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ABSTRACT 

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

mode 5145 A argon ion laser induces resonance fluorescence 
of iodine in a molecular beam. The fluorescence first 
appears when the laser frequency is 600  MHz abGve the center 
of the laser gain curve and extends over a range of approxi- 
mately 1300 MHz. 
the X'C + electronic ground state and the B3110fU 
electronic state, but the assignment of the vibration and 
rotation levels is by no means clear. 
matrix element for the transition is found to be 1.0 x 10 
e.s.u. and the fraction of molecules in the beam that take 
part in the observed spectrum is estimated to be 2 x lom3 
based on molecular beam and absorption cell data. The 
structure of the resonances has been attributed partly to 
nuclear electric quadrupole splittings. The ultimate width 
of the iodine resonance lines observed is inferred to be 
50 kHz from a lifetime measurement of the excited state in 
the beam. 

The significance of the experiments performed lies in 
the possibility of using one of the 12 resonances as an ex- 
ternal frequency reference in the feedback stabilization of 
the argon laser. Based on the narrow width of such a 
reference, the fact that its center frequency is not Stark 
shifted by collisions in the molecular beam, and the large 
signal-to-noise ratio in the fluorescence yield, a high fre- 
quency stability and resettability of the order of several 
parts in 1013 is anticipated. 

It has been demonstrated that a single longitudinal 

The transitions excited in I2 are between 

0 9  

The dipole moment -19 
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CHAPTER 1 

INTRODUCTION 

The i n t e r e s t  i n  l a s e r  frequency s t a b i l i z a t i o n  has been 

motivated by t h e  need f o r  p rec i s ion  long-term measurement of 

l eng th ,  i . e  length  s tandards:  f o r  example, i n  very low 

frequency o r  d .c .  e a r t h  s t r a i n  seismometry, where changes i n  

length  of one p a r t  i n  1 0  o r  less pe r  year  have t o  be 

measured. 

-10 

(1) 

Of t h e  many types  of lasers t h a t  now e x i s t ,  gas lasers are 

t h e  most promising from t h e  p o i n t  of view of frequency s t a b i -  

l i t y .  The s h o r t  t e r m  s t a b i l i t y  of t h e  Helium-Neon l a s e r ,  i n  

p a r t i c u l a r ,  has  been s tud ied  by many workers i n  t h e  f i e l d  and 

s t a b i l i t i e s  of t h e  o rde r  of one p a r t  i n  1 0 1 3  have been achieved 

f o r  a per iod  of a second. ( 2 )  The long t e r m  s t a b i l i t y  has  not  

been so impressive.  The s t a b i l i z a t i o n  of t h e  laser frequency 

has been a tremendous chal lenge and s e v e r a l  methods have been 

suggested and t r i e d .  ( 4 )  

schemes use a frequency re ference  element with which t h e  

The major i ty  of t h e  s t a b i l i z a t i o n  

l a s e r  frequency i s  compared. The l a s e r  frequency i s  locked 

t o  t h e  r e fe rence  by means of a feedback servo scheme. However, 

it i s  t h e  l a c k  of a s u i t a b l e ,  h ighly  s t a b l e  o p t i c a l  frequency 

r e fe rence  t h a t  has  been t h e  major drawback i n  achieving long 

t e r m  s t a b i l i t y  b e t t e r  than one p a r t  i n  1 0  e 
8 



At microwave frequencies, about 10,000 MHz, long term 

stability of a crystal oscillator has been achieved by com- 

paring a harmonic of the oscillator frequency with an atomic 

resonance line excited in a molecular beam. The Cesium atomic 

beam frequency standard employs a magnetic-field-insensitive 

hyperfine transition in the ground state of the Cesium atom 

as the reference element. Long term stability of about one 
part in 10l2 has been obtained. ( 3 )  

At microwave frequencies, the design criterion is the 

suitability of the molecular beam transition as regards to 

perturbation by external fields and ease of detection. The 

local oscillators offer no problems since they have a large 

tuning bandwidth. 

The situation is very different at optical frequencies 

since the local oscillators, i.e., the lasers, have a limited 

tunability range which can vary from several parts in 10 

to one part in lo5, depending on the spectral width of the 

laser gain medium. At optical frequencies, therefore, the 

molecular beam transition has to match the laser. The appli- 

cation of molecular beams to laser frequency stabilization has 

been suggested by Professor Rainer Weiss of the.M.1.T. Depart- 

ment of Physics. 

6 

This thesis is concerned with finding an atomic or 

molecular resonance line that can be excited by a laser in a 

molecular beam. This resonance line can then serve as a 



3 

primary frequency re ference  i n  t h e  feedback s t a b i l i z a t i o n  

of t h e  laser. 

So f a r  as i s  known, t h e r e  has  been no r e p o r t  of a l a s e r  

induced resonance t r a n s i t i o n  i n  e i t h e r  an atomic o r  a mole- 

c u l a r  beam. 
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CHAPTER 2 

FREQUENCY STABILITY O F  LASERS 

2 . 1  General 

Fundamentally, t h e  laser should be a very s t a b l e  o s c i l l -  

a t o r  with an extremely narrow s p e c t r a l  width.  I n  p r a c t i c e ,  

however, t h e  laser i s  f a r  from i d e a l  due mainly t o  e x t e r n a l  

causes. This  chapter  d i scusses  some of t h e  e x t e r n a l  causes  

t h a t  a r e  respons ib le  f o r  t h e  frequency i n s t a b i l i t y  of t h e  

laser and t h e  m e r i t s  of t h e  schemes t h a t  have been devised 

t o  reduce frequency i n s t a b i l i t y .  

2.2 Frequency S t a b i l i t y  of G a s  Lasers 

The l a s e r  shown i n  Figure 2.2-1 c o n s i s t s  of a ga in  medium, 

e.g. a H e - N e  d i scharge  tube ,  placed i n s i d e  a s h o r t  Fabry-Perot 

cav i ty .  The frequency range of t h e  ga in  medium above threshold  

extends from v1 t o  v2 .  The length  of t h e  c a v i t y  i s  chosen so 

t h a t  only one c a v i t y  mode f a l l s  wi th in  t h e  bandwidth of t h e  

ga in  medium a t  any one t i m e .  The l a s e r  o s c i l l a t e s  a t  a frequ- 

ency v determined approximately by t h e  p o s i t i o n . o f  t h e  c a v i t y  

mode wi th in  t h e  g a i n  curve and i s  given by 
L 

C vL = N- 

o p t  
2L 

where N i s  an i n t e g e r  and i s  t h e  number of ha l f  wavelengths 
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f 0 
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Figure 2 . 2 - 1  Fabry-Perot Cavity Se lec t ion  of Laser 

Frequency 
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with in  t h e  c a v i t y ;  L i s  t h e  o p t i c a l  l ength  of t h e  c a v i t y  

and c i s  t h e  v e l o c i t y  of l i g h t .  

t h e r e f o r e  determined by 'Lopt. 

o p t  
The laser frequency vL i s  

The change i n  t h e  laser frequency due t o  a change i n  L 
op t  

i s  given by 

AvL AL 

L 
- = - o p t  

vL o p t  

The value of L i s  not  a f ixed  q u a n t i t y  but  i s  s u b j e c t  
o p t  

t o  a v a r i e t y  of d i s tu rbances ,  f o r  example, f l u c t u a t i o n s  of t h e  

phys ica l  l eng th  of t h e  c a v i t y  due t o  thermal ,  v i b r a t i o n a l  o r  

a c o u s t i c a l  e f f e c t s ;  f l u c t u a t i o n s  of t h e  r e f r a c t i v e  index of t h e  

l a s e r  medium caused by changes i n  the  inve r t ed  populat ion,  

e l e c t r o n  dens i ty  and gas p re s su re  and by plasma o s c i l l a t i o n s .  

The output  of t h e  l a s e r  o s c i l l a t i o n  i s  expected t o  have a 

narrow s p e c t r a l  width with some amplitude and frequency f luc tu -  

a t ions .  The amplitude and frequency f l u c t u a t i o n s  a r e  not  

completely independent. A change i n  frequency moves t h e  po in t  

of o s c i l l a t i o n  over  t h e  laser ga in  curve and t h i s  g ives  rise 

t o  a change i n  amplitude. S imi l a r ly ,  a change i n  amplitude,  

due t o  an inc rease  i n  t h e  e x c i t a t i o n  of t h e  medium, changes 

t h e  r e f r a c t i v e  index of t h e  medium and hence t h e  laser frequency. 

This  l a t t e r  e f f e c t  i s  absent  if t h e  o s c i l l a t i o n  frequency i s  

a t  t h e  exac t  c e n t e r  of t h e  ga in  curve. 

The l a s e r  frequency i n s t a b i l i t y  may be cha rac t e r i zed  a s  

fol lows : 
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(a) Short term fluctuations---these are fast changes in 

the laser frequency which are responsible for the laser 

spectral width observed during short time intervals e.g. less 

than seconds. 

(b) Short term drift---this corresponds to the wandering 

of the laser frequency during short time intervals in the 

range -10 seconds. 

(c) Long term drift---this is drift of the laser frequency 

during loncj periods of time e.g. minutes, days and even years. 

Frequency resettability is a measure of the precision with 

which the laser frequency can be reproduced. 

The experiments of Jaseja, Javan and Townes ( 2 )  have shown 

that, for a carefully designed 1.15 1-1 He-Ne laser in a well 

isolated environment, (a) the laser spectral width is about 8 

parts in 1014 of the laser frequency for short periods of time 

(less than a second) and (b) the short term wandering of the 

laser frequency is about one part in 1013 per second. 

These significant data support the theory that the funda- 

mental spectral width of the laser is very narrow(2). 

also show that the laser frequency does drift even under the 

The data 
i 

closely controlled conditions of the experiment. 

The wandering of the laser frequency is not surprising 
6 AL - 

even if we consider a cavity made out of quartz with 7 Q 10 

In order to hold the laser frequency to - = the temper- 

/"C. 

AV 

V AT ature has to be controlled to - = 10-70C. 
T 

To achieve long term stability, therefore, some form of 
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frequency s t a b i l i z a t i o n  has  t o  be introduced.  

2.3 Schemes f o r  Laser Frequency S t a b i l i z a t i o n  

Several  approaches have been attempted f o r  t h e  s t a b i l i -  

z a t i o n  of t h e  frequency of t h e  gas laser.  General ly ,  t h e  

schemes f a l l  i n t o  two groups. One group uses  a property 

inhe ren t  t o  t h e  laser as a frequency re ference  and the  o the r  

group uses  an e x t e r n a l  frequency re ference .  

A l l  s t a b i l i z a t i o n  schemes are bandwidth l i m i t e d  and, 

t h e r e f o r e ,  cannot compensate f o r  very f a s t  f l u c t u a t i o n s  i n  

t h e  laser frequency. The l a s e r  i t s e l f  has t o  be c a r e f u l l y  

designed t o  minimize f a s t  frequency f l u c t u a t i o n s  as  has been 

( 2 )  demonstrated by J a s e j a  e t  a l .  

2.3.1 Frequency S t a b i l i z a t i o n  Schemes Using Inherent  
P r o p e r t i e s  of; t h e  Laser 

An obvious frequency re ference  inhe ren t  t o  t h e  laser i s  

t h e  peak a t  t h e  c e n t e r  of t h e  ga in  curve.  The width of t h e  

ga in  curve depends on t h e  l a s e r  medium used and on the  frequency 

of t h e  t r a n s i t i o n .  For example, t h e  width of t h e  ga in  curve i s  

about 1 0 0 0  MHz f o r  t h e  6328  A l i n e  i n  H e - N e ,  50 .MHz f o r  t h e  

1 0 . 6  micron l i n e  i n  C02, w h i l e  t h a t  of t h e  4880 A l i n e  i n  

s i n g l y  ion ized  argon i s  1 0 , 0 0 0  MHz. 

0 

0 

Shimoda and J a ~ a n ' ~ )  c a r r i e d  ou t  an ex tens ive  program t o  

s t a b i l i z e  a He-Ne  1.15 micron laser t o  t h e  c e n t e r  of t h e  gain 

curve. They achieved a s t a b i l i t y  of % Y, lom1' f o r  per iods  



9 

of hours.  

Bennett ,  e t  a l ,  ( 6 )  have exp lo i t ed  t h e  f ac t  t h a t  t h e  

anomalous d i spe r s ion  of t h e  l a s e r  medium as a func t ion  of 

frequency goes through zero a t  t h e  exac t  c e n t e r  of t h e  atomic 

t r a n s i t i o n .  On e i t h e r  s i d e  of l i n e  c e n t e r ,  t h e  anomalous 

d i s p e r s i o n  has  a d i f f e r e n t  s i g n  and i t s  magnitude depends on 

t h e  inve r t ed  populat ion.  Frequency s t a b i l i t y  of about one p a r t  

i n  l o 9  f o r  a per iod  of a few hours w a s  achieved with a He-Ne  

laser o s c i l l a t i n g  a t  3.39 microns. 

(7) Another scheme has  been proposed by Tobias e t  a l ,  

which i s  based on t h e  f a c t  t h a t  f o r  a s i n g l e  mode laser 

opera t ion  subjec ted  t o  a s m a l l  a x i a l  magnetic f i e l d ,  t h e  

r i g h t  and l e f t  c i r c u l a r l y  polar ized  Zeeman components of  t h e  

l i g h t  have d i f f e r e n t  i n t e n s i t i e s .  The i n t e n s i t i e s ,  however, 

become equal  only i f  t h e  f requencies  are symmetrically 

disposed about t h e  l i n e  cen te r .  

A l l  t h e  above schemes have a common drawback. The achiev- 

a b l e  frequency s t a b i l i t y  can be no b e t t e r  than  t h e  s t a b i l i t y  

of t h e  r e fe rence  used, i .e . ,  t h e  s t a b i l i t y  of t h e  c e n t e r  

frequency of t h e  ga in  curve. 

A study of t h e  frequency s h i f t s  o f  t h e  c e n t e r  of t h e  ga in  

curve i n  a 6328 A H e - N e  laser has been made r ecen t ly  by Bloom 

and Wright(8)  and by White. 

s h i f t s  due t o  v a r i a t i o n  i n  pressure  ( i . e .  t h e  quadra t i c  S tark  

effect  due t o  c o l l i s i o n s )  of t h e  gas mixture  was about 

-20 MHz/mm Hg i n  t h e  range of 2-4 mm Hg. They conclude t h a t  

0 

Bloom and Wright found t h a t  
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for He-Ne lasers stabilized to the Lamb dip at the center of 

the gain curve, the frequency stability and reproducibility 

can be no better than a few parts in 10 . In addition to 

pressure shifts, White has shown that shifts exist due to 

variation in the discharge current. 

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

8 

The magnitude of these 

2 . 3 . 2  Frequency Stabilization Schemes Using an External Reference 

Several stabilization schemes have been investigated that 

use an external reference as a frequency discriminator. No 

attempt will be made to discuss them all; however, the salient 

features and limitations of several different approaches will 

be given. ( 4 )  

One approach uses the transmission characteristics af a 

high Q external Fabry-Perot interferometer as a frequency 

discriminator. The passive external cavity can be designed 

to have a high Q, high stability and can be isolated from 

thermal and acoustical disturbances. Cavity width of less 

than 10 MHz can be achieved. 

locked to one of the Fabry-Perot cavity resonances by means 

of a feedback loop. The limitation in this method is the 

variation of t$e length of the cavity with temperature. For 

[--I = = a temperature tolerance better than 1 0 - 4 0 C  

is required for a quartz cavity. The resettability of the 

The laser frequency is (10) 

, 

Av AL 

laser frequency depends on knowledge of the exact length of 

the Fabry-Perot cavity which is difficult to measure. Material 
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creep  and thermal d r i f t s  make t h e  scheme unsu i t ab le  as a 

long t e r m  frequency re ference .  However, f o r  short-term 

opera t ion  t h e  e x t e r n a l  c a v i t y  i s  very u s e f u l  because of  t h e  

narrow d i sc r imina to r  width and t h e  high s i g n a l  t o  noise  

achieved s h o r t  r a t i o  it can provide.  L i p s e t t  and L e e  (11) 

-lo f o r  s e v e r a l  hours. t e r m  s t a b i l i t y  of - = 2 x 1 0  Av 
V 

Another approach i s  t h e  use of an absorp t ion  c e l l  which 

can be placed e i t h e r  ou t s ide  o r  i n s i d e  t h e  laser cav i ty .  

White, Gordon and Labuda 

ce l l ,  conta in ing  a N e  d i scharge  t o  generate  some populat ion 

a t  t h e  l a s e r  lower level .  The amount of absorp t ion  of t h e  

laser l i g h t ,  a f te r  passing through t h e  Neon c e l l ,  i s  measured 

and t h e  d r i f t  of t h e  laser frequency with r e spec t  t o  t h e  

center  of t h e  Neon l i n e  i s  de tec t ed  by a novel technique 

t h a t  does no t  r e q u i r e  modulation of t h e  l a s e r  frequency. The 

laser l i g h t  i s  first converted a l t e r n a t e l y  i n t o  l e f t  c i r c u l a r l y  

po la r i zed  and r i g h t  c i r c u l a r l y  polar ized  l i g h t .  The absorp t ion  

c e l l  i s  subjec ted  t o  an a x i a l  Zeeman f i e l d  which s p l i t s  t h e  

atomic l i n e  f o r  d i f f e r e n t  p o l a r i z a t i o n  of t h e  i n c i d e n t  l i g h t .  

The d i f f e r e n c e  i n  absorp t ion  f o r  l i g h t  of each p o l a r i z a t i o n  

determined t h e  displacement of t h e  laser frequency from t h e  

center of t h e  atomic l i n e .  Although t h e  pressure  s h i f t s  i n  

a pure i s o t o p i c a l l y  enr iched Neon may be predic ted  from 

experimental  measurements ( 6 9 ) ,  t h i s  scheme i s  s t i l l  not  s u i t -  

a b l e  a s  a long t e r m  re ference .  I n  a d d i t i o n ,  s h i f t s  do e x i s t  

have used an e x t e r n a l  absorp t ion  ( 1 2 )  



due to variations in the discharge current. The broad 

doppler width of the Neon resonance in the discharge cell 

requires long integration times to determine the center of 

the resonance with great accuracy. 

a period of 1000 seconds was achieved using this scheme in 

A stability of 10 -lo for 

conjunction with an external Fabry-Perot cavity for short 

term frequency stabilization. (10) 

Recently, a novel scheme has been proposed by Lee and 

who performed an experiment with a Neon discharge (13) Skolnick 

cell placed inside the laser cavity. As the laser frequency 

was scanned across the gain curve, a pronounced peak appeared 

in the output power caused by an inverted Lamb dip effect. 

The peak is due to the drop in absorption at saturation by 

(13) 

atoms having zero doppler shift in the velocity distribution. 

The width of the peak was 30 MHz which provides a more 

sensitive discriminator than the Ne cell placed outside the 

laser cavity. However, this scheme also suffers from pressure 

and discharge current shifts. This saturated reference is at 

present being investigated for the stabilization of the He-Ne 

laser. (14) 

2.4 Need for a Primary Frequency Standard as an External Reference 

So far, none of the frequency stabilization schemes 

discussed offers a long term stability and resettability 

better than perhaps one part in lo8, even though excellent 

short term stabilities have been measured. As already 
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mentioned, t h e  s t a b i l i t y  of t h e  laser can be no b e t t e r  than 

t h a t  of t h e  re ference .  

A long term s t a b l e  r e fe rence  wi th  a narrow resonance i s  

t h e r e f o r e  needed. This i s  t h e  s u b j e c t  of Chapter 3 .  
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CHAPTER 3 

MOLECULAR BEAM AS A FREQUENCY REFERENCE 

3.1 Why Molecular B e a m s  

The in t e re s t  i n  an atomic (or molecular) resonance as a 

frequency re ference  s t e m s  from t h e  s t rong  confidence i n  t h e  

quantum theory of atomic s t r u c t u r e ,  t h e  s t a b i l i t y  of atomic 

systems and t h e  f a c t  t h a t  p a r t i c l e s  of t h e  same type a r e  

ind i s t ingu i shab le  and have i d e n t i c a l  p r o p e r t i e s .  

Molecular beam techniques provide a means f o r  observing 

i s o l a t e d  p a r t i c l e s  Tp.3ere c o l l i s i o n s  are v i r t u a l l y  absent .  The 

e f f e c t i v e  doppler width i s  very much reduced i f  t h e  beam is  

w e l l  co l l imated  and t h e  p a r t i c l e s  are observed a t  r i g h t  angles  

t o  t h e i r  motion. For example, t h e  e f f e c t i v e  doppler width i s  

50 kHz f o r  a beam angular  width of 1 0  seconds of a r c  and a 

p a r t i c l e  v e l o c i t y  of l o 4  cm/second, as  w i l l  be discussed i n  

Chapter 9 .  This  width i s  equiva len t  t o  t h e  doppler  width of a 

a gas  a t  a temperature of about 10-50K. 

t r a n s i t i o n  observed i n  a molecular beam can, i n  p r i n c i p l e ,  

approach t h e  inhe ren t  o r  n a t u r a l  width of t h e  t r a n s i t i o n .  

The width of a 

A classical  molecular beam appara tus  i s  shown i n  Figure 

3.1-1. The source chamber o r  oven conta ins  a gas  a t  a p re s su re  

Ps. 

middle chamber has a dimension which i s  of t h e  o rde r  of t h e  

mean f r e e  pa th  i n  t h e  oven. P a r t i c l e s  e f f u s e  from the  source 

s l i t  and t h e r e a f t e r  t rave l  a long s t r a i g h t  pa ths  u n t i l  they 

The a p e r t u r e  S1 i n  a t h i n  wa l l  between t h e  oven and t h e  
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oven source slit collimatinq slit beam 

Figure 3.1-1 Classical Molecular B.eam Apparatus 
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c o l l i d e  wi th  a w a l l .  

a s o l i d  angle  of 2 ~ .  

and t h e  angular  width o f  t h e  beam is  def ined  by t h e  geometry 

of t h e  two s l i t s .  

The p a r t i c l e s  emerging from S1 f i l l  

Another s l i t  S2  i s  used a s  a co l l ima to r  

The design of a molecular beam apparatus  f o r  var ious  

p rec i s ion  measurements of atomic,  molecular and nuclear  

p r o p e r t i e s  i s  found i n  r e fe rence  ( 1 5 ) .  

3.2 Applicat ions of Molecular Beams t o  Laser Frequency 
S t a b i l i z a t i o n  

There are several ways i n  which t h e  p r o p e r t i e s  of 

molecular beams may be exp lo i t ed  t o  achieve a frequency 

s t a b l e  laser. The var ious  p o s s i b i l i t i e s  may be grouped 

under (a )  a molecular beam laser,  (b )  a l a s e r  w i t h  a 

molecular beam e x t e r n a l  frequency r e fe rence  t h a t  employs an 

atom i d e n t i c a l  w i th  t h e  l a s i n g  atom, and (c )  a laser wi th  

a molecular beam e x t e r n a l  r e fe rence  t h a t  employs an atom 

t h a t  i s  d i f f e r e n t  from t h e  l a s i n g  atom. 

3.2.1 MoLecular Beam Laser 

Several major problems t h a t  c o n t r i b u t e  t o  la'ser frequency 

i n s t a b i l i t y  may be solved by t h e  use of a molecular beam as 

t h e  g a i n  medium. Since t h e  beam can be placed orthogonal t o  

t h e  c a v i t y  a x i s ,  as shown i n  Figure 3.2.1-1, t h e  width of t h e  

ga in  curve i s  then l i m i t e d  by e i t h e r  t h e  n a t u r a l  width or, 

i f  t h e  l i f e t i m e  i s  long,  by t h e  observa t ion  width i . e .  t h e  
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\ 
molecular beam 
of excited 
atoms 

Figure 3.2.1-1 Molecular Beam Laser 
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width determined by t h e  t i m e  t h e  beam spends i n  t h e  cav i ty .  

