~diation field is propor-

tional to g12. Thus the microwave power absorbed in a cwexperiment 

or the power radiated by a precessing magnetization in a transient experi-

* 2 Strictly speaking, the power radiated37 or absorbed is proportional 
to g d where: ra, 

2 2 
cos e + gl . 2e]1/2 Sln 

Near e = 90°, grad ~ gil == 2.4, and we would expect large coupling 
between the spin and r~diation field. However, the Zeeman splitting 
is then hv = gl ~Ho' which yields a resonant frequency outside the micro-
wave range far readily available laboratory magnetic fields (800 MHz for 
10 KG). A variation of GeschwindS experiment using nmr rather than 
micrmrave techniques should permit the accurate measurement of g 1 in E. 

, 
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or the power radiated by a precessing magnetization in a transient experi

ment are both reduced by the factor (~2 , or 1000, from the free 

electron case. So far no direct (i.e. microwave)absorption signals 

between sublevels of E have been reported. This author made several 

attempts toward such a direct observation of resonance in E using a ruby 

laser as a pumping source, but none were unambiguously successful. How

ever, Sabisky, and Anderson36 have seen paramagnetic resonance absorption 

2+ 
in a metastable excuted optical state of Dy t CaF2 % they found a 

Gerschwind was able to measure the lineshape of the microwave 

resonance in E, and for H parallel to the optic axis found a Gaussian 
o 

line with a width of 17 gauss, comparable to the widthS of ground state 

resonances. Although resonance was observed for int ermediat e values 

of· e up to 60°, no variation of linewidth with angle was mentioned, in 

contrast to behavior in the ground state. Hyperfine effects in E are 

smaller than in 4A2 ; enriching the ruby sample \iith the magnetic isotope 

Cr53 broadened the resonance in 4A2 by a factor of three, but left the 

E resonance unaffected. It seems likely that the E apr line is inhomo-

geneously broadened by crystalline strains and by hyperfine interactions 

with neighboring aluminum nuclei; however, no detailed theory has yet 

been proposed. 

Knowledge of this lifetime of the E spin levels is of·fundamental 

importance in this investigation, for the wide temperature variation 

in magnitude of this quantity allows us to make a sharp distinction 

between coherent and incoherent optical pumping. We can estimate the 
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lifetime very easily from the uncertainty principle and measured values 

of the dynamic centribution te the widths 'Of the E levels., which are 

appreximately equal te the tetal widths minus the zero degree centributien 

due te inhemegeneeus crystal field strains (abeut 3 GHz). If v is the 

dynamic part 'Of the linewidth., the lifetime is simply 1/7TV. Two physical 

mechanisms are respensible fer the finite lifetime be lew' abeut 42°K, 

Orbach type phenen assisted transitiens te the 2A level are deminant., while 

abeve this temperature transitiens involving Raman39 scattered phenens 

are 'Of paramount impertance. Geschw'ind13,38 has made a direct determinatien 

'Of E lifetimes near 4 OK by measuring Tl betw'een the E sublevels; lifetimes 

40 inferred frem pheten eche experiments are in substantial agreement with 

Geschw'inds 'results and extend the,range of\'dixectly measured lifetimes 

. -1 
te l7°K. Frem the latter experiments we have that the rate T2 at which 

4 
a ceherent superpesi tien 'Of states between E and ~ dephases may be 

9 42°/T calculated from T2 = 2.5xlO- [e -1] secends. At 4.2°K T2 works 'Out 

te be 55 micresecends. Ne direct measurements 'Of T2 have been made near 

liquid nitregen temperature, but based en neminal linewidths 'Of 4 GHz, 

we estimate that T2 ~ .3 nanesecends.. Depending en the sample tempera

tures then we see that Q,-switched pulses 'Of width 5-10 naneseconds can be 

either much longer or much shorter than T2 • We shall discuss the conse

quences 'Of this dichetomy in the next chapter. 

I 

, 
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III. ANALYTIC AND COMPUTER SOLUTIONS OF 

INHOMOGEl\lEOUSLY BROADENED 3-LEVEL SYSTEMS 

A. Scope of Treatment 

We will consider in this chapter the quantum mechanical calculations 

of the behavior of an ensemble of 3-level systems subject to two simul-

taneously applied electromagnetic fields. The total system response, which 

is the experimentally observed quantity, is the integral of all systems, 

both on and off resonance, over some inhomogeneously broadened atomic 

( *)-1 lineshape of width T2 .. Transverse dephasing processes will be included 

in the general formulation of the problem, but solutions will be attempted 

only for the cases of T2 -1 either much faster or much slower than radiative 

transition rates. Tl will be considered infinite and will not enter the 

equations. Another important simplification will ensue by showing that it 

is possible to neglect the effect of the microwave field, and, as a con-

sequence, the presence of one of the three levels.. Remaining is the problem 

of a two level system being driven by a pulse with constant center frequen-

. cy but whose amplitude is an arbitrary function of time. The coherent, 

or long T2 version of this problem, however much simpler than the original, 

is by no means trivial - the general case cannot be solved analytically 

in closed form. We will use the well known solution for constant pulse 

amplitude as the basis of a computer program for arbitrary pulse shape, 

and carry out solutions for a number of possible experimental situations. 

A general perturbation treatment for pulses of' time varying amplitude will 

also be presented, which, for the case of the 27T hyperbolic secant pulse, 

gives the non-propagating analog of the self-induced transparency effect 
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of McCall and Hahn. 15 Rate equations can be deduced from the general 

-1 density matrix equations whenever T2 is much faster than the pumping 

rate of the applied field, and solutions for arbitrary driving waveforms 

are obtained in the form of definite integrals. Both coherent and rate 

equation theories are compared with experiments in the following chapter. 

B. The Density Matrix Equation for a 3-Level System 

Numerous theoretical treatments such as the article by Jaynes and 

Cummings 41 have established the usefulness and validity of the density 

matrix formalism in most quantum electronics problems. We shall use it 

here without further ado. For an isolated system with three sharp energy 

levels, and omitting for the moment all relaxation processes, we then 

write 

inp = [Ji, pJ (1) 

~ :(-1+E:
1
E):' 

which in matrix form is 

-ll HI cos l.l)12 t 0 

Jil cos l.l)12 t 0 -p E (t) 

-p E ( t) cos l.l)23 t 0 

llHI is the scalar quantity g~ (1Is·liI2), i.e .. , just the magnitude of the 

spin operator connecting Zeeman levels 11) and 12) along the direction of 

the microwave field HI. The strength of optical transitions is similarly 

determined by p E.. Let us now examine the actual magnitudes of the 

various pumping and relaxation processes. 

'.;' 

I 

, 
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Microwave power levels used were typically less than 1 microwatt, 

which at X-band in a cavity with Q. = 5000, gives Hl(gauss) "'" .07 .JQ. P(watts) 
fl.H 

"'" 5XIO-3 gauss. The corresponding flipping rate, illl = ~Hl = nl, has a 

maximum value ~ ~ 2TI X 2.S MHz/gauss x 5 x 10-3 gauss"'" 105 rad/sec. This 

is to be compared with other transition rates of interest: 

(1) The laser induced flipping rate illlf = pEine For a laser pulse 

of intensity 1 MW/cm
2

, using Foyntingls formula cf. 2/STI = ~, we have 

Snxlo13 
~ 90 statvolts/cm. 

3XIOIO 

-20 The dipole moment for Rl transitions is about 10 esu, so the laser 

-20 / -27 9 flipping rate is illlf ~ 10 x90 10 ~ 10. Even if the laser is highly 

attenuated, it will still induce transitions at a much greater rate than 

the microwave field. 

(2 ) . -1 The optical dephas~ng rate T2 • 

According to the results of Hartmann discussed in Chapter II, the 

dephasing rate T2- 1 between levels 12) and 13) is comparable to the laser 

pumping rate for sample temperatures much above 40 oK, and must be con-

sidered an integral part of the problem. At liquid helium temperatures 

we may consider T2 to be infinite. 

(3) The microwave T2 between levels 11) and 12). 

T2 in the ruby ground state varies considerably with the angle 

between lIo and the c ... axis due to modulation of local magnetic fields at 

Cr3+ sites by precessing aluminum nuclei and resultant dephasing of co ... 

herence between different electrons. 42 Recent experiments by Grischkow

sky and Hartman43 indicate that at e = 0° T2 is approximately 500 ns in 
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.05 percent ruby. Unpublished spin-echo measurements by this author on 

the 1-3/2) <---> 1-1/2) transition in ruby at e = 90° yielded a T2 of 

200-300 ns. At this sample orientation there was very little modulation 

of the echo decay envelope and the determination of T2 is less ambiguous 

than in the 0° case. The upshot of this discussion is simply the follow'

ing: a T2 of approximately 500 ns implies a dephasing rate T2 -1 of 

6 -1 ' 2xlO sec ,or 20 times faster than the rate at which coherence is pro-

duced by the microwave field. Accordingly, the maih effect of the micro-

wave field is to slightly upset the Boltzmann population difference between 

levels 11) and 12), and P12 may be neglected in calculating p
22 and 

Let us now take advantage of the great disparity in transition rates. 

Dropping the ~lsin~2t term from the perturbing Hamiltonian HI' and 

introducing an optical dephasing term, Eq. (1) becomes 

Hip =' [$!o + }tl) p] (2 ) 

It is apparent from equation (2) that in this approximation level 11) 

is no longer coupled to either level 12) or 13), and does not need to be 

explicitly considered in the equation for p.. Of course it is the popula-

tion difference (P22- Pll) which we ultimately monitor, but we have shown 

that Pll remains essentially constant. In actual experiments it is the 

change in microwave absorption, before and after the laser pulse, which 

is measured. This signal is proportional to [P22 (t)-Pll(t)] - [P22 (0)

Pll(O)] which is' just [P22 (t)-P22(0)]. We can arrive at a valid description 

J 

, 
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of events in our three level system by studying the behavior of P22 (t)' 

alone. Let us now consider solutions to Eq. (2), for a two-level sys tem, 

for the case of either very short or very long T2 " 

c. The Transition to Rate Equations 

The thermal tuning experiments described in the next chapter were 

-1 ~ carried out at sample temperatures such that T2 »li .. We wish to 

demonstrate that in such a case we can dispense with considerations of 

quantum mechanical coherence between various atoms in our sample and can 

describe the interaction of laser and atomic system in terms of popula-

tions, or on-diagonal elements of the density matrix, alone. For a two-

level atomic system in the laboratory frame w'e write 1 

It := It + lt
l

( t) :=: -liDS - P &;( t) cosmt S , where liD _ energy o z x 

separation between states 11 > and :12 > ; 

m = angular frequency of applied (laser) field; and 

S ,S are the usual 2><2 spin operators z x 

The initial density matrix will be taken as p(a):=: (~ ~)4o As is 

usual in magnetic resonance problems, we make a transformation into a 

frame rotating at angular frequency m: 

Substituting into Eq. (3), we have 
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.. +iroS t 
Pre- and post-mul t~ply~ng by e z % 

This step follows from the definition of p* and the fact that Sz commutes 

with J:!o. Now' consider the term involving Jil : 

* * as may be easily verified from the definitions of p and HIt 

Ji~ may itself be further simplified t 

Lf * ( ) e-iroSzt S e+iroSzt 
<»1 == -p f:. t cosmt x 

= -p E. (t )cosmt (S cosmt + S sinmt) x y 

= -p E
2

(t)[S (1+cos2mt) + S sin2mt] 
x y 

We make the standard assumption that the effect of the term oscillating 

at 2m is small compared to that of the constant term, which leaves 

* Jil == -p€(t)Sx/2. Introducing the t'ime ... dependent precessional frequency, 

or flipping rate, <1J.. (t) == p f (t) /2n, and the frequency difference between 

the laser and sharp atomic resonance, Dru == D-m, Eg. (4) becomes: 

.1 

I 
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Writing Eq. (5) in full, and omitting the star (*) for simplicity, we 

have in the rotating frame: 

• (1)1 (t) 
iPll = - 2 (P21 - P12 ) (6a) 

(6b) 

Rewyi ting Eq. (6b): 

P + (-Mm+ J:..)p = _.i~(p _ P ) 
12 T2 12 2 11 22" 

This is equivalent to: 

(iLYJJ.;.1/T2.·)t J:.. (-~1/T2)t 
e dt P12e 

or 
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The exponential on the lhs can be transposed and moved inside the 

-r-integral: 

( ) = _ ~ft ()( _p ) (-:iL'ill+l/T2)(-r-t) d 
P12 t 2 ~ -r Pll 22 e -r 

-00 

We now· change the integration variable: S == -r - t 

Note the behavior of the factor e s/T2, S < 0.. The presence of this ex-

ponential w·eighting factor means that the main contribution to the inte-

gral comes from the interval -T2 ~ S : 0; the integrand is vanishingly 

small whenever lsi» T2• If, then, ~(s + t) (Pll(S + t) - P22 (S + t)) 

is slowly varying in this interval, i.e., undergoes a small fractional 

change during a period T2 , we are justified in approximating ~ (S + t) 

(Pll(S + t) - P22 (S + t)) by ~(t;(Pll(t) - P22 (t)) and bringing it 

outside the integral: 

The integral is easily evaluated to yield 

As may be seen by comparing Eqs. (6b) and (6c), we obtain the corresponding 

result for P21 (t) by merely changing the signs of llro and (1)1 (t). The 

heralded rate equation for the fractional population difference between 

levels 11) and 12) emerges upon substitution of P12 and P21 back into 
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Eqs. : (6a) and (6b). 

This simple differential equation is directly integrable: 

lron( t) 
T2 ft 2 

= - ().)l (t)dt + c 
1 + LYD2T2

2 
-00 

Initial conditions yield c = O. For a pulse of finite duration the 

population difference after the pulse becomes 

[ 

-T 
ex p -1 +'-!:YJ:)---':~""T-2-:-2- ] 

where 

(00 
U E ~rr J-oo c. 2 (t )dt total energy/cm2 contained in pulse. 

It is interesting to examine the predictions of Eq. (7) with respect to 

hole burning and saturation and to compare them with the corresponding 

predictions of the coherent theory. Two features should be especially 

noted: 

(1) lm can become .zero but can never become negative - thus population 

inversion can never occur for anYLYD. 

