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I. THE MAGNETIC MOMENT OF THE PROTON I N  E 2 0  

11. INELASTIC COLLISIONS I N  EXCITED N a  

by 

WILLIAM D .  PHILLIPS 

Submitted t o  t h e  Departrt.,:n-t; of Phys ics  on P,ugust 

9 ,  1976, i n  p a r t i a l  f u l f i l l m e n t  of t h e  r e q u i r e -  

ments f o r  t h e  degree  of Doctor of Philosophy.  

P a r t  One p r e s e n t s  a d e t e r m i n a t i o n  of t h e  magnetic  

rncment of t h e  p r o t o n  i n  water i n  u n i t s  of t h e  Bohr snzgneton. 

Zy comparing t h e  e l e c t r o n  s p i n  f l i p  frequency of atomic 

hydrogen i n  a  hydrogen massr w i t h  t h e  NMR frequency of pro- 

t o n s  i n  water  w e  have ob ta ined  g . (H)/g ' = 658.216 0091 ( 6 9 )  , 
1 P 

r e p r e s e n t i n g  a n  accuracy of 10  p a r t s  p e r  b i l l i o n  ( p p l ) .  

From t h i s  we o b t a i n  p '/uB = 0.001 5 2 0  9 9 2  983(17) (11 ppb) .  
P 

Our r e s u l t  d i f f e r s  from t h e  p r e v i o u s l y  accepted  v a l u e  by 

1 5 0  ppb. 

P a r t  Two p r e s e n t s  measurements o f  t h e  v e l o c i t y  depen- 

dence of t h e  c r o s s  sec . t ion  f o r  f i n e  s t r u c t u r e  t r a n s f e r  col- 

l i . s i o n s .  T r a n s f e r  between t h e  f i n e  s t r u c t u r e   component.^ ef 

the sodium 3P s t a t e s  induced by c o l l i s i o n s  w i t h  neon and 

argon has been s t u d i e d .  W e  f i n d  good agreement w i t h  theo- 

r e t i c a l  p r e d i c t i o n s  f o r  t h e  Na-Ar c a l l i s i o n s  and s h a r p  d i s -  

agreement f o r  Na-Kc. 
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O n  Monday, when the sun is h o t  
I wonder t o  myself a lot: 
"Mow i s  it true, or is it n o t ,  
"That what i s  which and which i s  what?" 

On Tuesday, when it hails and snows 
The feeling on me grows and grows 
That hardly anybody knows 
If t h o s e  are these or these are those. 

from "Lines Written by a Bear of  Very Little Brain" 

by A. A. Milne 



PART ONE 

THE MAGNETIC NOMENT OF 

THE PROTON IN H20 



12. 
I .  INTRODUCTION 

Nuclear  magnet ic  resonance  (NhIR) i s  t h e  most p r e c i s e  

method f o r  measuring most magnet ic  f i e l d s .  The Nl1R f requency 

v t  i s  r e l a t e d  t o  t h e  f i e l d  by 

where P '  i s  t h e  e f f e c t i v e  n u c l e a r  magnet ic  moment. The 

e f f e c t i v e  inoment d i f f e r s  from t h e  f r e e  moment due t o   effect.^ 

o f  molecu.18r s h i e l d i n g  and bulk  diamagnetism. In  o r d e r  t o  

de termine  t h e  f i e l d  i n  a tomic  u n i t s ,  u s  must be r e l a t e d  t o  

atomic c . cns t an t s .  The m o s t  convenient  l i n k  i s  through t h e  

r a t i o  p f / y g  where li = e3/2me i s  t h e  Bohr siagneton. We p r e -  B 

s e n t  h e r e  a new d e t e r m i n a t i o n  of ( / p B  where y ' i s  t he  
P  P  

e f f e c t i v e  magnet ic  moment of t h e  p r o t o n  i n  a s p h e r i c a l  sample 

of  w a t e r .  The reason  f o r  choosing w a t e r  as  the NMR s t a n d a r d  

w i l l  be  d i s c u s s e d  i n  Sec. 1 1 1 . 2 .  

'-'P 
p l a y s  a r o l e  i n  n e a r l y  eve ry  measurement of a 

fund.anenta1 c o n s t a n t  which i ~ l v o l v e s  a  magnet ic  f i e l d .  F o r  

example, t h e  p r o t o n - e l e c t r o n  mass r a t i o  i s  c u r r e n t l y  d e t e r -  

mined by  comparing t h e  p r o t o n  moment iri n u c l e a r  magnetons 

w i t h  t h e  p r o t o n  ~ o m e n t  i n  Bohr magnetons: 

The q u a n t i t y  11 ' / u N  i s  measured by comparing t he  c y c l o t r o n  
P 

frequency v, o f  a p ro ton  ( o r  o t h e r  i o n )  t o  t h e  NMR f requency 



o f  p r o t o n s .  ppt/yg appea r s  a s  a  n a t u r a l  conver s ion  f a c t o r  

between t h e  NMR f requency and atomic c o n s t a n t s .  

