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This thesis contains a description of the design and development of a

visible helium-neon laser stabilized to an absorption transition in an intra-

cavity cell of iodine vapour. Two methods of frequency locking the laser have
been studied, and a series of experiments has been performed in which the

stability and reproducibility of the iodine stabilized laser have been

investigated.

Chapter 1 discusses the frequency perturbations which might be expected
to appear on an unstabilized laser and the steps which may be taken to minimise
such perturbations. Three methods of mode selection have been studied in some

detail: short lasers, saturated neon absorption and intracavity etalons.
These will also be discussed in Chapter 1. The Chapter closes with a discussion

of the definition and measurement of frequency stability.

The technological features of laser design are described in Chapter 2

together with some of the more important ancillary apparatus involved in these

experiments. The Chapter concludes with a discussion of the servosystem

techniques involved in frequency locking a laser.

Chapter 3 discusses theoretical aspects of the work including the nature

of saturated absorption, and the width of the expected saturated absorption peak
to which the laser is stabilized; it concludes with an estimate of the laser

powers required to achieve saturation.

The operation of the laser is outlined in Chapter 4 which points out the

advantages of the third derivative locking technique. A short discussion of
laser noise problems is incorporated in this Chapter.

Finally, Chapter 5 presents results obtained in experiments with two

stabilized lasers and investigates the effects of saturated absorption linewidth

broadening and shifts introduced by the detection system, the iodine pressure,

and the laser power. Measurements of the long term stability have been made,
and indicate that the laser frequency has a reproducibility better than 1 part

m 10 .

The experiments discussed here indicate that a laser stabilized in this

way possesses a stability and reproducibility superior to that of the existing

length standard. These properties, together with the optical advantages of
a laser source, could make this laser an eminently suitable successor to the

existing Krypton lamp standard.
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CHAPTER 1

INTRODUCTION, DESIGN CONSIDERATIONS

AND FREQUENCY STABILITY

11 • Introduction

Since the first gas laser was developed in 1961, there has been a

great deal of interest in the problem of developing stable frequency lasers.
These devices have many important applications in the fields of communications,

metrology and spectroscopy, and the techniques of frequency stabiliza.tion have
now been advanced to the point when a frequency stabilized laser is a suitable
contender for establishment as the primary standard of length.

Since I960, the standard of length, and the spectroscopic wavelength
standard have been defined in terms of the 605.8 nm. radiation from a Krypton
86 discharge lamp operated under specified conditions (l). This standard is

reproducible to an accuracy of one part in 10^, and has a coherence length of
about 80 cms. which limits its use in interferons try. The Krypton lamp also
suffers from practical disadvantages: the light emitted is not properly

collimated, and is moreover of fairly low power - of the order of 10 microwatts.
This necessitates carefully designed interferometers and sensitive detector

systems.

The laser presents a solution to many of these problems. The spatial
and temporeiL coherence properties allow the formation of well defined inter¬
ference fringes over distances of more than 200 metres; the high power direc¬
tional beam makes the design of interferometers more simple and permits the
use of photoelectric detectox-s. However, although the laser possesses a very

high spectral purity, its optical frequency may drift over a range of a few

parts in 10^ for visible lasers, and its potential nay only be realised if its

frequency is stabilized. Without amy form of stabilization, the frequency of
these lasers may drift with time over the entire frequency range for which
laser gain is possible, giving an uncertainty of - 1 part in 10^. This variation
is caused by changes in the optical length of the laser due to vibration,
thermal expansion and refractive index changes. However, frequency control of
the laser using an electronic servocontrol mechanism is a well established
technique which enables high stabilities to be obtained. The technique involves
modulating the laser frequency and then performing phase sensitive detection
on the resulting amplitude modulation of the light output. An error signal
proportional to the deviation of the laser frequency from some reference

frequency is fed back to retune the laser frequency to this reference.
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Early stabilization schemes referred the laser frequency to features
of the atomic line-width, such as the peak of the gain profile (2) or to

external interferometers (3). Perhaps the most widely applied method has
entailed the use of the centre of the Lamb Dip (4) as a reference frequency.
This dip occurs in the centre of the power output curve as the laser frequency
is tuned over the range of frequencies available. Usually this dip is some

5-1 of the total laser output power and may be up to 200 MHz wide.
A limitation of this method lies in the breadth of the Lamb Dip and its
flatness near the centre. An ideal frequency reference should be narrow and
well defined to provide a sharp discriminant shape from which error signals

may be derived to control the laser.

Using this stabilization method, Lamb Dip stabilized lasers achieve
g

frequency stabilities of a few parts in 10 over several minutes. However,

lasers stabilized in this way are subject to a slow frequency 3hift of the
centre of the Lamb Dip since, due to diffusion of the gases out of the tube,
the pressure inside the tube varies. The resultant changing pressure shift
limits the long term stability to 1 part in 10 (5). This preestire shift
is a feature common to all stabilization schemes where the reference frequency
is derived from features of the spectral line involved in the lasing transition.
The effect is less severe in tubes containing neon alone as this diffuses much
less rapidly than helium (6). This has led to the use for stabilization of
intra cavity low pressure neon discharge tubes, and reference frequencies

Q

stable to 1 part in 10 (7, 8) have been achieved by this means.

Recently considerable improvements in stability have been obtained by

using absorption lines in the spectrum of a molecular gas to provide the
reference frequencies. A significant advantage is that this absorption takes

place from the ground state of the molecule so that perturbing discharge
effects are entirely eliminated. This technique, known as stabilization by
saturated absorption, involves placing inside the laser cavity a tube contain¬

ing a low pressure gas which has an absorption line falling within the gain
bandwidth of the laser. The strong, standing-wave electric field inside the
laser cavity gives rise to a saturation of the absorption, and a Lorentzian

shaped dip forms at the centre of the absorption line. This dip produces a

corresponding increase in laser power output as the laser frequency is tuned

through it. As with the Lamb Dip in emission, this dip has a width which is
determined not by the large Doppler broadening effect but by the small
natural width of the levels involved in the transition.
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However, the molecular lifetimes involved are much longer than those of

the neon laser level lifetimes, and this leads to a much smaller natural width.

Moreover, pressure broadening of the saturated absorption dip may be made

small, since low pressure absorbing gases are used. This is made possible
since lasers are very sensitive to the small changes in the cavity gain and
loss parameters which occur in the region of the saturated absorption features.
When the laser is stabilized to the centre of the dip in absorption, stabilities
better than 1 part in 10 may be expected with the use of suitable molecular
lines. The most suitable molecules are those with symmetry giving small dipole
moments and thereby ensuring insensitivity to Stark shifts and also Zeeman
shifts.

The experiments to be described in this thesis involve the stabilization
of a helium-neon laser to saturated absorption transitions in iodine vapour.

Reference will be made, from time to time, to methane stabilized helium-neon
lasers operating at 3«39yum. This latter laser system is also a contender for
establishment as a future length standard, largely due to American work.
It is part of the function of the Gas Laser Section at H.P.L. to evaluate the

pez'formance of this device, and lasers of this type have been constructed and

investigated during the period covered by this thesis.

The work forms part of the research programme of the Quantum Metrology
division of the National Physical Laboratory, and is concerned with progress

towards a new definition of the Metre, using a laser wavelength standard.

1,2. Choice of a laser to be studied

The obvious choice for study was the visible 6^3 He ~ Ne laser line.
The other possible choices were the infra red J.39yum. He - Ne line, the ionised
argon laser and the carbon dioxide laser. Typical properties of these lasers
are summarised in table 1.1. A laser suitable for a length or wavelength
standard should possess certain characteristics. The discharge should be

smooth, easy to maintain and not require high voltages or currents which would
necessitate complicated smoothing techniques. These features lead to a stable

output power and minimise possible Stark shifts and refractive index variations
due to large varying electric fields in the plasma. Furthermore, the laser
should be easily constructed and not dissipate power to any extent which would

require cooling. This leads to easy design and the construction of reasonably
stable cavities. The laser frequency is particularly susceptible to thermal

length changes and so the absence of any heat source is a considerable prac¬

tical advantage. Sealed off lasers are not subject to pumping pressure

changes and the associated vibrations from pumping apparatus. The gain and

output power may be kept fairly low as output powers in the 50 microwatt

region are quite adequate for interferometry and standards work.



TYPICALPARAMETERSOFPOSSIBLELASERS
He-He

He-Ne

co2

AT*

Wavelength

633nm

3.39pm

10.6pm

488nn/514nm

Frequency(Hz)

5x1014

1x101iv

13

3x10,J

7x101if

Gain"bandwidth(MHz)
1200

240

36

2000

Gain(^/metre)

small(2f,)

medium

high(30^)

high(2Cp

TyoicalPower

50pW-10mW

severalmW

severalwatts

severalwatts

DischargeParameters current

4-15EA

4-15mA

30mA

fewamps

pressure

1-2torr

1-2torr

20torr

1torr.

Discharge characteristic3

Smooth

Smooth

Highvoltage3, Needscareful currentstability

Verynoisy

Convenience

Small

Small.

Watercooling.

Watercooling.

Materials problems.

Materials problems*
-

!

Highpowerinput Bulky.
'
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Although there can he no logical objection to an infra-red length

standard, there a,re considerable and obvious advantages in maintaining a

visible standard of length. Conventional interfcrometry is easily modified
to accommodate laser sources and high sensitivity, fast detectors are available.

Infra red work, however, is beset with problems: good quality optical materials
are scarce and detectors are, in general, slow and insensitive. These difficul¬
ties are slowly being overcome, and the liquid nitrogen cooled CdHgTe and PbSnTe
detectors have response times and output impedances of 1jj sec. and and lOjJsec.
and a few ohms respectively for lOju m.radiations.

A synthesis of the above facts led to the choice of the 633 nm. He - Ke

system as the primary object of study. As a result of some American work on

the methane absorption bands around 3«4yLimthe 3*39yjni line was also considered
and lasers of this type have been constructed. At the time that these problems
were being considered (196?) results were published by Lee and Skolnick (9)
on saturated absorption experiments with neon for the visible transition.
This phenomenon has been exploited in schemes for single mode lasers which are

discussed in section 4 of this Chapter=

1.3. Factors affecting laser stability

A free running or unstabilized laser is subject to many perturbations
of its optical length. The following discussion considers their nature and

magnitude.

If we consider a laser operating in TEMq mode, (off axis modes have
been eliminated by a careful choice of mirror radii and tube bore diameter)
the cavity resonant frequencies are given by

= (1'1}

here q is the order of the mode and is an integer, about 10°, c is the

velocity of light, n is the refractive index of the medium between the laser

mirrors, and L is the cavity length.

The number of modes which contribute to the multimode power output of the
c /

laser depends on the gain of the medium and. the axial mode separation, 2nL
We see from equation 1.1. that changeg in cavity length affect the frequency
of an oscillating mode:

dj£ mc d-0 dL /,
dl - - or — " - U.2)

2L n

/vny changes in cavity length must be minimised if the laser frequency is to
remain stable, and this maintenance of constant cavity length is the prime
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objective in frequency stabilization schemes. There are various possible

perturbations on the cavity length and these will be listed and discussed

under two groups; those perturbations which arise from external phenomena,
and those which arise from effects internal to the plasma tube.

1.3.1. External effects

i) Thermal
Variations occur in the temperature of the spacer material between the

end plates of the cavity which carry the mirrors. This leads to a fractional

change AL/L in the mirror separation which is given by a At where cL is the
coefficient of expansion of the spacer bars, and At the temperature rise.
Materials with a low value of oi , such as invar and fused quartz, are therefore
used. Typical oC values for these materials may be found in Table 1. Various

ceramic glasses have been developed, such as Cer-Vit (Owens-Illinois Ltd) and
Zero-dur (Zeiss-Jena) which have even smaller coefficients of expansion. Some

ceramic samples have been produced which have negative cC values over certain

temperature ranges near room temperature. These are not yet totally reliable
from sample to sample, as their mechanical properties depend critically on the

composition of the ceramic and its treatment during manufacture. Even with

low expansion materials thermal tunings of the cavity of 500 MHz per degree

Centigrade are typical. These effects are generally slow and occur over several
minutes. For a frequency stability of 5 MHz, the cavity temperature must be
constant to 0.01°C. These temperature instabilities increase with longer lasers
since it is difficult to maintain a constant temperature over the whole laser.

Obviously lasers with high power inputs and a large heat dissipation would be

severely affected by this problem.

ii) Atmospheric variations
Lasers of the external mirror type have a fraction x of the cavity

length open to the air. Changes in atmospheric conditions will alter the
refractive index of the air and therefore shift the cavity resonant frequency

under the laser gain Curve. The factors affecting the refractive index are

temperature rise ^At), pressure changes ( Ap) and humidity changes (Ah) and
we may represent the effects on the average laser frequency,!3 , by:

(~ )T = x^AT where £ rJ1 = + 9-3 x 10_7/°C (l-3-a)

( ) = x^ Ap where ^ ^ x 10 7/torr (1.3-b)
(~-)h = x^h Ah where ^ h = +5.7 x 10 8/torr (l-3-c)

These coefficients have been calculated for a mean temperature, pressure and
2

humidity of 20°C, 760 torr and 8.5 torr of water vapour (l torr = 133*3 N/m ).



oC (per°C) Y ( N/rn.2 ) ^ (g./cc.) y"(arby.)
INVAR 1-26x10 6 1-44 x 1011 2>-0 18

FUSED QUARTZ •5 5 ^10 6 3-03 x101° 2-0 1-52

CERVIT 0 ± 15x107 10
9-23 x 1 0 2-3 4-0

ZERODUR.
- 8

5x10 ft x10 10 2-52 3-1 7

TABLE 1.2

CAVITY SPACER BAR MATERIALS
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To provide an estimate of the magnitude of these shifts, let us assume a

cavity for which x = 0.1 (10$ is open). We find that. ()^ = 1 x 10~^
for a 1°C rise, () = - A x 10 ^ for a 10 torr change and ( ~~ ),

q ^6 x 10 for a 1 torr change. These atmospheric changes are larger than
one would expect in a well controlled laboratory environment (except for

pressure changes) and, in general, lasers are designed to minimise the
amount of free space in a cavity. Internal mirx-or lasers do not , of

course, suffer from this type of effect, although pressure changes can

conirict a non-rigid structure and temperature changes have the effects
discussed in the previous section. Air turbulence, caused by draughts in
an external mirror laser, can cause fast frequency fluctuations over several

KHz in a few seconds, and such lasers must be well shielded from draughts.

iii) Mechanical Vibrations

To maintain a frequency stability of -^y- = 1 x 10 ® the length of a

100 cm. long cavity must be maintained constant to 10 ^ cm. or 100 £. This

magnitude of disturbance is ea.sily paroduced by mechanical movements transmitted

through the working surfaces, or airborne disturbances from temperature control
or air conditioning systems.

At the N.P.L. we have counteracted ground-borne vibrations by the use of

heavy steel tables supported with damped and sprung vibration isolation systems

constructed on to deep concrete foundations. Alternative methods use inflated

car' inner tubes sandwiched between rigid bench tops and a steel working surface.

This simple method of isolation is extremely effective: high frequency vibra¬

tions are virtually eliminated, although those of a lower frequency may be

present due to resonances of the support system. In the steel table method,
resonant frequencies of a few Hertz are readily achieved. At these low frequen¬

cies, one expects the laser to be sufficiently rigid so that the complete system

moves slowly up and down over a small amplitude at low frequencies. Acoustically
borne vibrations are reduced by shielding the laser with some form of enclosure.
These vibrations, emanating from nearby equipment or environmental control

systems are often sufficient to cause substantial amplitude and frequency
7

variations of up to several per cent and several parts in 10 respectively.

Some Y»orkers have gone to extreme care to isolate their lasers from vibrations.

Jaseja et al. (10), in measuring the spectral purity of a 1.15 P m He - Ne
laser, required the degree of isolation provided by huge shock proof tables in
the cellar of an isolated building. Equipment was operated in a separate room

from the lasers, and a frequency drift of 10 Hz per second (a stability of
1

about 1 in 10 ■') was obtained under the optimum conditions which included the
quiet wind conditions outside J
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There are two differing approaches to the problem of vibrational stability-
One uses very heavy equipment, for example steel endplates to a laser with

large diameter invar bars, to give good rigidity and low thermal expansion.

The other approach attempts to make the whole structure as light as possible,
in the belief that all disturbances in the frequency range of interest impinging
upon one end of a laser v/ould immediately be transmitted to the other. The

entire laser cavity then moves in unison, thereby keeping the mirror separation

constant. Such cavities are frequently fabricated entirely with light quartz

spacer rods and aluminium end plates or a solid quartz block with a capillary
drilled down the centre. (11, 12, 13). The approach can be useful for short

internal mirror lasers where the mirrors are sealed on to the ends of the quartz
block. The disadvantages are that there is no means of mirror alignment, the

long cavities are mechanically weak, arid frequency tuning must be by thermal means

The lowest limit on mechanical vibrational stability is that of variations

in the resonator length from excitation of the fundamental stretching frequency
of the spacer bars. We represent this by

= A L / 2kT \ h (1.4)
u L K YY J

where k is Boltzman's constant, f is the temperature, V is the spacer

volume, and Y is Young's Modulus for the spacer bars. From this, we see that

spacer bars of large volume and with a large value of Young's Modulus minimise
A^/y . For a given length of laser, the volume requirement is reduced to that

of large diameter bars. Typical values for Young's Modulus may be found in
v

table 1.2., together with density values ( ). The ratio p should be made as
high as possible since the resonant frequency is proportional to ( "p )2 and
this must be far away from easily coupled low frequencies. Hence, for a mechani¬

cally rigid design, a high Young's Modulus and a low density are required, and
Av -14

for typical values we find to be of the order of 10 . This is claimed

to be a realistic practical limit to the attainable frequency stability,

iv) Variations in the -position of optical corrrponents
External mirror lasers suffer from the variations in optical path length

arising from movement of the plasma tube or other intra-cavity components.
In passing througr. a Brewster Angle window of thickness t and refractive
index n, the light travels a path p = —— where r is the angle of refraction.» cos r

At the Brewster Angle, i_ we have that i_ = JT /2 -r, and also tan i =n .b b a

So we may write, for a variation A. p in the window position:

_A p _ -t
AiT, - sin i-ob b

The frequency variation caused by this is:
A ) A „

(5)
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v/here jj is the mean refractive index of the medium between the laser mirrors,
and is nominally unity. L is the laser length. We may calculate A^for a

2 mm thick window, a length L of 100 cm. and a 1 •microradian change in
O

i which is 57 fo:r red light in fueed quartz. This results in a frequency
8

instability of 5 parts in 10 , and indicates the necessity to support any

intracavity element rigidly.

v) Magnetic fields
If invar bars are used as spacer bars, then there is the possibility of

cavity length changes due to the magnetostrictive properties of invar.

Jaseja et al. (10) have found that shifts of 140 KHz may be found'in 1.15 /J ra
lasers due to effects of the earth's field alone. Stray magnetic fields from

local electronic apparatus may have an effect which must be considered in

highly stable lasers or those stabilised by magnetic effects. Magnetic fields
also have an effect on the spectral linewidth. This results in the splitting
of the gain curve by the field into two Zeeman shifted curves of opposite

circular polarisation. This splitting is symmetric about the unshifted line

centre and, for the 655 nm. line, is of the order of 2 MHz. for a field of one

gauss. (14, 15)*

1•5•2. Internal effects

i) Discharge noise
In general, gas discharges are not well understood, and comparatively

little is known about discharge mechanisms and the effect of different dis¬

charge parameters. Bunching or local variations in the electron density N ,

have an effect on the refractive index as given by

N e 2
n = 1 - — x- (1.6)

2 JT m f>

where e and m are the electronic charge arid mass. Typically N is of the
12/5 6

order of 10 electrons/cm and changes of I'fo lead to a frequency instability
-12

of about 2 x 10 , Hence electron density variations are not usually

significant unless the discharge is particularly noisy.

Fluctuations in the upper laser level population may be caused by

variations in discharge current from instabilities or plasma oscillations.
This leads to a white noise spectrum on the laser power output although
oscillations of the power supply-ballast resistor plasma circuit of a B.C.
excited laser frequently lead to intensity variations in the kilohertz region.
In the low frequency (10 Hz. - 1 MHz.) region, individual tubes vary depending
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on their processing procedure and geometry, but the appearance of strong
peaks in the audio frequency discharge spectrum is a common phenomenon.
These peaks are associated with moving striations in the discharge, and the
nature of the spectrum depends critically on the discharge current (l6).
Small variations in tube filling pressure can cause considerable differences

in the smoothness of the discharge. The use of either R.F. or a mixture of

R.F. and L.C. excitation often lea,ds to a quieter discharge than B.C.
excitation alone. (17)•

In multimode lasers, competition for the available gain may exist between
the various modes, and this leads to modulation on the laser output.

Figure l.J. shows the noise levels observed on the output power of a, 655 nm.

He - Ne laser for a multimode output and a TEMo mode output. The optical
spectrum analysis showed violent variations of the power contained in a

particular mode in the multimode case, and the effect is clearly visible in
the noise photographs. The noise Y/as observed on an oscilloscope monitoring
a silicon photodiode signal of the laser output.

ii) Shifts with gas pressure

Many stabilised lasers have used the centre frequency of the neon

spectral line as a frequency reference, for example, Lamb Lip stabilised lasers.

However, this frequency is itself subject to a variation with gas pressure and
is the cause of the long term drift in the wavelength of a laser during its
lifetime as the helium, in particular-, diffuses out of the plasma tube (6, 18)

The subject of pressure broadening, shift, and asymmetry is both complex
and extensive and involves the interactions of colliding atoms and the effects
of the various interatomic fields during the close atomic proximity during an

interaction. Basically, an atom emitting a photon 'collides' with another,
the 'collisions' being of two distinct types: a hard collision is thought of
as an interaction which produces a termination of photon emission from the
first emitting atom. This may be represented by an increase $ coll
total decay rate from the natural rate # . This leads to a broadening
of the Lorentzian shaped linewidth the full width of which at half maximum

intensity is r = $ + X coll* This broadening is not, in general,
sufficient to explain the shifts and broadening experienced in practice,
and the effects of 'soft' collisions are now considered. It is usual to

illustrate this additional contribution by considering the Frank-Condon

potential curves in Figure 1.4• If, during the period while an atom is

emitting a photon, a second atom approaches closely, then the emitting atom
comes under the influence of the electric field of the perturbing second atom.



MULTIMODE OPTICAL SPECTRUM.

POWER OUTPUT NOISE.
(0-4 mV/cm : 80 mV total power.)

FIGURE 1.3

MODE NOISE ON THE LASER OUTPUT.



TEMooq MODE OPTICAL SPECTRUM.

POWER OUTPUT NOISE.
(0-2 mV/cm: 80 mV total power.)

FIGURE 1.3 continued.
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This leads to ari energy shift in the energy levels of the emitting atom

during the emission of the photon. Because of the shape of the typical
atomic energy level curves shown in the figure, their separation is not

constant throughout the interaction and varies with interatomic distance.