E i t h e r  of t h e s e  widths can be much narrower than t h e  doppler 

width i n  t h e  gas  discharge.  I n  add i t ion ,  t h e  resonance f r e -  

quency of t h e  t r a n s i t i o n  i s  not  s h i f t e d  by S ta rk  e f f e c t s  i n  

gas  c o l l i s i o n s .  

The molecular beam ga in  medium, however, in t roduces  new 

d i f f i c u l t i e s .  One, it requ i r e s  t h a t  t h e  atoms i n  t h e  upper 

laser level have a s u f f i c i e n t l y  long l i f e t i m e ,  longer  than  

seconds, t o  be formed i n t o  a beam and, two, a s u f f i c i e n t  

d e n s i t y  of  atoms i s  needed t o  overcome c a v i t y  lo s ses .  The 

choice of  c a v i t y  Q i s  inf luenced  by two mutually incompatible 

condi t ions ;  t o  reduce c a v i t y  l o s s e s ,  i n  o rde r  t o  achieve o s c i l -  

l a t i o n ,  a high Q c a v i t y  i s  r equ i r ed ,  while t o  achieve frequency 

s t a b i l i t y  t h e  atomic resonance must be much narrower than  t h e  

c a v i t y  width which impl ies  a l o w  Q cav i ty .  

Basov and Letokhov (16) have been i n v e s t i g a t i n g  such 

p o s s i k i l i t i e s .  A recent paper (I7) on t h e  progress  of t h i s  

research  i n d i c a t e s  t h a t  a f e a s i b l e  scheme has  no t  y e t  been 

found. 

3.2.2 Molecular B e a m  as Externa l  Reference Using.Atoms 
( o r  Molecules) I d e n t i c a l  w i th  t h e  Lasing Atoms 
( o r  Molecules) 

This  approach e x p l o i t s  t h e  p r o p e r t i e s  of  a molecular 

beam i n  t h e  capac i ty  of an e x t e r n a l  frequency re ference .  

The scheme c o n s i s t s  of  a laser inducing a t r a n s i t i o n  i n  a 

molecular beam of  atoms t h a t  a r e  i d e n t i c a l  wi th  t h e  l a s i n g  

(18) 
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atoms and moving a t  r i g h t  angles  t o  t h e  laser beam. The 

i n t e r a c t i o n  between t h e  laser and t h e  beam atoms i s  de tec t ed  

and used, i n  a feedback scheme, t o  hold t h e  l a s e r  frequency 

t o  t h e  atomic resonance. 

For an i n t e r a c t i o n  t o  t a k e  p lace ,  t h e  atoms i n  t h e  beam 

must be i n  t h e  lower l e v e l  of t h e  l a s i n g  t r a n s i t i o n  a t  t h e  

i n t e r a c t i o n  region. Generally,  t h e  l i f e t i m e  of t h e  laser 

lower l e v e l  i s  s h o r t ,  about seconds. Since thermal 

v e l o c i t i e s  a r e  t y p i c a l l y  l o 4  cm/sec, an  atom w i l l  only 

remain i n  t h e  laser lower l e v e l  f o r  a d i s t a n c e  of 10-4cm,  

so t h a t  t h e  p repa ra t ion  of t h i s  l e v e l  must be c a r r i e d  o u t  

a t  t h e  i n t e r a c t i o n  region. Exc i t a t ion  by e l e c t r o n  bombard- 

ment in t roduces  r e c o i l  s h i f t s  i n  t h e  frequency of t h e  absorp- 

t i o n  l i n e ,  given by 

where me i s  t h e  m a s s  of t h e  e l e c t r o n ,  M i s  t h e  mass of t h e  

atom and hvo i s  t h e  minimum e l e c t r o n  energy needed t o  exci te  

an energy l e v e l  hvo i n  t h e  atom. 

p a r t  i n  l o 7  f o r  t h e  Neon atom. 

introduce as much r e c o i l  s h i f t  and i s  giver, by 

This s h i f t  i s  about one 

Opt ica l  e x c i t a t i o n  does not  

Av - hv 0 
( 7 ) P h o t o n  -2 Mc 

The d e t e c t i o n  of  t h e  i n t e r a c t i o n  between t h e  molecular 

beam and t h e  l a s e r  depends on t h e  p a r t i c u l a r  atom used and may 

involve ( a )  observa t ion  of t h e  l i g h t  re - rad ia ted  by t h e  atom 
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after excitation by the laser, or, (b) detection of a change 

of state e.g. magnetic sub-state, in the atoms themselves 

after undergoing a transition. The detection of the laser 

light absorbed by the molecular beam is not suitable 

because of the low density of atoms in the molecular beam. 

Finally, the width of such a reference depends on the 

lifetime of the upper and lower levels of the transition in 

the beam. In the case of the 6328 A laser line in Neon, the 

natural width of the transition is about 30 MHz. One may do 

better by finding a match with a transition in another system 

in which the lifetimes are long. 

0 

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

The approach, in this case, is similar to that in section 

3.2.2, except that the beam atom is different from the lasing 

atom. 

are avoided if a ground state transition is found in an atom 

(or molecule) that closely matches the laser line to about 1 

part in 10 . In addition to matches with ground state 

transitions, one may examine matching transitions from meta- 

stable or long-lived states whose lifetime is at least lom3 

seconds. 

The problems in generating the laser lower level (18) 

6 

The width of the absorption line depends on the properties 

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

than the natural width of the lasing transition itself. 
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Detection schemes are similar to those discussed in the 

previous section. In addition, if the beam consists of 

metastable atoms (or molecules) which decay to the ground state 

after excitation, then one may detect a change in the meta- 

stable population arriving at the detector as a measure of the 

excitation. Certain atoms in metastable states can be detected 

by electron ejection from a surface that has a work function 
(70)  lower than the excitation energy of the metastable atom. 

3 . 3  Search for a Molecular Beam Reference---First Attempt 

Since it became clear, after a thorough search, that no 

match existed between a known atomic ground state transition 

and any one of the 2000 reported laser frequencies, a system- 

atic search for a match was carried out. 

A computation was made of all ground state transitions in 

atoms, listed in Moore's Tables, without regard to selec- 

tion rules, in the range 3000 A - 10.1 microns. In addition, 

transitions from easily identifiable metastable states were 

(19) ' 

also computed. The purpose of this computation was to help 

find a close match, to one part in l o 5 ,  between an existing 
laser line and a ground (or metastable) state transition in 

atoms. 

The computed transitions revealed over one hundred close 

matches, ( 2 0 )  none of which involved an allowed ground state 

electric dipole transition. One of the matches uncovered was 
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0 

between the 4965 A cw argon ion laser and the 5s-6s transition 

in Rubidium. The match is within 1.5 cm-l and seemed a (21) 

desirable one since atomic beam techniques for alkalis are 

relatively easy and also that laser power on the order of 1 

watt can be obtained at 4965 A. Another attractive feature 

is the 5 x lo-* second lifetime 

0 

of the 6s state which (22) 

meant that the linewidth for the transition would be 3 MHz. 

The 5s-6s transition in a free Rb atom, as also the 1s-2s 

transition in a free Hydrogen atom, is forbidden in a single 

quantum transition. The electric dipole matrix element is zero 

because of the parity of the levels and magnetic dipole trans- 

itions are forbidden in the Pauli approximation, since the 

spatial radial wavefunctions of the 5s and 6s levels are 

rigourously orthogonal. However, a magnetic dipole matrix 

element of order (ZCX)~, where Z is the effective charge number 

and a is the fine structure constant, relative to an allowed 

e.lectric dipole matrix element is predicted. (23) 

in the 5s state, ZeffectiveQ 3 if calculated from the Fermi- 

Sergre formula for the hyperfine structure, so that (Za) %lo . 

For Rubidium 

6 -7 

However, since there is doubtless state mixing in the Rb atom, 

this is a lower estimate. 
0 

An attempt to observe the excitation of Rb by a 4965 A 

argon laser in a molecular beam was made. The experimental 

arrangement is shown in Figure 3.3-1 and is, fundamentally, 
(71) a standard Rabi-type atomic beam magnetic resonance apparatus 
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except for the interaction or C-region. In the C-region, light 

from an argon ion laser oscillating at 4965 A is incident at 
0 

right angles to the state selected F& beam. The interaction 

between the laser light and the Rb atoms takes place in a 

homogeneous d.c. magnetic field which, by the Zeeman effect, 

brings the atomic line into coincidence with the laser line. 

The laser induces a magnetic dipole transition in which 

Am, = +1 between the (5s, m, = -1/2) and (6s, mJ = +1/2) states 

of the Rb atom. The laser magnetic field is set perpendicular 

to the homogeneous d.c. field. If an atom undergoes this 

transition, it decays back to the 5s state by a cascade of 

electric dipole transitions 6s+5p+5s and can end up in the 

m, = +1/2. state. 

magnetic field onto the hot wire detector, where they are 

These atoms are focussed by an inhomogeneous 

ionized and the ions are accelerated to an electron multiplier. 

The output signal of the electron multiplier is electronically 

processed using a lock-in amplifier. 

The C-region is made out of quartz and is located icside 

the laser cavity so as to achieve greater energy density at 

the interaction region. The C-region windows are optical flats 

placed at Brewster's angle. The Zeeman field in the C-region 

is provided by a 4" Varian electromagnet with 1" tapered 

pole faces. The gap between the pole faces is 1/4" so that 

a field of 29 kgauss can be obtained, 

The laser consists of a water cooled argon ion discharge 
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tube ,  3 mm I . D .  and 30  c m  long, with a coax ia l  anode and an 

o f f  a x i s  cathode. Narrow band high r e f l e c t i v i t y  mi r ro r s  are 

used t o  select  t h e  4965 A argon ion  l i n e  which i s  t e n  t i m e s  

weaker than e i t h e r  t h e  4880 A o r  t h e  5145 A l i n e .  The laser  

i s  operated quasi-cw with a pu lse  du ra t ion  of 500 microseconds 

and a r e p e t i t i o n  rate of 1 0 0  pu l se s  pe r  second. This enabled 

80 A d ischarge  c u r r e n t s  t o  be achieved without  damage t o  the  

d ischarge  tube. Peak multimode l a s e r  power a t  t h e  i n t e r a c t i o n  

region was 200 w a t t s / c m 2  and t h e  power s p e c t r a l  dens i ty  was 

0 .02  w a t t / M H z / c m  . 

0 

0 0 

2 

The d a t a ,  o r  lack  of it, ind ica t ed  t h a t  t h e  5s-6s t r a n s i t i o n  

i n  Rubidium i s  weaker than an allowed e lectr ic  d ipo le  by a 

f a c t o r  of a t  l e a s t  

The experiment w i l l  be continued a t  some f u t u r e  d a t e  with 

a s i n g l e  long i tud ina l  mode laser which i s  frequency locked 

t o  an e x t e r n a l  Fabry-Perot. The power s p e c t r a l  dens i ty  i s  

expected t o  inc rease  by l o 4  which would enable  t r a n s i t i o n s  t o  

be observed t h a t  a r e  1 0 - l '  of an allowed e lectr ic  d ipole .  

3.4 Iodine - Argon Ion Laser Scheme 

A progress  r e p o r t ,  ( 2 4 )  by Prof .  J. I. S t e i n f i e l d  of t h e  

M.I.T. Department of Chemistry, concerned with t h e  s tudy of 

energy t r a n s f e r  mechanisms by e x c i t e d  molecules i n  a mole- 

cu la r  iod ine  gas ,  i nd ica t ed  t h e  observat ion of f luorescence 

i n  an I gas  ce l l  a f t e r  e x c i t a t i o n  by 5145 A l i g h t  from an 
0 

2 
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argon ion las.er. This was further investigated in a gas cell 

as well as in a molecular beam and is the subject of the rest 

of this thesis. 

Although transitions in molecules have been investigated 

and, in fact, computed for such molecules as IN2 ,  Br2, 12, 

Na2, K2, Co, there was little confidence in the frequencies 

of the calculated lines because the available molecular con- 

stants were not precise enough to predict matches within 1 

part in l o 5  - l o 6 .  
match is perhaps to try different lasers with various molecules 

which are known to have absorption in the frequency range of 

The quickest method of establishing a 

the lasers. 
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CHAPTER 4 

THE I O D I N E  MOLECULE AND ITS INTERACTION 
WITH 5145 A LASER LIGHT 

4 . 1  General 

A b r i e f  d i scuss ion  i s  given i n  t h i s  cfiapter on t h e  

iod ine  molecule and i t s  

i n t e r a c t i o n  with 5145 A 

some background f o r  t h e  

0 

p r o p e r t i e s  t h a t  a r e  involved i n  t h e  

laser l i g h t .  This should provide 

chap te r s  t o  fol low,  e s p e c i a l l y ,  i n  

connection with t h e  a n a l y s i s  of t h e  da t a .  

0 

4.2  The Iodine Molecule and I ts  I n t e r a c t i o n  wi th  5145 A 
Laser Light  

The absorpt ion of t h e  iod ine  molecule i n  t h e  v i s i b l e  (25) 

i s  known t o  t ake  p l ace  between t h e  ground e l e c t r o n i c  s ta te  

XIC and t h e  e x c i t e d  e l e c t r o n i c  state B IT . The ex i s t ence  

of a match between a ground s ta te  t r a n s i t i o n  i n  I2 and 5145 

A laser l i g h t  has  been demonstrated, as w i l l  be shown i n  

chapter  6 .  The a v a i l a b l e  molecular cons tan ts  

are no t  s u f f i c i e n t l y  accurate t o  e s t a b l i s h  t h e  v i b r a t i o n a l  

and r o t a t i o n a l  quantum numbers of t h e  levels  involved i n  t h e  

t r a n s i t i o n ,  as w i l l  be shown i n  Chapter 8. 

3 
8s ;fU 

0 

, however, ( 2 6 , 2 7 1  

The p o t e n t i a l  energy curves f o r  t h e  two e l e c t r o n i c  levels 

i n  I2 as a func t ion  of i n t e r -nuc lea r  s epa ra t ion  (28)  are shown 

i n  Figure 4 .2 -1 .  The v i b r a t i o n  energy l e v e l s  a r e  ind ica t ed  

by ho r i zon ta l  l i n e s .  The r o t a t i o n a l  l e v e l s ,  which are c l o s e l y  
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spaced energy levels associated with each vibration level, 

are not shown. 

A transition between a vibration level VI' in the ground 

state to a vibrational level v' in the upper electronic state 

is indicated by a vertical line as shown in the Figure. The 

length of this line corresponds to the energy in wavenumbers 

of the transition. Primed ( I )  quantities refer to the upper 

level and double primed ( " )  quantities refer to the lower 

level. 

In 12, the spacing between the lower vibrational levels 

in the ground electronic state is 214 cm-' and the dissociation 

energy of the B n 

in wavenumbers of the 5145 

3 state is about 20,072 c m - l .  The energy 
;fU 

argon ion laser line is 19,429.7 crn-l. 

This implies that ground state transitions induced by the 

laser are only possible from the three lowest vibrational 

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

of 19,429.2 cm-l from VI' = 3 ends up above the 20,072 cm-' 

dissociation limit of the B n+ 3 state. 
ou 

0 

The interaction between the iodine molecule and the 5145 A 

laser light depends on the transition probability between the 

states in I2 that are involved in the transition. 

A, the probability of a transition from a lower state 1 to an 

From Appendix 

where (1+2 1 upper state 2 is P 

2 
I ( v )  t . . . . . . .4.2-1 5 2 
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I DISSOCIATION LEVEL 

I - -  - 
20000 

15000  

1 0 0 0 0  

5000 

-- B3m0+a 

DISSOCIATION LEVEL 

8 1 

3.0  4.0 

NTERNUCLEAR SEPARATION (A) 

FIGURE 4 . 2 - 1  POTENTIAL ENERGY CURVES FOR X 'zo+s AND 

STATES OF (AFTER MATHIESON AND 

REES, J.  CHEM. PHYSICS, - 25, 753, ( 1 9 5 6 ) )  
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where p12 is the off-diagonal matrix element of the electric 

dipole moment connecting state 1 and 2;.I(v) is the power 

spectral density of the radiation; t is the interaction time --- 
time molecule is exposed to exciting field; h is Planck's 

constant; c is the velocity of light. 

The rate of spontaneous decay of an excited state is 

the Einstein A coefficient, and is given by 

F112' 
where 1-1 is the frequency of the transition and 1-1 = 

2 1  2 1  

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

then the rate of spontaneous decay is increased and given by 

4 3 2  64n . . . . . . . . . . . .4.2-3 C A2i = - 
i 3hc 3 

The effective lifetime of the excited state is T~ where 

I 

It is evident that p12 plays a dominant role in the 

excitation and the decay of the states in the molecule, so 

that a brief discussion on p12 is perhaps worthwhile. 

The total wavefunction Y of a given molecular state may 

be replaced, to a first approximation, by a product of three 
independent eigenfunctions (29) , so that 
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$ = $e . lJV . $, . . . . . . . . .  4.2-5 

where $ 

vibrational and rotational eigenfunctions associated with the 

nuclear motion. The matrix element of the dipole moment 

between two electronic states $ '  and $" is 

is the electronic eigenfunction and $v, qr are the e 

1-1 = S$'*IMI$'' dT . . . . . . . . . .  4.2-6 
+ + 

is the sum of the components of the Pi where M = C ei 

electric dipole moment of the system, ei is a charge element, 

is its distance from the origin, dT is a volume element Pi 
and the integral is over a l l  space. Substituting Equation 

4.2-5 into Equation 4.2-6, we get 

i 

1-1 . /$;* $;* $;* 11\11 $: $6 $: dT . .  .4.2-7 

M may be resolved into two components, one that depends 

on the electron coordinates, Me, and the other on the nuclear 

coordinates, so that Mn 

M = Me + Mn 4.2-8 

Substituting the above expression into Equation 4.27 we get 

+ J $;* $;* $: $: S $;* ]Me[ $: dT;! 4.2-9 

where dTn, dTe are elements of volume of the space of the 

nuclear and electronic coordinates, respectively. 

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

$ '  = $:, so that 1 $:* $: d-re = 1 and S $:* /Me] $: d're = 0 then e -- 
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= 1 $ ' *  $ 1 "  l M n l  $I8 $" d'rn 
$ '  3 *" v r  v r  

P I  

e e 
I n  a homonuclear diatomic molecule, such as 12, Mn = 0 

because of charge symmetry, so t h a t  11 = 0 f o r  t r a n s i t i o n s  

wi th in  t h e  same e l e c t r o n i c  s ta te .  A v i b r a t i o n a l  spectrum 

and a pure r o t a t i o n a l  spectrum are t h e r e f o r e  absent  i n  

homonuclear diatomic molecules. 

For t r a n s i t i o n s  between d i f f e r e n t  e l e c t r o n i c  s t a t e s ,  

J $ ' *  $" d'r, = 0 ,  s ince  $ '  and $I1 are orthogonal e igenfunct ions.  

If w e  neg lec t  t h e  r o t a t i o n  of the  molecule w e  g e t  ( 2 9 )  e e  e e 

Since  t h e  second i n t e g r a l  i s  independent, t o  a f irst  

approximation, of t h e  v i b r a t i o n a l  levels between t h e  states,  

we  can then w r i t e  

$" d'ce ; d'r, 5 dr; r is the  i n t e r -  
e Me I where ce = Z $ I *  I 

e 

nuc lear  s epa ra t ion  and $ I *  = $ '  s ince  $ i s  real .  
V V V 

The p r o b a b i l i t y  of a t r a n s i t i o n  depends on L 2  and t h e r e f o r e  

on t h e  square of t h e  i n t e g r a l  Z $ '  $"  d r  which i s  referred t o  

as t h e  "overlap" i n t e g r a l  o r  t h e  "Franck-Condon f a c t o r " .  

Figure 4.2-2 shows $ I  and $" f o r  low values  of v. 

v v  

V V 
The p e r t i n e n t  angular  momenta t h a t  are coupled i n  the 

molecule are e l e c t r o n  o r b i t a l  angular  momentum, e l e c t r o n  sp in  
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f (ANGSTROMS) 

F i F u r e  4 .2 -2  P o t e n t i a l  Energy Curves and ExanFles of 

Vav e f unc ti on s 

(Taken 2rom: 9. 14. Zare, J. of Chemical Physics,  Vcl. 4 0 ,  

PJo. 7 ,  Page 1938, 1 Apr i l  1 9 6 4 )  
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angular momentum and the angular momentum associated with 

nuclear rotation, 

depends on the type of molecule. 

How these angular momenta couple together 

In diatomic molecules, there is axial symmetry about the 

internuslear axis. The component of the orbital angular 

momentum of the electrons along the internuclear axis is 

designated by A, for which A = 0, 1, 2, 3...These values of 

A correspond to the different electronic states in the mole- 

cule designated by C ,  IT, A ,  @,...The total electron angular 

momentum along the internuclear axis is designated by Q .  

The iodine molecule obeys Hund's coupling ca'se (c) which 

is illustrated in Figure 4.2-3. In this coupling scheme, the 

interaction between the electron orbital angular momentum, L, 

and the electron spin $ is stronger than the interaction 

between either 2 or 5 with the molecular field along the 
internuclear axis. 

which in turn couples to the internuclear axis and has a 

component Q along this axis. R couples with N, the end-over? 

-+ 

and 3 couple tcgether to form sa 
3 

-+ 
end molecular rotation to form J, the total angular momentum 

of the molecule, neglecting nuclear spin. 

The ground state in I2 is a '1 state. The superscript % 
1 implies that the multiplicity of the state is 1, in other 

words the electron spin is zero. The subscript 0 implies 

that R, the total angular momentum along the internuclear axis 

is zero. 

case (c), the total electronic angular momentum is zero when 

Furthermore, since I2 is a molecule that obeys Hund's 
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R = 0. The subscript g, for "gerade" means that the 

electronic eigenfunction of the state is even or symmetric 

with respect to the center of the molecule. 

The relevant excited state is a 311+ state. In this 
ou 

electronic state the multiplicity is 3 which implies that 

the total electron spin is 1. The subscript 0 means that Si = 0 

and, again, since I2 obeys Hund's case (c), this means that 

% and 8 are opposite to each other to give a zero total electron 
angular momentum. In both the 'I+ and 31T+ states, J is 

equivalent to N. The subscript u for 'lungerade" implies that 

the electronic eigenfunction for 'IT+ 

symmetric with respect to the center of the molecule. 

09 ou 

state is odd or anti- 
ou 

For electric dipole transitions, the matrix element 

J J I ' *  IMI I$" d.r must be non-zero which is only  possible if 

JI' and $I" have opposite symmetry since the electric dipole 

operator M is an odd function. The ' E +  and the 311 states 

satisfy this condition. However, this is not the only restric- 

tion on transitions between the two states. Since Si = 0 in 

+ og ou 

both states, there is a selection rule for J which is AJ = +1 - 
(AJ = 0 is forbidden) for electric dipole transitions. There 

are no selection rules for Av for transitions between the two 

electronic states. As a consequence, the molecular level 

excited in the 'II state can decay in doublets, corresponding 

to AJ = f 1 to any of the vibrational levels in the ' E +  

providing that the overlap integral J JI '  JI" dr is not zero. 

&U 
state, 

og 

v v  
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This multi-wavelength decay of the excited level is 

called "fluorescence". The bandwidth of the fluorescence 

corresponds to the decay of the excited level to a range 

01 vibrational energy levels in the lower electronic state 

that extend from the dissociation level to the lowest 

vibrational level, v" = 0. 

after excitation by 5145 A light, is 5000 A - 1.31-1. It is 

In 12, the range of the fluorescence, 
0 0 

possible to have fluorescence at a shorter wavelength than 

the exciting line. For example, if the laser induces a trans- 

ition out of the v" = 2 level in the XIC+ state, it may be 
09 possible to observe fluorescence at a shorter wavelength than 

the exciting line if the decay of the excited level is to VI' = 0 

and v" = 1. The fluorescence lines at a wavelength shorter 

than that of the exciting line are called "anti-Stokes" lines. 