As a n o t h e r  example, t h e  f i n e  s t r u c t u r e  c o n s t a n t  may be  

o b t a i n e d  from a measurement o f  y I? ' ,  the  gyromagnetic r a t i o  

of t h e  p r o t o n  i n  w a t e r  accord ing  t o :  

where R, i s  t h e  Rydirerg f o r  i n f i n i t e  mass. (The e l e c t r i c a l  
2e measurements invo lved  i n  y and a r e  i.n " p r a c t i c a l "  o r  

P 
Ifas maintained" u n i t s  such a s  NBS amperes and NBS v o l t s ;  t h e  

r a t i o  n l a b / G a b s  connec t s  t h e s e  t o  a b s o l u t e ' h n i t s . )  y. P ' i s  d e t e r  

mined by measuring t h e  ?.lMR f requency o f  p r o t o n s  i n  w a t e r  i n  a 

magnct.ic f i e l d  produced by 2 c u r r e n t  d i s t r i b u t i o n  o f  kiio;m 

s t r e n g t h  and geometry; p P I / p B  e f f e c t i v e l y  r e l a t e s  t h i s  f r e -  

quency t o  atomic c o n s t a n t s  : 

T'  he gyromagnetic r a t i o  of  t h e  f r e e  p r o t o n ,  yp may be 

da te imincd  from y ' by u s i n g  p ' / p B  i n  a  s l i g h t l y  d i f f e r e n t  
P P 

c o n t e x t .  S ince  y i n v o l v e s  knowing a f i e l d  i n  terms of c u r -  
P 

r e n t s  and geometry,  r a t h e r  t h a n  i n  a tomic  u n i t s ,  u p l / y g  i s  n o t  

used a s  a conver s ion  f a c t o r  t o  atomic u n i t s ,  b u t  r a t h e r  t o  

e l i m i n a t e  e f f e c t s  o f  molecu la r  and b u l k  diamagiletism on t h e  

p r o t o n s  i n  w a t e r :  



( I t  should be no ted  t h a t  i n  experiments such as t h i s  where 

t h e  magnetic f i e l d  must be measured i n  terms of c u r r e n t s  and 

geometry, t he  achievable  p rec i s ion  i s  genera l ly  lower than i n  

experiments where the  f i e l d  can be measured i n  atomic u n i t s  

by NMR. ) 

Other q u a n t i t i e s  whose measurement e x p l i c i t l y  uses "' /uB 

include t he  anomolous e l ec t ron  moment and t h e  magnetic moment 

of t he  neutron.  Because of t he  interdependence o f  t h e  funda- 

mental cons t an t s ,  p p f / %  has an i n d i r e c t  e f f e c t  on many o the r  

q u a n t i t i e s ;  f o r  Eurther d iscuss ion t he  reader  i s  r e f e r r e d  t o  

the  most recen t  adjustments of the  fundamental cons tan t s  

(TkY69, COH73). 

The r a t i o  p / iilso h a s  i r lpor tant  applica-t ion3 i n  t he  
P 

determinat ion o f  molecular diamagnetic sh i e ld ing  cons tan t s .  

Although magnetic sh i e ld ing  cons t an t s  can be measured by NMR 

w i t h  g r e a t  p r e c i s i o n  r e l a t i v e  t o  a given s tandard ,  t h e i r  

absol.ute determinat ion requi res  t h e  measurement of a t  l e a s t  

one sh i e ld ing  cons tan t  abso lu te ly .  The  abso lu te ,  t o t a l  

diamagnetic s h i e l d i n g  f o r  protons i n  a  sphe r i ca l  sample of 

water i s  . 

Using o(M20), t h e  sh i e ld ing  o f  protons  i n  any molecule can be 

determined by comparing i t s  N&IR frequency t o  t h a t  of water .  

The case of molecular  hydrogen i s  of  p a r t i c u l a r  i n t e r e s t ;  

o(H2) can be c a l c u l a t e d  from f i r s t  p r i n c i p l e s  and provides a  



t e s t i n g  ground f o r  t h e  t heo ry  of diamagnetic  sh i e ld ing .  

The S e s t  va lue  o f  '/u p r i o r  t o  t h i s  work i s  due t o  
P B  

Lambe and Dicke (LA1i59) who conpared t h e  e l e c t r o n  sp in  f l i p  

f requenc ies  i n  atomic hydrogen wi th  t h e  NNR frequency of a 

water  sample. The e l e c t r o n  resonance was observed by micro-  

wave absorp t ion  i n  atomic hydrogen bu f f e r ed  by o the r  gases .  

