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by
Shaoul Ezekiel

Submitted to the Department of Aeronautics and
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the requirements for the degree of Doctor of Science in
Instrumentation.

ABSTRACT

The principal objective of the thesis is to find an
atomic or molecular resonance, that can be excited by a
laser in a molecular beam, to serve as a highly stable
frequency reference in the feedback stabilization of the
laser frequency. The result of the search is the observa-
tion, for the first time, of a laser induced transition in
a molecular beam.

It has been demonstrated that a single longitudinal
mode 5145 A argon ion laser induces resonance fluorescence
of iodine in a molecular beam. The fluorescence first
appears when the laser frequency is 600 MHz abcve the center
of the laser gain curve and extends over a range of approxi-
mately 1300 MHz. The transitions excited in 12 are between

the X'ZO+g electronic ground state and the B3]'[0+u

electronic state, but the assignment of the vibration and
rotation levels is by no means clear. The dipole moment -19
matrix element for the transition is found to be 1.0 x 10
e.s.u. and the fraction of molecules in the beam that take
part in the observed spectrum is estimated to be 2 x 107
based on molecular beam and absorption cell data. The
structure of the resonances has been attributed partly to
nuclear electric quadrupole splittings. The ultimate width
of the iodine resonance lines observed is inferred to be

50 kHz from a lifetime measurement of the excited state in
the beam.

The significance of the experiments performed lies in
the possibility of using one of the I, resonances as an ex-
ternal frequency reference in the feedback stabilization of
the argon laser. Based on the narrow width of such a
reference, the fact that its center frequency is not Stark
shifted by collisions in the molecular beam, and the large
signal-to-noise ratio in the fluorescence yield, a high fre-
quency stabjility and resettability of the order of several
parts in 10 is anticipated.
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CHAPTER 1

INTRODUCTION

The interest in laser frequency stabilization has been
motivated by the need for precision long-term measurement of
length, i.e length standards; for example, in verv low
frequency or d.c. earth strain seismometry, where changes in

length of one part in 10710 or 1less per year have to be

measured.(l) .
Of the many types of lasers that now exist, gas lasers are
the most promising from the point of view of frequency stabi-
lity. The short term stability of the Helium~Neon laser, in
particular, has been studied by many workers in the field and
stabilities of the order of one part in lO13 have been achieved
(2)

for a period of a second. The long term stability has not
been so impressive. The stabilization of the laser frequency
has been a tremendous challenge and several methods have been

suggested and tried.(4)

The majority of the stabilization
schemes use a frequency reference element with which the

laser frequency is compared. The laser frequency is locked

to the reference by means of a feedback servo scheme. However,
it is the lack of a suitable, highly stable opticai frequency
reference that has been the majdr drawback in achieving long

term stability better than one part in 108.



At microwave frequencies, about 10,000 MHz, long term
stability of a crystal oscillator has been achieved by com-
paring a harmonic of the oscillator frequency with an atomic
resonance line excited in a molecular beam. The Cesium atomic
beam frequency standard employs a magnetic-field-insensitive
hyperfine transition in the ground state of the Cesium atom
as the reference element. Long term stability of about one
part in 1012 has been obtained.(3)

At microwave frequencies, the design criterion is the
suitability of the molecular beam transition as regards to
perturbation by external fields and ease of detection. The
local oscillators offer no problems since they have a large
tuning bandwidth.

The situation is very different at optical frequencies
since the local oscillators, i.e., the lasers, have a limited
tunability range which can vary from several pqrts in lO6
to one part in 105, depending on the spectral width of the
laser gain medium. At optical fregquencies, therefore, the
molecular beam transition has to match-the laser. The appli-
cation of molecular beams to laser frequency stabilization has
been suggested by Professor Rainer Weiss of the-M.I.T. Depart-
ment of Physics.

This thesis is concerned with finding an atomic or
molecular resonance line that can be excited by a laser in a

molecular beam. This resonance line can then serve as a



primary frequency reference in the feedback stabilization
of the laser.
So far as is known, there has been no report of a laser

induced resonance transition in either an atomic or a mole-

cular beam.
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CHAPTER 2

FREQUENCY STABILITY OF LASERS

2.1 General

Fundamentally, the laser should be a very stable oscill-
ator with an extremely narrow spectral width. In practice,
however, the laser is far from ideal due mainly to external
causes. This chapter discusses some of the external causes
that are responsible for the fregquency instability of the
laser and the merits of the schemes that have been devised

to reduce frequency instability.

2.2 Frequency Stability of Gas Lasers

The laser shown in Figure 2.2-1 consists of a gain medium,
e.g. a He-Ne discharge tube, placed inside a short Fabry-Perot
cavity. The frequency range of the gain medium above threshold
extends from vy to Ve The length of the cavity is chosen so
that only one cavity mode falls within the bandwidth of the
gain medium at any one time. The laser.oscillates at a frequ-

ency vp, determined approximately by the position.of the cavity

mode within the gain curve and is given by

where N is an integer and is the number of half wavelengths



y £ N RN

mirror discharge tube mirror

Laser gain curve

-
frequency

N~ % C e

cavity modes 2L

Figure 2.2-1 Fabry-Perot Cavity Selection of Laser

Frequency



within the cavity; L is the optical length of the cavity

opt

and ¢ is the velocity of light. The laser frequency VI, is

therefore determined by 'L
opt
The change in the laser frequency due to a change in Lopt

is given by

L Lopt

The value of LOpt is not a fixed quantity but is subject
to a variety of disturbances, for example, fluctuations of the
physical length of the cavity due to thermal, vibrational or
acoustical effects; fluctuations of the refractive index of the
laser medium caused by changes in the inverted population,
electron density and gas pressure and by plasma oscillations.

The output of the laser oscillation is expected to have a
narrow spectral width with some amplitude and frequency fluctu-
ations. The amplitude and frequency fluctuations are not
completely independent. A change in frequency moves the point
of oscillation over the laser gain curve and this gives rise
to a change in amplitude. Similarly, a change in amplitude,
due to an increase in the excitation of the medium, changes
the refractive index of the medium and hence the'laser frequency.
This latter effect is absent if the oscillation frequency is
at the exact center of the gain curve.

The laser frequency instability may be characterized as

follows:



(a) sShort term fluctuations---these are fast changes in-
the laser frequency which are responsible for the léser
spectral width observed during short time intervals e.g. less
than 10“2 seconds.

(b) Short term drift---this corresponds to the wandering
of the laser frequency during short time intervals in the
range 10_2 -10 seconds.

(c) Long term drift---this is drift of the laser frequency
during long periods of time e.g. minutes, days and even years.

Frequency resettability is a measure of the precision with
which the laser frequency can be reproduced.

(2)

The experiments of Jaseja, Javan and Townes have shown
that, for a carefully designed 1.15 p He-Ne laser in a well
isolated environment, (a) the laser spectral width is about 8
parts in 1014 of the laser frequency for short periods of time
(less than a second) and (b) the shoft term wandering of the
laser frequency is about one part in 1013 per second.

These significant data support the theory that the funda-
mental spectral width of the laser is very narrow(z). The data
also show that the laser frequency does drift ében under the
closely controlled conditions of the experimenﬁ.

The wandering of the laser frequency is not surprising

_6
even if we consider a cavity made out of quartz with é% ~ 10 /°C.

In order to hold the laser frequency to Av 10-13, the temper-
v
ature has to be controlled to 2L = 107 7ec.
T

To achieve long term stability, therefore, some form of



frequency stabilization has to be introduced.

2.3 Schemes for Laser Frequency Stabilization

Several approaches have been attempted for the stabili-
zation of the frequency of the gas laser. Generally, the
schemes fall into two groups. One group uses a property
inherent to the laser as a frequency reference and the other
group uses an external frequency reference.

All stabilization schemes are bandwidth limited and,
therefore, cannot compensate for very fast fluctuations in
the laser frequency. The laser itself has to be carefully
designed to minimize fast frequency fluctuations as has been

demonstrated by Jaseja et al.(z)

2.3.1 Freguency Stabilization Schemes Using Inherent
Properties of the Laser

An obvious frequency reference inherent to the laser is
the peak at the center of the gain curve. The width of the
gain curve depends on the laser medium used and on the frequency
of the transition. For example, the width of the gain curve is
about 1000 MHz for the 6328 g line in He-Ne, 50 MHz for the
10.6 micron line in C02, while that of the 4880 2 line in
singly ionized argon is 10,000 MHz.

(5)

Shimoda and Javan carried out an extensive program to

stabilize a He-Ne 1.15 micron laser to the center of the gain

Av 10

curve. They achieved a stability of = » 10"~ for periods



of hours.

(6)

Bennett, et al, have exploited the fact that the
anomalous dispersion of the laser medium as a function of
frequency goes through zero at the exact center of the atomic
transition. On either side of line center, the anomalous
dispersion has a different sign and its magnitude depends on
the inverted population. Frequency stability of about one part
in lO9 for a period of a few hours was achieved with a He-Ne
laser oscillating at 3.39 microns.

Another scheme has been proposed by Tobias et al,(7)
which is based on the fact that for a single mode laser
operation subjected to a small axial magnetic field, the
right and left circularly polarized Zeeman components of the
light have different intensities. The intensities, however,
become equél only if the frequencies are symmetrically
disposed about the line center.

All the above schemes have a common drawback. The achiev-
able frequency stability can be no better than the stability
of the reference used, i.e., the stability of the center
frequency of the gain curve.

A study of the frequency shifts of the center of the gain
curve in a 6328 g He-Ne laser has been made recently by Bloom

and Wright(s) (3)

and by White, Bloom and Wright found that
shifts due to variation in pressure (i.e. the quadratic Stark
effect due to collisions) of the gas mixture was about

-20 MHz/mm Hg in the range of 2-4 mm Hg. They conclude that
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for He-Ne lasers stabilized to the Lamb dip at the center of
the gain curve, the frequency stability and reproducibility
can be no better than a few parts in 108. In addition to
pressure shifts, White(g) has shown that shifts exist due to
variation in the discharge current. The magnitude of these

shifts were about 2 MHz per mA at a discharge current of 19 mA.

2.3.2 Frequency Stabilization Schemes Using an External Reference

Several stabilization schemes have been investigated that
use an external reference as a fregquency discriminator. No
attempt will be made to discuss them all; however, the salient
features and limitations of several different approaches will
be given.(4)

One approach uses the transmission characteristics of a
high Q external Fabry-Perot interferometer as a frequency
discriminator. The passive external cavity can be designed
to have a high Q, high stability and can be isolated from
thermal and acoustical disturbances. Cavity width of less

(10) The laser frequency is

than 10 MHz can be achieved.
locked to one of the Fabry-Perot cavity resonances by means
of a feedback loop. The limitation in this method is the

variation of the length of the cavity with temperature. For

-10 4,

[é%l = [é% = 10 , a temperature tolerance better than 10 ~°C
is required for a guartz cavity. The resettability of the
laser frequency depends on'knowledge of the exact length of

the Fabry-Perot cavity which is difficult to measure. Material
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creep and thermal drifts make the scheme unsuitable as a
long term frequency reference. However, for short-term
operation the external cavity is very useful because of the

narrow discriminator width and the high signal to noise

ratio it can provide. Lipsett and Lee(ll)

é% =2 x 10710 for several hours.

achieved short

term stability of
Another approach is the use of an absorption cell which

can be placed either outside or inside the laser cavity.

(12) have used an external absorption

White, Gordon and Labuda
cell, containing a Ne discharge to generate some population
at the laser lower level. The amount of absorption of the
laser light, after passing through the Neon cell, is measured
and the drift of the laser frequency with respect to the
center of the Neon line is detected by a novel technique
that does not require modulation of the laser frequency. The
laser light is first converted alternately into left circularly
polarized and right circularly polarized light. The absorption
cell is subjected to an axial Zeeman field which splits the
atomic line for different polarization of the incident light.
The difference in absorption for light of each polarization
determined the displacement of the laser frequency from the
center of the atomic line. Although the preséure shifts in
a pure isotopically enriched Neon may be predicted from

(69)

experimental measurements , this scheme is still not suit-

able as a long term reference. In addition, shifts do exist
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(3) The broad

due to variations in the discharge current.
doppler width of the Neon resonance in the discharge cell
requires long integration times to determine the center of
the resonance with great.accuracy. A stability of 10—10 for
a period of 1000 seconds was achieved using this scheme in
conjunction with an external Fabry-Perot cavity for short
term frequency stabilization.(lo)
Recently, a novel scheme has been proposed by Lee and

Skolnick (13

who performed an experiment with a Neon discharge
cell placed inside the laser cavity. As the laser frequency
was scanned across the gain curve, a pronounced peak appeared
in the output power caused by an inverted Lamb dip effect.(l3)
The peak is due to the drop in absorption at saturation by
atoms having zero doppler shift in the wvelocity distribution.
The width of the peak was 30 MHz which provides a more
sensitive discriminator than the Ne cell placed outside the
laser cavity. However, this scheme also suffers from pressure
and discharge current shifts. This saturated reference is at
present being investigated for the stabilization of the He-Ne

1aser.(l4)

2.4 Need for a Primary Frequency Standard as an External Reference

So far, none of the frequency stabilization schemes
discussed offers a long term stability and resettability
better than perhaps one part in 108, even though excellent

short term stabilities have been measured. As already
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mentioned, the stability of the laser can be no better than-
that of the reference.
A long term stable reference with a narrow resonance is

therefore needed. This is the subject of Chapter 3.
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CHAPTER 3

MOLECULAR BEAM AS A FREQUENCY REFERENCE

3.1 Why Molecular Beams

The interest in an atomic (or molecular) resonance as a
frequency reference stems from the strong confidence in the
quantum theory of atomic structure, the stability of atomic
systems and the fact that particles of the same type are
indistinguishable and have identical properties.

Molecular beam technigues provide a means for observing
isolated particles vhere collisions are virtually absent. The
effective doppler width is very much reduced if the beam is
well collimated and the particles are observed at right angles
to their motion. For example, the effective doppler width is
50 kHz for a beam angular width of 10 seconds of arc and a
particle velocity of lO4 cm/second, as will be discussed in
Chapter 9. This width is equivalent to the doppler width of a
a gas at a temperature of about 10—5°K. The width of a
transition observed in a molecular beam can, in principle,
approach the inherent or natural width-of the transition.

A classical molecular beam apparatus is shéwn in Figure
3.1-1. The source chamber or oven contains a éas'at a pressure
Ps. The aperture Sl in a thin wall between the oven and the
middle chamber has a dimension which is of the order of the

mean free path in the oven. Particles effuse from the source

slit and thereafter travel along straight paths until they
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oven source slit collimating slit beam

S S detector
\ / /"

j——
R
7

to pump

Figure 3.1-1 Classical Molecular Beam Apparatus
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collide with a wall. The particles emerging from Sl fill
a solid angle of 2m. Another slit 82 is used as a collimator
and the angular width of the beam is defined by the geometry
of the two slits.
The design of a molecular beam apparatus for various
precision measurements of atomic, molecular and nuclear

properties is found in reference (15).

3.2 Applications of Molecular Beams to Laser Frequency
Stabilization

There are several ways in which the properties of
molecular beams may be exploited to achieve a frequency
stable laser. The various possibilities may be grouped
under (a) a molecular beam laser, (b) a laser with a
molecular beam external frequency reference that employs an
atom identical with the lasing atom, and (c) a laser with
a molecular beam external reference that employs an atom

that is different from the lasing atom.

3.2.1 Molecular Beam Laser

Several major problems that contribute to laser frequency
instability may be solved by the use of a molecular beam as
the gain medium. Since the beam can be placed orthogonal to
the cavity axis, as shown in Figure 3.2.1-1, the width of the
gain curve is then limited by either the natural width or,

if the lifetime is long, by the observation width i.e. the
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laser light

\
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mirror
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of excited
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Figure 3.2.1-1 Molecular Beam Laser
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width determined by the time the beam spends in the cavity.

Either of these widths can be much narrower than the doppler
width in the gas discharge. In addition, the resonance fre-
quency of the transition is not shifted by Stark effects in

gas collisions.

The molecular beam gain medium, however, introduces new
difficulties. One, it requires that the atoms in the upper
laser level have a sufficiently long lifetime, longer than
10_3 seconds, to be formed into a beam and, two, a sufficient
density of atoms is needed to overcome cavity losses. The
choice of cavity Q is influenced by two mutually incompatible
conditions; to reduce cavity losses, in order to achieve oscil-
lation, a high Q cavity is required, while to achieve frequency
stability the atomic resonance must be much narrower than the
cavity width which implies a low Q cavity.

(16)

Basov and Letokhov have been investigating such

possikilities. A recent paper(l7) on the progress of this
research indicates that a feasible scheme has not yet been

found.

3.2.2 Molecular Beam as External Reference Using.Atoms
(or Molecules) Identical with the Lasing Atoms
(or Molecules)

This approach exploits the properties of a molecular
beam in the capacity of an external frequency referencefls)
The scheme consists of a laser inducing a transition in a

molecular beam of atoms that are identical with the lasing
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atoms and moving at right angles to the laser beam. The
interaction between the laser and the beam atoms is detected
and used, in a feedback scheme, to hold the laser frequency
to the atomic resonance.

For an interaction to take place, the atoms in the beam
must be in the lower level of the lasing transition at the
interaction region. Generally, the lifetime of the laser
lower level is short, about 10™° seconds. Since thermal
velocities are typically lO4 cm/sec, an atom will only
remain in the laser lower level for a distance of 10—4cm,
so that the preparation of this level must be carried out
at the interaction region. Excitation by electron bombard-
ment introduces recoil shifts in the frequency of the absorp-
tion line, given by

(é%) EXQ. 2mec2 1/2

= [——]
electron Mcz hvo

where m is the mass of the electron, M is the mass of the
atom and hvo is the minimum electron energy needed to excite
an energy level hvo in the atom. This shift is about one
part in 107 for the Neon atom. Optical excitation does not
introduce as much recoil shift and is given by

(Av) 0

v’ Photon _M02

The detection of the interaction between the molecular
beam and the laser depends on the particular atom used and may

involve (a) observation of the light re-radiated by the atom
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after excitation by the laser, or, (b) detection of a change
of state e.g. magnetic sub-state, in the atoms themselves
after undergoing a transition. The detection of the laser
light absorbed by the molecular beam is not suitable
because of the low density of atoms in the molecular beam.
Finally, the width of such a reference depends on the
lifetime of the upper and lower levels of the transition in
the beam. In the case of the 6328 R laser line in Neon, the
natural width of the transition is about 30 MHz. One may do
better by finding a match with a transition in another system

in which the lifetimes are long.

3.2.3 Molecular Beam External Reference Using Atoms (or
Molecules) Different from the Lasing Atoms (or Molecules)

The approach, in this casé, is similar to that in section
3.2.2, except that the beam atom is different from the lasing

atom.(ls)

The problems in generating the laser lower level
are avoided if a ground state transition is found in an atom
(or molecule) that closely matches the laser line to about 1
part in 106. In addition to matches with ground state
transitions, one may examine matching transitions from meta-
stable or long-lived states whose lifetime is at least lO-'3
seconds.

The width of the absorption line depends on the properties

of the chosen atom, if there is a choice, and may be narrower

than the natural width of the lasing transition itself.



21

Detection schemes are similar to those discussed in the
previous section. In addition, if the beam consists of
metastable atoms (or molecules) which decay to the ground state
after excitation, then one may detect a change in the meta-
stable population arriving at the detector as a measure of the
excitation. Certain atoms in metastable states can be detected
by electron ejection from a surface that has a work function

lower than the excitation energy of the metastable atom.(70)

3.3 Search for a Molecular Beam Reference--~First Attempt

Since it became clear, after a thorough search, that no
match existed between a known atomic ground state transition
and any one of the 2000 reported laser frequencies, a system-
atic search for a match was carried out.

A computation was made of all ground state transitions in

(19) without regard to selec~

atoms, listed in Moore's Tables,
tion rules, in the range 3000 A - 10.1 microns. In addition,
transitions from easily identifiable metastable states were
also computed. The purpose of this coﬁputation was to help
find a close match, to one part in 105, between an existing
laser line and a ground (or metastable) state trénsition in
atoms.

The computed transitions revealed over one hundred close

(20)

matches, none of which involved an allowed ground state

electric dipole transition. One of the matches uncovered was
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o
between the 4965 A cw argon ion laser and the 5s-6s transition

(21) is within 1.5 cm—l and seemed a

in Rubidium. The match
desirable one since atomic beam techniques for alkalis are
relatively easy and also that laser power on the order of 1
watt can be obtained at 4965 2. Another attractive feature

is the 5 x 10”8 second 1ifetime (22)

of the 6s state which
meant that the linewidth for the transition would be 3 MHz.
The 5s-6s transition in a free Rb atom, as also the ls-2s
transition in a free Hydrogen atom, is forbidden in a single
quantum transition. The electric dipole matrix element is zero
because of the parity of the levels and magnetic dipole trans-
itions are forbidden in the Pauli approximation, since the
spatial radial wavefunctions of the 5s and 6s levels are
rigourously orthogonal. However, a magnetic dipole matrix
element of order (Za)s, where Z is the effective charge number
and o is the fine structure constant, relative to an allowed

. (23)

electric dipole matrix element is predicte For Rubidium

in the 5s state, 9 if calculated from the Fermi-

Zeffective%
Sergre formula for the hyperfine structure, so that (Za)6W10“7.
However, since there is doubtless state mixing in the Rb atom,
this is a lower estimate.
An attempt to observe the excitation of Rb by a 4965 g
argon laser in a molecular beam was made. The experimental
arrangement is shown in Figure 3.3-1 and is, fundamentally,

a standard Rabi-type atomic beam magnetic resonance apparatus(7l)
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except for the interaction or C-region. In the C-region, light
from an argon ion laser oscillating at 4965 i is incident at
right angles to the state selected Rb beam. The interaction
between the laser light and the Rb atoms takes place in a
homogeneous d.c. magnetic field which, by the Zeeman effect,
brings the atomic line into coincidence with the laser line.
The laser induces a magnetic dipole transition in which
AmJ = +1 between the (5s, my = -1/2) and (6s, m; = +1/2) states
of the Rb atom. The laser magnetic field is set perpendicular
to the homogeneous d.c. field. If an atom undergoes this
transition, it decays back to the 5s state by a cascade of
electric dipole transitions 6s+5p>5s and can end up in the
my = +1/2- state. These atoms are focussed by an inhomogeneous
magnetic field onto the hot wire detector, where they are
ionized and the ions are accelerated to an electron multiplier.
The output signal of the electron multiplier is electronically
processed using a lock-in amplifier.