There is one other electronic state below the B311 state + ou 
in the I2 molecule. 

symmetry so that there is no electric dipole transition 

Eiowever, this state, A3111u, has odd 

between the B311+ and A3111u states. 
ou 
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CHAPTER 5 

THE APPARATUS 

5 .1  General 

The apparatus used in the experiments consists of a 

vacuum system in which a molecular beam of iodine interacts 

with the 5145 A light from an argon ion laser. The region 

where the laser beam meets the molecular beam will be 

referred to as the interaction region. The resonance 

fluorescence that is induced by the laser in the I2 molecules 

is collected by an optical system and is detected on a 

photomultiplier. 

0 

The molecular beam is formed in the following manner. 

I2 molecules, in a reserkoir or oven, effuse through a 

narrow slit into the vacuum chamber. A collimating slit 

further down the apparatus determines the width of the beam 

that enters the interaction region. 

In order to perform the experiments, a laser with a 

narrow spectral width, that can be scanned in frequency 

over several thousand MHz, is required. The narrow spectral 

width is obtained by using a laser oscillating in a single 

longitudinal mode and the scanning of the frequency of 

oscillation of the laser across the laser gain curve is 

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

5.2 The Molecular Beam Apparatus 

The molecular beam apparatus is shown in Figure 5.2-1. 

The oven contains about 10 grams of resublimed reagent 

grade Iodine crystals. 

oven can be temperature controlled. At room temperature, 

the I2 vapor pressure is 0.3 mmHg which is very convenient 

since this pressure is in the desired range. The oven or 

primary slit is 0.1 mm wide and 1 cm high. For molecular 

effusion through the slit, the width of the slit must be of 

the order of the mean free path of the gas at the oven 

pressure. With a 0.1 mm slit, oven pressures ~1p to about 1 

mmHg can be used. The slit itself is heated to avoid conden- 

sation of the I2 on it. 

The vapor pressure of the I2 in the 

The rate of molecular effusion out of the slit is given 

by 

- = -  dN I N c0 A~ molec/sec . . . . . . . . . 5.2-1 
dt 4 

- 
where N is the riumber of molecules per cm3 in the oven, vo 

is the average thermal velocity of the molecules in the oven 

which is l . l q F :  k is Boltzman's constant, T is the temper- 

ature of the oven in degrees Kelvin, M is the mass of the 

molecule and As is the area of the oven slit. 

pressure of 0.3 mmHg, N = 0.9 x 10l6 molec/cm , vo = 1.6 x 10 

for I2 at room temperature, As = 10 

For an oven 
3 -  4 

cm , so that the rate of 

cm/sec 
-2 2 
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molecular effusion is 

- _ -  dN - (0.9 x (1.6 x lo4) = 3.6 x 1017 molec/sec 
dt 4 

The I2 molecules that effuse out of the oven slit emerge 

into a region of good vacuum. 

The width of the beam entering the interaction region is 

determined by a collimating slit, 0.75 mm wide by 1 cm high, 

placed 11 cm from the oven slit. The beam is mechanically 

chopped by a solenoid driven "beam flag" just before the 

interaction region. The beam finally enters an ion gauge at 

the end of the apparatus. The increase in pressure in the ion 

gauge gives a measure of the beam intensity. 

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

slit is given by 

2 cos 0 molec/cm -sec . . . . . . 5.2-3 1 I = -  ' Nu A 
4 s-rrd2 

where 0 is the angle with respect to the normal to the slit 

and N, vo, As are the same as in equation 5.2-1. The beam 

intensity at the interaction region located 17 cm from the 

oven slit is 5 x 1014 molec/cm -sec for d = 17, 'El = 0 and an 

oven pressure of 0.3 mmHg. 

- 

2 

The laser light enters and leaves the apparatus through 

windows placed at Brewster's angle. The laser beam, which 

is collimated and has a 2 mm diameter, intersects the molecular 

beam at a point 1.5 cm from the beam flag. The interaction 
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volume is approximately a cylinder whose diameter is the 

laser beam diameter and whose height is the molecular beam 

width at the interaction region, i.e. 1.1 mm. 

The resonance fluorescence is produced in the inter- 

action volume and is collected by an f/0.5 optical system 

placed outside the vacuum chamber. The collected fluorescence 

light is brought to a focus at an adjustable iris in frcnt of 

an EM1 photomultiplier with an S-20 photocathode having a 

response that extends to about 8000 A. The optical path 

is folded by means of a 45' mirror that has 2-axis adjustment. 

The design of the optical housing permits interference filters 

to be inserted in the optical path. The optics are aligned 

so that only light from the vicinity of the interaction 

volume can pass through to the photomultiplier; a grain of 

wheat light bulb is placed at the interaction region to 

simulate the source of fluorescence during the alignment. 

0 

The background pressure of I*, as well as other 

to be sufficiently small so that the molecular beam 

scattered between the oven slit and the interaction 

The mean-free-path X should be much larger than the 

gases, has 

is not 

region. 

distance d 

between the oven slit and the interaction region., For a given 

A, the beam intensity I reaching the interaction region is 

d 
x - -  

I = Ioe 

where Io is the initial beam intensity at the oven slit. For 
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a pressure of mHg, X = 5 x cm and for d = 17 cm, 
I - is greater than 0.99. 
IO 

There is a further reason for maintaining a low back- 

Since the laser beam passes across 2' ground pressure of I 

the apparatus, there will be resonance fluorescence induced 

in the background gas of 12. 

from the beam, however, may be distinguished from that of 

The resonance fluorescence 

the background by mechanically chopping the beam and detecting 

only the fluorescence signal that is modulated at the chopping 

frequency. In this case, the fluorescence from the background 

gas of I2 may contribute a large d.c. background in the measured 

fluorescence signal. 

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

action region is obtained from 

where I is the beam intensity and vb is the average velocity 
of the molecules in the beam which is 1.3dg = 1.87 x 10 cm/sec. 

Typically, for I = 5 x 

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

4 

molec/cm2-sec as obtained above, 
10 

- ~ n  

3 3 x loLu molec/cm . The equivalent pressure in the beam is 

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

of I2 is larger than that in the molecular beam. 

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

ground fluorescence that is measured by the photomultiplier. 

3 x -6  

The accep- 
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The noise associated with the fluctuations in the d.c. back- 

ground fluorescence can exceed the Poisson noise in the 

fluorescence signal unless the I2 background pressure is much 

lower than that in the beam. 

The air.in the system is pumped out with a 2"  diffusion 

pump. The speed of the diffusion pump is 60 liters/sec which 

is not sufficient to maintain the I2 pressure below 10 

mmHg as required in the experiment. 

-6 

An estimate for the pumping speed needed is obtained 

from the following relationship 

pump = 'oven F 

Foven 'background 
pump = 'oven F 

Foven 'background 

where F 

pumping speed out of the oven and is given by 1/4 x (average 

velocity of I2 in oven) x area of oven slit, i.'e. 1/4 Go As 

For Pbackground = 43 cm /sec; 

less than lom6 mm, F 

liter/sec. For this purpose, a cryogenic pump i.e. a liquid 

is the pumping speed of the pump: Foven is the 
PUP 

is the pressure of 12. 

Pump 

3 
'oven 

4 must be greater than 1.3 x 10 

N2 trap is used which completely surrounds the beam in the 

region in front of the oven slit, as shown in the figure. 

The pumping speed of the trap is proportional to its surface 

area. 

1 x lo-' mmHg is obtained with the oven valve opened. 

With a trap area of 800  cm2, a background pressure of 

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

Figure 5 . 2 - 3  is a photograph showing some construction details 

of the beam forming part of the apparatus. 
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Figure  5,2-2 Photograph of B e a m  Apparatus 
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Argon Ion Laser 

The argon ion laser is presently the most powerful cw 

laser (100 Watts) in the visible spectrum. First cw laser 

oscillation was reported by Gordon, et al. (31) 

strong lasing transitions take place between excited states 

of the argon ion. 

At least six 

The excitation of the upper laser level is by electron 

impact but the exact excitation mechanism is not known. How- 

ever, two hypotheses have been proposed. In the first, the 

ionic excited states are generated by multiple collisions of 

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

excited states are generated in a single collision with the 

electrons. 

(31) 

(32) 

The population difference between the upper and lower 

laser levels which is responsible for the gain is further 

enhanced by a favorable lifetime ratio. The lower level couples 

directly to the ground state of the argon ion and therefore 

decays at a faster rate than the upper level. 
6 The power output of the argon ion laser exhibits an I 

4 

(31) 
dependence for low discharge currents (I), falling off to I 

at medium currents and then to I2 at still higher currents. 

Observation of saturation in cw operation has not been reported. 

The steep current dependence certainly points to multiple step 

excitation. 
I 

An axial magnetic field of approximately 1000 gauss has 

been found to enhance the power output of the laser. This is 
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attributed to the increase in electron density with magnetic 

field. At optimum magnetic field, a power output of 100 mW/cm 

of discharge length has been achieved for a bore diameter of 
2.5 mm and discharge current of 30 amps. ( 3 3 )  

The width of the gain curve is in the range of 7,000 - 
10,000 MHz, which is several times larger than that for the 

He-Ne laser. The larger width of the argon laser is due to 

the increased doppler broadening caused by the fast moving 

ions. The natural width of the ionic transition which, in 

free ions is 100 MHz,  is collision troadened by small angle 

ion-ion scattering to several hundred MHz. Since this (34) 

width is generally broader than the axial mode spacing of the 

cavity, strong mode competition effects take place. 

A survey article by Paananen on the progress of argon ion 

lasers is found in reference ( 3 5 ) .  

5.3.1 Argon Ion Discharge Tube 

The argon ion discharge tube is shown in Figure 5.3.1-1. 

It consists of a 30 cm long, 3 mm i.d., 4 mm 0.d. quartz 

capillary which is surrounded by a 16 mm i.d. water jacket. 

Quartz was chosen to handle the high power dissipation in the 

discharge tube. The design of long life discharge tubes made 

up of graphite sections is discussed in reference (36). 

Materials such as ceramics and berylium are also being consi- 

dered by argon laser manufacturers. 
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The cathode, placed o f f  a x i s ,  i s  a tungsten mesh coated 

with Barium-Strontium-Calcium oxide wi th  an active su r face  

area of 80  c m  . A molyb,denum anode i s  placed coax ia l  wi th  

t h e  c a p i l l a r y  and has a 3/16" ho le  a t  i t s  c e n t e r  t o  a l low 

t h e  laser l i g h t  t o  pass  through. The gas  r e t u r n  i s  an 8 mm 

i . d .  tube  having two 2 1/2" diameter loops.  The B r e w s t e r  

2 

windows w e r e  cemented on by means of Torr-Seal. With t h e  

except ion of t h e  pyrex cathode envelope and t h e  pyrex gas  

r e t u r n  tubing,  t h e  d ischarge  tube  was made e n t i r e l y  o u t  of 

quar tz .  

The a x i a l  magnetic f i e l d  i s  provided by a solenoid made 

up of two l a y e r s  of # 1 6  coated copper w i r e  wound around t h e  

w a t e r  j a cke t  . 
The discharge tube  was pumped down t o  about 2 x mm Hg 

before  t h e  cathode w a s  a c t i v a t e d .  The speed of cathode act i -  

va t ion  w a s  increased  g r e a t l y  by t h e  use  of a "cold f i n g e r "  

d i r e c t l y  below t h e  cathode. T h e  cold f i n g e r  w a s  maintained 

a t  l i q u i d  N2 temperature throughout t h e  a c t i v a t i o n .  

cathode a c t i v a t i o n ,  research  grade argon w a s  introduced i n t o  

t h e  tube  and t h e  f i r s t  few discharges w e r e  used t o  remove any 

moisture  from t h e  w a l l s  of t h e  tube. The cathode and anode 

envelopes a r e  cooled by forced a i r .  

Af t e r  

The 50 Amp cathode d.c. c u r r e n t  i s  drawn from b a t t e r i e s  

which are continuously charged by a r e c t i f i e d  a.c.  supply. 

The magnet c u r r e n t  i s  obtained from a 25 Amp f i l t e r e d  supply 

of s tandard  design having a r i p p l e  of 0 . 2 5 % .  T h e  anode 
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supply used the 240 volt, 0.4% ripple, d.c. line available 

in the Research Laboratory of Electronics in series with a 

water cooled rheostat to adjust the discharge current. 

discharge was started by a pulse from a charged capacitor. 

The 

A general purpose pulsed anode supply, capable of providing 

80 Amp, 500 psec pulses by use of pulse forming networks at a 

repetition rate of 100 pulses/sec was designed and used for 

pulsed (or quasi-cw) laser operation. 

5.3.2 Single Longitudinal Mode Cavity 

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

is 150 MHz. C frequency separation between axial modes, - 
Many axial modes can therefore oscillate within the bandwidth 

of the laser gain medium. 

2L' 

In the experiment, the laser must have a narrow bandwidth 

to investigate the structure of the I2 resonances. A laser 

is therefore needed that can oscillate in a single longitu- 

dinal mode which can be scanned in frequency over the band- 

width of the laser gain medium. 

Several methods of achieving single mode operation have 

been proposed and demonstrated. (37-41) 

laser power due to single mode operation is not as dramatic 

as first appears because of the broad collision width of 'the 

excited argon ion in the case of the argon laser. In fact, 

single mode power comparable to multi-mode power has been 

achieved. 

The reduction in 

A discussion of this large single frequency (42) 
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power in the argon laser is given in a recent paper by 

Zory . (43) 
The scheme adopted to achieve single mode operation is 

Smith's method is chosen be- (38) that described by Smith. 

cause it is simple and provides the smallest cavity loss. 

The scheme is shown in Figure 5.3.2-1. It consists of a 

long cavity with a close intermode spacing in which the gain 

medium is placed and a short empty cavity with intermode spacing 

greater than the width of the gain medium. The two cavities 

are coupled by means of a beam splitter. The length of the 

short cavity can be adjusted so that only one of the resonances 

of the short cavity coincides with a resonance in the long 

cavity within the laser gain curve. The combined cavity has 

effectively a high Q at the common resonance frequency and a 

low Q everywhere else. In other words, the three element 

combination on the left in Figure 5.4.2-1 behaves as a highly 

selective rrirror which exhibits high reflectivity at only 

one of the many axial modes of the long cavity within the laser 

gain curve. The axial mode that is selected, is determined by 

the length of the short cavity. An analysis of these coupled 

cavities is given by Smith in reference (38). In principle, 

the on-resonance loss of the cavity is zero if the beam splitter 

transmits 50% and reflects 50% of the incident light, and the 

other mirrors are assumed perfectly reflecting. The correspond- 

ing on-resonance condition is L 1 
x + L 3 = m -  x 

2 + L2 = n and L2 
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where m and n are integers. The loss  at the neighboring long 

cavity resonance can be as large as 40% for m = n/10 which is 

adequate for good mode selection at low power levels. 

The on-resonance condition implies that the light 

reflected out of the cavity by the beam splitter destructively 

interferes with the light passing out of the cavity through the 

beam splitter. This is responsible for the zero on-resonance 

cavity loss. The short cavity is often referred to as the 

Michelson cavity. 

In addition to longitudinal modes, a cavity can support a 

set of transverse or radial modes. (44) 

has a mode size, which is a measure of the decrease of the 

electric field amplitude with distance from the cavity axis, 

and a radius of wavefront curvature. The mode size and wave- 

front curvature are a function of position within the cavity. 

In order to have efficient coupling between the cavities in 

Figure 5.3.2-1 as well as complete destructive interference, 

the mode size and wavefront curvature in each cavity must 

match at the beam splitter. 

Each transverse mode 

The general properties of the TEMnoo mode in a low loss 

cavity consisting of two spherical mirrors with radii of curva- 

ture R1 and R2 and separated by a distance D are shown in Figure 

5.3.2-2. 

indicated by the subscript (OO), and has a Gaussian field 

distribution. The mode has a minimum size or a "waist", where 

the wavefront is plane, at a distance Z 2  from mirror R2 where 

The TEMnoo mode is the lowest order transverse mode, 

( 4 4 )  
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The waist at Z = 0 has a diameter 2w0 where 

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

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

is given by 
2 

AZ 
R(Z) = ~ ( l  + - 

Now in the case of the coupled cavities, R(z) and w(z) 

of the long cavity must match R(z) and w(z) of the short 

cavity at the beam splitter as shown in Figure 5.3.2-3. This 

condition is satisfied if the curvature of mirror R3, which 

is at a distance D from mirror R2, is identical with the wave- 

front curvature at the point E in the long cavity located at 

the same distance D from mirror R2. 

the mode size and wavefront curvature are identical in the 

With this value of R3, 

region between the beam splitter and mirror R2. 

For general cavity in Figure 5.3.2-3, R 3 is given by 
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d(R1-d) (R2-D)2 + D 2 (R2-d) (R1 + R2-d) 
- 

R3 - D(R2-d) (R1 + R2-d) - d(R2-D) (R1-d) 

as shown elsewhere in reference (45). For the case where 

mirror R2 is plane, R1 > d and D << R3, R1, d as in argon ion 

lasers, R is given by 3 
R3 (R1-d) - d 

D 

For the case where R1 = R2 = R and D <<  R, d 

R3 -R 

i.e., mirror R3 is convex. This latter arrangement with 3 

curved mirrors may be used to make the resonator less sensitive 

to tilts of the mirrors. 

5.3.3 Design of the Single Longitudinal Mode Cavity 

Figure 5.3.3-1 shows the main features of the single 

longitudinal mode cavity. The main cavity is plano- 

spherical and is 105 cm long. The radius of curvature of the 

spherical mirror is 147 cm. Both mirrors have a high reflec- 

tivity, > 99.5%, wideband multi-dielectric coating centered 

at 5145 A. The spherical mirror is attached to a .2" long by 

1/2"  diameter piezo-electric cylinder which is used for ad- 

justing the length of the long cavity. 

0 

The short cavity is also plano-spherical and is 3.5 cm 

long. The spherical mirror has a radius of 10 m and is 

attached to a 1" long by 1 / 2 "  diameter piezo-electric cylinder. 
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The short cavity is machined out of a block of brass and is 

bolted to the adjustable part of the mount that carries the 

flat mirror. The relative angles between the faces of the 

block are cut to a tolerance of 0.1 of a degree. The piezo- 

electric cylinder, to which the spherical mirror is attached, 

is held in a stiff 2-axis ball suspension. The beam splitter 

is glued to the brass block with the 50% transmission-50% 

reflection coating on the surface facing the short cavity. 

The short cavity is designed so that the beam splitter is at 

Brewster's angle to minimize reflection losses at the uncoated 

surface. The spherical mirror has a high reflectivity > 99.5% 

at 5145 A and a low reflectivity < 15% at 4880 A. 
0 0 

The long cavity mirror mounts are attached to an aluminum 

frame with.4" x 6" rectangular section. 

The air spaces between the laser Brewster windows and the 

mirrors, as well as the entire short cavity, are enclosed by 

a plastic covering to isolate the air spaces from pressure 

fluctuations due to the forced air cooling. 

Since the laser power needed for the experiment is small 

of the order of one hundred microwatts, there is no need for 

a specially coated dumping mirror to achieve optimum laser 

output power. The output power through the high reflectivity 

I '  

plane mirror is adequate. 

The pressure of the argon in the discharge tube is about 

150 microns which is found to give minimum lasing threshold 
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at 5145 A. A plot of the lasing threshold as a function of 

argon pressure in a 105 cm long, plano-spherical cavity with 

0 

high reflectivity mirrors is shown in Figure 5.3.3-2. 

Figure 5.3.3-3 is a photograph of the single longitudinal 

mode argon ion laser. 

5.3.4 Alignment of Coupled Cavities 

The coupled cavities are aligned as follows: 

(a) With the short cavity absent, the discharge tube 

capillary and the long cavity mirrors are aligned by an 

external He-Ne laser. The mirrors are then adjusted for 

minimum lasing threshold in pulsed operation. 

(b) The short cavity is introduced with its spherical 

mirror deliberately misaligned. In spite of the 50% loss  

of the beam splitter, the laser can be made to oscillate at 

4880 A. The lowest current threshold in pulsed operation is 

as high as 2 0  Amps for the 4880 A line. The 5145 A line 

has a higher threshold and does not oscillate when the beam 

0 

0 0 

splitter is introduced. The initial laser alignment is not 

affected by the introduction of the beam splitter since this 

only introduces a lateral shift of the laser beam in the 

region between the beam splitter and the plane mirror. The 

position of the short cavity is then adjusted for minimum 

reflection from the uncoated surface which ideally should be 

zero. 
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0 

(c) With the laser oscillating at 4880 A, a fraction of 

the laser beam is reflected into the short cavity by the beam 

splitter. The alignment of the short cavity consists of 

reflecting this beam back on itself by adjusting the spherical 

mirror in the short cavity. When this is carried out the 

two cavities are coilpled and the laser output becomes much 

brighter. The single mode oscillation is predominantly at 

5145 A since the short cavity spherical mirror has only a 

15% reflectivity at 4880 A. 

0 

0 

(d) Adjustment of all three cavity mirrors, including 

axial translation of the short cavity spherical mirror are 

then carried out to obtain minimum lasing threshold with the 

cw supply. 

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

Normally, if the length of the short cavity is varied, 

the coupling between the two cavities changes and the laser 

output sweeps out the discrete structure of the longitudinal 

modes in the long cavity. To achieve continuous, rather than 

discrete, scanning of the laser frequency, the length of the 

long cavity must be continuously adjusted to maintain the 

coupling between the two cavities as the resonance frequency 

of the short cavity is swept across the laser gain curve. 

The experimental arrangement to achieve continuous 

frequency scanning is shown in Figure 5.3.5-1. The single 
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mode c a v i t y  i s  f i r s t  tuned f o r  peak laser output  by ad jus t ing  

t h e  l eng th  of t h e  s h o r t  cav i ty .  This  impl ies  t h a t  t h e  long 

c a v i t y  resonance i s  co inc ident  with t h a t  of t h e  s h o r t  cav i ty .  

The l eng th  of t h e  s h o r t  c a v i t y  i s  then  s i n u s o i d a l l y  modulated 

by applying an a.c. s i g n a l  t o  t h e  p i e z o - e l e c t r i c  c r y s t a l  holding 

t h e  s h o r t  c a v i t y  s p h e r i c a l  mir ror .  The amplitude of t h e  modu- 

l a t i o n  i s  s m a l l  so t h a t  t h e  resonance frequency of t h e  s h o r t  

c a v i t y  i s  kept  w i th in  t h e  frequency sepa ra t ion  of ad jacen t  

c a v i t y  modes of t h e  long cav i ty .  A s  a r e s u l t ,  t h e  laser 

output  i s  amplitude modulated and t h i s  i s  de tec t ed  on a photo- 

de t ec to r .  Af t e r  ampl i f i ca t ion ,  t h e  photodetec tor  ou tput  i s  

subjec ted  t o  phase s e n s i t i v e  demodulation i n  a lock-in ampli- 

f i e r .  The d.c. ou tput  of t h e  lock-in ampl i f i e r  i s  propor t iona l  

i n  magnitude and phase t o  t h e  r e l a t i v e  frequency sepa ra t ion  

between t h e  long and s h o r t  c a v i t y  resonances;  a t  coincidence,  

t h e  output  s i g n a l  i s  zero.  The output  of t h e  lock-in a m p l i f i e r  

i s  f ed  i n t o  a servo-amplif ier  t o  d r i v e  t h e  p i e z o - e l e c t r i c  

c r y s t a l  holding t h e  long c a v i t y  s p h e r i c a l  mir ror  M1. This  

feed-back procedure a d j u s t s  t h e  l eng th  of t h e  long c a v i t y  so 

a s  t o  maintain t h e  long c a v i t y  resonance i n  coincidence wi th  

t h a t  of t h e  s h o r t  cav i ty .  