The quoted u n c e r t a i n t y ,  66 ppb ( p a r t s  p e r  b i l l i c n ) ,  was due 

t o  s t a t i s t i c s  and t o  unresolved ques t i ons  about  t he  e f f e c t  

~f t h e  b u f f e r  gas.  As i s  d i scussed  i n  Sec. V,  t h e r e  i s  an 

a d d i t i o n a l  u n c e r t a i n t y  due t o  t h e  unknown temperature of t h e  

sample and o t h e r  sources  of sys temat ic  e r r o r  which were n o t  

app rec i a t ed  st the  time o f  t h e  measurement. 

Recent developments have n e c e s s i t a t e d  an improved measure- 

ment oi u '/pg Measurements o f  y ' by Olsen and Williams a t  
P P 

7 
NBS (OLS76) a t  a  l e v e l  o f  p a r t s  i n  10 r e q u i r e  improved accu-  

racy  i n  11 I / y B  i n  o rde r  t o  determine a by eq. 3 .  Measurementz 
P 

of t h e  e l e cz ron  g - f a c t o r  anomoly ( R I C 7 5 )  and t h e  neutron 

moment (RAbI75) a t  a  l e v e l  of p r e c i s i o n  r equ i r i ng  a be",er 

ppt/uB a r e  c u r r e n t l y  i n  p rogress .  Recent t h e o r e t i c a l  c a l cu -  

l a t i o n s  of  g ( H Z )  by Reid ( R E I 7 5 )  a r e  a t  a  l e v e l  where a more 

p r e c i s e  value  f o r  u '/pB i s  needed to compare theory  and 
P 

experiment .  

We p re sen t  h e r e  t h e  r e s u l t  of a  new determinat ion of 

v '/pB based on comparison o f  t h e  WIR frequency i n  a wa te r  
P 

sample and an e l e c t r o n  t r a n s i t i o n  frequency i n  a hydrogen 

maser. The ch ie f  source  o f  s t a t i s t i c a l  e r r o r  i n  t h e  Lambe- 

Dicke experiment was i n  t he  de te rmina t ion  o f  t he  e l e c t r o n  



16. 

signal l i n e  center. The present work provides an improvement 

in e lec t ron  linewidth by a factor of 30, and in intrinsic 

signal to noise by a factor of 10. No buffer gas is used, 

eliminating a major source of the uncertainty i n  the previous 

work. Our final uncertainty, 10 ppb, is due mainly to esti- 

mates of uncertainties in systematic errors. 

A brief  account of our r e s u l t s  has been published else- 

where (PHI75). We present here the details of the experiment 

and data analysis. 



11, THEORY OF THE EXPERIMENT 

11.1 Method of Measurement 

ppl/b is determined by measuring g.(B)/g 3 P ' and using 

the relation 

gj(H)/gpl is measured by alternately observing in the same 

magnetic field free induction decay signal from protons in 

water and electrons in atomic hydrogen. The resonance fre- 

quencies are determined by fourier analyzing the free decay 

signals. The proton frequency is proportional to gp': 

The observed electron frequency must be corrected for the 

effects of hyperfine coupling and nuclear spin to obtain the 

field-coupled contribution to the electron frequency, defined 

as 

gj ( H I  V 
thus, - j - -  

v I 
gP ' P 

Resonance line Q's for both proton and electron are 10 
7 

or greater, with signal-to-noise ratios of 30 to 100. Deter- 

mination of the line centers is therefore not a major problem 



8 in measurisg g . (H)/g to a part in 10 . The major theoretical 
3 P 

and experimental difficulties arise from the problem of 

assuring that each sample "sees" the same field. Even after 

extreme care in design has been taken to accomplish this, 

there remain corrections whose magnitude must be carefully 

calculated. These arise in part because the water sample is 

liquid while the hydrogen is gaseous, which leads to unavoidable 

differences in the effective shapes of the two samples. There 

is also a problem arising from the different manner in which 

each substance samples the field during the measurement. 

11.2 High Field Hydrogen Maser 

The hydrogen maser used in this experiment is designed 

to operate in a high magnetic field, though in other respects 

it is similar to the low field hydrogen maser (KLE62) (RAM65). 

Fig. 1 shows the energy levels of hydrogen in a magnetic field. 

In the high field limit m and mI are good quantum numbers. 
j 

We observe the transition rn = l/2, mI = -1/2 + m = -112. 
j j 

= - 2 ,  corresponding to the electron flipping its spin. 

The transition frequency v23 is given by the Breit-Rabi formula 

(RAM56) : 

where v =-g.vH/h 
j I 0 

I 



Level 

FIG. 1 HYDROGEN ENERGY LEVELS 



it the field of about .35T used in the experiment 

"23 
= 9200 MHz and x = 7. Once vZ3 is measured, v r - y  be 

j 
determined from Eq. lla using known values of v o ,  the zero 

ip ( H I  
field hyperfine splitting, and m- the ratio of nuclear 

J 
and electronic g factors. 