The instantaneous photon frequency therefore also varies during the emission
time and Figure 1.4- indicates the unperturbed energy levels with a spacing
h

q when the perturber is far away, and a typical smaller energy gap h
during the interaction. The resulting spectral distribution is both broadened,

and shifted, and possesses asymmetry.

These naive pictures of the effects of atomic collisions indicate that

the observed spectral widths will be dependent on the number of interactions

and thereby on perturber density or pressure. As mentioned previously, the

laser gases diffuse out of a laser tube during its life. The diffusion rate

of helium is larger than that of neon through both quartz and pyrex tubes and

it is this partial pressure variation which is particularly serious. It has
been found by various workers (19 > 20) that the main source of the observed
shift of the centre of the neon line in the 633 nm laser is due to collisions

between excited neon atoms and ground state helium atoms. The shift is to

higher frequency and increases at the rate of 20 MHz per torr.

iii) Stark effect
The B.C. discharge inside the plasma tube induces an ambipolar flow of

charged particles which, because of the differing electron and ion mobilities
sets up a radial ambipolar electric field. It is this field which results in
a second order Stark Effect broadening and shift of the neon energy levels

involved in the laser transition. Meyer (22) calculates that the frequency
shift of the upper 3S2 neon laser level (shifts in the lower 2p^ level are
neglected) to be:

f. rpp. , o
Ar --2.6x10 ( ^ ) 4Hz. _ (1.7)

Te is the electron temperature in tens of eV., R the discharge tube
radius (mm.),

2

(1.8)
( j ( —2.4r \ \

and »/ =\ 1 R /

/ j ( _2.4r s (
\ 0 ^ R 1 )
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the J's are bessel functions and r and R are the radial distance from the

centre and the tube radius. Meyer goes on to assume that the electron
P h

temperature i^is proportional to the gas pressure P> ip r J®. \
e ~ p '

v/here Pq = 2,88 torr, and calculates the frequency shift with pressure due
to this electron temperature change. /He findsAi5'^- 2,8 x 10^ ( ~~ ) V

where AtJ is the frequency shift of the line centre from a field free situation.
The function T| varies from very small values ( O.l) at the centre to values
nearing 100 at the walls. However, in view of the assumptions made, the
shifts expected in an intermediate region are of the order of several MHz.

for tube bores of a few mm. Meyer shows that in comparing the measured

pressure shifts of the 633 nm. and the 1.15 jj m lines that their ratio agrees
closely with that predicted by this theory. However, the line shift is

measured to be directly proportional to pressure, whereas the theory indicates
an inverse proportionality. This may be resolved, however, by better measure¬

ments of electron temperatures.

It is not completely clear yet as to the real mechanism of the observed
shifts. White (2j) suggests that certain aspects of pressure broadening and
second order Stark Effect may be treated in the same way. More experiments
need to be performed to give accurate measurements of the various relationships
involved in this complex subject.

iv) Effect of neighbouring spectral lines

The frequency l)0 of a laser mode is influenced by the value of the
refractive index of the lasing medium. This varies over the spectral line
with the well known dispersion shape. However there are also contribvitions

at from the tail of the dispersion curve of neighbouring spectral lines.
It is to variations in this contribution, arising from discharge current

variations, that Arrathoon and Siegman (24) attributed an observed frequency
shift. They observed a shift to higher frequencies of 2.5 to 0.5 MHz/mA.
with current over a range from J> mA. to 8 mA. in a Spectra Physics 119 laser
and also predicted the observed decreasing shift with increasing mean current.

They argued that the varying contribution to the refractive index arose from
the nearby 633*4 nm. and 640.2 nm.absorptive transitions from the neon lb^
metastable level to levels in the 2p group. A current shift was also

20
observed by White (19) in a Ne cell, however this was to lower frequencies
and varied with pressure.
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1.4- Single Mode Lasers

If a laser is to be a suitable length standard, it is essential that

only one frequency be emitted, in other words that the laser operates in a

single mode. Off axis modes of the laser cavity may be eliminated by a careful
choice of mirror curvatures, and gain tube bore diameter. Longitudinal modes,

however, pose a more difficiilt problem.

In the visible helium-neon laser, the gain bandwidth is inhomogeneously
broadened and has a Loppler full width, at half maximum, of about 1200 MHz.
The infra red 5*39 ju m. line is also inhomogeneously broadened but has a Doppler
width of about J00 MHz. full width at half maximum (I'.W.H.M.) The collisionally
broadened natural width is about 100 MHz. lYrY.H.M. at the pressures used of

1-2 torr.

Since the longitudinal mode spacing of the cavity is given by C/2L
(where C is the velocity of light and L the cavity length) single mode visible
lasers must have lengths of less than 15 cms., while infra red lasers may be

up to 59 cms. long. In practice, the 3«59/Jm. lasers were constructed about
50 cms. long to enable commercially available 30 cm. tubes to be used with

10 cm. long absorption cells thereby ensuring little empty space in the cavity.

As the gain of the 633 njr|« laser* is small (5/<> per metre) only small
losses are needed to stop the laser oscillating. The laser must be made as

long as possible to give sufficient intracavity power to saturate the iodine

absorption (about 3Op Per metre) and yet remain in a single mode - at least
when oscillating at frequencies corresponding to the saturated absorption

peaks on the power output curve.

If the visible laser were made longer than 15 cm., there would be a

welcome increase in power, but an unwelcome increase in the number of longitudinal
modes oscillating. However the presence of an intracavity iodine vapour cell
with a measured absorption coefficient of a few pei* cent at room temperature
would reduce the gain/loss ratio. This would permit the use of longer cavities
and still enable the laser to oscillate in a single mode.

It was decided to construct the visible laser with a mirror spacing of

approximately 30 cm. which was filled with a 10 cm. absorption tube and a

17 cm. long gain tube. The dead space was occupied by the inside of the piezo¬
electric tube used to control the laser length (Section 2.4). This scheme
seemed to be the simplest to construct, but, because there seemed to be so many

unknowns at first (e.g. absorption coefficient of iodine and the optimum
relative lengths and dimensions of the gain and absorption cells), some attention
was given to alternative methods employing"mode selection for the visible laser.



The experiments, or reasons for their rejection, are outlined in the

following paragraphs.

1.4.1. Fox Smith or Three mirrorcavity (25,26)
This well known mode selecting technique would have the attractive

property of a high power single mode which could he tuned over the entire

laser gain profile. It would, however, necessitate the use of a servo-loop
to maintain the long cavity lasex- mode at the centx-e of the more stable short

cavity resonance.

As the final iodine stabilized laser would itself have a servo-loop to
stabilize the laser frequency, this second Fox-Smith servo-loop was considered
undesirable and the scheme was rejected for this reason and on the grounds of

simplicity and. compactness.

1.4.2. Modulator Technique

The internal-external modulator technique of Harris and McDuff (27) was

another possibility which gave a high power single frequency, since it could
also be applied to long lasers. This was rejected again on the grounds of

simplicity but also because of the difficulty of driving the two modulators
in the required phase relationship.

I.4.5. Mode Selection by Saturated Absorption in Neon

This technique has been used by several workers (7, 8, 9) to provide

high power single frequency lasers. A tube containing neon, in which a

discharge is run, is also placed inside the laser cavity. The neon is at a

lower pressure than the helium and neon inside the gain tube. The neon atoms

in the second tube are excited to the lower laser level and so may absorb the

655 iim. laser x-adiation from the gain tube. If a similar gas temperature is
assumed for neon atoms in both discharge tubes then the inhomogeneously
broadened neon linewidths are also similar. The absorbing neon atoms therefore

exhibit absorption over the entire neon gain curve. However, since the neon

absox-bing cell is operated at a lorrex* pressure than the gain cell, the homogeneous

pressure-broadened component of the absorbing neon linewidth is much smaller
than for neon in the gain cell. The intracavity electric field strength is

high, and so a deep narrow Lamb Lip forms at the centre of the absorption
linewidth as a laser mode is tuned to its centre. The width of this Lamb Dip
in absorption is of the order of the homogeneous width which, we have already

remarked, is narrow in the absorption tube. This situation may be represented

by the gain and absorption curves of Figure 1.5* If "the saturated absorption
of the neon cell is greater than the laser gain for all fx'equencies except those
near the centre of the absorption curve, then the laser may only begin to

t

oscillate when a cavity mode is tuned to .

The neon homogeneous linewidth is about 40 MHz. F.W.H.M. for typical
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neon pressures of O.J torr. A laser J80 cm. long having a mode spacing of
40 MHz, will therefore oscillate in only a single mode at "p' . The gain
for all other modes is exceeded by the losses; only for - 20 MHz around

will the gain exceed the losses, as shown in the Figure where (G - A) is
plotted against frequency. In this condition, however, where all modes

except one have been suppressed, some of the atoms potentially supplying

gain for these suppressed modes become available to the single oscillating
mode. As with the Lamb Dip in emission, only zero longitudinal velocity atoms

provide gain at the Dip. The frequent velocity changing collisions in the

higher pressure gain tube transfer excited neon atoms from one velocity group

to this zero velocity group. Therefore, atoms with velocities far away from
I

the zero velocity group contributing to gain at D may change their velocity
and fall near zero longitudinal velocity. Because of the large homogeneous
width in the gain cell, some "JCf/o - QQffc of multimode power becomes available

to the single oscillating mode. When this condition has been established,
the oscillating mode may be timed in frequency. Once the dynamic situation
of a single frequency is achieved, the hole burned in the absorption curve

at its centre may be tuned over the absorption linewidth. Single frequency

operation is still maintained, even though other modes may possess potentially
more unsaturated gain than the oscillating mode. The shape of the resultant

power output curve depends on the shape of the neon absorption curve and the

gain curve shape. Different neon isotopes or isotope mixtures have considerable

effects on this shape.

Originally, this curve shape changing property was to be employed in
a laser stabilized by passive absorption in iodine. As will be discussed in

Chapter 4> a sloping gain curve shape produces an error in the iodine reference
frequency. A suitable intracavity neon cell would have been useful for flatten¬
ing the gain curve background in the vicinity of the iodine reference frequency.
However, a more suitable, simple method of eliminating the background slope has
been developed (Third Derivative Locking - Chapter 4) which obviates the need
for such a development.

As this new technique was discovered some time after the experiments
described in this thesis were initiated, some considerable work was devoted

to the development of intracavity neon cells. Many practical difficulties
were discovered in this work which made neon cells progressively less attractive

propositions and the reasons contributing to its abandonment will be briefly
outlined.

3.) The technique involved insertion of an active discharge cell inside
the laser cavity. In the experiments conducted, the laser cavity was some
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80 cm, long, the gain tube was JO cm. long and a similar length neon absox-ption
tube was used. Cold cathode neon tubes were constructed and filled as descz-ibed

in Chapter 2, The requirements of cleanliness and careful construction of
laser tubes were not always achieved in these early stages of technological

development. The resulting tubes frequently reduced the laser power by 50J&
for an insertion loss alone and by some 75/^ when low current discharges were

run. This resulted in lasers with output powers of only a fe7/ hundred micro¬
watts. These excessive power" losses were due to poor construction and Brewster
window contamination by the neon discharge.

ii) Neon discharges tended to be extremely noisy and attempts with
R.F. and microwave power smoothing were unsuccessful. The noise could approach

5/9 peak to peak of the total laser power and would have been extremely detri¬
mental in the eventual saturated iodine absorption application.

iii) At the stage when the work was abandoned in favour of third deriva¬
tive locking in short lasers, a successful single mode laser with 0.5 milli¬
watts output power was operated with a tunable frequency range of about J00 MHz.

lO/o conversion from multimode to single mode power was obtained with a- neon

cell filled to 0.3 torr. The laser noise Y/as peal: to peak white noise
over the 1 KHz. to 10 MHz. range.

1.4.4♦ Intracavity Tilted Htalons

The intracavity etalons technique had been developed particularly

by Hercher (23) and its seeming simplicity, and likelihood of high power

single frequency made it an attractive proposal. Some experiments were carried
out with fused quartz etalons. This technique has been known for some years

and has been particularly successful in high gain lasers such as the argon

system. A summary of the technique will be given, and some experimental
results discussed below.

The Fabry Perot etalon is here used as a frequency selective device.
In this case it consists of a solid block of fused ouartz, the ends of which

\
are ground optically flat and parallel, to within •

If light of wavelengthX is incident on the etalon surface at an

angle 0 to the normal (Figure 1.6), then the transmitted light will be a

maximum when

2nt cos 0 -- mA (l«9)

where n is the refractive index of the etalon material and m is an integer.
This means that the optical length of the etalon is a whole number of half

wavelengths of the incident light. As the tilt of the etalon is varied,

the resonant wavelength varies in accordance with the expression given aboveO-9).
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It is easy to show that the shift in frequency Z\k> of the resonance

maximum with tilt 0 , is given by

02/2 t2 ,■ (1.10)
A graph illustrating this is shown in Figure 1.7. for light of frequency
4.74 x 1014 Hz. (633 run.) and an etalon length of 1 cm. By altering the
orientation of such an etalon placed inside a laser cavity, it is possible
to tune a transmission maximum of an etalon into coincidence with a laser

mode frequency. All other laser modes would have a reduced transmission,
and by choosing the transmission to be a steeply varying function of frequency
the gain available to these modes may be reduced below the loss level of the

cavity. The steepness of this transmission band increases if the reflectivity
of the etalon surfaces is increased, and also if the etalon length is increased.
The Free Spectral Range, that is the separation of the transmission maxima,
is c/2nt, and so decreases for longer etalons . The etalon length should be
chosen such that the Free Spectral Range is greater than the gain bandwidth
of the laser. Only one mode now remains with sufficient gain to oscillate.

As with the saturated neon absorption technique, suppression of all
but one laser mode allows the gain available from the suppressed mode lo
become available to the oscillating mode. One might again expect a mode
selection efficiency of around 80$ of the multimode power, but losses intro¬
duced by the etalon reduce this. Absorption and scattering losses occur in
the material, and these are reduced by selecting a strain free quartz block
and by good polishing of the surfaces. The absorption losses in good fused
silica are less than 0.1$ per cm. in the visible portion of the spectrum.

The ctalon is not normally used perpendicular to the laser axis as

this forms several closely coupled resonant cavities of different lengths.
Small movements of the etalon change their relative lengths resulting in a

very unstable arrangement. In normal use, the etalon is operated at an

orientation of a few milliradiar.s. In this position, however, the light
beams due to a reflection at the first surface and that from a reflection

inside the etalon (beams 1 and 2 in Figure 1.6.) do not overlap each other

entirely. The resultant interference effect between the two beams is there¬
fore not complete, and a reflection loss, 2, is introduced. This is given by

I - 4 t E/nD (1.11)
where D is the beam diameter, R the reflectivity of the etalon surfaces
and other symbols are as before. This loss increases as the etalon length
increases and also as the reflectivity increases. Typically for an etalon

3 cm. thick, an orientation of 1 milliradian and a beam diameter of 1 mm.

we find that -2=0. 3$• This may represent quite an appreciable loss in
low gain systems such as the visible Helium - Neon laser.
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The reflection loss becomes more serious still if long etalons or

high reflectivities are needed to obtain a sufficiently steep transmission
curve. The width of the transmission band halves if the length is doubled,

and is reduced by 3/-T2 if the etalon reflectivity is doubled. The losses due
to incomplete superimposition double in each case; but absorption losses in
the etalon double if the length is doubled. It generally appears more satis¬

factory to increase reflectivity rather than length, and low absorption and

low scattering coatings of Zinc Sulphide have been used with some success.

The orientation stability of the etalon requires careful attention,
since vibrations may alter the orientation by amounts which detune etalon and

laser. In particular airborne vibrations may be serious, and it is necessary

to mount the etalon in a rigid manner which also allows precise angular

adjustments.

Barber (29) reports a thermal detuning of the system over a few minutes,
and it has been suggested that servo systems may be used to counteract angular
and length detunings, but, as yet, no successful system has been reported.

Manger and Rothe (30) have suggested the use of KPP ss an eta!on material.
The electro-optic effect could be used as a means of changing the etalon

length, but its hygroscopic properties and softness for optical working are

considerable disadvantages.

Experiments were carried out with 1, 2 and 3 cm. long quartz etalons
mounted in an Oriel Optics laser mirror mount and rigidly placed inside an

80 cm. long 6j>j> nm. laser cavity. The gain tube was 30 cm. long with a bore
diameter of 0.2 cm. and gave a laser power (1$ output mirror) of about 1+ mW.

The etalons used were polished flat and parallel to X /10, and single

layer low absorption reflective films of Zinc Sulphide were deposited on both
surfaces to give reflectivities of approximately 10$, 15$, 20$, and 25$.
Table 1.8. gives the calculated values for various parameters of these etalons.
The bandwidth figures give an indication of the narrowing of the pass band

(at half power levels) with increasing reflectivity. In this experiment,
however, we are really only concerned with changes of transmission of a few

percent at the maximum of the Lorentzian shaped transmission band. The
Scanning Spectrum Analyser photographs taken of the laser spectral output,
which are shown in Figure 1.9- indicate the mode selecting effects of various
etalon length reflectivity combinations.

The frequency range transmitted by the etalons may be estimated from
the spectra shown in Figure 1.10. which were taken with an etalon in place
while the laser cavity length was varied. The envelope of the transmission
band is traced out by the scanned laser modes and its width is determined by
calibration of dispersion of the oscilloscope trace.
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It was found, from a series of experiments, that the following features
of intracavity mode selectors made this technique unsuitable as a means of

achieving single mode lasers with the required degrees of frequency stability,
power and output noise.

1. In most cases, etalon reflectivities of 2C$ or more were needed to

produce a single frequency which then was only tunable (by altering the cavity

length) over a few hundred Mia. The iodine hyperfine structure spectrum extend
over almost 500 MHz.

2. This high reflectivity means that the reflection losses were typically

2"/o per pass and this reduced the gain/loss margin, resulting in low laser power

The insertion losses from poor surface polish, absorption and scatter were

such that the laser power was reduced by 40% in the best case and frequently by
more. This 'best case' v/as when the etalon was aligned "exactly" perpendicular
to the laser beam and not in a single mode position. In the latter case, the

power was reduced by about 80or more.

The high reflectivity led also to the formation of coupled cavities with

sufficient finesse to pull the laser frequency.

5. This power loss is compensated for in some cases by the increased power

available to the one- lasing mode from the suppressed mode atoms which are

made available via velocity changing collisions amongst excited neon atoms

occurring within the upper laser level lifetime. A measure of the extent of
this transfer lies in the collisionally broadened linewidtb and the mode

spacing. In this experiment the laser was filled to approximately 1.2 torr
total pressure giving a Lorentz pressure broadened linewidth of 100 MHz. FWHM.
The laser axial mode spacing was 180 MHz. Better transfer of power occurs,

therefore, in longer lasers or in those operated at higher pressures.

4. Probably the most severe restriction leading to the rejection of this
scheme lies in the vibrational stability requirements of the etalon. Simple
calculations indicate that the pass band centre frequency shifts 200 MHz, for

a change in tilt from 1 milliradian to 2 milliradians. (l cm. etalon).
If we stipulate a laser stability of a few MHz. drift per second in the free

running laser, this demands a vibrational stability of a few hundredths of
a milliradian per second. Slow thermal changes will also alter the resonance

frequency and, because of these effects, it seems likely that some servo-

system would be necessary to maintain the alignment of the etalon.
Experimentally, shifts of about 10 KHz. in a few seconds were seen from a

shielded laser on a vibration isolated table. This vras double that from the

free running laser. Improvements in acoustic shielding could probably increase
the stability. These additional complications were a severe discouragement
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in the use of etalon mode selectors. Vibration could also sufficiently
detune the la.ser cavity mode and the etalon transmission peak, thus causing
an instability in the frequency which could lead to mode competition, which,
in turn, would lead to noise levels of a few per cent on the laser output power.

1.5• Definitions of frequency stability

This is a subject about which no really satisfactory agreement has been

reached. There are several items of information needed to specify the stability
of a laser completely, and these v/ill be discussed individually. The particular

application of a stabilized laser often demands knowledge of one aspect more

than another.

i) The frequency variations of a laser within a certain observation

bandwidth should be measured over short periods - say up to one second. These

variations may or may not be controlled by the servo-system depending on the

gain of the system and the time constants involved in the electronics.(Section 2.

Usually such short term variations are averaged out in many applications.

ii) More importantly, the frequency fluctuations need to be ascertained

over long periods, which may extend to several hours. This involves long term

frequency drift, and changes of a regular nature which may have periods of
several seconds or longer, also any drift in the control electronics such as

psd zero drift (section 5)-
iii) It is necessary to specify the nature of any frequency limiting or

averaging process used to reduce and observe laser frequency variations.

Practically the former refers to the time constants in the laser servo-loop
which limit the bandwidth of controlled frequency variations. In the case of

the la,tter, if a beat frequency experiment is used to observe the frequency

stability between two lasers, then the mutual frequency variations within a

certain electronic bandwidth may be time averaged and counted by some frequency
counter system. One would expect the average frequency variation to decrease,
until some limit is reached, as the averaging period is increased and so this
time should be stated for a complete specification of the laser frequency

stability.

iv) The reproducibility of the laser reference frequency is of great

importance. If two similar lasers are locked to their individual references,
the departure from zero mean beat frequency indicates how closely the lasers
emit the same frequency when nominally under the same conditions. One should
also determine how well the lasers reproduce the same beat frequency when
both lock loops are opened and relocked. This carries information about how
accurately the servo system may be adjusted to sense the reference frequency
and control the laser to the reference frequency.
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v) Frequency shifts due, for example, to possible variations, in the
reference frequency environment e.g. temperature or laser power, will determine
the reproducibility of the reference frequency. Ideally, the reference should

not shift under different environmental changes and the sensitivity to shifts
must be specified for an international standard.

vi) To gain information about the efficiency of the servo system in

controlling the laser frequency, the nature of the limiting noise source

influencing the laser frequency should be determined. If, for example, (l/f)
type noise limits the performance, then no further improvements in frequency
control are possible. If, however, the laser fluctuations appear to be typical
of white noise, then further averaging and better control will reduce the

extent of the frequency fluctuations and improve the stability of the system .

Frequency stability is a function not only of the bandwidth of the

frequency measuring system used to observe any fluctuations, but also of the

total observation time "X . A useful measure of frequency stability S may

be written as:-

r it+ ^
1 A %ms Jt A t>rmsW

S = = —y (1.12
Jt»(t)dt

where V>(t) is the frequency at any time t within the observation period t to

t + ; V is the mean laser frequency during this period, ana A^rms^
is the root mean square value of the frequency deviations observed within some

bandwidth B during the observation period. Clearly, during the period t ,

some extremely large frequency variations might occur and, indeed, could appear

at any time if the noise spectrum were white and the bandwidth infinite. This
would bias the estimation of frequency variations if a simple mean value of
the maximum frequency excursions was to be taken as an estimate of the frequency
variations. One intuitively feels that these large variations should have leas

weight than a 'typical' variation and that a statistical frequency fluctuation
has most relevance in this definition. For this reason the RM5 deviation is

specified.
Practically, the observation time limits the slowest observable fluctua¬

tion: the electronic system detecting the laser frequency may, for example,
have the capability of measuring frequency variations from d.c. to 100 MHz.
However, if one only observes the laser frequency for 10 seconds, no sensible
information may be extracted involving fluctuations with periods longer than
10 seconds. Similarly, any time constant averaging of the laser frequency

(either electronically or by eye if observed in a beat frequency experiment)
would prohibit the observation of fast fluctuations.