I n  o rde r  t o  scan t h e  frequency of t h e  laser, a slow ramp 

vol tage  i s  appl ied  t o  t h e  mixer t o  sweep t h e  resonance frequency 

of t h e  s h o r t  c a v i t y  over t h e  laser ga in  curve. Because of t h e  

feedback loop, t h e  long c a v i t y  resonance t r a c k s  t h e  s h o r t  

c a v i t y  resonance over  t h e  frequency range of t h e  ga in  curve. 
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The modulation frequency used is 4 kHz and is limited 

by the frequency response of the crystal assembly at M3. The 

bandwidth of the tuned amplifier in the signal channel of the 

lock-in amplifier is 10 kHz. Some lead-lag compensation in 

the wideband servo-amplifier is used to stabilize the feedback 

loop. 

The spectral width of the laser output varied from 2-17 

MHz when scanned at the rate of 10 MHz per second, as discussed 

in the next section. The principle causes of this spectral 

width may be attributed to (a) the instability of the short 

cavity; the laser frequency faithfully follows the fluctuations 

in the center frequency of the short cavity and (b) the fast 

fluctuations in the optical length of the long cavity that are 

outside the servo bandwidth. 

If the feedback loop is opened and the laser cavity is 

subjected deliberately to a noisy environment, the resonance 

frequencies of the long cavity are no longer discrete but tend 

to be smeared over the entire gain curve. The result of varying 

the length of the short cavity, in this case, is a single mode 

output with a broad spectral width of 100 MHz that is continu- 

ously scanned in frequency across the laser gain curve. This 

simple scheme was used in the early experiments. 

5.3.6 Measurement of Laser Spectral Width 

The transmission of light through a Fabry-Perot inter- 
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ferometer as a function of the light frequency is a set of 

periodic narrow resonances and may be used for the measure- 

ment of the laser spectral width. The center frequencies of 

these transmission resonances may be varied by changing the 

optical path length of the cavity, e.g. by varying the gas 

pressure inside the cavity. 

The ratio of transmitted intensity It to the incident 

intensity Io through a Fabry-Perot interferometer of length 

L with perfectly flat mirrors that have identical reflectivity 

formula as ( 4 6 )  p and transmission t, is given by Airy's 

1 2 

2 2TrvL sin - 
2 C 

1 + 4 p  
( 1 - p )  

. 5.3.6-1 

Nc When v = 2~ where N is an integer, the transmission is a 
maximum. The spectral range is the frequency spacing between 

maxima, i.e. c/2L. The width, Avw, of the resonance of the 

interferometer, defined by the frequency separation between 

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

and the ratio of the width to the frequency is 

1 1  
V rrp 2 L ' v  Q 

- -  Avw - -  (1-p)  - c - - -  - -  

For p = 99%, L = 7.5 cm, t = 0.8% assuming a 0 . 2 %  loss in each 

mirror, then 

Avw = 6MHz 
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- It 
IO 

The peak value 

= 0.6 
max 

It of the ratio 7 can be re-written in terms 
0 

of the loss  om in the mirror where t + p + Qm = 1 so that 

Clearly, if t is increased then the transmission through the 

cavity increases but the width of the resonance, which depends 

on 

found, for a given nirror loss lm, between the width desired 

(' -k ' gets wider. A compromise has to be (1-p). or 
P 

and the peak transmission ratio that can be tolerated. 

In a Fabry-Perot interferometer with spherical mirrors, 

the resonance frequency of the transverse modes as a function 

of mirror radii R1 and R2 and cavity length L is given by the 
following expression (44) 

and for R1 = R2 = R 

where n is the longitudinal mode number, i.e. the number of 

half wavelengths between the cavity mirrors; Q, p are the 

transverse mode numbers. Several low order transverse mode 

patterns are shown in Figure 5.3.6-1. 

In order to couple the spherical Fabry-Perot interferometer 
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efficiently to the laser light, the azimuthal symmetry of the 

laser mode and the interferometer mode must be identical. For 

example, a laser that is oscillating in’the lowest order trans- 

verse mode, i.e. TEMOO mode, has to excite the TEMOo of the 

interferometer. 

to the interferometer TEMOO mode as shown in Figure 5.3.6-1. 

The details of the matching of the modes are given in refer- 

ence (47). 

A lens is used to match the laser TEMOO mode 

Some of the advantages of a spherical Fabry-Perot inter- 

ferometer over a plane parallel one are the markedly lower 

diffraction loss and the higher stability of this cavity. 

The mode dimension at the mirrors is typically 1 mm for the 

TEMOO mode so that X/10 spherical mirror are usually adequate. 

The design of the spherical Fabry-Perot interferometer is 

shown in Figure 5.3.6-2. Each mirror has a 46.9 cm radius 

of curvature and is coated with 99% broadband reflection 
0 0 

coating centered at 5145 A and also at 6328 A. The spacer 

between the mirrors is an invar cylinder 7.5 cm long, 2.5 cm 

0.d. and 1.25 cm i.d. The ends of the cylinder are cut parallel 

to within 10 seconds of arc and are turned down to 1.9 cm 

circle, true to within one part on 10 . The i&ar cylinder 

is inserted inside a brass tube and the mirrors are pressed 

against either end of the invar cylinder by means of 3-point 

clamps. The interferometer is supported on two Vee blocks 

inside a vacuum chamber. Two windows, set at a slight angle 

4 

with respect to the interferometer axis, allow the laser light 
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to pass through the vacuum chamber. The leak rate of air into 

the vacuum chamber is controlled by a micrometer needle valve. 

The inherent width of the Fabry-Perot interferometer was 
0 

determined by using a frequency stabilized 6328 A He-Ne laser 

(Spectra-Physics model 108) which has a spectral width of less 

than 1 MHz. A convex lens was used to match the laser mode 

to the interferometer mode. However, complete suppression 

of the other transverse modes was not attempted. An isolator, 

consisting of a linear polarizer and a quarter wave plate, was 

placed between the laser and the Fabry-Perot so as to suppress 

reflections from the Fabry-Perot back into the laser cavity. 

The transmission through the Fabry-Perot as a function 

of pressure is shown in Figure 5.3.6-3. Several of the trans- 

verse modes between the two consecutive ( 0 0 )  longitudinal 

modes have been identified visually and the relative frequency 

separation between the modes have been consistent with equation 

5.3.6-3. The width of the resonances, i.e. the inherent 

cavity width is measured as 10 MHz at 6328 A. The frequency 
0 

C separation between consecutive ( 0 0 )  transverse 'modes, E, is 
2000 MHz and is used to calibrate the frequency,axis in Figure 

5.3.6-3. 
0 

The inherent resonance width at 5145 A should also be 10 MHz 

since the mirrors of the interferometer have equal reflectivity 

at both 6328 A and 5145 A. The interferometer width given in 
0 0 

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

value of 10 MHz. 

The spectral width of the single mode argon ion laser was 

measured in a similar way. Figure 5.3.6-4 shows the transmission 

through the Fabry-Perot interferometer at constant pressure, as 

the laser, with the servo loop open, is scanned in frequency. 

The spectral width of the laser is found to be about 100 MHz. 

This value is inferred from the known separation between the 

(0,O) and (1,O) transverse modes of the interferometer. 

Figure 5.3.6-5 shows the transmission of the Fabry-Perot 

at constant pressure as the single mode laser, with the servo 

loop closed, is scanned in frequency. The laser spectral width 

in this case is found to vary between 2 - 1 7  MHz, after allowing 

for the 10 MHz inherent width of the Fabry-Perot. 
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Figure 5.3.6-4 Transmission Through Fabry-Perot as Single 

Mode Laser is Scanned in Frequency 



I 
e, 
k 
E 
c 
-ri 

a 
e, c 
G a 
0 
Eo 

m 
-ri 

k 
e, 
m 
rd 
IJ 

a, 
a0 
a, 
rl 
tn 
G 
-4 
Eo 

v) 
fd 
c, 
0 
k 
a, 
pc 

I 
3u 
k 

.Q 
rd 
Fr 

5 
0 

H 
E: 
0 
-4 
UI 
0 

.rl 

F1 
fd 
k 
I3 

2 

Ei 

In 
I 
W 

m 
In 

a, 
Ll 
5 
tn 

.I4 
E 

. . 

a 
G 
0 
u 
a, 
Eo 

rl 

0 

2 
*rl 
H 
c 
0 
-I 
4 a 
k 
tn 
e, 
c, c 
H 

c 
0 

0 

a, cn 

3u 
u 
E: 
a, 
5 
tr 

h 

5 
v 



78 
CHAPTER 6 

EXPERIMENTS PERFORMED AND RESULTS 

0 

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

The experimental arrangement for the measurement of 

absorption of 5145 A laser light in a gas of I2 is shown in 

Figure 6.1-1. 

0 

In the experiment the light from the single mode laser is 

split into two beams. One beam is passed through an absorption 

cell of I2 and is then detected on a photodetector. 

beam goes directly to another photodetector. The intensity 

in the second beam provides a reference for measuring the 

absorption out of the first beam as the laser is scanned in 

The other 

frequency. 

A qualitative demonstration of the absorption of the laser 

light is the appearance of a yellowish fluorescence along the 

path of the beam in the gas cell (I2 pressure is 0 . 3  mmHg) in 

contrast with the green color of the 5145 A laser,beam on 
0 

either side of the cell. 

The absorption cell is 120 cm long, 3.2 cm diameter and 

contains ten grams of resublimed analytical reagent grade 

Iodine crystals. 

controlled by varying the temperature of the I2 reservoir 

The vapor pressure of the I2 in the cell is 
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attached to the cell. 

The light from the laser is mechanically chopped at 93 Hz. 

The output of each photodetector is passed through an amplifier 

followed by phase sensitive demodulation in a lock-in amplifier. 

The reference to the lock-in amplifiers is obtained from the 

chopper by means of an optical pick-off. 

Figure 6.1-2 shows simultaneous recordings of direct laser 

power and laser power after passing through the absorption 

cell as a function of laser frequency for several values of 

I2 pressure. 

In Figure 6.1-2(a) the absorption is not noticeable because the 

I2 pressure is too low; in Figure 6.l(b) and (c) absorption 

of the laser light takes place at a frequency above the center 

of the laser gain curve; Figure 6.1-2(d) shows that at a pressure 

of 0.3 x 10-I mmHg, absorption also takes place at a frequency 

below the center of the gain curve. 

The total bandwidth of the laser scan is 3800 MHz. 

The light intensity after passing through the cell is 

given by 

. . . . . . . . . 6.1-1 -k vX I ( u )  = I 0 ( v )  e 

where I 0 ( v )  is the incident light intensity at a frequency 

V; I ( v )  is the intensity of the light at a frequency v after 

passing through the cell; kv is the absorption coefficient 

at a frequency v and X i s  the length of the path in the 

absorption cell. 
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I o ( v )  i s  obta ined  from t h e  i n t e n s i t y  i n  t h e  r e fe rence  

beam a f t e r  a scale adjustment.  The s c a l e  adjustment i s  t h e  

r a t i o  of  t h e  measured i n t e n s i t y  of t h e  beam through an empty 

absorp t ion  ce l l ,  i .e.  when t h e  1% is  trapped o u t ,  t o  t h e  

i n t e n s i t y  i n  t h e  r e fe rence  beam. 

The absorpt ion c o e f f i c i e n t  Piv i s  given by 

and i s  p l o t t e d  as a func t ion  of  l a s e r  frequency i n  Figure 

6.1-3, f o r  an I2 p res su re  of 5 x 1 0  

from t h i s  p l o t  t h a t  absorp t ion  of t h e  l a s e r  l i g h t  i s  t ak ing  

p l ace  on e i t h e r  s i d e  of t h e  c e n t e r  of t h e  ga in  curve. The 

peak of  t h e  absorp t ion  c o e f f i c i e n t  a t  t h e  c e n t e r  of t h e  

s t rong  l i n e  i s  23 t i m e s  l a r g e r  than t h a t  of t h e  weak one. 

-2 mmHg. I t  i s  ev iden t  

A s l i g h t  ambiguity arises i n  t h e  region where t h e  scan 

r e p e a t s ,  as ind ica t ed  i n  Figure 6 . 1 - 2 ( c ) ,  because t h e  band- 

width of t h e  ga in  curve i s  a l i t t l e  wider than t h e  mode 

spacing of t h e  s h o r t  cav i ty .  The laser power measured i n  

t h e  region where t h e  scan r e p e a t s  has contr ibukions from 

both ends of  t h e  ga in  curve and t h e r e f o r e  tends  t o  decrease 
1 

t h e  value of t h e  absorp t ion  c o e f f i c i e n t  i n  t h a t  region.  

6 . 2  Observation of Laser Induced Resonance Fluorescence i n  
a Molecular Beam of Iodine 

The experimental  set-up f o r  t h e  observa t ion  of t h e  laser 
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induced resonance fluorescence in a molecular beam of I2 is 

shown in Figure 6.2-1. 

Light from the single mode cw laser is passed through 

the molecular beam of I2 at right angles. The intensity of 

the laser beam is measured by a photo-detector on the other 

side of the beam apparatus. The molecular beam is modulated 

by a 29 Hz sinusoidal signal applied to the solenoid driving 

the beam flag. The laser induced resonance fluorescence in 

the iodine molecules is detected on the photomultiplier below 

the interaction region as the laser is scanned in frequency. 

The photomultiplier output is amplified and then subjected 

to phase sensitive demodulation in a lock-in amplifier. The 

d.c. output of the lock-in amplifier corresponds to the 29 Hz 

component in the resonance fluorescence signal. 

Figure 6.2-2 shows a simultaneous recording of the cw 

laser power and the resonance fluorescence signal as the 

laser frequency is scanned over 3400 MHz. The single mode 

laser in this case is operated with the feedback loop opened, 

i.e. the laser spectral width is about 100 MHz, as measured 

by the spherical Fabry-Perot interferometer. 

The resonance fluorescence signal first appears when the 

laser frequency is about 600 MHz above that of the center of 

the laser gain curve and the fluorescence extends over 

approximately 1300 MHz. 

Figure 6.2-3 shows another simultaneous recording of cw 

laser power and resonance fluorescence signal under a higher 
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F f3 E OU E N C Y  

Simultaneous Recording of CW Laser Power and 

Resonance Fluorescence Signal as the Laser Fre- 

quency is scanned over 3400 MHZ. 

width 100 MHZ; Integration time 0.03 seconds) 

(Laser Spectral 
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Figure 6.2-3 Simultaneous Recording of CW Laser Power and 
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Frequency is Scanned over 3400 MH,. 
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resolution. The single-mode laser in this case is operated 

with the servo loop closed so that the laser spectral width 

is in the range 2-17 MHz. 

Figure 6.2-3 shows that I2 has many resonances in the 

frequency range scanned by the laser. The width of several 

of the resonances is about 22 MHz. 

The doppler width of the molecules in the beam is deter- 

mined primarily by the geometry of the slits and is 2.25 MHz 

in this case. This implies that the laser spectral width of 

2-17 MHz is the dominant or limiting width in the experiment. 

Other sources of linewidth broadening are small and are 

discussed in Chapter 9. 

The width of the narrow resonances observed is therefore 

comparable with the limiting width in the apparatus. This 

suggests that the natural width of the I2 resonances may be 

narrower than 22 MHz. In the next section, the natural width 

of these resonances is inferred from a measurement of the 

lifetime of the excited state of I2 in the beam. 

of the resonances is discussed in Chapter 8. 

The structure 

Table 6.2-1 summarizes some of the pertinent data relevant 

to the conditions of the experiment. 

The total fluorescence yield as a function of laser power 

is shown in Figure 6.2-4. Curve #1 represents the total 

fluorescence: curve #2 represents the fluorescence yield in 

the first 700 MHz of the fluorescence bandwidth; curve #3 

represents the fluorescence yield in the first 500 MHz of the 
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Oven pressure .  ................................. 0 . 3  mmHg 

Background pressure  of I2 i n  apparatus ....... 1 . 2 ~ 1 0  

Increase i n  i on  gauge reading 

-7 
mmHg 

-7 when I2 beam i s  on........................l.OAlO mmHg 

B e a m  modulation frequency .......................... 2 9  Hz 

Doppler width of  molecular beam 

as determined by geometry of  s l i t s  ............. 2.25 MHz 

Laser c w  power (Fig.  6.2-3)... . . . . .  ............... 4 W/mm P 
Laser s p e c t r a l  width... . .  ........................ 2-17 MHz 

Laser beam diameter .  ............................. 2 . 2  mm 

Laser frequency scan  speed ....................... 1 0  MHz/sec 

Background noise  (Fig.  6.2-3). .. .less than lx104 counts/sec 

Fluorescence s i g n a l  (Fig.  6 .2-3) . . .6~10 counts/sec pe r  mm 
5 (equiva len t  t o  1 . 3 ~ 1 0  photons/sec pe r  mm) 

3 

I n t e g r a t i o n  t i m e  (Fig.  6.2-3) ...................... 0 .03  sec 

Frequency scale (Fig.  6.2-3)... . . . . . . . .  ......... 1 7  MHz pe r  mm 

Paper speed (Fig.  6.2-3). . .  ..................... 1 mm pe r  sec 

Table 6 . 2 - 1  

RELEVANT EXPERIMENTAL DATA 

ASSOCIATED W I T H  FIG. 6.2-3 
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f luorescence bandwidth. Curve # 3  c l e a r l y  shows t h a t  s a t u r a t i o n  

of t h e  I2 t r a n s i t i o n s  i s  t ak ing  p l ace  i n  t h e  region where 

t h e r e  i s  s u f f i c i e n t  laser power. An es t ima te  f o r  t h e  average 

c w  laser power t o  s a t u r a t e  t h e  I2 t r a n s i t i o n s  i s  1 6 0  1-1 w a t t s  

o r  a laser power s p e c t r a l  d e n s i t y  of 4.0 x 1 0 - l '  watts/cm2-Hz 

f o r  an average l a s e r  s p e c t r a l  width of  1 0 . 0  MHz and a laser 

beam diameter  of 2 . 2  mm. 

Figure 6.2-2 shows t h a t  t h e  f luorescence  s i g n a l  drops t o  

zero when t h e  laser power goes t o  zero which raises t h e  

ques t ion  of how f a r  up i n  frequency does t h e  induced f l u o r -  

escence r e a l l y  extend? This  w a s  s e t t l e d  by inc reas ing  t h e  

laser e x c i t a t i o n  t o  extend t h e  bandwidth of t h e  l a s e r .  To 

avoid t h e  r i s k  of damaging t h e  l a s e r  by pass ing  a much 

h igher  d .c .  c u r r e n t ,  a quasi-cw, high c u r r e n t  e x c i t a t i o n  w a s  

employed. The d.c. d i scharge  c u r r e n t  was maintained a t  a 

qu iescent  value of 5 Amps and was increased  t o  40 Amps f o r  

500 I-\-seconds a t  a r e p e t i t i o n  r a t e  of 50  pu l se s  pe r  second. 

Figure 6.2-5 shows t h e  f luorescence  s i g n a l  w i th  a quasi-cw 

laser opera t ion .  The bandwidth of  t h e  f luorescence  is  wi th in  

1 0 %  of  t h a t  shown i n  Figure 6.2-2. The s i g n a l  t o  noise  r a t i o  

i s  very much reduced because of t h e  low duty  cyc le  (2.5 x 

and because of t h e  s a t u r a t i o n  of t h e  I2 resonances a t  low 

laser power levels. 

6 . 3  Life t ime Measurement of t h e  Exci ted S t a t e  of I2 i n  t h e  B e a m  
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Figure 6.2-5 Fluorescence Signal with High Current Quasi- 

CW Laser Operation (Duty Cycle 2 . 5 ~ 1 0 ~ ~ )  
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The measurement of the lifetime of the relevant excited 

state of I2 in the beam was motivated by the fact that the 

width of several I2 resonances shown in Figure 6.2-3 is 

comparable with the laser spectral width. This implied that 

the natural width of these resonances may be narrower than 

22 MHz. 

The experiment consists of exciting the I2 molecules in 

the beam with very short laser pulses and then measuring the 

time dependence of the resonance fluorescence. The time 

constant of the decay gives the lifetime of the excited level. 

Figure 6.3-1 shows the experimental arrangement for the 

lifetime measurement. Short laser pulses are obtained by the 

use of a rapidly rotating mirror which sweeps the light beam 

across a small aperture in front of the molecular beam appar- 

atus. The rotating mirror is doublesided and is attached to 

the shaft of an 18,000 RPM motor. The axis of rotation of 

the mirror shown in the figure is perpendicular to the plane 

of the paper. The laser beam diameter is 2 mm and is equal 

to the diameter of the aperture. The separation between the 

aperture and the rotating mirror is 150 cm. The, calculated 

width of the light pulse through the aperture is 1.4 p-seconds. 

The pulsed,fluorescence signal, detected by the photo- 

multiplier, is first amplified and then sampled in a sampling 

gate. The width of the sampling gate is 1/2 p-second and the 

position of the gate is varied slowly over a sampling sweep 
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of 1 6  p-seconds. 

The t iming i s  achieved a s  follows. The r o t a t i n g  l a s e r  

beam is  de tec t ed  by photomul t ip l ie r  #2 several microseconds 

before  t h e  laser beam e n t e r s  t h e  molecular beam apparatus .  

The ou tpu t  pu l se  from photomul t ip l ie r  #2  i s  used as a t r i g g e r  

t o  s t a r t  t h e  sweep i n  t h e  Tektronix scope. The delayed t r i g g e r  

genera tor  i n  t h e  scope produces a t r i g g e r  pu l se  a t  a pre-se t  

delay wi th  r e s p e c t  t o  t h e  s t a r t  of t h e  sweep i n  t h e  scope. 

This  delayed t r i g g e r  genera tes  t h e  1 / 2  p-second g a t e  pu l se  t o  

c o n t r o l  t h e  sampling ga te .  The de lay  of t h e  g a t e  pulse  with 

r e spec t  t o  t h e  s t a r t  of t h e  sweep i s  va r i ed  slowly from zero 

up t o  a delay of 1 6  p-seconds i n  50  seconds. This i s  achieved 

by sweeping t h e  de lay  i n  t h e  delayed t r i g g e r  genera tor  using 

a slow sawtooth waveform genera tor  i n  t h e  scope. 

I n  t h e  pulsed e x c i t a t i o n  of t h e  I2 molecules,  t h e  

t r a n s i t i o n  p r o b a b i l i t y  is smal le r  than i n  c w  opera t ion  f o r  

t h e  same c w  laser power. This  i s  due t o  t h e  dura t ion  of t h e  

pu l se ,  1 .8  p-seconds, being s h o r t e r  than t h e  average t i m e  of 

lo-’ seconds t h a t  t h e  molecules spend i n  t h e  l a s e r  f i e l d  i n  

c w  opera t ion .  An expedient  t h a t  works q u i t e  success fu l ly  i s  

t o  inc rease  t h e  laser power momentarily by puls ing  t h e  laser 

d ischarge  j u s t  as t h e  l a s e r  beam i s  t o  pass  through t h e  beam 

apparatus .  The t iming t r i g g e r  f o r  t h e  d ischarge  pulse  i s  

obtained from photomul t ip l ie r  #2 af ter  a s u i t a b l e  f ixed  delay.  

The average laser power i n  t h e  pulse  is 1 w a t t / c m  o r  a power 
2 
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spectral density of lo'* watts/cm2-Hz. 

laser beam is used for the timing and the momentary increase 

in the laser power is used to saturate the I2 transitions. 

In this way, the cw 

An attempt was made to obtain short laser pulses by pulsing 

the discharge instead of using a rotating mirror. Laser out- 

put pulses shorter than 5 p-seconds could not be obtained by 

pulsing the discharge. 