(2) 6n is a monotonically decreasing function of U, and is completely 

insensitive to the detailed time behavior of e(t). Pulses of rectangular 

or Gaussian shape have the same effect, as long as they contain the same 

energy. In particular, in the absence of saturation the shape of the hole 
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burnt out of the line is Lorentzian and its depth ,and width depend only upon 

the total energy contained in the driving pulse, in sharp contrast to the 

coherent case. 

Equation (7) must be integrated over the line to obtain the overall 

system response which is monitored by the microwave circuit. Unfortunately, 

this writer was unable to find closed form expressions for the integral over 

either a Gaussian or Lorentzian line, and numerical evaluation was employed 

* in analyzing the experimental data. If, however, T2 «T2 , and the 

driving pulse is "weak", so that we are dealing with the case of a very broad 

line and a narrow hole (we assume the pulse is applied at the center 

frequency of the line), we can do the integral analytically. The experi-

mentally important quantity is the total change in population induced by 

the laser pulse. This is just equal to 

(8) 

where lm(LYo) is given by Eq. (7) and G(LYo) is the atomic distribution 

function with 

1. 

The broad line approximation means that G(LYo) may be considered constant 

whenever 6n(LYo) differs significantly from 1, and may be taken outside 

the integral. The actual shape of G(LYo) is no longer important, and 

) * ( *)-1 w'e may set G(LYo equal to T2 ' since G(LYo) has width T2 • 

f co [l-exp l-=;-}] dx; 
-C\' _ l+x 

a -

I 
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To reValuate· this integral, we first differentiate with respect to the 

parameter a: 

* 
<10.N = T2 1 00 

da T2 -00 

The substitution x = tan ¢ reduces this to 

d N 
da 

T * 2 
- T2 

* T2 
= T2 

e-
o

/
21" exp 1-

-a/2 e IT J (ia/2) 
0 

~ cos¢ ~ 

* T2 
=-

T2 

d¢ 

e -a/2 IT I (a/2) 
a 

where Io is the zero order Bessel function of imaginary argument. Finally, 

* 
6N -" ~ .f: e -0/2 I (a/2) da 

a 
(10) 

Physical insight into Egs. (9) and (10) can be gained by considering 

the asymptotic form of I (a/2). A significant hole begins to be chewed a 

out of the center of the line by pulses for which a > 1. For values of 

a much larger than 1, but small enough so that the width of the hole is 

* -1 44 still small compared to (T
2

) ,we may write 

a/2 
I (a/2) ~ _e __ 

a & 

with an error of order (l/a). Thus, for values of a already much greater 
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than 1, Eq. (10) predicts that further increases in pulse energy will 

cause increases in.6N proportional to,Ja or ,JU. In other words, the 

width of the hole chew'ed out of the line by the incident pulse becomes 

proportional to the square root of the pulse energy, or, for pulses of 

roughly rectangular shape, to the amplitude of the driving field. 

In Fig. 5, we have plotted values of .6N predicted by Eq. (8) assuming 

an inhomogeneously broadened Gaussian line described by 

* T2 
=--

,J2Tf 

* Figure 5a show's .6N as a function of T2 /T
2

, the ratio of homogeneous to 

inhomogeneous linewidths, for several values of the saturation parameter 

* a, while Fig. 5b uses T2 /T2 as the parameter. Portions of the graphs 

* where T2 /T2 « 1 correspond to Eq. (10). * Since T2 and a are easily 

determined by standard optical methods, measurement of .6N permits us to 

infer T2 from the curves. 

D. Two Level Systems Subject to Coherent Pumping 

We shall now discuss solutions to Eqs. (6a-6d) under the assumption 

that the dephasing term may be omitted. We have then, in the rotating 

frame, 

Recall that (J)l(t) is proportional to the envelope of the applied pulse. 

The solution to this equation is conveniently given by 

... 

, 
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pet) = M (t)P(O)M(t)-l 

where M, the system matricant,45 is a matrix satisfying 

• 
M = i(LYnS +(1)., (t)S )M z .L x 

= i(Eo + ~(t)M = iRM (11) 

with initial condition M( 0) = I. The solution to Schroedinger I s equation 
I 

becomes in this formalism simply ~(t) = M(t) ~(O). No general method 

exists for solving this system of coupled differential equations, which 

is of course, equivalent to a single second order linear differential 

equation with variable coefficients. If R is a constant matrix, the 

solution is well known; in our notation it may be written t 

ru t 
iR 

ru t 
M(t) = I cos 

e sin _e_ 
·2 ru . 2 (12 ) 

e 

== ~ 6JJJ2 
2 

ill + rul e 

This solution was used as the basis of a computer program which is 

capable of solving Eq. (11) for arbitrary pulse shapes rul(t). Tb effect 

the calculation, ~ (t) is approximated by a sequence of constant pulses. 

The approximation may be made as close as desired. In practice it was 

found that for a smooth, Gaussian-type pulse about thirty divisions were 

a good tradeoff betw·een accuracy and computing time. Finer grid spacing 

was used for rapidly varying pulses. A flowchart and printout of the 

program are presented ,in Appendix A. Its accuracy was established by 

comparing results for a rectangular pulse with Eq. (12), and by decreasing 

the grid size until no further significant changes occurred in the output. 



-41-

Some ()f the problems the program was able to shed light on include 
I 

(1) the type of hole burnt out of the atomic spectru~ by pulses of various 

shapes and intensities; (2) the net change in populations induced by 

various pulses; and (3) the effect of applying a driving pulse whose 

frequency differs from the center frequency of the atomic distribution. 

It is also interesting to compare the computer results w·ith approximate 

analytical solutions to Eq. (11), which we shall discuss presently. 

In addition to the exact solution (12) for constant (1)1' we can also 

find an analytical solution for arbitrary illl(t) for those atoms exactly 

on resonance. Equation (11), written in full, becomes 

• i(l)l(t) 

~l = ~l 2 

• ~(t) 
~ = 2 ~2 

• iml(t) 

ll'21 = 2 ~l 

.. ~(t) 
~2 = 2 ~2 

Division of the first equation by the third eliminates ~(t), and the 

resulting equation may be integrated to yield a relation between mll 

and ~l; substitution back into the first equation gives 

dt 

Integrating and performing some algebra we easily obtain the entire 

matricant: 
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(cos e/2 i Bin e/2) 
M 

= i sin 8/2 cos 8/2 

8 = 100 t ~ (T) dt (14) 

Theta is the usual turning, or rotation angle as defined in magnetic 

resonance; it is also known as the pulse area. We note an important 

qualitativ€ similarity between the on-resonance coherent case and the 

arbitrary 6m rate equation case: both solutions depend only upon an 

integral property of the applied pulse, either the total area or total 

energy. While this is convenient for calculating the response of an 

atomic system to a known pulse, it is not very useful if we wish to use 

such a system to investigate a pulse of unknown shape. Currently, elec-

tronic technology cannot resolve single optical pulses on a time scale much 

shorter than .3ns. It would be most helpful if the nature of the hole burnt 

out of an inhomogeneously broadened line provided a sensitive measure of 

pulse envelope characteristics. If this were the case, we could investigate 

the shape of the hole burnt by the pulse more or less at leisure after the 

pulse was over.. Figures 6,7, and 8 illustrate the "hole II chewea. in a very 

wide line by coherent pulses of rectangular, GaUSSian, and modulated Gaussian 

envelopes as calculated by the computer program. The latter shape is intended 

to approximate the type of Q,-switched pulses we usually obtained from 

our ruby laser near 78°K, and which w'ere actually used in most of our 

experiments. In all three figures the intensity of the driving pulse was 
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chosen to flip the atom exactly on resonance through rr radians. It turns 

out that the holes burnt by "smoothfl pulses such as Gaussian or hyper

bolic secant are qualitatively very similar and rather featureless. 

The rectangular and modulated Gaussian pulses, however, both affect the 

absorption line in a highly distinctive fashion. In each case the hole 

corresponds quite w'ell with the Fourier transform of the pulse itself. 

The frequency separation betw'een peaks in the magnetization created by 

the modulated Gaussian pulse is equal to the frequency at which the 

Gaussian envelope is modulated. The positions of the first and second 

minima in the pattern chew'ed out by the rectangular pulse agree to within 

lcY/o and 5%, respectively, with the ri:d.nima in the Fourier spectrum of 

the pulse. Classically this is very easy to understand, since those 

atoms whose resonant frequency is near a peak in the pow'er spectrum of 

the applied pulse will see large static torques in their individual ro

tating frames and w'ill be turned through large angles .. 

The frequency domain approach towards the measurement of characteris

tics of ultrashort pulses may have a good deal of merit, and should be 

investigated further. Of paramount importance is the question of unique

ness - that is, could two distinct pulses burn the same type of hole? In 

certain cases w'e know this to be possible. For example, hyperbolic secant 

pulses of area 2nrr, (n = 1, 2, ••• ) return all atoms, regardless of 6ffi, 

to their initial state. A composite pulse consisting of two closely 

spaced, essentially nonoverlapping 2rr hyperbolic secant pulses w'ould do 

the same. Nevertheless, we may be able to distinguish between pulses 

by examining the response at various intensities. The implications of 

frequency sweeping during the pulse on hole burning have not been considered 

J 
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at all in this thesis but are certain to play an essential role. 

Before considering some of the more quantitative aspects of 2-1evel 

system behavior, let us return to Eq. (11) and attempt to find additional 

analytic solutions, which are usually more enlightening than isolated 

computer results. We shall try to find a solution to (11) in the form of 

a perturbation expansion which will be valid for pulses of rather arbitrary 

shape. The method is discussed in References 45 and 46. We begin by 

factoring Mt 

M=MP 
o 

where Mo satisfies the simplified matrix differential equation 

• 
M = iR M 
000 

(15) 

(16) 

Direct substitution will show that M P is a solution to Eq .. (11) if we ' o 

choose P to satisfy 

P = i(M -lR1M )p ; p(o) ~ I 
o 0 , 

. 
The advantage of this transformation is that some of the dependence of 

the solution on Dm is removed'at the outset; the coupled equations for 

the elements of P are easier to reduce to a single equation than are 

those of M. Since R is diagonal and constant, we can solve (16) immediately: 
o 

M (t) = exp {iR t} o 0 
(18) 

Equation (17) now becomes in component form: 

• i~ -:il':a>t 
Pll = 2" e P21 



-48-

The only coupling is between Pll and P2l' or P12 and P22* Either pair 

yields essentially the same second order differential equation, differing 

only in the sign of Dm. We obtain for Pll' which we abbreviate to p, 

the equation: 

For the case where ~1.<lJ.(t),(19)is easily solved by elementary means and 

the solution (12) is obtained. 

cast (19) into a simpler form. 

independent variable S ::: t/r. 

For arbitrary ill (t), it is helpful to 
1 

We first introduce a new, dimensionless 

Equation (19) becomes 

::: 0 * (20 ) 

Consider illl(t) for a hyperbolic secant pulse: 

illl(t) = a sech t/~ 

where a remains arbitrary for the time being. Employing the definition 

(14), we get 

This may be inverted, using trigonometric identities, to obtain ill
I 

as 
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a function of e: 

(21) 

Derivatives with respect to e are now introduced in Eq. (20) I 

where 

Finally we obtain the desired form 

(22) 

The simplicity of (22), especially as it relates to previous solutions 

of the two level problem, is quite striking. It is just the differential 

equation of a free harmonic oscillator with variable "damping. II The 

presence of i means that the center term contributes to the oscillatory 

behavior of the solution, and does not indicate either positive or 

negative damping in the usual sense. For the on -resonance dipole the 

center term vanishes and we obtain (13); for a rectangular pulse (1)1 is 

a constant and we obtain (12). Let us also call attention to the 

connection between (22) and Hill's equation. 47 If we introduce a new 

variable z, defined by 

p = z exp ~ - t f ~) ~ , 
Eq. (22) becomes 
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dClJ..] z = 0 
de 

This is very similar to Hill's equation, and, at least for (1)1 ~ sin e, 

differs from the form given in Ref. 47, 

(z" + J(e)z = 0 J(e) even with period n) only in the presence 

of the imaginary quantity "i" inside the brackets. Unfortunately, not 

much is known about the general solution to Hill's equation f'or arbitrary 

J(e); we shall attempt a solution of (22) directly. 

We begin our perturbation treatment by rewriting (22) as 

p" + ~ pI + t == 0 
OJ. 

Now expand p in a pow'er series in /I. r 

(24 ) 

p (e) is the solution to (23) for /I. 0, and is just equal to cos e/2. o 

If the series converges, and we shall assume it does, pee) is the solution 

to (23) for /I. = 1. We substitute (24) into (23) and neglect all powers 

of /I. higher than the first. This yields an equation for Pl (e) t 

Pl -:I.hro p II + -r.-- = _ p' 
1 ~ (1)1 0 

We may keep higher powers of /I., thus obtaining equations for higher 

approximations. In general, we find that 

P :I.hron I 
"n :t'n_l 

Pn +"4= - ----~-- n-l E Q; n = 1,2 ••• 
(1)1 

is an inhomogeneous differential equation for the nth term of (24), which 

)
st can be solved by elementary means as soon as the (n-l term has 

.... 
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been calculated. We shall apply the method of variation of parameters
46 

to (25) for a hyperbolic secant pulse. 

Setting Pl = t + t 2 u2 , where u
1 

= sin 
8 

u 2" 
the solutions to the homogeneous form of (25) , the 

of parameters leads to equations for tl andt2 = 

tl 
, -Qu2 t' 

QUl 
= W 2 W 

8 8 
u. u2 sin- cos 

2 l 2 
W = = 1 8 1 8 u' u' 2" cos - sin-

1 2 2 2 2 

We obtain: ~".,,' 8 8 .J.L'U.)Sln 2" cos 2" 
t' = --------~~---
1 cx sin (CX~) 

8 , u2 = cos "2 are 

method of variation 

(26) 

- 1/2 is the Wronskian. 

A remarkable simplification occurs in the case of a 27T hyperbolic secant 

00 i6mT 8 
pulse., for which Lbo illl (t) dt = 27T. _Than CXT=2, leaving tl = y- cos 2" 

or 
8 

tl = i6mT sin "2 upon integration. 

Similarly, t2 = i6mT (cos ~ - 1). The first approximation, Pl ' is just 

Pl = i6mT (l-cos 8/2). 