The C-region is made out of guartz and is located inside
the laser cavity so as to achieve greater energy density at
the interaction region. The C-region windows are optical flats
placed at Brewster's angle. The Zeeman field in the C-region
is provided by a 4" Varian electromagnet with 1" tapered
pole faces. The gap between the pole faces is 1/4“-so that

a field of 29 kgauss can be obtained.

The laser consists of a water cooled argon ion discharge
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tube, 3 mm I.D. and 30 cm long, with a coaxial anode and an
off axis cathode. Narrow band high reflectivity mirrors are
used to select the 4965 i argon ion line which is ten times
weaker than either the 4880 i or the 5145 i line. The laser
is operated quasi-cw with a pulse duration of 500 microseconds
and a repetition rate of 100 pulses per second. This enabled
80 A discharge currents to be achieved without damage to the
discharge tube. Peak multimode laser power at the interaction
region was 200 watts/cm2 and the power spectral density was
0.02 watt/MHz/cmz.

The data, or lack of it, indicated that the 5s-6s transition
in Rubidium is weaker than an allowed electric dipole by a
factor of at least 107°.

The experiment will be continued at some future date with
a single longitudinal mode laser which is frequency locked
to an external Fabry—Perot; The power spectral density is

4

expected to increase by 10° which would enable transitions to

be observed that are 10-10 of an allowed electric dipole.

3.4 Iodine - Argon Ion Laser Scheme

(24) by Prof. J. I. Steinfield of the

A progress report,
M.I.T. Department of Chemistry, concerned with the study of
energy transfer mechanisms by excited molecules in a mole-

cular iodine gas, indicated the observation of fluorescence

[+]
in an 12 gas cell after excitation by 5145 A light from an
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argon ion laser. This was further investigated in a gas cell
as well as in a molecular beam and is the subject of the rest
of this thesis.

Although transitions in molecules have been investigated
and, in fact, computed for such molecules as Nz, Br2, IZ'
Naz, K2, Co, there was little confidence in the frequencies
of the calculated lines because the available molecular con-
stants were not precise enough to predict matches within 1
part in 105 - 106. The quickest method of establishing a
match is perhaps to try different lasers with various molecules
which are known to have absorption in the frequency range of

the lasers.
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CHAPTER 4

THE JODINE MOLECULE AND ITS INTERACTION
WITH 5145 A LASER LIGHT

4.1 General

A brief discussion is given in this chapter on the
iodine molecule and its properties that are involved in the
interaction with 5145 2 laser light. This should provide
some background for the chapters to follow, especially, in

connection with the analysis of the data.

o
4.2 The Iodine Molecule and Its Interaction with 5145 A
Laser Light

The absorption of the iodine molecule in the visible(25)

is known to take place between the ground electronic state

x'z and the excited electronic state B3ﬂ The existence

&g u’
of a match between a ground state transition in I, and 5145
° b
A laser light has been demonstrated, as will be shown in

(26’27), however,

chapter 6. The available molecular constants
are not sufficiently accurate to establish the vibrational
and rotational guantum numbers of the levels involved in the
transition, as will be shown in Chapter 8.

The potential energy curves for the two electronic levels

(28) are shown

in I, as a function of inter-nuclear separation
in Figure 4.2-1. The vibration energy levels are indicated

by horizontal lines. The rotational levels, which are closely



28

spaced energy levels associated with each vibration level,
are not shown.

A transition between a vibration level v" in the ground
state to a vibrational level v' in the upper electronic state
is indicated by a vertical line as shown in the Figure. The
length of this line corresponds to the energy in wavenumbers
of the transition. Primed (') quantities refer to the upper
level and double primed (") quantities refer to the lower
level.

In I,, the spacing between the lower vibrational levels

1 and the dissociation

energy of the B3ﬂ$ state is about 20,072 cm_l. The energy
u
] -
in wavenumbers of the 5145 A argon ion laser line is 19,429.7 cm l.

in the ground electronic state is 214 cm~

This implies that ground state transitions induced by the
laser are only possible from the three lowest wvibrational

levels in the ground state, i.e. v" =0, 1, 2., A transition

of 19,429.2 em t from v" = 3 ends up above the 20,072 em™ L
dissociation limit of the B3n$u state.

The interaction between the iodiné molecule and the 5145 i
laser light depends on the transition probability between the
states in 12 that are involved in the transitioﬁ. From Appendix
A, the probability of a transition from a lower state l.to an

upper state 2 is P(l+2) where

Plis2) = T3
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where Myg is the off-diagonal matrix element of the electric
dipole moment connecting state 1 and 2; .I(v) is the power
spectral density of the radiation; t is the interaction time ---
time molecule is exposed to exciting field; h is Planck's
constant; c¢ is the velocity of light.

The rate of spontaneous decay of an excited state is Ayqe

the Einstein A coefficient, and is given by

4 3 2
Ay =Ty w4022
3hc 21 21
where Ho, is the frequency of the transition and M, = B,

If the excited state can decay to more than one level,

then the rate of spontaneous decay is increased and given by

4 3 2
AL, =24 s ... .4.2-3
j

i 3hc 25 25

The effective lifetime of the excited state is Ty where

3

T - — [ [ 3 . - ] . - ° (]
2 A 6ar? v 12 -

1% 323 23

It is evident that Uy, plays a dominant role in the
excitation and the decay of the states in the moiecule, so
that a brief’discussion on uj, is perhaps worthwhile.

The total wavefunction ¥ of a given molecular state may
be replaced, to a first approximation, by a prodﬁct of three

independent eigenfunctions(zg), so that
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b=, . wv . wr e 4 e s o« 4 s e o 4.2-5
where we is the electronic eigenfunction and wv’ wr are the
vibrational and rotational eigenfunctions associated with the

nuclear motion. The matrix element of the dipole moment

between two electronic states ' and yY" is

po= SYtEMipt dr .. . 0 0 . . . . 4.2-6
where M = ; e, Ei is the sum of the components of the
electric dipole moment of the system, e, is a charge element,
oy is its distance from the origin, dt is a volume element

and the integral is over all space. Substituting Equation

4.2-5 into Equation 4.2-6, we get

= ok L) L) u " n -
A SR A | M| by Yy Yp dT .. .4.2-7

M may be resolved into two components, one that depends
on the electron coordinates, Me’ and the other on the nuclear

coordinates, Mn’ so that

M=M +M 4.2-8
e n

Substituting the above expression into Eguation 4.27 we get

W= SuEt gl M| ounoyn AT foplr pix ATy

FLORLE YLE Y wr S opl* M| oyl drg 4.2-9

e I
where dTn, dTe are elements of volume of the space of the
nuclear and electronic coordinates, respectively.

For transitions within the same electronic state, i.e.

¥ (i "% " = "y 1] =
by - Y2, so that S pi¥ Yl dr, =1 and S Yy |M_| ¥2 dt, = 0 then
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UI = f .q)l* 1pl.k IM ’ wn l,l)" dt
pro= P v r o v r n
e e N

In a homonuclear diatomic molecule, such as I, Mn =0
because of charge symmetry, so that y = 0 for transitions
within the same electronic state. A vibrational spectrum
and a pure rotational spectrum are therefore absent in
homonuclear diatomic molecules.

For transitions between different electronic states,

Syt " dt, = 0, since y' and ¥" are orthogonal eigenfunctions.
e e e e

If we neglect the rotation of the molecule(zg) we get
*
ul =Syt oyt dr ) Syt M| et drg
P o> YT v v e e
e e

Since the second integral is independent, to a first
approximation, of the vibrational levels between the states,

we can then write

w=u_ Syt " dr

dTn = dr; r is the inter-

~e

where u, = T 7% [M_[ y" dt
e e

nuclear separation and Y'* = Y' since Yy is real.
v v v .
The probability of a transition depends on u2 and therefore

on the square of the integral [ ¢' ¢" dr which is referred to
’ v v ‘
as the "overlap" integral or the "Franck-Condon factor".

Figure 4.2-2 ghows V' and y" for low values of v.
v v
The pertinent angular momenta that are coupled in the

molecule are electron orbital angular momentum, electron spin
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Wavefunctions
(Taken <xrom: R. N. Zare, J. of Chemical Physics, Vcl. 40,

No. 7, Page 1938, 1 April 1964)
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angular momentum and the angular momentum associated with
nuclear rotation. How these angular momenta couple together
depends on the type of molecule.

In diatomic molecules, there is axial symmetry about the
internuglear axis. The component of the orbital angular
momentum of the electrons along the internuclear axis is
designated by A,'for which A = 0, 1, 2, 3...These values of
A correspond to the different electronic states in the mole-
cule designated by x, I, A, ¢,...The total electron angular
momentum along the internuclear axis is designated by Q.

The iodine molecule obeys Hund's coupling case (c¢) which
is illustrated in Figure 4.2-3. 1In this coupling scheme, the
interaction between the electron orbital angular momentum, f,
and the electron spin 3 is stronger than the interaction
between either I or & with the moleculaf field along the
internuclear axis. L and 8 couple tcgether to form ja
which in turn couples to the internuclear axis and has a
component  along this axis. § couples with ﬁ, the end-over=
end molecular rotation to form 3, the.total angular momentum
of the molecule, neglecting nuclear spin.

1

The ground state in 12 is a state. The superscript

z
8g
1 implies that the multiplicity of the state is 1, in other
words the electron spin is zero. The subscript 0 implies

that @, the total angular momentum along the internuclear axis

is zero. Furthermore, since 12 is a molecule that obeys Hund's

case (c), the total electronic angular momentum is zero when
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2 = 0. The subscript g, for "gerade" means that the
electronic eigenfunction of the state is even or symmetric
with respect to the center of the molecule.

The relevant excited state is a 3H+ state. In this
electronic state the multiplicity is 303hich implies that
the total electron spin is 1. The subscript 0 means that Q = 0
and, again, since 12 obeys Hund's case (c¢), this means that
T and 3 are opposite to each other to give a zero total electron
angular momentum. In both the !I, and ’n, states, J is
equivalent to N. The subscript uogor "ungZEade" implies that
the electronic eigenfunction for 3H+ state is odd or anti-
symmetric with respect to the centeguof the molecule.

For electric dipole transitions, the matrix element
/ y'* |M| ¢y" dt must be non-zero which is only possible if
P' and Y" have opposite symmetry since the electric dipole
operator M is an odd function. The 12+ and the 3H+ states
satisfy this condition. However, thisogs not the og%y restric-
tion on transitions between the two states. Since @ = 0 in
both states, there is a selection rule for J which is AJ = +1
(A = 0 is forbidden) for electric dipole transitions. There
are no selection rules for Av for transitions between the two
electronic states. As a consequence, the molecular level
excited in the 3H$ state can decay in doublets, corresponding

u

to AT = + 1 to any of the vibrational levels in the 12+ state,
og
providing that the overlap integral f ¢' y" dr is not zero.
v v
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This multi-wavelength decay of the excited level is
called "fluorescence". The bandwidth of the fluorescence
corresponds to the decay.of the excited level to a range
0= vibrational energy levels in the lower electronic state
that extend from the dissociation level to the lowest
vibrational level, v" = 0. In 12, the range of the fluorescence,
after excitation by 5145 i light, is 5000 i - 1.3p. It is
possible to have fluorescence at a shorter wavelength than
the exciting line. For example,'if the laser induces a trans-
ition out of the v" = 2 level in the X'I_ state, it may be
possible to observe fluorescence at a shg%ter wavelength than
the exciting line if the decay of the excited level is to v" =0
and v" = 1. The fluorescence lines at a wavelength shorter
than that of the exciting line are called "anti-Stokes" lines.
There is one other electronic state below the B3H+ state
in the 12 molecule. However, this state, Aaﬂlu, has ggd
symmetry so that there is no electric dipole transition

between the B3H+ and Angu states.
ou
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CHAPTER 5

THE APPARATUS

5.1 General

The apparatus used in the experiments consists of a
vacuum system in which a molecular beam of iodine interacts
with the 5145 i light from an argon ion laser. The region
where the laser beam meets the molecular beam will be
referred to as the interaction region. The resonance
fluorescence that is induced by the laser in the 12 molecules
is collected by an optical system and is detected on a
photomultiplier.

The molecular beam is formed in the following manner.

12 molecules, in a reservoir or oven, effuse through a
narrow slit into the vacuum chamber. A collimating slit
further down the apparatus determines the width of the beam
that enters the interaction region.

In order to perform the experiments, a laser with a
narrow spectral width, that can be scanned in frequency
over several thousand MHz, is required. The narrcow spectral
width is obtained by using a laser oscillating in a single
longitudinal mode and the scanning of the frequency of
oscillation of the laser across the laser gain curve is

achieved by wvarying the length of the laser cavity by means
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of a piezo-electric crystal.

5.2 The Molecular Beam Apparatus

The molecular beam apparatus is shown in Figure 5.2-1.
The oven contains about 10 grams of resublimed reagent
grade Iodine crystals. The vapor pressure of the 12 in the
oven can be temperature controlled. At room temperature,
the I, vapor pressure is 0.3 mmHg which is very convenient
since this pressure is in the desired range. The oven ox
primary slit is 0.1 mm wide and 1 c¢m high. For molecular
effusion through the slit, the width of the slit must be of
the order of the mean free path of the gas at the oven
pressure. With a 0.1 mm slit, oven pressures up to about 1
mmHg can be used. The slit itself is heated to avoid conden-
sation of the I, on it.

The rate of molecular effusion out of the slit is given

by

aN_lyg A, molec/sec . . . . . . . . . 5.2-1
4

where N is the number of molecules per cm3 in the oven, VO
is the average thermal velocity of the molecules in the oven
which is 1.13’252, k is Boltzman's constant, T is the temper-
ature of the oven in degrees Kelvin, M is the mass of the

molecule and AS is the area of the oven slit. For an oven

16

‘ 3 = 4
pressure of 0.3 mmHg, N = 0.9 x 10 molec/cm™, vy = 1.6 x 10" cm/sec

for 12 at room temperature, AS = 10"2 cmz, so that the rate of
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molecular effusion is

an
dt

2

(0.9 x 10%%) (1.6 x 10%)°1072 = 3.6 x 1017

molec/sec

|

The 12 molecules that effuse out of the oven slit emerge
into a region of good vacuum.

The width of the beam entering the interaction region is
determined by a collimating slit, 0.75 mm wide by 1 cm high,
placed 11 cm from the oven slit. The beam is mechanically
chopped by a solenoid driven "beam flag"” just before the
interaction region. The beam finally enters an ion gauge at
the end of the apparatus. The increase in pressure in the ion
gauge gives a measure of the beam intensity.

The beam intensity, I, at a distance d from the oven

slit is given by

[2e}
!
[

— 1 - 2
NUO AS ;57 cos O molec/cm“~sec . . + .+ . o 5.2-3

where 0 is the angle with respect to the normal to the slit
and N, v,, As are the same as in equation 5.2-~1. The beam
intensity at the interaction region located 17 cm from the

0 and an

oven slit is 5 x 1014 molec/cmz—sec for d = 17,'6
oven pressure of 0,3 mmHg.

The laser light enters and leaves the apparatus through
windows placed at Brewster's angle. The laser beam, which
is collimated and has a 2 mm diameter, intersects the molecular

beam at a peint 1.5 cm from the beam flag. The interaction
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volume is approximately a cylinder whose diameter is the
laser beam diameter and whose heigh£ is the molecular beam
width at the interaction region, i.e. 1.1 mm.

The resonance fluorescence is produced in the inter-
action volume and is collected by an £/0.5 optical system
placed outside the vacuum chamber. The collected fluorescence
light is brought to a focus at an adjustable iris in frcnt of
an EMI photomultiplier with an S-20 photocathode having a
response that extends to about 8000 g. The optical path
is folded by means of a 45° mirror that has 2-axis adjustment.
The design of the optical housing permits interference filters
to be inserted in the optical path. The optics are aligned
so that only light from the vicinity of the interaction
volume can pass through to the photomultiplier; a grain of
wheat lighﬁ bulb is placed at the interaction region to
simulate the source of fluorescence during the alignment.

The background pressure of I2, as well as other gases, has
to be sufficiently small so that the molecular beam is not
scattered between the oven slit and the interaction region.
The mean-free-~path A should be much larger than the distance d
between the oven slit and the interaction region. For a given

A, the beam intensity I reaching the interaction region is

where I, is the initial beam intensity at the oven slit. For
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a pressure of lO_6 mmiHg, A = 5 x 10.-3 cm and for d = 17 cm, -
%E is greater than 0.99.

There is a further reason for maintaining a low back-
ground pressure of Iz. Since the laser beam passes across
the apparatus, there will be resonance fluorescence induced
in the background gas of 12. The resonance fluorescence
from the beam, however, may be distinguished from that of
the background by mechanically chopping the beam and detecting
only the fluorescence signal that is modulated at the chopping
frequency. In this case, the fluorescence from the background
gas of 12 may contribute a large d.c. background in the measured
fluorescence signal.

An estimate for the molecular beam density p at the inter-

action region is obtained from

©
il
<llH

b

where I is the beam intensity and v,  is the average velocity

b
of the molecules in the beam which is 1.33 Zﬁz

Typically, for I = 5 x 1014 molec/cmz-Sec as obtained above,

10

= 1,87 x lO4 cm/sec,

the density in the beam at the interaction region is 3 x 10

3 . .3 x 10t
molec/cm~. The equivalent pressure in the beam is —¢g

3 x 10
i.e. 10_6 mmHg. The interaction volume in the background gas

of I, is larger than that in the molecular beam. The adcep—

2

tance angle of the optics, however, limits the amount of back-

ground fluorescence that is measured by the photomultiplier.
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The noise associated with the fluctuations in the d.c. back-
ground fluorescence can exceed the Poisson noise in the
fludrescence signal unlgss the 12 backgfound pressure is much
lower than that in the beam.

The air-in the system is pumped out with a 2" diffusion
pump. The speed of the diffusion pump is 60 liters/sec which
is not sufficient to maintain the I, pressure below 10"6
mmHg as required in the experiment.

An estimate for the pumping speed needed is obtained

from the following relationship

Fpump - Poven

Foven Pbackground

whe?evaump is the pumping speed of the pump; Foven is the

pumping speed out of the oven and is given by 1/4 x (average
velocity of 12 in oven) X area of oven slit, i.e. 1/4 ?o As

= 43 cm3/sec; Py is the pressure of I For P

ven 2°

must be greater than 1.3 x lO4

background
less than 10—6 mm,

FPumP
liter/sec. For this purpose, a cryogenic pump i.e. a liquid
N2 trap is used which completely surrounds the beam in the
region in front of the oven slit, as shown in the figure.
The pumping speed of the trap is proportional to its surface
area. With a trap area of 800 cm2, a background pressure of
1 x lO"7 mmHg is obtained with the oven valve opened.

Figure 5.2-2 is a photograph of the beam apparatus and

Figure 5.2-3 is a photograph showing some construction details

of the beam forming part of the apparatus.
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Figure 5.2-2 Photograph of Beam Apparatus
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5.3 Argon Ion Laser

&

The argon ion laser is presently the most powerful cw
laser (100 Watts) in the visible spectrum. First cw laser

oscillation was reported by Gordon, et al.(3l)

At least six
strong lasing transitions take place between excited states
of the argon ion.

The excitation of the upper laser level is by electron
impact but the exact excitation mechanism is not known. How-
ever, two hypotheses have been proposed. 1In the first, the
ionic excited states are generated by multiple collisions of

(31)

the argon atom with electrons. In the second, the ionic

excited states are generated in a single collision with the
electrons.(32)
The population difference between the upper and lower
laser levels which is responsible for the gain is further
enhanced by a favorable lifetime ratio. The lower level couples
directly to the ground state of the argon ion and therefore
decays at a faster rate than the upper level.
The power output of the argon ion laser exhibits an 16

dependence for low discharge currents'(I), falling off to'I4

at medium currents and then to 12 at still higheF currents.(3l)
Observation of saturation in cw operation has not been reported.
The Steep current dependence certainly points to multiple step
excitation. ‘

An axial magnetic field of approximately 1000 gauss has

been found to enhance the power output of the laser. This is



48

attributed to the increase in electron density with magnetic
field. At optimum magnetic field, a power output of 100 mW/cm
of discharge length has been achieved for a bore diameter of
2.5 mm and discharge cufrent of 30 amps.(33)
The width of the gain curve is in the range of 7,000 -
10,000 MHz, which is several times larger than that for the
He-Ne laser. The larger width of the argon laser is due to
the increased doppler broadening caused by the fast moving
ions. The natural width of the ionic transition which, in
free ions is 100 MHz, is collision kroadened by small angle

(34) Since this

ion-ion scattering to several hundred MHz.
width is generally broader than the axial mode spacing of the
cavity, strong mode competition effects take place.