The lifetime measurements were performed in the following 

way. First, the laser pulse was measured with the molecular 

beam of f .  This established the origin of the time coordinate. 

A scatterer was introduced on one of the Brewster windows in 

the beam apparatus to make the light pulse visible to the 

photomultiplier. The molecular beam was then turned on to 

record the fluorescence signal. 

Figure 6.3-2(a) shows the photomultiplier signal with the 

molecular beam off and (b) shows the photomultiplier signal 

with the molecular beam on. 

The decay of the fluorescence is analyzed after the laser 

pulse is over. The decay is found to be exponential with an 

average time constant of 3 u-seconds. 

Radiation entrapment of the resonance fluorescence is 
-7 negligible since the background I2 pressure is 1 x 10 mHg. 

The natural width of the resonance transition between 

two states, say 1 and 2 is given by 
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1 1  1 AB = - (- + -1 
=2 2T Tl 

where AB is the natural width of the transition: ZA is the 

sum of all the spontaneous transition rates from state 1; 
1j 

is the sum of all the spontaneous transition rates from ZA2k k 
state 2;  T~ and T~ are the lifetimes of state 1 and state 2, 

respectively. For a ground state transition, the lifetime 

of the upper state determines the natural width of the resonance 

line and is given by 

1 AB = - 2 TT 

where T is the lifetime of the excited state. In this case, 

T = 3 p-seconds which implies that the natural width of the 

I2 transitions is 

= 5 0  kHz 1 1 AB = - 
2Tr 3 x 
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CHAPTER 7 

DATA ANALYSIS 

7.1 General 

The dipole moment matrix element associated with the I2 

transition is calculated by two independent methods. One 

uses the saturation data and the other uses the lifetime 

data. 

In addition, the fraction of the I2 molecules that take 

part in the observed fluorescence is also calculated by two 

methods. One uses the fluorescence yield at saturation and 

the other uses the gas cell absorption data. 

7.2 Dipole Moment Matrix Element from Saturation Data 

The probability of a transition, P1+2, from state 1 to 

state 2, see Appendix A, is given by 

3 
I ( v )  t . . . . . . . e 7.2-1 - 87-r - -  

Y 2  
P (1-t2) 3h2c 

where 1-1 is the dipole moment matrix element; I(v) is the 

spectral intensity of the laser and t is the time the molecule 

spends in the laser radiation field. 

1 2  

+1/2 and not 1 due to the velocity (1+2 1 At saturation, P 

distribution of the molecules in the beam, (15) so that at 

saturation equation 7.2-1 becomes 
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t . . . . . . . 7.2-2 2 
3 1 - 8n 

2 - z  ' 1 2  l(v)sat 

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

obtained from 

Pa = Jco I(v) dv = Io ( v )  Av, 
0 

2 where P is the laser power per cm ; 1 ( v )  is the peak laser 

intensity and AvE is the laser spectral width. This gives, 

approximately, 
'a 

Av, 

a 0 

I ( v )  = - 
0 

The cross sectional area of the laser beam is 

the beam diameter, so that 

where l i s  4 

where P is the measured laser power. 

The time, t, the I2 molecule spends in the laser field is 

6 

where Cb is the average velocity of the molecules in the beam. 
Substituting equations 7.2-3 and 7.2-4 into equation 7.2-2, 

we get 

where Psat is the cw laser power needed to saturate the I2 
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transition. The square of the dipole moment matrix 

element is then given by 

= 160 pwatts; Q =  2.2 mm, 'sat From section 6.2, 
4 = 10.0 MHz; vb = 1.87 x 10 cm/sec so that laverage 

e.s.u. -19 = 2.7 x 10 
pH 

7.3 Dipole Moment Matrix Element from Lifetime Data 

The lifetime of the excited state or state 2 is given 

in equation 4.2-4 as 

3 . . . . . 7.3-1 1 3hc T e = -  = 
4 L 

cA2i 641~ C v3 p2 
i j 2j 2j 

If the ratio of the transition probability from state 2 to 

state 1 to the total transition probability out of state 2 

is a21, then from equation 4.2-2, we have 

a21 = 
A2 1 

CA2i i 

3 2  
v21 lJ.21 
c v3 p2 
i 2i 2i 

, 7.3-2 

a21 is called the branching ratio. 

and 7.3-2, we get 

From equations 7.3-1 

so that the square of the dipole moment matrix element becomes 
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. . . . . . . . . . . 7.3-3 1-12 = 3hc3 - "21 
21 641~ v -r2 4 3  

21 

The lifetime of the excited state, -r2, has been measured in 

section 6.3 as 3 x seconds. 

The branching ratio is defined as 

0 - fluorescence at the laser frequency (5145 A) 
total fluorescence "21 - 

and has to be determined. In order to measure the fluorescence 
0 0 

at the laser frequency (5145 A), a narrow band, 80 A wide, 
0 

multi-dielectric transmission filter centered at 5145 A was 

placed in front of the S-20 photomultiplier. Since the fluor- 

escence of the excited state is in doublets that correspond 

to AJ = 21 transitions, two closely spaced lines fall within 

the bandwidth of the filter. The measured fluorescence 

through the filter is therefore twice that at the laser 

frequency. The photocathode efficiency at 5145 A is 10%. 
0 

The total fluorescence which, in this case can extend from 

5000 A - 1.31-1, may be estimated by making two assumptions. 0 

One, the fluorescence is uniformly distributed over its 

entire frequency range and two, that 6/10 of the.tota1 

fluorescence falls within the bandwidth of the S-20 photo- 

multiplier where the average photocathode efficiency is 

assumed to be 5%. With the above assumptions, the branching 

ratio, a21, is found to be 1/14. 

Substituting the above value for a21 and -r2 in Equation 7.3-3 
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e.s,u. -19 we get 11 - 1.0 x 10 21 - 
The p21 from the branching ratio and lifetime data is 

about 4 times smaller than the u21 obtained from the saturation 

data. The main source of error in Equation 7.2-5 is the 

instantaneous laser spectral density Psat/AvL and in Equation 

7.3-3 is the branching ratio a21. The magnitude of the 

instantaneous laser spectral density assumed is a minimum 

value since the laser is known to display discontinuous 

jumps in frequency rather than continuous broadening behavior 

where the instantaneous spectral width can be very narrow. 

A narrow width would decrease p21 in the direction of the 

values obtained from the branching ratio. The branching ratio 

data is also approximate. However, without the knowledge 

of the spectral distribution of the fluorescence, this is a 

fair approximation. 

The value for pZ1 obtained from the lifetime data is 

considered more reliable than that from the beam saturation 

data so that p21 = 1.0 x 10 

calculations to follow. 

e.s.u. will be used in the -19 

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

The absorption of light at a frequency v and intensity 

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

dI(v) = -(N1Wl2 - N2Wzl) h v dx . . . . . . 7.4-1 
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where W12 and W21 are the transition rates from state 1 to 

state 2 and from state 2 to state 1, respectively; N and N2 1 
are the populations in state 1 and state 2. 

The transition rate W12 is obtained by differentiating 

given in equation 7.2-1, 
( 1+2 1 the transition probability P 

so that 

3 2  1.1 I(v) . . . . 7.4-2 87r ] = -  - d - -  
w12 dt [‘(1-+2) 3h2c 12 

Fgr a gas that obeys a Boltzman distribution, N2 0 at 

room temperature because of the large energy separation between 

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

and substituting for W12 from equation 7.4-2, we get 

3 
- = -  dl(V) 8TT N 112 I ( v ) v  . . . . . . . . 7.4-3 
dx 3hc 1 12 

Now from equation 6.2-1 

therefore, 

kV - - -- dl(v) / I ( v )  . . * . . . . . : . 7.4-4 
dx 

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

following expression for the absorption coefficient 
3 

kL, 3hc 1 12 
= -- 8.rr N v v2 . . . . . . . . . . 7.4-5 
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This relationship is not complete since the absorption line 

of the molecules has a certain lineshape. 

the normalized lineshape function centered at v o ,  then 

If g ( v  - v,) is 

and W12 -+ W12 g(v - vo) . 
be included in equation 7.4-4 as follows 

The lineshape function can then 

2 3 81T v 
kv - 3hc 1 12 N P g(v - v o )  - - -  

The integral of the absorption coefficient then becomes 

3 8 ~ r  v 
N P2 I; g ( v  - 5) d v  

co 
J k dV=------ 

o v  3hc 1 12 

Using equation 7.4-5,  the population fraction N1/No, 

where No is the number density of the molecules in the gas 

cell, can be expressed as 

I; kv dv . . . . . . 7.4-7 - =  N1 3hc 
NO 81-r vv No 

12 
3 2  

The value of the integral of kv is obtained from the area 

under the absorption coefficient vs. frequency* curve in 

Figure 6.1-3. No is determined from the pressure of the I2 
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in the absorption cell which is the equilibrium vapor 

pressure at the temperature of the I reservoir. 
-19 

2 
Using 1-1 = 1 x 10 , e.s.u. determined from the lifetime 12 

N1 - 3  

N O  
data, the population fraction is - = 2.6 x 10 . 

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

In order to determine the fraction of molecules taking 

part in the transition from the molecular beam data we have 

to know (a) the total fluorescence at saturation which 

corresponds to the number of excited molecules and (b) the 

density of I2 molecules in the beam. 

A t  saturation, half the number of the molecules that can 

partake in the transition are excited. The total number of 

photons, nph I emitted in the fluorescence corresponds directly 

to the number of excited molecules so that the population 

fraction is given by 

N1 
*O 
- =  2qph 

NO dNo 
dt 
- 

- - 2Vout 
dNO 

Go dt 

7.5-1 

where N1 is the number density of the molecules that can 

partake in the transition; No is the total number density 

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

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

gain of the measuring system. 
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is the effective Vout Since many resonances are observed, 

output signal if all the I2 resonances involved are super- 

imposed on each other. Since these resonances are spread 

out, Vout can be determined by dividing the area under the 

total fluorescence signal at saturation by the dominant width 

which is that of the laser. The saturated fluorescence data 

in Figure 6.2-5 for quasi-cw operation is used for this 

purpose. The laser spectral width in quasi-cw operation is 

100 MHz. Vout is then given by 

- - duty cycle of quasi-cw supply 
area under total fluorescence signal at saturation x 

spectral width of laser Vout 

3 = 1.3 x 10 volts 

The effective gain of the measuring system Go is the 

product of many terms. The absolute magnitude of these 

terms are difficult to determine, e.g. collection solid 

angle, photocathode efficiency, photomultiplier gain, etc. 

In addition, Go includes an assumption that the bandwidth 

of the fluorescence is uniformly distributed from 5000 A - 
1.3 ~ . l  and that the photomultiplier collects 6/10 of the 

0 

fluorescence with a 5 %  efficiency. 

1.1 x lom6 volt/fluorescence photon. 

Go is estimated to be 

The total number of photons radiated in the fluorescence 

per second is therefore 

9 dv V 
= out = 1.1 x 10 photons/sec 

GO dt 
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can be obtained from t h e  flow r a t e  The beam s t r e n g t h  - dNO 
d t  

of molecules i n t o  t h e  ion  gauge, see Figure 7.5-1. I n  t h e  

s teady  s t a t e ,  t h e  flow ra te  of molecules i n t o  t h e  ion  gauge 

i s  equal  t o  t h e  flow r a t e  ou t  of t h e  ion  gauge so t h a t  

where F i s  t h e  pumping speed ou t  of t h e  ion  gauge and p 

i s  t h e  d e n s i t y  of t h e  I2 i n  t h e  gauge. 
4 3  1.05 x 1 0  c m  /sec where i s  t h e  average v e l o c i t y  of I2 

i n  t h e  gauge = 1 . 6  x l o 4  cm/sec; r i s  t h e  r a d i u s  of gauge 

opening = 1 . 2  cm;  l/k i s  t h e  pumping speed f a c t o r  of a long 

c i rcu lar  c y l i n d r i c a l  tube  = 8/3 

l eng th  of tube  between t h e  bulk of t h e  volume of t h e  gauge 

g g 
F = 1 / 4  3 m2 l/k = 
9 

9 

= 0.58 where $ i s  t h e  E 

= pres su re  of I2 i n  gauge 
pg 

and t h e  beam chamber = 5.5  cm.  

x 3 x = 2.1 x 10 molec/cm . 9 3 

The flow rate of molecules through t h e  i n t e r a c t i o n  volume 

is  

where i s  t h e  t o t a l  c r o s s  s e c t i o n a l  area of t h e  beam 

a t  t h e  i n t e r a c t i o n  region and A i s  t h e  c r o s s * s e c t i o n a l  

area of t h e  i n t e r a c t i o n  volume i n  t h e  d i r e c t i o n  of t h e  
i n  t 

molecular beam. 

The c a l c u l a t e d  value f o r  t h e  beam s t r e n g t h  a t  t h e  i n t e r -  

a c t i o n  region by use  of Equation 5.2-3 i s  9 . 4  x 1OI2 molec/sec. 
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This value is too high because the effusion rate of molecules 

out of the oven is faster than the evaporation rate of 12. 

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

(48) 

equilibrium vapor pressure associated with the oven temperature. 

This is supported by the following observations: 

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

reading increased to about 4 x mmHg and then dropped 

to its steady value of 1 x mmHg and (b) the fluorescence 

signal was also larger when the oven valve is first opened. 
9 

photons/sec, - = 3 . 9  x 10l2 molec/sec and allowing a duty 

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

Now substituting in Equation 7.5-1 for - Vout - - 1.1 x 10 
dNO GO 

dt 

This value of the population fraction is in fair agree- 

meit with 2.6 x obtained in Section 7.4 using the 

absorption cell data and p12 from the measured lifetime data. 
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CHAPTER 8 

1NTERPRETATION.OF OBSERVED I2 SPECTRUM 

8.1 General 

An attempt is made, in this chapter, to explain the 

structure of the resonances observed in the I2 molecular 

beam on the basis of 

(a) the calculated gross structure of the I2 spectrum 

in the region of 13320 cm-l laser line using the available 

molecular constants, 

(b) the estimated hyperfine structure in the I2 molecule, 

(c) the estimated splittings due to the interaction of 

the I2 molecule with external fields. 

8.2 Calculation of I2 Spectrum Using Available Molecular 
Constants 

-1 The I2 spectrum in the region around 19320 cm (5145 i) 
(29) is calculated by the following expression 

AW = 2 T ' + w I .  (v' + 1/21 + (xewe) I ,  (v' + 1/2) + (yewe) I .  € e  e 
(v + 1/21 + + (Zewe) 1. + 1/2)4 + (tewe) 1 ,  ( v l  + 112)~ + 
... + [Be' - ae ' (v' + 1/21 + Ye (v' + 1/2)2 + 

(VI + 112)~ + ...I [Jl (Jl + 1) + Del Jl2 (J' + 1)21]+ 
- pent f w e I n ,  (VI' + 1/21 + (xewe) IN, (v" + 1/2) + (y e e  w ) 

5 (v + 1/21 + (Zewe)~~, (v~l + 1/214 + (tewe) 1 1 ,  (vll + 1/21 +. . . 
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+ A e l l ,  a (VI1 + 1/21 + + ye" ,(VI' + 1/2) 2 
e + [Be" - 

(VI' 1/21 + . . .] [J" (J" + 1) + De1' Jvv2 (J" + I)']) 
7.5-1 

where Aw is the frequency of the transition in wavenwnbers 

between two electronic states with vibrational quantum numbers 

v' and VI' and rotational quantum numbers J' and J". The 

molecular constants TeI we' xeweI yeweI zeweI tewe, Be, 01 

ye' 6e and De are obtained from references (26) and (27) and 

are given below 

e' 

1 X C +  state 
03 

= o  Te 

3 B II+ state 
ou 

15770.59 

W = 214.51886 125.273 e 

xewe - -  - 0.60738 - 0.7016 

- 5.67~10-~ -3 yewe = -1.307~10 

z w = -5.04~10 3 .  2x1~-5 -6 
e e  

- -7 teWe = -1.6~10 

= 0.037389 0.028969 

= ~ 2 1 ~ 1 0 - ~  1. ~ x I O - ~  

Be 

ae 

Ye 

6e 

De 

= 1.9x10-8 - 4.0~10-~ 

= 8.57~10 -11 - 3.5~10-~ 

= -4.54~10 -9 3 5x10-' 

The transitions from the three lowest vibrational levels 
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in the ground state, i.e. v" = 0, 1, 2 with AJ = +1 that 

fall within +-lo cm-l of the 19320 cm-' laser line have been 

calculated on a computer and are shown in numerical order 

in Appendix B. 

The population of the levels in the ground state depends 

on the values of v" and J", subject to a Boltzman distribution. 

The population fraction or partition function F (v" , J") is 
given by (49) 

hcWg v"hcWg J" (J" + 1) hcBi - - -  - ,  

r\ kT )e kT hcBl kT 
(1 - e kT F(v", J") = (2J"+ 1) 

7.5-2 

where B" is the rotational constant in the ground state; wi 

is the vibrational constant in the ground state; T is the 
e 

temperature of the enclosure and k is Boltzman's constant. 

The partition function associated with the ground state of 

the calculated transitions has been computed and is included 

in Appendix B. 

It should be noted that the molecular constants for the 

from the 3 (27) upper electronic state, B TI+ 

molecular spectrum that extended up to v' = 26.' It is almost 

were calculated 
ou 

certain that the extrapolation to v' = 43, the lowest value 

of v' in the transitions listed in Appendix B, will necessitate 

the knowledge of the (w t ) anharmonic term which is at present 

not available. As evidence for this, the last known anharmonic 

correction term (zewe) ' (v' + 1/2)4 contributes 114 cm-l to 

e e  
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t h e  energy sepa ra t ion  of t h e  levels a t  v' = 4 3 .  The 

e x i s t i n g  cons t an t s  are c l e a r l y  inadequate t o  expla in  a 

spectrum wi th in  0 .03  c m ,  . However, t h e  molecular cons t an t s  

are n o t  e n t i r e l y  u s e l e s s ,  s ince  t h e  re la t ive  spacing of t h e  

r o t a t i o n a l  l i n e s  wi th in  one v i b r a t i o n  band given by t h e  

cons t an t s  i s  probably c o r r e c t .  

-1 

8.3 Est imat ion of t h e  Hyperfine S t r u c t u r e  i n  t h e  I2 Molecule 

The t rea tment  of t h e  spectrum i n  Sec t ion  8.2 neglected t h e  

e f f e c t s  due t o  t h e  i n t e r a c t i o n s  of t h e  n u c l e i  with each o t h e r  

as w e l l  as with e lectr ic  and magnetic f i e l d s  i n s i d e  t h e  

molecule. 

8 .3 .1  Nuclear Spin-Spin I n t e r a c t i o n  

The nuc lear  spin-spin i n t e r a c t i o n  between t h e  magnetic 

d i p o l e  of t h e  two nuc le i  i s  descr ibed  by t h e  following 

Hamiltonian (15)  

A &  where ul, u2 a r e  t h e  magnetic moments of  t h e  nud le i  and R 

i s  t h e  d i s t a n c e  between t h e  n u c l e i .  An es t ima te  i n  terms of 

frequency of t h e  o rde r  of magnitude of t h e  s p l i t t i n g  

t h e  nuclear spin-spin i n t e r a c t i o n  Avss i s  given by 

- 2  

due t o  

AVss -. I-1 = 1 kHz 
hR3 



8.3.2 Nuclear Spin-Molecular Rotation Interaction 

The interaction of the nuclear magnct2c moment with the 

internal molecular magnetic field generated by the molecular 
rotation is described by the following Hamiltonian (15) 

HIJ = ChIRJ 

where C is a constant, characteristic of the molecule; IR 

is the total nuclear spin; J is the rotational quantum number. 

The splitting in each level in terms of frequency as predicted 

by the Hamiltonian is given by 

The constant C has not been measured in 12. However, 

a conservative estimate for C may be obtained from the 

following simplified treatment in which one considers the 

effect of the rotation of one iodine nucleus around the 

other nucleus. The interaction energy W is given by 

where uI is the nuclear spin magnetic moment of one iodine 
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nucleus and B i s  t h e  magnetic f i e l d  a t  t h i s  nucleus due t o  

t h e  r o t a t i o n  of t h e  o t h e r  nucleus.  

a s soc ia t ed  w i t h  t h e  r o t a t i n g  nucleus can vary from 0 t o  one 

e l e c t r o n  charge,  depending on t h e  amount of sh i e ld ing  provided 

by t h e  valence e l e c t r o n s .  For our purpose, we  s h a l l  assume 

t h a t  t h i s  e f f e c t i v e  charge i s  + e ,  i .e.  there i s  complete 

s l i p  between t h e  valence e l e c t r o n s  and t h e  nucleus.  

T h e  magnetic f i e l d  B may be calculated from 

The e f f e c t i v e  charge 

-5 ‘ 2  
i de x r - i 2 v r  e w  

2 cr  ‘ 2 - - = -  c r  c r  
B = j  

where i i s  t h e  c u r r e n t  a s soc ia t ed  w i t h  t h e  r o t a t i n g  charge 

of + e; r i s  in te rmolecular  s epa ra t ion  and w is the  angular  

v e l o c i t y  of t h e  molecule. The magnitude of w i s  obtained 

from the  following angular  momentum r e l a t i o n s h i p  

where A i s  t h e  moment of i n e r t i a  of the  molecule which may be 

expressed i n  terms of t h e  molecular r o t a t i o n a l  cons tan t  Be = $.rrc~. 

The magnetic f i e l d  B then becomes 

ti 

~IT)/J(J  + 1) Be  = - - - - B e   IT B =  r r 

The magnetic moment of t he  iod ine  nucleus pI i s  gI I U N  where 

gI i s  t h e  nuc lear  g - f ac to r ,  I i s  t h e  nuc lear  sp in  and pN i s  

t h e  nuc lear  magneton. F i n a l l y ,  t he  i n t e r a c t i o n  energy W may 
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be re-written as 

4rJ Be 
W = u l '  = 91 I , P N  

Since the roles of the nuclei can be interchanged, the total 

interaction energy is 2 W  which corresponds to a frequency 

splitting 

where IR is the total nuclear spin and 

given by 

the constant C is then 

47Tg 1-I B 
I e s 1 5 H z  hr c =  

The magnitude of the frequency splitting Av,, for IR = 5 

(since I for the iodine atom is 5 / 2 )  is Av = 75 J Hz and for 

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

a small broadening to the 50 kHz natural width. 

IJ 

8 .3 .3  Nuclear Electric Quadrupole Interaction 

The interaction of the quadrupole moment of the iodine 

nuclei with the gradient of the molecular electric field at 

each nucleus, in a homonuclear diatomic molecule is described 
(15) by the following Hamiltonian 

3 * 2 3 a a  
( IRg J) +2( IRe J) 

IR(IR+l) +411 (11+1) - eqQ 
HQ - 2 (2J-1)  (2J+3)  I1 (211-1) [1- (21R-1) (21R+3) 

8.3.3-1 
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where q i s  t h e  e lectr ic  f i e l d  g r a d i e n t  a t  t h e  nucleus due t o  

t h e  e l e c t r o n s ;  Q i s  t h e  nuc lear  e lec t r ic  quadruple moment of 

t h e  iod ine  nucleus;  Il i s  t h e  sp in  of each nucleus;  IR i s  t h e  

vec to r  sum of t h e  s p i n s  of t h e  nuc le i  and J i s  t h e  r o t a t i o n a l  

quantum number. 