Differentiating, PI = -~TP~, and the equation for P2 becomes 
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which, except for the constant multiplier (-ibIDr) on the Ths, is the 

same as the equation for Pl ~ It is now a trivial matter to rind all 

the p (e): p (e) = -:iLYmp 1 (e), n > 1. For pee) itself we have n n n-

e e 2 3 p(e) = Pll = cos 2" (l-cos 2")[ :iL:mT- (iL'wr) ,+ (iL'wr) + ... ] 

= case /2 + ibIDr 

1 + iL::mr 

The other elements of P may be written dow'll immediately from (17); 

P == 

cos 8/2 + ',ibmr 
1 + iL::mr 

U'wr isine/2e 
1+:L0mr 

/ -:L0mr isine2e 

case /2 - :L0mr 
l-U'wr 

The total matricant is found from (27), (18), and (15) to be 

M(t) = 

( cose /2 -I- ,:it1wT)e ... :L0mr /2 

1 + :L6mr 

sine /2 e:1Lwr /2 

1 + :L0mr 

:iL':mr /2 i sine/2e-

1 - :iL:mT 

(cose/2 _ i6mT)e-U'wr/2 

1 - U'wr 

which is seen to reduce to (13) for the on-resonance case. Let us write 

dow'll the density matrix explicitly: 
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222 / 

(

COS ej2+Dill T -isinej2,(cOSe 2+i6mT)) 

i sine/2(cose/2-:i&lrr) sin
2ej2 

whe re p ( 0) = (; 

This result is quite significant. We have obtained the result of McCall 

and Hahn by a rather general procedure which can give at least an 

approximate solution, in powers of !::lm;, for pulses of other shapes. How-

ever, in no case known to the author except the 2rr hyperbolic secant 

pulse does an exact solution fallout so readily, and this occurs solely 

because illl(e) cancels out in the expressions for ti and t 2• For other 

pulse shapes, including hyperbolic secant pulses that do not have area 

2rr, the integration of ti and t2 becomes too cumbersome to make the cal

culation of high approximations of Pn worthwhila. Occasionally the 

integrals of tl and t2 blow up, and the method breaks down completely. 

In those cases where the calculation of the p is only feasible 
n 

for n = I or 2, the perturbation series defined by Eq. (24) is still 

useful for small values of!::lm;, since the series is basically an expansion 

in powers of!::lm; and should converge rapidly for !::lm;<<L. If we are 

interested in the behavior of those dipoles far ofT resonance, we may 

begin the perturbation expansion by writing, instead of (23), the 

equation 

A.p II + ~ p' + t = 0 • 
~ 

The expansion (24) together with (30) leads to a differential equation 
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for the zero order solutionr 

o 

and an inhomogeneous first order differential equation for the Pn+l: 

mp 
I . 1 n 

Pn+l + 4iLYlrr • (31) 

Equation (31), easily solved by elementary methods, yields a series for 

p(e) in powers of (Lim r\ and is useful whenever (Lim) » 1. 

Pulse shapes ml(t) other than the hyperbolic secant, when converted 

to the form ml(e) and substituted in Eq. (22), may result in second order 

differential equations which have known analytic solutions. It has been 

pointed out to the author 43 that the exponentially growing or decaying 

, () ext pulse, defined by ml t ::::: ae ,becomes simply GJ. = exe upon application 

of (14) and yields a variant of Bessels equation t 

pI! + :;: pI + t ::::: 0 

The solution to (32) is given by 48 

(33 ) 

:i..6m 
where v ::::: 1/2 - ---2 ' and Z is a linear combination of Bessel functions ex . v 

of the first and second kinds. For the on resonance dipole (33) reduces 

to our familiar sinusoidal solutions. Off resonance, the solution to 

(33) is a Bessel function of complex order. While such functions are 

perhaps unfamiliar to most physicists, their properties have been in

vestigated to some extent49 by mathematicians. It is unlikely that 

numeri6al tables exist. 
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Equation (29) is also interesting from an entirely different 

standpoint.. According to the computer calculations the nature of spectral 

hole burning caused by "smooth" pulses is not critically dependent on 

their precise shape. On this basis it is reasonable to assume that the 

response of an atomic system to tho~ pulses of area 2TI which can be 

characterized by a width T will be described rather w'ell by Eq. (29). 

The total change in magnetization of the atomic system, which is the 

experimentally relevant quantity, is plotted in Fig. 9 for pulses of 

various shape but comparable pulse width.. The abscissa is the turning 

angle of the on-resonance dipole. The curves are individually normalized 

to 2 at large turning angles which are odd multiples of TI (i.e. corre

sponding to complete inversion of the entire system) to facilitate com

parison for different pulse shapes. This is meaningful since for strong 

pulses such that (1)1 » (width of atomic spectrum), all the dip61es may 

be considered on-I'€sonance, whereupon, according to (13), the pulse 

shape per se no longer matters. 
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Dr. EXPERIMENTAL RESULTS 

A. Microwave Monitoring of Ground State Populations 

In this section we shall develop the theory which relates the micro-

wave signals observed during an experiment to the state of the atomic 

system being investigated. According to the theory developed in Chapter 

III, state shall mean for us merely the populations, as a function of 

time, of the levels Urtder cons iderat ion. Although it is theoretically 

possible that optical pumping in ruby could burn a hole in the inhomo-

geneously broadened microwave resonance line, this was not the case 

experimentally. If we vary H and sweep through the epr line, firing 
o 

the laser every few gauss, the change in microwave absorption induced 

b,y the laser, as a function of H , has the same shape as the epr line 
o 

observed by conventional epr techniques. It is therefore not critical 

exactly where we fix H within the resonance 
o 

sure a quantity which is a function of ~ = 

line - in any case we mea-

/71 - 6n(tro)] G(LYn) dtill, 
-00 

where the· integral is over the optical absorption line. Of course, 

the signals are larger if we sit on the center of the line rather than 

off to one side. Let us now see how ~ is deduced from experimental 

measurements. 

The passive ruby sample is situated inside a microwave resonant 

cavity which is attached to one arm of a magic -T bridge. Refer to 

Fig. 1 for a diagram of the circuitry. In most respects the microwave 

spectrometer is of conventional design and the reader may refer to the 

articles in reference 50 for detailed descriptions of the various 

components, signal/noise theory, etc. For present purposes a very brief 

summary of the principle of operation will suffice. 
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The frequency stabilized klystron launches a continuous wave of 

constant voltage amplitude V which splits into two equal parts at the 
o 

magic T. Ha;lf of the power is incident on the cavity, and a wave of 
V r 

amplitude o c 

v2r is reflected back toward the magic T; a similar wave 

of amplitude 0 r 
2 

is reflected back toward the magic T from the slide 

screw tuner in the reference arm. r is known as the voltage reflection 

coefficient51 and is a function of both cavity and ruby sample parameters. 

The two reflected waves combined at the magic T, and their phases are 
V 

such that the resultant wave of amplitude ~. Ir c~r t l propagates down 

the fourth arm of the bridge where it is detected, amplified, and displayed 

on an osiclloscope. The reflection coefficient coefficient r can be 
r 

varied between the ,limits ±l, and in practice is usually adjusted to 

completely cancel the wave reflected from the cavity before the laser 

is fired. The laser alters the sample populations, hence r c' and un

balances the bridge. The change in signal amplitude is then photographed. 

An instructive but nonrigorous calculation of r will now be presented. 
c 

We recall from elementary transmission line theory that a line of charac-

teristic impedance Z terminated by an impedance Z will have a reflection 
o 

coefficient given by 

r 
Z - Z 

o 

Z + Z 
o 

V reflected/ V incident 

To calculate Z we may utilize the analogy between a resonant microwave 

cavity and a resonant RLC circuit. This analogy is justified formally 

by Foster's Reactance Theorem, which specifies the general form that the 

reactance function of any lossless system subject to Maxwell's equations 

must take. (A small loss term may also be added without invalidating 
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the theorem.) Near a resonance, the cavity reactance function is closely 

approximated by the reactance function of either a series or parallel 

RLC equivalent circuit, depending on the length of waveguide between 

the cavity and the plane at which the impedance is being measured. We 

shall choose the series 'circuit. The ruby sample interacts with the 

magnetic field in the cavity, so in the equivalent circuit it modifies the 

inductance, L, changing it to L (1 + 47T!X). 
o 

s is filling factor, and 

x :::: Xr - X" is the usual paramagnetic susceptability. We have then 

Z R + iruL + 1 
:::: 

io:C 

47Ts 
20m 

:::: R + XU ruL + iruLo (ill + 47Ts X r) 
0 

2 1 
where &!J 4) - m 

0' 
ru = L C 0 

0 

In microwave work it is advantageous to work in terms of directly mea-

surable quantities, the various cavity Qt s, rather than the equivalent 

circuit parameters. We therefore define: 

(1) the unloaded Q, which represents power dissipated by ohmic 

losses in the cavity walls: 

mL o 
R ' 

(2) the external Q, which represents power lost outside the cavity 

i.e. coupled to the external circuit: 

= 
ml.. o 
-Z-

o 

(3) the magnetic Q, which represents power dissipated in the para-

magnetic sample: 
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== ill·. energy stored in cavity 
Power dissipated in sample 

/Srr 
== 

~v /2 
c 

1 

Dividing equation (1) by Z , and introducing Q ; Q , Q we obtain 
o 0 e. m 

Z 
Z 

o 
+ 

iQ 
e 

(2&n 
ill 

47T~X I) 
+ 

It is possible to simplify (2) under certain conditions. If we choose 

the klystron frequency, ill, equal to the cavity resonant frequency, ill , 
o 

the first term inside the parenthesis vanishes. Now cons ider the form 

of X I : it is an odd f'unct ion of !::tn, the differ ence between the klystron 

frequency and the resonant frequency of a particular atom. Fixing ill 

at the center of the atomic line, assumed symmetric, and integrating 

aver all atoms, the term involving X r also vanishes. We finally obtain 

for r the expression 
c 

r 
c 

Q
e 

~ 
Q

e 

~ 

Q 
+_e_ -1 Q

m (3 ) 
Q 

+ e +1 Q
m 

The population difference between two ground state Zeeman levels can 

be determ:in ed direct1¥ using (3). With the system in thermal equilibrium, 

following the procedure outlined in reference 52 we first measure Q , 
e 

Q and r with H off resonance; measuring r with H on resonance gives 
o c 0 c 0 

QmB' the magnetic Q due to a Boltzmann population difference 1m
B

• At 

the same time we establish a calibration curve relating the signal amp-

... 
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litude on the oscilloscope to r. The laser pulse suddenly alters the 
c 

Boltzmann distribution and creates a new magnetic Q, Qml" which we infer 

from (3) and a photograph of the new signal strength. The definitions 

of Q and X" yield immediate:q 
m 

(4 ) 

Equation (4) is the basic formula for interpreting the effects of laser 

pumping. Note that the exact field distribution within the microwave 

cavity and the filling factor, which enter into the definition of Q m 

and are very difficult to measure, have cancelled out in our formulation. 

We are assuming of course, that the laser uniformly illuminates the sample. 

The use of a sample which is optically thin ensures that pumping effects 

are uniform along the propagation direction of the laser beam. 

The choice of coupling condition, measured by Q /Q , which leads to e 0 

maximum signal for a given change' in population difference can be de-

duced fromEq. (3). If the detector output is proportional to the inci-

dent voltage, as is the case with a superheterodyne receiver,a weak 

laser ~~lse will caUSe a signal proportional t~a~ ) lm, or equivalently, 

to ( dQ :1' ) 6Qm -1. If this is maximized with respect to the coupling 
m Q 

parameter~, we find that maximum sensitivity is obtained by choosing 
'e 

In the limit where magnetic/losses are small compared to cavity wall 

losses, Q /Q -+ 0, and (5) reduces to Feher f s50 result. In practice o m 
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one can usually work near critical coupling, Q /Q = 1, without serious o e 

signal degradation. The experimenter must be somewhat careful, however, 

if large population changes are to be measured. If the wrong initial 

coupling is chosen (undercoupled instead of over c oupled, for example) a 

large change in Q may cause r to change sign; the resulting signal 
m c 

will be difficult to interpret. 

The cavity time constant 1" sets the limitation on the shortest event 

~ -It may be written which may be resolved in these experiments. 

where QL' the loaded cavity Q, is given by 

= 
1 

~ 
+ 1 +_1_ 
~ Qm 

If we overlook the fact that Q
m

, hence Q
L 

change somewhat during the 

laser pulse, and accept a ~ of 5,000 as typical, we calculate that at 

10 GHz 1" is approximately 100 ns. This is much longer than the laser 

pulse, and is also the longest time constant of any circuit component. 

Consequently we cannot observe sample behavior during the laser pulse 

itself, but only the net effect of the pulse. If one were sufficiently 

interested, this situation could doubtless be remedied by replacing the 

cavity by a traveling wave structure (or perhaps even straight wave-

guide) and employing amplifers, etc'., with subnanosecond ;response times. 

B. Laser Output Characteristics 

We shall now examine same of the important properties of Q-spoiled 

ruby lasers operated near liquid nitrogen temperature. It is of course 

necessary to know how closely the ouput approximates a smoothly modulated 

sine wave without FM, as assumed in the theoretical calculations. The 



spatial intensity distribution is also an important factor in our experi-

ments, as is the absolute output power. In addition, we hav.e achieved 

certain advanc es in low temperature laser' technology which are of in-

terest in themselves. During the course of the experiments many different 

laser cavity arrangements,Q-switching techniques, and ruby rod configu-

rations were tried. Since different arrangements were used for the thermal 

tuning and coherent experiments, tney will be discussed along with other 

experimental details and procedures in their respective sections. 

We will find it useful at this time to review the pertinent facts 

concerning the temperature dependence of the width and position of the 

ruby Rl lines, which is ultimately responsible for the unusual behavior 

of N2 cooled ruby lasers. 

4 -1 Although spectroscopists early noted the 1 cm increase in ruby 

fluorescence wavenumber and thirtyfold reduction in linewidth which occur 

upon cooling from 3000 to 80o K, only recently were these phenomena ex

plained quantitatively by McCumber and Sturge.5.3 Their predictians are 

based upon a simple model whereby the sharp energy levels of each impurity 

ion are shifted and broadened due to fluctuations in the local crystalline 

fields caused by thermal lattice vibrations. The result of their cal-

cUlation is that the position of the center of gravity of the RI dOUblet 

is given by 

E(T) == E(O) 1 (T )4 - 400 cm- ---To, 

while the full width at half maximum is 

reT) == reo) + 544 -1 
cm 

6 x 
x e 

(6) 

dx. 
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40 
A small term giving the contribution of Orbach processes has been 

omitted from Eq. (7). These formulas were used to analyse the energy 

level shifts of the passive ruby sample in the thermal tuning experiments. 