Fig. 2 is a schematic diagram of the high field maser. 

Molecular hydrogen is dissociated in a discharge tube which 

provides the source for an atomic hydrogen beam. The beam 

passes throagh a hexapole state selecting magnet which focuses 

atoms with electron spin "up" into a spherical storage bulb. 

A collimator at the entrance of the storage bulb increases the 

storage time and confines the atoms to the spherical region of 

the bulb. The bulb is at the center of a microwave cavity tuned 

to vZ3r by means of: which oscillatory fields are applied 

and detected. The cavity is situated between the poles of a 

magnet in the most homogenous region of the magnetic field. 

Because of the state selection, most of the H atoms have 

their electron spins pointed along the field. This results in 

a much larger polarization of the sample than is present in 

thermal equilibrium (as in the Lambe-Dicke experiment) so that 

a large resonance signal may be obtained with relatively few 

atoms. 
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A 7r/2 pulse of microwave radiation near frequency v23 

rotates the net moment perpendicular to the static field, 

whereupon it precesses and radiates at frequency vZ3' which 

is neasured . 
The relaxation rate of the radiation moment is dominated 

by three processes. The first is physical escape of atoms 

fro~n the bulb. The second is relaxation of the radiating 

moment by collisions with the wall of the storage bulb. Both 

of these processes are simple rate processes which cause the 

radiating moment to decay exponentially. Finally, inhomogen- 

ieties in the magnetic field cause individual components of the 

ensemble magnetic moment to precess at different rates, thus 

relaxing the net mcment. If the atoms cross the bulb sufficiently 

rapi-dly, motional narrowing occurs and the field inhomogenieties 

also produce an exponential decay, the rate given by (SLI63): 

2 
Yf ield = <A(,J >TC (12) 

2 where < A w  > is the mean square deviation of the precession 

frequency over the bulb and -rc is the mean time for an atom to 

cross the bulb. Other processes such as spin exchange which 

also relax the radiating moment are not significant in our case, 

but would nevertheless lead to exponential decay. The spectral 

shape of the signal from the maser is therefore known to be 

lorentzian. 

There are a number of well known systematic effects which 



can shift the frequency observed with the maser. These include 

the effects of inhomogenieties, wall collisions, spin exchange 

collisions and cavity mistuning. These effects have been dis- 

cussed in detail elsewhere (WAL72a) and in a typical maser 

experiment (VVAL72b) were in the order of parts in 10ll. In 

no case can these errors have an effect as large as 1 ppb for 

our experiment. 

For a more complete discussion of the theory of the high 

field maser, the reader is referred to earlier work on the 

subject (WAL72, WIN72, MYI66). 

11.3 NMR Theory 

The NMR signal is observed using standard techniques of 

pulsed NMR spectroscopy (ABR61, FAR71). Free induction decay 

is observed and the signal is fourier analyzed. The usual long- 

itudinal and transverse relaxation processes for liquids operate 

to relax the free induction signal exponentially. In addition, 

the macroscopic field inhomogenieties cause relaxation which 

depends in detail on the nature of the field. This is in sharp 

contrast to the case of the maser where macroscopic motion of 

the M atoms results in motional narrowing and exponential decay. 

One can regard the NMR signal which results from a sample 

in an inhomogeneous field as the sum of signals coming from 

various volume elements of the sample, each decaying exponen- 

tially according to the intrinsic r~laxation mechanisms but 

oscillating at the frequency determined by the magnetic 

field at its location. The spectrum of this signal 

is a sum of 3.orentzians at each of the different 



frequencies. More precisely, it i s  t h e  convolution 

of a lorentzian of width' determined by the simple , 

rate processes with the distribution function of NI-W 

frequencies over the s&nple volume. This is strictly true 

only if each volume element contributes proportionately to 

the signal, that is, if the r.f. field in the NMR coil is 

uniform over the sample. The NMR frequency which we wish to 

obtain from our measurement is the frequency corresponding 

to the volume average magnetic field. Under conditions of 

r.f. field uniformity this is the centroid of the absorptive 

spectrum. Methods for determining this centroid for an arbi- 

trary line shape are discussed below. 

One possible systematic effect in the determination of 

the NMR frequency is the presence of dissolved impurities in 

the water, especially paramagnetic impurities. In samples 

which have been heavily doped with paramagnetic salts to. 

increase the longitudinal relaxation this effect can be very 

important, but in samples as pure as tap water, the effect is 

not significant at the lo-* Level (WAU74), so we can safely 

assume this error to be negligible for distilled water. 

11.4 Fourier Transform Analysis 

The frequency spectra of the maser and NMR free induction 

decay signals are obtained by fourier analysis. The signals 

are heterodyned to an audio frequency, the audio signal is 



sanpled periodically in time and the results are analyzed by 

taking a discrete fourier transform of the resulting set of 

points. 