This complicated definition is conventionally interpreted in two

specific ^ases. The short term stability of a laser locked to a reference

)
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frequency usually refers to the observed frequency variations over periods of

up to about a second. For observation times and corresponding integration times

longer than 1 second the stability is referred to as long term stability.
A parameter which is slowly becoming recognised as a very useful way

of specifying frequency stability and learning of the type of noise limiting
the performance of the laser is the Allan Variance (32, 33)• This measure of

stability has been used in the microwave frequency standards field for some

years where similar problems of measurement and specification exist. The classi¬

cal variance cf of the laser frequency "ih is :
m

_ ~ M

d 2(M,t)= -1 (1.14)■ , ^ 1
M-1

where M is the number of samples of the laser frequency and t is the

sample integration time.

One would require this variance to decrease as the noise fluctuations
are averaged out using longer sample integration times and the value to converge

as more averages are taken. However, for noise sources which contain a great
deal of their noise power in the Fourier frequency range corresponding to long

2
times, then the value of d begins to diverge as the number of samples of

q /
frequency is increased. These noise sources, such as "/f type or flicker noise
are frequently found in atomic standards of frequency such as we are discussing
and this unsatisfactory state of affairs may be remedied by the following-

procedure. Let us first take a value of M equal to 2, in other words two .

adjacent samples of the laser frequency are taken, both averaged over a time
then formula (1.14) gives:

d {2,7?) = 1 2; (1.15)

The Allan Variance is the averaged value of N pairs of readings of
the laser frequency

N _

, _ JLV" C ^2i 2i —1 J< O (2 '^> H /2C.16)
i-1

This value does decrease with increasing N for just the same noise

sources which make (1.14) diverge.

Strictly speaking, this average should be over an infinite time, however
a large N value approximates to this statistical requirement and good confidence
levels are achieved with N typically 100. However, for integration periods
above about 1 second, the time required to compute < C (2becomes very large,

reaching 200 seconds for a 1 second period and over 30 minutes for a 10 second
period. The values of the Allan Variance for smaller numbers of N are more

conveniently taken, but with a corresponding loss in the confidence level of
the result, so the value of K should also be specified in a measure of the
Allan Variance.
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The evaluation of the Variance gives information, in a beat frequency
experiment about the average difference between two adjacent samples of the beat

frequency as a fun<tion of the sampling time. Usually, one finds logarithmic
plots of < cr (2,"£)> as a function of time and the slope of these plots
carries information about the nature of the dominant noise perturbing the laser
over a particular time averaging period. We shall evaluate the slope for two

commonly encountered noise sources which we may think of as determining the

frequency spectrum P (f) of the fluctuations in V.
For l/f, or flicker noise, P(f) = ^f which indicates the increase of

importance of this noise at low frequencies. The Allan Variance is:

2cUoge2 (1.17)
and the slope of the logarithmic plot of the variance is zero.

For v/hite frequency noise P(f) = p and the noise has the same magnitude
independent of bandwidth. In this case

< Cf2(2,l?)>-— -|vg (1.18)
and so the plot has a slope of -1

The significance of these calculations is that if one finds, by perform¬

ing an experiment to plot the Allan Variance as a function of t that white noise

dominates the fluctuations between the lasers at a particular value of t then

improvements in the laser stability are possible which would reduce the extent

of the fluctuations by better or longer averaging. If, however, the Allan Variance
is flat, then no further averaging will result in an improved stability for that

value of the sample time.

Frequently one finds published plots (34, 35 > 91) of the square root

<tf( 2?)> of the Allan Variance. In the plots discussed above, for this expression

of stability we find that the slope is again zero for flicker noise, but is

( - -|) for white frequency noise.
The reproducibility of the laser is an item of considerable interest.

This feature expresses how well the laser reproduces the same frequency when the
servo loop is opened, and closed, and also the day to day reliability of the
laser frequency.

We are also interested in how closely the same frequency is emitted from
different lasers nominally stabilized to the same reference frequency. These

characteristics may be measured by the reproducibility R which may be expressed
as R = -^- (1.19)
where V is the main frequency in a series of measurements, say, between two

nominally similar lasers when their servo loops are continually opened and closed,
locking the lasers to their individual reference frequencies. The measure of the

variations, iV, from this mean, invoking a similar argument to that of the

stability definition, following equation (1.12), should be expressed in some

statistical form. One convenient measure is the 3 a uncertainty where here d

expresses the standard deviation nf o - v ,- 0. a number 01 1nG.1v1a.ual settings. This measure



then gives more information about the likelihood of a particular pair of lasers

emitting the same frequency than does a statement of the poorest agreement
achieved, which, statistically is unlikely.

The reproducibility is related to the long term stability since perturbations
occurring over long periods influence both figures. An example of such a perturba¬
tion is the slow drift in the centre of the Lamb Dip which is used as a reference

frequency. For one particular frequency lock, the long term stability may be super¬

ior to the laser reproducibility. In other words, the laser has a slightly differ¬
ent mean frequency each time it is locked and the variations about this frequency
are smaller than the variation in mean frequency.

This concern with definition, both mathematical and semantic has recently been
the subject of some considerable study particularly since lasers are now available

with extremely high values of long term stability and reproducibility. The speci¬
fication and careful comparison of the performance of the lasers has been hampered,
to some extent, by a lack of uniformity in expression and it is encouraging to
see that many recent publications specify more carefully statements of laser

performance. ■

1.6. Measurement of Frequency_ Sta.bility
The most usual form of measurement is the beat frequency technique already

referred to and further discussed in section 2.7- A typical display of beat frequer

cy over 0-100 MHz is shown in Figure 2.1b. Two iodine stabilized lasers are locked

to the d and e lines, and the Figure shows the beat centred at 13 MHz. The width oi
the beat is dominated by the 1 KHz applied modulation. The short term stability ma;,

be estimated by observing the fast fluctuations of the beat, and the long term

stability by observing the slow drift of the centre of the beat.
In these experiments an analogue signal linearly proportional to the beat

frequency was generated (Chapter 2.7) and this could be displayed as a function of
time on a chart recorder, to plot long term stability over several hours. A suitabl
filter placed across the input of the chart recorder created a smoothing time con¬

stant, and an averaged stability scan versus time could be plotted. Alternatively,
averaged values of the beat frequency could be measured in digital form by counting
the beat frequency on a frequency counter with suitable integration times.

The reproducibility was also measured by a beat frequency experiment; one or

both of the lasers were unlocked, relocked to the same components and the beat

frequency counted. The resetability of the lasers manifested itself as different
averaged beat frequencies. This experiment could also be performed with both laser:
locked to the same line: the shift of the teat frequency from zero frequency indi¬
cated any offset, the constancy of which could again be measured by relocking and
remeasuring. Wavelength comparisons between lasers are possible to an accuracy

approaching 1 in 10^ using a pressure scanned Fabry Ferot interferometer (5).
However comparisons against the primary standard are only possible to its own

g
accepted accuracy of 1 part in 10 . (l)

Measurement of the Allan Variance are discussed in detail in Section 5
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CHAPTER 2

LASER DESIGN AND ANCILLARY APPARATUS

We shall describe here the general features of the type of laser used

in these experiments. For these purposes the discussion will be divided into
four sections.

2.1. Cavity Design

As discussed earlier, the prime requirement of the cavity support struc¬
ture is to keep the mirror separation as constant as possible. The basic

cavity design is shown in Figure 2.1. and is a modification of cavities which
have successfully been used in this laboratory for some time.

The end plates (A) supporting the mirrors, are constructed of steel and
are kinematically mounted against large, heavy, steel plates (B). These plates
are linked by three I-4" diameter invar bars, The orientation of plate A is

altered, with respect to the cavity axis, by spring loaded screws which give

orthogonal movements with an angular sensitivity of -§° per turn.

Various laser tube mounting arrangements were used. In the majority of
cases the tubes were held in two Terry Clips which were supported from the

upper invar bar. Alternatively, platforms resting on the bottom two spacer

bars were used, in conjunction with micrometer movement plates which were bolted

together to give horizontal translation of the tube. A spring loaded clamp

provided vertical movement.

The absorption tubes were mounted (Figure 2.2.) in vee blocks on small

tilting platforms and held in position with red wax. The platform was fixed to
a micrometer cross slide bolted on to a magnetic base which was clamped to the
steel vibration isolated table. This arrangement allowed tilt of the tube in
two orthogonal directions and also translation of the tube perpendicular to
the laser axis. Using these adjustments, it was possible to align empty

absorption tubes in the laser cavity with a power loss of less than yfo.

Photographs of the laser system taken in plan and elevation are shown
in Figures 2.3., and 2.4. The photographs show a laser with a hot cathode

gain tube and an absorption tube. Normally, plastic dust screens surround
the air gaps between tubes and mirrors. A plastic acoustic shield also
surrounds the complete laser.



mirror end
plate A.

Ml
;~rr

invar spacer tar

v'

T
0

steel end
plate B

r-Jd

m

be
rc~i

£

1

M

tuning screw.

piezoelectric
cylinder

Hrrx=b
mirror.

FIGURE 2.1

LASER CAVITY DESIGN



tilt screw ball bearing slide

FIGURE 2.2

PLAN AND ELEVATION VIEWS OF THE ABSORPTION TUBE MOUNTING



FIGURE2-3
SIDEVIEWOFTHELASER.



PLAN

FIGURE24 VIEWOFTHE
LASER



25

2.2. Laser Tube Construction

In several cases, it was possible to use commercially available laser

tubes in these experiments. Tubes were supplied by Scientifica and Cook

Electronics, Spectra Physics and Oriel Optics. Both the Scientifica and Cook

and the Oriel tubes had hot cathodes while in the Spectra Physics tube a cold
aluminium cathode was used.

The tungsten wire filament construction of Scientifica and Cook

proved unreliable. The filament was operated from a 6 - 7 volt stabilized

power supply at 1.25 amps and, in practice, tended to sputter as a result of
ion bombardment. Moreover,the filaments were rather fragile and when, after
some period of operation, the laser was moved, the wire tended to break.
In operation the power supply voltage was increased or decreased gradually on

switching on or off respectively. This eliminated large transients which

might have overheated the wire.

The Oriel tubes were constructed with dull emitter electrodes and

performed satisfactorily except for the heat generated (about 1 watt) inside
the laser.

Spectra Physics cold cathodes proved more satisfactory, however.
Constructed from an aluminium alloy, they are highly sputter resistant.
The disadvantage is that, over long periods, the cathodes tend to clean up

the helium and neon in the tube. Frequently one found that the helium and
neon were absorbed into the aluminium. However, warming the cathode with

heating tape was sufficient to restore full power to the laser.
For the JO cm. Iodine stabilized lasers it was necessary to construct

tubes (not available commercially) of a particular bore diameter and length.
The practice of tube construction varies greatly from laboratory to laboratory,

(j^, 57, 58) Therefore a brief indication of that used in these experiments
is necessary. Cold cathode tubes were constructed, as these were thought to

be most reliable. In order to refill the lasers to different ga.s pressures,

locally constructed tubes should be capable of reopening. Generally, the

re-opening of a tube re-admits air and allows dust and dirt to settle on the

inside of the tube windows. For this reason most of the tubes were constructed

with windows sealed on to the tube using epoxy cements. After use, the windows
could be removed, cleaned and re-sealed. Two particular cements were used:

Torr Seal (Yarian) and a flexible low vapour pressure Araldite (AY111 and HYlll),
The former was rapid setting and, on mixing, formed a thick paste which was

easy to apply. It was, however, difficult to remove, being fairly resistant

to the usual epoxy resin solvents. The Araldite product set in twentyfour hears



at room temperature or in about half an hour when heated to about 90°C in

an oven. It was easily removed using De-Solv 8090 (Oxyley Development

Corporation). Both of these adhesives were used also on several absorption
tube window assemblies.

The basic laser tube design was modified several times and a diagram
of the final form is shown in Figure 2.5«

The capillary section was made of high bore tolerance fused silica.
The anode A was a tungsten pin, as was the third processing electrode P.
A11 aluminium cylinder (EHT 15» Approved Metal Co. Ltd.) which was machined
to have an internal diameter of about an inch, formed the cathode. A nickel

plate, on to which was welded a tungsten lead pin, was screwed into the

back of the cathode. The important feature of the cathode envelope was the
"funnel" which directed the discharge inside the cathode, rather than on to
the outer surface. The latter situation tended to produce a noisy lasing
output as the discharge flicked from point to point on the outside of the
cathode and destroyed the power supply stabilization by making large and fast
demands on the current regulation.

In practice, the glass funnel protruded about an inch into the cathode.
The length of the cathode was determined by the discharge current at which
the laser gave maximum power output. This, in turn, depended on the laser

length and tube bore, and was typically 12 mA. for tubes about J>Q cms. long
and decreased as the lasers decreased in length. The dimensions of these
cathodes have been investigated by several authors (39» 40, 41) and their
results have been used in the present work. For the 30 cm. long lasex^s,
the cathode dimensions were typically 1" I.L. and about 6" long.

A block diagram of the vacuum system used for evacuating and filling
the tubes is shown in Figure 2.6. The vacuum system was constructed from
Vacuum Generators Ltd. stainless steel components using copper gasket FC18

flanges. The backing pump was an Edwards ED 35» and the diffusion pump an

oil pump. A triport filling facility existed and the required amounts of
B.O.C. grade X gases were let into the system using needle valves. A large

nitrogen trap above the diffusion pump was filled automatically from a dewar

using a compressed air pump delivery system. The nitrogen level in the trap
was controlled by a thermistor level controller system.

The laser tube was usually attached to a standard flexible bellows

flange which was bolted on to the system. The pressure was measured on ion
gauges and the tube filling pressures on calibrated Edwards Model 9 Pirani

gauges. The final tube pressures could be relied upon to about 10$.
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The system regularly achieved base pressures of 8 - 9 x 10 torr at
the laser tube end. The procedure involved pumping down and outgassing the

system, including laser tube, with heating tape at about 250°C until pressures
~7 5

of about 10 torr were achieved. The cathode processing was then carried out.

The cold cathode is only effective and sputter resistant if a thin oxide coating
is formed on the outside of the cathode. To effect this, discharges were run

in a few torr of oxygen at about 40 mA for several hours with several fillings
of oxygen. It was during this processing that the auxiliary electrode was used.

Previously, processing discharges were run through the tube bore, but it was

found that, in using this procedure, gases evolved by the cathode during the

processing tended to settle on the cooler inside of the windows thus preventing

lasing. All processing discharges were therefore run via the short discharge

path, and with the nearest nitrogen trap kept full in order to gather the
evolved gases. Initially the oxygen discharge would be very blue; after
several oxygen flushes, the processing was judged to be complete when the

discharge was colourless. On filling the tube to the required helium and neon

pressures, a discharge was run under typical laser conditions for a few hours
cincl. "tlisn the tnhss 2?e~evecus.ted end 2tgdded■ A cxricls syctcni could he

built up around the tube on the vacuum system. This would enable the tube to
be tested for laser action before sealing and removing the tube from the
vacuum system.

2.J. Absorption Tube design

A suitable absorption tube design gradually evolved during the experiments
and the final form is shown in Figure 2.7. The side arm is used in the iodine
tubes to cool the tube and therefore change the iodine vapour pressure inside.
No side sarin was used in the methane tubes. A L.K.B. type pirani gauge was

incorporated so that checks could be made on the tubes periodically to ensure

that they remained vacuum tight. This was particularly necesss.ry when using

epoxy window sealed tubes since water vapour is easily transmitted through

epoxy glues. The tubes were attached to the vacuum system already described
through a glass "U" tube nitrogen trap which prevented the iodine from travelling
into the vacuum system from the reservoir. The glass joints were greased B14
cone and socket systems.

To fill the iodine tubes, the system was pumped out, with all nitrogen

traps full including the iodine reservoir and then the tap T was closed.
A nitrogen flask was held over the absorption tube side arm and the iodine was

sucked into the tube. When a suitable amount was in the tube, the absorption
tube could be sealed off at the constriction.
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For all the preliminary experiments, epoxy sealed windows were used.

These had the disadvantage that they tended to transmit water vapour and had
a tendency to leak. Iodine also attacked both Torr-Seal and the Araldite

)

window seal. A sealing technique using a Mylar film coated on both sides with

epoxy resin was developed, particularly for the iodine tubes. Even though

epoxy resins were used, the amount wa3 smaller than if a complete epoxy seal
were used and the majority of the seal was mylar (l/40 mm.x 3/40 mm.x 1/40 mm,)
sandwiched between the end of the absorption tube and the window. The complete

assembly was heated to about 90°C in an oven and pressed gently together while
it was hot. This seal is, of course, not bakeable but the tube body may be
baked with heating tape while keeping the ends a?;ay from the heating tape.
Because of the flexible nature of the mylar and the epoxy film, it was easy

to fill in any cracks or irregularities in the tube ends which therefore only

required coarse polishing.

A much more satisfactory tube construction technique uses completely
fused quartz assemblies, and, indeed, tubes made in this way were used in the
final systems and are reliably leak proof. Quartz also has the feature of

itself outgassing less than pyrex and so is a more suitable material to use

in absorption tube assemblies. Such tubes had very low loss when inserted in
the laser cavity and power losses of less than 5"!° were typical for empty

iodine cells.

2.4- Cavity length modulators

Two types of modulators have been used, one a piezoelectric device and

the second a magnetic type. Both will be discussed separately.

2.4.1. Piezoelectric length modulators

The extension of a piezoelectric material for a voltage V is given by

A# = 4" d3l v (2a,)
in a direction normal to the applied voltage. Here J?, is the length of the

material, t its thickness and d,., is the appropriate oiezoelectric5 A"I
coefficient. To maximise the sensitivity ( —y— ) one requires long thin
materials with a large dv1 value. A useful arrangement for a laser length

31
modulator is a thin cylinder with the mirror mounted on one end, the other
end being fixed to the laser end plate. Alternatively three stacks of discs

may be distributed around the mirror at 120° intervals. These may be

arranged to give either a total length extension, when the three stacks are

made to change length simultaneously, or Wo orthogonal tuning motions,
when only one of the stacks is extended for each movement. The disadvantage
of the three stack arrangement is that it is difficult to match the individual
discs comprising the stacks to give the same sensitivity, in which case a
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total length extension, obtained by applying the same voltage to the three

stacks, would require retuning of the laser. This may be overcome by
careful choice of the power supply sensitivities used to drive the stacks of

discs. By connecting adjacent discs "back to back" the voltage needed for a

given extension may be reduced. There are some considerable practical diffi¬
culties in cementing together small stacks to give a flat contact which is
also electrically conducting. Frequently, thin copper or steel shim pieces
are sandwiched between the discs to serve as solder tags. These difficulties
resulted in the choice of cylinders 1/8" thick and ly" to 2" long mounted as

shown in Figure 2.8.a.

The ceramic material is produced by Brush Clevite (Venitron) in tiiree
-12

grades having three different sensitivities PZT4 (<^1 = ~ x 10 metres/
volt) PZT5A (d51 = - 171 x 10"12 metres/volt) and PZT5H (d x = -273 xlO-12
metres/volt). However the dielectric constant increases with the more sensitive

types (48 for PZT4 and 100 for PZT5H) and so the capacity of the tube increases
as the sensitivity increases. This capacity increase decreases the maximum

speed at which the piezoelectric works and may degrade the performance of
the servosystem. It reduces the maximum frequency of the modulation on the

cavity length thereby increasing the time constant needed on the phase sensitive
detector and may also require operation of the electronics away from optimum
low noise regions. The capability of the system for counteracting fast
disturbances may also be impaired.

As a compromise between these features, PZT5A was used and for a lj" tube,
a BC sensitivity of about 2 yj m for 1KV was obtained. This corresponds to
about 7 orders of movement of the 30 cm long cavity. For a laser frequency

stability of 1 MHz. in a 30 cm cavity ( —OT ■■ = 5°0 MHz) the noise on the
piezoelectric must be less than about 300 mV peak to peak. This is a figure
well above that expected in practice.

The piezoelectric tube was fixed into a brass disc and cemented in place
with Araldite (AY111 + EYlll) or a cyanoacrylic adhesive to provide a rigid
and electrically insulating joint. The outer electrode surface of the piezo¬
electric cylinder was kept at earth potential and the inner at high voltage.
The electrical connections to a well stabilised power supply or a servo loop
were made through a BBC socket the centre pin of which was joined to the
inner electrode surface with a loop of wire passing through the brass disc
and soldered with low melting point solder on to the inside of the cylinder.
The light mirror mount was Araldited to the other end of the piezoelectric

carefully ensuring that the two electrode surfaces were insulated from one

another. The mirror, located on three ball bearings cemented inside the
mount was held in position by three metal clips. The whole assembly was
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"bolted firmly on to the laser end plate. This allowed the easy inter¬

change of mirrors without altering the cavity alignment.

2.4«2. Magnetic Length Modulators
The scanning coil arrangement is shown in Figure 2.8. b.

C are coils carrying a current supplied from an external stabilized voltage
source. When a current flows through C the pole pieces AA attract the

flexible steel plate carrying the mirror assembly. The plate P is rigidly
fixed to the laser end plate at its ends, as shown in the plan view.

The advantage of this type of length changing mechanism is that the voltage

sensitivity is far greater than the piezoelectric system and much lower

voltages may be used. This gives the magnetic method a far greater dynamic

range. The system is, however, microphonic, and has resonance frequencies
around 6C0 'Hz. It is also limited in speed but this depends on the ampli¬
tude of movement required and modulation frequencies up to 500 Hz may be
used with optical modulation bandwidths of some tens of Megahertz.

2 • 4 • 3 • AC Sensitivity of coil arrangement

The sensitivity of the coil, which had an impedance of 250 ohms,
was measured for AC using a simple beat frequency experiment. In this experi¬

ment, the coil v?as again mounted in a laser cavity 800 mm long, having a free

spectral range of 186 MHz. The TEM00 mode laser output was mixed with the

output from an Eliott HHL6 stabilized laser. This laser was a 15 cm long
Lamb Dip stabilized laser, but the stabilization loop was not closed in these

experiments. Under these conditions the laser was unmodulated and freqiiency
drifts of a few MHz in several seconds were observed on an optical spectrum

analyser.

The experimental arrangement, constructed on a vibration isolated

table, is illustrated in figure 2,$. The laser output wavefronts were

modified, using lenses and to give similar curvature, spot size and

divergence and then were superimposed on the beam splitter BS. The beams
were then detected on a fast Hewlett Packard 4220 PIN photodiode with a

response time less than one nanosecond. The beat frequency spectrum from
0 - 100 KHz. was displayed on a Hewlett Packard Spectrum Analyser. The width
of the beat frequency envelope with no modulation on either laser was less
than 5 MHz.