Also, in conjunction with empirical data on the low temperature specific 

heat of ruby, Eq. (6) was able to predict quite accurately the temperature 

dependence of the laser output frequency. We shall outline this latter 

calculation and present thermal tuning curves for the laser operated in 

Q-spoiled mode. 

DfHaenens and Asawa54 made high resolution optical spectroscopic 

measurements of nitrogen temperature ruby laser (burst) emission fre-

quencies and compared them with the fluorescence frequency corresponding 

to the initial laser temperature. They found that for a laser initially 

at 78°, the output frequency near threshold was lower by about 5.4 GHz than 

the fluorescence frequency. This imp~ies that the ruby was actually at 

95°K when lasing occurred, which can be accounted for by assuming the 

lattice absorbed 7.5 joules due to heating by the flash lamp. Scaling 

these figures to our own Situation, and assuming that the lattice always 

absorbs the same amount of energy, we used the specific heat d~ta of 

Furukawa et al. 55 to, calculate for different initial rod tempera-

tures the rise in temperature caused by flash lamp heating. The stimu-

lated emission frequency was then computed using Eq. (6). The results 

are shown graphically in Fig. 10. They have proved very accurate in 

selecting that initial laser temperature which achieves an optimum match 

with one of the Rl Zeeman components of the passive sample. The passive 

sample frequency splittings are first calculated using the ground and 

excited state spin Hamiltonians; Figure 10 usually predicts the correct 
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Fig. 10 Thermal tuning curves f'or the Q-switched ruby laser used in 
the present experiments. 
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initial laser temperature wi thin a fe~w degrees. This is somewhat remark-

able considering the great differences between our laser and that of 

D'Haenens and Asa'".a,. especially the fact that ours was operated in the 

Q.-switched and theirs in the burst mode. 

Near liquid nitrogen temperatures and below, the Rl fluorescence 

becomes resolved 

sitions 
4 

E 4 A2 

into a doublet, the components 

(-+ 1/2) and E 4 4A2 (±3 /2) . 

of which are the tran-

Since the line is in-

homogeneously broadened at these temperatures, the two Rl components can 

lase somewhat independently. The conditions governing relative thresholds 

are quite involved, depending upon the relative strengths of the matrix 

~lements ~or optical transitions, the relaxation rate between the two 

components, mirror reflectivity and ~Jump intensity. A theory for burst 

lasing is presented in reference 54. Time re :3olved 'experimental data 

presented in reference 56 indicates that very near threshold only the 

±3/2 component lases, ~.vhile above thre:3hold both components las(~. How-

ever, the ±3/2 ou-~put begins sooner than the ±1/2 and peJ~sists longer, 

due to its higher gain. (The gains are in a ratio 6:4 for light 'tTi th the 

electric field perpendicular to the c-axis.) In addition, the output 

frequenc:tes of both colnponents are swept during the burst pulse as the 

rod continues to heat up. This is an imp(.)rtant consideration if the 

laser is used. to pump the Rl components of another ruby sample. TNhile 

frequency svlei~ping makes Heasier to match sample absorption and laser 

emission sometime during the pulse, it makes quantitative studies of 

thermal tuning, linewidths and hole burning very difficult, if indeed 

meaningful at all. Unfortunately, much less is known in the Q.-spoil 

case. No theory has been proposed and no time resolved measurements made. 
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This author has made a sketchy investigation, using a high resolution 

grating spectrograph57 and a Fabry-Perot. The laser, Q-switched wit~ 

either a rotating mirror or Kerr Cell, did not include a saturable filte~ 

It was found that both components' were usually present in the output, 

the ±3/2 component being typically four times more intense than the ±1/2. 

Occasionally the ±3/2 component alone lased, but the ±1/2 component was 

never observed by itself. If a saturable filter is introduced into the 

cavity, one expects on the basis of arguments similar to those of SOOy5
8 

that the ±3/2 component will be even more preferred. This is a consequence 

of the "slow switching" property of saturable filters in contrast to 

fast opening devices such as Kerr Cells. A laser with a slow opening 

shutter requireS more amplifying passes before threshold is reached, al-

lowing modes or components with high gain to grow at the expense of those 

with low gain. The upshot of this discussion is that we feel justified 

in assuming that the laser generates only the ±3/2 component most of the 

time. Any ±1/2 component present could in same situations pump transitions 

other than the one we thought we Were pumping with the ±3/2 component, 

which would greatly complicate interpretation of experimental results. 

The thermal tuning experiments provide an exception, however, in that the 

±3/2 component was deliberately suppressed. 

C. Thermal Tuning Experiments 

Our purpose in performing thermal tuning experiments was twofold: 

to understand under what conditions of temperature, sample orientation, 

and magnetic field the laser and passive sample were on resonance, and 

to learn quantitatively how much the ground state popUlations are upset 
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by Q,-swi tched laser pumping. Of course, the experiments previously 

conducted by other workers have demonstrated the practicality of thermal 

matching, but it was necessary to establish our own competence in this 

area before more meaningful experiments could be attempted. Thermal 

tuning results are naturally quite dependent on the characteristics of 

the particular equipment being used. The intensity of flash lamp pump

ing, mirror reflectivity, saturable filter concentration and/or Kerr 

cell timing all determine the amount of temperature rise the laser rod 

experiences before lasing occurs, and therefore, determine the output 

frequency. We must content ourselves with somewhat qualitative results. 

The laser configuration used in the thermal tuning is shawn in Fig. 

lla. The ruby rod, 3 in. long and 1/4 in. in diameter had a 90° rooftop 

on one end. and an exit face cut at Brewster's angle. The rod was pumped 

by three U-shaped flash lamps, closely coupled to the rod with aluminium 

foil. Input to the lamps was approximately 1000 joules, about 1.4 times 

threshold. The saturable filter was an RG-8 color glass filter from tbe 

Schott Glass Company. It was used as delivered, with no attempt made to 

achieve a high quality optical finish or parallelism. It became damaged 

if the laser was fixed many times through the same spot, which tended 

to make the ott,put somewhat erratic. A borosilicate glass flat, its sides 

parallel to within a second of arc, served as a reflector. The gain of 

pumped ruby is so high at liquid nitrogen temperature that the use of 

highly reflective mirror coatings is not necessary to achieve stimulated 

emission; indeed, by trapping light within the laser cavity, they cause 

the net laser output to decrease. In an effort to suppress one of the 

two Rl components we inserted an unpumped section of ruby in the laser 
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RUBY ROD SCHOTT RG-8 
GLASS FILTER 

UNPUMPED GLASS FLAT 
RUBY ABSORBER 

Fig. lla Laser configuration used in the therml tuning experiments. 

! 1/2 

NlSORPrION OF ~. UNPUMPED RUBb 
SAMPLE AT 78 K 

, 
.~ 

LASER FLUROESCENCE 
NEAR 96° K 

Fig. lIb Illustration of the manner in which the ± 3/2 laser component 
may be suppressed by incorporation of an unpumped ruby sample in 
the laser cavity. Each division is 2 GHz • 

XBL 688-5613 
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cavity. This passive absorber, approximately an inch long, was cooled 

to 7So inside a dewar. The initial laser temperature was also 7SoK. 

According to the rough calculation outlined in the previous section, 

burst lasing threshold should occur at around 94°K, while Q-spoiling 

is likely to occur after the rod temperature has increased somewhat more 

perhaps a few degrees. The McCumber-Sturge data then predict that the 

±3/2 fluorescent component from the laser will more or less coincide 

with the ±1/2 component of the absorption line of the passive absorber. 

The round trip gain of the normally dominant ±3/2 component will be re

duced, and ideally the ±1/2 component which is unaffected by the passive 

absorber, will alone appear in the laser output. This situation is de-

picted in Fig. lIb. The results of the thermal tuning experiments indi-

cate that this is actually what happened - reasonable agreement with theory 

was obtained by assum:ing the presence of mly one laser component. More-

over, that component had to be the ±1/2. The data could have been gene-

rated by the ±3/2 component only if the laser fired at approximately 

lOSOK, which is unreasonable. 

The possibilities of achieving' a thermal match are greatly enchanced 

by our freedom to choose favorable sample orientations. Making use of 

the ground and excited state spin Hamiltonians, we plot the ruby Zeeman 

levels as a function of H for a series of angles e between Hand c-axis. 
o 0 

We then select a ,particular pair ,of ground state levels between which we 

wish to observe laser induced changes in the epr signal, and also choose 

a working frequency within the operating range of the microwave spectro-

meter and magnet. For each angle we note the magnetic field at which the 

chosen resonance occurs, and measure the energy seperation between each 
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of the chosen ground state levels and those excited state levels which 

are accessible according to the known opt'ical selection rules. The 

selection rules become complicated at angles other than 0° because of 

state mixing in 
4 
A2 • As a rule of thumb, all optical transitions will 

be somewhat allowed away ~rom 0; in practical situations the optical 

transition probabilities can be calculated ~rom the state mixing co

efficients published in siegman,26 or from the graphs of Schulz du Bois.25 

4 -For each allowed transition between pairs of sublevels of A2 and E we 

then plot the energy separation as a function of e. This procedure 

is illustrated in Figs. 12 and 13 for two possible ground state resonances. 

The figures do not include laser or sample temperature shifts, which may 

simply be added onto the numbers in the figures. The zero energy level 

separation is taken as the difference between the "center of gravityll 

of the 4A2 and E manifol:ds.: at e = 0 and Ho = O. The sign of the energy 

difference is chosen so that a positive difference corresponds to levels 

being closer together. For example, if the laser and sample are both 

initially at 78°K, Fig. 10 shows that the ±1/2 component from the laser 

will be shifted down in frequency b,y 14 GHz; Fig. 12 indicates we can tben 

- 4 I - 0 pump the transition I + 1/2> ( A2 ) -7 -1/2> (E) at around e = 28. Or, 

if we prefer, we can first fix e, then choose the appropriate Jaser 

temperature. The designations :0' and 7f apply only at e = 0°. It should 

be pointed out that the approximate nature of the above procedure usually 

makes it necessary to tune the laser tem.t?erature over a range of several 

degrees to achieve the maximum effect on the epr signal. 

We selected e = 0° for our sample orientation to take advantage 

of the. absence of state mixing and the resultant simplicity of optical 
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the restriction that the splitting between the 1+3/2) and 

1+;/2) spin states of 4~ be maintained at 9.6 GHz. 

'. 



.... 73-

GH~. 

15 

5 

o 

-5 

-10 
____ ~ ____ ~ ____ ~ __ ~ ____ _L ____ ~ __ ~~ __ _L~e 

o 10 20 30 "10 50 70 60 

XBL 688-5611 

Fig. 13 Energy difference between sublevels of 4A2 and E subject to 

the restriction that the splitting between the 1+3/2) and 

l-i/2) spin states of 4~ be maintained at 9.6 GHz. 
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Fig. 14 E and 4A2 energy level scheme applicable to thermal tuning 

and coherent pumping experiments. The epr transitions used are 

indicated by arrows; optical transitions were chosen according 

to selection rules and the consideration of Figures 10, 12, and 

13. 
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~election rules. Room temperature optical pumping experiments near level 

crossing points where state mixing is significant have been carried out 

by Bloembergen and Van der Ziel. 59 Figure 14 shows the energy levels and 

epr transitions used in both the thermal tuning and coherent pumping 

experiments. The ruby passive sample was a section of an old laser rod 

of very poor quality. It contained striations visible to the naked eye 

and exhibited epr line widths of 45 and 75 gauss for the /+3/2) ~ /+1/2) 

and 1+3/2 ~ 1-1/2) transitions, respectively. These should be compared 

with epr linewidths of less than 20 gauss which are typical of good 

quality ruby. The epr linewidths were measured without changing the 

sample orientation f'rom that us ed in the thermal tuning experiments, 

and were actually minimum linewidths _. changing the angle between H ani the 
o 

c-axis by as little as 3° could double the observed linewidth. The con-

clusion is that the sample contained many macroscopic regions whose optic 

axes were slightly misaligned from the "average" optic axis. This will 

affect not only the epr linewidth, but will also slightly broaden the 

optical absorption line and alter optical selectim rules. We do not 

feel the thermal tuning results are affected in any important respect by 

our sample quality, however. The sample was 1/4 in. in diameter and .8 

in6 long, and nominally conta:i::ed 1019 Cr3+ ions.. The laser output con-

s isted of a train of approximat ely 10 Q.-spoi1ed pulses extending over 

350~s. The pulses increased in magnitude and the spacing between them 

increased toward the end of the pulse train. The entire pulse train 

contained about .1 joules, or 4 X 1017 photons, and the total energy 

seemed quite consistent from shot to shot. In any case the microwave 

response was not corrected for va.:riations.: in laser input energy. Despite 

• 
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the multiple pulse aspect of the laser output we do not believe that 

appreciable frequency sweeping occurred. The laser was operated at 

roughly 1.3-l.5 times threshold, and subsequent Fabry ... Perot photographs 

indicate the linewidth was less than 1 GHz. This is tc be compared with an 

absorption linewidth for one of the sample's Zeeman components c£ 3 GHz 

6 0 0 
at 0 K and 9 GHz at 100 K. Photographs of an individual Q-spoil 

pulse made with a fast photodiode and Tektronix 519 oscilloscope exhibit 

modulation which indicates the presence of more than one axial mode. The 

pulse themselves are about 7 ns halfwidth. In keeping with the spirit 

of rate equations, these refinements play no role in the analysis. The 

cross sectional intensity profile of the beam consisted of a superposition 

of many high ani low order transverse modes, the pattern of which pr e-

sumably varied from spike to spike. This complication too shall be over-

looked in our uniform plane wave approach.. The sample was glued with 

expoxy resin to a 1/8 in. diameter sapphire rod which allowed it to be 

positioned in the center of the microwave cavity; the sapphire rod 

made thermal contact to the dewar by m63.ns of a copper collet coated WID 

Apiezon J-oil. The microwave cavity was operated in the TEO 11 mode, 

and was resonant at 9.5 GHz with the sample in place. The laser beam 

entered through a 1/4 in. diameter hole in one of the cavity end flanges. 