If the signal is sampled at rate 1/~, a set of signal 

points f (t . ) result, where 
3 

the discrete fourier transform of f (t . j is 
3 

While in principal this expression could be evaluated for any 

value of wk, all of the information is contained in a set of 

N values given by 

Note that the function cj(ok) is periodic in k with period N. 

In practice the function g(uk) is evaluated by means of a fast , 

fourier transform (FFT) algorithm which simplifies machine 

processing provided N is chosen to he a power of 2 (C0065, 

BEL72) . 
If we assume the signal f(t) to be an exponentially 

damped oscillation (as is the case with the maser signal): 



we obtain: 

ycos 4 - (uo+wk) sin $ 
+ (1-t-6') 2 2 

(u;+bJk) + Y 

+ periodic repetions (16b) 

where d and 6 1 ,  which arise from the finite integration'time, 

do not depend on wk for wk given by Eq. 15. They are of the 

order of e -&" and are small for sufficiently large N. 

The term in Eq. 16b which is ceritered at w - wo is the. 
resonance of interest. The feature at rd = -wo is an image 

due to the negative frequency components of the signal. (This 

arises because the signal is real, oscillating as cos w t. 
0 

If the signal were expressible as eiuot the image would disap- 

pear.) Eq. 14 reveals that both the signal and the image are 

repeated with pericd 27i/-r. Wings of the image and of the 

repetition lines can contribute to the signal at w % w. and 
0' 

cause distortion. 

For the maser signal the determination of w o  is a straight- 

forward problem of fitting Eq. 16b to the transformed sig- 

nal. The NMR signal however, does not have a well known func- 

tional form since it's damping depends on the details of the 

magnetic field inhomogenieties. Thrs general nature of the 



transformed signal, however, is indicated by Eq. 16b. There 

is an absorption-dispersion feature centered at wk = w and a 
0 

similar image feature at ok = - w  The periodic repetitions 
0- 

produce features at o = o + 2nn/r and wk = -o + 2nn/r where k 0 - 0 
n is any integer. The true NMR frequency is defined as the -. 

average NMR frequency over the volume of the sample. If every 

volume element contributes equally to the signal, that is, 

if the r.f. field is uniform, this becomes 

U ' p NMR = 1 ga(w)wdw 

, where gate) is that portion of the transform signal which 

corresponds to the purely absorptive part of the first term 

in Eq. 16b. To obtain g, ( w )  from g (u) , real and imaginary 
parts of g ( w )  are combined: 

cos @ ~ , g ( w )  + sin + Img(o) = ga(o) + image 

+ repetitions 

where the image term has in general both absorptive and 

dispersive components. 
0 

The difficulty presented by Eq. 18 is that the 

wings of the images and repetitions overlap g (w) in the a 

region where ga ( w )  is large. Repetitions of g,(o) are not 

bothersome, since they are absorptive and fall off rapidly. 

In addition they are symetrically distributed about ga(u) so 



their effects tend to cancel. The image and its repetitions 

on the other hand generally have dispersive components which 

fall off slowly and which tend to add rather than cancel. 

Two steps may be-taken to minimize the effects of the 

images. First the sampling frequency is chosen so that the 

images are symetrically distributed about the signal spectrum, 

and therefore as far away as possible. Choosing 1 / ~  = 2wo/* 

places the image at -wo and its first repetition at 3wo, so 

that both are separated from the signal by 2wo Second, the 

heterodyne beat frequency, w is chosen to be as high as 
0' 

possible, thus spreading out the pattern of images. With 

these precautions the effects of the images can be made negli- 

gible. 

The problem remains of determining the proper value of 

4 in Eq. 18 since in practice 4 is not known - a priori. The 

problem is ~orc~plicated by the fact that the absorptive line 

shape is in general assymetric, The most successful method 

we have found for doing this is an iterative procedure in 

which $ is varied so as to make the wings of ga(W? symetric 

about an assurr-ed value of w ' ;  a new value of w is computed 
P P 

from g,(w) and this is used as the symmetrization point 

for a new ccmputation of 9 .  Because even an inhomogeneously 

broadened line such as our NMR signal is lorentzian in its 

wings, this method is not sensitive to the details of the 

line shape. The integration region for the determination of 



o ' is r e s t r i c t e d  t o  a smal l  region symmetric about w ' to  
P P 

avoid t h e  e f f e c t s  of images. (The images could be e l iminated 

experimentally by performing t h e  f o u r i e r  transform 03 a com- 

p lex  f c ( t )  formed from t h e  r e a l  s i g n a l  p l u s  a s i g n a l  f i ( t )  

delayed by 90° t o  provide t h e  imaginary p a r t .  The problem he re  

i s  t o  i n s u r e  accura te  quadra ture  of  t h e  s igna l s .  We have cho- 

s e n  t o  dea l  wi th  t h e  problem computationally r a t h e r  than e lec-  

t r o n i c a l l y .  ) 

W e  have t e s t e d  t h e  procedures descr ibed above f o r  de te r -  

mining t h e  average NMR frequency by per forn~ing  t h e  ana lys i s  

on computer generated NMR s i g n a l s ,  formed from sums of expo- 

n e n t i a l l y  decaying s i g n a l s  wi th  var ious  f requencies  (WRI74). 