An evalua t ion  of t h e  mat r ix  elements of t h e  Hamiltonian 

i n  an F, m r ep resen ta t ion  ( 4 7 )  g ives  t h e  energy of t h e  hyper- F' 
f i n e  s t r u c t u r e  states as 

- - 
wE2 

where 

IR(IR+l) +411 (11+1) 

(21R-1)  (21R+3) 
5eqQ 

1011(211-1) ( 2 J - 1 )  (2J+3) 

C = 1 / 2  F ( F + ~ )  - IR(IR+l) - J ( J + ~ )  and where ? = YR + 3. 
I n  o rde r  t o  determine t h e  frequency spread of t h e  hyper- 

f i n e  s t r u c t u r e  a s soc ia t ed  with an e l e c t r o n i c  t r a n s i t i o n ,  w e  

need t o  know (a)  WE f o r  both t h e  X'C and t h e  B n+ e l e c t r o n i c  

states and (b)  t h e  r e l e v a n t  s e l e c t i o n  r u l e s .  For t h e  iod ine  

3 
2 h ou 

molecule, I1 = 5/2; IR = 5 ,  4, 3,  2 ,  l ; O ,  Q = -0 .59 x 10 -24cm2.  

bu t  q o r  eqQ has n o t  been measured i n  e i t h e r  t h e  X ' C +  o r  t h e  
-l 09 

BJn+ s t a t e s  and they have t o  be est imated.  

atom, however, has been measured a s  -1146.356 MHz. 

eqQ, i n  t h e  iod ine  

( 6 8 )  ou 

The eqQ f o r  t h e  X'C+ state  i n  I2 i s  est imated by t h e  
oq 

fol lowing h e u r i s t i c  argument. The I2 molecule i n  t h e  X'C 
hg 

state  d i s s o c i a t e s  i n t o  two iodine  atoms i n  t h e  P 312 s t a t e r  



12 0 

i.e. the ground state of the iodine atom. The covalent 

bonding of the I atoms in I2 results from the absence of any 

favored position for the P electrons in the molecule. The 

P 
. 3/2 

electrons are those atomic electrons which are shared 3/2 

3/2 
between the two iodine atoms in the molecule. The P 

electrons are indistinguishable so that, in effect, the 

electric field at the nuclei is the same as in the atom. 

eqQ in the I2 molecule should then be twice the eqQ in the 

iodine atom. 

Some evidence in support of this estimate is obtained 

eqQ (molecule) as measured in different Halogen from a plot of eqQ (atom) 
Halide molecules versus the electro-negativity difference of 

the two Halogen atoms in the molecule. The electro-negativity 

difference is, loosely speaking, related to the difference in 

time the binding electrons spend near each atom in the molecule. 

The plot, shown in Figure 8.3.3-1, is approximately a straight 

line and indicates that at an electro-negativity difference 

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

eqQ (molecu:e) is approximately one. In other words eqQ (atom 

eqQ(X'C+ in I*) = 2eqQ(I atom) = -2292.7 MHz. 
og 

3 An estimate for the eqQ in the B TI+ state is made by 
ou 3 

another heuristic argument. The I2 molecule in the BJII 
AU 

or ground 3/2 state dissociates into one iodine atom in the P 

state of the atom and the other iodine atom in the P state 1/2 
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which i s  t h e  f i r s t  e x c i t e d  s ta te  i n  t h e  atom. Now i f  w e  

3/2 and view t h e  bonding e l e c t r o n s  i n  t h e  I2 molecule a s  a P 

a PlI2 e l e c t r o n ,  t h e  P 

q a s  d iscussed  i n  Ramsey. 

spend equal  t i m e  i n  t h e  region of each I atom then ,  e f f e c t i v e l y ,  

q(B II+ state)  i s  1 / 2  q ( X ' C +  s t a t e ) .  There may be f u r t h e r  

reduct ion  i n  q (B  II, 

e l e c t r o n  i n  t h e  molecule may have a l a r g e r  s epa ra t ion  from t h e  

n u c l e i  than t h e  P 

eqQ (B3n s ta te )  i s  t h e r e f o r e  O<eqQ(B II, s ta te )  < 1 / 2  

eqQ ( X ' C ,  s t a t e ) .  

e l e c t r o n  does no t  con t r ibu te  any l/Z 
Assuming t h a t  t h e s e  e l e c t r o n s  ( 4 7 )  

3 

ou 3 09 

3/2 
s ta te)  due t o  t h e  f a c t  t h a t  t h e  P 

ou 

e l e c t r o n  i n  t h e  I atom. An estimate f o r  
3/2 

3 
8 U  ou 

09 
The s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  between t h e  hyperf ine 

s t r u c t u r e  states i n  two e l e c t r o n i c  l e v e l s  a r e :  

A I R  = 0 ;  A J  = kl; AF = 0, 21 

The A I R  = 0 r u l e  i s  due t o  t h e  weak coupling of t h e  nuc lear  

sp in  t o  t h e  e l e c t r o n i c  and molecular motion, so t h a t  t h e  

nuc lear  sp in  i s  unchanged i n  an e l e c t r o n i c  t r a n s i t i o n .  The 

A J  = +-1 s e l e c t i o n  r u l e  i s  t h a t  d i scussed  i n  Chapter 4 .  I n  

add i t ion ,  no t  every IR state  can be i n  every J state.  

t h e  iod ine  n u c l e i  obey Fermi-Dirac s t a t i s t i c s ,  t h e  t o t a l  

molecular wavefunction must be antisymmetric. This impl ies  

Since 

t h a t  on ly  c e r t a i n  va lues  of  IR can be a s soc ia t ed  with s p e c i f i c  

values  of J,  thus ,  l i m i t i n g  t h e  number of l i n e s .  I n  Table 8.3.3-1, 

those  states f o r  which t h e  t o t a l  molecular wavefunction i s  
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og 

J = 1,3,5 ,... $e (antisymmetric)) 

I = 1,3,5. $I (symmetric) 

antisymmetric are grouped together. The allowed transitions, 

A I  = 0, are indicated as well. 

ou 

J = 0,2,4,.. $J (symmetric) 

- -  I = 1,3,5. $I (symmetric) 

X'C, $e (symmetric) $e (antisymmetric) 

J = 0,2,4,.. JIJ (symmetric) s-.,.,.. (antisymmetric) 

I = 0,2,4. $I (antisymmetric I = 0,2,4. $I (antisymmetric) 

og 

Table 8.3.3-1- Allowed Transitions 

A complete calculation of the molecular spectrum due to 

a quadrupole interaction has been carried out for: 

eqQ(X'C+ ) = -2292.7 MHz 
og 

3 eqQ(B IT+ ) = 0 and -2292.7 MHz 
ou 

In addition, the relative strengths of the quadrupole 

transitions have been computed. The general expressions 

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

B ( J  + F + I + 1 ) ( J  + F + I ) ( J  + F - I ) ( J  + F - I - 1) F-tF-1: 
F 

F+F : B ( J  + F + I + 1 ) ( J  + F - I ) ( J  - F + I ) ( J  - F - I - 1)(2F + 1) 
F(F + 1) 

B ( J  - F + I ) ( J  - F + I - 1 ) ( J  - F - I - 1)(J - F - I - 2)  

(F + 1) 
F+F+l: 

Typical splittings and their relative strengths are shown in 

Figure 8.3.3-2. 

8.4 External Field Dependence of I2 Transitions 

The interaction of the I2 molecule with an external 

magnetic field includes terms that have linear and also 

quadratic field dependence. 

The linear field dependence arises from 

(a) an interaction of the external magnetic field with 

the nuclear spin magnetic moment vI. This contributes a 

frequency splitting AV, given by 

PIH Av, ... - h 



1 2 5  

I 
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where H is the external magnetic field. For H = 1 gauss, 

like the earth's field and 1 - 1 ~  assumed to be a full nuclear 

magneton pN = 5 x 10 -24 ergs/gauss, then AvI'- 1 kHz. 

(b) an interaction of the external magnetic field with 

A conservative the molecular rotation magnetic moment pJ. 

estimate for pJ may be made if we assume complete slip 

between the Iodine nuclei and the valence electrons as 

mentioned in Section 8.3.2. The magnetic moment due to 

the rotation of the nuclei with an effective charge +e is 

2 2er w -rrro e 2 2inro 
0 - - - r w  - 

pJ--= C c 2~rr c o  
0 

where ro is half the internuclear separation and w is the 

angular velocity of the molecule. The angular velocity w 

is obtained from the angular momentum relationship 

Mr2w 0 = 4J- +I = Jh  

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

magnetic moment then becomes 

This expression may be written in terms of a nuclear magneton 

where m is the mass of a proton so that e 

P 
- 

'N - P 
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The frequency splitting Av, due to the molecular magnetic 

moment is 

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

There is no interaction with the electrons since the 

electron magnetic moment is zero. 

The quadratic field dependence arises form the interaction 

of the induced magnetic moment with the external magnetic 

field. The induced magnetic moment depends on H, hence the 

quadratic field dependence. The molecular magnetic polariz- 
e2a2 (15) 
Mc 

ability or diamagnetic susceptibility is of order - 2 
where a is the molecular diameter and M is the mass of the 

2 2  
molecule. The induced magnetic moment is then H and the 

Mc 
interaction with the external field contributes a frequency 

splitting Avim given by 

for H = 1 gauss. 

The interaction 

electric field invo 

hMc 

of the I2 molecule with an external 

ves only terms tha, have quadratic field 

dependence. There is no linear field dependence because there 

is no first order perturbation energy. Since there is no 

permanent molecular dipole moment, the only  contribution to 
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the quadratic field dependence is from the induced electric 

dipole moment. 

like the volume of the molecule and is of order a . This 

The molecular electric polarizability goes 
3 

contributes a frequency splitting Av given by 
P 

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

A V  is 5 x lom3 HZ. P 

8.5 Interpretation of Observed Spectrum 

In this section an attempt is made to explain the observed 

spectrum. The relevant experimental data may be summarized 

as follows: 

(a) The frequency distribution of the observed resonances 

is shown in Figure 6.2-3. 

(b) Several resonances have a width of 22 MHz while 

others have a width of 100-150 MHz. Since the dominant width 

in the apparatus can be as much as 20 MHz, this implies that 

the narrow resonances observed are probably due to single 

transitions while the broader transitions are due to several 

closely spaced lines which are not resolved. 

(c) The fraction of molecules in the interaction volume 

that partake in the observed spectrum is measured as 2 x 

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

lowest vibrational levels in the ground state, namely v" = 0,1,2 
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can be involved. The v" = 2 level has been eliminated 

because of the apparent absence of anti-Stokes fluorescence 

at 5050 A which was established by placing a narrow band 

transmission filter centered at 5050 A in front of the 

photomultiplier. Anti-Stokes fluorescence at 50501 A is 

0 

0 

0 

the fluorescence that terminates on the v" = 0 level as a 

result of a laser induced transition out of the v" = 2 

level in the ground state. This conclusion, however, is 

not valid if the overlap integral, JQ' Q" dr for the upper 

vibrational level v' and the lower vibrational level v" = 0, 

is zero. 

v v  

In addition, the estimates made in this chapter for the 

splittings of the lines show that the molecular electric 

quadrupole interaction with the assumed values for eqQ 

contributes the largest splitting. The quadrupole splitting 

may be as large as 800 MHz while the splitting'due to the 

other interactions considered is of the order of 1 kHz. 

Let us now examine the I2 transitions in Appendix B, 

which have been calculated with the presently available 

molecular constants, that fall near the laser frequency as 

shown in Figure 8.5-1. The closest transition to the laser 

frequency is that between v" = 0, J" = 13 and v' = 43, J' = 12 

and is only 0.004 cm-l or 140 MHz away. 

for the lower level of this transition is 3 x which is in 

agreement with the measured fraction of molecules that partake 

The partition function 
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i n  t h e  observed spectrum. 

The est imated quadrupole s p l i t t i n g s  a s soc ia t ed  w i t h  t h i s  

t r a n s i t i o n  may be l a r g e  enough t o  expla in  the  t o t a l  frequency 

spread of t h e  observed resonances.  However, t h e  ca l cu la t ed  

s p l i t t i n g s  are n o t  as numerous o r  as c l o s e l y  spaced t o  expla in  

t h e  observed spectrum. 

Furthermore, the c a l c u l a t e d  spectrum shows several o t h e r  

t r a n s i t i o n s  i n  t h e  v i c i n i t y  of t h e  laser frequency as i n d i -  

ca t ed  i n  Figure 8.5-1. The frequency d i s t r i b u t i o n  of t h e s e  

t r a n s i t i o n s ,  wi th  or without  quadrupole s p l i t t i n g s  do not  i n  

any way resemble t h e  observed spectrum. 

A s  a n t i c i p a t e d  i n  Sec t ion  8 . 2 ,  t h e  p r e s e n t l y  a v a i l a b l e  I2 

spectrum i s  n o t  adequate t o  i d e n t i f y  t h e  I2 t r a n s i t i o n s  t h a t  

f a l l  w i th in  t h e  laser ga in  curve. However, a genera l  examination 

of t h e  ca l cu la t ed  spectrum wi th in  +lo c m - l  o f  t h e  l a s e r  f r e -  

quency does i n d i c a t e  t h a t  it i s  h igh ly  un l ike ly  t o  have a 

cluster of many t r a n s i t i o n s  i n  a bandwidth of 1300 MHz. This  

impl ies  t h a t  t h e  quadrupole s p l i t t i n g s  a r e  p a r t l y  respons ib le  

f o r  t h e  c l o s e l y  spaced s t r u c t u r e  obser'ved. 

I n  o rde r  t o  make a b e t t e r  a t tempt  a t  i d e n t i f y i n g  t h e  

t r a n s i t i o n s  involved,  it i s  clear t h a t  more r e l i a b l e  molecular 
3 cons tan t s  are needed f o r  t h e  B il state .  T h i s  would e s t a b l i s h  

more p r e c i s e l y  t h e  r e l a t i v e  spacing between t h e  p re sen t ly  
;fu 

c a l c u l a t e d  v i b r a t i o n  bands t o  determine which t r a n s i t i o n s  f a l l  

wi th in  t h e  l a s e r  ga in  curve. The r e l a t i v e  spacing between 

t h e  r o t a t i o n  levels i n  t he  same v i b r a t i o n  band has a l ready  
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been shown t o  be s u f f i c i e n t l y  accura te  with t h e  present  da t a .  

. A s i d e  from b e t t e r  molecular cons t an t s ,  it may be poss ib l e  
0 

t o  i d e n t i f y  t h e  I2 t r a n s i t i o n s  by superposing t h e  5145 A laser 

l i n e  over t h e  I2 absorp t ion  spectrum i n  a high r e s o l u t i o n  

spectrometer.  This being pursued a t  p re sen t  by Professor  

S t e i n f e l d .  (67) 

A method f o r  e s t a b l i s h i n g  t h e  r o t a t i o n a l  levels of t h e  

observed t r a n s i t i o n s  i s  t o  examine t h e  e x t e r n a l  f i e l d  depen- 

dence, i . e .  t h e  s p l i t t i n g s  of t h e  t r a n s i t i o n s  i n  an e x t e r n a l  

magnetic f i e l d .  However, t h i s  only becomes f e a s i b l e  when t h e  

l a s e r  width i s  narrowed down t o  less t h a t  1 0 0  kHz and when 

t h e  laser d r i f t  i s  s m a l l .  
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CHAPTER 9 

0 

PROPOSED STABILIZATION OF 5145 A ARGON LASER 

9.1 General 

In this chapter, a preliminary scheme is proposed for 

the stabilization of the 5145 A argon laser that incorporates 

the molecular beam of iodine as a long term reference. 

0 

The major unknown, at present, is the short term stability 

of the free running argon ion laser. Very little information 

has appeared in the literature concerning the plasma noise - 

and plasma oscillations in a constricted ionized argon dis- 

charge. Several causes of frequency fluctuations in the 

argon laser are briefly analyzed in a discussion on short 

term frequency stabilization . 
The principal sources of line broadening and line shifts 

of the iodine resonance as observed in a molecular beam are 

examined. 

Finally, several applications of long term stable lasers 

are suggested. 

9.2 Outline of Proposed Stabilization Scheme 
0 

The proposed scheme to stabilize the frequency of the 5145 A 

argon ion laser is shown in block diagram form in Figure 9.2-1. 

The scheme consists of two major feedback loops. The first is 
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a f a s t  loop t o  compensate f o r  t h e  s h o r t  term d r i f t s  of t h e  

laser frequency by using a t ransmiss ion  resonance of an 

e x t e r n a l  Fabry-Perot i n t e r f e romete r  as a s h o r t  tefm reference .  

The second i s  a comparatively slow loop, w i t h  a t i m e  cons tan t  

of t h e  o rde r  of a second, t o  c o n t r o l  t h e  long term d r i f t  of 

t h e  s h o r t  term reference .  The c e n t e r  frequency of  one of  t h e  

iod ine  resonance l i n e s  observed i n  a molecular beam i s  used 

a s  t h e  long t e r m  re ference .  

Since t h e  molecular beam i s  a primary frequency reference, 

t h e  r e s e t t a b i l i t y  of t h e  laser frequency should be approxi- 

mately t h e  same a s  t h e  long t e r m  s t a b i l i t y .  

The s l o w  response of t h e  molecular  beam reference  i s  due 

t o  t h e  small  number of f luorescence  photons t h a t  are a v a i l a b l e .  

The number of f luorescence  photons i s  l i m i t e d  by t h e  neces- 

s a r i l y  low d e n s i t y  of molecules i n  t h e  beam. A t  best an 

i n t e g r a t i o n  t i m e  of t h e  o r d e r  of a second i s  needed, f o r  

example, t o  o b t a i n  an adequate s igna l - to-noise  r a t i o  t o  

detect  a s h i f t  of about 300 Hz from t h e  c e n t e r  of t h e  50 kHz 

w i d e  molecular resonance, which corresponds t o  Av/v = 5 x 1 0  , 
a s  w i l l  be d iscussed  i n  s e c t i o n  9.4.  A f a s t  response feedback 

loop t h a t  employs, f o r  example, a Fabry-Perot interometer  as 

a r e fe rence  must t h e r e f o r e  be incorpora ted  t o  c o n t r o l  t h e  laser  

s h o r t  term s t a b i l i t y .  

-13 

The s i g n a l  t o  no i se  r a t i o  t h a t  can be obta ined  w i t h  a 

stable Fabry-Perot i n t e r f e romete r  depends on t h e  i n t e n s i t y  i n  
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the laser beam. For a beam intensity of 10 mWatts and a 

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

possible to detect a shift of 300 Hz in less than 

seconds. This estimate is based on Equation 9.4-3 in the 

section 9.4 and assumes a 10% peak transmission through the 

cavity, a 10% photodetector efficiency and that Pcisson noise 

is the dominant noise source. The cavity has to be carefully 

designed and well shielded from thermal, vibrational and 

acoustical disturbances. Moreover, the fluctuation in (10) 

the intensity of the laser light during a typical integration 

period must be less than the Poisson noise associated with 

light beam. 

The basic operation of the two feedback loop stabilization 

scheme is shown in a schematic diagram in Figure 9.2-2. Light 

from a single longitudinal mode laser is passed through a 

stable Fabry-Perot interferometer that has an inherent width 

of less than 10 MHz and is detected on a photodetector. The 

resonance frequency of the Fabry-Perot interferometer is 

modulated and the output of the photodetector, after phase 

sensitive demodulation, is used in a fast feedback loop to 

adjust the length of the long laser cavity so as to maintain 

the laser frequency at the center of the Fabry-Perot resonance. 

In this way, the laser frequency is not subjected to any 

modulation which introduce undesirable sidebands at the laser 

frequency. The modulation of the resonance frequency of the 
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Figure 9.2-2 Schematic Diagram of Stabilization Scheme 
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Fabry-Perot c a v i t y  may be achieved by varying t h e  l eng th  of 

o r  magneto-s t r ic t ive ly .  t h e  c a v i t y  p i e z o - e l e c t r i c a l l y  ( 1 0 )  

A l t e r n a t i v e l y ,  e x t e r n a l  FM modulation ( 5 0 )  of t h e  laser 

frequency may be considered. 

D r i f t s  of t h e  s h o r t  c a v i t y  i n  t h e  single-mode l a s e r  

conf igu ra t ion  cause amplitude v a r i a t i o n s  i n  t h e  l a s e r  output .  

Therefore ,  t h e  l eng th  of t h e  laser s h o r t  c a v i t y  has  t o  be 

c o n t r o l l e d  by an a u x i l i a r y  feedback loop t o  ensure t h a t  t h e  

l a s e r  power output  i s  always a t  i t s  peak value.  The phase 

s e n s i t i v e  s i g n a l  may be obtained i n  t h i s  case by modulating 

t h e  l eng th  of t h e  s h o r t  c a v i t y  which i s  n o t  expected t o  have 

a f i r s t  o rde r  e f f e c t  on t h e  laser frequency. However, t h e  

coupling effects i n  t h e  s i n g l e  mode laser have no t  been 

examined i n  d e t a i l .  For b e t t e r  s t a b i l i t y ,  t h e  three mi r ro r  

s h o r t  c a v i t y  can be  made o u t  of  a s o l i d  qua t rz  prism which 

is  coated on a l l  s i d e s ,  as descr ibed  by Johnson and Rigrod. 

The tun ing  of t h i s  s h o r t  c a v i t y  can be c a r r i e d  o u t  i n  t h i s  

case by varying t h e  temperature of t h e  prism, s i n c e  t h e  

response of t h i s  a u x i l i a r y  loop need no t  be f a s t .  

(42 1 

For t h e  long-term s t a b i l i z a t i o n  and t h e  s e t t i n g  of t h e  

laser frequency, a f r a c t i o n  of t h e  laser l i g h t  ‘is passed 

through a molecular beam of iod ine  a t  r i g h t  angles .  The 

resonance f luorescence of t h e  iod ine ,  induced when t h e  laser 

frequency f a l l s  wi th in  approximately t h e  n a t u r a l  width of a 

s e l e c t e d  iod ine  resonance l i n e ,  i s  de tec t ed  on a photomul t ip l ie r .  
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Maximum f luorescence  i s  obta ined  when t h e  l a s e r  frequency 

co inc ides  with t h e  peak of  t h e  iod ine  resonance l i n e .  Any 

dev ia t ion  of t h e  laser frequency from t h i s  re ference  i s  

de tec t ed  by a phase s e n s i t i v e  demodulation scheme. The 

r e s u l t i n g  s i g n a l  i s  used i n  a feedback loop t o  a d j u s t  t h e  

length  of t h e  Fabry-Perot c a v i t y  so t h a t  t h e  c e n t e r  of t h e  

c a v i t y  resonance i s  tuned t o  t h e  c e n t e r  of t h e  iod ine  reso- 

nance. I n  t h i s  way, t h e  l a s e r  frequency becomes t h e  c e n t e r  

frequency of t h e  s e l e c t e d  iod ine  resonance l i n e .  Again, t o  

avoid modulating t h e  l a s e r  frequency, d i r e c t  modulation of 

t h e  resonance frequency of  t h e  iod ine  t r a n s i t i o n  by S ta rk  o r  

Zeeman e f f e c t s  may be considered. Another p o s s i b i l i t y ,  i s  

the  use of an e x t e r n a l  FN laser frequency modulator 

which has  been previous ly  mentioned. 

( 5 0 )  

Feedback s t a b i l i z a t i o n  schemes are bandwidth l imi t ed .  

This  impl ies  t h a t  laser frequency f l u c t u a t i o n s  t h a t  are 

ou t s ide  t h e  bandwidth of t h e  f a s t  servo loop cannot be 

con t ro l l ed .  It is  t h e r e f o r e  e s s e n t i a l  t o  s t a r t  o f f  w i th  a 

laser t h a t  i s  as s t a b l e  as p o s s i b l e  i n  f r e e  running ope ra t ion ,  

i n  p a r t i c u l a r ,  w i th  regards  t o  high frequency noise .  The 

smaller t h e  servo  bandwidth requi red ,  t h e  easier i s  t h e  servo 

design. 