Unfortunately, "at',thetimethesei:experiments were performed a sample 

heater had not been constructed, and the sample temperature had to be 

varied by pumping on or pressurizing the liquid nitrogen in the dewar. 

Since this latter procedure itself was not stabilized by feedback, occa-

sional measurements were taken on the fly, and scme of the recorded 

temperatures are probably in error by several degrees. The cavity para-

" 

", 
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meters were: Q. Rf(000, 
o 

Q. ~5,000., Q. ( 1+ '3/2) (--+ e m I -1/2) transition) 

~ 8300, Q. ( I +3/2) 
m 

+--+ I + i/2) transition) ~ 17,000. These 

were measured at 78° and no account was taken of their temperature 

variation in the analysis. 

Fig. 15 illustrates results obtained by monitoring the I + 3/2) f---7 

I - f/2) epr transition as the sample temperature is varied. The ordi-

nate is the ratio of the difference in ground state populations induced 

by the laser to the Boltzmann population difference. Two theoretical 

curves are presented in Fig. 15 corresponding to different laserpolari ... 

zations. We should point out that the theoretical curves have been nar-

malized in amplitude to match the maximum positive hump of the data in 

each figure. ~ making calculations for different assumed lasing tempera-

tures and choosing that temperature which gives the best fit with the 

data, we can infer the initial laser t:emperature. The temperature so 

inferred is within a few degrees of the actual in it ial tempe rature, 

about 800 K. The experimental polarization was supposedly entirely 

rr - type, but we see that the assumption of 15% 0 polarization gives 

slightly better agreement with theory. Aside from misoriented sample 

domains, strain induced birefringence in the dewar windows, birefringence 

of the ::rU?Y;'- itself, or simple misorientation of the laser could easily 

lead to a 1Cf'/o polarization error. If we deliberately create equal 

amounts of rr and cj polarizat,ion in the laser output, we obtain the re-

sults shown in Fig. 16.. The behavior is much more complicated than the 

rr only case, and the agreement with theory is not as good. The dip in the 

experimental data at 73°K was probably due to same gross error such as 

the klystron drifting off the cavity resonance, or an unusually weak 

laser pulse. The reason for the discrepancy at high temperatures is not 
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known; however, the observed signals in that region were quite small, 

making accurate measurement difficult. 

Figure 17 depicts the individual roles played by the many competing 

optical transitions. Here we have dissected the overall theoretical 

signal of Fig. 16 into its component parts. At low temperatures the 

. ~ 4 -
optical transition 1+ 3/2)( ~) ~ 1- 1/2)(E) is seen to dominate, while 

above 85° two transitions of approximately equal strength compete by 

pumping simultaneously both upper and lower levels of the epr transition. 

The behavior of the 1+ 3/2) ~ 1 + 1/2) epr transition under laser 

pumping is illustrated in Fig. 18. The positive peak at 79° is caused by 

- 4 -
matching the 1+ 3/2)( ~) ~ 1+ 1/2)(E) cr transition, while the minimum 

between 95° and 100° is due to matching the somewhat weaker cr transition 

1+ 1/2)(4A2 ) ~ l+l/2)(E). The only 7t transition, 1+ i/2)(4~) ~ l-l/2)(E), 

never achieves thermal match in the temperature range considered; it would 

become important only upon cooling the sample to liquid helium temperatures 

or raising the initial laser temperature. Although the laser output was 

nominally IT polarized, the observed signals are entirely due to the small 

amount of cr polarization present. The width at half maximum of the peak 

at 79° gives a crude measure of the width of the optical transition 

giving rise to that peak. Assuming that the half maximum points occur at 

74 ° and 84°, the McCumber-Struge formulas predict a linewidth of 

E(84°) - d74°) "":: 4.2 GHz at some "mean" temperature 79°. This is in 

excellent agreement with the calculated linewidth of 4.1 GHz at 79°, based 

on the McCumber-Sturge theory, and assuming a linewidth of 3.0 GHz at OOK. 

The situation is not so clear cut in the case of the 1+3/2) ~ 1-1/2) epr reso-

nance, as the various optical transitions are not well separated in temperature. 
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Nevertheless, optical linewidths can be estimated in this case too by 

fi tting theoretical parameters to the data. A far more accurate and 

meaningful method of measuring linewidths involves keeping the sample 

temperature constant and scanning the laser temperature. The resolution 

of this tt spectrometer" is just the width of the frequency spectrum of 

the laser. A carefully controlled Q-switched ruby laser might have a 

spectrum as narrow as 100 MHz, implying a resolution of less than .002 A~ 

Only the finest grating spectrometer can surpass this performance. 

Keeping in mind the erratic character of this and most other experi-

ments involving pulsed solid state lasers, it does not seem worthwhile 

to overly dwell upon discrepancies with theory, nor to construct elaborate 

theories where crude ones will do. Accordingly, the model used in this 

section has indeed been crude in the extreme. Let us briefly survey and 

criticize its pertinent features. 

(1) The use of rate equations. This approach is correct providing 

.. 1 
that T2 is much greater than the laser flipping rate illl which, as we 

have seen in approximately 109 rad/sec. for a pulse of lMW/cm
2 

intensity. 

As previously mentioned in Chapter II,we can estimate T2 in ruby by 

assuming that the total linewidth is the sum of a temperature independent 

inhomogeneous component (T2*)-1 and a temperature dependent term T2 -l • 

We have then, disregarding considerations of Lorentzian vs. Gaussian 

lineshape, 

7f l:::.v homog 

=. 7f(l:::.v total - l:::.v inhomog) 
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Taking 6V"nh to be temperature independent and equal to 3 GHz, we 
1 omog 

estimate that: 

T2- 1 - 109 sec-l at 65°K 

3XI09 sec-l at 78°K 

- 2XIOIO sec-l at 1000K 

Now the large Q-switched pulses contained approximately 20 millijoules 

and had half widths of perhaps 7 ns; if concentrated over an area of 

2 2 03 cm , this implies a power density of 100 MW/cm , and a flipping rate 

of 1010 sec-l Our calculations, crude as they are seem to raise serious 

doubts :concerning the applicability of rate equations under some of our 

experimental conditions. However, as will be discussed in the section on 

coherent pumping deviations from the predictions of rate equations are 

readily washed out by transverse intensity varia.tions in the laser beam. 

(2) Linearization of the rate equations. For a simple two level 

system, the population difference exactly at resonance created by pumping 

with N photons/ cm
2 

is 

6n =Lill (0) -2L::N 
e 

where L: is the cross section; linearization is valid if 2L;N is small 

compared to unity. A t "1 k t" 60 f 1" d yplca pea cross sec lon or a po arlze 

light pumping the 1+ i/2)(4~)-71+1/2)(E) transition is .6XLO-18 crr?; 

for a single rather large Q-spoiled pulse of total energy .02 joules 

2 and beam area .3 cm , we have 2L:N:::::: .1. Transitions involving 1T-polari-

zation are of COurse much weaker. We conclude that the rate equations 

may safely be linearized in calculating the effect of a single Q-switched 
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pulse, but this assumption becomes somewhat questionable when applied 

to the pumping effect of the entire pulse train. 

(3) Optical hole burning. From Fig. 5 we see that a line charac

terized by T2 * /T2 ::::: .3 and a = 22:N ::::: .1 will have about 4% of its atoms 

pumped into the upper state. In Fig. 18 we have LnL/LnB ::::: 4, or LnL ::::: 

5X1016. Since there are 2.5Xl018 spins in each of the 4~ sublevels 

-
to start with, we have evidently pumped about 2% of them into the Estate 

in reasonable agreement with the 4% figure estimated above. 

Completeness requires us at this point to assess the importance of 

spectral diffusion or cross relaxation within the optical line which 

tends to fill in the hole. This is a very difficult question, unsettled 

61 as yet, but the recent calculations of Imbusch permits us to make an 

order of magnitude estimate of the lifetime of a hole. Imbusch finds 

that energy transfer between single chromium ions is due primarily to 

electric quadrupole interactions; if w'e scale his parameters to our own 

case, we estimate that the energy transfer time at 78°K is about one 

microsecond. It is highly temperature and concentration dependent, but 

even allowing for a wide margin of error it would appear that spectral 

diffusion is negligible during a Q.-spoiled pulse, while it is probably 

important in reestablishing equilibrium within the line in the interval 

between pulses. 

(4) The optically thin sample and plane wave assumptions. Using 

60 the cross section data of Nelson and Sturge, we calculate the absorption 

length for oor 7T transitions between resolved Rl Zeeman components at 
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° -1 -1 78 K to be 1.5 cm and .17 em respectively. Note that these are in 

the ratio of 8:1 rather than the 4:1 ratio calculated by S'ugano. The 

thin sample criterion, a£« 1. (£ ~ 2 cm) is not satisfied at all for 

cr polarized light and just barely for TI light. Sample thinness varies 

with temperature inversely as the linewidth, however, and the sample begins 

looking thin for cr light around 110oK. In those temperature regions where 

the sample is not optically:thin the experimentally observed pumping 

effect of cr light will be undervalued relative to TI light by any theory 

which assumes thinness. Namely, in a thin sample pumping efficiencies 

are in the ratio a(cr)/a(TI), whereas in general the ratio is 

1 _ e -a(cr) £ 

1 
..0:(71") £ 

- e 

This ratio assume the value l/~(TI)£ if the sample is thin for TI but 

thick for cr light, and approaches unity as the sample becomes thick for 

both transitions. Regarding the assumption of a plane wave of uniform 

cross-sectional intensity emanating from the laser, we know it just is 

not SQ. However, as long as optical saturation does not occur for even 

the most intense portions of the beam, the actual intensity distribution 

does not matter at all, since the relative loss of intensity by any por-

tion of the beam upon traversing the sample will be the same. We do not 

need to average over the intensity profile of the beam; only the total 

number of photons in the beam is important. 

5. Thermalization Between Sublevels of E and gAo Our rate equation 

theory has assumed that the Zeeman levels of E are connected only with 

4A2 states by laser pumping. But we have seen that the lifetime of an 

", 



E sublevel is very short - it is just the T previously estimated to be 
2 

-10 ° 3 X 10 seconds at 78. Within several lifetimes we . may expect the 

populations of all four sublevels of Rand 2A to come into thermal equili

brium. Thus some ions pumped into an E level by the laser will be re-

moved from the scene, as it were, and will not have the chance to be 

pumped back into the ground state. We will not develop the rate equations 

for this augmented system, but merely state that the net effect of addi-

tional energy levels is to make optical saturation more difficult, since! 

saturation now requires that we must populate a whole manifold of levels 

rather than the single level which is on ,optical resonance. 

6. Tl in the Ground State. The microwave response plotted in the figures 

was the maximum change in signal which occurred during a train of Q-spoi~ed 

pulses. Naturally the gr.ound state populations relaxed toward .equilibrium 

during the 50 )..LS intervals between pulses. Decay rates measured from our 

photographs give Tl ~ 145)..Ls at 700 K and Tl ~ 30)..Ls at 105°K. Quite 

obviously, epr signals will seem too small at the higher temperatures, 

and this is very apparent in Figs. 15 and 18 where the experimental values 

for 6~ are significantly smaller than theory predicts for temperatures 

o ab:we 90 K. A really serious study would have to base all measurements 

on the effect of a single Q-spoiled pulse. 

D. Coherent Pumping ;Experiments 

In this section We wish to report the results of optical pumping 

experiments in which the temperature of the passive ruby sample was 

maintained at or below 4.2°K. At these temperatures we know that the 

lifetime of the E states is not drastically shorter than the 4 millisecond 

fluorescent lifetime, and, accordingly, the T2 which governs the dephasing 
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- 4 of quantum mechanical coherence between E and A2 is much longer than 

the applied Q-spoiled laser pulse. As was the case in the thermal 

tuning experiments, we monitor the optical pumping effect by observing 

changes in the epr signal arising from microwave transitions between 

4 / 
two A2 Zeeman levels; the theory developed in Part A of this chapter is 

still applicable here. We shall draw upon the theoretical considerations 

of Chapter III as much as possible to assist us in interpreting the 

experimental results. It is an unfortUnate fact that the unruly and 

somewhat inconclusive nature of our data precludes this from being offered 

as evidence "confirming" the theory we have developed. In particular, 

the data do not prove the validity or the necessity of adopting the co-

he rent approach vis-a.-vis rate equations, although we lean toward the co-

herent analysis on a priori grounds. The culprit is, as one would suspect, 

the laser. Analytical and computer predictions which assume a plane 

wave of uniform cro'ss sectional intensity collapse when confronted with 

the multimode reality of an actual ruby laser beam. The author was 

occasionally successful in obtaining a single more or less TEM infinity 
'00 

transverse mode fram the laser by judicious positioning of apertures 

within the laser cavity. However, the high power levels generated (>200 

2 
MW/cm ) soon pitted the glass faces of the saturable filter cell or the 

end reflector, and the quality of the beam rapidly deteriorated. Sapphire 

optics would probably alleviate this situation, but none were available 

at the time. In practice we were forced to accept whatever the laser 

decided to give us, and to try to account for this in the anaylsis. Even 

if a TEM 00 'mode could have been consistently produced, w'e would 

still have had to select only a small central position of uniform inten-

,~ 



sity to achieve a close approximation to a plane wave. 

The dewar, electronic circuitry, and microwave cavity configuration 

was as previously described except that the crystal detector was replaced 

by a superheterodyne receiver. The passive sample, however, nominally 

of .05 per cent Cr3+ concentration, was a cylinder .57 cm in diameter 

and .16 ~m thick; the 7T transition 1 + 1/2) (4A2) ~ I -1/2) (E) was used 

for pumping, ~nd the sample was optically quite thi~ As before the 

sample was cemented to a sapphire rod and positioned in the center of a 

cylindrical cavity operated at about 9.5 GHz and resonant in the TEOll 

mode. The klystron which supplied the cw microwave power used to monitor 

the 4A2 Zeeman populations was frequency stabilized by a standard AFC 

system in which small amplitude, 60 KHz modulation of the reflector 

voltage was used to generate the control signal; the sample cavity 

itself served as reference cavity for stabilization purposes. Stabi-

lizing on the sample cavity was found superior to stabilizing on an 

external cavity. The former method afforded higher SiN ratios and was not 

subject to annoying frequency drift necessitating constant k~ystron or 

reference cavity returning. The time constant of the stabilizing system 

was many milliseconds, so that the system did not affect measurements 

made within 100 microseconds or so of the incidence of the laser pulse 

through overshoot of the feedback system. 