\

When modulation from an oscillator was applied to the scanning coil
the beat frequency envelope as observed on the analyser increased, and the
peak to peak value of this width was taken to be the peak to peak frequency
modulation applied tc the laser. The beat frequency width for a fixed ampli¬
tude AC as a function of applied frequency for a DC bias of 8.85 volts is
shown in figure 2.10. The curve shows a flat region around *00 Hz.and then
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rises to a resonance at 600 Hz. This resonance is attributed to mechanical

features of the mounting and is typical of scanning coil arrangements.

The plateau is a suitable region for use in modulating the laser; frequency
drifts in the oscillator have little effect on the resulting modulation width.

The AC sensitivity for a fixed DC bias and AC peak to peak amplitude was

measured for several different frequencies and the results shown in Figure 2.11.
The sensitivity appears to be linear over the voltage range investigated.

2.4• 4• D.C. Sensiti-vity of the coil arrangement

The d.c. sensitivity of the scanning coil was measured using the

optical spectrum analyser described in section 2.6. The output of the analyser
was displayed on an oscilloscope., and the trace sensitivity calibrated to give
a dispersion of one free spectral range of the analyser head (2GHz.) for ten
divisions on the oscilloscope graticule. The scan coil was mounted in an

800 mm. long laser cavity which had a free spectral range of 186 MHz. and which
was operated in the TEM^^ mode. It was possible, as Figure 2.9. shows, to
apply both a d.c. bias and an a.c. modulation to the scanning coil. A change
in d.c. voltage causes the cavity length to change and the mode display on

the screen was observed to move. The d.c. sensitivity is plotted in Figure 2.12.
in orders of movement of the cavity. If a voltage change causes the cavity
to change in length by one half wavelength, the (q + l)th mode, as observed
on the screen, moves in frequency to that of the qth mode. Hie voltage neces¬

sary to tune a particular mode to the position of its nearest neighbour was,

therefore, that for a change in cavity length of one order. The curve of

Figure 2.12 is seen to be linear after some 7 volts are applied to the coil,
and it was with this level of d.c. bias that all a.c. modulation experiments

were conducted. Clearly, operation of the scanning coil arrangement for d.c.
bias levels lower than this value would lead to nonlinearities in the scan.

2.4.5' Piezoelectric Sensitivity measurements

A.C. sensitivity measurements for a lg" tube of PZT mounted on a

30 cm. long laser were made directly on an optical spectrum analyser display.
The display had a calibrated dispersion of 5 MHz/cm.

The laser was subsequently used in the iodine saturated absorption
measurements and was well shielded from atmospheric fluctuations and vibrations.
It possessed a frequency stability of better than 1 MHz. over a few seconds
thereby enabling these measurements to be made. The long laser used in the

scanning coil experiments did not possess sufficiently good short term

stability to permit an a.c. sensitivity measurement of this kind. An A.C.
signal of 2.6V peak to peak amplitude from a tunable oscillator was fed directly
on to the piezoelectric cylinder and the resulting frequency modulation, as
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observed on the optical spectrum analyser display was plotted as a function
of frequency (Figure 2.1p) The Figure shows small fluctuations until mechani¬
cal resonances at 2.5 KHz,, and 7KHz. are reached.

A typical piezoelectric has a measured capacity of 7 nanofarads.
For frequencies over 10 KHz. the piezoelectric impedance drops. Current is
drawn from the oscillator which distorts and reduces its output voltage.
The series of resonances around 10 KHz. are typical of most measured mounted

piezoelectric cylinders. The zero frequency intercept agrees v/ell with the
calculated d.c. sensitivity of PZTJjA.

The variation of modulation bandwith with a.c. peak to peak voltage
was also measured for a qeries of frequencies near 1 KHz. The results showed
a linear dependence of beat width upon a.c. voltage.

The 1)0 sensitivity may be calculated from equation 2.1. and is J.l

MHz/volt. This sensitivity was checked by applying known voltage steps to
the piezoelectric and measuring the frequency change of the laser as observed
on the optical spectrum analyser display.

Two possibilities exist when one is deciding upon the modulation

frequency, which should be as high as possible to enable wide bandwidth servo
loops to be designed (Section 2.8). One possibility is to modulate on a

piezoelectric resonance. This produces a scan of displacement to applied

voltage, more linear than that obtained by off-resonance modulation.

However, the presence of steeply varying phase shifts around a resonance is

detrimental and would lead to a reduction in signal to noise ratio of the
stabilization discriminant. For this reason, off resonance working was

preferred - particularly for the third harmonic techniques (45) as precise
reference phase setting and stability was necessary to ensure good detection
of the iodine absorption features.

In normal conditions, the laser was modulated near 1 KHz.

2.5* Antivibration Mountings and Temperature Control

All the experiments were carried out on an antivibration mounted table.
This was a 6' x 4' steel table built on a large concrete plinth set into the
foundations of the building. The table top was isolated from the plinth
and table legs by a spring and damper arrangement and, as a result, the whole

arrangement had a resonant frequency for vertical vibrations of a few Hz.
The lasers were protected from draughts end acoustic noises by simple plastic
screens, and dust screens surrounding the 3pace between the mirrors and laser

windows,

The laboratory temperature was controlled by a system which maintained
the room temperature at 22° C t o.l°

Section 4»5« discusses the effects of vibrational noise on the

laser output.
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2.6. Optical Spectrum Analysis

A short confocal scanning- Fabry-Perot spectrum analyser manufactured

by Spectra Physics Ltd., was used to observe the frequency spectrum of the
laser. The analyser head consisted of a piezoelectric ceramic tube with a

high reflectivity mirror at each end. The free spectral range of the instru¬
ment was 2 GHz. and its instrumental linewidth 10 MHz. full width at half

height. This results in a finesse of 200. The instrument was scanned using
a sawtooth waveform of variable switched amplitude, corresponding to variable

frequency scan width.
The same sav/tooth of full amplitude was applied to the sweep input of

an oscilloscope and hence the oscilloscope was scanned synchronously with the
laser. The output of a' photo-detector placed on the opposite side of the

analyser head from the laser was suitably amplified and displayed on the
vertical scale of the oscilloscope. When the laser and analyser were aligned,
the Fabry Perot transmitted light each time its transmission resonance came

into coincidence with a laser mode. The photodiode developed a voltage across

its load resistor which was displayed as a vertical spike with the Lorentzian

lineshape of the Fabry Perot transmission band. In this way the optical

spectrum of the laser could be observed. Figure 2.14. illustrates typical

spectra for a laser operating in the TEMQO mode and one exhibiting off axis
modes.

The scan amplitude to the analyser head may be switched in precalibrated

steps thereby displaying sections of the total scan. A DC level control was

also available on the analyser piezoelectric thereby enabling the analyser

scan to be tuned to any region of the laser linewidth.

The confocal scanning interferometer has degenerate off axis and
axial modes. No spurious resonances exist on the displayed spectrum,and

alignment is easier than with non-confocal systems where the laser wavefront
must be mode-matched to fit the fundamental mode of the interferometer.

2.7. Beat Frequency Measurement

This technique enables careful measurements to be made on the perform¬
ance of stabilized lasers. The outputs of two lasers under study are mixed

together, generating both sum and difference frequency components. The sum

frequency is also in the optical range, but the difference, for well stabilized
lasers, falls into the radio or audio frequency range and therefore may be
examined in a conventional frequency analyser system.

In practice, the arrangement shown in Figure 2.15. was used. The two
lasers LI and L2 are placed at right angles, thereby ensuring that each may

be thought of a.s responding independently to mechanical or acoustic disturbances.
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The output wavefronts of the two lasers must be made equal in size and curva¬

ture at the mixer which is a beam splitter B. This criterion is necessary to

enable maximum superposition of the beams which leads in turn to maximum inter¬

ference or beat frequency signal. The ouput from one side of the beam splitter

may be detected by a nanosecond response photodiode amplified, and theyi

displayed from 0 - 100 MHz. on a Hewlett Packard model 8551 - R.F. Spectrum

Analyser. The displayed beat frequency indicates the frequency difference
between the two lasers; the width of the beat indicates the stability of the

difference frequency over short time periods, and any movement of the centre

frequency indicates the long term instability of the lasers.

The fundamental beat frequency arrangement was originally developed by
D.C. Wilson and W.R.C. Rowley of N.P.L., to produce reversible beat frequency
measurements. A reversible frequency counter displays the beat frequency at
one second intervals with a one second integration time. An analogue output,

linearly proportional to the beat frequency is also provided. Crucial to the

system is a metallic coating on the beam splitter which produces phase quadra¬
ture beat frequency signals which are detected by diode Dg thus enabling
reversible counts to be made. This system has been extensively discussed in

the literature. (42).

The reversible nature of the measurement, originally developed for fringe

counting interferoraetry, is especially useful for lasers which are operating
within a few MHz. of each other. The beat frequency from such well stabilized
lasers makes excursions on either side of zero frequency; the lasers fluctuate

relative to each other so that laser 1 is sometimes higher and sometimes lower
in frequency than laser 2. Without a reversible system, study of this important

aspect would not be possible. A logic unit provides information about this
alternation in beat frequency and enables an analogue output to be derived
which reverses polarity as the beat frequency passes through zero frequency.
The analogue output then carries information to the counter which also
indicates the polarity of the count.

A block diagram of the apparatus, together with its display features,
is incorporated in Figure 2.15.

A typical beat frequency spectrum is shown in Figure 2.16. Two iodine
stabilized lasers were separately locked to the adjacent components d and e,

and the 15 MHz. beat frequency observed as described above. The peak at -4
on the hoi'izontal scale is the zero frequency marker and the vertical

sensitivity"is 10 dB /division. The figure shows the spectrum at a dis¬
persion of 2 MHz. per square indicating the beat centred on 13 MHz., with a
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BEAT FREQUENCY APPARATUS.



FIGURE 2-16

BEAT FREQUENCY DISPLAY OF A 13 MHz BEAT
BETWEEN TWO LASERS. ZERO FREQUENCY IS AT
-4 ON THE HORIZONTAL AXIS, WHICH HAS A

DISPERSION OF 2MHz PER DIVISION.
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width of some 3 MHz. This width is largely dominated hy the frequency scan

imposed on the lasers.

2,8.1. Servosystem Design

The basic concept of any servosystem embodies four features
1. An oscillator to be stabilized.

2. A reference frequency to which the oscillator may be

constantly referred.

3. An electronic system which provides a voltage proportional
to the offset between oscillator and reference frequencies.

4. A control element on the oscillator which changes a frequency
sensitive parameter thereby retuning the oscillator to the
reference.

Following the established principles of a feedback system in electronic
:tion C of such a feedback system

R (2.2.)

amplifiers, the closed loop transfer'function C of such a feedback system is:
A

C =

1 + A

Where A is the open loop gain and R is the input signal.
The system error E is given by:

R
E = R - C = (2.3-)

1 + A

The object of a servosystem is to minimize E by making A extremely
3

large, perhaps 10 or more over a large frequency range. Also, the phase
shift introduced by A must not allow the system to oscillate, and so must
be maintained below 180° for all values of A greater than or equal to 1.

In a laser control system R is the spectrum of environmental
disturbances which perturbs the laser frequency, C is the servosystera response

and E is the residual frequency instability of the laser due to the finite

input R. In general, R is small at high frequencies, where acoustic effects
are dominant and is large for low frequencies, where slow thermal drifts are

important. Ideally the response of the system should be tailored to the

environmental disturbance frequency spectrum.

The standard technique in deriving an error signal, or discriminant,
(for 1 asers stabilized to some peak or dip feature in the power output tuning

curve), involves modulating the laser at a frequency to and detecting the
resultant intensity modulation. This produces an A.C. signal which varies in
amplitude as the laser frequency is tuned across the feature and v/hich
reverses in phase at the centre. Phase sensitive detection is then carried
out on this intensity modulation at a reference frequency to. The D.C.

smoothed output of the phase sensitive detector (pad,), as the laser frequency



is tuned over the frequency range of its discriminant, is shown in Figure 2.17.
This shows an "S shaped" discriminant typical of laser stabilization systems
which is positive on one side of the discriminant centre, is zero at the centre

and is negative on the opposite side. If this voltage, representing a frequency

detuning from line centre, is fed back to a length controlling element in the
laser structure in the correct phase, then the laser will continually be retuned

to zero psd. output, that is to the centre of the peak or dip.

The stability of the resulting stabilized laser frequency may be affected

by three classes of perturbation which are

i) The laser frequency may be perturbed by electronic noise from
the light detection system, usually a photocell, or from the

input stage of the first amplifier. If the laser intensity

fluctuates, then perturbations similar to these will occur.

ii) The D.C. output stage of the final servosystem amplifier may

drift and will lead to frequency instabilities

iii) If the laser cavity drifts or is affected by vibrations the

servosystem responds to this source of instability. A similar
effect arises from voltage fluctuations on the piezoelectric

length control element.

The performance of the laser servosystem will vary depending on which of the
three noise sources perturbs the laser frequency. An analysis of a typical

servosystem response to these fluctuation sources may be carried out using
the circuit representation shown in Figure 2.18.(43)

We shall represent three noise sources by x, y, and z. The position
of these in the servosystem indicates their origin: x refers to noise in
the photocell and input amplifier, y represents the effects of amplifier
D.C. drift, and z the effect of cavity length fluctuations. Voltages b, c,

d, and e represent the total voltage measured at that point in the circuit.
The amplifier gain -A will be assumed to be independent of frequency.
The simple R - C filter shown has the filter response function

d = — where X = Rc (2.4)
1 + icot

The performance of the laser is specified by B which is the ratio of
photocell output to applied PZT voltage. The laser output is proportional to
the input and is not frequency dependent. Typical photocell output changes
are a few millivolts for a change in PZT voltage of a volt, resulting in B

-3values of about 10 .
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The performance of the system with regard to the three noise sources

indicated is as.follows:

i) Photocell noise
This is characterised by y = z = 0 and a finite value of x.

In this case, for closed loop operation we find that the voltage on the

piezoelectric is:

e
x A
uzr2■1

K(1'^)* (2.5)
Where K = 1 + AB and is known as the stabilization factor and is much

greater than 1.

For d.c. variations, therefore, = and the low frequency

response is independent of amplifier gain. At higher frequencies, the behaviour

depends on the time constant ( t /K) which appears small thereby extending
the noise spectrum to higher frequencies. This indicates that the system band¬
width for noise is larger than might be expected on the basis of the R.C.

filter time constant alone. There is an advantage, therefore, in using low-
noise electronics

The alternative approach is to reduce K, the system gain. This is

only possible if servosystem compensation for frequency flucturations is not

demanding. The laser must therefore be a very mechanically stable system.

High modulation frequencies of about 1 to 10 KHz. would have the beneficial
effect of operating: the electronics in a low noise region.

ii) Amplifier Drift

We may investigate this by setting x and z equal to zero and

investigating the system performance for finite y. In this case, the
modulation on the laser resulting from this noise source is:

= K"^P,)4 (2.6.)

This expression reduces to 7k for slo\7 drifts which are minimised
if A is increased.

lii) Cavity Variations

This fluctuation is represented by a finite z value, and zero

x and y values. The residual PZT fluctuations are, in this case, given by

= z(1 - "V )* (2 , ,
K(1 ( '

Kl
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For slow variations, the effect is reduced by the stabilization factor K

which therefore must be large for good long term stability. Higher frequency
fluctuations, such as may be encountered as audio frequency airborne vibra¬
tions are less efficiently compensated since the response falls off, as

? 2 "o
dictated by the factor (l + to~ "£ ) , with a roll off corresponding to the

time constant X . To ensure good mechanical compensation, a high gain system
is required and % must be small to enable compensation to be made for fast

fluctuations.

As a measure of the effectiveness of various control systems to laser

cavity fluctuations (type iii variation) figure 2.19 shows a plot of
Z 2

against the freqtiency of a perturbing fluctuation. The figure
Ie I .

shows, therefore, the response of the system to fluctuations ranging from d.c.
to 1 KHz. for the values of stabilization ratio and time constant plotted.
The behaviour of the systems again shows that short time constants and large

gain values produce the most efficient compensation netvforks and indicates the

range of frequencies over which the servosystem compensates for perturbations.

The time constant evidently plays an important part in servo design.
It smooths the p.s.d. output so that the resulting ripple on the piezoelectric
tube controlling the laser length does not modulate the laser sufficiently to
cause oscillation. In other words, the system response must be less than

unity at the modulation frequency. Ideally, the frequency response should then
be a step function rising from zero at the modulation frequency and have large

gain down to zero frequency. This behaviour is not obtainable from any single
filter and various suitable designs will be discussed below. Full wave

rectification of the p.s.d. output is advantageous as this produces smaller

ripple than half wave rectification. The use of square waves in the p.s.d.

system also minimises ripple. The Brookdeal coherent filter is such a device,

(brookdeal Electronics Ltd.) and servo systems using this principle are at

present being investigated by the Gas Laser Section at N.P.L. Experimentally,
a factor of 10 reduction in ripple from a simple R - C filter by a coherent
filter square wave device has been observed.

2•9'2. Filter design

The simple R - C filter has a response

V , » - ^ in

a . iut) (2-e)
where and are the output and input voltages respectively.

The time constant X is the product RC.
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The response of filters is characterised "by a Bode Plot (44), where
the gain of a filter in dB's is plotted on a logarithmic frequency scale.
For an RC filter, this plot is level up to a value of we = 1 and then rolls

off at 6 dB per octave. The advantage of gain higher than the R - C filter

may "be achieved using the low pass circuit of Figure 2.20 which has the
transfer characteristic:

hut - -Tin where 't-CR» (2-9)
h

(l + icot)
Normally R^ is much larger than R^. The low frequency gain is simply R^ /R^
and at high frequencies, the roll off is that of a simple CR^ filter. The filter
has a low output impedance and so is largely unaffected by loading whereas the

simple RC filter is affected by loading.

A more effective design still is that of the integrating filter.
In essence it is similar to the low pass design discussed, but R^ is vastly
increased. The transfer function may be written:

^°Ut Vin
and t = CR1 (2.10)R1 -ticoT

*2
Because R2 so lar£e, 1 ow frequency response of this type of filter is
determined by the tine constant CR^ and not CR^ as with the low pass filter.
The performance, as described by a Bode plot, is shown in Figure 2.21.
The integrating filter therefore has much larger low frequency response

leading to small frequency offsets of a locked laser and a similar high

frequency response to that of the low pass filter. Roll off is again at
6d_B per octave.

It is possible to design filter systems employing integrator units with
9dB per octave high frequency roll off. These systems have the advantage of

large d.c. gains and can extend the corner frequency typical of the low pass

filter to higher frequencies, whilst still having a gain of less than unity
at the modulation frequency. A servo system using an integrating filter is
a type 1 servosystem; that with a simple RC filter is a type 0 system.
For the type 0 system, the voltage driving the piezoelectric tube is proportional
to the error signal voltage and the steady state error is finite for a step
function input. The system cannot cope with a ramp input function, that is
long term drifts. With a type 1 system, the voltage is proportional to the
time integral of the error signal; the steady state error is identically
zero for a step function but is finite for a ramp input. The best sort of
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servoloop, therefore, combines both of these features and has been incorporated
in recent N.P.L. designs. Long time constant integrators are used to give

large D.C. gains, with short time constant 9dB roll off filters to extend

the variation compensation to higher frequencies which approach the modulation

frequency.
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CHAPTER 5

SATURATED ABSORPTION THEORY

3.1. Introduction
In this chapter, no attempts are made to formulate a theory for the

saturated absorption effect, as this aspect of the work has been closely
studied by other workers (45» 46, 47» 48). The early sections will set out

a phenomenological description of the effect related to rather more well known

phenomena such as the Lamb Lip and gain saturation.

Aspects of the saturated absorption technique which are discussed in

greater detail are concerned with the widths of the features used for stabiliza¬

tion (section 1.1.) "Ideally, the feature should be well formed and narrow.

The first of these qualities enables the feature to be observed without a great

deal of signal averaging. This leads to the use of short time constants in a

servo loop, which enable fast perturbations on the laser frequency to be
counteracted. The width of the feature determines the control range of the

discriminant, or error sensing lineshape of the phase sensitive detector.

This ensures a rapidly changing curvature near the line centre. A fast laser

frequency movement therefore produces an rmmediate response wrth a large error

signal from a small frequency shift.
These qualities impose two particular demands on the laser:

i) The laser intensity must be stable, in other words, the output should
be noise free. The absorption features are small and frequently are lost in
the laser noise. This implies that signal averaging is necessary to observe

the feature, and to minimise this, a low noise laser system is desirable.

In Chapter 1, the natures of various perturbations have been discussed, together
with the steps taken to reduce them. Chapter 4 discusses a further noise

source, that of instability due to plasma fluctuations. (Section 4^5)
ii) The frequency stability of the laser without any compensation is to be

as low as possible to ease the demands on the control system; the free running-

fluctuations should not be more than the control width of the discriminant.

Several workers have made considerable efforts to reduce these fluctuations

(49? 50)' T1ne simple precautions discussed in Chapter 1 have been taken, hut
no sophisticated scheme was used here. Behind this was the philosophy that
this development of an iodine stabilized laser was directed towards achieving
the ultimate from a simple construction. This could be easily constructed by
all reaearch workers, and not just those in certain select national standards

laboratories.
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3.2. The Lamb Dip

As the frequency of a single mode single neon isotope helium-neon laser
is tuned over the range of available oscillation frequencies a dip is observed
at the centre of symmetrical power output curve. This is the Lamb Dip, a

feature which was predicted theoretically by W.E. Lainb (4). The physics
of this effect is well known: the dip is formed from the super-position at

the centre of the gain curve, of the tyro Lorentzian shaped holes burned into
the gain curve by the cavity electric field. Four points should be emphasised
with reference to the Dip.

i) The hole width for some arbitrary detuning is, in the case of

inhomogeneously broadened lasers, the natural width broadened by collisions,
cross relaxation and power broadening effects. The width of the Lamb Dip is

independent of Doppler Broadening effects and, in practical cases, is some

200 MHz. wide for 633 nm. He - Ne lasers.

ii) The dip width, as observed in the power output curve, is the homo¬

geneous width of the transition and not twice it, as frequently and erroneously

appears in published literature. The misconception arises from the idea that

the convolution of two Lorentzian holes of width $ is also a Lorentzian of

width 2 & . This is indeed true, hut the crucial fact is that, as these two

holes approach line centre, the apparent rate of approach doubles so that the

observed power decrease has a width ft .

iii) The depth of the dip depends on the ease with which the gain medium

may be saturated and may be characterised by a saturation parameter S .

This, for inhomogeneously broadened media, is the power density at which the

gain is reduced to 1/\J2 of its unsaturated value. A small value of S
reflects the ease with which a laser medium may be saturated. For helium

2
neon lasers, S has a value of about 2 watts per cm. and the Lamb Dip is

usually 51° ~ lO^o of the total power. The value of 5 decreases with decreasing
pressure, and so low pressure operation encourages a greater depth of saturation.

3.3• Saturated Absorption
Let us consider a cell of absorbing vapour placed inside a laser cavity.

The absorption line width will be a sum of contributions from:

i) Doppler broadening due to the random motion of the absorber particles.
ii) Collisional broadening due to collisions between absorbing particles

which decrease the excited state lifetime.

iii) Power broadening, Stark and Zeeman Effects, and. spontaneous or induced
dissociation.