A survey article by Paananen on the progress of argon ion

lasers is found in reference (35).

5.3.1 Argon Ion Discharge Tube

The argon ion discharge tube is shown in Figure 5.3.1-1.
It consists of a 30 cm long, 3 mm i.d., 4 mm o.d. quartz
capillary which is surrounded by a 16 mm i.d. water jacket.
Quartz was chosen to handle the high power dissipation in the
discharge tube. The design of long life discharge tubes made
up of graphite sections is discussed in reference (36).
Materials such as ceramics.and berylium are also being consi-

dered by argon laser manufacturers.
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The cathode, placed off axis, is a tungsten mesh coated
with Barium-Strontium-Calcium oxide with an active surface
area of 80 cm2. A molybdenum anode is placed coaxial with
the capillary and has a 3/16" hole at its center to allow
the laser light to pass through. The gas return is an 8 mm
i.d. tube having two 2 1/2" diameter loops. The Brewster
windows were cemented on by means of Torr-Seal. With the
exception of the pyrex cathode envelope and the pyrex gas
return tubing, the discharge tube was made entirely out of
quartz.

The axial magnetic field is provided by a solenoid made
up of two layers of #16 coated copper wire wound around the
water jacket.

The discharge tube was pumped down to about 2 x 1077 mm Hg
before the cathode was activated. The speed of cathode acti-
vation was increased greatly by the use of a "cold finger"
directly below the cathode. The cold finger was maintained
at liquid N2 temperature throughout the activation. After
cathode activation, research grade argon was introduced into
the tube and the first few discharges were used to remove any
moisture from the walls of the tube. The cathode and anode
envelopes are cooled by forced air.

The 50 Amp cathode d.c. current is drawn from batteries
which are continuously charged by a rectified a.c. supply.
The magnet current is obtained from a 25 Amp filtered supply

of standard design having a ripple of 0.25%. The anode
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supply used the 240 wvolt, 0.4% ripple, d.c. line available

in the Research Laboratory of Electronics in series with a
water cooled rheostat to adjust the discharge current. The
diséharge was started by a pulse from a charged capacitor.

A general purpose pulsed anode supply, capable of providing

80 Amp, 500 usec pulses by use of pulse forming networks at a
repetition rate of 100 pulses/sec was designed and used for

pulsed (or quasi-cw) laser operation.

5.3.248ingle Longitudinal Mode Cavity

For a typical cavity length of, say, 100 cm, the

frequency separation between axial modes, is 150 MHz,

c_
2L
Many axial modes can therefore oscillate within the bandwidth
of the laser gain medium.

In the experiment, the laser must have a narrow bandwidth
to investigate the structure of the Ié‘resonances. A laser
is therefore needed that can oscillate in a single longitu-
dinal mode which can be scanned in frequency over the band-
width of the laser gain medium.

Several methods of achieving single mode opeyation have

(37-41) The reduction in

been proposed and demonstrated.
laser power due to single mode operation is not as dramatic

as first appeérs because of the broad collision width of the
excited argon ion in the case of the argon laser. In fact,

single mode power comparable to multi-mode power has been

(42)

achieved. A discussion of this large single frequency
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power in the argon laser is given in a recent paper by
Zory.(43)
The scheme adopted to achieve single mode operation is

that described by Smith.(38)

Smith's method is chosen be-
cause it is simple and provides the smallest cavity loss.

The scheme is shown in Figure 5.3.2-1. It consists of a
long cavity with a close intermode spacing in which the gain
medium is placed and a short empty cavity with intermode spacing
greater than the width of the gain medium. The two cavities
are coupled by means of a beam splitter. The length of the
short cavity can be adjusted so that only one of the resonances
of the short cavity coincides with a resonance in the long
cavity within the laser gain curve. The combined cavity has
effectively a high Q at the common resonance frequency and a
low Q everywhere else. In other words, the three element
combination on the left in Figure 5.4.2-1 behaves as a highly
selective nirror which exhibits high reflectivity at only
one of the many axial modes of the long cavity within the laser
gain curve. The axial mode that is selected, is determined by
the length of the short cavity. An analysis of these coupled
cavities is given by Smith in reference (38). 1In principle,
the on-resonance loss of the cavity is zero if the beam splitter
transmits 50% and reflects 50% of the incident light, and the
other mirrors are assumed perfectly reflecting. The correspond-
' A

. —_ " _ A _
ing on-resonance condition is Ll + L2 =n 35 and L2 + L3 =m 3
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where m and n are integers. The loss at the neighboring long
cavity resonance can be as large as 40% for m = n/10 which is
adequate for good mode selection at low power levels.

The on-resonance coﬁdition implies that the light
reflected out of the cavity by the beam splitter destructively
interferes with the light passing out of the cavity through the
beam splitter. This is responsible for the zero on~resonance
cavity loss. The short cavity is often referred to as the
Michelson cavitv.

In addition to longitudinal modes, a cavity can support a

(44) Each transverse mode

set of transverse or radial modes.
has a mode size, which is a measure of the decrease of the
electric field amplitude with distance from the cavity axis,
and a radius of wavefront curvature. The mode size and wave-
front curvature are a function of position within the cavity.
In order to have efficient coupling bétween the cavities in
Figure 5.3.2-1 as well as complete destructive interference,
the mode size and wavefront curvature in each cavity must
match at the beam splitter.

The general properties of the TEMn mode in a low loss

lole}
cavity consisting of two spherical mirrors with radii of curva-
ture Rl and R2 and separated by a distance D are shown in Figure
5.3.2-2., The TEMnoo mode is the lowest order transverse mode,
indicated by the subscript (00), and has a Gaussian field
distribution. The mode has a minimum size or a "waist", where

the wavefront is plane, at a distance 22 from mirror R2 where(44)
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FIGURE 5.3.2~2 GENERAL PROPERTIES OF A TWO MIRROR RESONATOR
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LONGITUDINAL MODE CAVITY



57

_ d (Rl—d)

22 =

(Rl + R2—d)

The waist at 2 = 0 has a diameter 2w0 where

' 1/4
(R,-d) (R,~-d) (R, + R,-4)
w, = (A [— L 2 1 2 "7,

2
d (Rl + R2—2d)

The mode size W, at any distance z from the waist is given

_ Az |2
WZ = WQJ]-+ (——7)
Wy

by

and the radius of wavefront curvature R(z) at a distance z

is given by

2 -

o T
AZ

w

R(z) = z(1 + )

Now in the case of the coupled caVities, R(z) and w(z)
of the long cavity must match R(z) and w(z) of the short
cavity at the beam splitter as shown in Figure 5.3.2-3. This
condition is satisfied if the curvature of mirror R3, which
is at a distance D from mirror R2, is identical with the wave-
front curvature at the point E in the long caviéy located at
the same distance D from mirror R,. With this value of Ray,
the mode size and wavefront curvature are identical in the
region between the beam splitter and mirror R,.

\

For general cavity in Figure 5.3.2-3, R3 is given by
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d (R, -d) (RZ—D)Z + D2(R2—d) (R; + R,=d)

R. =
3
D(Rz-—d) (Rl + Rz—d) - d(Rz—D) (Rl—d)

as shown elsewhere in reference (45). For the case where
mirror R2 is plane, Rl > d and D << R3, Rl’ d as in argon ion

lasers, R3 is given by

N -q) &
R3 o (Rl a) 5
For the case where Rl = R2 = R and D << R, d
R3 ~ ~R

j.e., mirror R3 is convex. This latter arrangement with 3
curved mirrors may be used to make the resonator less sensitive

to tilts of the mirrors.

5.3.3 Design of the Single Longitudinal Mode Cavity

Figure 5.3.3~1 shows the main features of the single
longitudinal mode cavity. The main cavity is plano-
spherical and is 105 cm long. The radius of curvature of the
spherical mirror is 147 cm. Both mirrors have a high reflec-
tivity, > 99.5%, wideband multi-dielectric coating centered
at 5145 R. The spherical mirror is attached to a .2" long by
1/2" diameter piezo-electric cylinder which is used for ad-
justing the length of the long cavity.

The short cavity is also plano-spherical and is 3.5 cm
long. The spherical mirror has a radius of 10 m and is

attached to a 1" long by 1/2" diameter piezo-electric cylinder.
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The short cavity is machined out of a block of brass and is
bolted to the adjustable part of the mount that carries the
flat mirror. The relative angles between the faces of the
block are cut to a tolerance of 0.1 of a degree. The piezo-
electric cylinder, to which the spherical mirror is attached,
is held in a stiff 2-axis ball suspension. The beam splitter
is glued to the brass block with the 50% transmission-50%
reflection coating on the surface facing the short cavity.
The short cavity is designed so that the beam splitter is at
Brewster's angle to minimize reflection losses at the uncoated
surface. The spherical mirror has a high reflectivity > 99.5%
at 5145 R and a low reflectivity < 15% at 4880 i.

The long cavity mirror mounts are attached to an aluminum
frame with 4" x 6" rectangular section.

The air spaces between the laser Brewster windows and the
mirrors, as well as the entire short cavity, are enclosed by
a plastic covering to isolate the air spaces from pressure
fluctuations due to the forced air cooling.

Since the laser power needed for the experiment is small
of the order of one hundred microwatts, there is no need for
a specially coated dumping mirror to achieve optgmum laser
output power. The output power through the high reflectivity
plane mirror is adequate.

The pressure of the argon in the discharge tube is about

150 microns which is found to give minimum lasing threshold
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at 5145 R. A plot of the lasing threshold as a function of
argon pressure in a 105 cm long, plano-spherical cavity with
high reflectivity mirrors is shown in Figure 5.3.3-2.

Figure 5.3.3-3 is a photograph of the single longitudinal

mode argon ion laser.

- 5.3.4 Alignment of Coupled Cavities

The coupled cavities are aligned as follows:

(a) With the short cavity absent, the discharge tube
capillary and the long cavity mirrors are aligned by an
external He-Ne laser. The mirrors are then adjusted for
minimum lasing threshold in pulsed operation.

(b) The short cavity is introduced with its spherical
mirror deliberately misaligned. In spite of the 50% loss
of the beam splitter, the laser can be made to oscillate at
4880 i. The lowest current threshold in pulsed operation is
as high as 20 Amps for the 4880 i line. The 5145 2 line
has a higher threshold and does not oscillate when the beam
splitter is introduced. The initial léser alignment is not
affected by the introduction of the beam splitter since this
only introduces a lateral shift of the laser beam in the
region between the beam splitter and the plane mirror. The
position of the short cavity is then adjusted for minimum
reflection from the uncoated surface which ideally should be

Zexro.
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(c) With the laser oscillating at 4880 2, a fraction of
the laser beam is reflected into the short cavity by the beam
splitter. The alignment of the short cavity consists of
reflecting this beam back on itself by adjusting the spherical
mirror in the short cavity. When this is carried out the
two cavities are coupled and the laser output becomes much
brighter. The single mode oscillation is predominantly at
5145 i since the short cavity spherical mirror has only a
15% reflectivity at 4880 i.

(d) Adjustment of all three cavity mirrors, including
axial translation of the short cavity spherical mirror are
then carried out to obtain minimum lasing threshold with the

cw supply.

5.3.5 Continous Scanning of the Frequency of a Single
Longitudinal Mode Laser

Normally, if the length of the short cavity is waried,
the coupling between the two cavities changes and the laser
output sweeps out the discrete structure of the longitudinal
modes in the long cavity. To achieve continuous, rather than
discrete, scanning of the laser frequency, the length of the
long cavity must be continuously adjusted to maintain the
coupling between the two cavities as the resonance frequency
of the short cavity is swept across the laser gain curve.

The experimental arrangement to achieve continuous

frequency scanning is shown in Figure 5.3.5-1. The single
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mode cavity is first tuned for peak laser output by adjusting
the length of the short cavity. This implies that the long
cavity resonance is coigcident with that of the short cavity.
The length of the short cavity is then sinusoidally modulated
by applying an a.c. signal to the piezo-electric crystal holding
the short cavity spherical mirror. The amplitude of the modu-
lation is small so that the resonance frequency of the short
cavity is kept within the frequency separation of adjacent
cavity modes of the long cavity. As a result, the laser

output is amplitude modulated and this is detected on a photo-
detector. After amplification, the photodetector output is
subjected to phase sensitive demodulation in a lock-in ampli-
fier. The d.c. output of the lock-in amplifier is proportional
in magnitude and phase to the relative frequency separation
between the long and short cavity resonances; at coincidence,
the output signal is zero. The output of the lock-in amplifier
is fed into a servo-amplifier to drive the piezo-electric

crystal holding the long cavity spherical mirror M This

1°
feed-back procedure adjusts the length of the long cavity so
as to maintain the long cavity resonance in coincidence with
that of the short cavity.

In order to scan the frequency of the laser, a slow ramp
voltage is applied to the mixer to sweep the resonance freguency
of the short cavity over the laser gain curve. Because of the

feedback loop, the long cavity resonance tracks the short

cavity resonance over the frequency range of the gain curve.
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The modulation frequency used is 4 kHz and is limited

by the frequency response of the crystal assembly at M The

3°
bandwidth of the tuned amplifier in the signal channel of the
lock-in amplifier is 10 kHz. Some lead~lag compensation in

the wideband servo-amplifier is used to stabilize the feedback
loop.

The spectral width of the laser output varied from 2-17
MHz when scanned at the rate of 10 MHz per second, as discussed
in the next section. The principle causes of this spectral
width may be attributed to (a) the instability of the short
cavity; the laser frequency faithfully follows the fluctuations
in the center frequency of the short cavity and (b) the fast
fluctuations in the optical length of the long cavity that are
outside the servo bandwidth.

If the.feedback loop is opened and the laser cavity is
subjected deliberately to a noisy environment, the resonance
frequencies of the long cavity are no longer discrete but tend
to be smeared over the entire gain curve. The result of varying
the length of the short cavity, in this case, is a single mode
output with a broad spectral width of 100 MHz that is continu-
ously scanned in frequency across the laser gain curve. This

simple scheme was used in the early experiments.

5.3.6 Measurement of Laser Spectral Width

The transmission of light through a Fabry-Perot inter-
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ferometer as a function of the light frequency is a set of
periodic narrow resonances and may be used for the measure-
ment of the laser spectral width., The center frequencies of
these transmission resénances may be varied by changing the
optical path length of the cavity, e.g. by varying the gas
pressure inside the cavity.

The ratio of transmitted intensity I, to the incident

t
intensity IO through a Fabry-Perot interferometer of length

L with perfectly flat mirrors that have identical reflectivity

p and transmission t, is given by Airy's(46) formula as
I 2
t t 1
— = { ) ‘ e« s o « « 5.3.6-1
1 1-p 1 + 40 _ gip2 2ML
o] 2 c
(1-p)

When v = g% where N is an integer, the transmission is a
maximum. fhe spectral range is the frequency spacing between
maxima, i.e. c/2L. The width, Avw, of the resonance of the
interferometer, defined by the frequency separation between

points where the intensity drops by a half, is given by

Ay = (1-p) c_

w o 21, e e e« o e« e e s+ s « « 5.3.B-2

and the ratio of the width to the frequency is

Ave _ (1-p)

c_
V T 2L °

1.1
v

For p = 99%, L = 7.5 cm, t = 0.8% assuming a 0.2% loss in each
mirror, then

Avw = 6MHz
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I
=+ = 0.6
o} max
It
The peak value of the ratio T can be re-written in terms

o
of the loss ¢ in the mirror where t + p + ( = 1 so that

I 2 2
= ’ = = (—E
o) max 1-p t +-2m

Clearly, if t is increased then the transmission through the
cavity increases but the width of the resonance, which depends

(1-p) t +4.) , ,
on 5 or y ~TT *Hgnﬂ gets wider. A compromise has to be

found, for a given mirror loss Qm’ between the width desired
and the peak transmission ratio that can be tolerated.

In a Fabry-Perot interferometer with spherical mirrors,
the resonance frequency of the transverse modes as a function

of mirror radiil Ry and R, and cavity length L is given by the

following exPression(44)

_c 1 -1 L L
Vnlp = 7T [.n +=( +2p+1) cos 1/(1 ﬁi(l R2) ]
and for Rl = R2 = R
_c 1 -1 1Ly
“nﬂp“ﬁ[n'F?r_(EJr 2p + 1) cos (1 R)]

where n is the longitudinal mode number, i.e. the number of
half wavelengths between the cavity mirrors; ¢, p are the
transverse mode numbers. Several low order transverse mode
patterns are shown in Figure 5.3.6-1.

In order to couple the spherical Fabry-Perot interferometer
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efficiently to the laser light, the azimuthal symmetry of the
laser mode and the interferometer mode must be identical. For
example, a laser that is oscillating in the lowest order trans-

verse mode, i.e. TEM00 mode, has to excite the TEM of the

00

interferometer. A lens is used to match the laser TEM mode

00
to the interferometer TEM; mode as shown in Figure 5.3.6-1.
The details of the matching of the modes are given in refer-
ence (47).

Some of the advantages of a spherical Fabry-Perot inter-
ferometer over a plane parallel one are the markedly lower
diffraction loss and the higher stability of this cavity.

The mode dimension at the mirrors is typically 1 mm for the
TEMg, mode so that A/10 spherical mirror are usually adequate.

The design of the spherical Fabry-Perot interferometer is
shown in Figure 5.3.6~2. Each mirror has a 46.9 cm radius
of curvature and is coated with 99% broadband reflection
coating centered at 5145 i and also at 6328 i. The spacer
between the mirrors is an invar cylinder 7.5 cm long, 2.5 cm
o.d. and 1.25 cm i.d. The ends of the cylinder are cut parallel
to within 10 seconds of arc and are turned down to 1.9 cm
circle, true to within one part on 104. The invar cylinder
is inserted inside a brass tube and the mirrors are pressed
against either end of the invar cylinder by means of 3-peint
clamps. The interferometer is Supported on two Vee blocks
inside a vacuum chamber. Two windows, set at a slight angle

with respect to the interferometer axis, allow the laser light
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to pass through the vacuum chamber. The leak rate of air into
the vacuum chamber is controlled by a micrometer needle valve.

The inherent width of the Fabry-Perdot interferometer was
determined by using a frequency stabilized 6328 R He-Ne laser
(Spectra-Physics model 108) which has a spectral width of less
than 1 MHz. A convex lens was used to match the laser mode
to the interferometer mode. However, complete suppression
of the other transverse modes was not attempted. An isolator,
consisting of a linear polarizer and a quarter wave plate, was
placed between the laser and the Fabry-Perot so as to suppress
reflections from the Fabry-Perot back into the laser cavity.

The transmission through the Fabry-Perot as a function
of pressure is shown in Figure 5.3.6-3. Several of the trans-
verse modes between the two consecutive (00) longitudinal
modes have'been identified visually and the relative frequency
separation between the modes have been consistent with equation
5.3.6-3. The width of the resonances, i.e. the inherent
cavity width is measured as 10 MHz at 6328 i. The fregquency
separation between consecutive (00) transverse’modes, %f' is
2000 MHz and is used to calibrate the frequency axis in Figure
5.3.6-3.

The inherent resonance width at 5145 i should also be 10 MHz
since the mirrors of the interferometer have equal reflectivity
at both 6328 i and 5145 ig The interferometer width given in

equation 5.3.6-2 is independent of the wavelength of the light.
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The calculated width is 6.7 MHz and is close to the measured
value of 10 MH=z.

The spectral width of the single mode argon ion laser was
measured in a similar way. TFigure 5.3.6-4 shows the transmission
through the Fabry-Perot interferometer at constant pressure, as
the laser, with the servo loop open, is scanned in frequency.
The spectral width of the laser is found to be about 100 MHz.
This value isvinferred from the known separation between the
(0,0) and (1,0) transverse modes of the interferometer.

Figure 5.3.6-5 shows the transmission of the Fabry-Perot
at constant pressure as the single mode laser, with the servo
loop closed, is scanned in frequency. The laser spectral width
in this case is found to vary between 2 - 17 MHz, after allowing

for the 10 MHz inherent width of the Fabry-Perot.
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CHAPTER 6

EXPERIMENTS PERFORMED AND RESULTS

(-]
6.1 Measurement of Absorption of 5145 A Laser Light in an
I, Gas Cell

The experimental arrangement for the measurement of
absorption of 5145 i laser light in a gas of I, is shown in
Figure 6.1-1.

In the experiment the light from the single mode laser is
split into two beams. One beam is passed through an absorption
cell of 12 and is then detected on a photodetector. The other
beam goes directly to another photodetector. The intensity
in the second beam provides a reference for measuring the
absorption out of the first beam as the laser is scanned in
frequency.

A qualitative demonstration of the absorption of the laser
light is the appearance of a yellowish fluorescence along the
path of the beam in the gas cell (I2 pressure is 0.3 mmHg) in
contrast with the green color of the 5145 i laser beam on
either side of the cell.

The absorption cell is 120 cm long, 3.2 cm diameter and
contains ten grams of resublimed analytical reagent grade
Iodine crystals. The vapor pressure of the I, in the cell is

controlled by varying the temperature of the I2 reservoir
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attached to the cell.

The light from the laser is mechanically chopped at 93 Hz.
The output of each photgdetector is passed through an amplifier
followed by phase sensitive demodulation in a lock-in amplifier.
The reference to the lock-in amplifiers is obtained from the
chopper by means of an optical pick-off.