I n  cases  corresponding t o  l inewidths  and asymmetries s e v e r a l  

t i m e s  g r e a t e r  than those  encountered i n  p r a c t i c e ,  e r r o r s  i n  

determination of t h e  t r u e  average frequency o r  cen t ro id  of 

t h e  NMR l i n e  corresponded t o  a few ppb. 



111. APPARATUS AND EXPERIMENTAL PROCEDURE 

Because much of the apparatus has been described previously 

(bKI66, WIN70, WAL72), w e  focus here only on features which are 

new or are essential to the experiment; 

111.1 Magnet 

A permanent magnet, described in connection with earlier 

experiments with the maser (WIN72, WIN70, MYI66), was used. 

The field is approximately 0.35 T, the pole diameter is 26.6 cm, 

the gap is 6.5 cm. A set of 16 electrical shims produces a 

field homogeneity of 1 part in lo7 ovar a 2 cm diameter volume, 

as determined by the decay rate of the electron signal. Care- 

ful thermal isolation and temperature regulation results in a 

drift rate of typically 2 ppb/min. The short term field jitter 

is less than LO ppb. 

111.2 Sample Holders 

A key problem in an experiment which requires interchanging 

samples is to insure that both samples "see" the same field. 

Because the sample holders appreciably alter the field by their 

intrinsic diamagnetism, meticulous care was needed in their 

design and construction. 

Our approach was to construct sample holders which are as 

identical as possible, and then to eliminate residual errors 

by reversing their roles so that each holder was used both for 

the water and the hydrogen signal. 



31. 

The sample holders were fabricated from fused quartz. 

This material was chosen because it can be shaped with high 

precision, can be coated to inhibit wall relaxation of H atoms 

and because it has a low loss factor at the 9 GHz electron 

frequency. (The low loss factor is needed to avoid undue 

loading of the microwave cavity.) 

The sample holders are in the shape of spherical bulb 

with a cylindrical neck (Fig. 3 ) .  They were formed by vacuum 

shrinking a quartz tube around a graphite form. The forms 

were machined from high purity graphite in the shape of a bulb, 

1.27 crn diameter, with a stem, either 0.254 or 0.457 cm diam- 

eter. The form was removed from the bulb by drilling the stem 

0 region and burning the remainder in a furnace at about 1200 C, 

while flowing pure oxygen into the stem. Sphericity of the 

bulbs was checked with an optical comparator using a method to 

be described later in this section. The dimension is generally 

within 25-50 micron of the graphite form, and successful bulbs 

differ in their largest and smallest diameters by less than 

0.2%. 

The outsides of the bulbs were lapped spherical with a 

diameter of 1.429 cm. Four suitable bulbs were produced, two 

with .457 stems, which we shall designate as Pair A, and two 

with .254 cm stems, which we shall designate as Pair B. The 

entire experiment was separately performed with each pair. 

The sample bulbs were treated with a coating agent to 

inhibit relaxation of the atomic hydrogen. Teflon, most com- 

monly used, could not be applied successfully because of slight 
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su r f ace  i r r e g u l a r i t i e s ,  Ins tead ,  t h e  surfaces were t r e a t e d  w i t h  

(CF3CH2CH2) 2 S i C 1 2  (CRA73) , a f l o u r i n a t e d  v a r i a n t  of "Dri-Film", 

(CH3)2SiC12. The coa t ing  procedure, developed by Valberg 

(VAL691 i s  as follows: Af t e r  thoroughly c leaning t h e  bulb wi th  

a c i d s  and so lven t s  and f i n a l l y  r i n s i n g  wi th  water ,  s eve ra l  

drops of t h e  f l ou r ina t ed  d r i - f i l m  a r e  put i n  t h e  bulb and 

swir led around. Water i s  added t o  complete t h e  r eac t ion ,  and 

t h e  bulb  i s  r in sed  with  water. A n  acetone r i n s e  i s  then used 

t o  remove o i l s  forrned by t h e  r eac t ion .  