In normal circumstances encountered in typical absorbers, Doppler broadening
is dominant; and for iodine vapour at room temperature, the line width is about

300 MHz.
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Because of the standing wave nature of the strong electric field inside

the laser, when a single frequency laser is tuned over the absorption profile

the absorption saturates and a hole burning process in absorption occurs.

At line centre, a Lamb Dip in absorption occurs and the width of this dip is

determined by the homogeneous linewidth just as for a Lamb Dip in emission.

Doppler broadening is eliminated, and we find that the line width of a saturated
absorption Lamb Dip in iodine is about 4 MHz. This is about two orders of

magnitude narrower than the emission Lamb Dip used in frequency control schemes.

In the case of absorption in the iodine molecule, the centres of several

hyperfine components of the absorption band fall within the tunable range of
the He - Ne laser. Each of these components, separately, produces a dip in

absorption as the laser is tuned to the centre of the particular component,
and each dip produces a corresponding increase in laser power at that point.
It is to the centre of one of these peahs that the laser frequency is servo-

controlled.

Several saturated absorption coincidences have now been discovered and

are listed in Appendix I.

5.4. Linewidth of the saturated absorption features

In the above discussion, the width of these features was stated to be
determined by the homogeneous width. In fact there are several contributions
to the linewidth which are not usually encountered in this region of the

spectrum and which are characteristic of saturated absorption effects.

3.4.1. Natural Linewidth

The natural linewidth of a transition may be thought of as arising
from the finite time of the photon emission process between the two levels
involved. The spectral linewidth of this radiation is Lorentzian in form
and gives rise to the broadened linewidth described by:

I(»> - h ra (J-1'

Here I is the intensity of the line at an angular frequency CO from its
centre frequency CJ0 where the intensity is I

The parameter & is the halfwidth of the line at half intensity and is
related to the lifetime t! by •

This last relationship may be obtained from quantum mechanical considera¬
tions by applying the Heisenberg Uncertainty Principle AEAt~fr to a transition
between two energy levels which has a lifetime X.

We writer

Au ^ —.

a'
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This lifetime is the reciprocal of the spontaneous transition probability.

In the case of the iodine lines investigated in this thesis, the life¬

time of the upper level largely determines the linewidth of the absorption
line as the lower level is the molecular ground state. The most recent

measurements of the single -u*' = 11 level of the B excited state indicate a

lifetime of 410 - 15 x 10 ^ seconds giving a linewidth of 590 KHz. F.W.H.M. (69)
«

Other lifetime measurements have been made. (70, 71» 72)
The experiments of Sakurai (72) et al. involved the use of a tunable dye

laser as a pumping source and it is likely that their results were for a blend

of vibrational levels. They found a lifetime value of 1.5 x 10 ^ seconds giving
a F.W.H.M. of 105 KHz.

5.4*2. Interaction Linewidth

The molecules contributing to absorption at the Lamb Dip ai^e those moving

transversely to the laser axis, in order words, those with zero longitudinal

velocity. During the interaction, a molecule moving with velocity V travels
across the laser beam and spends a time t within it. If the width of the

2a
"beam is 2q ifcsn "t ~ • 33cc&nss o_T ims in iiis losnm. ilioiro is

~V~
a contribution Ax> - V to be observed linewidth. For an order of magni-

2 jt a

tude calculation for iodine molecules, V may be taken as the thermal velocity
2

which is about 25 x 10 cm. per second at room temperature. For a beam diameter

of 2 mm. we therefore have an interaction linewidth of approximately 40 KHz.

or 1 part in 10"^ of the laser frequency. This linewidth may be reduced either

by cooling the iodine or increasing the beam diameter. The first possibility
reduces the absorption of the iodine and hence would require the use of a

longer absorption cell therefore necessitating an increase in laser length
with the associated problem of ensuring single mode operation. Methods for

increasing the beam diameter fall into two groups. A simple approach to the

problem is to choose the mirror curvature such that the mode shape is at

its widest in the iodine cell. A suitable configuration for the J>0 cm. long
laser is a flat mirror at the gain tube end and a 60 cm. radius mirror at

the absorption tube end. The beam spot size, w, at the fiat mirror, is

0.05 mm. and at the 60 cm. mirror is 0.11 mm. This configuration, unfortunately,
reduces the mode volume from the larger volume generated by two long radius

mirrors and so reduces the laser power and the degree of saturation of the

absorption. For two 1 metre radius mirrors, the spot size at the mirrors is
about 0.09 mm. For this laser, then, the spot size varies only a small amount

throughout both tubes; the waist of the mode, w is 0.08 mm. Variations of
o

mirror curvature do not, therefore, have a noticeable effect on the interaction

linewidth. Changes in beam diameter of a factor in excess of two are really
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needed to make a significant difference. This leaves two courses of action,
"both of which have "been exploited experimentally.

With high power single mode lasers such as CO^ around 10 y m. or the
5.59 p radiation from a He - He laser, saturated absorption may be observed
in tubes external to the laser cavity by an arrangement which reflects back
the light beam which has come from the laser. In these experiments the light
from the laser is shone through an external cell then reflected back almost

along the same path. The return beam is then reflected on to a photodiode.
The almost parallel light beams both interact with the same zero longitudinal

velocity molecules in the absorption ceil. In this arrangement, a lens system

may be used to expand the beam to any desired size and so reduce the inter¬
action linewidth by more than a factor of 10. This method may only be used
with lasers which have sufficient output power to saturate the absorption
involved and is not suitable for the visible helium neon laser, (section 5«5«)
Barger and Hall (75) have used an intracavity telescope arrangement with the

very high gain 3»59yum. transition to provide an interaction linewidth of
40 KHz. They are intez-ested in minimising this linewidth as it is the dominant

broadening contribution. In normal operation, with infra-red beam diametez:s of

about 1 mm. the light methane molecule has a higher thermal velocity than iodine
and interaction linewidths for typiceH intracavity methane cells may be about
160 KHz. (or 1 part in 10^.)
5.4.5. Kecoil Effect

The saturated absorption effect makes possible a resolving power in
excess of that previously obtained in the visible part of the electromagnetic
wave spectrum. This enables sensitive experiments to be carried out on pheno¬
mena which have not been observed in this region. In particular, the recoil
effect characteristic of X-rays may nov.' be a significant feature of saturated

absorption linewidths.

During the interaction of the laser light and a ground state absorbing
molecule of mass M , a photon is aborbed by the molecule which is excited to

the Upper absorption level from which it decays by a variety of means and
returns to the ground state. The photon carries with it a momentum p = "Fi K
where K is the photon wave vector and )his Planck's Constant divided by 2JT.

til
The molecule absorbs this energy photon must therefore have
a total energy

( Eo + (K2 t 2)/ 2M ) (5.2)
where is the energy corresponding to the centre of the absorption transition.
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tl2 K 2
This means that the laser frequency is shifted by an amount E = • 2 M

from the Bohr energy Eq =1">D0. Similarly emission of a photon also
means that the molecule must recoil with the photon momentum. The absorption
and emission lines are therefore shifted in frequency by from an unperturbed
value. The separation of these lines is therefore where:

* « ± (5.3)

+ 1.25 y 106
M A2 Hz. (3.4)

where M is the mass of the absorber and A is the wavelength in microns.

Evaluating this for iodine ( A = 0.633 /Jm. = 254)
we find that i cTv = - 12 KHz. or 4 parts in 10"^ and for methane

(A- 3.39 IJ m, M = 16), ± <&?«= ± 70 KHz. or 2 parts in 109.
The importance of this effect is that the measured laser frequency may

deviate from the unperturbed absorption centre frequency.

3.4.4. Wavefront Curvature Effects

In our discussions so far, we have assumed that the absorbing molecule
interacts coherently with the laser wavefront over the whole period of the
interaction. In practice, the laser wavefront is curved and this curvature

gives rise to a line broadening effect. Figure 3*1« illustrates a molecule

following a trajectory B^ and a curved wavefront of radius of curvature R.
Let us assume that a molecule starts from B v/ith a mean velocity Vm.

At A, the molecule trajectory is tangential to the wavefront, but at B the

velocity component tangential to the wavefront is Y sino4 or Y -g ,0
m m R where

2a is the aperture of the beam. Nov/, 1? = "p (l - ^ ) (3«5)
end so the frequency broadening may be written approximately as :

•»-»- -I f (3.6)
2

Normally *rnrJ 2 x 10 cm. per second, a ^ 0.1 mm. and R~1 metre
So = 300 Hz. or 1 part in 10"*"2'

This very small effect is practically eclipsed by the other line broad¬

ening and shifting processes observed.

2
K 2

3.4.5. Pressure Effects

These effects are quite complicated for saturated absorption pheno¬

mena, and, as a prelude, it is instructive to make two simple calculations.

The width of the saturated absorption resonance is small as the

technique samples only those absorber molecules which move nearly perpendicular
to the laser axis. A rough estimate of the angle to the normal or "acceptance

angle" is: Q = , A* resonance
doppler (3«7)
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4 v

£0pp]_er f°r iodine molecules (400 MHz) reflects the width of the
absorption linewidth of molecules moving with a Boltzman distribution at the

temperature of the molecules. For a typical saturated absorption linewidth
of 10 MHz., we have 0 = ( 71 /AO) or 70 milliradians. Absorbers with trajectories
which have an angle of greater than 70 milliradians to the normal do not contri¬

bute to the absorption peak signal. This is different from the normal situation

in collisional physics when all interaction angles must be considered.

The mean free path, or distance between collisions, is also a feature of

interest. For normal iodine pressures of about 100 microns, the particle

density is about JO x 10"^ per c.c. and for a typical gas kinetic diameter of
-15 210 cm we have a mean free path of about 3 mm. This implies that many

molecules traverse the laser beam, and interact with it, if they are within

70 milliradians of the normal, without suffering a collision. Moreover, if

a particle does suffer a collision, a phase shift occurs in the laser field
- absorber interaction and a longitudinal impulse along the laser axis is
also imparted to the absorber molecule undergoing the interaction. This

impulse gives a longitudinal velocity to the absorber and so shifts it out
of the resonance. The saturated absorption phenomenon, therefore, preferen¬

tially selects not only molecules moving very closely in , a particular direc¬

tion but also those molecules which do not suffer a collision during the

interaction. This results in collisional shifts and broadenings much smaller

than those observed in non-saturated absorption experiments. This absence of

strong collisional effects encourages the use of saturated absorption phenomena
as reference frequencies.

More thorough consideration of these points is made by J.L. Hall in his
treatment of the collision physics of the methane saturated absorption lines (46)

Studies have been made of the fluorescence of iodine vapour induced by
*

laser sources (72) and self quenching coefficients arising from - Ig
collisions in external cell experiments have been measured. Similar experiments
have been carried out by Shotton and Chapman (69) where more care was taken to
ensure excita.tion of a single vibrational level. From experimental Stern-volmer

plots they have calculated a value for the self-quenching cross-section for
I * - I collisions, a ^ of 70 • Using the results of Brewer et al2 2 A

(71) for the self quenching coefficient in the Stern-Volmer equation, we may

write, for the lifetime t of a collisionally broadened line from the v = 11
level of the iodine B state.
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1 = JL_ + 2.264 X 105 <7 2 P (5.8.)
X to

where CJ is in angstroms and P is the pressure in torr*. Therefore:

1 __1_ + (2.26 + 105) x 70 P (3.9.)
'

X "to
1 = __1_ + 90.4 P x 106 (3.10)
t to

For = 410 nsecs we have, for the zero pressure linewidth AB 390 KHz.
FWHM. and a collisional broadening of 2.6 MHz. per torr. These measurements

are for all angle collisions and molecules moving in all directions and will
be referred to as linear experiments.

It is possible that other processes more complicated than the naive

picture of collisional broadening discussed in this Section contribute to the

observed linewidth. In the experiments of Barger and Hall (74) on saturated

absorption in methane, the self-quenching- coefficient decreases as the laser

beam diameter in the methane cell is increased. This aperture dependence may¬

be explained in terms of a critical collision diameter which is aperture

dependent. In the iodine experiments, aperture, or interaction time broadening,

rs very much smaller than many other linewidth contributions. The methane

linewidth is dominated by this consideration. As yet, the physics of line

broadening in saturated absorption experiments is not clearly understood and

more work under a variety of experimental conditions is necessary to investi¬

gate the possible experimental variation in observed pressure broadening.

Pressure shifts are also noJ. well understood. The methane experiments
to which we have already referred show shifts some ten times smaller than
those observed in non-saturated absorption or linear experiments. This appears

reasonable on the basis of the suggestions outlined at the beginning of this
section: saturated absorption selects preferentially those absorbers which

interact coherently throughout their passage through the laser beam. The Lindholm

theory of pressure effects (75) states that at low pressures and for frequencies
near the line centre, the shift and broadening are proportional to the perturber

density N. Assuming we may characterise the forces between emitter and

perturber by a Van der Waal's type interaction we find a

? 5 A
Broadening All = 2.71 '5 ^ • N (3.H)

end a Shift cT"^ = 0.98 Cg jj 12)

Where Cg is the Van der Waal's Constant and %f is the average perturber velocity.
The ratio of shift to broadening is O.36. For methane, the observed broadening
is 8 MHz. per torr and the shift 70 KHz. per torr giving a ratio of 0.009.
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Thus, even if v?e take the conservative result of Lindholm theory,

clearly not truly applicable in saturated absorption, then the expected

pressure shift for iodine self broadening will be less than 0.9 MHz./torr.
This assumes Chutjian's value of 2.6 MHz. per torr for linear broadenings (70).
This estimate is certainly too large in the iodine case. Two iodine stabilized

lasers operating under identical conditions except for the iodine tube tempera¬

tures of 20°C and 50°C respectively - a pressure difference of 0.35 torr -

show no frequency shift larger than 20 KHz. This would indicate pressure

shifts of less than 55 KHz./torr.

3.4.6. Power Broadening
It is well established that the width of the Lamb Lip observed

in lasers depends on the laser power P: this dependence may be simply
described by

Au
(ja5)

where is the homogeneous width which is the sum of natural and collisional
broadened linewidths.

The parameter oL is proportional to the ratio of the uipole matrix
element of the transition between the two laser levels and the sum of the

radiative decay rates of these levels.

This situation may also be described by the interaction between the
electric field inside the laser and the energy levels of the molecule which
leads to saturated absorption. The broadening interaction is a process which
shortens the lifetime and encourages stimulated radiative decay of atoms in
the upper absorber level and is proportional to the field strength as indicated
above. Physically the effect is to broaden the observed saturated absorption
feature.

The results of this investigation for iodine saturated absorption
are discussed in greater detail in Chapter 5 where equations pertinent to
the experimental measurements will be developed.

3.4.7. Stark and Zeernan Shifts

We have so far considered most of the line broadening mechanisms
common to saturated absorption experiments. There remain those broadening

mechanisms, such as Stark and Zeeman shifts, which perturb the features.
A major advantage of the saturated absorption technique is that for iodine
and methane the ground state is populated thermally, therefore no pumping

discharge is run in the absorption tube. This is not the case for saturated

absorption in neon (7, 8) mentioned in Chapter 1 where the lower 2p^ laser
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level must "be populated in a discharge. In these active systems, Stark Effects
from the electric field broaden and shift the energy levels involved, thereby

perturbing the absorption frequency. Magnetic fields have a similar effect

and broaden the absorption line. Furthermore, the discharge excites neighbour¬

ing spectral lines which have considerable effects on the refractive index of

the plasma at the absorption frequency. Changes in these contributions arising
from variations in the level populations and the discharge current have a

marked frequency pulling on the centre of the absorption line in an active

discharge. Arrathoon and Siegman report current shifting effects of 4 MHz.

per mA. for the centre of the Lamb Dip in a gain cell (76)

Despite the lack of a discharge in the cell, the absorption lines may

still suffer shifts from interaction of the molecular electric dipole moments
of the molecule with electric fields, Insensitivity to these effects is aided

by the choice of a symmetric molecule as an absorber, thereby ensuring an

extremely small dipole moment. Iodine has a dipole moment of ~ 10 ^ debyes

(Chapter 5) and methane 5«4 x 10 J debyes (77)• Dahlstrom and Hanes
considered the effects of magnetic fields on the iodine saturated absorption

peaks observed in their lasers (66). They found that the observed widths
increased from some 4 MHz. by a maximum factor of two for $00 gauss field and
their centres shifted less than 2 KHz, for 560 gauss. This measurement was

limited by the accuracy of their reference laser which was locked by the
first derivative technique (Chapter 4) but they conclude that perturbations
of the earth's magnetic field of 5?' would give wavelength shifts of less
than 2 x 10

5.4.0. Additional relaxation mechanisms

In Chapter 5 we shall discuss a comparison between theory and experiment
for the observed saturated absorption iodine linewidths. We shall find that
there is a discrepancy of about 1 MHz. F.W.H.K. in an observed width of

3.75 MHz. It is possible that there is a substantial contribution to the

upper state decay from predissociation,both spontaneous and collisionally
induced. Chutjian and James (7$) report that in their experiments, which
also required additional relaxation mechanisms to explain observed lifetime
variations, some 66$ of molecules entering the B state spontaneously predissociate
and only 34a1 radiate to the X ground state in the absence of collisions.
For ccllisionally induced predissociation at 0.3 torr of iodine, some 20$
predissociate, 10$o radiate to the X state and "]Cf$ leave the B state by non-

radiative or collisionally induced processes. From their measurements we

conclude that some form of predissociation is also a strong relaxation mechanism
for saturated absorption measurements. This has been confirmed by the magnetic

predissociation experiments of Chapman (79).
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Other evidence for predissociation lies in the shape of the iodine

absorption coefficient curve of Figure 4-4. In that curve, the large rise
at low frequencies is due to the P (33) line and the flatter region is the
R (127) line hyperfine components of which have been observed in the experi¬
ments described in this thesis. The important feature to notice is the large
continuum value. This cannot be attributed to the overlapping effects of
the Doppler broadened lines of the absorption spectrum and so indicates the

presence of some other mechanism which is likely to be predissociation.

Predissociation is particularly likely for the upper v' = 11 vibrational
level involved in the R (127) line. There are crossings of the potential

energy curve for the E state near v' = 11 by dissociative A | and | j
states leading to the formation of two P 3/2 state atoms. It is via this
predissociation path that the upper level decays within its natural lifetime

thereby increasing the observed saturated absorption linewidth.

The contributions to the linewidth are summarised in Table 3«2.

3.5• Power required to saturate the iodine absorption

Ihmdamentally, saturated absorption occurs when every absorbing molecule

entex-ing the laser field region in an energy state capable of absorbing a

photon has a probability of one of absorbing that photon. In other words,
the laser field must be sufficiently intense to ensure an absorption transition

probability of one.

The quantum mechanical expression for the transition probability P
between states p and q is well known (80, 81) and. may be stated as:

^ (3.14)Pp-q = f (b2) sin 2 J (t - to) f , \2 ,2(w0 - u> ) + b

where f (b ) = (bj (3.15)
(u>0-u))* + b*

where toa is the centre frequency of the absorption lineshape, to is the

perturber frequency and b is the matrix element of the perturbation

characterising the interaction between the laser electric field E and the
iodine molecule. Since this is an electric dipole transition:

b = ^ <( p | E e.rj q^> (3.16)
where e is the electronic charge and r the separation of the

energy states. The factor (t - to) describes the time evolution of the

energy states involved in the interaction.

On resonance when co = coQ then*.

Pp- q = 1 if •} b (t - to) = IT /2 (3.17)



127
12 -633nrn. C H^ — 3-39p m.

Frequency.
U

5x10 Hz. Ix 101A Hz.

Natural Lifetime. 390 KHz.

2x 109
10 0 Hz.

1x1012
Pressure Broadening. <2-6 MHz/torn

2x108
8 MHz./torr.

2.x107

Pressure Shift < GO KHz/ torr.
8x109

< 75 K Hz./torr
1x109

Interaction Time- 38 KHz.
1x1010

16 0 KHz - 30KHz.
1x1 09 - 3x1 010

Power Broadening.
60 KHz. (8x109)

/ mVv!/rn rn.2

Zee man Effect 0-5 KHz. /gauss.
1x1012

Recoil Effect
± 12 KHz.
£ Ax 1010

£ 70 KH-z.
2 x 109

Wavefront Shape 300 Hz.
2 x1012

60 Hz.
2 x 1010

TABLE 12

SATURATED ABSORPTION WIDTH CONTRIBUTIONS
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So by writing (t - to ) as the mean lifetime of the excited state then for

In practice, good saturated absorption signals have been observed at a
2

minimum power level of 10 mW per mm . Below this power, the absorption signals
are lost in the detection system noise. Clearly, the calculation outlined
above gives the correct order of magnitude of the field required for saturation,

despite the assumptions made in deriving the formula which have not been justi¬
fied in this case (80). Essentially these are that the states p and q are

isolated states and E is a monoenergetic wave. In other v?ords, this transition
is the only one brought about by the perturbation, a double transition is not

considered, nor is coupling to other- states via spontaneous emission, colli-
sional termination and predissociation.

In the experiments reported in this thesis, saturated absorption has been
2 2

observed from power densities of 10 mW / mm to 150 mW / mm corresponding
to laser output powers of 6 jj W to 100 jj W for an output mirror transmission
of 0.3/i The upper power limit was simply the maximum power available from
the gain tube.

3.6. Spectroscopy of the Iodine molecule

The particular absorptive transition studied in these experiments has

been studied theoretically by Kroll \,62j. There are 21 hyperfine components

of this line which has an odd J value (= 127) and only Af = A J transitions
will have appreciable intensity (83). The separations of these components
have been discussed by Kroll and he has advanced a theory for the hyperfine

splittings based on a nuclear electric quadruple interaction in both elec¬
tronic states and a smaller magnetic hyperfine interaction for the excited

state. His calculations indicate agreement between the theoretical results
and the experimental results of Hanes and Dahlstrom (66) to which their

experimental accuracy of 1 MHz. Chapter 5 discusses the agreement between
the theory of Kroll and the experimental results obtained in this thesis.

Figure J>. 3. shows the position of the fourteen components which lie
under the Neon 20 laser gain curve together with the alphabetical notation

originally given by Dahlstrom and Hanes (66) which is retained in this
thesis. The measured frequency separations between the components are also
shown relative to component i.

the \j' a 11, -\r" = 5 transition in the iodine molecule.

(3.18)

Chutjian and James (78) have evaluated } for several similar transitions
giving a mean value of about 0.2 ft which will be used in this calculation.

-9
For the B state lifetime of 410 x 10 seconds; equation 3.18 gives a value

2
of E = 2 mW per mm for saturation of the iodine absorption.
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CHAPTER 4

INITIAL EXPERIMENTS WITH TCPINE AND DEVELOPMENT OF TUB
IODINE STABILIZED LASER SYSTEM.