Figure 6.1-2 shows simultaneous recordings of direct laser
power and laser power after passing through the absorption
cell as a function of laser frequency for several values of
12 pressure. The total bandwidth of the laser scan is 3800 MHz.
In Figure 6.1-2(a) the absorption is not noticeable because the
I2 pressure is too low; in Figure 6.1(b) and (c) absorption
of the laser light takes place at a frequency above the center
of the laser gain curve; Figure 6,1-2(d) shows that at a pressure
of 0.3 x 10—'l mmHg, absorption also takes place at a frequency
below the center of the gain curve.

The light intensity after passing through the cell is

given by

I(v) = I 5% Lo L e
where Io(v) is the incident light intensity at a frequency
v; I(v) is the intensity of the light at a frequency v after
passing through the cell; kv is the absorption coefficient
at a frequency v and < is the length of the path in the

absorption cell.
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Io(v) is obtained from the intensity in the reference
beam after a scale adjustment. The scale adjustment is the
ratio of the measured intensity of the beam through an empty
absorption cell, i.e. when the I, is trapped out, to the
intensity in the reference beam.

The absorption coefficient kv is given by

I(v)

k Io(v)

Iu ( )

=1
v ox

and is plotted as a function of laser frequency in Figure
6.1-3, for an I, pressure of 5 x 10—2 mmHg. It is evident
from this plot that absorption of the laser light is taking
place on either side of the center of the gain curve. The
peak of the absorption coefficient at the center of the
strong line is 23 times larger than that of the weak one.

A slight ambiguity arises in the region where the scan
repeats, as indicated in Figure 6.1-2(c), because the band-
width of the gain curve is a little wider than the mode
spacing of the short cavity. The laser power measured in
the region where the scan repeats has contributions from

both ends of the gain curve and therefore tends to decrease

the value of the absorption coefficient in that region.

6.2 Observation of Laser Induced Resonance Fluorescence in
a Molecular Beam of Iodine .

The experimental set-up for the observation of the laser
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induced resonance fluorescence in a molecular beam of I2 is
shown in Figure 6.2-1.

Light from the sing}e mode cw laser is passed through
the molecular beam of I2 at right angles. The intensity of
the laser beam is measured by a photo~detector on the other
side of the beam apparatus. The molecular beam is modulated
by a 29 Hz sinusoidal signal applied to the solenoid driving
the beam flag. The laser induced resonance fluorescence in
the iodine molecules is detected on the photomultiplier below
the interaction region as the laser is scanned in frequency.

The photomultiplier output is amplified aﬁd then subjected
to phase sensitive demodulation in a lock-in amplifier. The
d.c. output of the lock-in amplifier corresponds to the 29 Hz
component in the resonance fluorescence signal.

Figure 6.2;2 shows a simultaneous recording of the cw
laser power and the resonance fluorescence signal as the
laser frequency is scanned over 3400 MHz. The single mode
laser in this case is operated with the feedback loop opened,
i.e. the laser spectral width is about 100 MHz, as measured
by the spherical Fabry-Perot interferometer.

The resonance fluorescence signal first appears when the
laser frequency is about 600 MHz above that of the center of
the laser gain curve and the fluorescence extends over
approximately 1300 MHz.

Figure 6.2-3 shows another simultaneous recording of cw

laser power and resonance fluorescence signal under a higher
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resolution. The single-mode laser in this case is operated
with the servo loop closed so that the laser spectral width
is in the range 2-17 MHz.

Figure 6.2-3 shows £hat 12 has many resonances in the
frequency range scanned by the laser. The width of several
of the resonances is about 22 MHz.

The doppler width of the molecules in the beam is deter-
mined primarily by the geometry of the slits and is 2.25 MHz
in this case. This implies that the laser spectral width of
2-17 MHz is the dominant or limiting width in the experiment.
Other sources of linewidth broadening are small and are
discussed in Chagter 9.

The width of the narrow resonances observed is therefore
comparable with the limiting width in the apparatus. This
suggests that the natural width of the 12 resonances may be
narrower than 22 MHz. In the next séction, the natural width
of these resonances is inferred from a measurement of the
lifetime of the excited state of 1, in the beam. The structure
of the resonances is discussed in Chapter 8.

Table 6.2-1 summarizes some of the pertinent data relevant
to the conditions of the experiment.

The total fluorescence yield as a function of laser power
is shown in Figure 6.2-4., Curve #1 represents the total
fluorescence; curve #2 represents the fluorescence yield in
the first 700 MHz of the fluorescence bandwidth; curve #3

represents the fluorescence yield in the first 500 MHz of the
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OVen pPreSSUTEe...ccsesscscscasscsssccasnsscnssasa0.3 mmHg
Background pressure of 12 in apparatus.......l.2x10—7 mmHg
Increase in ion gauge reading

when I, beam is Ofle v e eeesenesnnsnnneannal0%1077 mmHg
Beam modulation frequUencCy..seeescsssscssesensssess.29 Hz
Doppler width of molecular beam

as determined by geometry of slits.............2.25 MHz
Laser cw power (Fig. 6.2-3).......................4‘LW/mm
Laser spectral width.....ieivieesoeneernncsoenass2=17 MHz
Laser beam diameter..c.eeieeesesceeeaseesaccnansasla2 MM
Laser frequency scan Speed...cseeesssssssssesssssl0 MHZ/sEC
Background noise (Fig. 6.2-3)....less than lxlO4 counts/sec
Fluorescence signal (Fig. 6.2—3)...6x103 counts/sec per mm

(equivalent to l.3x105

photons/sec per mm)
Integration time (Fig. 6.2—3)....a...........;.....0.03 sec
Frequency scale (Fig. 6.2=3)...veectesnscsesens.l7 MHzZ per mm

Paper speed (Fig. 6.2-3)...cctteeecncceenseesess]l Mm per sec

Table 6.2-1
RELEVANT EXPERIMENTAL DATA

ASSOCIATED WITH FIG. 6.2-3
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fluorescence bandwidth. Curve #3 clearly shows that saturation
of the 12 transitions is taking place in the region where
there is sufficient laser power. An estimate for the average
cw laser power to saturéte the I, transitions is 160 u watts

10 watts/cmz—Hz

or a laser power spectral density of 4.0 x 10
for an average laser spectral width of 10.0 MHz and a laser
beam diameter of 2.2 mm.

Figure 6.2-2 shows that the fluorescence signal drops to
zero when the laser power goes to zero which raises the
question of how far up in frequency does the induced fluor-
escence really extend? This was settled by increasing the
laser excitation to extend the bandwidth of the laser. To
avoid the risk of damaging the laser by passing a much
higher d.c. current, a guasi-cw, high current excitation was
employed.- The d.c. discharge current was maintained at a
quiescent value of 5 Amps and was increased to 40 Amps for
500 p-seconds at a repetition rate of 50 pulses per second.
Figure 6.2-5 shows the fluorescence signal with a quasi-cw
laser operation. The bandwidth of the fluorescence is within
10% of that shown in Figure 6.2-2. The signal to noise ratio

2

is very much reduced because of the low duty cycle (2.5 x 10~
and because of the saturation of the 12 resonances at low

laser power levels.

6.3 Lifetime Measurement of the Excited State of 12 in the Beam
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The measurement of the lifetime of the relevant excited
state of I, in the beam was motivated by the fact that the
width of several 12 resonances shown in Figure 6.2-3 is
comparable with the laser spectral width. This implied that
the natural width of these resonances may be narrower than
22 MHz.

The experiment consists of exciting the I, molecules in
the beam with very short laser pulses and then measuring the
time dependence of the resonance fluorescence. The time
constant of the decay gives the lifetime of the excited level.

Figure 6.3-1 shows the experimental arrangement for the
lifetime measurement. Short laser pulses are obtained by the
use of a rapidly rotating mirror which sweeps the light beam
across a small aperture in front of the molecular beam appar-
atus. The rotating mirror is doublesided and is attached to
the shaft of an 18,000 RPM motor. The axis of rotation of
the mirror shown in the figure is perpendicular to the plane
of the paper. The laser beam diameter is 2 mm and is equal
to the diameter of the aperture. The separation between the
aperture and the rotating mirror is 150 cm. The calculated
width of the light pulse through the aperture is 1.4 pu-seconds.

The pulsed.fluorescence signal, detected by the photo-
multiplier, is,first amplified and then sampled in a sampling
gate. The width of the sampling gate is 1/2 pu-second and the

position of the gate is varied slowly over a sampling sweep
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of 16 pu-seconds.

The timing is achieved as follows. The rotating laser
beam is detected by photomultiplier #2 several microseconds
before the laser beam eﬁters the molecular beam apparatus.

The output pulse from photomultiplier #2 is used as a trigger
to start the sweep in the Tektronix scope. The delayed trigger
generator in the scope produces a trigger pulse at a pre-set
delay with respect to the start of the sweep in the scope.

This delayed trigger generates the 1/2 u-second gate pulse to
control the sampling gate. The delay of the gate pulse with
respect to the start of the sweep is varied slowly from zero

up to a delay of 16 u-seconds in 50 seconds. This is achieved
by sweeping the delay in the delayed trigger generator using

a slow sawtooth waveform generator in the scope.

In the pulsed excitation of the I, molecules, the

2
transition probability is smaller than in cw operation for
the same cw laser power. This is due to the duration of the
pulse, 1.8 u-seconds, being shorter than the average time of
10_5 seconds that the molecules spend in the laser field in
cw operation. An expedient that works quite successfully is
to increase the laser power momentarily by pulsiﬁg the laser
discharge just as the laser beam is to pass through the beam
apparatus. The timing trigger for the discharge pulse is

obtained from photomultiplier #2 after a suitable fixed delay.

The average laser power in the pulse is 1 watt/cm2 oY a power
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spectral density of 10_8 watts/cmz—Hz. In this way, the cw
laser beam is used for the timing and the momentary increase
in the laser power is used to saturate the 12 transitions.

An attempt was made to obtain short laser pulses by pulsing
‘the discharge instead of using a rotating mirror. Laser out-
put pulses shorter than 5 u-~seconds could not be obtained by
pulsing the discharge.

The lifetime measurements were performed in the following
way. First, the laser pulse was measured with the molecular
beam off. This established the origin of the time coordinate.
A scatterer was introduced on one of the Brewster windows in
the beam apparatus to make the light pulse visible to the
photomultiplier. The molecular beam was then turned on to
record the fluorescence signal.

Figure 6.3-2(a) shows the photomultiplier signal with the
molecular beam off and (b) shows the photomultiplier signal
with the molecular beam on.

The decay of the fluorescence is analyzed after the laser
pulse is over. The decay is found to be exponential with an
average time constant of 3 p-seconds.

Radiation entrapment of the resonance fluorescence is
negligible since the background I, pressure is 1 x 10_7 mmHg .

The natural width of the resonance transition between

two states, say 1 and 2 is given by
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AB = 3— (

=" = ();Alj + TA

)
3 k 2k

where AB is the natural width of the transition; IA is the

13
sum of all the spontaneous transition rates from ;tate 1;
ZAZk is the sum of all the spontaneous transition rates from
ztate 2; T, and T, are the lifetimes of state 1 and state 2,
respectively. For a ground state transition, the lifetime
of the upper state determines the natural width of the resonance

line and is given by

_ 1
AB = 27T

where T is the lifetime of the excited state. In this case,
T = 3 u-seconds which implies that the natural width of the
12 transitions is
1

6

AB = ~————> = 50 kHz
3 x 10 ’

1
2T
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CHAPTER 7

DATA ANALYSIS

7.1 General

The dipole moment matrix element associated with the 12
transition is calculated by two independent methods. One
uses the saturation data and the other uses the lifetime
déta.

In addition, the fraction of the I, molecules that take

2
part in the observed fluorescence is also calculated by two
methods. One uses the fluorescence yield at saturation and

the other uses the gas cell absorption data.

7.2 Dipole Moment Matrix Element from Saturation Data

The probability of a transition, from state 1 to

P1sar
state 2, see Appendix A, is given by

8Tf3 2

P =
(1-2) = 320 Moo

I(v) £ . . . &« . ¢ . . 7.2-1

where Mo, is the dipole moment matrix element; I(v) is the
spectral intensity of the laser and t is the time the molecule
spends in the laser radiation field.

At saturation, P(1+2)+l/2 and not 1 due to the wvelocity
distribution of the molecules in the beam,(ls) so that at

saturation equation 7.2-1 becomes
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1_8r .
2 3%, 12

I(\))Sat T e 6 e e e e e . T7.2-2

An estimate for the laser spectral density I(v) is

obtained from

Pa = { I(v) dv = IO (v) A\)z

where Pa is the laser power per cm2; Io(v) is the peak laser
intensity and Avg is the laser spectral width. This gives,
approximately,

|4

I(\)):...‘—il_
O
Ave

2
The cross sectional area of the laser beam is E%; where ﬂ.is
the beam diameter, so that

I (V) = —s—— . . . . . 7.2-3

T Av,

where P is the measured laser power.

The time, t, the I, molecule spends in the laser field is

7.2-4

rf
I
Uﬁlh“

t

where Gb is the average velocity of the molecules in the beam.

Substituting equations 7.2-3 and 7.2-4 into équation 7.2-2,

we get
2
1 _ 3272 M, Psat
2 3p’c £, av
b
where PSat is the cw laser power needed to saturate the 12
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transition. The square of the dipole moment matrix
element is then given by
2 -
3h%cfv, Av
u? = —L "t ... 7.2-5

sat

From section 6.2, Ps 160 uwatts; ﬂ== 2.2 mm,

at

= 10.0 MHz; v

L = 1.87 x 10% cm/sec so that

A\)Q_'average

H = 2,7 X lO—19 e.s.u.

7.3 Dipole Moment Matrix Element from Lifetime Data

The lifetime of the excited state or state 2 is given

in eguation 4.2-4 as

3
1, = 1 - 3hc e e 731
§A2l 6an? ¥ v3 4
i 23 23 .

If the ratio of the transition probability from state 2 to
state 1 to the total transition probability out of state 2

is Onqr then from equation 4.2-2, we have

v3 u2
=21 _ 21 21 e e e e o & o » T.3=2
3 2
ZAZi v u
i i 21 2i i

sy is called the branching ratio. From equations 7.3-1

and 7.3-2, we get

o
_ = 21

21 T G9y ¥ By =7
i 2

so that the square of the dipole moment matrix element becomes



2 3hc
21 641" v

The lifetime of the excited state, Ty has been measured in
section 6.3 as 3 x 10"6 seconds.

The branching ratio is defined as

o
o .. Fluorescence at the laser frequency (5145 A)
21

total fluorescence

and has to be determined. In order to measure the fluorescence
at the laser frequency (5145 i), a narrow band, 80 g wide,
multi-dielectric transmission filter centered at 5145 i was
placed in front of the S-20 photomultiplier. Since the fluor-
escence of the excited state is in doublets that correspond

to AJ = +1 transitions, two closely spaced lines fall within
the bandwiath of the filter. The measured fluorescence
through the filter is therefore twice that at the laser
frequency. The photocathode efficiency at 5145 2 is 10%.

The total fluorescence which, in this case can extend from
5000 R - 1.3u, may be estimated by making two assumptions.
One, the fluorescence is uniformly distributed over its

entire frequency range and two, that 6/10 of the. total
fluorescence falls within the bandwidth of the S$-20 photo-
multiplier where the average photocathode efficiency is
assumed to be 5%. With the above assumptions, the branching
ratio, Onqr is found to be 1/14.

Substituting the above value for Onq and T, in Equation 7.3-3
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we get Uoq = 1.0 x 10_19 e.s,u.

The Moy from the branching ratio and lifetime data is
about 4 times smaller tpan the Moy obtained from the saturation
data. The main source of error in Equation 7.2-5 is the
instantaneous laser spectral density Psat/AVQ and in Eguation
7.3-3 is the branching ratio Onqe The magnitude of the
instantaneous laser spectral density assumed is a minimum
value since the laser is known to display discontinuous
jumps in frequency rather than continuous broadening behavior
where the instantaneous spectral width can be very narrow.

A narrow width would decrease Uoy in the direction of the
values obtained from the branching ratio. The branching ratio
data is also approximate. However, without the knowledge

of the spectral distribution of the fluorescence, this is a
fair approximation.

The value for Moq obtained from the lifetime dgta is
considered more reliable than that from the beam saturation

19

data so that u,; = 1.0 x 1077 e.s.u. will be used in the

calculations to follow.

7.4 Fraction of Molecules Taking Part in Transition from
Absorption Cell Data

The absorption of light at a frequency v and intensity

I(v) through a column of gas of length dx is given by

) hvdx . . . « . . 7.4~-1

dIi(v) = -(N1W12 - N2W21
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where le and W21 are the transition rates from state 1 to
state 2 and from state 2 to state 1, respectively; Nl and N2
are the populations in state 1 and state 2.

The transition rate ﬁlz is obtained by differentiating
the transition probability P(l+2) given in equation 7.2-1,

so that

3
_ 8n 2 _
(l+2)] = 5 U I(v) . .« « . 7.4-2

3h"c 12

o]}

Wi, =gt [P

For a gas that obeys a Boltzman distribution, N2 = 0 at

room temperature because of the large energy separation between

the ground and excited states, so that equation 7.4-1 becomes

T = N phy
and substitgting for le from equation 7.4-2, we get
ar) _8r 2 gy, L L L .. 7.4-3
dx 3hc 1 12 ' t
Now from equation 6.2-1
Qééﬁl = "k, TO)
therefore,
k, = —dE;V) J TV e e e e e e e DL 7. 48

Substituting Equation 7.4-2 into 7.4-3, we get the

following expression for the absorption coefficient

3
_ _8m 2 _
k\) = -:_,)—E—E Nl\) u e o o e o o« s o 2« 1.4-5

12
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This relationship is not complete since the absorption line
of the molecules has a certain lineshape. If g(v - vo) is

the normalized lineshape function centered at Vo then

fO gl(v - vo)dv =1

and le > le g(v - vo). The lineshape function can then

be included in equation 7.4-4 as follows

3
— _ 817V 2 _
kKo =~ =3me Ny M, g(v = vg)

The integral of the absorption coefficient then becomes

3

TRy s B 2 e -y ay
12
3
= 817V 2 _
-—BFENlu ........7.46

12

Using equation 7.4-5, the population fraction Nl/NO’
where NO is the number density of the molecules in the gas

cell, can be expressed as

N [se]
N.l=_._.§_%1§___ Jo ky @V e e e w7427
0 8T vu NO
: 12

The value of the integral of kv is obtained from the area
under the absorption coefficient vs. frequency. curve in

Figure 6.1-3. NO is determined from the pressure of the I,
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in the absorption cell which is the equilibrium vapor

pressure at the temperature of the I, reservoir.

2
Using py, = 1 x 107%? e.s.u. determined from the 1ifetime
N
data, the population fraction is ﬁi = 2,6 X 10—3.
0

7.5 Fraction of Molecules Taking Part in Transition from
Molecular Beam Data

In order to determine the fraction of molecules taking
part in the transition from the molecular beam data we have
to know (a) the total fluorescence at saturation which
corresponds to the number of excited molecules and (b) the
density of 12 molecules in the beam.

At saturation, half the number of the molecules that can
partake in the transition are excited. The total number of
photons, nph’ emitted in the fluorescence corresponds directly
to the number of excited molecules so that the population

fraction is given by

dn
N 2n 2 B2 2v
1 _ " ph_ dt _ __out e e e e . . T7.5-1
N N dN dN
0 0 0 o 0
ac 0 &

where Nl is the number density of the molecules that can

partake in the transition; N, is the total number density

0

of the molecules in the beam; VOut is the amplitude of the

output signal of the measuring system; and Gy is the effective

gain of the measuring system.
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Since many resonances are observed, VOut is the effective
output signal if all the 12 resonances involved are super-
imposed on each other. .Since these resonances are spread
out, VOut can be determined by dividing the area under the
total fluorescence signal at saturation by the dominant width
which is that of the laser. The saturated fluorescence data
in Figure 6.2-5 for quasi-cw operation is used for this
purpose. The laser spectral width in quasi~cw operation is
100 MHz. Vout is then given by

area under total fluorescence signal at saturation x
v - Guty cycle of quasi-cw supply
out

spectral width of laser

]

1.3 x 10° volts

The effective gain of the measuring system G, is the

0]
product of many terms. The absolute magnitude of these
terms are difficult to determine, e.g. collection solid
angle, photocathode efficiency, photomultiplier gain, etc.
In addition, Gy includes an assumption that the bandwidth
of the fluorescence is uniformly distributed from 5000 £ -
1.3 u and that the photomultiplier collects 6/10 of the
fluorescence with a 5% efficiency. Gy is estimated to be
1.1 x 10_6 volt/fluorescence photon.

The total number of photons radiated in the fluorescence

per second is therefore

v

dn
ph out 9
= = 1.1 x 10 photons/sec




109

dN
The beam strength 5~ can be obtained from the flow rate

of molecules into the ion gauge, see Figure 7.5-1. In the
steady state, the flow rate of molecules into the ion gauge

is equal to the flow rate out of the ion gauge so that

an
e

_ an
. dt
in

where Fg is the pumping speed out of the ion gauge and pg
is the density of the I, in the gauge. Fy = 1/4 ¥ mr? 1/k =

1.05 x lO4 cm3/sec where Qg is the average velocity of 12

in the gauge = 1.6 x 104 cm/sec; r 1is the radius of gauge

opening = 1.2 cm; 1/k is the pumping speed factor of a long

r
L

length of tube between the bulk of the volume of the gauge

circular cylindrical tube = 8/3 = 0.58 where.ﬁ is the

and the beam chamber = 5.5 cm. pg = pressure of 12 in gauge
X 3 x lO16 = 2.1 x 109 molec/cm3.
The flow rate of molecules through the interaction volume
is
Aint

F
g pg Abeam

= 3.9 % lO12 molec/sec

where Abeam is the total cross sectional area of the beam

at the interaction region and Aint is the cross- sectional

area of the interaction volume in the direction of the
molecular beam.