The f a c t o r s  t h a t  gene ra l ly  inf luence  t h e  speed of response 

i n  t h e  fas t  feedback loop a r e  t h e  s i g n a l  t o  no i se  r a t i o  i n  t h e  

frequency d i sc r imina to r  and t h e  frequency response of t h e  

c o n t r o l  elements. 
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The control element in the feedback loop that has the 

slowest response is the transducer that is used for tuning 

the length of the laser,cavity. Normally, the length trans- 

ducer is a piezo-electric crystal which holds one of the 

laser mirrors. The frequency response of such a mirror- 

piezo-electric crystal combination is typically several kHz. 

Smith(38) achieved 40 kHz with a 1/2 inch diameter by 1/2 

inch long crystal and a 1/2 inch diameter by 1 mm thick mirror. 

Techniques for tuning the laser frequency more rapidly have 

to be investigated in order to extend the bandwidth of the 

servo. Based on the analysis in Section 9.3.1, it is perhaps 

worthwhile to exploit the variation of the refractive index 

of the discharge medium with discharge current as a means of 

achieving fast small changes in the optical length of the 

laser cavity. 

An additional and perhaps a more significant restriction 

on the servo bandwidth is the fact that the modulation fre- 

quency discriminator must be at least 10 times greater than 

the servo bandwidth to allow for adequate filtering of the 

modulation frequency. If piezo-electric modulators are 

employed, the modulation frequency is limited to 50 kHz 

which restricts the bandwidth of the servo to about 5 kHz. 

(10) 

The investigation of other techniques for faster frequency 

modulation is very worthwhile. 

A simplified version of the servo loop is shown in Figure 
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9.2-3, where the components with the dominant time constants 

are considered and those components with shorter time constants 

are left out. The laser itself is represented by a pure gain 

A1 and the sources of laser frequency fluctuations are repre- 

sented by the disturbance input U1(s) ; G 2 ( s )  is the transfer 

function of the laser length adjustment transducer which is 

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

is a first order lag which corresponds to the integration 

time in the Fabry-Perot frequency discriminator. The Fabry- 

Perot interferometer, just like the laser, is represented by 

a pure gain A with a disturbance input U2(s) due to thermal 

and mechanical sources. In the short term loop, the transfer 

functions that have been left out include those associated 

5 

with the photodetector and the amplifiers. In addition, since 

the modulation frequency has to be higher than the bandwidth 

of the servo to achieve adequate filtering of the fundamental 

and harmonics of the modulation frequency, the modulation and 

subsequent demodulation processes are left out in this simpli- 

fied representation. 

In the long term loop, the dominant time constant is about 

one second which is associated with the integration time in 

the molecular beam frequency discriminator (G7). 

functions of the Fabry-Perot length transducer, the photo- 

multiplier, as well as the modulation and demodulation 

processes are ignored. 

The transfer 
I 
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Compensation networks G3(s) and G 6 ( s )  are needed t o  

ensure t h a t  t h e  loop remains s t a b l e  with as wide a bandwidth 

a s  poss ib l e  and a l s o  t o . b o o s t  t h e  low frequency open loop 

ga in  t o  reduce s t a t i c  e r r o r s .  The major unknowns a t  p resent  

are t h e  magnitude and frequency range of U,(s) which can 

appreciably inf luence  t h e  performance requirements of t h e  

fas t  feedback loop. Sources of l a s e r  frequency f l u c t u a t i o n  

are d iscussed  i n  t h e  next  s ec t ion .  

The design and performance of a c o n t r o l  system f o r  t h e  

H e - N e  l aser  i n  which a Fabry-Perot c a v i t y  i s  used as a s h o r t  

term reference  and an absorp t ion  l i n e  i n  a neon gas discharge 

i s  used a s  t h e  long term re fe rence  has been discussed by 

The bandwidth of t h e  servo achieved by White w a s  (10) White. 

about LO kHz and t h e  open loop g a i n  w a s  5 0  dB a t  0 . 1  Hz  and 

25  dB from 1 t o  l o 3  Hz. 

The proposed c o n t r o l  system i n  t h i s  chapter  i s  s imilar  t o  

t h a t  o f  Whi te  bu t  o f f e r s  t h e  fol lowing advantages: 

(a) t h e  h igher  o p t i c a l  power of t h e  argon ion laser 

inc reases  t h e  s igna l - to-noise  r a t i o  i n  t h e  Fabry-Perot 

frequency d i sc r imina to r  

(b)  t h e  use of t h e  d ischarge  c u r r e n t  t o  vary the  refractive 

index of t h e  l a s i n g  medium may prove t o  be an e f f e c t i v e  f a s t  

laser frequency c o n t r o l  element 

(c) t h e  i n t e g r a t i o n  t i m e  a s soc ia t ed  wi th  t h e  molecular 

beam reference  i s  about 1 0 0  t i m e s  s h o r t e r  than t h a t  assoc ia ted  
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with t h e  absorp t ion  cel l  re ference  used by White. 

The proposed s t a b i l i z a t i o n  scheme should i n  p r i n c i p l e  be 
13  capable  of holding t h e  laser frequency t o  s e v e r a l  p a r t s  i n  1 0  

f o r  an i n d e f i n i t e  per iod  of t i m e .  This i s  based on t h e  capa- 

b i l i t y  of t h e  molecular beam re fe rence ,  as w i l l  be d iscussed  

i n  s e c t i o n  9 .4  and on t h e  assumption t h a t  t h e  laser can be 

short-term s t a b i l i z e d  t o  a few p a r t s  i n  1 0 1 3  f o r  a per iod  of 

t h e  

9 . 3  

t h e  

o r d e r  of a second. 

Discussion on t h e  Short  Term Frequency S t a b i l i t y  of t h e  
Free Running Argon Ion Laser 

The s h o r t  term f l u c t u a t i o n s  and t h e  s h o r t  t e r m  d r i f t  of 

laser  frequency have been s tud ied  by J a s e j a ,  Javan and 

Townes , (2)  

and Manes, (51) (6328 H e - N e  l a se r ) ,  and by Freed, 

(C02 l a s e r ) .  

by Jaseja, e t  a l ,  who claimed a s h o r t  term l a s e r  s p e c t r a l  

width of 8 p a r t s  i n  1 0 1 4  f o r  less than a secondiand a s h o r t  

term d r i f t  of one p a r t  on 1013  per  second. 

(1.15 1-1 He-Ne l a s e r ) ,  by Siegman, Benedetto Daino 

(52 1 

The b e s t  frequency s t a b i l i t y  d a t a  w a s  repor ted  

Unfortunately,  d a t a  concerning t h e  s h o r t  term frequency 

s t a b i l i t y  of t h e  free running argon ion l a s e r ,  which i s  of 

major concern i n  t h e  proposed s t a b i l i z a t i o n  scheme, have not  

appeared i n  t h e  l i t e r a t u r e ;  t h e  i n v e s t i g a t i o n  of ' t h e  argon 

i o n  laser s h o r t  term s t a b i l i t y  is  considered ou t s ide  t h e  

scope of t h i s  t h e s i s .  
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9.3.1 Sources of Laser Frequency F luc tua t ions  

The f l u c t u a t i o n s  i n  t h e  frequency of the  s i n g l e  longi-  

t u d i n a l  argon ion  laseraare  gene ra l ly  caused by mechanical 

and thermal e f f e c t s  and a l s o  by t h e  v a r i a t i o n  i n  t h e  refrac- 

t i ve  index of t h e  l a s i n g  m e d i u m .  Most of t h e s e  noise  sources  

have been s tud ied  i n  connection w i t h  o t h e r  types  of gas  

lasers. 

Techniques f o r  v i b r a t i o n  and a c o u s t i c a l  i s o l a t i o n  are 

d iscussed  i n  r e fe rences  ( 2 ,  51, 52) .  I n  t h e  case of t h e  argon 

ion  laser,  a d d i t i o n a l  sources  of mechanical no i se  e x i s t ,  such 

a s  t h e  flow of water  around t h e  d ischarge  tube  and t h e  forced 

a i r  for cool ing t h e  cathode and anode. New discharge .tube 

designs are becoming a v a i l a b l e  where both t h e  water  and the  

forced a i r  cool ing  may be dispensed w i t h .  

Because of t h e  r e l a t i v e l y  high power d i s s i p a t i o n  i n  t h e  

ion ized  d ischarge ,  t h e  argon laser tube  runs h o t t e r  than i n  

low c u r r e n t  lasers. However, t h e  v a r i a t i o n  of  t h e  length  of 

t h e  c a v i t y  due t o  thermal effects is expected t o  be slow with 

t y p i c a l  thermal t i m e  cons tan ts .  

The v a r i a t i o n  i n  t h e  refractive index of  t h e  laser ga in  

medium changes t h e  frequency of the  laser according t o  t h e  

following r e l a t i o n s h i p  

pi = I *Lopt I = 1"1 f 
Lopt . . . " 9.3.1-1 
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where L, i s  t h e  laser frequency; L i s  t h e  o p t i c a l  l eng th  

of t h e  laser c a v i t y ;  L i s  t h e  phys ica l  l eng th  of t h e  c a v i t y  

and n i s  t h e  r e f r a c t i v e  index of t h e  laser medium which i s  

o p t  

assumed t o  f i l l  t h e  e n t i r e  cav i ty .  There a r e  s e v e r a l  e f f e c t s  

t h a t  c o n t r i b u t e  t o  t h e  va lue  of  n so t h a t  

+ n  + n 3 + n  . . . . . . 9.3.1-2 1 2 n = l + n  

and t h e  f r a c t i o n a l  change i n  n i s  then given by 

An4 + -  - = -  + - + -  An Anl An2 An3 
n n n n n 

where : 

i s  t h e  con t r ibu t ion  from t h e  anomalous d i spe r s ion  of t h e  n 

ga in  medium. I t  i s  zero a t  t h e  c e n t e r  of t h e  atomic resonance 

and has  oppos i te  s ign  on e i t h e r  s i d e  of cen te r .  A t  any one 

1 

frequency, t h e  magnitude of nl i s  propor t iona l  t o  t h e  popula- 

t i o n  invers ion .  

1 x which depends on both t h e  populat ion invers ion  and 

nl can have a range of values  up t o  about 

t h e  sepa ra t ion  between t h e  laser frequency and t h e  c e n t e r  of 

t h e  atomic resonance. Var ia t ions  i n  n a r e  expected t o  be 1 
s i m i l a r  t o  those  i n  o t h e r  lasers t h a t  are operated a t  t h e  

same laser power and gas  pressure .  

i s  t h e  con t r ibu t ion  of t h e  n e u t r a l  gas  which depends on n2 

t h e  g a s  dens i ty .  

about 3 x Again t h i s  e f f e c t  i s  s i m i l a r  t o  t h a t  i n  c t h e r  

For an argon pressure  of lmmHg, n2 i s  
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l a s e r s .  

i s  t h e  con t r ibu t ion  due t o  t h e  d e n s i t y  of charged 3 n 

p a r t i c l e s  i n  t h e  plasma., 

rnately given by n 

frequency and L, i s  t h e  laser frequency. For t y p i c a l  

= 3 x 1 0 l 1  Hz e l e c t r o n  d e n s i t i e s  of 1 0 1 4  e l e c t r o n s  pe r  c m  , f e  

1 4  so t h a t  a t  t h e  laser frequency of 5.9 x l O I 4  Hz, n3 - 
i .e.  n3 = 2.5  x l o w 7 .  
t h e  r a t i o  of t h e  e l e c t r o n  m a s s  t o  t h e  i o n  m a s s  and t h i s  f a c t o r  

i s  - 1 0  The e f f e c t  of n3 i s  obviously 

l a r g e r  i n  t h e  argon ion  l a s e r  t han  i n  low c u r r e n t  discharge 

lasers. 

must be held t o  one p a r t  i n  l o 6  i n  o r d e r  t h a t  t h e  e f f e c t  of 

The magnitude of n3 i s  approxi- 
f e  2 

v O  
(-1 where f e  i s  t h e  e l e c t r o n  plasma 3 -  

0 
3 

3x1Ol1 
5 . 8 ~ 1 0  

The e f fec t  of t h e  i o n s  i s  smal le r  by 

-5 f o r  t h e  argon ion.  

For example, f o r  n3 = 3 x l o e 7 ,  t h e  d ischarge  c u r r e n t  

An3 on t h e  laser frequency i s  less than  5 p a r t s  i n  The 

f r a c t i o n a l  f l u c t u a t i o n  i n  t h e  d ischarge  c u r r e n t  due t o  Poisson 

noise  only  should be smaller i n  t h e  argon i o n  l a s e r  because 

of t h e  h igher  d ischarge  cu r ren t .  

n4 
which are cooperat ive phenomena t h a t  involve  a l a r g e  number of 

charged p a r t i c l e s .  The c h a r a c t e r i s t i c s  of t h e s e  plasma o s c i l l a -  

i s  t h e  con t r ibu t ion  due t o  plasma a c o u s t i c a l  o s c i l l a t i o n s  

t i o n s  have been s tud ied  i n  helium-neon lasers by B e l i s i o ,  

Freed and Haus (55 1 and, a l s o ,  by P r e s c o t t  and Van d e r  Z i e l .  ( 5 4 )  

I n  a d o c .  operated H e - N e  d i scharge ,  t h e  th re sho ld  f o r  t h e  

onse t  of plasma o s c i l l a t i o n s  depends on t h e  dimensions of 

t he  d ischarge  tube ,  t h e  gas p re s su re  and t h e  va lue  of t h e  

discharge cu r ren t .  The frequency spectrum of t h e  o s c i l l a t i o n s  
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In r-f dis- ( 5 6 )  appears to extend up to about 100 kHz. 

charges where the driving frequency is in the tens of 

megacycles, plasma oscillations seem to be absent. Although 

it has been indicated that plasma acoustical oscillations 

may not exist in d.c. operated ionized noble gas lasers due 

to the positive resistance characteristic of the discharge 

at high currents, quantitative data are not available. In 

addition it has also been claimed that rf operated argon 

ion discharges did not exhibit any plasma oscillations. (57) 

Other types of plasma oscillations may be caused by plasma 

instabilities due to magnetic field effects associated with 

the high density of charged particles and also due to the 

external magnetic field. 

The major contributions to the short term laser spectral 

width are expected to come from the rapid changes in the 

refractive index due to plasma oscillations and current 

density fluctuations. The other noise sources mentioned 

above tend to contribute to the short term wandering of the 

laser frequency rather than to the spectral width. 

It is clear that a thorough study has to be made of the 

constricted argon ion discharge as to inherent instabilities, 

as well as the effects of external magnetic fields, the para- 

meters in the external circuit, gas pressure, current density, 

etc., before a serious attempt is made at stabilizing the argon 

ion laser. This may involve trying out new discharge tube 

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

9.3.2 Fundamental Noise,Sources in a Free Running Laser 

A fundamental noise source in the laser medium is that 

due to the spontaneous emission of the inverted population 

which introduces a quantum phase fluctuation. This produces 

a frequency spread of the laser oscillation Av where (51) 
f 

rhvO 2 Avf - - (Avcav) . . . . . . 9.3.2-1 P 

where Av is the width of the "cold" 
v v;?q 

- - -  0 -- , 7 is the cavity loss, and Q 2 nL 
output. For a 5% cavity loss in a 100 

power output of 1 mW, Avf = 10 Hz or -1 

laser cavity 

P is the laser power 

cm long cavity with a 
- 16 Avf/vo = 2 x 10 . 

The thermal vibration of the cavity provides another 

fundamental noise source. An estimate of the change in the 

length of the cavity which corresponds to a frequency shift 

AL caused by thermal vibrations at room temperature Av = v o r  
may be made as follows. 

For a cavity consisting of a cylindrical rod,'length L, 

area A, and mass M at room temperature T, the 'amplitude of the 

longitudinal thermal vibration x is given by 

1 2 2 2  - k T  = 2 r  Mf n 2 
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where 1 / 2  kT i s  t h e  e q u i p a r t i t i o n  energy and f i s  t h e  

frequency of t h e  v i b r a t i o n ,  so t h a t  

1 k T  1 / 2  

21T Mf . . . . . . . . 9.3.2-2 
n = -  (-+ 

For t h e  longes t  x, f has t h e  smallest frequency of v i b r a t i o n .  

The frequency of t h e  lowest s t r e t c h i n g  mode i s  

where Eis t h e  v e l o c i t y  of propagation of long i tud ina l  

waves i n  t h e  rod,  Y i s  t h e  Young's modulus and p is  t h e  

dens i ty .  S u b s t i t u t i n g  i n  Equation 9.3.2-2 f o r  f w e  g e t  

Since M = pV where V i s  t h e  volume of t h e  rod,  x becomes 

This causes a change i n  t h e  laser  frequency of 

For T = 3000' K ,  Y 2 1 0 l 2  dynes/cm 2 , L = 1 0 0  c m ,  V = 1 0  3 3  c m  , 
-15 then Av/v = 3 x 1 0  e The frequency f of  t h e  lowest s t r e t c h i n g  
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mode i s  of t h e  o r d e r  of several kHz. 

For t h e  case i n  which t h e  laser mir ror  i s  supported on a 

p i ezo -e l ec t r i c  c r y s t a l ,  where t h e  combined volume of mir ror  

and c r y s t a l  is 1 0  an3 and t h e  cornbined l eng th  R = 3 c m ,  then 

The frequency of t h e  v i b r a t i o n  i n  t h i s  case i s  i n  t h e  t e n s  of 

kHz. 

The narrowest laser s p e c t r a l  width t h a t  has been measured 

so f a r ,  namely, 8 p a r t s  i n  l o L 4  f o r  t h e  Helium-Neon l a s e r ,  ( 2 )  

i s  be l ieved  t o  be l imi t ed  by e x t e r n a l  sources  and no t  by 

fundamental l i m i t a t i o n s .  

9 . 4  Discussion on t h e  U s e  of t h e  I2 Molecular Beam as a 
Long Term Reference 

In  order  t o  use one of t h e  resonances i n  t h e  molecular 

beam of I as a long term frequency r e fe rence ,  we  need t o  

know (a)  t h e  s i g n a l  t o  no i se  r a t io  expected i n  a s p e c i f i c  

i n t e g r a t i o n  t i m e ,  (b )  t h e  e f f e c t i v e  width of t h e  resonance 

and (c) t h e  p o s s i b l e  sources  of s h i f t s  of t h e  resonance 

frequency. 

2 

Again, it i s  assumed, f o r  t h e  purpose of t h i s  d i scuss ion ,  

t h a t  t h e  s p e c t r a l  width and t h e  s h o r t  term d r i f t  of t h e  argon 

ion  laser a r e  adequate,  i . e . ,  s i m i l a r  t o  t h e  Helium-Neon 

(2 1 l a s e r .  
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9 . 4 . 1  Determination of t h e  Resonance Peak 

The s i g n a l  t o  no i se  r a t i o  d i c t a t e s  how w e 1  t h e  peak of 

t h e  resonance can be determined. I n  t h e  case of a resonance 

l i n e  wi th  a Lorentzian shape, t h e  amplitude V ( v )  a s  a 

func t ion  of frequency i s  descr ibed  by 

vo r2  
2 V ( v )  = 

( v  - v 0 i 2  + r 

where Vo i s  t h e  peak amplitude t h a t  occurs a t  vo  and 2 r  i s  

t h e  width of t h e  resonance l i n e .  The frequency d iscr imina t ing  

a b i l i t y  a t  any frequency v i s  given by t h e  s lope  -. The 

po in t s  on t h e  resonance curve t h a t  are most s e n s i t i v e  t o  

dV 
dv 

frequency changes are t h e  i n f l e x i o n  po in t s  where t h e  s lope  

- dV i s  a maximum. dv 
p o i n t s  l oca t ed  a t  v - vo = f - i s  

The magnitude of t h e  s lope  a t  t h e  i n f l e x i o n  

3 

d v j  
- - + -  3 . 5  - vo 

8 r . . . . . . . . 9 . 4 . 1 - 1  dv max 

I f  dv i s  assumed t o  be t h e  unce r t a in ty  i n  t h e  frequency 

due t o  a no i se  s i g n a l  dV, then Equation 9.4.1-lemay'be re- 

w r i t t e n  a s  

dV dv - = f 0.65 - r vO 
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or 

9.4.1-2 dv -. - . . . . . . . . . . . . .  217 

v o m  
This relationship implies that the uncertainty in the frequency 

at the inflexion points of the resonance curve is given by 

the width of the resonance divided by the peak signal to noise 

ratio. For example, if the resonance width is 50 kHz, the 

signal to noise ratio needed to limit the frequency uncertainty 

to, say, 300 Hz, has to be 5 l o 4  102 .. 150. 

Assuming only Poisson noise, the peak signal to noise 

ratio is given by N O ~ / ( N O ~ )  ‘h 

detected per second and T is the integration time. Substi- 

tuting in Equation 9.4.1-2 we get an expression for the 

where No is the number of photons 

frequency shift dv that can be detected in terms of a Poisson 

noise limited signal which is 

dv = 
( N o  T I”= . . . . . . . . .  9.4.1-3 

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

The signal to noise ratio in the measured resonance 

fluorescence in the present experiments is about 20 to 1 

in an integration time of 1/30 second and is close to the 

value estimated if Poisson noise is the dominant noise. The 
I 

measured value of the signal to noise ratio is expected to 

remain the same when the effective doppler width of the 
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iod ine  resonance i n  t h e  beam i s  f i n a l l y  reduced t o  50  kHz, 

as w i l l  be shown i n  t h e  next  s ec t ion .  I t  should then be 

poss ib l e  t o  d e t e c t  a frequency s h i f t  of 3 0 0  Hz i n  an i n t e -  

g r a t i o n  t i m e  of about 2 seconds. 

9 . 4 . 2  The E f f e c t i v e  Width of t h e  I2 Resonance i n  t h e  
Molecular B e a m  

I n  o rde r  t h a t  t h e  effective doppler width of t h e  I2 

resonance i n  t h e  beam approach t h e  n a t u r a l  width of 5 0  kHz, 

sources  of l i n e  broadening have t o  be minimized. 

The angular  width of t h e  molecular beam as def ined by 

t h e  geometry of t h e  s l i t s  in t roduces  a doppler broadening. 