A co l l ima to r ,  needed t o  contain t h e  hydrogen, was fabr ica-  

ted from a g l a s s  c a p i l l a r y  a r r a y  (Corning 0080)  supp l ied  by 

Gal i leo  Electro-Optics (S turbr idge ,  EIsss.). T h e  c a p i l l a r y  diam- 

eter i s  251!, t.he array th ickness  i s  .076 crn, and t h e  transmis-  

s ion  i s  5 0 % .  Col l imators  were used cn a l l  sanipie holders  t o  

maintain symmetry. Each co l l imator .was  glued with nuco House- 

hold cement t o  t h e  and of a tube which f i t  i n t o  t h e  bulb stem, 

l oca t ing  t h e  co l l imztor  j u s t  above a tangent  t o  t h e  sphe r i ca l  

cav i ty .  The tubes  were f ab r i ca t ed  from quar tz  f o r  p a i r  A and 

a c r y l i c  p l a s t i c  f o r  p a i r  B ,  Boron n i t r i d e  alignment c o l l a r s  

were glued t o  t h e  tubes  wi th  Torr-Seal (Varian Assoc ia tes ) .  

The e n t i r e  co l l ima to r  assembly is  shown i n  Fig .  4 .  

Each p a i r  of bulbs was f i xed  toge the r  i n t o  a r i g i d  assem- 

b ly ,  Pig.  5.  Dummy stems were f i xed  t o  t h e  bottom of each 

bulb wi th  Torr-Seal.  The lower stem of t h e  NMP, bulb was joined 

t o  a push rod by a boron n i t r i d e  f i t t i n g .  The j o i n t  was made 

smooth and f lu sh  t o  al low it t o  pass  freely through an o-r ing 

vacuu: s e a l .  The push rod i s  a quar tz  tube wi th  a Delr in  fit- 
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t i n g  threaded to accept a l e a d  screw, 

The NMR bulb was filled with distilled water until the 

water surface almost touched the collimator. (The meniscus 

surface is later measured by a procedure described below.) 

Water does not wet the coated bulb surface, so it is prevented 

from contacting the coliimator and .being drawn upward. It is 

impossible to avoid severe capillary effects with organic 

liquids which do wet the surfac: - an inportant factor in 

choosing water as the WMR s t a n d a r d .  

The entire sanple assen-bly was glued in a cylindrical jig, 

held by carefully rachined collars and rods. The distance 

between bulb centers, nominally 5 . 0 5  cm, was determined from 

neasurements of the stem lengths and glue fitting thicknesses. 

Opticax measurements of the separation agree with these 

measurements to between 25 and 1 0 0  microns. 

111.3 Sample Translator -- 

Determining g g I ) ,  involves measuring the NMR and 
P 

maser frequencies in rapid alternation. This requires that 

the bulbs be moved quickly and smoothly, and be located accu- 

rately. Because the field is significantly distorted by any 

material, only the bulb assembly can be allowed to move in the 

interchange procedure. 

The mechanism for interchanging the samples is shown in 

Fig. 6. The bulb assernbly moves with a sliding fit in a pre- 

cision bore quartz t-ube which extends through the maser cavity. 

(The fit is so good, that a small flat had to be ground on the 
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side of each bulb to allow air to pass during assembly.) In 

order to reduce loading of t h e  microwave cavity, the O.D. of 

the tube was ground to 1.550 cm, reducing the wall thickness 

to .06 cm. 

The quartz tube is evacuated. An alumin~un O-ring compres- 

sion fitting, glued to the lower end with Torr Seal, provides 

a vacuum seal between the tube and the bulb push rod. An 

acrylic plastic housing for the translator is bolted to the 

compression nut of the O-ring fitting. A 4-40 (Fmerican Stan- 

dard thread size) alulinum iaad screw threads into a Delrin 

nut at the botton of the push rod (see Fig. 5 ) .  Rotation of 

the bulb assembly is prevented by a radial pin which rides 

in a graovc cut intc the acrylic translator housing. 

The Lead screw is driven by selected ncn-magnetic brass 

spur gears which are driven, via a flexible plastic tubep with a 

plexiglass drive rod which extends out of the magnet gap. The 

drive rod, operated manually, is connected to a t.urns counter 

which allows the lead screw to be located to 1/20 turn. The 

bulb positioning w a s  repeatabie to within 3 0 ~ .  

The only motion of t h e  drive,rnechanism is rotation of 

essentially cylindrical parts, so that only the position of the 

bulb assembly changes with respect to the magnetic field. 

Therefore only the bulb assembly need be considered when eval- 

uating the effects of material on the magnetic field ''seen'' by 

the san-iples . 
As with all components placed in the magnetic field, only 

selected non-magnetic parts were used in the construction of 



the translator. Materials were tested by placing them close 

to an operating maser uulb. Materials which caused frequency 

shifts greater than 1 x at distances of 4.5 cm were 

rejected. 