4.1. Choice of absorbing vapour, and laser design

The first stage in the development of a laser stabilized to a saturated

absorption reference frequency was concerned with the choice of a suitable

absorber. Table 4.1- lists several vapours with known absorption coincidences
or possible coincidences within the neon line width. The suitable absorber

should be eadily handled, and should not require extreme conditions, for

example, high temperatures in order to maintain it in an absorbing state.
Of the short list in the table, and from other known materials having extensive

absorption spectra in this region, it was decided to attempt an investigation
with iodine 127 (Analar grade 99.9$ pure). As a first step, a tube some 2 cm.

in diameter and about 25 cm. long was constructed with flat ends on to which

polished quartz windows were sealed with araldite.

This tube was filled in a similar manner to that described in section

c. • c. • j. \j iidtt B. oiut: dJLiii vvilXCii uOuiu uc w_luu- aiiu. j clj. ucx cvacuctoj-ii^ anu. x j.j.xxu.5

with iodine, the iodine vapour pressure was altered by changing the temperature
of this side arm.

This iodine tube was used in a single pass measurement of absorption
coefficient for the assumed iodine vapour absorption. The experimental arrange

ment is shown in Figure 4.2. The laser used in this experiment was running
multimode and was filled with a naturally occurring mixture of neon isotopes.
The photodiode registered the laser power with the absorption cell empty

(side arm immersed in liquid nitrogen) and with the side arm at room temperatur
A change in laser power under these circumstances indicated iodine absorption
within the composite neon 20 and neon 22 linewidth. The result of this simple
experiment was that the laser power was reduced by some 57° indicating a value
for the iodine absorption coefficient of 2Qffo per metre averaged over the gain
bandwidth of the laser.

4.2. Iodine absorption coefficient

As a result of these experiments,which demonstrated the presence of

absorption of the laser light by a vapour pressure controlled tube of iodine
vapour, consideration was given to the design of laser. As indicated in the

introduction, several schemes for the selection of a single laser frequency
were considered, and this led eventually to the choice of a short laser cavity.
The rough absorption coefficient measurements shewed that a 10 cm. tube contain
ing iodine vapour at room temperature would give a single pass laser loss of
some 2°/o. The single pass gain of the visible laser transition was known to
be given by G = 5 x 10"^ Z /d, where Jl is the length of the gain tube and



ABSORBER STATE AT ROOM
TEMPERATURE

REFERENCE.

IODINE 127 VAPOUR 66

IODINE 129 VAPOUR 67

POTASSI UM SOLID 56 57

RUBIDIUM SOLID 53

CESIUM SOL! D 58

DYES IN SOLUTION

TABLE 4-1

ABSORBING MATERIALS AT 633nm.
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d its diameter. This gives a gain of 4/> for a 20 cm. discharge length gain
tube of bore diameter 1.5 mm. A laser constructed in this way would have a

total cavity length of JO cms. which is twice that necessary for single mode

operation. However, the 2c/> extra loss introduced by the iodine vapour should

provide the gain reduction necessary for single mode operation. Some adjustment
of the loss factor may be necess'ry in practice and could be carried out by

altering the iodine absorption via the iodine pressure. A plot of iodine

vapour pressure against temperature is shown in Figure 4-3- The data points
have been taken from values published in Kaye and Laby (92) and from measurements
made on an iodine filled tube on to which an L.K.B. pirani gauge head was attached.

4.5. Iodine Absorption Coefficient Frequency Variation Measurements

Measurement of the absorption coefficient of iodine 127 and iodine 129

have been made by Knox and Yoh-Han-Pao (67) and of iodine 127 by Hanes et al.(66).
The results for iodine 127 are summarised in Figure 4-4. where it can be seen

that the 10 cm. tube of iodine used in these experiments has an absorption of

approximately Vfo over most of the neon 22 and 20 linewidths. The low frequency
increase in absorption coefficient, rising to 50'fo per metre (a.t room temperature

vapour pressure) is due to the ?(jj) line of the electronic spectrum. The approxi¬
mate absorption coefficient measured in the experiment described earlier was an

average value observed over the composite gain curve.

4.4. Laser Parameters in these Experiments

The laser cavity already discussed in Chapter 2, was JO cms. long with a

17 cm. gain tube of 1.5 mm. bore and an absorption tube 10 cm. long and of 1 cm.

bore.

The laser operated in a single longitudinal mode over some 450 MHz. with
the iodine cell at room temperature, together with a small region of two mode

operation. The regions of single mode operation were determined by observing
the mode spectrum on a scanning spectrum analyser (section 2.6.) The beam
diameter was about 0.J mm. 'with the mirror configuration used. A variety of
mirror radii were used, but reliable operation was obtained with a 60 cm.

dielectric coated mirror of maximum reflectivity and a 1C0 cm. radius mirror
of 99•5^ reflectivity. The diameter of the laser beam in the iodine cell is en

important parameter in evaluating the contribution of the interaction time
contribution to the width of the saturated absorption features (section 5*4-)
This could be changed for an intracavity absorption cell by substituting
mirrors of different radii while maintaining only longitudinal mode operation.
The laser had a maximum output power of 100 microwatts: typical powers were

50 microwatts.
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4.5 • Leaser Noise problems

As the saturated absorption features were expected to be small the

construction of low noise laser tubes was necessary. hahlstrom and Haines (66)
suggest that the peaks on the power output curve were only a few tenths of a

per cent high and were lost in the laser noise. Experience with short iodine
lasers agrees with this, and no direct observation of the iodine peaks on the
laser power output has been made experimentally.

The noise observed on the output of a gas laser falls into several

general classifications which are summarised below:

i) noise may be produced by laser length fluctuations due to mechanical
vibrations and draughts. The effects of these perturbations are reduced by

mounting the experiment on an isolation system as described in section 2.5 -»

and placing a simple acetate sheet shield around the lasers. The noise frequency

spectrum depends on the dominant noise source characteristics of the laboratory.
To investigate this effect, the laser power output, after photodiode

detection, was viewed on an audio frequency spectrum analyser to establish the

frequency of any perturbations. Figure 4=5«£• shows the spectrum with a

horizontal dispersion of 200 Hz., per division with zero frequency at -5> just
off the left of the picture. The vertical scale is 10 dB per division. The

large spike near 1 KHz. is the result of modulation applied to the laser.
The other observed frequency peaks are at 200 Hz., 400 Hz., and 600 Hz., all
more than 20 dB down on the applied modulation. The slow increase in signal
of low frequencies is the instrumental zero shape and is not representative of
the laser noise. These spectra were taken with the laser on a poor vibration

isolation system and without any draught shields. Figure 4«5«b. shows a similar

spectrum taken with a good vibration isolation system and shielding, under iden¬
tical display conditions. The improvements in the isolation systems have reduced

all but the required 1 KHz. The magnitude of this signal, however, will depend
on the position of the laser mode under the gain curve. A steeper sloping gain
curve will give a greater intensity modulation than a flat gain curve region.

The noise observed on an oscilloscope was not more than 0.2peak to peak

of the total laser signal.

ii) Power supply fluctuations alter the discharge current and therefore the
laser level populations. Power supply voltage or current stabilization is

necessary to ensure a stable discharge current. Frequently, a large ballast
resistor is used in the anode side of the laser tube to counteract the negative

impedance of the discharge. If this is not done, the power supply circuit may

oscillate at frequencies typically in the 10 KHz. legion.
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iii) Mode interactions occur between the oscillating' cavity modes which

are coupled via a nonlinear interaction with the gain medium. In particular,

such interactions are observed in the presence of off axis modes and the

effect of this situation is illustrated in Figure l.J. This shows the mode

spectra recorded on a scanning spectrum analyser together with the noise as

obsei'ved on the photodiode detected laser output. The change from purely

longitudinal mode operation to the multimode operation was accomplished by

detuning the mirrors in a wide bore tube arrangement. This change resulted
in a reduction of the observed high frequency noise by a factor of five from

1.25% of the total laser intensity to 0.25^.

iv) Much of the residual noise occurring in gas laser tubes arises from

instabilities in the plasma which are not well understood. Such noise falls
into two general areas:

1. The formation of a smooth stable discharge.
2. The presence of moving striations within the body of the plasma.

As discussed in Chapter 2, hot cathode tubes proved unreliable in practice
and also were not commercially available with the required length. The cold
cathode described in Chapter 2 was developed and ensured a sufficiently smooth

discharge with low gas clean up rate. When the laser output was observed on

an oscilloscope via a photodiode detector, random noise was observed to be

less than 0.2°/a of the total power output.

The moving striation effect generates discrete oscillations in the plasma
of frequencies generally above 10 KHz., and leads to oscillation noise on the
laser light output. The origin of these striations is thought to occur in

travelling regions of high metastable atom density which influence the laser
level populations and also contribute to refractive index variations at the
laser frequency.

These moving striations are most undesirable features of a wavelength
standard laser and a study of the conditions likely to lead to the presence

of moving striations and their nature in both hot and cold cathode tubes has
been carried out. (16, 04). The subject of moving striations has been the

object of study by several authors (85, 86, 87) and laser tubes have been

designed to eliminate the striations (88, 89).

The presence of oscillations on the light output arising from moving
striations also has a detrimental effect in beat frequency experiments between
two lasers. When the laser bea.t is near zero frequency, the presence of an

oscillation also in this region which may be 10 to 20 cLB down on the beat

signal gives rise to extra counts in the counter measuring the beat frequency.
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In particular, when the beat is moving either side of zero frequency because
the lasers are moving up and down relative to each other, the presence of a

fixed oscillation frequency leads to bias in the reversible count to one side

of zero. This may give rise to an apparent offset from zero beat frequency.

4.6. Experiments investigating moving striations-

4.6.1. Cold cathode tubes.

Experiments were carried out on three tubes: a short 17 cm. tube used

in the iodine laser, a JO cm. long cold cathode tube designed to compare the

performance of a locally constructed tube with the Spectra Physics 1J0 tube,
and the 1J0 tube itself. The frequency spectrum of the discharge current was

observed by monitoring the laser current across a 100 i"L resistor on the

cathode side of the laser tube. This voltage was analysed by a Hewlett Packard
RF Spectrum Analyser.

The analyser dispersion and bandwidth could be set independently and

figure 4.6. shows the observed spectrum for increasing discharge current in
the 17 cm. tube. At currents less than 4 (v/hich corresponded to maximum

power output) no oscillations were observed and. the laser noise was 10 dB
above the spectrum analyser noise. As the current increased, discrete oscilla¬

tions, at least some 20 dB above the background, were observed together with
their harmonics. When the current reached values at which the laser has

ceased to lase (about 8 mA) the spectrum had increased in complexity.
The oscillations were very stable in amplitude and frequency, and Figure 4«7«
shows one such oscillation at 100 KHz., with JO Hz., sidebands. The observed

bandwidth of the oscillation was less than 20 Hz., and was limited by the

spectrum analyser, which, in this case, was a Textronix IL 5 oscilloscope plug
in unit.

A similar series of observations on the 30 cm. tubes showed that similar

oscillations occuxned but these started at a higher threshold current than
those observed for the 17 cm. tube. It was thought that the threshold current

would depend on cathode geometry. It seems likely that the cathode space charge

traps electrons in the negative glow region. The size of the cathode glow-
region is determined by the size of the cathode in these tubes. These "electron
traps" lead to fast discharge current decreases which create voltage increases
across the laser tube. Electrons in the positive column of the discharge are

accelerated and so ionise more neon metastables. ?/hen this striation, moving

from anode to cathode, reaches the negative glow area the trapped electrons
are released and the process may reoccur at a characteristic frequency. Side
light studies of the discharge intensity in the region of the cathode have
shown the presence of moving striations which may reach 100% intensity
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modulation, and which have also been observed in infra-red molecular gas

lasers (for example, HCN and I^ lasers).
The oscillations in discharge current are reflected in the laser output and

correlations between the discharge current and light output may be observed.

The JO cm. long cold cathode tube was operated at jjra., and the light
output was detected on an Indium Arsenide photodetector with a response up to

10 MHz. The light frequency spectrum was also observed on the Spectrum Analyser.
In Figure 4.8., the discharge current spectrum is shown from 0-1 MHz., with
a bandwidth of 1 KHz. Zero frequency is the large signal on the left; one

large division of the vertical scale represents 10 aBs. The oscillation
observed is at 600 KHz., some 30 <H>S above background, and shows sidebands due

to another oscillation at 60 KHz., here lost in the noise but which may be
observed separately. These two oscillations couple to give the observed side¬
bands in a manner arising from the non linear nature of the plasma. In Figure

4*9 the light output spectrum is shown on a 0 - 2 MHz. scale, and demonstrates
the same 600 KHz. oscillation, and also the lower frequency modulation at about

60 KHz. just visible near the zero frequency mark. This correlation has also
been observed in the visible region of the spectrum.

Several workers have published (88, 89) laser tube designs which contain
short capillary sections which break up any moving striations, but it is clear
from this investigation that the cathode in the 17 cm. iodine laser system does
not exhibit any oscillation at the currents normally used and is therefore

eminently suitable for use in the stabilized laser system.

4.6.2. Hot cathode tubes

Observations were carried out on a 30 cm« long hot cathode laser tube

(Scientifica and Cook type) which was compared with a similar length colu
cathode tube.

Figure 4.10. shows the laser current spectra at typical operating
currents (ll mA) over 10 - 200 KHz., and must be compared with Figure 4.6.
Evidently the cold cathode tube shows little sign of the oscillation peaks
at normal operating currents, in contrast with the hot cathode which does.
The general noise levels for the two tubes show, however, that the cold cathode
tube is some 10 dB noisier than a similar hot cathode tube.

Experiments on all the hot cathode tubes available showed oscillation

peaks at maximum laser output power. The cold cathode tubes, because of their

larger cathode area, seemed less susceptible to moving striations and none

have been observed for maximum power output currents on the current spectra
of tubes available.
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Observations of the spectra over a higher frequency range, 1-10 MHz.,
are shown in Figure 4.11. for J>0 cm. long hot and cold cathode tubes.

The results indicate that the hot cathode tube is far noisier in the 5-10

KHz. region. The envelope shape of the oscillations for the cold cathode

tube was found to be typical of all cold cathode tubes.

A summary of the observations made would indicate that:

1. Hot cathode tubes are less noisy than cold cathode tubes

at low frequencies (0 - 1 MHz.) but are more noisy at higher

frequencies.
2. There is a frequency correlation between the oscillations on

the laser current and the light output.

3- There is a threshold for onset of these oscillations which may

well depend on cathode geometry in the case of cold cathodes.

4. Hot cathode tubes are more likely to have current oscillation

in the low frequency range than are cold cathodes.

5. The 17 cm. tube design used in the iodine laser system is free
from any oscillations in the region corresponding to maximum

power output.

The concensus of these results is that the short cold cathode tube was

thought to be suitable for use in the iodine stabilized laser because of the

absence of any oscillation peaks and because of its proven reliability.
A cold cathode tube of the type described has been in operation for over

1,000 hours with no decrease in output power.

4.7• Observation of Saturated iodine peaks

The laser cavity used in these experiments was 30 cm. long with both

piezoelectric (lj" PZT 5^) and magnetic type length scanning facilities.
The gain tube was 17 cm. long with a 1.5 mm. bore diameter filled to 3 torr
of a naturally occurring isotopic neon/helium mixture in a 1 : 5 partial

pressure ratio. This pressure was found to be optimum for power output at a

4 mA discharge current. The fused silica iodine tube assembly was 10 cm.

long with a 1 cm. inside bore. One mirror had a 60 cm. radius of curvature
and maximum reflectivity, and the second mirror was 99*5f° reflective with a

1 metre radius of curvature. The general constructional details have already
been discussed. The free running stability of the single frequency laser
was observed on an optical spectrum analyser, and was estimated to drift not
more than 2 1Hz. per second under average conditions. Single frequency
oscillation was maintained over most of one cavity order, with two modes

oscillating over a small range of frequencies. When two frequency operation
was observed, one mode was nearing one extreme of the gain bandwidth, and
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another mode would appear at the opposite end. Single frequency operation
over the entire gain bandwidth could be obtained by reducing laser current
or detuning slightly one of the mirrors. In a final design the mirror trans¬
mission was optimized to give an increase in output power with single mode

operation over one order of the cavity.

A length modulation at 1 KHz. over 2 MHz. optical bandwidth was applied
to the PZT cylinder from a sine wave oscillator, and the resultant light
intensity modulation was detected on a MS5B Ferranti solar cell. The detector

was constructed inside a screened box which shielded it both from room lights
and also stray pick up. The signal was fed to an AIM phase sensitive detector

system with a time constant of 10 milliseconds, the output of which was

observed on an oscilloscope. The laser was scanned over a complete order by
a ramp voltage derived from the oscilloscope sweep which was suitably reduced
and then was supplied to the magnetic scanning coil. A D.C. bias was also

supplied to the magnetic coil from a stabilized low voltage power supply.
This ensured a reasonably linear frequency scan (section 2.4.) The experimental

arrangement is shown in Figure 4.12. and typical results for a scan over one

order in Figure 4.15* The oscilloscope was scanned at a display rate of 1 cm.

per second which corresponds to 500 KHz. scan in 10 milliseconds (one p.s.d.
time constant) to allow complete resolution of the peaks.

The scan shows seven saturated iodine peaks superimposed upon a large

background slope signal. The background is due to the general shape of the

gain curve modified by the iodine absorption. The observed peaks are the
d e f g h i and j components already referred to (Section 3*6.). The iodine
curve shapes are the expected "S" shaped features ana measurements of the

frequency separation of the maximum and minimum show the components to have
a full width at half maximum intensity of less than 5 MHz. The set of four

peaks, d e f g have a line centre spacing of about 13 MHz. and the h i j
curves about 22 MHz. More accurate width or separa/tion measurements were not

possible due to nonlinearities in the scan and uncertainty in the dispersion.
This could have been overcome, but more accurate methods of performing these
measurements will he discussed later. (Section 5«2.)

The curve shown in Figure 4-13 • would only be suitable for servo control
to the frequency of the absorption feature when a zero p.s.d. voltage crossing
occurs. This is because a servosystem would control the laser to zero p.s.d

voltage (Section 2.8). Control of the laser frequency to any other feature
would only be possible if a signal were added to the p.s.d. output to offset
the zero. The magnitude of this voltage would depend critically on the laser
power and the parameters of the detection system, and must also be insensitive
to drifts. If this were the case, some arbitrary criterion would be necessary

in order to identify a centre of the feature, to which the p.s.d. zero is offset.
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Such a laser would not be reliably controlled to the true centre of the

iodine hyperfine component and the potential high reproducibility of the
feature is lost.

Earlier workers (66) found that in their particular laser, component i

was fortunately placed in a flat portion of the gain curve and so had a zero

voltage crossing to which the laser was controlled. Figure 4.13* shows that
a zero offset would be necessary if this short laser were to be servo controlled
to component i. The uncertainty in the frequency of the two differently
constructed lasers would be a severe disadvantage in the use of these lasers
as wavelength standards should the physical properties of the laser be so

important. The wavelength of component i was measured by Baird and Hanes

(90) and a vacuum wavelength of 632.99139 - 0.0002 nm. was reported.

More difficulties arise when consideration is given to different laser

designs and it will be seen that the position of any set of components relative
to the maximum of the gain profile and hence the major zero crossing, depends
on the laser tube filling pressures. In the experiments of Hanes and Dahlstrom,

(66) a Fox-Smith mode selector was used with a 2 metre long laser to give
single frequency operation over the entire gain profile. The laser tube had
a bore diameter of 3*3 mm., and so hac-'a total gas pressure of about 1 torr.

Moreover the neon used in their experiments was single isotope, neon 20.
This means that there are four major differences between the laser of

Dahlstrom and Hanes and the short lasers described in this thesis.

i) The use of differing isotopes leads to totally different gain
curve shapes. That of the single isotope is symmetric while

naturally occurring neon results in an asymmetric shape.

ii) The shorter laser has approximately 3 torr more helium than the

longer device. This means that the centre of the gain curve

would be shifted some 60 MHz. to higher frequency because of the
Helium pressure shift of 20 MHz. per torr. (20)

iii) The pressure shift moves the laser gain curve relative to the
iodine line centre features. This means that any given set of

peaks will not be near the gain curve centre (and the possible
flatter background of the Lamb Lip in a neon 20 laser) for lasers
with different gain tube pressures.

iv) The iodine absorption coefficient varies by a factor of about
two over the neon 20 and neon 22 linewidths. This also gives rise
to differing gain curve shapes for neon 20 and neon 20/22 mixture
lasers.

4.8. Effect of the gain curve share on the centre of the component

A fuller account of the effects of the background slope on the saturated

absorption feature is presented in this Section.



Let us consider a Lorentzian absorption feature superimposed on a sloping
background curve. Figure 4.14- shows the first derivative of this Lorentzian

plus the derivative of the curved background which is approximated as a

straight line over the narrow region of the absorption curve. The Figure
shows the effects of three different slopes on the same shaped Lorentzian;
situations which would occur if, because of isotope and pressure effects, a

component were to fall on different slope regions of the gain curve.

The Figure shows:

i) The X axis crossing point is not at the centre of the absorption
line. This crossing represents the control zero of the p.s.d.

system.

ii) The resulting curve is asymmetric and the apparent width defined

by the separation of the maximum and minimum,is not that of the
original derivative.

iii) A steep slope obscures the shape of the derivative shape.

iv) The mean signal between the two peaks (a possible centre sensing

technique) would be different should the slope around a particular
control feature vary.

In particular, as mentioned earlier, where the absorption features
occur away from a natural zero voltage crossing level, the p.s.d.
zero must be offset to realise this situation and allow locking.of
the laser frequency to this feature. Where zero offsets are required,
the reproducibility of the setting point is open to question.

As a method of eliminating the effects of the sloping background, a

further differentiation could be carried out. The gradual changing slope
of Figure 4«13* would be reduced almost to zero. However, the second deriva¬
tive of a Lorentzian is a symmetric function and so a servosystem operating
in the normal locking mode would be unable to sense the direction of any

frequency change of the laser with respect to the centre of the absorption
line. The third derivative, however, is asymmetrical arid provides a suitably

shaped discriminant to which a laser may be locked. The centre of the
absorption feature is much more precisely identified as the point of maximum
rate of change of curvature of the absorption peak on the gain curve. This
implies that observation of the third derivative of the gain-frequency curve,

rather than the first derivative, would result in a zero p.s.d. voltage at the
true centre of the absorption line.

The shapes of the fundamental, first and third derivatives are plotted
in Figure 4.15. for a Lorentzian I = 2 wm bg observed that .

i) the third derivative is smaller than the first derivative;

ii) the separation of the peaks Ad is smaller for the first derivative
than for the third. For the first derivative AD= ^ ^ = 1•165 X
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where 0 is the HWHM of the Lorentzian line shape and for the third derivative

Av = 1.53.
This means that the first derivative has intrinsically a narrower control

range.
d Iiii) The "sensitivity" defined by -7—- is lower for the third derivative
G v

than the first derivative around the centre.