I f  t h e  molecular beam diverges  by a small  ha l f  angle  O r  

then a symmetrical doppler s h i f t  of t h e  resonance l i n e  

r e s u l t s  due t o  t h e  p ro jec t ion  of t h e  molecular v e l o c i t y  

vec to r  along t h e  laser beam. 

introduced by t h e  s l i t s  i s  given by 

The doppler  width Avdoppler 

vb = 2 -  v o  "doppler C 

where vb i s  t h e  average v e l o c i t y  of t h e  molecules i n  t h e  

beam and vo  i s  t h e  resonance frequency of t h e  molecular 

t r a n s i t i o n .  If  t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  molecules 

i s  taken i n t o  account,  t h e  doppler  width i s  f u r t h e r  broadened 

t o  
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6 vo . . . . . . 9.4.2-2 "doppler C 
s 4 -  vb 

because t h e  width of  t h e  v e l o c i t y  d i s t r i b u t i o n  curve i s  

about 2 Gb. 
Equation 9 . 4 . 2 - 1  a p p l i e s ,  i n  t he  same way, t o  t h e  l a s e r  

beam wi th  a h a l f  divergence angle  8.  
4 For I a t  room temperature vb = 1 .87  x 10 cm/sec, so 2 

N t h e  h a l f  angle  6 should be - Avna tu ra l '  t h a t  f o r  Avdoppler 

4 X 

f o r  t h e  l a s e r ,  s i n c e  4 x lom5 r ad ians  i s  wi th in  t h e  d i f f r a c t i o n  

l i m i t  o f  a small  l e n s  where 6 = 1 . 2 2  - ; 1 i s  t h e  wavelength 

of t h e  l i g h t  and D i s  t h e  diameter  of t h e  l ens .  I n  t h e  case 

of t h e  molecular beam wi th ,  say  15 c m  between t h e  oven and 

co l l ima t ing  s l i t ,  t h e  r e s t r i c t i o n  on 9 implies  t h a t  each 

s l i t  cannot be wider than l o v 3  cm. 

beam i n t e n s i t y  by a f a c t o r  of 4 0 .  To o f f s e t  t h i s  l o s s ,  t h e  

oven pressure  can be increased  by a f a c t o r  of 10 s ince  t h e  

oven s l i t  i s  narrower and a s h o r t e r  mean f r e e  pa th  can be 

t o l e r a t e d .  I n  add i t ion ,  t h e  i n t e r a c t i o n  volume can be 

increased  by a t  least  a f a c t o r  of 5 by en larg ing  t h e  laser 

beam diameter t o  cover t h e  e n t i r e  he ight  of t h e  molecular 

beam a t  t h e  i n t e r a c t i o n  region.  

rad ians .  This  does no t  c o n s t i t u t e  much of a problem 

x 
D 

This reduces t h e  p re sen t  

Non-orthogonality between t h e  laser and t h e  molecular 

beam in t roduces  a doppler  s h i f t  6vd given by 

- 
vb 

@ v o  6 V d  = 2 - 
C 
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where Cp i s  t h e  misalignment angle.  Cp must be less than 

4 x 

than 300 Hz. In  o rde r  t o  e l i m i n a t e  t h e  doppler s h i f t  due t o  

non-orthogonality,  t h e  l a s e r  l i g h t  i s  r e f l e c t e d  back on 

i t se l f  through t h e  I2 beam. 

doppler  s h i f t  t o  a symmetrical broadening of t h e  resonance 

l i n e .  

a broadening of about 50 kHz. A p rec i s ion  corner  cube 

reflecter may be used t o  ensure t h a t  t h e  r e f l e c t e d  beam i s  

superposed on t h e  inc iden t  beam. 

r ad ians  o r  0 . 0 7  seconds of arc f o r  6vd t o  be less 

This converts  t h e  misalignment 

A Cp of l o W 4  rad ians  o r  1 0  seconds of a r c  con t r ibu te s  

The i n t e r a c t i o n  of t h e  iod ine  molecule with s t a t i c  e x t e r n a l  

f i e l d s  can broaden t h e  observed width of t h e  resonance. The 

c a l c u l a t i o n s  i n  Sec t ion  8 . 4  i n d i c a t e  t h a t  t h e  dominant e f f e c t  

comes from t h e  i n t e r a c t i o n  of an e x t e r n a l  magnetic f i e l d  with 

the  nuc lear  sp in  magnetic moment and a l s o  wi th  t h e  molecular 

r o t a t i o n  magnetic moment. I n  a f i e l d  of one gauss ,  t hese  

i n t e r a c t i o n s  c o n t r i b u t e  a symmetrical broadening of t h e  

o rde r  of 1 kHz which i s  s m a l l  compared wi th  t h e  50 kHz 

n a t u r a l  l inewidth of t h e  molecular t r a n s i t i o n .  I n  any case ,  

magnetic s h i e l d s  may be used t o  reduce t h i s  e f f e c t  i f  necessary.  

9 . 4 . 3  Frequency S h i f t s  of t h e  I2 Resonance i n  t h e  Beam 

I f  t h e  iod ine  molecule i s  observed a t  an angle  Cp with 

r e s p e c t  t o  t h e  normal t o  i t s  d i r e c t i o n  of motion, t h e  

apparent frequency v '  of t h e  t r a n s i t i o n  i s  given by 
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0 V 

v' = 
vb y(1 - - sin (9) 
C 

- 
where vo is the true frequency of the transition, vb is the 

velocity of the molecule, c is the velocity of light and 

y = (1 - 2) is the special relativistic factor. 
-2 Vb -1/2 

C 
The shift due to the misalignment angle (9 has been 

discussed in the previous section under a first,order doppler 

shift. 

The effect of the relativistic time dialation reduces the 

true frequency vo by a factor of order GE/c2, the so called 

second order doppler shift. The average velocity of the 

molecules in the beam is Gb = 1.87 x 10 cm/sec, so that 

the contribution of this relativistic effect is 3- = 

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

4 

Av vi 
-z= 
C 

shift with the temperature in the oven is given by 

-13 AT - Av - = 3 x 1 0  T V 

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

T = 300° K, AV/V = 

a small effect. The velocity distribution of the molecules 

in the beam contributes a slight broadening about the 

shifted center frequency of the resonance. 

-13 
AT = AT and is clearly 3 x 10 

3oo 

The frequency shift due to the recoil of the I2 molecule 

in absorbing a photon dvrecoil is obtained from conservation 
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of momentum and its maximum value is 

-12 8 x 1 0  'vrecoi1 I maix - - - =  hv 0 

v O  M12C 
2 

where M 

shift in the true sense since it belongs to the natural 

is the mass of the I2 molecule. This is not a 
I2 

excitation process. The center frequency of the resonance 

must obviously take this into consideration. 

A possible source of frequency shift may be caused by 

the variation in the intensity of the laser field. This is 

termed "intensity shift" which is due to a perturbation of 

the energy levels in the molecule by the application of a 

resonant time-varying field. This has been observed in the 

case of the Cesium atomic beam clocks where the effect was 

of the order of cycles/mW of incident energy. (58) A study 

who shows of such an effect has been made by Mizushima 

that there are two types of shifts in the frequency of the 

transition; an electric shift Qe and a magnetic shift Qm 

which are both dependent on the applied field. These are 

(59) 

given by 

1 
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and 9.4.3-1 

where a,F( r e f e r  t o  t h e  states a s soc ia t ed  wi th  t h e  t r a n s i t i o n  

having energ ies  W a ,  W B ;  y i s  a v a r i a b l e  which refers t o  o t h e r  

s t a t e s  bu t  does no t  inc lude  e i t h e r  01 o r  6; w i s  t h e  angular  

frequency of t h e  i n c i d e n t  r a d i a t i o n ;  c0 ,  Bo a r e  t h e  e lectr ic  

and magnetic vec to r s  of t h e  app l i ed  f i e l d ;  I (a lex 'Mely)I  i s  

the  e lectr ic  d ipo le  moment matr ix  element between s t a t e s  a 

and y ,  and I (a leiaMmly)  I i s  t h e  magnetic d i p o l e  moment ma t r ix  

element between states a and y. 

Equation 9 .4 .3-1  may be used t o  o b t a i n  an o rde r  of magni- 

tude e s t ima te  of t h e  s h i f t  i n  t h e  I2 t r a n s i t i o n  by use of  

some s impl i fy ing  assumptions. The dominant e f fec t  i n  our  case ,  

i.e. electric d i p o l e  t r a n s i t i o n ,  i s  t h e  e lec t r ic  s h i f t  Qe, 

where a refers t o  t h e  lower level and B refers t o  t h e  upper 

l e v e l  of t h e  t r a n s i t i o n .  The l a r g e s t  c o n t r i b u t i o n  comes from 

t h e  term assoc ia t ed  with t h e  resonant  denominator ( h + W a - W  )-I 

when t h e  l e v e l  y i s  c l o s e s t  t o  l e v e l  6, i . e .  when W 

I f  t h e  level  y i s  assumed t o  be a c l o s e  r o t a t i o n a l  l e v e l  t o  

the  upper s ta te  0 ,  where t h e  sepa ra t ion  i s  around 1000 MHz, 

then t h e  value of t h e  resonant  denominator becomes ( l o 9  h) -I. 

Y 
- W B .  Y 
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2 2 In addition, (aleX'Mely) is approximately (ale 'M 1 6 )  X - e  
2 
12 

which is lJ . ( 6  I eAoMe I y )  is zero since pure rotational 

transitions are not allowed in a homonuclear molecule. 

Thus, L? becomes e 

2 2 
e.s.u. and c 0  = - *' I where I is the 

C - The measured v12 is 
L 

laser intensity at saturation per cm2 so that c0 = 2 x 
2 (stat volts/cm)2 for I = 2 mW/cm . The frequency shift bve 

due to the laser intensity becomes 

and is a small shift. 

Let us now consider the iGteractions between the molecules 

in the beam. The absence of a molecular dipole moment makes 

the molecular quadrupole moment interaction the dominant 

interaction between the molecules in the beam. A typical 

beam density at the interaction region is estimated in Section 

5.2 as p = 3 x lolo molecules/cm3. 

average spacing between molecules in the beam is ( p )  

3 x 

factor of 3 x 10 . Perturbation of the molecular energy 

This implies that the 

-1/3 or 

cm. This is larger than a molecular diameter by a 
4 

levels due to the quadrupole-quadrupole interaction between 
2 4  

the molecules is of order - e a and is about 10 -31 ergs where 
R5 



161 

a i s  t h e  molecular diameter and R i s  t h e  average spacing 

between the  molecules. This  pe r tu rba t ion  con t r ibu te s  a 

s h i f t  i n  t h e  energy levels of 3- - 1 0  Av -2 1 . 

9.5 Applicat ions of Long Term S tab le  Lasers 

There are several a r e a s  where a long t e r m  s t a b i l i z e d  

laser may be use fu l .  

(a) Wavelength Standards.  This  i s  perhaps a n a t u r a l  

app l i ca t ion ,  where both long t e r m  s t a b i l i t y  and r e s e t t a b i l i t y  

of t h e  l a s e r  frequency are important.  The wavelength s tandard 

( 6 0 )  is  t h e  2p10 - 5d emission l i n e  of Krypton a t  p re sen t  

and i s  def ined t o  an accuracy of  one p a r t  i n  1 0  . The gas 

86 
5 

8 

l a s e r ,  so f a r ,  has no t  been a s t rong  r i v a l  t o  t h e  Krypton 

lamp. A molecylar beam s t a b i l i z e d  laser,  however, may 

eventua l ly  supersede t h e  p r e s e a t  wavelength s tandard.  I n  

t h e  case of t h e  I2 - 5145 A laser scheme, t h e  wavelength of 
0 

t h e  chosen I2 resonance would become t h e  s tandard.  Assuming 

adequate argon ion laser s h o r t  t e r m  s t a b i l i t y ,  t h e  r e s e t t a b i -  

l i t y  of  t he  laser frequency should be b e t t e r  than one p a r t  i n  

(b)  Geophysics. A laser t h a t  has good long term s t a b i l i t y  

might make it p o s s i b l e  t o  measure low frequency o r  DC s t r a i n s  

i n  t h e  e a r t h .  (61) 

with c o n t i n e n t a l  d r i f t ,  have been est imated t o  be of o rde r  

AR/R -. 10-l’ p e r  year .  

I n  p a r t i c u l a r ,  t h e  s t r a i n s  assoc ia ted  

(1)’ 
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(c) Communication. A laser local oscillator with a 

narrow spectral width at a known frequency enhances the 

signal to noise power in heterodyne detection in optical 

communication. 

is given by 

The ratio of the signal to noise power Psn 

where As is the power in the received signal; AB is the 

bandwidth of the I.F. receiver and k is a constant. The above 

expression assumes the photodetector is dominated by Poisson 

noise of the local oscillator. 

The I.F. bandwidth is, in principle, determined by the 

bandwidth of the information in the received signal. In 

addition, the I.F. bandwidth must also be wide enough to 

accomodate for drifts between the local oscillator and the 

transmitted carrier. In the case where signal to noise is 

more important than the bandwidth, it is advantageous to 

maintain a small bandwidth, thus necessitating the frequency 

stability of both the carrier and the local oscillator. 
I ,  

(d) Physics. A clear application of such a device would 

be in the study of the interaction between coherent radiation 

and individual unperturbed molecules; for example, intensity 

shifts, 

tion probability goes like sin2 t rather than t, saturation 

resonance excitation in which the optical transi- (59)  
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broadening phenomena, etc.  

(e) Experimental R e l a t i v i t y .  One experiment t h a t  i s  

contemplated as soon a s , t w o  s t a b i l i z e d  lasers are a v a i l a b l e  

is t h e  measurement of t h e  anisotropy of mass i n  t h e  I2 

molecule. ( 6 2 '  6 3 r  6 4 )  

i n  "Ether  d r i f t "  experiments,  i n  p a r t i c u l a r ,  it may become 

p o s s i b l e  t o  perform one way v/c measurements; f o r  example, 

bea t ing  two independently s t a b i l i z e d  lasers t h a t  are loca ted  

a t  d i f f e r e n t  d i s t a n c e s  from t h e  de t ec to r .  

The l a s e r  should a l s o  f i n d  app l i ca t ions  
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CHaPTER 1 0  

SUMMARY AND DIRECTIONS FOR FUTURE WORK 

10.1 Summary of Work Accomplished 

The principal objective in the thesis is to find a 

stable and sharp optical frequency reference that may be 

used, in a feedback loop, to stabilize the frequency of a 

laser. 

Atomic or molecular resonances, observed in a molecular 

beam, are natural candidates for such an application. Mole- 

cular beam techniques provide a means for observing isolated 

particles where collisions are virtually absent. The effective 

doppler width of the transitions is very much reduced if the 

beam is well collimated and the particles are observed at 

right angles to their motion. Several techniques of using 

a molecular beam in laser frequency stabilization have been 

presented. 

The major accomplishment has been the resonance excitation 
0 

of molecular iodine in a beam by a 5145 A single longitudinal 

mode argon ion laser. As far as is known, this is the first 

report of a laser induced transition in an atomic or molecular 

beam. 

observing the resonance fluorescence of the molecules as a 

The excitation of the I2 molecules was detected by 
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result of laser excitation. Resonance fluorescence first 

appears when the laser frequency is about 600  MHz above that 

of the center of the laser gain curve and extends over 

approximately 1300 MHz. The structure of the observed reso- 

nances has not been completely resolved because the inherent 

width in the apparatus was of the order of 10 MHz, due to the 

spectral width of the single mode laser. Several of the 

resonances have a width of 22 MHz which is comparable to the 

limiting width in the apparatus. This implied that the ulti- 

mate width of these lines might be narrower than 22 MHz. 

A measurement of the lifetime of the excited state in I2 

was then carried out to determine the natural width 

of the observed transitions. The lifetime measurement was 

performed by pulsing the laser light and then observing the 

decay of the induced fluorescence. The time constant of 

the exponential decay, i.e. the lifetime, was measured as 

3 1-1 seconds. The natural width of the transitions is inferred 

to be 50 kHz from the measured lifetime. 

Analysis of the data from the molecular beam experiments 

as well as absorption cell measurements showed that 

(a) the iodine transitions saturated at a power spectral 

density of 4.0 x 10”O Watts/cm2-Hz : 
-19 (b) the dipole moment matrix element was 1.0 x 10 e.s.u. 

and 

(c) the total population fraction of the molecules involved 



16 6 

in the observed transitions was 2 x lom3. 

The electronic states in I2 that are involved are the 
X'C+ ground electronic,state and the B 3 It+ electronic state. 

09 ou 
An attempt has been made to identify the vibrational and 

rotational quantum numbers associated with the observed 

resonances as well as to explain their structure. Estimates 

of the hyperfine structure in the I2 molecule showed that the 

nuclear electric quadrupole interaction is the dominant one. 

The quadrupole splittings can extend from 200 - 800 LWZ, 

depending on what the value of eqQ in the B JI 

out to be. 

state have been estimated by heuristic arguments. The hyper- 

fine interactions due to nuclear spin-spin and nuclear spin- 

3 state turns 

and the B JI 3 6U 
The values of eqQ in both the X ' C +  

09 &U 

molecular rotation contributes a splitting of the order of 

1 kHz. 

is also small. The observed spectrum was then compared with 

The external field dependence of the I2 transitions 

the calculated I2 spectrum, based on presently available 

molecular constants. With or without hyperfi& structure, 

the calculated spectrum did in no way resemble the observed 

data. Since the upper vibrational level v' is high and the 

anharmonic vibration constants for such a high vibrational 

level in the B II, 

surprising that the calculated spectrum was found inadequate. 

3 state are not well known, it is not 
ou 

The significance of the experiments performed lies in the 

possibility of using one of the iodine resonances as an 
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e x t e r n a l  frequency re ference  i n  t h e  feedback s t a b i l i z a t i o n  of 

t h e  argon l a s e r .  A proposed scheme f o r  s t a b i l i z i n g  t h e  argon 

l a s e r  using an I 

The s h o r t  t e r m  i n s t a b i l i t y  of t h e  argon laser due mainly t o  

plasma o s c i l l a t i o n s  i s  expected t o  be a problem. Based on 

molecular beam has been b r i e f l y  inves t iga t ed .  2 

(a) t h e  narrow width of such a re ference ,  

(b)  t h e  f a c t  t h a t  i t s  c e n t e r  frequency i s  no t  S t a rk  

s h i f t e d  by c o l l i s i o n s  i n  t h e  molecular beam, and 

(c)  t h e  l a r g e  s i g n a l  t o  no i se  r a t i o  i n  t h e  f luorescence 

da ta ,  a high frequency s t a b i l i t y  and r e s e t t a b i l i t y ,  of t h e  

o rde r  of s e v e r a l  p a r t s  i n  i s  an t i c ipa t ed .  

Severa l  a p p l i c a t i o n s  of longterm s t a b i l i z e d  lasers have 

been d iscussed  i n  such a reas  as l eng th  s t anda rds ,  geophysics,  

communications, phys ics ,  and experimental  r e l a t i v i t y .  

1 0 . 2  Di rec t ions  f o r  Future Work 

The observed resonance i n t e r a c t i o n  between t h e  argon l a s e r  

and a molecular beam of iod ine  marks only the  beginning of an 

e x c i t i n g  research  program. Severa l  d i r e c t i o n s  f o r  t h e  immedi- 

ate f u t u r e  wi th  d i f f e r e n t  emphasis w i l l  be c a r r i e d  out .  
1 

One, i s  i n  t h e  area of laser frequency s t a b i l i z a t i o n  where 

t h e  immediate problem t o  be t ack led  i s  t h e  s h o r t  term s t a b i -  

l i t y  of  t h e  free-running argon laser. This w i l l  be followed 
I 

by t h e  use of an e x t e r n a l  Fabry-Perot i n t e r f e romete r ,  i n  a 

f a s t  feedback loop, as a s h o r t  t e r m  re ference  and t h e  I2 beam 
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as a long t e r m  re ference .  The use of resonance f luorescence 

induced i n  a low p res su re  gas c e l l  of I2 w i l l  a l s o  be  inves t -  

i g a t e d  f o r  lasers where.high frequency s t a b i l i t y  i s  n o t  re- 

qui red .  

Two, i s  a thorough a n a l y s i s  of t h e  observed I spectrum 2 

using a s t a b i l i z e d  argon laser.  This i s  of  much i n t e r e s t  

because iod ine ,  l i k e  o t h e r  diatomic homonuclear molecules,  

can only be s tud ied  by o p t i c a l  spectroscopy. 

Three, i s  t h e  i n v e s t i g a t i o n  of o t h e r  laser-molecule 

i n t e r a c t i o n s  i n  molecular beams. I n  p a r t i c u l a r ,  a s u i t a b l e  

scheme f o r  t h e  long t e r m  s t a b i l i z a t i o n  of t h e  powerful C02, 

10.6  micron, laser would be of much i n t e r e s t .  
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APPENDIX A 

DETERMINATION OF TRANSITION PROBABILITY I N  
A TWO-LEVEL SYSTEM 

Assume  w e  have a two-level system i n  which t h e  energy of 

In t h e  upper level i s  Ea and t h a t  of t h e  lower l eve l  i s  E 

t h e  presence of a t i m e  vary ing  e lectr ic  f i e l d  E = Eo cos w t ,  

t h e  t o t a l  Hamiltonian along t h e  x -d i r ec t ion  becomes 

b o  

)( = A d  - e x  E~ cos w t  

where )(g i s  t h e  t i m e  independent unperturbed Hamiltonian of 

t h e  system. A s o l u t i o n  t o  t h e  Schroedinger equation f o r  1).1 
can be w r i t t e n  

where JI 

a ted  wi th  levels Ea and Eb;  and a ( t ) ,  b ( t )  a r e  t i m e  varying 

c o e f f i c i e n t s .  A f t e r  s u b s t i t u t i n g  i n  t h e  Schroedinger equat ion 

-h 2 =,.)(,J, f o r  $ and & w e  g e t  

and q b  are t h e  unperturbed eigenfunct ions assoc i -  a 

i d t  

i w O t  E b cos w t  e da i 
d t  5 'ab 0 
- =  

X 

and 
- i w o  t E a cos w t  e da i 

d t  6 'abx 0 
- =  
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= J$a I ex1 Qb d Z  i s  t h e  off-diagonal  
Ea'Eb where wo = 7; 1-1 

abX 
d ipo le  moment mat r ix  element and it has been assumed t h a t  t h e  

diagonal  matrix e l e m e n t s  are zero,  i .e .  J$a I e I $a d Z =  v a a  = 0 

and J $b I $b d Z =  FLbb = 0. 

i w t  + e - i w t  Now using cos w t  = 1/2 (e 1, t h e  above expres- 

s ions  become 

and 
-i (wo-w) t a Eo e db i 

d t  'abx 
- =  

This i s  a p a i r  of simultaneous d , f f e r e n t i a l  equat ions and 

( 6 5 )  may be solved t o  g ive  
i (wo-w) t 

c1 

1 s i n  z L 2 i B  e a ( t )  = - 
I;wo-w) + 4 ~ ~ 1 %  

' ab--E 0 
x where B = 7. 

If t h e  atom i s  i n i t i a l l y  i n  s ta te  b,  i .e.  

lbI2 = 1, then t h e  p r o b a b i l i t y  t h a t  t h e  atom i s  i n  s ta te  a 

af ter  a p p l i c a t i o n  of t h e  f i e l d  f o r  a t i m e  t ,  i s  given by 

I a I i s  c a l l e d  t h e  t r a n s i t i o n  p robab i l i t y .  

H e r e ,  Yar iv ' s  ( 6 6 )  t rea tment  i s  followed t o  s impl i fy  t h i s  
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relationship to 

2 ldt) l 2  = (3 g ( v - v o ) t  

where g ( v - u o )  is the normalized lineshape of the transition. 

Substituting for (3, we get 

2 Now Eo may be expressed in terms of the energy, P o ,  in the 

laser beam so that 

where I ( v )  is the spectral intensity of the laser. Substituting 

for  E o ,  we get 2 

2 

abx t J I(v) g ( u - v o )  d v  
W 

8 
l a ( t )  l 2  = 

4h2c --m 

If the variation of I ( v )  with u is small coqared with g ( v - v o ) ,  

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

expression 

since 
W 

J g ( v - v o )  d v  = 1 
-00 
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The orientation of the I2 molecules in our case in 

random so that the effective dipole moment matrix element 

2 2 2 
1 - 1 ~ ~  is given by !J 4zX f !J12 + 1-1 . The transition 

2 -  Y l22 
3 9 2  - 

probability then becomes 

8 T  3 2  l 2  = - 3h2c 1-Il2 . 
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APPENDIX B 

Computed I2 Transitions Using Available 
Molecular Constants 

3 The I2 transitions between the X'C and the B II+ 
hg -1 ou 

states that fall within k 10 cm-l of the 19430 cm 
0 

(5145 A) laser line have been computed using the molecular 

constants given in references (26) and (27). The listing 

of the computed lines in numberical order is included below. 

The column headings from left to right are: 

(a) wavenumbers away from 19429.79 cm-' laser line 

(b) ground state vibration number v" 

( c )  upper state vibration number v' 

(d) ground state rotation number J" 

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

(f) indicates values of AJ computed; 1.0 for AJ = + 1 
and -1.0 for AJ = - 1 

(Note in columns (b), (c), (a), and (f) the computer output 

shows an extra factor of 10 which should be ignored. For 

example, 660.00 should be 66.00.) 
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-q.84'J2619F 00 
-4.8033444E 60 
-9.770507RF 00 
-9o7382812E RQ 
-907341309E 00 
-9.7172852E 00 
-9.713134RF 00 
-4*?ll41LLE Q.0 
-9o7050761E 0 0  
-Q*4@35156F 00  
-9.5666945F 00 
- 9 . 5 6 2 5 0 0 0 ~  oa 
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