The calculated value for the beam strength at the inter-

2

action region by use of Eguation 5.2-3 is 9.4 x 10l molec/sec,
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This value is too high because the effusion rate of molecules
(48)

9

Consequently, the vapor pressure in the oven is less than the

out of the oven is faster than the evaporation rate of I

equilibrium vapor pressure associated with the oven temperature.
This is supported by the following observations:

(a) When the oven valve is first opened, the ion gauge

reading increased to about 4 x lO_7 mmHg and then dropped

to its steady valu=z of 1 x 10_7 mmHg and (b) the fluorescence

signal was also larger when the oven valve is first opened.

Vout 9

Now substituting in Equation 7.5-1 for = 1.1 x 10

G
dNO 12 0
T = 3.9 x 10 molec/sec and allowing a duty

photons/sec,

factor of 1/2 for the mechanical chopper, we get

Gy (1/2 =)

This value of the population fraction is in fair agree-
3

®

ment with 2.6 x 10 ~ obtained in Section 7.4 using the

absorption cell data and Mo from the measured lifetime data.
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CHAPTER 8

INTERPRETATION .OF OBSERVED I, SPECTRUM

2

8.1 General

An attempt is made, in this chapter, to explain the
structure of the resonances observed in the 12 molecular
beam on the basis of

(a) the calculated gross structure of the I, spectrum
in the region of 19320 cm“l laser line using the available
molecular constants,

(b) the estimated hyperfine structure in the I, molecule,

(c) the estimated splittings due to the interaction of

the 12 molecule with external fields.

8.2 Calculation of 12 Spectrum Using Available Molecular

Constants

- [}
The I, spectrum in the region around 19320 cm 1 (5145 A)

is calculated by the following expression(zg)

M = {#e' + we'.(v' + 1/2) + (xewe)',(v' + 1/2)2 + (yewe)'.
(v + 1/2)3 + + (zw ) '\ (v o+ 1/2)% 4 (bW ) ', (v + 1/2)° +
ees + [Be' - ae' (v' + 1/2) + ye‘ (v' + 1/2)2 +
st (v 127+ L] [0 @+ + 3?@+ 1)2]}+
- {Te" + We "‘ (V" + 1/2) + (Xewe) Il‘ (v" + 1/2) 2 + (yewe) "‘

(v + 1/2)3 + (zewe)“,(v“ + 1/2)4 + (tewe)"‘(v" + 1/2)5+...
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+ [Beu - O"e“‘ (v" + 1/2) + + ,Yen vt o+ 1/2)2 + aen ,
(v" + 1/2)3 + ...] [ "I+ 1) + De" Jl|2 (J" + 1)2]}
7.5-1

where Aw is the frequency of the transition in wavenumbers
between two electronic states with vibrational guantum numbers
v' and v" and rotational quantum numbers J' and J". The

molecular constants Te’ Wor X Wor Y Wor Z W, t

B
e e ' OLe’

w 14
ee e e e

Y , ¢  and De are obtained from references (26) and (27) and

e e

are given below

X12+ state B3H+ state
o3 ou

T, = 0 15770.59
w, = 214.51886 125.273
x_w_ = - 0.60738 —  0.7016

w_ = -1.307x1073 - 5.67x10°3
ye e . .
z w_ = -5.04x10"° 3.2x107°
e e

-7

t w_ = -1.6x10 -

e e
B, = 0.037389 0.028969
o, = 1.21x10" % 1.5%x10 %
Y, = 1.9x107° - 4.0x107’
5, = 8.57x10 11 - 3.5x10°°
D, = ~4.54x10"° 3.5x107°

The transitions from the three lowest vibrational levels
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in the ground state, i.e. v" = 0, 1, 2 with AJ = *1 that
fall within =10 cm_l of the 19320 cm_l laser line have been
calculated on a computer and are shown in numerical order
in Appendix B.

The population of the levels in the ground state depends
on the values of v" and J", subject to a Boltzman distribution.

The population fraction or partition function F(v",J") is

given by (49)
_ I+ 1) hcBe hcwg v"hew"
heB" kT - =
F(V", J") = (2J"+ 1) ""E‘;f.g'e (1 - e kT )e kT
7.5-2

where B; is the rotational constant in the ground state; w;
is the vibrational constant in the ground state; T is the
temperature of the enclosure and k is Boltzman's constant.
The partition function associated with the ground state of
the calculated transitions has been compﬁted and is included
in Appendix B.

It should be notea that the molecular conétants for the

(27)

upper electronic state, B3H+ were calculated from the

molecular spectrum that extggded up to v' = 26. - It is almost
certain that the extrapolation to v' = 43, the lowest value

of v' in the transitions listed in Appendix B, will necessitate
the knowledge of the (wete) anharmonic term which is at present
not available. As evidence for this, the last known anharmonic

correction term (zewe)‘ (v' + 1/2)4 contributes 114 cm—l to
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the energy separation of the levels at v' = 43. The
existing constants are clearly inadequate to explain a
spectrum within 0.03 cmTl. However, the molecular constants
are not entirely useless, since the relative spacing of the

rotational lines within one vibration band given by the

constants is probably correct.

8.3 Estimation of the Hyperfine Structure in the I, Molecule

2

The treatment of the spectrum in Section 8.2 neglected the
effects due to the interactions of the nuclei with each other
as well as with electric and magnetic fields inside the

molecule.

8.3.1 Nuclear Spin-Spin Interaction

The nuclear spin-spin interaction between the magnetic

dipole of the two nuclei is described by the following
Hamiltonian(l5)
- ° A.. '
. =-l—-|‘u; > _3(111 R) (L, " R)

ss R3 1 2 R2

where ﬁl’-ﬁz are the magnetic moments of the nucdlei and R
is the distance between the nuclei. An estimate in terms of
frequency of the order of magnitude of the splitting due to
the nuclear spin-spin interaction Avss is given by

2

U
AV ~ ——= = 1 kHz
ss hR3



1ls

whare o -~ 1 auclear nagnebon = 5 x 16“54

ergs/gaues and
R = 10"% en,

The contribution of the nuclear spin-spin interaction
i8 a slight broadening of the order of 1 kHz to the 50 kHz

natural linewldth.

8.3.2 Nuclear Spin-Molecular Rotation Interaction

The interaction of the nuclear magnetic moment with the
internal molecular magnetic field generated by the molecular

rotation is described by the following Hamiltonian(ls)

HIJ = ChIRJ

where C is a constant, characteristic of the molecule; IR
is the total nuclear spin; J is the rotational gquantum number.
The splitting in each level in terms of frequency as predicted

by the Hamiltonian is given by

AvIJ ~ CIRJ

The constant C has not been measured in 12. However,
a conservative estimate for C may be obtained ffom the
following simplified treatment in which one considers the
effect of the rotation of one iodine nucleus around the

other nucleus. The interaction energy W is given by

where Uy is the nuclear spin magnetic moment of one iodine
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nucleus and B is the magnetic field at this nucleus due to

the rotation of the other nucleus. The effective charge
associated with the rotating nucleus can vary from 0 to one
electron charge, depending on the amount of shielding provided
by the wvalence electrons. For our purpose, we shall assume
that this effective charge is + e, i.e. there is complete

slip between the valence electrons and the nucleus.

The magnetic field B may be calculated from

where i is the current associated with the rotating charge
of + e; r is intermolecular separation and w is the angular
velocity of the molecule. The magnitude of w is obtained

from the following angular momentum relationship

Aw =+/3(3 + 1) kK

where A is the moment of inertia of the molecule which may be

h

expressed in terms of the molecular rotational constant Be = ImeA"

The magnetic field B then becomes

B = 4m1YJ(J + 1) Be . 4m J B
r

The magnetic moment of the iodine nucleus Uy is gr I Uy where
91 is the nuclear g-factor, I is the nuclear spin and My is

the nuclear magneton. Finally, the interaction energy W may
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be re-written as

W = M1 B = 91 I.“N

Since the roles of the nuclei can be interchanged, the total
interaction energy is 2W which corresponds to a frequency

splitting

_ow _ 91 T My 4T J B
h

Av = T

IJ

where IR is the total nuclear spin and the constant C is then

given by
4T g1y By

C = I ~ 15 Hz

The magnitude of the frequency splitting AvI for In = 5

J

3= 75 J Hz and for

J = 15 this splitting is about 1 kHz. Again this contributes

(since I for the iodine atom is 5/2) is AvI
a small broadening to the 50 kHz natural width.

8.3.3 Nuclear Electric Quadrupole Interaction

The interaction of the quadrupole moment of the iodine
nuclei with the gradient of the molecular electric field at
each nucleus, in a homonuclear diatomic molecule is described

by the following Hamiltonian(ls)

H

_ eq0 l_IR(IR+l)+4Il(Il+l) 3(_, =2
o 2(2J—1)(2J+3)Il(2Il-l) (ZIR—l)(2IR+3)

22 a2 _
—IR I ] 8.3.3-1
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where g is the electric field gradient at the nucleus due to
the electrons; Q is the nuclear electric quadruple moment of
the iodine ndcleus; Il is the spin of each nucleus; IR is the

vector sum of the spins of the nuclei and J is the rotational

guantum number.

An evaluation of the matrix elements of the Hamiltonian

(47)

in an F, M representation gives the energy of the hyper-

fine structure states as

0 - 5eq0 [ . Ip(Ig+l)+4I, (I,+1) ] .
E2 lOIl(ZIl—l)(ZJ—l)(2J+3) YZIR—l)(ZIR+3)
- 3 - _
[ZC(C+1) IR(IR+1)J(J+1)] e e e e e .. 8.3.3-2
where C = 1/2 F(F+1l) - IR(IR+1) - J(J+1) and where ¥ ='fR +'3.

In order to determine the frequency spread of the hyper-

fine structure associated with an electronic transition, we

need to know (a) WE for both the X‘Z$ and the B3H+ electronic
' 2 g ou

states and (b) the relevant selection rules. For the iodine

-24 2
c

molecule, I, = 5/2; 1_ =5, 4, 3, 2, 1,0, Q = -0,59 x 10 m-;

1 R
but g or eqQ has not been measured in either the X'IZ, or the
og
B3H+ states and they have to be estimated. eqgQ in the iodine

ou (68)
atom, however, has been measured as -1146.356 MHz.

The eqQ for the X'k, state in I, is estimated by the

og
following heuristic argument. The I, molecule in the X'

&g

state dissociates into two iodine atoms in the P3/2 state,
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i.e. the ground state of the iodine atom. The covalent
bonding of the I atoms in I, results from the absence of any
favored position for the‘P3/2 electrons in the molecule. The
P3/2 electrons are those atomic electrons which are shared
between the two iodine atoms in the molecule. The P3/2
electrons are indistinguishable so that, in effect, the
electric field at the nuclei is the same as in the atom.

egQ in the 1, molecule should then be twice the eqQ in the

iodine atom.

Some evidence in support of this estimate is obtained

eqgQ (molecule)
eqQ (atom)

from a plot of as measured in different Halogen
Halide molecules versus the electro-negativity difference of
the two Halogen atoms in the molecule. The electro-negativity
difference is, loosely speaking, related to the difference in
time the binding electrons spend near each atom in the molecule.
The plot, shown in Figure 8.3.3-1, is approximately a straight

line and indicates that at an electro-negativity difference

of zero, i.e. for covalent bonds such as that in 12' the ratio

eqQ (molecule)
egQ (atom)

is approximately one. Ih other words

eqQ (X', in I,) = 2eqQ(I atom) = -2292.7 MHz.
og

An estimate for the eqQ in the B3H+ state is made by
Oou
another heuristic argument. The I, molecule in the B3H

du

state dissociates into one iodine atom in the P3/2 or ground

state of the atom and the other iodine atom in the Pl/2 state
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which is the first excited state in the atom, Now if we
view the bonding electrons in the 12 molecule as a P3/2 and
a P1/2 electron, the Pl/2 electron does not contribute any

g as discussed in Ramsey.(47)

Assuming that these electrons
spend equal time.in the region of each I atom then, effectively,
q(B3I[+ state) is 1/2 a(X'Z, state). There may be further
reducggon in q(B3H+ state)ogue to the fact that the P3/2
electron in the mo§:cule may have a larger separation from the
nuclei than the P3/2 electron in the I atom. An estimate for

eqgQ (B3H$ state) is therefore 0<qu(B3H+ state) < 1/2
ou

u
eqQ ( X'z, state).
0
The selection rules for transitions between the hyperfine

structure states in two electronic levels are:

The AIR = 0 rule is due to the weak coupling of the nuclear
spin to the electronic and molecular motion, so that the
nuclear spin is unchanged in an electronic transition. The
AJ = =1 selection rule is that discussed in Chapter 4. 1In
addition, not every IR state can be in every J state. Since
the iodine nuclei obey Fermi-Dirac statistics, the total
molecular wavefunction must be antisymmetric. This implies

that only certain values of I, can be associated with specific

R
values of J, thus, limiting the number of lines. 1In Table 8.3.3-1,

those states for which the total molecular wavefunction is



antisymmetric are grouped together.

AT = 0,

og
J=0,2,4,.. y;
I=0,2,4. Y
X'S "

+

og €
J = 1,3,5,.. ¥
I=1,3,5 Y

transitions have been computed.
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are indicated as well.

(symmetric)

(symmetric)

(antisymmetricj
(symmetric)

(antisymmetric)

-

(symmetric)

LI

The allowed

II ("

Su e
= 1,3,5,.. Vg
=0,2,4. Y,
it Yo
ou

0,2,4,.. wJ

=1,3,5. wI

transitions,

(antisymmetric)

(antisymmetric)

(antisymmetric)

(antisymmetric)

(symmetric)

(symmetric)

Table 8.3.3-1~ Allowed Transitions

A complete calculation of the molecular spectrum due to

guadrupole interaction has been carried out for:

eqQ(X'z, )
og

eqo (831, )
ou

J

In addition,

-2292.7 MHz

0 - 20

0 and -2292.7 MHz

the relative strengths of the quadrupole

The general expressions

for the strengths of transitions between J+J-1 are given
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below(49)

Fop-1; B+ F+ T+ (I +F +I)(J+F-I)(J+F-1I-~-1)
F

F>F: B+ F+ I+ 1)(J+F-I(F ~-F+I)(J-F=-1I-=-1)(R2F + 1)
F(F + 1)

Fops1: BWUW - F+ D@ ~-F+I -1)(J-F-TI=-1)(J=-F-T-=-2)
(F + 1)

Typical splittings and their relative strengths are shown in

Figure 8.3.3-2.

8.4 External Field Dependence of I, Transitions

The interaction of the I, molecule with an external
magnetic field includes terms that have linear and also
quadratic field dependence.

The linear field dependence arises from

(a) an interaction of the external magnetic field with
the nuclear spin magnetic moment Mye This contributes a

frequency splitting Av. given by

I

u..H
I
AvI ~
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where H is the external magnetic field. For H = 1 gauss,
like the earth's field and W assumed to be a full nuclear
magneton py = 5 x 10-24‘ergs/gauss, then AVI‘~ 1 kH=z.

(b) an interaction of the external magnetic field with
the molecular rotation magnetic moment Mye A conservative
estimate for U may be made if we assume complete slip
between the Iodine nuclei and the valence electrons as
mentioned in Section 8.3.2. The magnetic moment due to
the rotation of the nuclei with an effective charge +e is

ZiNri 2erow wri

u = =
J c c 21Tro

S
= - rzw
(o] o]

where r, is half the internuclear separation and w is the
angular velocity of the molecule. The angular velocity w

is obtained from the angular momentum relationship

Mriw =+f/J(F + 1) h = gh

where M is the mass of the molecule. The molecular rotation

magnetic moment then becomes

_edh
g = e
This expression may be written in terms of a nuclear magneton

e . ’
My = Eﬁ;E-where mp is the mass of a proton so that
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The fregquency splitting AvJ due to the molecular magnetic

moment is

. m
= = P
Av 2 T UN JH

For H = 1 gauss, J = 15, AvJ ~ 120 Hz.

There is no interaction with the electrons since the
electron magnetic moment is zero.

The guadratic field dependence arises form the interaction
of the induced magnetic moment with the external magnetic
field. The induced magnetic moment depends on H, hence the

quadratic field dependence. The molecular magnetic polariz-

e2a? (15)

Mc2

where a is the molecular diameter and M is the mass of the

2.2
e a

Mc2

interaction with the external field contributes a frequency

ability or diamagnetic susceptibility is of order

molecule. The induced magnetic moment is then

H and the

splitting Avim given by

Av. = H® = 10 ‘Hz
im

for H = 1 gauss.

The interaction of the I2 molecule with an external
electric field involves only terms that have quadratic field
dependence. There is no linear field dependence because there
is no first order perturbation energy. Since there is no

permanent molecular dipole moment, the only contribution to
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the quadratic field dependence is from the induced electric
dipole moment. The molecular electric polarizability goes
like the volume of the molecule and is of order a3. This

contributes a fregquency splitting Avp given by

where E is the external electric field. For E = 1 volt/cm,

tvy is 5 x 1073 Hz.

8.5 Interpretation of Observed Spectrum

In this section an attempt is made to explain the observed
spectrum. The relevant experimental data may be summarized
as follows:

(a) Thé frequency distribution of the observed resonances
is shown in Figure 6.2-3.

(b) Several resonances have a width of 22 MHz while
others have a width of 100-150 MHz. Since the dominant width
in the apparatus can be as much as 20 MHz, this implies that
the narrow resonances observed are probably due to single
transitions while the broader transitions are due to several
closely spaced lines which ére not resolved.

(c) The fraction of molecules in the interaction volume
that partake in the observed spectrum is measured as 2 x 10_3.

(d) In Section 4.2, it is pointed out that only the three

lowest vibrational levels in the ground state, namely v" = 0,1,2
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can be involved. The v" = 2 level has been eliminated
because of the apparent absence of anti-Stokes fluorescenqe
at 5050 i which was established by placing a narrow band
transmission filter centered at 5050 2 in front of the
photomultiplier. Anti-Stokes fluorescence at 50505& is

the fluorescence that terminates on the v" = 0 level as a
result of a laser induced transition out of the v" = 2
level in the ground state. This conclusion, however, is
not wvalid if the overlap integral, /Sf¢y' " dr for the upper
vibrational level v' and the lower vigrazional level v" = 0,
is zero.

In addition, the estimates made in this chapter for the
splittings of the_lines show that the molecular electric
guadrupole- interaction with the assumed values for eqQ
contributes the largest splitting. The quadrupole splitting
may be as large as 800 MHz while the splitting ‘due to the
other interactions considered is of the order of 1 kHz.

Let us now examine the I, transitions in Appendix B,
which have been calculated with the présently available
molecular constants, that fall near the laser frequency as
shown in Figure 8.5-1. The closest transition to the laser
frequency is that between v" = 0, J" = 13 and v' = 43, J' = 12
and is only 0.004 cm—l or 140 MHz away. The partition function
for the lower level of this transition is 3 x lO_3 which is in

agreement with the measured fraction of molecules that partake
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in the observed spectrum.

The estimated quadrupole splittings associated with this
transition may be large_enough to explain the total frequency
spread of the observed resonances. However, the calculated
splittings are not as numerous or as closely spaced to explain
the observed spectrum.

Furthermore, the calculated spectrum shows several other
transitions in the vicinity of the laser frequency as indi-
cated in Figure 8.5-1. The frequency distribution of these
transitions, with or without quadrupole splittings do not in
any way resemble the observed spectrum.

As anticipated in Section 8.2, the presently available I,
spectrum is not adequate to identify the I, transitions that
fall within the laser gain curve. However, a general examination
of the calculated spectrum within +10 cm'_l of the laser fre-
quency does indicate that it is highly unlikely to have a
cluster of many transitions in a bandwidth of 1300 MHz. This
implies that the guadrupole splittings are partly responsible
for the closely spaced structure observed.

In order to make a better attempt at identifying the
transitions involved, it is clear that more reliable molecular
constants are needed for the B3H$ state. This would establish
more precisely the relative spaci:g between the presently
calculated vibration bands to determine which transitions fall

within the laser gain curve. The relative spacing between

the rotation levels in the same vibration band has already
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been shown to be sufficiently accurate with the present data.

- Aside from better molecular constants, it may be possible
to identify the I, trangitions by superposing the 5145 g laser
line over the I, absorption spectrum in a high resolution
spectrometer. This being pursued at present by Professor
Steinfeld.(67)

A method for establishing the rotational levels of the
observed transitions is to examine the external field depen-
dence, i.e. the splittings of the transitions in an external
magnetic field. However, this Anly becomes feasible when the

laser width is narrowed down to less that 100 kHz and when

the laser drift is small.
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CHAPTER 9

[+]
PROPOSED STABILIZATION OF 5145 A ARGON LASER

9.1 General

In this chapter, a preliminary scheme is proposed for
the stabilization of the 5145 i argon laser that incorporates
the molecular beam of iodine as a long term reference.