4.9« Third derivative locking

Let us consider the technique used in locking a laser to any feature (91).
A single frequency laser is modulated to produce frequency modulation around
a mean frequency. The laser intensity I is a function of laser frequency, and
we shall also include in this function a term representing the frequency
modulation imposed on the laser. The amplitude of this modulation is k and

the frequency is W . Then:
I - F (">?o + k sin cJ t) (4-1. )
where o is the mean frequency of oscillation. This is expanded in a

Taylor's series which is valid for small values of k and, after some manipula¬

tion, we arrive at „ j
I » F ("£,) + (k sin u>t)F(\?o) + "|t (sin2 u> t)F^ Vq) + ~y (sin^ojt) F ( 1'q ] (4
where Fn ( ) is the derivative of F (H )•
Gathering terms in sin cot, sin 2 cot, sin 3fut, we have for the coefficients
sin u) t : kF" ( ^ ) + k2 F2(i> ) + -—ar-- F^ (v ) + (4K o/ —g o' 960 v oJ v

sin 2 to t : F2(f»Q) - F4 (Vj . (4
3 5

sin3wt:"|j F5(Vo) - ~2220~~ • (4
The leading term in the coefficient of sin noot is proportional to

kV1 (f> )•oy

This tells- us that observation of the n th harmonic of the fundamental

frequency modulation carries information about the n th derivative of the gain
curve shape.

We now need to specify F in the region of an absorption line, of width 2a,
and the above equations show that if F is of the form

F (v) = ^ +BV2+C^+D (4
V2 ,20 + V

The second and subsequent terms describe the gain curve as being quadratic
in form.

The first differential, corresponding to phase sensitive detection at the

fundamental modulation frequency as described in Section 4•7•» shows that the

gain curve shape gives rise to a straight line first differential of the form
2 Bv + C. This representation seems justified by the observed differential
curves (Figure 4.13«) Observation at 2Q gives a D.C. offset 2B.
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Observation at 3 > however, reduces the effect of the "background to zero.

Tiiis gives a zero p.s.d. output voltage crossing for the true centre of each
saturated absorption component and so will produce a more reliable control

point.

4.10. Shape of the saturated absorption features

Let us again consider a Lorentzian shaped feature of width 2
I = "8 (4.7.)

and then:

I'

2 2
H +V

. (4.8.)

I" =

I»« =

(vMV
"l_ (4-9-)

24 **— 24 (4.10.)
( ^) *

Thccc cjltvg shape s aire 2?9p2?od.*u.ced. i.n ^Fi-^puxe 4* —~t o^e "the 2? v.ri.*th "the

separations of their maxima and minima. The first derivative has a peak

spacing of 2$ / and the third 1.6t . The second derivative is
unsuitable as a frequency lock feature since it is symmetrical around = 0
which would mean that a discriminant of this form would not be capable of

indicating to which side of "0 = 0 the laser had drifted.

The choice of the third derivative feature therefore eliminates the

effect of a quadratic gain curve shape and gives a suitable discriminant of
"width" 1.6 y Figure 4.15* plots the first and third derivative of a

function F = 3 together with F, that is a Lorentzian of height
1 + V 2

3 and full width 2. The Figure indicates that the slope of the first deriva¬
tive is steeper near zero frequency than the third derivative slope. This
means that the sensitivity of the third derivative discriminant would be less
than the first for a given frequency shift from the centre.

However, we see from equations 4«3> 4-4> and 4»5«> that the leading
term in the expression for the n^*1 harmonic is of the form (k ° /~gn+^)
The magnitude of the n^*1 harmonic signal will increase as the modulation
bandwidth increases but increases far more rapidly for the third harmonic than
for the first harmonic. The use of larger modulation bandwidths, therefore,
should increase the magnitude of the third harmonic signal. This is observed
in practice, and the size of the third derivative detected curves is optimum
for frequency scans of some 6 MHz. peak to peak whilst 2 MHz. peak to peak
is optimum for observation of the first derivative features. The observed
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third derivative signals are of similar size to the first derivative signals
if the optimum scan widths are used. If the modulation is increased so that
k becomes comparable with the peak separations of the feature, then the

shape becomes obscured and sensitivity is again lost.

4.11. Third Derivative Observation of Saturated Absorption Features
The third derivative curves are observed in much the same way as the

first except that the phase sensitive detector is adjusted to detect at
three times the modula.tion frequency. This presents three practica 1

requirements.

l) A third harmonic reference signal locked in phase to the fundamental
must be generated.

ii) This third harmonic signal must be free from first harmonic break¬

through otherwise the p.s.d. output will contain a signal correspond¬

ing- to first derivative.

iii) The modulation frequency on the laser must be a pure sine wave free
from harmonics, otherwise the p.s.d. detects an amplitude modulation
et Jio which is not due to the nonlinear curve shape. If the gain
curve were a pure straight line, only fundamental frequency amplitude
modulation would be generated.

These conditions were satisfied and the results for a scan over one order

are shown in Figure 4.17- for a modulation of 6 MHz. peak to peak and a

p.s.d. time constant of 0.1 sees. The dispersion is about 20 MHz. per

cm., the scan was such that a 1 cm. display was covered in 2 seconds and zero

p.s.d. voltage occurs at the centre of the vertical scale. The figure shows
excellent resolution of h.i.j. components, whilst d.e.f.g., being closer

together are not so well resolved. This latter fact is due both to the
small separation of d.e.f.g. and to the p.s.d. time constant. Complete
resolution is observed if the laser is scanned more slowly, the time constant

reduced, or the modulation bandwidth reduced, in which case, the size of the

signal decreases.

In these experiments all length variations on the laser were made using
the piezoelectric cylinder alone, in'other words, the magnetic scan coil was

not used.

The signal to noise ratio on these curves is extremely good, with
elimination of the detrimental background effects observed in first derivative
scans. Frequency locking to any of the d.e.f.g.h.i.j. features is quite

possible and will be described in the next chapter.
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CHAPTER 5

EXPERIMENTAL RESULTS

In this chapter the results of preliminary experiments on two iodine
stabilized lasers over a variety of experimental conditions will be presented.

These experiments were directed towards measuring the frequency stability,

reproducibility and performance of the lasers from day to day. The ultimate

reproducibility of the iodine line is indicated from measurements of the Allan

Variance. These measurements show that the existing systems may be improved,
and new lasers of improved construction are currently under development.

The performance of the laser when subjected to variations in iodine pressure,

laser power, and scan width is of vital importance in assessing the suitability
of the laser as a length standard. Preliminary measurements of these variations
have been made. They indicate the path towards greater understanding of saturated

absorption phenomena and show the need for further experiments to complete the

investigation of the laser system.

The various experiments will be discussed separately, and then the situation
summarised.

5.1. Summary of known data concerning the iodine absorption lines prior to this work

i) At 1 torr pressure, the iodine saturated absorption linewidths, observed

by a first derivative method, are broadened by a factor of two. (66)
ii) Pressure broadening may be expected to be less than some 2.6 MHz.per torr.(7C
iii) Magnetic fields of 500 gauss broaden the d e f g lines by less than 1 MHz.,

and h i j broadenings were not observed. (66)
iv) ' Wavelength shifts were less than 2 MHz. for a magnetic field of 500 gauss.

The frequency perturbations from a variation of 5i° in the earth's field woulc
therefore be less than 2 parts in 10 (66)

v) When the iodine pressure was raised from 40 millitorr to 1 torr, no wave¬

length shift greater than 2 MHz. was observed. (66)

5.2. Effects of the Finite Scan Width

5*2.1. Broadening by the Scan - Third Derivative Detection

In the theoretical discussion of Chapter 4«9» it was emphasised that the

Taylor expansion treatment was valid only for small modulation amplitudes^.
In practice is some 6 MHz., and is comparable with the width of the absorption
features for optimum observation of third derivative signals. The effects of
such a wide scan a.re not easily evaluated by the method of Section 4*9 and a

different approach is necessary.

We wish to calculate the third harmonic lineshape of a Lorentz lineshape
1 which has a F.W.H.M. of 2 units and a height of 1 unit, and evaluate '

1 + i)2
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and. evaluate this lineshape for a variety of values of .

Figure 5*1* illustrates the experimental situation for such a curve with an

applied modulation at a frequency LO and a width "&• at an optical frequency a.

from line centre.

We know from Fourier Theory, that any periodic function f (t) may be

expanded as a series
00 CO

f (t) - i a0 + cos nt +^Tbn sin nt (5.1.)
n-i n-l

where 1
% = S?
a -

n JT

J"f(t) dt (5.2)
-jr

f f(t) cos nt dt (5»3')
r3r

and b = 1 f(t) sin nt dt (5.4.)
n — J^r

In our experimental situation, we are interested in extracting the
Fourier coefficients corresponding to the third harmonic of the modulation

frequency, and so must evaluate az and. b
j J •

Applying the theorem to our function we have, since the sin 3 terms all
vanish: .^jr

a, 1
JT

££§_lwj_^d (jot_ (5.5.)2
(a -i- k cos 10 t) + 1

-3T

This integral may be solved by complex integration using the residue
method and evaluated numerically using a computer. The results are indicated
in Figure 5*2. which shows part of the third harmonic curve for a variety of
modulation amplitudes,"^. The figure shows the amplitude of the coefficient
a_. This must be multiplied by a scale factor of if the true magnitude of

3
the third derivative signal is to be found. This signal will therefore decrease
for small values of the applied modulation, and an optimum value exists which

ensures satisfactory detection of the third derivative signals. Experimentally,
a scan of some 6 MHz. is required to give a good signal to noise ratio: for
both larger and smaller scans the observed signal decreases. The importance
of figure 5*2. lies in the fact that it predicts the scan broadening of a

Lorentzian of width 2; no significance should be attached to the magnitude
of the curves. Clearly, the separation of the maxima and minima increases
as the scan width increases.

This theoretical prediction was investigated experimentally using the
beat frequency apparatus discussed in section 2.7- One of the two lasers
was locked to a chosen hyperfine component of the d e f g group (Figure J.2.)
and the second laser was scanned over a small range, typically 70 MHz, around
zero beat frequency, therefore encompassing the d e f g features of the

frequency scan of this laser. Both lasers were operated using third derivative
detection techniques.
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The unlocked laser was modulated at a frequency near 1 KHz., and the

A.C. peak to peak voltage modulation applied to the PZT was observed on an

oscilloscope connected to the piezoelectric. The magnitude of this A.C.

voltage was variable, and the piezoelectric tube had a calibrated sensitivity.

(Section 2.4•) The imposed optical frequency modulation was therefore known

for various applied voltages. As the unlocked laser was scanned over its
d e f g peaks, the output of a phase sensitive detector monitoring the third

harmonic component in the light output of this laser was displayed as the Y

signal on an X-Y recorder. The X scan was provided by a linear analogue output
of known voltage to frequency sensitivity from the beat frequency unit (Section 2.7
The X axis of the chart recorder scale was therefore calibrated in terms of

frequency. A variable radio frequency signal from an oscillator could also be

injected into the beat frequency system where it was displayed and counted as

would be a laser beat frequency. This provided the means for convenient quick
check on the sensitivity of the frequency scan on the chart recorder. The

analogue ouput was used to give an X shift on the chart recorder, and in this

way, the recorder X scale was calibrated in frequency terms since the oscillator

frequency could be varied and resulted in different pen displacements on the
recorder.

A typical result of four superimposed scans is shown in Figure 5«3* f°r
the peaks d e f g. The width of the features, as defined by the maximum -

minimum separation, was measured by dropping a perpendicular to the zero line
from the mean position of the extrema. The width of the recording was converted

to a frequency separation by the conversion factor determined above. In this

way the widths of the features could be measured to better than 0.5 MHz.

A check on these measurements was also possible. The unlocked laser was scanned

over the group of four components and a pen recorder scan traced out as described.
The input to the beat frequency apparatus was then replaced by the signal

generator which was tuned to move the recorder pen to the positions of the
maxima and minima of each component. The input frequency was counted for each

pen position, and the peak widths measured directly from the frequency measure¬

ments. The results of this agreed with the earlier measurements to within the

accuracy of the measurement and peak estimation technique.

A series of experiments was carried out for different modulation voltages
and measurements of the peak separations for various a.c. voltages (or frequency

inodulatons) were made. The results are shown in Figure 5-4•> together with
theoretical values obtained from the calculation outlined earlier for different

frequency modulations. No distinction is made here between the d, e, f or g

peaks. The theoretical model was normalised to have a zero scan width of 1.7

MHz. peak to peak which is the value for zero scan width obtained by extra¬

polating the experimental results.
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The experimental results indicate that the d e f and g components appear

to have comparable widths. The experimental points and the theoretical, predic¬
tions agree within the spread of the measured values, and the slope of the line

gives a broadening of some 0.5 MHz., per 1 MHz., scan width. The experiments
were carried out for frequency scans up to about 8 MHz. For larger scans

the scan becomes comparable with the separation of the hyperfine components

(some 13 MHz). The theory, which was derived for an isolated Lorentzian

lineshape, would then not apply as the effects of the neighbouring lines would

begin to appear since the modulation encompassed sections of adjacent features.

For scan widths smaller than those measured, a low signal to noise ratio made

precise identification of the small maxima and minima impossible.

5.2.2. Frequency Shifts

The effects of variations of the scan width on the beat frequency
between two locked lasers were investigated. Two lasers were locked, using
third derivative techniques, to components d and g respectively. The beat

frequency was counted for integration times of 10 seconds and the results of

subsequent averages plotted as shown in Figure 5«5« Successive measurements
are plotted and are joined together. This does not, however, indicate that

the beat frequency follows this path but is done to clarify the experimental

points.
The scan on the laser locked to component d was maintained at 6 MHz.,

but that on the laser locked to g was varied, and the change in the d - g

beat frequency for different scan widths is shown in Figure 5-6. The error

bars indicate the accuracy of estimating the centre of the beat frequency

envelope. The beat frequency increases as the scan width on the laser locked
to line g is increased, and the linear variation has a slope of 13 KHz. per

MHz. frequency modulation width. This result emphasises the need for identical
scan widths on any two lasers which are compared in a beat frequency experiment.
A scan difference of 1.5 MHz. near the optimum scan of 6 MHz., would create a

frequency shift of 20 KHz., or 1 part in 10^. For comparison or reproducibility
studies at this level, the scan widths must therefore be controlled to within

1.5 MHz.

It seems likely that these shifts are due to the large applied modula¬
tion which encompasses parts of more than one component. As a means of investi¬

gating the nature of the shifts still further, a comparison between lasers
locked tc the d and f components will shortly be made. In this case, the
modulation on the f component will be increased, and any shift measured. The

presence of components e and g on either side of f might well give rise to a

different shift from the measurements described above.
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5.2.J. Broadening "by the scan - First Derivative Detection

The peak to peak modulation widths necessary for satisfactory observa¬
tion of the saturated absorption features by first derivative techniques are

smaller than those for third derivative methods. Nevertheless, broadening
of the observed peak width may be measured. As might be expected, the broaden¬

ing is small under normal operating conditions, but a knowledge of the varia¬
tion with modulation amplitude is important for experiments to be discussed
later in the chapter.

The measurement of peak widths, observed in first derivative form,
involved a technique similar to that discussed in Section 5*2.1. except that
the p.s.d. reference frequency for the scanned laser was at the fundamental
modulation frequency, and not three times it. The reference laser was locked

to component d in the third derivative mode. A typical p.s.d. output scan

versus frequency as observed on a chart recorder is shown in figure 5*7*
In this case, the laser power was 25 microwatts and the iodine pressure was

190 millitorr. The p.s.d. time constant was 0.1 seconds. The peak widths
for each of the four components were estimated by measuring the peak sepera-

+ 4 y, o -V»4- *-% ,3 v> x r -v-» 4- 4 -v-> -r. -I- Vi 4 c n "»-»/*> 1 n 4 Vl 4-tlvixo U4X OiJLC O xt. vwXu.ua. CUXU OvnVUA uxxi^ I/HXU WW & J- J. »» AU ux* J. a. win vxiw

knovm dispersion of the X sensitivity. This measurement may be made with an

accuracy better than 0.5 MHz. The measurement was made for a series of modu¬
lation amplitudes which were again measured by observing the peak to peak
a.c. voltage on the piezoelectric tube using an oscilloscope.

A theoretical evaluation of the expected broadening was carried out

following the technique outlined in 5*2.1. The first Fourier component is
involved in this treatment and:

pjr

a, = 1
Jf

cos co t d(ujt ) (5.6.)
(a + & cos u>i)P + 1-JT

was evaluated for a range of 3. and using a complex integration technique
for a Lorentzian of F.W.E.M. 2. Figure 5*8. shows the computed broadening for
values of 0, 0.6, 0.0, 1.0, and 1.2. The dotted line is the locus of the
maximum of the first harmonic component and indicates the broadening to be

expected from observations of the peak widths using these modulation ampli¬
tudes. As with the calculations described in Section 5*2.1., the computed

curve does not indicate the magnitude of the experimentally observed first
derivative signals. Obviously a zero scan would give no signal and large
scans would become dominated by the shape of the gain curve.

These predictions were compared with experiment, and Figure 5*9* shows
the results of measurements on the broadening of component d for a range of

peak to peak scan widths. The solid line is the theoretical prediction and
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the dots indicate the measured values which have an error of - 0.25 MHz.

The broadening introduced by scan widths of up to 2 MHz., is almost negligible.

Typically, scans of 0.5 MHz. are used and give satisfactory observation of
the features.

One difficulty with third harmonic measurement techniques discussed later

in the chapter is that small changes in the non scan^-broadened feature width

give rise to a large change in the lvalue which may be defined as(a.c. scan

amplitude)/(F.W.H.M. of feature)because of the large scans involved. These
small changes are easily brought about by, for example, laser power variations.
In this way the small changes in observed peak width are masked by large scan

width changes. This renders third derivative observation unsuitable for
sensitive measurement of small broadenings. The first derivative technique,

however, uses such small scans that factors of two or three increase in non

scan broadened widths and give rise to negligible increases in the observed
feature widths.

5.5- Power Broadening

The broadening effects of the laser power on the observed third harmonic
detected linewidths were measured by the scan/recorder method already described.
A graph may be plotted showing the variation of observed width with laser power.

From the slope of this line it is possible to make an estima/te of the

dipole moment of the 11-5 band of the B - X iodine transition about which there
seems to be some uncertainty. La Paglia (96) calculated values for the similar

7T- X transition of iodine and found that the dipole moment depended
strongly on the internuclear separation. At the equilibrium molecular separa¬

tion value,u 6 x 10 ^ debyes, but varied through two orders of magnitude
over a range of 1 X around the equilibrium value of 5*3 X. Chutjian and dames

(78) calculate values of jj for the B - X system for a selection of vibrational
transitions, not however including the 11-5 band, and report values between

0.145 debyes and 0.21 debyes. Evidently, the value of jJ may vary considerably
over various vibrational lines.

The relationship between the F.Yf.H.M. of the saturated absorption line-

shape and the laser power may be written, with minor modification from Bennett (ply
as: r

= / (Af 0)2 +

Where A V is the observed F.W.H.M., All q is the width at zero laser power,
f~I the dipole moment of the transition, E is the laser field strength and h,

Plan.ck's constant. E may be related to the laser power density P by the

following relation

E (volts/cm) = .y12 JT P (mW/mm 2) (5-8.)
However, any broadening measurements made using third harmonic detection

must be regarded with some suspicion. We have already seen that the scan

(5.7.)



broadening contribution to the observed width is considerable in third

derivative detection methods. The effect of scan broadening will vary

as the non scan broadened width varies due to the changing laser power.

In the limit of infinte power broadened width, the scan broadening would

be negligible. As the power broadened width decreases, the scan contribu¬

tion increases and so the observed linewidth is larger than that due to power

broadening alone. This indicates that the slope of the graph observed in

these experiments is too small.

This difficulty may be removed by making power broadening measurements
on component widths observed in first derivative form. The third derivative

results, however, still have a great deal of relevance and indicate the

behaviour of the system as the laser power is changed. The scan broadening
does introduce a shift of the centre of the line, as discussed in section 5*2.,
of IJ KHz., per MHz. Power variations in an iodine laser stabilized using
third harmonic technique must be made small enough to keep this shift below
an effective scan width variation of 1 MHz., if the stabilized laser frequency
is to be reproducible and possess a long term stability of - 2 in 10"^.

The first harmonic saturated absorption curves were observed in exactly

the same way as the third harmonic curves described earlier in this section,

except that the p.s.d. reference frequency was the fundamental modulation

frequency. A typical scan over d, e, f, and g is shown in Figure 5«7« and
illustrates the reproducibility of the technique. The peaks were identified

sufficiently well for peak to peak separations to be measured to within an

accuracy of about 250 KHz. The X axis variation is caused by instability in
the reference laser v/hich varied over the few seconds taken to trace out a

given peak. This instability gave an overall measuremen t accuracy for a

particular scan of about 500 KHz. Figure 5»10. shows the result of the power

broadening for a range of laser powers. The square of the observed linewidth
is plotted to the laser power output for reasons to be discussed belov;.
The power output may be easily related to the power density inside the laser

cavity from a knowledge of the output mirror transmission, and the beam diameter.

During power broadening measurements, the pressure broadening contribution
is constant, as are the fundamental natural and interaction line broadening
contributions. The scan contribution variation may be neglected as described
in Section 5*2.3* Equation 5-7« nay be rewritten using equation 5«8. as :

= J (AtfQ) 2 + ( Ji2irP ) 2 (5.9.)
—XS

v/here Af) is in MHz., JU is in debye units (l debye = 10 esu. cm.) and
P is in mW per square mm. The zero power broadened width from Figure 5«10.
is about (1.5 ^ 1.73) MHz. F.W.H.M., and so we may write:

At)2 = 6.5 + 3jt jj 2 p. (5.10.)



-T'

•b
i measurement error.

0 10 20 30 AO 50 60

POWER OUTPUT (microwatts)

FIGURE 5-10

OBSERVED POWER BROADENING



13

The slope of the curve of Figure 5«10. therefore carries information

about the value of jj, and measurement of the slope indicates a value of 0.22
debyes for the dipole moment of this transition. The accuracy of the measure¬

ment is determined by the possible variation in slope of the curve and, for
the measurements so far taken, is estimated to give an uncertainty of
- 0.02 debyes. This is consistent with the results of Chutjian and James (78)
The power broadening contribution to observed F.W.H.M. lineshape may also be

expressed as 63 KHz. per ju W output power. This represents a power broadening
-1-2

of about 60 KHz., F.W.H.M., mW mm " for power densities between the laser

mirrors.

One difficulty and additional source of error in these measurements is

concerned with the estimation of the intracavity power density. The difficulty
arises from the Gaussian variation of electric field strength across the laser
beam diameter. The output power of the laser is measured as integrated over

the beam area on a large photocell and this figure has been used to estimate

the intracavity power density by multiplying by the mirror transmission

coefficient and dividing by the beam area. This beam area has been evaluated

assuming the beam diameter is the spot size uj . (99)* Obviously, this is

an arbitrary definition of beam size and so the results must be interpreted
with some caution. The power density closer to the beam centre than w

will be higher than that used in the dipole moment calculations and the

power density further out from to will be less than that used in the calcula¬
tions. This method of averaging the electric field might therefore be open

to question. However, intuitively, one feels that the use of the spot size
in these calculations is a reasonable approximation to make, ana is likely
to give a sensible estimate of power density.