We sought in the coherent pumping exper:iments to study the laser 

induced change in ground state magnetization as a function of the magni-

tude of the turning angle S, of the on-resonance dipole. Theta, as we 

know, is just proportional to the time integral of the electric field 

of the laser pulse. Of course, the detailed behavior of the total mag-
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netization as a function of e for an inhomogeneously broadened system 

depends on the specific functional form of e(t). For a simple pulse 

shape described by width T and amplitude A, the response is quite different 

according as we fix T and Z, or fix A and vary T. In the former case the 

relative energy at any point in the pulse frequency spectrum remains 

constant, while in the latter the relative energy distribution changes 

as the frequency spectrum becomes narrow'er or wider. Obviously, the 

type of atomic hole burning induced in these two cases will be highly 

disparate; and so will the behavior of the net magnetization, especially 

if at some point in the process of varying e the widths of the atomic 

spectrum and pulse spectrum are comparable. Experimentally, we had noway 

of prescribing the shape of the laser pulse at all, let alone changing 

it from shot to shot. All we could do is varye by attenuating the pulse 

intensity. Attenuation was accomplished by placing Corning glass filters 

in the beam. The filters used were type 1-62, 3-76, and 1-57.; they did 

not saturate at high laser intensities or otherwise exhibit nonlinear 

transmission characteristics. The power of the laser pulses was measured 

using either a FW-114 or type 929 phototube" Both tubes had been calibra-
o 

ted against an Eppley thermopile at approximately 6940 A: Measurements made 

with different phototubes agreed to within 20 percent, and these in turn 

were in agreement with energy measurements made with a silver sphere 

calorimeter. By slightly focusing the beam, intensities of many 

2 megawatts/em could be obtained, sufficient for a multi-TI flip of the 

on resonance dipole.. The attenuation was increased in small steps and 

photos of the epr signal taken; this process was continued until the 

signal became lost in the background noise. 

'" \ 
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The laser configuration used in the first experiment we shall dis-

cuss is shown in Fig. 19a. The Kerr cell was placed behind a high re-

flectivity beam splitting mirror to prevent damage from the high intensity 

direct portion of the laser beam; the quartz end prisms of another Kerr 

cell used previously had became pitted from operating the cell in the 

direct feedback path. The R G-8 filter eliminated spurious,feedback 

from the surfaces of the Kerr cell and suppressed premature lasing, As 

it was, both the mirror and RG-B filter themselves became damaged after 

a number of shots, but these components were expendable. The gradual 
I 

degradation of optical surfaces naturally increased the erratic nature of 
i 

the laser output$ In the present experiment the full laser beam was 

allowed to enter the sample. The transverse mode pattern at the sample 

consisted of 10-20 small (~ lmm diameter) spots, some of which over-

lapped. The distribution of spots changed from shot to shot, but the 

total power w~s reasonably constant.. Figure 19b shows the time behavior 

of a sequence of three shots. There are evidently two longitudinal modes 

beating together in all three pulses, and the varying modulation depth 

indicates that the relative strength of the two modes also changes. 

The results obtained by monitoring the 1+ 3/2) +--7 I +1/2) ground 

state transition are presented ih Fig. 20. The abscissa is the relative 

turning angleS, i.e., the square root of the incident laser power, and 

the ordinate is the relative change in epr signal divided by the incident 

laser pulse energy. With this normalization, deviations from a purely 

linear reponse are readily seen. A linear response, in which the change 

in epr signal is strictly proportional to the number of incident photons, 

would appear as a horizontal line. It is obvious from the data that we 
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RUBY ROD RG-8 MIRROR 
95~ REFLECTIVITY 

...----~ 

KERR 
CELL 

MIRROR 
9~ REFLECTIVITY 

Fig. 19a Laser configuration used in first coherent pumping 
experiment. 

XBB 688-5132 

Fig. 19b Typical pulses produced by the above laser. The time 
scale is 10 nanoseconds/division. 
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Fig. 20 EPR signal as a function of' turning angle. The scales both 
in arbitrary units, are explained in the test. 
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RUBY ROD GLASS FLAT 
3" X til DIA. 

Fig. 2la Laser configuration used in second coherent pumping 
experiment. Although this arrangement produced multiple 
pulses, only the response to the first (and largest) 
pulse was monitored. 

XBB 688-5133 

Fig. 2lb Representative pulses produced by the above laser. 
The time scale is 5 nanoseconds/division 
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are dealing \with nonlinear behavior of some type, apparently a saturation 

phenomenon. The small number of data points, and the absence of data at 

small values of e, renders attempts to apply our theory quite futile. Let 

us simply note,the qualitative shape of the signal for comparison with 

another experiment we shall now consider. 

Figure 21a depicts the laser configuration used in the second 

experiment. The use of a cryptocyanine in methanol saturable filter 

together with a double Brewster rod and higher net feedback gave several 

times the output power of the laser in Fig. 19a. The tllne behavior of 

the laser pulses has also changed considerably from that of Fig. 19b. 

Several of the new pulses are shown in Fig. 21b. A singleQ-spoiled 

pulse now seems to consist of one to three individual pulses separated 

b,y a cavity round trip transit time. Although the relative amplitudes 

and even the number of the component pulses is not constant, the total 

pulse area, given by the sum of the width times field strength (square 

root of amplitude in the photos) of the component pulses is fairly con-

stant. Of the pulses used in the experiment, the areas of largest and 

smallest differed by about 30 per cent. During this run each Q-spoiled 

pulse was monitored with a fast photodiode, so that the areas could be 

measured and the data comensurably adjusted. The laser output illuminated 

a spot about 1/4 in. in diameter on a piece of ground glass which was 

placed about 3/4 in. in front of the sample. On a macroscopic scale, 

the transverse mode pattern at the sample was smoothed out, as evidenced 

by the uniform burn patterns obtained. The quantitative nature of the 

intensity distribution seen by various Cr3+ ions throughout the sample 

is by no means obvious, however. It seems reasonable to us that the 



situation can be understood using the following simple model. Consider 

the laser to emit a uniform plane wave. Each grain of the ground glass 

can be treated as a tiny prism, which scatters and diffracts part of the 

beam through some random angle and which introduces a phase shift of 

random magnitude. If the distributions of scattering angle and phase 

shifts are both Gaussian - and this assumption seems quite plaUSible -

then, in analogy with similar problems treated in reference 62, the 

field distribution many wavelengths away from the scattering plane is 

also Gaussian. That is to say, the probability that an ion in the sample 

sees an electric field of amplitude E is proportional to P(E)_exp(_E2 /2cr2 ). 

The total sample response to the laser pulse is calculated by integrating 

over the probability distribution. An alternative interpretation is also 

possible. With each field amplitude E we associate a cer;tain sample 

cross sectional area A( E), the size of A( E) being chosenproporti6nal-. 

to P(E). Summing the response over all p(E) thus becomes equivalent to 

summing over the total sample area. But in any experiment involving non-

uniform sample irradiation we must integrate over the sample area. The 

simplest possible laser mode, the TEM , has a field distribution whose 
00 

radial distribution is given by: 

When we integrate over r we are once again integrating over a Gaussian 

distribution of electric field amplitudes. We are presented with the 

surprising conclusion that the response due to a single transverse mode 

is ident i.cal to that induced by scattering the laser through a piece of 

ground glassl The reader may well ask why we placed ground glass in 
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front of the sample in the first place. It was done primarily to try to 

minimize the gross random effects of shifting macroscopic mode patterns; 

it had the additional virtue of making the aiming of the beam less 

critical and assuring illumination of the entire sample. The epr signals 

were indeed improved in practice. 

Figure 22 shows the r~sultB of the experiment together with an 

average curve which has been faired thro'L'gh the data points by eye. An 

analytical description is not merited in view of the large scatter and 

known vari~tion in laser pulse shape. It is quite apparent that the 

general: shape of the curve is very similar to that of the first experi-

ment, where no ground glass was used. But what comparison, if any, can 

we make with the predictions of the theory and computer 7'esults of 

Chapter III? Let us examine Fig. 23 where we have plotted, using the 

same normalized coordinates as were used for the data, the response of 

the on resonance dipole intEgrated over an electric field distribution 

corresponding to a TEM mode. The theta-dependence of the response of 
00 

the on-resonance dipole alone is very similar to the net response of an 

inhomogeneously broadened line for reasonably smooth laser pulses, as 

we have already noted, and the similarity is even more pronounced if 

an integration over intensity is performed. Accordingly, the use of the 

on resonance case is justified; it is also advantageous, since we have 

analytic solutions for the epr signal and can evaluate the integra.l over 

the transverve field distribution in terms of tabulated functions. 

Figure 23 also shows the predictions of rate equations for the on-reson-

ance case, averaged over a Gaussian mode. The predictions of rate equatiom 

and the coherent theory are unfortunately very similar when averaged over 
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Fig. 22 EPR signal as a function of turning angle when a ground 
glass scatterer is placed in front of the sample. .. 
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Fig. 23 Theoretical signal ~om on-resonance dipoles averaged over a 
Te~ las er mode. 
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a transverse laser mode, :.and it appears impossible to say that one theory 

is in better agreement with the experimental data than the other. Even 

if scatter in the data were greatly reduced, it wouJd still be very 

difficult to distinguish between the two theories unless absolute power 

measurements were made so that the horizontal axis of the data could be 

truly calibrated in terms of e. Alternatively, discrepancies between 

the two theories might become apparent if it were possible to obtain data 

for very large values of eto compare with asymptotic predictions of the 

theories. Further speculation in this direction is fruitless. We merely 

wish to emphasize once again thatthe use of better lasers will obviate 

most of the experimental difficulties we have encountered and enable 

futUre researchers not only to resolve unanswered questions considered in 

this work, but also to discover and explore many new facets and ramifications 

of the interaction between coherent radiation and resonant media. 
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APPENDIX A. Flowchart and printout for computer program . 
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CALL EXPIN I (READ AND PRINT 
INPUT PARAMETERS) 

CALL EXPIN II (COMPUTE DIPOLE 
SPECTRUM AND PULSE SHAPE) 

BEGIN DIPOLE LOOP; INITIALIZE 
WAVE FUNCTION FOR ITH DIPOLE 

BEGIN TIME LOOP; CALCULATE 
NEW WAVE FUNCTION FOR ITH 
TIME INTERVAL 

,---------, 
YES , EXPIN III I L.. _______ .! 

ITIME = ITIME + 1 

CALCULATE AND PRINT PZ AND 
CPS FOR ITH DIPOLE 

YES 

IDPOL = IDPOL + 1 

CCMPUTE PZTOT, CPZTOT 
AND PRINT OUTPUT 

YES 

XBL 688-5602 

I 
I 
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c.' 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

140 
141 
~50 
C 

155 

190 

191 

1000 
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FORTRAN II PROGRAM EXPAN(INPUT,OUTPUT) 
********** IMPORTANT VARIABLES ********** 

ZR,lI REAL AND IMAGINARY PARTS OF MATRICANT .... --..-- ..... . 
XR,XI REAL AND IMAGINARY PARTS OF SCHROEDINGER VECTOR 
XRIN,XIIN INPuT COMPONENTS OF SCHROEDINGER' \1 EcToR ... - .. - ... 
PZ Z COMPONENT OF POLARIZATION OF EACH DIPOLE 
ZSPEC SPECTRAL L INESHAPE FUNCTION ..~ - -.... -.. -------. 
ZFLIP ENVELOPE OF ELECTRIC FIELD PULSE 

********** RE QU IRED INPUT PARAM{T ERS·'****·****** 
TMAX MAX VALUE OF TIME VARIABLE 
TAU' CHAR ~"'wrDfH OF APPLIED PULSE 
NTIME NO. INTERVALS USED TO APPROX. APPLIED PULSE 
WDMAx MAX VALUE OF FREQUENCY VARIABLE 
WCENT CENTER OF FREQUENCY SPECTRUM 
WIDTH CHAR. WIDTH OF FREQUENCY SPECTRUM 
NDPOL NO. OF INTERVALS INTO WHICH FREQUENCY SPECTRUM DIVIDED KMAX' NO. OF DATA CARDS TO BE READ ... . ............... -- .. - .. --........ ' 
THETA NO. RADIANS FLIP OF ON RESONANCE DIPOLE 
DIM ENS I ON Z R ( 2 , 2) , Z I ( 2 , 2 ) , X R ( 2 ) ,X I ( 2 ) ,X R IN ( 2 ) ,X Ii N T2 ,. 
DIM ENS I ON XL R ( 2) , XLI ( 2 ) ,P Z ( 50 ) ,Z S P E C ( 50 ) , Z FLIP (50 ) 
COMMON ZR,ZI,XR,XI,XRIN,XIIN,XLR,XLI,PZ,ZSPEC,ZFLIP 
COMMON WDMAX,WDINC,NDPOL,WCENT,THMAX,THDIV,KMAX,TMAX,TINC,WIDTH 
COMMON NT! ME, TAU, THE T A, P lNULL ,P ZT aT, C P ZTOT . ..--- ... --- ...... 
CALL EXPINI 
CALL EXPIN2 
THETA IS NO. RADIANS FLIP FOR ON RESONANCE DIPOLE 
DO 1000 K==I,KMAX 
READ 141,THETA 