‘The major unknown, at present, is the short term stability
of the free running argon ion laser. Very little information
has appeared in the literature concerning the plasma noise -
and plasma oscillations in a constricted ionized argon dis-
charge. Several causes of frequency fluctuations in the
argon laser are briefly analyzed in a discussion on short
term frequency stabilization.

The principal sources of line broadening and line shifts
of the iodine resonance as observed in a molecular beam are
examined.

Finally, several applications of long term stable lasers

are suggested.

9.2 Outline of Proposed Stabilization Scheme

[+
The proposed scheme to stabilize the frequency of the 5145 A
argon ion laser is shown in block diagram form in Figure 9.2-1.

The scheme consists of two major feedback loops. The first is
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a fast loop to compensate for the short term drifts of the
laser frequency by using a transmission resonance of an
external Fabry-Perot interferometer as a short term reference.
The second is a comparatively slow loop, with a time constant
of the order of a second, to contrel the long term drift of
the short term reference. The center frequency of one of the
iodine resonance lines observed in a molecular beam is used
as the long term reference.

Since the molecular beam is a-primary frequency reference,
the resettability of the laser frequency should be approxi-
mately the same as the long term stability.

The slow response of the molecular beam reference is due
to the small number of fluorescence photons that are available.
The number of fluorescence photons is limited by the neces-
sarily low density of molecules in the beam. At best an
integration time of the order of a second is needed, for
example, to obtain an adeguate signal-to-noise ratio to
detect a shift of about 300 Hz from the center of the 50 kHz
wide molecular resonance, which corresponds to Av/v = 5 x 10—13,
as will be discussed in section 9.4. A fast response feedback
loop that employs, for example, a Fabry-Perot interometer as
a reference must therefore be incorporated to control the laser
short term stability.

The signal to noise ratio that can be obtained with a

stable Fabry-Perot interferometer depends on the intensity in
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the laser beam. For a beam intensity of 10 mWatts and a

(10)

Fabry-Perot resonance width of 3 MHz, it should be

possible to detect a shift of 300 Hz in less than 10~ °
seconds. This estimate is based on Equation 9.4-3 in the
section 9.4 and assumes a 10% peak transmission through the
cavity, a 10% photodetector efficiency and that Pcisson noise
is the dominant noise source. The cavity has to be carefully
designed and well shielded from thermal, vibrational and

acoustical disturbances.(lo)

Moreover, the fluctuation in
the intensity of the laser light during a typical integration
period must be less than the Poisson noise associated with
light beam.

" The basic operation of the two feedback loop stabilization
scheme is shown in a schematic diagram in Figure 9.2-2. Light
from a single longitudinal mode laser is passed through a
stable Fabry-Perot interferometer that has an inherent width
of less than 10 MHz and is detected on a photodetector. The
resonance fréquency of the Fabry-Perot interferometer is
modulated and the output of the photodetector, after phase
sensitive demodulation, is used in a fast feedback loop to
adjust the length of the long laser cavity so as to maintain
the laser frequency at the center of the Fabry-Perot resonance.
In this way, the laser frequency is not subjected to any

modulation which introduce undesirable sidebands at the laser

frequency. The modulation of the resonance frequency of the
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Fabry-Perot cavity may be achieved by varying the length of

(10)

the cavity piezo-electrically or magneto-strictively.

Alternatively, external FM modulation(so)

of the laser
frequency may be considered.

Drifts of the short cavity in the single-mode laser
configuration cause amplitude variations in the laser output.
Therefore, the length of the laser short cavity has to be
controlled by an auxiliary feedback loop to ensure that the
laser power output is always at its peak value. The phase
sensitive signal may be obtained in this case by modulating
the length of the short cavity which is not expected to have
a first order effect on the laser frequency. However, the
coupling effects in the single mode laser have not been
examined in detail. For better stability, the three mirror
short cavity can be made out of a solid quatrz prism which
is coated on all sides, as described by Johnson and Rigrod.(42)
The tuning of this short cavity can be carried out in this
case by varying the temperature of the prism, since the
response of this auxiliary loop need not be fast.

For the long-term stabilization and the setting of the
laser frequency, a fraction of the laser light is passed
through a molecular beam of iodine at right angles. The
resonance fluorescence of the iodine, induced when the laser

frequency falls within approximately the natural width of a

selected iodine resonance line, is detected on a photomultiplier.
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Maximum fluorescence is obtained when the laser freguency
coincides with the peak of the iodine resonance line. Any
deviation of the laser frequency from this reference is
detected by a phase sensitive demodulation scheme. The
resulting signal is used in a feedback loop to adjust the
length of the Fabry-Perot cavity so that the center of the
cavity resonance is tuned to the center of the iodine reso-
nance. In this way, the laser frequency becomes the center
frequency of the selected iodine resonance line. Again, to
avoid modulating the laser frequency, direct modulation of
the resonance frequency of the iodine transition by Stark or
Zeeman effects may be considered. Another possibility, is
the use of an external FM laser freqguency modulator(so)
which has been previously mentioned.

Feedback stabilization schemes are bandwidth limited.
This implies that laser frequency fluctuations that are
outside the bandwidth of the fast servo loop cannot be
controlled. It is therefore essential to start off with a
laser that is as stable as possible in free running operation,
in particular, with regards to high frequency noise. The
smaller the servo bandwidth required, the easier is the servo
design.

The factors that generally influence the speed of response
in the fast feedback loop are the signal to noise ratio in the
frequency discriminator and the frequency response of the

control elements.
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The control element in the feedback loop that has the
slowest response is the transducer that is used for tuning
the length of the laser cavity. Normally, the length trans-
ducer is a piezo-electric crystal which holds one of the
laser mirrors. The frequency response of such a mirror-
piezo-electric crystal combination is typically several kHz.

Smith(38)

achieved 40 kHz with a 1/2 inch diameter by 1/2

inch long crystal and a 1/2 inch diameter by 1 mm thick mirror.
Techniques for tuning the laser frequency more rapidly have

to be investigated in order to extend the bandwidth of the
sexvo. Based on the analysis in Section 9.3.1, it is perhaps
worthwhile to exploit the variation of the refractive index

of the discharge medium with discharge current as a means of
achieving fast sméll changes in the optical length of the
laser cavity.

An additional and perhaps a more significant restriction
on the servo bandwidth is the fact that the modulation fre-
guency discriminator must be at least 10 times greater than
the servo bandwidth to allow for adeqﬁéte filte;ing of the
modulation frequency. If piezo-electric modulators are
employed, the modulation frequency is limited to 50 kHz(lO)
which restricts the bandwidth of the sexrvo to about 5 kHz.
The investigation of other techniques for faster frequency

modulation is very worthwhile.

A simplified version of the servo loop is shown in Figure
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9.2-3, where the components with the dominant time constants
are considered and those components with shorter time constants
are left out. The lase; itself is represented by a pure gain
Al and the sources of laser frequency fluctuations are repre-
sented by the disturbance input Ul(s); G2(s) is the transfer
function of the laser length adjustment transducer which is

a second order function for a piezo-electric crystal; G4(s)

is a first order lag which corresponds to the integration

time in the Fabry-Perot frequency discriminator. The Fabry-
Perot interferometer, just like the laser, is represented by

a pure gain Ag with a disturbance input Uz(s) due to thermal
and mechanical sources. In the short term loop, the transfer
functions that have been left out include those associated
with the photodetector and the amplifiers. In addition, since
the modulation frequency has to be higher than the bandwidth
of the servo to achieve adequate filtering of the fundamental
and harmonics of the modulation frequency, the modulation and
subsequent demodulation processes are left out in this simpli-
fied representation.

In the long term loop, the dominant time constant is about
one second which is associated with the integration time in
the molecular beam frequency discriminator (G7)1 The transfer
functions of the Fabry-Perot length transducer, the photo~-
multipiier, as well as the modulation and demodulation

processes are ignored.
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Compensation networks G3(s) and G6(s) are needed to
ensure that the loop remains stable with as wide a bandwidth
as possible and also to.boost the low frequency open loop
gain to reduce static errors. The major unknowns at present
are the magnitude and frequency range of Ul(s) which can
appreciably influence the performance requirements of the
fast feedback loop. Sources of laser frequency fluctuation
are discussed in the next section.

The design and performance of a control system for the
He-Ne laser in which a Fabry-Perot cavity is used as a short
term reference and an absorption line in a neon gas discharge
is used as the long term reference has been discussed by

(10)

White. The bandwidth of the servo achieved by White was

about 10 kHz and the open loop gain was 50 dB at 0.1 Hz and
25 dB from 1 to 103 Hz.

The proposed control system in this chapter is similar to
that of White but offers the following advantages:

(a) the higher optical power of the argon ion.laser
increases the signal-to-noise ratio inAthe Fabry-Perot
frequency discriminator

(b) the use of the discharge current to vary the refractive
index of the lasing medium may prove to be an effective fast
laser frequency control element

(c) the integration time associated with the molecular

beam reference is about 100 times shorter than that associated
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with the absorption cell reference used by White.

The proposed stabilization scheme should in principle be
capable of holding the laser frequency to several parts in 1013
for an indefinite period of time. This is based on the capa-
bility of the molecular beam reference, as will be discussed
in section 9.4 and on the assumption that the laser can be

short-term stabilized to a few parts in 1013 for a period of

the order of a second.

9.3 Discussion on the Short Term Frequency Stability of the
Free Running Argon Ion Laser

The short term fluctuations and the short term drift of

the laser frequency have been studied by Jaseja, Javan and

(2)

Townes, . {1.15 p He-Ne laser), by Siegman, Benedetto Daino

and Manes,(Sl) (52)

o
(6328 A He-Ne laser), and by Freed,
(CO2 laser). The best frequency stability data was reported
by Jaseja, et al, who claimed a short term laser spectral

width of 8 parts in 1014 for less than a second’and a short

13 per second.

term drift of one part on 10
Unfortunately, data concerning the short term frequency
stability of the free running argon ion laser, thch is of
major concern in the proposed stabilization scheme, have not
appeared in the literature; the investigation of 'the argon

ion laser short term stability is considered outside the

scope of this thesis.
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9.3.1 Sources of Laser Frequency Fluctuations

The fluctuations in the frequency of the single longi-
tudinal argon ion laser .are generally caused by mechanical
and thermal effects and also by the variation in the refrac-
tive index of the lasing medium. Most of these noise sources
have been studied in connection with other types of gas
lasers.

Techniques for vibration and acoustical isolation are
discussed in references (2, 51, 52). In the case of the argon
ion laser, additional sources of mechanical noise exist, such
as the flow of water around the discharge tube and the forced
air for cooling the cathode and anode. New discharge tube
designs are becoming available where both the water and the
forced air cooling may be dispensed with. |

Because of the relatively high power dissipation in the
ionized discharge, the argon laser tube runs hotter than in
low current lasers. However, the variation of the length of
the cavity due to thermal effects is expected to be slow with
typical thermal time constants. .

The variation in the refractive index of the laser gain
medium changes the freguency of the laser according to the

following relationship

Av

Av A ALl
v

- o] - 2]+ |2
Lopt n = e o s s 9.3.1-1
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where v is the laser frequency; L is the optical length

opt
of the laser cavity; L is the physical length of the cavity
and N is the refractive index of the laser medium which is

assumed to fill the entire cavity. There are several effects

that contribute to the value of n so that

n=1+4+n, +n,+n, +n, « « o + « » 9.3.1-2

An An An An An
N 1, 2, 3 + 4
n n n n n
where:
ny is the contribution from the anomalous dispersion of the

gain medium. It is zero at the center of the atomic resonance
and has opposite sign on either side of center. At any one
frequency, the magnitude of ng is proportional to the popula-
tion inversion. n, can have a range of values up to about

1 x 10—4 which depends on both the population inversion and
the separation between the laser frequéncy and the center of
the atomic resonance. Variations in n, are expected to be
similar to those in other lasers that are operaéed at the
same laser power and gas pressure.

n, is the contribution of the neutral gas which depends on
the gas density. For an argon pressure of 1 mmHg, n, is

about 3 x 10~7. Again this effect is similar to that in other
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lasers.

ngy is the contribution due to the density of charged
particles in the plasma. The magnitude of n, is approxi-
mately given by ns ~ (;%)2 where fe is the electron plasma

frequency and Vo is the laser frequency. For typical

electron densities of lO14 electrons per cm3, fe = 3 X 10ll Hz
11
so that at the laser frequency of 5.9 x 1014 Hz, n, ~ 3X107
3 5.8x10t?
i.e. ng = 2.5 x 10—7. The effect of the ions is smaller by

the ratio of the electron mass to the ion mass and this factor
is ~ 10-5 for the argon ion. The effect of n, is obviously
larger in the argon ion laser than in low current discharge

7

lasers. For example, for n, = 3 x 10 ', the discharge current

must be held to one part in lO6 in order that the effect of

An3 on the laser frequency is less than 5 parts in 1013. The
fractional fluctuation in the discharge current due to Poisson
noise only should be smaller in the argon ion laser because

of the higher discharge current.

n, is the contribution due to plasma acoustical oscillations
which are cooperative phenomena that involve a large number of

charged particles. The characteristics of these plasma oscilla-

tions have been studied in helium~neon lasers by Belisio,

(54) (55)

Freed and Haus and, also, by Prescott and Van der Ziel.
In a d.c. operated He-Ne discharge, the threshold for the
onset of plasma oscillations depends on the dimensions of
the discharge tube, the gas pressure and the value of the

discharge current. The frequency spectrum of the oscillations
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appears to extend up to about 100 kHz.(56)

In r—-f dis-
charges where the driving frequency is in the tens of
megacycles, plasma osci}lations seem to be absent. Although
it has been indicated that plasma acoustical oscillations
may not exist in d.c. operated ionized noble gas lasers due
to the positive resistance characteristic of the discharge
at high currents, quantitative data are not available. 1In
addition it has also been claimed that rf operated argon
ion discharges did not exhibit any plasma oscillations.(57)

Other types of plasma oscillations may be caused by plasma
instabilities due to magnetic field effects associated with
the high density of charged particles and also due to the
external magnetic field.

The major contributions to the short term laser spectral
width are expected to come from the rapid chénges in the
refractive index due to plasma oscillations and current
density fluctuations. The other noise sources mentioned
above tend to contribute to the short term wandering of the
laser frequency rather than to the spec¢tral width.

It is clear that a thorough study has to be made of the
constricted argon ion discharge as to inherent instabilities,
as well as the effects of external magnetic fields, the para-
meters in the external circuit, gas pressure, current density,
etc., before a serious attempt is made at stabilizing the argon
ion laser. This may involve trying out new discharge tube

configurations as well as other methods of excitation such as
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an r.f. or possibly a microwave discharge.

9.3.2 Fundamental Noise.Sources in a Free Running Laser

A fundamental noise source in the laser medium is that
due to the spontaneous emission of the inverted population

which introduces a quantum phase fluctuation. This produces

a frequency spread of the laser oscillation Avf where (51)
Thv
_ 0 2 _
Avf = -5 (Avcav) e e e . o« . 9.3.2-1

where Avc is the width of the "cold" laser cavity
v Vv
0 E%E—; q is the cavity loss, and P is the laser power

=_Q——
output. For a 5% cavity loss in a 100 cm long cavity with a
power output of 1 mW, Avg = 1071 "5z or Bve/vy = 2 x 10716,

The thermal vibration of the cavity provides another
fundamental noise source. An estimate of the change in the
length of the cavity which corresponds to a frequency shift
Av = Vo %E caused by thermal Vibrations at room temperature
may be made as follows.

FPor a cavity consisting of a cylindrical rod, length L,

area A, and mass M at room temperature T, the amplitude of the

longitudinal thermal vibration X is given by
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where 1/2 kT is the equipartition energy and f is the

frequency of the wvibration, so that

1kt  1/2

n = ‘2‘1‘]:‘ ("2)
Mf s e e s 4 o e e o 9.3.2-2

For the longest x, f has the smallest frequency of vibration.

The frequency of the lowest stretching mode is

1 [y
f~ %5

where ’% is the velocity of propagation of longitudinal
waves in the rod, Y is the Young's modulus and p is the

density. Substituting in Equation 9.3.2-2 for f we get

1/2

A

kTp

Since M = pV where V is the volume of the rod, x becomes

1/2

kT)

X = v

Elhe

(

This causes a change in the laser frequency of

Av _x _ 1 (kT)l/2
oY) L T YV
For T = 3000° X, Y = lO12 dynes/cmz, L = 100 cm, V = 103 cm3,

then Av/v = 3 x 10—15. The frequency f of the lowest stretching
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mode is of the order of several kHz.
For the case in which the laser mirror is supported on a
piezo-electric crystal, where the combined volume of mirror

and crystal is 10 cm3 and the combined length % = 3 cm, then

1/2

Av X _ % 1 k7T = 10

1 (X5, -15
v L L 7w ¥V

The frequency of the vibration in this case is in the tens of

kHZ .
The narrowest laser spectral width that has been measured
so far, namely, 8 parts in 1014 for the Helium~Neon laser,(z)

is believed to be limited by external sources and not by

fundamental limitations.

9.4 Discussion on the Use of the I2 Molecular Beam as a

Long Term Reference

In order to use one of the resonances in the molecular
beam of 12 as a long term frequency reference, we need to
know (a) the signal to noise ratio expected in a specific
integration time, (b) the effective width of the resonance
and (c) the possible sources of shifts of the fgsonance
frequency.

Again, it is assumed, for the purpose of this discussion,
that the spectral width and the short term drift of the argon
ion laser are adequate, i.e., similar to the Helium-Neon

(2)

laser.
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9.4.1 Determination of the Resonance Peak

The signal to noise ratio dictates how well the peak of
the resonance can be determined. In the case of a resonance
line with a Lorentzian shape, the amplitude V(v) as a

function of frequency is described by

2
VO r

vV(v) = 5
(v - vo) + T

2

where Vo is the peak amplitude that occurs at Vo and 2T is

the width of the resonance line. The frequency discriminating
ability at any frequency v is given by the slope %%. The
points on the resonance curve that are most sensitive to

frequency changes are the inflexion points where the slope

%% is a maximum. The magnitude of the slope at the inflexion
points located at v - Vo = + I is
3
av _. 33 N
T T '8 r e e e s e e . s 9.4,1-1

max

If dv is assumed to be the uncertainty in the frequency
due to a noise signal AV, then Equation 9.4.1-1 may be re-

written as
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or

av - 2L ... 9.4.1-2

VO/dV

This relationship implies that the uncertainty in the frequency
at the inflexion points of the resonance curve is given by
the width of the resonance divided by the peak signal to noise
- ratio. For example, if the resonance width is 50 kHz, the
signal to noise ratio needed to limit the frequency uncertainty
to, say, 300 Hz, has to be %—g—%%; ~ 150.

Assuming only Poisson noise, the peak signal to noise

ratio is given by NOT/(NOT)W. where N, is the number of photons

0
detected per second and tv is the integration time. Substi-
tuting in Equation 9.4.1-2 we get an expression for the
frequency shift dv that can be detected in terms of a Poisson
noise limited signal which is

Av
dv = w

(NOT)Vz e e e e e e .. . 9.4.1-3

where Avw = 2T is the width of the resonance.

The signal to noise ratio in the measured resohance
fluorescence in the present experiments is about 20 to 1
in an integration time of 1/30 second and is closg to the
value estimated if Poisson noise is the dominant noise. The
measured value of the signal to noise ratio is expected to

remain the same when the effective doppler width of the



154

iodine resonance in the beam is finally reduced to 50 kHz,
as will be shown in the next section. It should then be
possible to detect a frequency shift of 300 Hz in an inte-

gration time of about 2 seconds.

9.4.2 The Effective Width of the 12 Resonance in the
Molecular Beam

In order that the effective doppler width of the I,
resonance in the beam approach the natural width of 50 kHz,
sources of line broadening have to be minimized.

The angular width of the molecular beam as defined by
the geometry of the slits introduces a doppler broadening.
If the molecular beam diverges by a small half angle 6,
then a symmetrical doppler shift of the resonance line
results duée to the projection of the molecular velocity
vector along the laser beam. The doppler width Av

doppler
introduced by the slits is given by

;b
A\)doppler =25 0V

where ;b is the average velocity of the molecules in the

beam and Vo is the resonance frequency of the molecular
transition. If the velocity distribution of the molecules

is taken into account, the doppler width is further broadened

to
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.4 p
=4 =08 v 9.4.2-2

Avdoppler 0 * c oo e e

because the width of the velocity distribution curve is
about 2 Gb'

Equation 9.4.2-1 applies, in the same way, to the laser
beam with a half divergence angle 6.

For I, at room temperature ;b = 1.87 x 10% cm/sec, so

that for Av the half angle & should be

doppler = A\)natural'
4 x 10_5 radians. This does not constitute much of a problem
for the laser, since 4 x 10"5 radians is within the diffraction
limit of a small lens where 9 = 1.22 % ; A is the wavelength

of the light and D is the diameter of the lens. In the case
of the molecular beam with, say 15 cm between the oven and
collimating slit, the restriction on 6 implies that each
slit cannot be wider than 107> cm. This reduces the present
beam intensity by a factor of 40. To offset this loss, the
oven pressure can be increased by a factor of 10 since the
oven slit is narrower and a shorter mean free path can be
tolerated. In addition, the interaction volumé can be
increased by at least a factor of 5 by enlarging the laser
beam diameter to cover the entire height of the molecular
beam at the interaction region.