5.4. Pressure Broadening

The experiments of Chutjian, Link and Brewer (70) on iodine pressure

shifts and broadening have already been referred to in Chapter 3» Their

experiments were not saturated absorption experiments, however, but rather
involved iodine molecules moving in all directions. These will be referred
to as linear experiments. The nature of saturated absorption implies that

only zero longitudinal velocity molecules contribute to the saturated
absorption signal. Furthermore, those molecules suffering collisions during
their interaction with the radiation field contribute less to the observed

linewidth than those interacting uninterruptedly during their passage through
the beam. The mean free path of a molecule at typical operating pressures

is about 3 so most molecules do indeed traverse the interaction

area, which is some 1 mm. in diameter, without suffering a collision.
We should reasonably expect collisional broadenings to be smaller in saturated
absorption work than those in linear absorption work. Chutjian et al. (70)



74

report a "broadening, evaluated from a Stern-Volmer plot of energy level
lifetime to pressure, of 2.6 MHz., per torr increase in the observed linewidth

of the transition.

Using the scan method already discussed, experiments were performed to

measure this broadening under saturated absorption conditions. Over a tempera¬

ture range from 4°C to 25°C, the iodine vapour pressure varies from 45 milli-
torr to 350 millitorr (Section 4.2.), so a broadening of less than 1 MHz.,

might well be expected in a non-pressure broadened linewidth of about 2 MHz.
As this would represent a considerable charge in linewidth, first derivative
observation of the broadened features was again necessary to avoid swamping
the small pressure broadening by a large variation in scan broadening.
The iodine pressure was slowly varied by changing the temperature of a water

bath surrounding the sidearm of an iodine absorption tube inside the cavity
of the laser which was to be scanned. Observations were carried out at

temperature intervals of about 1 degree; the temperature was allowed to
warm up slowly from an original ice-water mixture at 4°C to room temperature

(22°C). For temperatures above this, warm water was added to the bath.
Measurements were made both with the temperature increasing and then decreasing.
The results for a particular temperature were consistent, showing that there

was no lag or lead of bath and iodine temperatures for the two series of
measurements. The upper pressure limit was set by the increase in absorption
coefficient which then exceeded the laser gain and stopped laser action.
The lower pressure limit was reached when there were no longer sufficient
molecules to give a measurable absorption signal. Throughout the experiments
the laser power v/as maintained constant, thereby ensuring a constant po?;er

broadening linewidth contribution.

The results of these measurements are shown in Figure 5*H» where the
first derivative peak to peak width of component d is plotted for different
iodine pressures. The zero pressure intercept is 2.15 MHz., which represents
a linewidth of 3»75 MHz F.W.H.M. The error in this measurement may be estimated
as about - 0.1 MHz., peak to peak. This may be accounted for by:

-9
i) A natural lifetime of 410 x 10 seconds leading to a full width

contribution of 390 KHz. ; a peak to peak width of 230 KHz.

ii) A power broadening width contribution of 1.28 MHz. peak to peak
(2.21 MHz. F.W.H.M.) for a constant laser output power of 35 micro¬
watts (see section 5>3*)

iii) A scan width contribution of less than 100 KHz. peak to peak

(173 KHz. F.W.H.M.)
iv) Interaction linewidth some 40 KHz. (70 KHz. F.W.H.M.)
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These factors give a total F.W.H.M. observed linewidth of 2.84 MHz.,

which reveals a discrepancy of almost 1 MHz. Some sign of a discrepancy
has also been observed by other workers but not, however, with the accuracy

of these experiments (66). It is likely that the extra contribution arises

from predissociation (section 3.4.8). IJo estimate of the theoretically expected

magnitude of this effect has yet been made. Figure 5*11 shows a linear
variation of linewidth against pressure. The iodine pressure values have been
measured as described in section 4«2. The slope gives a broadening coefficient
for the F.W.H.M. of 11.9 MHz. per torr, and a similar slope is also observed
in Stern-Volmer plots for components e, f and g. The mean value is 11 MHz. per

torr. The Stern-Volmer equation (3»8.) therefore gives a value for the self
2 0 2

quenching coefficient, , of 305 A
2 o 2

This must be compared with the result of Chutjian et al. (70) of a = 70 A

for this transition and of 65 ^ from Chapman and Shotton (69). Neither of
these results were observed in saturated absorption. Chutjian et al. measured

' 5 -TT +
the lifetime of selected vibrational levels from ar = 0 - 25 of the B TYou
state of iodine from the direct decay of fluorescence excited by a pulsed,
tunable dye laser. Unfortunately, this method is likely to excite a blend of

vibrational levels as the dye laser emission bandwidth was sufficiently broad

to encompass several absorption lines.

The second result, however, was from experiments on the upper" absorbing
state lifetime, where a pulse of 633 nm. laser radiation excited ground state

iodine molecules in an extracavity tube. The observed fluorescent decay of a

single vibrational level enabled the lifetime to be measured (410 - 15 nanoseconds)
2

A plot of lifetime to iodine pressure gave a value for CP.

The discrepancy found in the work reported in this thesis is almost

certainly due to the presence of water vapour in the iodine tube. Of three
iodine cells used in these experiments, all filled within a week of each other,
two gave similar results, while the third gave absorption lines about twice as

broad at room temperature. The variation of water vapour pressure from 4°C
to 20°C is from 6 torr to 18 torr, and so is vastly greater than that of iodine.

However, there is no means of knowing the water partial pressure inside the

tube, and so the observed broadening may not be attributed to the full water

vapour pressure change. Shotton (94) has intimated that he observed larger
self quenching coefficients when water vapour was not totally excluded from
iodine tubes. The water vapour pressure does not register on the conductivity

type pirani vacuum gauges used to check the variation of iodine pressure with

temperature in a sealed off iodine tube and so it is not easy to know of this
contamination. A further set of iodine tubes are shortly to be filled under
more carefully controlled conditions. The iodine will be dried by passing
over phosphorous pentoxide before entering the absorption tube. In this way,
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it is expected that the observed discrepancy will be resolved and a value

for the self quenching coefficient observed under saturated absorption
conditions will be measured using the method ali-eady described.

Pressure shifts are expected to be small, and the evidence of Dahlstrom

and Hanes (66) indicates that an upper limit to the shift of 60 KHz. per torr

may be expected for iodine - iodine collisions.

In Section 5-7 •» experiments are discussed which show that the offset

frequency between lasers locked to the same line and operated under identical

conditions is less than 20 KHz. when any of the three iodine cells is used

as a reference. This leads one to suspect that the pressure shift induced by
the different water pressures in the three tubes is less than 20 KHz.

Furthermore, the side arms of any two tubes may be operated at temperatures
of 22°C and J>2°C respectively and the lasers still show no mutual offset

frequency greater than 20 KHz. The change in water vapour pressure over

this range is several tens of torr and it must be concluded that the collision

induced shift with water vapour must be small.
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To assess the performance of the control systems and to measure the

reproducibility of the beat frequency between any two chosen hyperfine components,
the beat frequency system was used (section 4.2.7.) In this case, two lasers
were locked to two different lines of the d,e,f,g group and the beat frequency
was counted, as described before. The lasers used in these experiments were

both operated with 6 MHz. wide scans at 1.59 KHz. modulation frequency and
were locked using third derivative techniques with a p.s.d. time constant of
1 second. The zero voltage level of the p.s.d. output stages were initially
set to zero within 5 and both were within 10 mV of zero voltage after an

experiment lasting an hour.

The integration time, normally, was 1 second on the beat frequency system
reversible counter, but a longer 10 second integration period was made available

by counting the beat frequency on a second frequency counter with a longer

integration time. The results of this experiment are illustrated in a beat
frequency plot illustrated in Figare 5.12. The displayed counter reading was

noted and then plotted against time as shown. The results for 1 and 10 second
integration times are shown and indicate the smoothing expected for the longer
integration period. Also shown in the figure is the beat signal when one

laser was unlocked, retuned to the same component and relocked. The discrepancy
between the centre frequencies indicates the precision by which the stabilization
system reproduces the same frequency. The lasers may be relocked to within
- 20 KHz., thereby indicating a reproducibility of the reference frequency of
better than - 2 part in 10
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For an averaging time of one second, the laser frequencies remained
-f Q

within - 2 parts in 10' for periods of a minute as shown in the Figure.
This performance is maintained for similar plots which were made for times

of up to 5 minutes. It is possible to display the analogue voltage generated
within the beat frequency apparatus as a function of time on a chart recorder.
A suitable capacitor placed across the recorder input terminals ensured a

one second time constant. Using this apparatus, runs of an hour v/ere possible,
and such an experiment showed that the centre of the beat frequency remained
within - 1 part in 10^ of its original value. After the lasers were warmed

up for an hour, both remained in lock for some two hours before one laser
reached the end of the control range on its piezoelectric.

For an integration time of ten seconds, the beat frequency between the
two lasers was constant to within 4 parts in 10 , as shown in Figure 5.12.
This performance is maintained when an analogue voltage to time plot is made
over an hour, as for the 1 second integration time.

5»6. Long Term Stability and Allan Variance Plots

xiie performance ox tne laser over long integration times carries informa—
tion about the stability of the iodine reference frequency. More fundamental
information about the nature of the reference may be obtained from Allan

Variance measurements where the nature of the limiting noise source affecting
the laser stability is revealed.

The performance of two servo-locked lasers was investigated over integra¬
tion times longer than the 10 second times discussed in the last section.

A frequency counter, which had variable integration times up to 99 seconds was

used, and typical stability figures for the d - g component beat are shown in

Figure 5♦13• As expected, the fluctuations gradually became smaller, and

resulted in variations of some JO KHz. peak to peak for integration times of

70 seconds.

One method of characterising long term frequency stability is the Allan
Variance which was discussed in Section 1.6. The average value of the standard
deviation of this variance,is a suitable parameter to characterise

long term frequency stability (33) and this is plotted as a function of integra¬
tion time in Figure 5.14. These measurements were performed with the aid of
a Hewlett Packard computing counter programmed to computefor integration

periods from one millisecond to ninetynine seconds. The number of samples
taken was 100 for integration times up to about 10 seconds. However, each

variance measurement takes 200 times the averaging period (neglecting counter
dead times). This requires a 30 minute observation time for a single variance
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measurement at 10 seconds integration time. To reduce the time involved in

computing variance measurements for these integration periods, the number of

samples was reduced to about 10. This, however, reduced the confidence level
of the measurements made for long periods; the number of samples is indicated

on the figure. The error bars indicate the spread of variance measurements

made for a given integration time.

It was possible to initiate the integration period of the counter by-

triggering on an input waveform. Three separate experiments were performed

by random triggering, triggering on the mains cycle and, finally, triggering
on the scan waveform. This made little difference to the Variance measurements

over integration times up to about 1 second. The measurements made with mains

synchronisation, however, were typically a few parts in 10"^ better for integra¬
tion periods of about 10 seconds, and Figure 5*14 shows the Allan Variance

plot for mains synchronised integration periods. The effects of the imposed

frequency modulation are not apparent in this plot as they would correspond
to variations with a period of0.5 milliseconds which is off the scale to the
left. Mains variations would manifest themselves at 10 milliseconds, corres¬

ponding to 100 Kz. or 20 milliseconds corresponding to 50 Ez. However, the
Allan Variance shows no sign of any peaks at these times, or any differences

between mains synchronised or non mains synchronised Variance measurements.

Any mains synchronised variations which do exist on the laser evidently are

not sufficiently large to be observed by this method. Comparison of these
measurements with long integration time measurements, such as those shown in

Figure 5*12, show satisfactory agreement.

The maximum sample time available on the counter was 99 seconds, and the

plot of the Variance indicates that the laser stability was Improving at these

periods. The slope of this line is ( - d) which is the slope to be expected
from white frequency noise. This implies that improvements to the servo

mechanism to increase the B.C. gain at these frequencies should improve the

performance of the laser. A line with zero slope would indicate that the character
of the frequency fluctuation was flicker or ( 1 / f) noise. This type of noise

represents the fundmental limitation of any system and it would be impossible
to improve the performance of the laser by any modifications to the servo system.

These servo-system improvements could take the form of an increase in the

servo-system time constant, thereby increasing the gain at low frequencies.

However, any increase in the time constant would reduce the servo-system action
at higher frequencies. It might then be possible to increase the amplifier
gains in the p.s.d. unit to counteract this effect and still avoid oscillation
in the servo-system. This aspect of optimum servo-system design is still under

development, and more experiments are necessary to study the long term stability
of lasers with different servo-system gains and time constants.
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5•7• Frequency Offsets - Beat Frequency experiments with lasers locked to the

same line

If a beat frequency experiment is carried out between two lasers locked to

the same saturated absorption line and operated under nominally the same conditions,

then, ideally, the beat frequency is zero. In practice, any offsets between the

locking points show up as a non zero mean beat frequency. This experiment,

therefore, carries information about the differences in the stabilized laser

frequency to be expected from differently constructed lasers. These differences

may arise from electronic differences in the servo-system, differences in the iodine

pressure, power shifts and broadening, or scan width contribution introduced from

dissimilar experimental conditions. Such an experiment was performed with two
lasers locked to line g. One was operated with an AIM phase sensitive detector-

system and the second with a Brookdeal system. The zeros of the p.s.ds were set
to zero voltage to within 5 ^ ash the phase settings between input and reference

signals were adjusted individually to give maximum third differential signal.

Any phase errors would, ideally, have shown up as a reduction in signal and would
not have introduced a frequency offset. The scan widths were both adjusted to be

equal to 6 MHz., and the p.s.a. time constants y/ere both 1 second. In both servo-

systems integrating filters were used. (Chapter 3.B.)

Observations of the beat frequency for 1 second averaging times are plotted
in Figure 5•15* This shows an estimated offset from zero of less than 1 x 10"^.
The relocking of both lasers on the same day and on different days reproduced this
beat to better than 1 x 10^. The beat frequency measurements indicated peak

+ -9
deviations from zero frequency v/ithin - 5 x 10 for 1 second averaging times.
These performances were achieved in a normal laboratory environment with ether

work proceeding and no special precautions were taken to ensure especially quiet

surroundings. Very little change was observed when similar experiments were

carried out during the evening.

During these measurements the mains supply voltage varied because of

voltage reductions arising from a national miners' strike. This test of

insensitivity to mains fluctuations indicated that the stabilized frequency
remained within 1 x 10 for 5 ~ T/° mains voltage variations.

5.0. Separation of Hyperfine Component Centres

The separation of the centres of components d, e, f and g were measured

by beating together two lasers locked to different components. The beat

frequency was, of course, the separation of the component line centres.
For two lasers operating under the same conditions, the individual frequency
shifts discussed in this chapter were assumed to be the same and so the beat

frequency represented the unperturbed separation. Relocking of the two lasers
to their respective saturated absorption features reproduced the beat frequency
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to within some - 20 KHz. giving rise to a measurement accuracy of 1 in about 500
for the beat frequency.

A second measurement of the line centre separations to somewhat poorer

accuracy was possible using the scan technique and recorder trace calibration
method discussed in section 5«2. One laser was locked to a particular component,

usually d or g, and the second scanned over d, e, f and g. The p.s.d. output
was recorded as a function of frequency on a chart recorder. From the known
calibration of the recording or from settings to the line centres from a signal

generator input,as described before, the centre separations were again measured.

An extreme component was chosen as a reference to eliminate the different
sensitivities of the beat frequency analogue output voltage for positive and

negative beat frequencies. In this experiment, therefore, all the beat frequencies
were either negative indicating the reference laser is tuned to a high frequency

component d and the second laser is scanned from low to high frequency passing

through g, f, e, and finally d at zero beat frequency, or positive, in which

case, the reference was locked to component g and the second laser scanned in
-f

the order d,e,f and g. The accuracy of these measurements was about - 0.5 MHz.

and the results are shown in table 5.16.

Table $.16 also shows the earlier experimental results of Dahlstrom and

Hanes (66). The laser used in their experiments was stabilized using first
derivative locking and the separations were measured by observing the p.s.d.

output on an oscilloscope as this laser was swept in frequency. The light from
this laser was mixed with that of a second tunable stable laser (not locked to

an iodine reference). The oscilloscope trace was brightened when the beat
between these lasers passed through a frequency determined by the tuning of
an RF receiver. Thus two bright points were shown on the screen; when the

beat frequency was plus the separation and also when it was minus the separation.
A frequency calibration of the scan was then possible, but was limited in accuracy

to - 1 MHz. because of the instability of the reference laser and tuning errors

in the receiver.

A theory published by Kroll (Section 3*6.) treats the hyperfine splitting
as the sum of a nuclear electric quadruple interaction in both electronic states

and a magnetic hyperfine interaction for the excited state only. Theoretical

investigation of the neighbouring P.(33) line has also been made (83).
Table 5.16 shows that the theoretical and experimental results are in agreement
to within the experimental accuracy. This agreement confirms the validity of
the theory in explaining the hyperfine splitting. The quadrupole coupling
constants may be deduced from measurements of the hyperfine component splitting
and by comparisons with the expected separations calculated from Kroil's theory.



Beat Frequency
Separation Centre Separations

(MHz.;

Analogue
Output Scans

(MHz.J

Bahlstrom - Theory
and Hanes (kroll)

(MHz.J (MHz.)

d - e 12.88 1 0.02 12.7 - 0.3 13.3 - 1.0 12.7

d - f 26.24 ~ 0.02 27.5 1 0.3 27.3 - 1.0 26.0

d - g 39.43 1 0.02 40.2 - 0.3 40.6 - 1.0 38.9

TABLE 3.16

Hyperfine Component Centre Separations



5«9» Summary and Conclusions

The experiments described in this thesis have traced the successful

development and operation of a laser stabilized by saturated absorption in

iodine. The preliminary results indicate that the frequency stability and

reproducibility exceed those of any other visible stabilized laser. This laser,

therefore, has shown itself worthy of further study and investigation which could
well lead to its establishment as an international length standard. The techniques

developed have already proved successful in the investigation of stability,

reproducibility, and susceptibility to perturbations, and further experiments

using these established methods should reveal any outstanding frequency shifts
or line broadening mechanisms, particularly that of pressure broadening.
The construction of further lasers in a more compact form is already in progress

and intercomparison of these, both at the N.P.L., and internationally, should
lead to confirmation of the reproducibility and stability figures discussed in
this thesis.

The technique of saturated absorption spectroscopy provides the possibility
of spectroscopic resolution comparable to the best already available in the visible

spectral region, and applications involving the use of a tunable dye laser are

particularly exciting (95)*

The development of the iodine stabilized laser raises the possibility of

new, precise measurements of fundamental constants. At the Eureau International
des Poids et Mesures at S&vres, Paris, an iodine stabilized laser is shortly to
be constructed using the techniques described in this thesis and will be used in
a precise measurement of the acceleration due to gravity g. The long term

stability and reproducibility of the laser frequency will enable studies to be
made of the variation of g with time.

At the N.P.L., iodine stabilized lasers are to be used in experiments to

measure the speed of light and the Rydberg constant. A joint project between

N.P.L., and Cambridge University Department of Geodesy and Geophysics is already
in progress to investigate long period earth strain effects using a Michel son

type fringe counting interferometer with a Lamb Lip stabilized laser. Consider¬
able increases in the sensitivity and an extension of the range of observable
strain periods can be expected using an iodine stabilized laser source.

The development of this laser has also enabled hitherto unexplored areas

of physics to be investigated. The interesting but perplexing subject of
collisions under saturated absorption conditions is already receiving close

study. As a first step, the other line broadening features, such as power

broadening and natural widths, will shortly be investigated in an atomic beam
system. This will be developed, it is hoped, as a joint project with Sussex

University. Measurements of parameters such as these under the typical beam
conditions, notably absence of collisions, should provide confirmation of the
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measurements reported here. The collisional effect should he the only major
difference between the two experiments and may therefore be studied more closely.
Any differences between the frequency emitted by a beam stabilized laser and

a tube stabilized laser will be revealed by this study.

It is almost certain that either this laser or the methane stabilized

3»39 y m laser will replace the Krypton 86 Lamp as the primary length standard.
Table 5»17 summarises the properties of the iodine laser studied in this thesis

and compares them, where possible, with the methane laser. As yet, iodine
lasers are in their infancy and considerable improvements in performance are

certain to be made in the next series of experiments. In particular, reproduci¬

bility and both short and long term stabilities will be improved in second

generation lasers. Experimentally, the programme in the next few months will
involve wavelength measurements on the d,e,f and g iodine components against

Krypton 86, and the making of more careful pressure broadening measurements

using tubes of dry iodine. A series of conditions will be established detailing
the variations in laser parameters which must not be exceeded if one is to
achieve a specified frequency stability. Lasers prepared both at N.P.L., and
similar laboratories will be compared and the possibility of frequency shifts

arising from different constructional techniques will be investigated.

The iodine stabilized laser, therefore, provides a most useful new laser

light source. Because of its advantages over other previously constructed
lasers and because of its potential as a spectroscopic tool it represents a

most exciting development in the field of stabilized laser physics.



TABLE 5-17.

STABILIZED LASER PERFORMANCE.

Absorber IODINE 127 METHANE

Waveleng th 633 nm. 3-39yu m
Short term
stability

2x109 ( 200 KHz) 1 x 1 012 ( 100 Hz)

Long term
stability > 1 x 1011 (5 00 Hz.) 1 y i n13 ( m w-n

. 1 vy v • V i » *-/

Reproducibility > 2x 1010( 20KHz) 1x1011 (1 KHz)

Pressure shift < 60 KHz/ torr 7 5 KHz / torr.

Pressure broade¬
ning

< 2-6 MHz/ torr. 8 MHz/ torr.

Absorber pressure 0-2 torr 0-0A- torr

Power shift <20 KHz for x3
power rise.

Zeeman shift < 1 O^for earths field.
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APPENDIX I

The following is a list of the known absorption coincidences.

The references are not exhaustive, but refer to the primary publication
in each case.

i) 1^ with the 514.5 nm line of Ar II and the 508.5 nm line of
the Cd laser. (51. 52)

ii) I^ with the 568.2 run line of the Kr II laser. (55)
iii) I^ at 501.7 nm., Br^ at 514.5 nm., Cl^ at 488.0 nm., all lines

from the Ar II laser. (54)

iv) NO^ with 11 lines between 457*9 nm. and 520.8 nm. from Ar II
and Kr II lasers, (55)

v) Kp- with the 655 nm. line of the He - Ne laser. (56, 57)
vi.i) Ka^ with seven lines from the Ar II laser. (57» 58)
vii) Rbg and CSg with several lines from the Ar II laser and the (57)

655 nm. line of the He - Ne laser. (58)

viii) ^NH, and with several lines in the lOp n region from

CO^ and NO^ lasers. (59)
ix) CH^ Br with the 10.6pm line of the CO^ laser. (60)
x) CO with various infrared lines of the He - Xe and He - Ne

lasers. (6l,62)

xi) dimethyl ether with the 5*51 ^ ra line of the He - Xe laser. (65)
xii) ^4' Hg and C^Hg with lines from the 7 - 8 p region

from Ne and Xe lasers. (64)

xiii) CH^ and the 5-59 p line from He - Ne lasers. (65)
xiv) I^ with the 655 nm line from He - Ne lasers . (66)

"J OQ
xv) I^ with the 655 nm line from He - Ne lasers. (67)
xvi) SFg with the 10.6 jj m line from the CO^ laser. (68)
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