. FOR MA T( E 14. 7) 
CALL EXPIN3 
CALCULATE AND PRINT MICROWAVE SIGNAL 
SIGNAL=CPZTOT/(THETA*THETA) 
PRINT 155 
FORMA T( I/) 
PRINT 190,THETA,PlTOT,CPlTOT,SIGNAL 
FORMATilX,9H THETA = ,EI4.7,9H PlTOT = ,EI4.7,10~ CPlTOT ==.J 

lEI4.7,10H SIGNAL = ,EI4.7) 
PRINT 191 
FOR MA T ( 1/ I I , 2 0 X , 70 ( 1 H*) ,20 X , I I ) 
DO 1000 I 1= 1, 1 
DO 1000 JJ= 1,1 
lR(II,JJ)=I. 
CONTI NUE 
T==SQRT( 1.) 
T==COS ( I, ) 
T==SI N( 1.) 
T=EXP( 1.) 
STOP 
END 
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FORTRAN II SUBROUTINE EXPINI 
o I ME N S ION Z R ( 2, 2) , Z I ( 2 ,2 ) , XR ( 2 ) , X I ( 2 ) , X R I I'l C~) ,~J)N( 2 L _____ _ 
DIM ENS I ON XL R ( 2) , X L I ( 2) ,P Z ( 50 ) , Z S P E C ( 50) ,Z FLIP ( 50 ) 
COMMON ZR, Z I , XR, X I ,XR IN, X IIN ,X U{ ,XL I_ ,PZ ,l SPI;C'lf_llE ________________ _ 
CO~~dN WDMAX;~bi~c,NDPOL,WCENT,THMAX,THDIV,KMAX,TMAX,TINC,WIDTH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
READ AND PRINT INPUT PARAMETERS 
NDPOL,NTIME MUST BE ODD INTEGERS 
READI0,TMAX,TAU,NTIME 
PR I NT 10,TMA X ,TA_U, NT JM E 
FOR MA T ( 2 FlO. 5, I 3 ) 
READ 11,WDMAX,WCENT,WIDTH,NDPOL 
PRINT 11,WDMAX,WCENT,WIDTH,NDPOL 
FORMAT(3FI0.5,13) 
READ 12,THMAX,THDIV,KMAX 
PRINT 12,THMAX,THDIV,KMAX 
FOR MA T ( 2 FlO • 5, I 3 ) 
REA D 13, ( XR I N ( I ) , I = 1 ,2 ) 
PRINT 13, (XRIN(I),1=1,2) 
READ 13,(XIIN(I),I=1,2) 
PRINT 13,(XIIN(I),I=1,2) 
FORMAT(2FlO_.5) 
P Z NULL= XR I N ( 1) **2+ X I IN ( 1 ) **2-XR IN ( 2 ) ** 2- X I IN ( 2 )-**2 
PRINT 100,PZNULL 
FORMAT(//,lX,9HPZNULL =, E14.7,//l 
RETURN 
END 
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FORTRAN II SUBROUTINE EXPIN2 
DIMENSION ZR(2,2),ZI(2,2),XR(2),XI(2),XRIN(2),XIIN(2) 
01 MENS ION" XLR (2), XL I (2) ,pi (50), ZSPEC (50) ,ZF LI P( 50-,--""---
COMMON ZR,ZI,XR,XI,XRIN,XIIN,XLR,XLI,PZ,ZSPEC,ZFLIP 
COMMON- WbMAX'-wb IN"C, NDPOL ,WCENT ,THMAX; "THO IV, KMAiC;iMAY,TTIiJC;ioIT[)TH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
SPEC( X) =EXP( -II X-WCENT) IWIDTH)*"'2) /I W IDTH*I. 772 45Tcfj -----" 

FLIPIT)=(I.+COSI2.6*T))*EXP(-IT/TAU)**2) 
CALCULATE DIPOLE SPECTRUM lSPEC II) AND ITS IN'fI:-GKAC----
GREGORY FORMULA USED FOR INTEGRATION 
SN=NDP(J[:O r ""- -
WDINC=2.*WDMAX/SN 
SPINT=O. 
PRINT 17 
FORMATI II) 
DO 20 1=I,NDPOL 

-S1 = ["'-1- -" - " 
WD=-WDMAX+SI*WDINC 
lSPEC( I )=SPEC( WD) 
SPINT=SPINT+ZSPECII) 
CONTI NUE 
SPINT=SPINT*WDINC-llSPECII)+ZSPECINDPOL))*WDINC/Z. 
NORMA[IlE DIPOLE SPECTRUM TO UNIT AREA . -.,------- . __ . __ .. -_ .. 
TEMP =SPI NT 
SPI NT=O. 
DO 200 1=I,NDPOL 
"SI =1-1 
WO=-WDMAX+SI*WDINC 
2SPEClr)=lSPEC( I)/TEMP 
PRINT 16,WD,I,lSPECII) 
FORMAT(IX,5HWD = ,EI4.7,9H lSPEC( ,12,4H) = ,tl4.'\) 
SPINT=SPINT+ZSPECII) 
SPINT=SPINT*WDINC-IZSPEC(I)+ZSPEC(NDPDL))*WOINC/Z. 
PRINT 17 
PRI NT 14, S PINT 
FORMATI30H INTEGRAL OF DIPOLE SPECTRUM = ,EI4.7) 
CALCULATE SHAPE AND INTEGRAL OF UNSCALED ELECTRIC FIELD PULSE 
THIC CALC IS FOR SHAPE ONLY, DOES NOT INCLUDE SCALE FACTOR THETA 
TN=NTIME-l "". -
TI NC=2.*TMAX/TN 
TI NT=O. 
PRINT 17 
DO 30 1=I,NTIME 
Ti=I-l 
T=-TMAX+TI *T INC 
Z FLIP II ) = FL I P ( T) 
TiNT=TINT+ZFL IPI i) 
CONTINUE 
TINT=TINT*TINC-IZFLIP(I)+lFLIPINTIME))*TINC/2. 
NORMALIZE ELECTRIC FIELD PULSE TO UNIT AREA 
TEMP=TINT 
TI NT=O. 
DO 300 1=I,NTIME 
Ti=I-l 
T=-TMAX+TI *T INC 
lFLI P II) =lFL I P( I) lTEMP 
PRINT 21, T, I, lFLIPII) 
FORMATIIX,4HT = ,E14.7,6HlFLIP I ,I2,4H) = ,El4.7) 
Ti NT=T1 NT+ZF"L ,"p I I) 
Ti NT=Ti NT*TINC-( lFL I Pll )+lFL IP INT IME) )*TINc/2. 
PRINT 17 
PRINT 25, TINT 

FORMAT(36H INTEGRAL OF UNSCALED FIELD PULSE 
PRINT 17 
CALC MAX FLIP ANGLE FOR ON RES DIPOLE 
I=NTIME+l 
1=1/2 
TEMP=ZFLI PI I )*THMAX*TINCl3.1415926 
PRINT 40,TEMP 

, E14. 7) 

FORMATIIX,23HMAX ON RES FLIP ANGL = ,EI4.7,2X,2HPI,II) 
RETURN 
END 
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FORTRAN 1 ISUBROOTINE EXpIN3 
01 MENS ION ZRI 2_,?"Z I 12,21, XR 121 ,X 1121 ,J<RJN I V~)( Ili'!ll.L __ 
DIM ENS I ON XL R I 2 1 , X LI I 2 1 , P Z I 50 1 ,z S P E C I 50 1 , Z FLIP 150 1 
COMMON ZR, ZI t-X R,_.1S I, XR IN, X liN, XL R, XL I, P Z tZ~PE:~.1l t,hlP ___ . ___________ , 
COMM O~(WDr';-A X, WD I Nt , NoP OL , WCENT , T HMAX , THO I V , KMA X, TMAX, T INC, W lOT H 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
BEGIN DIPOLE LOOP 
CPZTOT=O. 
PZTOT=O. 
DO 3000 IDPOL =l,NDPOL 
Sf ="loPOr':;l -- '" -
Wo=-WoMA X+ S 1* WO INC 
INITIALIZE WAVE FUNCTION 
DO 90 1=1,2 
XIII,=XIINII, 
XR I I 1 = XR I N I II 
BEGIN T(ME LOOP' 
DO 2000 ITIME=.l,NTIME 
CALCULATE MATRICANT 
W1=ZFLIPIITIMEI*THETA 
WE=SQRTIW1*Wl+Wo*WDI 
TEST WE IF TOO SMALL,SET ZR=I,ZI=O. 
IFIWE-1.E~061 115,'115,120 
DO 116 1=1,2 
DO 116 J=I,2 
ZRII,J)=O. 
ZIII,JI=O. 
ZRl1,11=1. 
ZRI2,21=1. 
GO TO 125 
IFIITIME-1I 122,122,121 
IFIITIME-NTIMEI 123,122,122 
ARG=WE*TI NC/4. 
GO TO 124 
ARG= WE*TI NC/2. 
X=COS I AR G) 
ZRl1,21=0. 
ZRl1,1)=X 
ZRI2,11=0. 
ZRI2,2)=X 
X=SINIARGI 
ZI 11, 1'=X*Wo/WE 
ZI I 1,21=X*Wl!WE 
ZII2,lI=Zlll,21 
ZI I 2,21=-ZI 11,11 
CONTI NUE 
SET CURRENT WAVE FUNCT ION EQUAL TO LAGGED WAVE FUNCTIO}T
DO 130 1=1,2 
X LR I I 1 = XR I I ) 
XLlII,=XIIII 
CALCULATE NEW WAVE FUNCTION 
DO 140 1= 1,2 
XRII,=(Y. ' 
XIIII=O. 
DO 134 J=I,2 
X R I I 1 = XR I I 1 + Z R I I , J 1 * X L R I J ) - Z I I I , J ) * X L I I J ) 
XIIII=Xltll+ZR(I,JI*XLltJ)+ZI(I,JI*XLR(JI 
CONTI NUE 
CONTI NU-E 
CONTI NUE 
END TI ME LOOP 
CALCULATE MAGNETIZATION AND CHANGE IN MAGNETIZATION 
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pl(IDPOLl=XR~11**2+XI( 11**2-XR(21**2-XI(21**2 
CPZ=PZ(IDPOLl-PZNULL 
WCPZ=CPZ*ZSPEC(IDPOLI 
WPZ=PZ(IDPOLl*ZSPEC( IDPOLI 
PZTOT=PZ TOT+WPZ*-WD INC 

_. __ .. _-- ------ - ._._- .. - _. 

CPZ TOT=CPZ TOT- (PZNULL-PZ (I DPOL ) ) *ZSPEC (I DPO L) *WP.!NC: 
IF(IDPOL-ll 151,151,153 
PRINT 152 ________ ~ 
FORMAT(II,lX,5HIDPOL,2X,2HWD,14X,2HPZ,14X,3HCPZ,13X,4HWCPZ, 

113X, 3HWPZ, I I I __ ___ _________ ~ _______ _ 
CONT I NUE - -
PRINT 154,IDPOL,WD,PZ(IDPOLl,CPZ,WCPZ,wPZ _ 
FORMAT(4X,12,2X,E14.7,2X,E14.7,2X,E14.7,2X,E14.7,2X,E14.71 
FORMAT( II 
CONTINUE 
END DIPOLE LOOP_________ __ 
CO~RECTDI~OL~ INTEGRATION FOR ENDPOINT ERRORS (GREGORY FORM.) 
PZTOT=PZTOT-(PZ(11*ZSPEC(11+PZ(NDPOLl*ZSPEC(NDPOLll*WD INC/2. 
CPZTOT=CPZTOT-«PZ(11-PZNULLl*ZSPEC(1)+(PZ(NDPULl-PZNULLI* 

1ZSPEC(NDPOLll*WDINC/2. 
RETURN 
END 



... 108-

CALL EXPIN I (READ AND PRINT 
INPU'r PARAMETERS) 

CALL EXPIN II (COMPUTE DIPOLE 
SPECTRUM AND PULSE SHAPE) 

r---------L-------..,--- --I 
BEGIN DIPOLE LOOP; INITIALIZE 
WAVE FUNCTION FOR ITH DIPOLE 

BEGIN TIME LOOP; CAll:ULATE 
NEW WAVE FUNCTION FOR ITH 
TIME INTERVAL 

1 
I 
I 
I 
I 
I 
1 
I 
I 

I 
I r---------, I 

YES I EXPIN III I 1... _______ .1 

ITIME ITIME + 1 

CAll:ULATE AND PRINT PZ AND 
CPS FOR ITH DIPOLE 

YES 

IDPOL = IDPOL + 1 

C<»IPUTE PZTOT, CPZTOT 
AND PRINT OUTPUT 

XBL 688-5602 
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FORTRAN II PROGRAM EXPAN(INPUT,OUTPUT) 
********** IMPORTANT VARIABLES ********** 

ZR,ZI ~E~L AND~IMAGINARY PARTS OF MATRIC~NT-
XR,XI REAL AND IMAGINARY PARTS OF SCHROEDINGER VECTOR 
XRIN,)(J IN -INPUT COMPONENTS OF SCHRDEDINGER--VECToR-------- --
PZ Z COMPONENT OF POLARIZATION OF EACH DIPOLE 
ZSPEC SPECTRAL LINESHAPE FUNCTION 
ZFLIP ENVELOPE OF ELECTRIC FIELD PULSE 

********** RE QU I RED INPUT PARAM{T ERS-- --*-***-****** 
TMAX MAX VALUE OF TIME VARIABLE 
TAu--- - CHAR.--wTDTH OF APPL I ED PULSE 
NTIME NO. INTERVALS USED TO APPROX. APPLIED PULSE ___________ _ 
WDMAx MAX VALUE OF FREQUENCY VARIABLE 
WCENT CENTER OF FREQUENCY SPECTRUM 
WIDTH CHAR. WIDTH OF FREQUENCY SPECTRUM 
NDPOL NO. OF INTERVALS INTO WHICH FREQUENCY _ S~JfIRU~LQJYJ DED 
KMAX - -NO. Of: DATA CARDS TO BE READ- - -- ---
THETA NO. RADIANS FLIP OF ON RESONANCE DIPOLE 
DIM ENS I ON Z R ( 2 , 2 ) , Z I ( 2 , 2 ) , X R ( 2 ) ,X I ( 2 ) , X R IN ( 2 ) ,X I I N f2 )
DIM ENS I ON XL R ( 2) , XLI ( 2 ) ,P Z ( 50) ,Z S P E C ( 50 ) , Z FLIP (50 ) 
COM M ON Z R, Z I , X R , X I , X R IN, X I IN, XL R , X L I , P Z , Z S P E C , Z F LIP -- -
COMMON WDMAX,WDINC,NDPOL,WCENT,THMAX,THDIV,KMAX,TMAX,TINC,WIDTH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT - - ------------- - ------
CALL EXPINI 
CALL EXPIN2 
THETA IS NO. RADIANS FLIP FOR ON RESONANCE DIPOLE 
DO 1000 K=l,KMAX 
READ 141,THETA 
FORMAT( E14. 7) 
CALL EXPIN3 
CALCULATE AND PRINT MICROWAVE SIGNAL 
SIGNAL=CPZTOT/(THETA*THETA) 
PRINT 155 
FORMAT(//) 
PRINT 190,THETA,PZTOT,CPZTOT,SIGNAL 
FORMAT(lX,9H THETA = ,E14.7,9H PZTOT = ,EI4.7,10H CPZTOT = 