Non-orthogonality between the laser and the molecular

beam introduces a doppler shift 6vd given by
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where ¢ is the misalignment angle. ¢ must be less than

4 x 10—7 radians or 0.07 seconds of arc for 6vd to be less
than 300 Hz. In order to eliminate the doppler shift due to
non-orthogonality, the laser light is reflected back on
itself through the I2 beam. This converts the misalignment
doppler shift to a symmetrical broadening of the resonance

line. A ¢ of 10—4 radians or 10 seconds of arc contributes

a broadening of about 50 kHz. A precision corner cube
reflecter may be used to ensure that the reflected beam is
superposed on the incident beam.

The interaction of the iodine molecule with static external
.fields can broaden the observed width of the resonance. The
calculations in Section 8.4 indicate that the dominant effect
comes from.the interaction of an external magnetic field with
the nuclear spin magnetic moment and also with the molecular
rotation magnetic moment. In a field of one gauss, these
interactions contribute a symmetrical broadening of the
order of 1 kHz which is small compared with the 50 kHz
natural linewi@th of the molecular transition. In any case,
magnetic shielas may be used to reduce this effect if necessary.

9.4.3 Frequency Shifts of the I, Resonance in the Beam

2

If the iodine molecule is observed at an angle ¢ with
respect to the normal to its direction of motion, the

apparent freguency v' of the transition is given by
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Yo

! — ~ttn..
v v

v(1 - EE sin ¢)

where VO is the true frequency of the transition, v, is the

b
velocity of the molecule, ¢ is the velocity of light and

V2 -1/2
y = (1 - -5) is the special relativistic factor.
c

The shift due to the misalignment angle ¢ has been
discussed in the previous section under a first order doppler
shift.

The effect of the relativistic time dialation reduces the
true frequency Vo by a factor of order Gg/cz, the so called
second order doppler shift. The average velocity of the
molecules in the beam is v, = 1.87 x lO4 cm/sec, so tggt

° v Vb
the contribution of this relativistic effect is o —5 =
c

3 x 10_13, i.e. a shift of 200 Hz. The variation of this

shift with the temperature in the oven is given by

Av

v

T

where AT is the change in the oven temperature T.. For

-13
3 x 22 AT = 107Y° AT and is clearly

a small effect. The velocity distribution of the molecules

T = 300° K, Av/v =

in the beam contributes a slight broadening about the
shifted center frequency of the resonance.
The frequency shift due to the recoil of the I, molecule

in absorbing a photon §8v is obtained from conservation

recoil
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of momentum and its maximum value is

6Vrecoil max _ 0 - ~-12

vO M. ¢

where M12 is the mass of the I, molecule. This is not a
shift in the true sense since it belongs to the natural
excitation process. The center frequency of the resonance
must obviously take this into consideration.

A possible source of frequency shift may be caused by
the variation in the intensity of the laser field. This is
termed "intensity shift" which is due to a perturbation of
the energy levels in the molecule by the application of a
resonant time-varying field. This has been observed in the
case of the Cesium atomic beam clocks where the effect was

of the order of cycles/mW of incident energy.(sg)

(59)

A study
of such an effect has been made by Mizushima who shows
that there are two types of shifts in the frequency of the

transition; an electric shift Qe and a magnetic shift Qm

which are both dependent on the applied field. These are

given by
C2
_ -0 . 2 . =1, ., _ —l}
9, = — Z](alex M) | {§w+wa WY) +( hw+wu Wy)

Y

. 2 -1, _ -1}
_§|(B!ex Me]y)l {(hw+wB WY) +( *h.w+wB WY)
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and 9.4.3-1

e}
]
hﬂcgh

Z[(alei'Mle)I%{(5W+WQ-WY)—l+(*hW+Wa“WY)_l}
Y

- i (Ble! '™ |y)]2{(hw+w ~w ) "L (= b, W )‘l}
Y A Tm B Ty B Ty

where 0,8 refer to the states associated with the transition
having energies Wa’ WB; Y is a variable which refers to other
states but does not include either o or B; w is the angular
frequency of the incident radiation; Y BO are the electric
and magnetic vectors of the applied field; I(aleA'MeIY)] is
the electric dipole moment matrix element between states o
and vy, and ](a]ei’Mm]y)[ is the magnetic dipole moment matrix
element between states o and y.

Equation 9.4.3-1 may be used to obtain an order of magni-
tude estimate of the shift in the 12 transition by use of
some simplifying assumptions. The dominant efféct in our case,
i.e. electric dipole transition, is the electric shift Qe,
where o refers to the lower level and S refers to the upper
level of the transition. The largest contribution comes from
the term associated with the resonant denominator (1’1.W+WOL--WY)—l
when the level vy is closest to level 8, i.e. when WY ~ WB'
If the level vy is assumed to be a close rotational level to
the upper state B, where the separation is around 1000 MHz,

then the wvalue of the resonant denominator becomes (lO9 h)nl.
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In addition, (a]eA'M 2

2 . .
o|v)7 is approximately (ale, "M _|8)

. . 2 . . . .
which is u™ . (B]ex Me|y)2 is zero since pure rotational
12
transitions are not allowed in a homonuclear molecule.

Thus, Qe becomes

2 5 > 2
-_ sn— h - = —————— e t—
e 2 W+Wu WY 2 109h
2 -38 2 gq
The measured Mqo is 10 e.s.u. and CO =< I where I is the

2

laser intensity at saturation per cm2 so that Zg = 2 x 10_6

(stat volts/cm)2 for I = 2 mW/cm2. The frequency shift éve

due to the laser intensity becomes

= 0.2 Hz

B"K)
0]

Sv_ =
e

and is a small shift.

Let us now consider the interactions between the molecules
in the beam. The absence of a molecular dipole moment makes
the molecular guadrupole moment interaction the dominant
interaction between the molecules in the beam. A typical
beam density at the interaction region is estimated in Section
5.2 as p = 3 x 1010 molecules/cm3. This implies that the

average spacing between molecules in the beam is (p)”l/3 or

3 x 10_4 cm. This is larger than a molecular diameter by a
factor of 3 x 104. Perturbation of the molecular energy

levels due to the quadrupole-quadrupole interaction between
31

the molecules is of order & ? and is about 10 - ergs where

R
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a is the molecular diameter and R is the average spacing

between the molecules. This perturbation contributes a

shift in the energy levels of %2 ~ 10_21.

9.5 Applications of Long Term Stable Lasers

There are several areas where a long term stabilized
laser may be useful.

(a) Wavelength Standards. This is perhaps a natural

application, where both long term stability and resettability
of the laser frequency are important. The wavelength standard

at present (60) 86

is the 2p10 - 5d5 emission line of Krypton
and is defined to an accuracy of one part in 108. The gas
laser, so far, has not been a strong rival to the Xrypton
lamp. A molecylar beam stabilized laser, however, may
eventually supersede the present wavelength standard. In
the case of the 12'— 5145 i laser scheme, the wavelength of
the chosen Izvresonance would become the standard. Assuming
adequate argon ion laser short term stability, the resettabi-
lity of the laser frequency should be better than one part in
1012,

(b) Geophysics. A laser that has good long term stability

might make it possible to measure low frequency or DC strains

h.(Gl) In particular, the strains associated

in the eart
with continental drift, have been estimated to be of order

AL/R ~ 10—lO per year.(l)
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(c¢) Communication. A laser local oscillator with a

narrow spectral width at a known frequency enhances the
signal to noise power ih heterodyne detection in optical
communication. The ratio of the signal to noise power Py

n
is given by

LY

Il

-
&la™

where As is the power in the received signal; AB is the
bandwidth of the I.F. receiver and k is a constant. The above
expression assumes the photodetector is dominated by Poisson
noise of the local oscillator.

The I.F. bandwidth is, in principle, determined by the
bandwidth of the information in the received signal. 1In
addition, the I.F. bandwidth must also be wide enough to
accomodate for drifts between the local oscillator and the
transmitted carrier. In the case where signal to noise is
more important than the bandwidth, it is advantageous to
maintain a small bandwidth, thus neceséitating the frequency
stability of both the carrier and the local oscillator.

(d) Physics. A clear application of such(é device would
be in the study of the interaction between coherent radiation
and individual unperturbed molecules; for example, intensity

(59)

shifts, resonance excitation in which the optical transi-

tion probability goes like sin2't rather than t, saturation
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broadening phenomena, etc.

(e) Experimental Relativity. One experiment that is

contemplated as soon as, two stabilized lasers are available

is the measurement of the anisotropy of mass in the I
(62, 63, 64)

2
molecule. The laser should also find applications
in "Ether drift" experiments, in particular, it may become
possible to perform one way v/c measurements; for example,

beating two independently stabilized lasers that are located

at different distances from the detector.
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CHAPTER 10

SUMMARY AND DIRECTIONS FOR FUTURE WORK

10.1 Summary of Work Accomplished

The principal objective in the thesis is to find a
stable and sharp optical frequency reference that may be
used, in a feedback loop, to stabilize the frequency of a
laser.

Atomic or molecular resonances, observed in a molecular
beam, are natural candidates for such an application. Mole-
cular beam techniques provide a means for observing isolated
particles where collisions are virtually absent. The effective
doppler width of the transitions is very much reduced if the
beam is well collimated and the particles are observed at
right angles to their motion. Several technigues of using
a molecular beam in laser frequency stabilization have been
presented.

The major accomplishment has been the resonance excitation
of molecular iodine in a beam by a 5145 ﬁ single longitudinal
mode argon ion laser. As far as is known, this is the first
report of a laser induced transition in an atomic or molecular
beam. The excitation of the 12 ﬁolecules was detected by

observing the resonance fluorescence of the molecules as a
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result of laser excitation. Resonance fluorescence first
appears when the laser frequency is about 600 MHz above that
of the center of the laser gain curve and extends over
approximately 1300 MHz. The structure of the observed reso-
nances has not been completely resolved because the inherent
width in the apparatus was of the order of 10 MHz, due to the
spectral width of the single mode laser. Several of the
resonances have a width of 22 MHz which is comparable to the
limiting width in the apparatus. This implied that the ulti-
mate width of these lines might be narrower than 22 MHz.

A measurement of the lifetime of the excited state in I,
was then carried out to determine the natural width
of the observed transitions. The lifetime measurement was
performed by pulsing the laser light and then observing the
decay of the induced fluorescence. The time constant of
the exponential decay, i.e. the lifetime, was measured as
3 u seconds. The natural width of the transitions is inferred
to be 50 kHz from the measured lifetime.

Analysis of the data from the molecular beam experiments
as well as absorption cell measurements showed that

(a) the iodine transitions saturated at a power spectral
density of 4.0 x 10—'10 Watts/cmz—Hz;

(b) the dipole moment matrix element was 1.0 x lO—19 e.s.u.

and

(c) the total population fraction of the molecules involved
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3

in the observed transitions was 2 x 10

The electronic states in I2 that are involved are the

X'r, ground electronic state and the B3H+ electronic state.

An thempt has been made to identify the zﬁbrational and
rotational guantum numbers associated with the observed
resonances as well as to explain their structure. Estimates
of the hyperfine structure in the 12 molecule showed that the
nuclear electric guadrupole interaction is the dominant one.
The guadrupole splittings can extend from 200 - 800 MHz,
depending on what the value of eqgQ in the B3II3 state turns
out to be. The values of egQ in both the X'Z+u and the B3H$u
state have been estimated by heuristic argumegts. The hyper-
fine interactions due to nuclear spin-spin and nuclear spin-
molecular rotation contributes a splitting of fhe order of

1 kHz. The external field dependence of the 12 transitions
is also small. The observed spectrum was then compared with
the calculated 12 spectrum, based on presently available
molecular constants. With or without hyperfiné structure,
the calculated spectrum did in no way resemble ﬁhe observed
data. Since the upper vibrational level v' is high and the
anharmonic vibration constants for such a high’vibrational

level in the B3H+ state are not well known, it is not

ou
surprising that the calculated spectrum was found inadequate.
The significance of the experiments performed lies in the

possibility of using one of the iodine resonances as an
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external frequency reference in the feedback stabilization of
the argon laser. A proposed scheme for stabilizing the argon
laser using an 12 molecular beam has been briefly investigated.
The short term instability of the argon laser due mainly to
plasma oscillations is expected to be a problem. Based on

(a) the narrow width of such a reference,

(b) the fact that its center frequency is not Stark
shifted by collisions in the molecular beam, and

(c) the large signal to noise ratio in the fluorescence
data, a high frequency stability and resettability, of the

order of several parts in 1013

; 1s anticipated.
Several applications of longterm stabilized lasers have
been discussed in such areas as length standards, geophysics,

communications, physics, and experimental relativity.

10.2 Directions for Future Work

The observed resonance interaction between the argon laser
and a molecular beam of iodine marks only the beginning of an
exciting research program. Several directions for the immedi-
ate future with different emphasis will be car;;ed out.

One, is in the area of laser frequency stabilization where
the immediate problem to be tackled is the short term stabi-
lity of the free-running argon laser. This wili be followed

by the use of an external Fabry-Perot interferometer, in a

fast feedback loop, as a short term reference and the 12 beam
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as a long term reference. The use of resonance fluorescence
induced in a low pressure gas cell of I, will also be invest-
igated for lasers where.high frequency stability is not re-
qguired.

Two, is a thorough analysis of the observed I, spectrum

2
using a stabilized argon laser. This is of much interest
because iodine, like other diatomic homonuclear molecules,
can only be studied by optical spectroscopy.

Three, is the investigation of other laser-molecule
interactions in molecular beams. In particular, a suitable

scheme for the long term stabilization of the powerful CO, .,

10.6 micron, laser would be of much interest.
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APPENDIX A

DETERMINATION OF TRANSITION PROBABILITY IN
A TWO-LEVEL SYSTEM

Assume we have a two-level system in which the enerqgy of
the upper level is Ea and that of the lower level is Eb' in
the presence of a time varying electric field E = EO cos wt,

the total Hamiltonian.)(along the x-direction becomes

){ =){0 - elx E0 cos wt

where‘h% is the time independent unperturbed Hamiltonian of
the system. A solution to the Schroedinger equation for ){
can be written

-F -
a b
Rt oF
v=alt) v e + b(t) v L

t

where wa and ¥y, are the unperturbed eigenfunctions associ-
ated with levels E_ and E,; and a(t), b(t) are time varying
coefficients. After substituting in the Schroedinger equation

_-}% —g—{l’_j— =)(11: for ¥ and y(we get

%% = %'uab EO b cos wt elWOt
X .
and
%% = %'uab E, a cos wt e 1Vt

X
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where w, = ——; uabx = fv, | ex| ¥, dT is the off-diagonal
dipole moment matrix element and it has been assumed that the
diagonal matrix elements are zero, i.e. Sy | e | v, dT=u_,

and fwb[ ex | Yy, dT=u 0.

bb
Now using cos wt = 1/2 (eth + e—th), the above expres-

sions become

3 = 7% Map, P Bg e 0"
X
and

X

This is a pair of simultaneous differential equations and

may be solved to give(65)
' i(wo—w)t y
. 2 2.
a(t) = -~ 2iB e sin %‘[}w—wo)z + 482] t
2 214
Ewo—w) + 48]
Mab_ Eo

X
where 8 = — g

If the atom is initially in state b, i.e., |a|2

=0,
Ibl2 = 1, then the probability that the atom is in state a
after application of the field for a time t, is given by

2 4p2 21 2 ZVL
la(t) | = g 2 ¥ 752 sin® 3 [}W_WO) + 4B]t

IaI2 is called the transition probability.

(66)

Here, Yariv's treatment is followed to simplify this

0
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relationship to

2

Ia(t)!2 = g g(v—vo)t

where g(v-vo) is the normalized lineshape of the transition.
Substituting for 8, we get

2 2
Hab E0

2 X
la(t) |© = ——=— g(v=-v,)t
ah? 0

Now Eg may be expressed in terms of the energy, PO’ in the

laser beam so that

=]

c 2 _ _
-Q—EEO—PO'_ f I(v) dv

- OO

where I(v) is the spectral intensity of the laser. Substituting
for Eg, we get

2
8Truab 0

—_—% S T(v) g(v-vo) dv
4

la(e) |2 =
e o

If the variation of I(v) with v is small compared with g(v—vo),

then I(v) may be taken outside the inteéral to give the following

expression
2
2 zmlabx
|a(t){ =~;—“*§———I(V)t
hec
since

(o]

S g(v—vo) dv =1

- OO
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The orientation of the 12 molecules in our case in

random so that the effective dipole moment matrix element

H is given by u2 + u2 + u2 . The transition
12 12 12 12
2 5Tz y 4
P12 T
3

probability then becomes

3
late) |2 = 8 u2 (e
3h"c
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APPENDIX B

Computed I, Transitions Using Available

Molecular Constants

The I, transitions between the X'Z3g and the B3H+
states that fall within * 10 cm ! of the 19430 cm L
(5145 i) laser line have been computed using the molecular
constants given in references (26) and (27). The listing
of the computed lines in numberical order is included below.
The column headings from left to right are:

(a) wavenumbers away from 19429.79 cm™t laser line

(b) ground state vibration number v"

(c) upper state vibration number v'

(d) ground state rotation number J"

(e) paftition function of v", J" level

(£) indicates values of AJ computed; 1.0 for AJ = + 1

and ~1.0 for AT = - 1

(Note in columns (b), {(c), (d), and (f) the computer output
shows an extra factor of 10 which should be ignored. For

example, 660.00 should be 66.00.)



~9.9367674F CO

.=9,8996582F 00  __.

-9,8994141F 00
'~9,8437500F 00
-9,8432617F 00
-9.8083496F 00
-9.7705078F 00
-9.7382812E 00
-9,7341309E 00
-9.7172852F 00
-9,7131348F 00
=9.7119141F 00 .
-9,7050781E 00
~-9,6035156F 00
-9, 5668945F Q0
-9,.5625000F 00
-9,5605469F 00
~9.5095215F 00
-9,5092773F 00
-9,.4895020F 00
-9,.4685059E 00
-9.4262695F 00
~9,3930664F OO
-9,38867T19F Q0
-G,2R813477F 00
~9,3581543F Q0
-9,3579102F 00
-9,35522446E 00
-9,3469238F 00O
-9,3244629F 00
~Q,318847TF 00
-9,2988281F 00
-Q.1955546F 00
-9.1633301F 00
-9,1579%90F NO
~9,1542969E 00
~9,1298828E€ 00
~9.1093750F Q0
~9.,0922852F 00
-9,0791016F 00
-9,0344680F 00
-9,.0048828€_00
-R.9638672F 00
~-8.9348145F OC
~8,R8935547F 00
-B,2618164F 00
~B.8342285F 00
~-R.8266602F 00
-8, T6TNBSBE 00
-B.76269%3EF QC
~-8.7231445F 00
~R,6442871F 10
~-f,6391602F 00
~B.6342773F 00
-8,6313477F 00
-R,5917969F 00
-8.5585937F 00
~8.5493164E N0
~-8.,5251465€ 00
~8.51T0898F QC
-8.5039n82F 00
~8.4919434F 00
-R.4902344E 00

=8,4738770FE.00Q . ..

-8.,4567871F OC
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20.0 630.0
200 6500
20.0 600.0
20.0 640.C.
" 10.0 780.0

- 200 600.0
20.0 640.0
N0 110.0
10.0 46C.0
20.0. 660.0.
0.0 820.0
-20.0 . . 660.0
0.0 840.C
20.0 . €10.0
10.0 £00.0
0.0 830.0
0.0 450.C
S10.0 0 .510.C
20.0 £00.0
20.0 £20.0 .
20.0 610.C
20.0 £0C.C
10.0 530.C
10.0 490.C
0.0 430.C
10.0 §40.C
20.0 620.C
10.0 740.C
10.0 760.0
10.0 520.C.
0.0 430.0
10.0 150.C
10.0 780.C
20.0 660.0C
20.0 660.0
20.0 600.0
20.0 65C.C
20.0 £3C.C
20.0 650.C
20.0 £00.0
0.0 80C.C
20.0 £30.0
0.0 40.,C
20.0 £4C.C
20.0 610.0
20.0 €40.C
20.0 £0C.0
10.0 180.0C
20.0 600.C
20.0 €10.0
10.¢C 490.0C
20.0 66C.0
20.0 6£0.C
10.0 160.C
20.0 620.0
10.0 510.0
i0.0 770.0
20.0 £00.0
10.0 500.¢C
0.0 430.0
20.0 620.0C
0.0 190.0
20.0 600.0
o {le0 . 440.0_ .
0.0 430.0
MmN AN n

270.0

.~.23C.0

100.0
240.0
240.0
120.0
2€0.0
430.0
330.0
140.0
68C.0
1€0.0
3¢€0.0
150.0
510.0
5¢€0.0
7€0.0
67C.0

SC.0
230.0
210.0
11€.0
850.0
3C0.0
3Cc0.0
89C.0
25C.0
7320.0
57C.0
710.0
270.0
650.0
250.0
120.0
18C.0

80.0
2C0.0
24C.0
220.0
100.0
REQ.O
2€0.0
370.0
230.0
18C.0
250.0

70.0
220.0

50.0
2€0.0
320.0
120.0
140.0
550.0
220.0
640,0
440.0

€0.0
530.0

. 25%0.0

240.0
9¢€0.0
80.0

ACC.0 . .

260.0

Tan n

T« 1BER254E~-04
€.37C3419€-04
3,0793087E-04
6.5849209E~04
1.82€1259€-03
2.€25G9485E-04
€.5543164E-04
2.57€1828€~-03
2.27%3943¢-03
4.17713543E-04
6.8344084E~-03
4.7C13699E-C4
6.6229440E-03
5.45C3698E-04
2.£€64C561F-03
T.3€24179€E-C3
€.2C£7439F-03
2.4880113E-03
2.7959771€E-04
€.27C3419€E-04
5.9223059E-04
1.35¢3G46E-04
1.93C2772€-03
2.14265C8E-03
5.5447587¢-03
1.7828662E~-Q3
6.7679621E-04
2.33C4315E-03
2.6475668E-03
2.20£7814E~03
5.5286400E-03
2.53134934E-03
1.R838202¢F-03
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1.8681641F 00 10,0 780.0 70.0 6. 1585884804 ~10.0
1.8798828F 00 10.0 - T700. - 3£0.0 ... 2.38820126~03 =10.C. ..
1.88?281728F 00 0.0 430,.C 80.0 1.93C1041€~-03 -10.C
1. 8876953F 0D 20.0 ..  £30.0 . _. 50.0 . l.6%€1043E-Q04 =10.0..
1.8989288F 00 20.0 €40.0 10.0 4.40843939¢€-08 -10.0
1.9030762¢ 00 20,0 . 640,00 20.0 1.0644982E~-04 10,0
1.9187T15F 00 20,0 630.0 70.0 2.22CT499€E~-04 10.C
1.9736328¢ 00 0.0 - R00.0._ .. AS0.0 _ 5.3530186€E-01. =10.0. .
1.9770508€ 00 20.0 640.0 20.0 T-4686701€-08% 10.C
2.0Q830C8E Q0 200, . .. £40,0 N0 1.49%53318E~-05. . .. 1Q.Q. __.
2.0122070F 00 20.0 640.0 10.0 4,4843539E-05 10.0
2.0144043F Q0. . 0.0 4400 510.0 1.38184386=-03 _ __=~10.0
2.0756836F Q0 10.0 780.C 0.0 6.95985976-04 10.0
2.0769043F 00. . . . 10.0_ .. 490.0.. ._.180.0 _ 1.4427032€6-03 _ . 10.C.___
2.0874022F 0N 0,0 450.C 710.0 6.6159303€-03 " =10.0
2.1062012€ 00 200 6300 40,0 13410152 E=06 . __ =100 .-
2.1303711F 00 20.0 €30.0 €0.0 1.92€4520€-04 10.0
.. 2.1391602E 0N 10.0 1400 €00 2.432878724E~-03 =10.0
2.1501465E 0C 0.0 430.0 100.0 2.3681736E~03 10.0
2.1694336F 00 .. - 0.0 . 430,00 30.0 1.7078803E=03 .. __- =000 .
2.1884766F 00 10.0 780.C €0,0 5.35CT416E~-04 ~10.0
_2.2236328F 00 . ____ 10.0._ 140.0 5000 _ 2.66C1G802E-03._ . _=10.0
2.2602539€ 00 10.0 490.0 150.0 1.2317603€~-03 -10.C
-202897949E 00 - 20,0 - 630.0 30,0 1.0444982E-04 =10.0
2.3056641E 00 20.0 €30.0 50.0 1.63E1043E~04 10.C
-~ 2.3288574F 00 . 0.0 840.0 2%0.0 . 5.8115870F=03__ . ___10.0____
2.3425293E 00 10.0 730.C 7€0.0 2.23€E8427€E-03 -10.0
-2+36840826 00— 10.8 1N0.0 - ——-8S0.0 - 1.7838662E=-02__ 100 _
2.369B73CE 00 10.0 780,0 70.0 6.15€5684F-04 10.C
—-2+39358547E 00— ——10.0——720,0  820.0 2,.03733606€6=03 . -10.0
2.40B6914E 00 0.0 430.0 $0.0 2.15C2748€E~-03 10.0
~25187012E. 00 - - 10.0- - 550.0--._ - 930.0 .. 1,63%59277€=03__ 10.0_.
2.4235840F 00 0.0 470.0 970.0 4.1293018E-03 -10.C
-2.562857812E 00 . Da0 ... 4300 . 60,0 . 1.4838646E-03 _  _ -10.0__ __
2.4340820E 00 20.0 £30.0 20.0 T.46€E6701E-05 -10.0
2. 4499832 00 20,0  630.0  40.0 1.34]01853E~-04 = 10.C
2.4582520E€ 00 10.0 500.0 4 60,0 2.6246309€E~03, 10.0
~2.467TT34E 00 . _10.0 mM0.0_ .. 50.0._ 4.5372313€6-04 = ~-=1Q.0Q0 __ .
2.5092773F QO 10,0 540.0 850.0 1.9302722€-03 -10.0
- 2.5673633E 00 .. _ . 20,0 £30,0 . 10.0 .. %.4843939E=-05_._ ~=10.C0_  _.
2.5554199€ 00 20,0 €30.0 30.0 1.0444982E~-04 10.0
~2.608898587€E 00 10,0 = 480.0 170.0  1.3744540E-03 . _10.0
2.6232910F QO 10.6 7180.0 60.0 5.35CT486E-04 10.0
~2.5284883F 00 __ 20,0  ___ £30.0_ . _20.0. . 1.4E867018-05____ _10.0 _
2.6369629F 00 0.0 430.0 80.0 1.9301041E~-03 10.0
- 2.6520996E 00 - D0 430.0... .. 50,0 - 1.258286226-03. . =10.0. . .
2.6567383F 00 20.0 630.0 0.0 1.49%3313€6-05 10.C
10,0 #.4843939F-05 0.0
2.TO60547F 00 10.0 180.0 40.0 3, T1E8944¢~-04% ~-10.0
- 2+T1T1929689€ 00 . 10,0 .~ 150.0_ —__A20.0___2.56€28%8¢E-03.. . _10.0____.
2.7810059€ 00 10,0 520.0 T20.0 2.38524T16-03 10.¢C
-2+ T1814941E 00 . 10,0 490,00 . L40.0 _ 1.1584614E-03__ =300 __
2.82226%6E€ 00 10.0 560.0 9%0.0 1.56219208€~-03 -10.0

2-82A1T19F an mn.n K10.0 A10.0 _ 2.6017006F~03 C10.0.



2.82471689F
2. 3356934F
?.8679004F
?2.8723145F
?2.8835449F
2.9033203F
2.9255371F
2.9401855F
2.9953516F
3.0026855€
3.0063477F
3.0070801F€
3.N134277F
3.0148924F
3,0595703F
2, 1093750F
3,12329109F
3,1284180F
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3.1401367F
3.1484375F
3.1752930€
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3, 2470703F
3,2536621F
3.2707%20F
3.27539n4KF
1,2829590QF
2,3239746F
3,37036113F
2.3775584F
2,3769531F
3,3793945F
3,.3867188€E
2,472387281F
3.429A875F
2, 4785156F

1, 5466308F ¢

3,5773924F
3.6101074F
3.61RAK23E
3,£379395¢F
2,6621N094F
2, 7282715F
3.76T57R1F
2, 7878413F
3, R52539F
3,96R6816E
3.,9R9A972F
3,977A563F
4,N0N4R83F
4,00585G94F
4.,0124510F
4.0176719E
4,15380R84F
4,1557617F
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4,7744141F
4,2817383F
4.3247188F
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4.4426270F
4,452397AF
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430.¢C
780.0
430.C
170.0
£30.C
780.C
830.C
71¢.C
840.0
43C.0
460.0
780.C
430.0
500.C
780.0
490.0
820.C
f10.C
18C.C
430.C
430.C
780.0
780.C
430.C
430.0
490.0C
780.0
180.C
43C.0
43Ca.C
430.0C
770.C
£90,.0
430.C
440.C
790.C
750.C
840.C
450,.C
4€60.C
440,C
7€C.C
510.C
490.0
6GCLC
54C.C
£20.C
5C0.C
450.0
830.C
5€0.C
800.C
7CC.C
490.0
450.C
530.C
840.C
740.C
160.C
550.C
450.0
770.C
490.0
S00.C
820.C
mnn.n

30.0
2C.0
0.0
3%0.0
970.0
10.0
520.0
920.0
60,0
280.0
150C.
850.0
5C0.0
51C.0
580.0
120.0
9%50.0
370.0
660.0
4%50.0
730.0
5C0.0
970.0
R€0,0
920.0
140.0
110.0
800.0
2¢0.0
7C0.0
450.0
900.0
T€0.0
3¢€0.0
120.0

630.0

ein.n

4.5272313€-C4
1.0313215E-03
2.4215234E-03
2.1740408F-03
2.8G€5548E-C4
7.361C0060E-03
1.8574332€~C3
5.5286400E-03
1.4838646E-03
5.C462026E-03
3.71E8G44F-04
8.02ZR202€-04
2.57£1828E-03
2.07T17206RF-04
1.3C?7P13E-03
7.01€6333€F-03
€.29€6363E-03
2.8G£5948F-N4
1.25F2£27F-03
5. T4185756~-04
1.2436N91E-04
2.07120¢€8€E-04
1.0313215€E-03
3.448T7690F-04
1.0826568E-03
1.2426CS1E~-04
4,14€8433E-05
R.0228202F-C4
5.7428515E-04
1.14€9999E-C4
2.35273C6E-03
1.48S0060E-03
3.44E7690E-04
7.2922¢33E-03
4.53£7442E-03
?.,€155838F-03
5.6728497E~-03
1.22176C3E-03
5.3520186E~-03
7.37712222€E-03
2.6£40561F=-03
2.€3€5640E-03
1.0083192E-C3
1.5621328€E-03
1.8574332€-C3
2.43S7874E-C3
2.61(5%05€E~-03
€.4627379E~-03
T.3172222E-03
1.48%50060E-03
5.252338%E-03
1.6359277E-C3
1.1564€14E-03
9.31¢82%02¢~-C4
2.1067390E-03
5.37S0510£-03
2.41329807E-03
2.6543427E-03
1.7465209£-03
6.6944361E-03
2.3882012E-03
1.0839568E-03

2,5557871E=03 .

7.12854149E-03
1.7069218F=-03
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~-1C.C
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10.0

1.4527014€-03

4,5297852F 00 £€80.0 980.0 -1C.C
4. 5476074F_ 00 1N.0 . 490.0 . 1€Q.0 8.53¢5179¢€-C4 -30.C
4,68725%59F 00 10,0 730.C T70.0 2.20€7814E-03 ig.C
4.ARR2324F Q0 0.0 470.C 940.0 3.5285943E-03 1C.C
4.7214355€E 0Q 0.0 R40.0 27C.0 5.52€E6400E-03 10.C
4, 7675781E 00 100 Sic.C 600.0 2.6155838E~03 10.C
4.7905273F 00 10.C 4S0.0 120.0 1.0CE3192€-07 17.C
Ao 8334961F 00 10.0 ° 170.0 340.0 2.31%1245E-03 -10.C
4.8564453F OO0 0.0 810.0 7€6C.0 €. 2087439E-03 10.C
4.3091797F 00 10.0 490,.C 90.0 T.71527843€-04 -10.C
4.9125977F 00 10.0 74C.C 680.0 2.4644830F-03 -10,.C
5.0009766F 00 10. 120.0 820.0 2.0020164€E-03 0.0
5.,0012207¢ 00 0.0 440.0 52C.0 7.39232596E-03 1¢.¢C
9.17336914E a0 10.0 570.0 980.0 1.4527014£~-03 -1C.C
5,0527344E 00 0.0 830.C 480.0 7.13¢2130E-03 -10.C
5. 1047363E 00 10.0 520.C 710.0 2.381711143E-C3 1C.C
5.1311035F 0OC 10.0 460.C 110.0 S.31€2502E-04 1C.C
5.1921381€ 0OC 0.0 . . 440.Q0 4S0.0 1.3610040E~-03 -10.C
Se22456094F 00 10,0 150.C 610.¢ 2.6C17006E-03 10.C
5.2390137F 00 10.0 490,0 . 80.0 6.9598597E~-04 -10.C
5.3066406F 00 10.0 500.0 540.0 2.5944465E~03 10.C
9.3315430F Q0 0.0 840.C 250.0 5.2241981E-03 -10.C
5. 36BRIKSF OO0 10.0 730.¢C 750.0 2.27C1756E-03 -1G.¢C
5.3937988F 0OC 10.0 - 8540.C 840.0 1.96€3055€-03 -10.C
5«4399414F QQ 10.0 490.C 1C0.0 8.,53¢€5179E~-C4 10.0
5.5079684E 00 10.0 S30.0 710.0 2.20ET7B14E-03 -10.C
%5.5161133F 0Q 10.0 550.C 920.0 1.67291056~03 10.C
5.5236816F 00 R D B 4£70.C 9£0.0 %4.,23C5440E~03 -10.0..
5.5368652F 00 10.0 490.C 1C.0 6.1585684F-04 ~10a.C
5.5593262E 00 DeB-m 800.0 B40.0  5.4528458£-03 ~=10.0.
5.5920410F 00 10.0 510.0 570.0 2.£47715668E~03 -10.C
5.6337891F 00 10.0 720.0 810.0 2.0122842€-03 =10.C..
5.6611328¢F 00 10.0 760.C 500.0 2.66C1902E-03 10.0
5,7082520F 00 B DN s R 460.0 . B70.0.. S5.1510222F-03 ... .10.C.
5. T165527€ 00 10.0 490.0 €0.0 T-7537843E-04 10.C
5. 7358398E QQ0 e DB 190G —-940,0 - 4.4343621E-02 . . 10,0 ..
5.7727051F nO 10.0 770.0 350.0 2.3%27306E-03 10.C
5. 7TR29590F 00 . [ s IO, KRS & 1 s DN o) .880.,0-  1.82C7177E-03 .. 100
5.8027344F 0C 10.0 490.0 60.0 5.35CT416E-04 ~-10.C
5,8381348F. 00. 100 - - B500,0 . 410.0. 2.5322463E=03_ . __=10.0_ ..
5.8%503418F 00 0.0 R20.0 640.0 T.0745870E~-03 10.C
§,R5302723E 00— - 0.0 840.0 260.0 5,37¢0510E-03 10.0
5.9121094F 00 10.0 750.0 590.0 2.6278887E~03 -10.0
5.9614258E 00 . . 10.0 480.0- . . .B0.0... 6,9598597E-04 --10.0.
£.0368652F 0 10.0 490,.C 50.0 4,5372313E-04 -10.C
6.0788574F 0C . 0 .830.0 . .. 490.0 . _.7,3610060E-03 10.C
6.0986328¢€ 0C 10.0 560.0 540,0 1.56<0091E~-03 -10.C
6.1513672€ .00 0,0 . 450,00 _720.0 .. £.,5428491€=-03 . __ . _10.0
6.1740723F 0OC 10.0 490.,0 70.0 6. 1585684E-04 10.C
6.192847T7F OO 10.0... 520.0 6580.0 2.4644830F-03 . .  -10.0 . .
6.2390137¢ 00 10,0 490.0 40.0 3.71¢68944F-04 -10.0
$.2695117E- 00 ~30e0Q - .. 1700 330.0 2.27%53943E-03 . =100
4,2849121¢€ OO0 10,0 76C.C 480.0 2.84€4842¢E-03 -10.C
6.30468785€ 00 . 0,0 . 460.0 B40.0 . 5.4526458€E-03 =10l
6+ 3200684F 00 0.0 810.0 740.0 6.38C3494E~-03 -10.C
6.36T76562€ 00 . _..10.0.. .. 710.0 8¢0.,0 1.8939676E-03 =10.0 . .
6.3552246E 00 10.0 490.0 €0.0 5.,35CT416F-04 10.C
6.4091797E 00 - -10.0 - 490.0 20.0 2.89£65848E-04 .=10.0
6. 4401855F 0O 0.0 840.0 240,0 5.0642006E-03 -10.0
6.5043948E 00 10,0 _ _490.0 . . .50.0  _%.5372313¢-04 . ___10.0
6.5702734F 00 0.0 450.C 690.0 &, 76€0C26E-03 -10.0
6.5473633E 00 . --10.0 - 490.0 20,0 2.0712068E-04 =100 ..
6.5480957¢€ 00 0.0 440.C 510,0 7.3879436E-03 10.0
62 6213379F 00— ———-- - 10,0 —~480,0 . - . 400 3. 2188944E-064 - __10.0-__.
6. 6538086 00 10.0 480.0 10.0 1.2436091E-04 -10.0
A-ARAIRNAE NN 1n.n 5460.0 REQ.NO 1 .AGAGATAF-03 0.0
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6.6TTT244F 0O 10.0 €10.C 5%0.0 2.£278887€E-03 10.C
6. 6823730 0Q 10.0 - 500.C .. . 42Q.0 . 2.57€1828E-03 10.C
6.7065430F 00 10.0 450.0 3C.0 2.89€5948E-04 10.C
6.7353516F 00 0.0 440.0 480.0 7-3352130F-C3 -10.C
6. T7597656F 00 10.0 490.0 20,0 2.0712068E-04 10.0
6.7675781E 00 10.0 530.C 7%0.0 2:14CH6T66E-03 10.0
6.7707520€ 00 10.0 48C.0 0.0 4, 14€8433F-CS 10.C
6.7812500E 00 10.0Q " 490.0 10.0 1.2426091E-04 10.C
6.9414062E 00 0.0 240.0 250.0 5.2241681€-03 1¢.C
6.9516602F 00 10.0 T4Ca.C 69C.0 2.43S7874F-C3 10.C
T.0422363E 0OC 10.0 €90.0 9¢C.0 1.52%5134F-03 10.C
T.1267187F 0C .0.0 830.C 4£70.0 T.3117726F-C3 -10.C
7.1584473F 00 0.0 820.C 62C.0 7.1722716€E-03 -1C.C
T.161R652E OC 10.0 170.C 340.0 2.71€1245€6-03 1C.C
7.2016602¢F 00 10.0 500.0 4£C0.0 2.5085%532E-03 -1iC.C
T.2648926F 0Q 10.0 560a.0 9¢0.0 1.52%5134€-03 10.C
7.3208002F 00 0.0 750.0 920.0 4.£3€3052€-03 -1C.C
7.3605957E 00 10.0 550.0 890.0 1.7838662E-03 -10.C
7.3935547€ 00 10.0 520.C 7CC.0 2.4179807E~-02 10.C
7.4228516F 00 10.0 £9Q0.C 94C.0 1.565CC91€E-03 -1C.C
7. 4865723F 00 10.0 510.C 5€C.0 2.6548516€E-03 -1C.C
7.50585S4F 00 0.0 840.C 220.0 4,86S1777E~C3 ~10.0
7.5512695€ 00 10.¢ 700.¢C 920.0 1.67291C5€-03 10.C
7.5688477E 00 0.0 800.C 850.0 S.3530186E-C3 10.C
T7.5247559F €O 10.0 770.C 320.0 20.272557GE~-C3 ~-10.C
7.63C8594F OO 10.0 750.C 6C0.0 2.£155838E-03 10.C
T.6437GRA8F 00 10.0 1€0.0 £50.0 2.€6%5434727€E-03 1C.0
T.646T285F 00 10.0 740.0 670.0 2.4880113E-03 -10.C
T.6RA2T793F ON 10.0 730.C 7€¢0.0 2.23E8427E-03 10.C
7. 76C9R63F QN 0.0 470.C q80.0 4,02££6221E-C3 10.0
7.9RT70KQSF OC 0.0 840,.C 240,0 S.0642006E-03 10.C
8.0004883F 00 10.0 £80.0 96C.0 1.41€6317E-03 10.C
8.0253906A€ 0N 0.0 810.C 7%0.0 6.29%€363E-03 1C.C
R.0261230F 00 10.0 5C0.0C 420.0 2.5557871E-02 10.C.
R,N317382EF 0N 10.0 700.C 9€0.0 1.74£920%E-03 -10.C
8,0644531F 00 0.0 440.C 5CC.0 7.3772222E-03 e 10e0
3.100%418F 0C 10.0 530.C 7¢0.0 2.23€8427E-03 ~10.C
R.1425781F NQO - 0.0 830.C 4BC.0 7.22€2130E-C3 10.C
R.72060547¢ 00 10.0 720.C 920.0 2.0313606E-03 10.0
8.2431641F 00 10.0 540.0 8320.0 2.0020164E~03 -10.0 .
R, 2475586EF 0D 0.0 440.0 47C.0 7.3117726E-03 -10.C
8,7548828E NC 10.0 160.C 470.0 2.£2£5893E-03 =10.0
8,?700195€C 0OC 10.0 £8C.C 970.0 1.4850060E-01 -1ic.C
R.3066406F N0 10.0 15C.C 580.0 2.€3E5640E-03 -10.0
8.3322754F 00 0.0 450.0 710.0 6.61¢6303E-03 10.C
8. 1564453E OC 10.0 130.C 740.0 . 2.30C7228E-03 -1C.0Q
R,.3791504F 00 0.0 460.0 B€0.0 5.2523389¢-03 10.¢C
8.4418945E 00 10.0 §7C.C 910.0 1.48CS00460E-03 .  ~=10.0
R, 4ATNGICE OO0 10.0 £20,C 67C.0 2.48€0113E-03 -10.C
8.51C00%8F QC 10.0 170.0 320.0 2.2753943E-03 10.0
3.52R0762F QO 0.0 840.C 220.0 4,72%26728-C3 -10.0
8.5329590E 00 iN.0 500.C 360.0 2.4817C16E-03 -10.0
8.5344238F 00 0.0 820.C 63C.0C 7.1254149€E-03 10.0
B.5566406F 00 10.0 510.C 58Ca0 2.£285640E-03 10.0 .
R.R825195E 0Q 10.0 550,0 910.0 1.7C0S38218E-03 10.¢
R,.5R2623CE Q0 0.0 470.C 9%0.0 4,3322€630€-03 ~10.C
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