1E14.7,10H SIGNAL = ,E14.7) 
PRINT 191 
FOR MA T ( 1/ / / , 2 0 X, 70 ( 1 H*) ,20 X ,/ / ) 
DO 1000 11=1,1 
DO 1000 JJ= 1,1 
ZR(II,JJ)=I. 
CONTI NUE 
T=SQRT( 1.) 
T=COS ( 1. ) 
T= SI N ( 1. ) 
T=EXP-( 1.) -
STOP 
END 
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FORTRAN II SUBROUTINE EXPINI 
DIMENSION Z R I 2, 2 ) , ZI I 2 ,2 ) , X R I 2 ) ,XI I 2 ) ,X R I N (2), _~U Nt ~ L __ _ 
DIM ENS I ON XL R I 2) , X L I I 2) ,P Z I 50 ) , Z S P E C I 50} , Z FLIP I 50) 
COMMON Z R, ZI ,XR ,.X I ,XR I N ,X lIN, X LR ,XL I. ,P Z ,Z SP!;C.,l..t.LJe ___ ._. ________ . 
COMMON WDMAX,WDINC,NDPOL,WCENT,THMAX,THDIV,KMAX,TMAX,TINC,WIDTH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
READ AND PRINT INPUT PARAMETERS 
NDPOL,NTIME MUST BE ODD INTEGERS 
READI0,TMAX,TAU,NTIME 
P R I N T 10_, T M A X, T AJ,J, NT 1M E 
FOR MA T I 2 FlO. 5, 13) 
READ 11,WDMAX,WCENT,WIDTH,NDPOL 
PRINT 11,WDMAX,WCENT,WIDTH,NDPOL 
FORMATI3FI0.5,13) 
READ 12,THMAX,THDIV,KMAX 
PRINT 12,THMAX,THDIV,KMAX 
FOR r.fA T I 2 FlO • 5, I 3 } .. 
REA D 13, I XR I N I I } , I = 1 ,2 } 
PRINT 13'(XRIN(I),I=1,2) 
READ 13,(XIINI I} ,1=1,2) 
P R I NT 1 3, I X I IN ( I ) , I = 1 ,2 ) 
FORMATI2flO.5) 
P Z NUL L= XR IN ( 1) ** 2+ X I IN ( 1 ) **2-XR IN (2) ** 2-X I IN ( 2)- **"2 ---_ .... _- .~-- - -
PRINT 100,PZNULL 
FORMATIII,1X,9HPZNULL =, E14.7,11) 
RETURN 
END 

.. 
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FORTRAN II SUBROUTINE EXPIN2 
DIMENSION ZR(2,2),ZI(2,2),XR(2),XI(2),XRIN(2),XIIN(2) 
01 MENSI ON- XLR(2), XLI (2) ,PZ (50), ZSPEC (50) ,ZFL jp( 5UY-----
COMMON ZR,ZI,XR,XI,XRIN,XIIN,XLR,XLI,PZ,ZSPEC,ZFLIP 
COMMON- wbMAX;-woiNC ,NO POL ,WCENT ,n-iMAx; 'rHD lv, KMAX-;fio\,fx-,rT'Nc ;-Wi'iiTH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
SP EC( X) =EX P( -( ( X-~KENT) IW 10TH) **2) /( W I DTH* 1. 772 45'39-' --------
FLIP(T)=(I.+COS(2.b*T))*EXP(-(T/TAU)**2) 

CALCULATE DIPOLE SPECTRUM ZSPEC (I) AND ITS INTEGR-AC-----
GREGORY FORMULA USED FOR INTEGRATION 
SN=ND'POl::l ---
WDINC=2.*WDMAX/SN 
SPINT=O. 
PRINT 17 
FORMA T( I/) 

DO 20 1=I,NDPOL 
-sl=r"-r-- -- -
WD=-WDMAX+SI*WDINC 
ZSPEC(I)=SPEC(WD) 
SPINT=SPINT+ZSPEC( I) 
CONTINUE 
SPINT=SPINT*WDINC-(ZSPEC(I)+ZSPEC(NDPOL))*WDINC/2. 
NORMAUlE DIPOLE SPECTRUM TO UNIT AREA -------------
TEMP =SPI NT 
SPINT=O. 
DO 200 1=I,NDPOL 
-SI =1-1 
WD=-WDMAX+SI*WDINC 
7SPEC(I)=ZSPEC( I)/TEMP 
PRINT Ib,WD,I,ZSPEC(I) 
FORMAT(IX,5HWD = ,EI4.7,9H ZSPEC( ,J2,4H) = ,tI4.7l-
SPINT=SPINT+ZSPEC( I) 
SPINT=SPINT*WDINC-(ZSPEC(I)+ZSPEC(NDPOL))*WDINC/Z. 
PR I NT 17 
PRINT 14,SPINT 
FORMAT(30H INTEGRAL OF DIPULE SPECTRUM = ,EI4.7) 
CALCULATE SHAPE AND INTEGRAL OF UNSCALED ELECTKIC FIELD PULSE 
THIC CALC IS FOR SHAPE ONLY, DOES NOT INCLUDE SCALE FACTUR THETA 
TN=NTI ME-l 
TI NC=2.*TMAXITN 
TI NT=O. 
PRINT 17 
DO 30 1=I,NTIME 
TI=I -1 
T=-TMAX+T1*TINC 
ZFLI P( I )=FLlP( T) 
TINT=TiNY+ZFL IP( I) 
CONTINUE 
TINT=TINT*TINC-(ZFLIP(I)+ZFLIP(NTIME) )*TINC/2. 
NORMALIZt ELECTRIC FIELD PULSE TO UNIT AREA 
TEMP= TI NT 
TI NT=O. 
DO 300 I=I,NTIME 
TI=I-l 
T=-TMAX+T1 *T INC 
ZFLlP(I )=ZFLIPI I)/TEMP 
PRINT 21,T,J,ZFLlP(I) 
FURMATIIX,4HT = ,EI4.7,bHZFLlP(,J2,4H) = ,EI4.7) 
TINT=tINT~ZFLIPII) 
TINT=TINT*TINC-IZFLIP( 1)+ZFLIP(NTIME))*TINC/2. 
PRINT 17 
PRINT 25, TINT 

FORMATI3bH INTEGRAL OF UNSCALED FIELD PULSE 
PRINT 17 

,EI4.7) 

C CALC MAX FLIP ANGLE FOR ON RES DIPOLE 
I=NTIME+l 

40 

1=1/2 
TEMP=ZFLIP( 1)*THMAX*TINC/3.141592b 
PRINT 40,TEMP 
FORMATIIX,23HMAX ON RES FLIP ANGL = ,EI4.7,2X,2HPI,II) 
RETURN 
END 
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FORTRAN 11 SUBROOT1NE EXPIN3 
01 MENS ION. ZR ( 2,?I_,Z I ( 2,21, XR (21 ,X I( 2 1 , )(~IN I 2J1.)(Il"Jill~~._". 
DIMENSION XLRI21 ,XLI121 ,PZ1501 ,ZSPECI501,ZFLIP 1501 
CDMMONJ R lJ.lt.X~,_~ .. ~ , X R IN, X liN, XL R, XL I-,P Z ,Z S.PI; t;:.1.~ f.b.ll' __ ._ .. _____ ._ .. __ . 
COMMON WDMAX,WDINC,NDPOL,WCENT,THMAX,THDIV,KMAX,TMAX,TINC,WIDTH 
COMMON NTIME,TAU,THETA,PZNULL,PZTOT,CPZTOT 
BEGIN DIPOLE LOOp· . 
CPZTOT=O. 
PZTOT=O. 
DO 3000 IOPOL =l,NDPOL 
SI=TOpor=l" ..... ". 
WD=-WDMAX+SI*WDINC 
INITIALIZE WAVE FUNCTION 
DO 90 1= 1,2 
XIII,=XIINIII 
X R I I 1= XR I N I I I 
BEGIN TIME LtJop· 
DO 2000 ITIME=l,NTIME 
CALCULATE MATRICANT 
W1=ZFLIPIITIMEI*THETA 
WE=SQRTIWl*Wl+WD*WDI 
TEST WE IF TOO SMALL,SET ZR=I,ZI=O. 
IFIWE-1.E:";061 115fl15,l20 

115 DO 116 1=1,2 
DO 116 J=1,2 
ZRII,JI=O. 

116 ZI II ,JI=O. 
ZRl1,1'=1. 
ZRI2,21=1. 
GO TO 125 

120 IFIITIME-11 122,122,121 
121 IFIITIME-NTIMEI 123,122,122 
122 ARG=WE*TINC/4. 

GO TO 124 
123 ARG=WE*TINC/2. 
124 X=COSIARGI 

ZRl1,21=0. 
ZRl1,lI=X 
ZRI2,l1=0. 
ZRI2,21=X 
X=SINIARGI 
Z I I 1, 1 1 = x* WOI WE 
ZI11,21=X*W1/WE 
ZI12,lI=ZI(l,21 
ZI I 2,21=-ZI I 1,11 

125 CONTINUE 
C SET CURRENT WAVE FUNCT ION EQUAL TO LAGGED WAVE FUNCiIOrT-

130 
C 

134 
140 
2000 
C 
C 

DO 130 1=1,2 
XLRII'=XRIII 
XLIII,=XIII, 
CALCULATE NEW WAVE FUNCTION 
DO 140 1=1,2 
XRII'=O •. 
X I I I 1 =0. 
DO 134 J=1,2 
X R I I I = XR I I I + Z R I I, J 1 * X L R I J 1 - Z I I I , J I * X L I I J I 
X I I I 1 = X I I I I + Z R I I , J I * XL I I J 1+ Z I I I , J 1 * XL R I J I 
CONTINUE 
CONTI NlJE 
CONTI NUE 
END TIM E L 00 P 
CALCULATE MAGNETIZATION AND CHANGE IN MAGNETIZATION 

,. '. 



.. 

150 
151 
152 

153 

154 
155 
3000 
C 
C 

-113-

P Z I I DPOL) =XRI 1) ** 2+X I I 1) **2-XR (2) **2-X I 12 ) **2 
CPZ=PZIIDPOl)-PZNUll 
WCPZ=CPZ*ZSPECIIDPOl) 
WPZ=PZIIDPOLl*ZSPECIIDPOl) 
P Z TOT= PZTOT+WPZ*WD INC 

_._-"" - .... _----

CP ZTOT=CPZ TOT- ( P ZNUll-P Z ( IDPOl) ) *z SPEC ( I DPO L) .*~tDJN~ ____ _ 
IF(IDPOl-l) 151,151,153 
PRINT 1 52 _ ____ ______ _ 
FORMAT(//,lX,5HIDPOl,2X,2HWD,14X,2HPZ,14X,3HCPZ,13X,4HWCPZ, 

113X, 3HWPZ, / /) _____________ _ 
CONt I NUE -
PRINT 154,IDPOl,WD,PZ(IDPOl),CPZ,WCPZ,WPZ 
FORMAT(4X,12,2X,E14.7,2X,E14.7,2X,E14.7,2X,E14.7,2X,El4.7) 
FORMAT ( /) 
CONTINUE 
END DIPOLE lOOP _______________________ _ 
CORRECTDIPOll~- INTEGRATION FOR ENDPOINT ERRORS (GREGORY FORM.) 
PZTOT=PZTOT-(PZ(l)*ZSPEC(l)+PZ(NDPOl)*ZSPEC(NDPOl»*WDINC/2. 
CPZTOT=CPZTOT-(PZ(l)-PZNUlL)*ZSPEC(l)+(PZ(NDPUL)-PZNULL)* 

lZSPEC(NDPOL»*WDINC/2. 
RETURN 
END 
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APPENDIX B. LASER TEMPERATURE CONTROL SYSTEM 

Figure Bl illustrates the structure used to hold the double brewster 

laser rod.. The screws which hold the assembly together are nylon, and 

all the unlabeled components are copper. The structure consists of three 

units: the dewHr tip itself, which contains liquid nitrogen; the copper 

block, in which the heating elements are held with epoxy; and the collect 

which holds the ruby rod. The teflon spacer serves as a thermal barrier; 

the desired amount of thermal contact betw·een the rod and dewHr can be se

lected by using copper straps of various widths and thicknesses. If it 

is desired to work at 78°K or below, the teflon is simply removed. 

Most of the coherent pumping experiments were carried out using an' 

initial laser temperature of 95-l00 o K. Direct thermal contact between 

the rod and nitrogen reservoir would have required a large power input to 

the heating element to maintain the rod at the desired temperature, 

whereas by using two copper straps 1/32 in. thick by 1/4 in .. wide, the 

average power needed was less than 10 WHttS. This caused a negligible 

boil-off of nitrogen. All surfaces between which it is desired to estab

lish good thermal contact are coa ted with Apie zon J -oil. The sapphire 

disk isolates the collet electrically from the main body of the dewar 

while providing excellent thermal contact. This WHS necessary to pre~~nt 

stray laboratory voltages from masking the small emf generated by the 

thermocouple .. 

The thermocouple reference junction was immersed in liquid nitrogen 

so that with the rod around 95°K an emf of perhaps 400 microvolts was 

generated. This served as one input to an operational amplifier summing 

network. The other input to the summing network was an adjustable voltage 
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(0 to ±l volt) derived from a stable voltage source whose polarity and 

magnitude were chosen to oppose, but not quite cancel the thermocouple 

emf at the desired laser temperature. The difference between the thermo

couple and reference voltages was amplified and applied to the heater, 

thus closing the feedback loop. The system worked quite well in practice 

maintaining the rod temperature constant within a tenth of a degree or 

so. Firing the flash lamps heated the rod and thermocouple and cut off 

the heater power entirely; the rod then cooled very rapidly until the 

thermocouple emf dropped below the reference voltage, at which point 

heater power was gradually increased. Only 30-45 seconds were required 

for the system to stabilize at the original temperature after firing 

the lamps • 
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output 

ruby ~ 
copper-constantan 
thermocouple 

sapphire 
disk 

XBL 688-5601 

Fig. Bl. Laser collet assembly. Parts which are not labeled are 
copper. 

", 
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.8.2M 

V out to 
.>--------(J power stage 

-. 
Fig.]2. Operational amplifier summing network used for laser 

temperature control. 

~~~~--~ + 25 volts 

Fig. B3. Power amplifier stage of temperature control system~ Ql 
and Q2 are type 2N3773 power transistors. Zl is a 5 volt 

Zener and RL is the heating element in the laser collect 

assembly. XBL 688-5600 
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