Microwat-? - Cavity and NMR Coil 

The requirement that only the bulbs move during the sample 

interchange puts stringent limitation on the design of the 

microwave cavity and NMR coil. The  coil and cavity must 

enclose the same volume w i t h c u t  interfering with each other 

excessively; this means that neither a coil nor a cavity of 

conventional design, one of which wculd have to be placed 

inside the other, could be used. Furthermore, the NMR coil 

must produce a uniform field over the sanple volume. We 

arrived at a design in which the coil itself formed the cylin- 

drical part of t h e  microwave cavity, As shown in Fig. 7 the 

coil is made from 10 1/2 turns of copper ribbon -07 cm thick 

and .51 cm wide which were close wound on a 3.9 cm diameter 

form, Turns were insulated from zach other with mylar tape. 

Coupling holes .48 cm in diameter were made on opposite sides 

of the coil-cavity. 

The endplates shoTm in Fig. 7 were made of foil segments, 

about .O1 cm thick, fixed to acrylic forms. The endplate is 

an annular disc about 3.85 cm in diameter with a 1.7 cm hole 

in the center. The disc is slit alcng a radius to open the 

r.f. circuit. Small copper flanges provide capacitance to 

allow the microwave currents to flow across the gap. The 
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s p l i t  d i s c  i s  glued t o  t h e  a c r y l i c  form w i t h  ''5 Minute" Epoxy 

(Devcon Corp., Danvers, Mass.). The endpla te  is  completed 

wi th  f o i l  r i n g s  around t h e  o u t e r  and inne r  diameters of t h e  

form. These r i ngs ,  about 1 c m  long, prevent  l o s s  of microwave 

energy through t h e  hole  o r  p a s t  t h e  j o i n t s .  The inner  r i n g  

makes a loose  fit around the quartz-  tube,  t h e  o u t e r  r i n g  makes 

a loose  f i t  i n t o  t h e  co i l - cav i ty .  ?he r i n g s  are in su l a t ed  a t  

t h e i r  over laps  wi th  tape o r  Uuc, cement t o  break t h e  t a n g e n t i a l  

r . f .  c i r c u i t .  They ?.re f i xed  t o  t h e  a c r y l i c  form with  mylar 

o r  Scotch magic tape .  

The quar tz  tube is vacuum sea led  t o  t h e  upper acrylic end- 

p l a t e  form, which i n  t u r n  is sea led  t o  t h e  evacuated tube which 

encloses  t h e  s t a t e  s e l e c t e d  .=tonic hydrcgen beam. 

Energy i s  coupled t o  t h e  microwave c a v i t y  by ordinary 

copper X-hand waveguides which mate t o  a c r y l i c  f l anges  faced 

with copper f o i l  (see  Fig.  7 ) 0  The foil i s  in su l a t ed  a g a i n s t  

d i r e c t  con tac t  with t h e  c a v i t y  t o  prevent  sho r t i ng  of t h e  r.f. 

c o i l .  A coupling screw i n  t h e  out?ut  waveguide allows c r i t i c a l  

coupling,  The a c r y l i c  f l anges  a r e  s e c ~ r e l y  bo l ted  t o  t h e  t o p  

plate s o  t h a t  cav i ty ,  waveguides and top  p l a t e  fcrm a r i g i d  

s t r u c t u r e .  The cav i ty  i s  tuned by a d j u s t i n g  t h e  pene t ra t ion  of 

t h e  bottom p l a t e .  The waveguides are coupled t o  t h e  r e s t  of 

t h e  microwave system with  s tandard waveguide flanges separa ted  

by a s t ack  of copper and p l a s t i c  spacers .  The copper spacers ,  

s l i t  t o  prevent  r . f .  c u r r e n t s ,  prevent excess ive  capaci tance 

being coapled t o  t h e  c o i l  v i a  t h e  waveguides. 



4 2 .  

The c o i l  i s  coupled and tuned by means o f  a capac i to r  ne t -  

work which jo ins  it t o  t h e  input  and ou tpu t  coax ia l  cab les .  The 

arrangement is  shown schemat ical ly  i n  Fig. 8. The capaci tance 

values  were chosen t o  g ive  t h e  b e s t  ou tpu t  coupling and mini- 

mum loading due t o  i npu t  coupling. 

The microwave cav i ty  resona tes  a t  9200 &Ii3z i n  t h e  TEOll 

mode wi th  a Q of about 2000.  The c o i l  is  tuned t o  15 RHz, with 

a Q of about 20 .  The r . f .  f i e l d  s t r e n g t h  was mapped and found 

t o  vary by no more than  25% peak dev ia t ion  over the volume 

occupied by t h e  sample balb.  

111.5 Elec t ron ic s  and Data Acquis i t ion - 

A simplified blc~ck diagram of t h e  maser e l e c t r o n i c s  i s  

shown i n  Fig.  9 .  The k lys t ron  frequency, 9200 MHz - v R  , 
where v l !  i s  nominally 2 9 . 9 8 8  I4Hz o r  2 9 . 9 9 2  YZIz, i s  mixed wi th  

a gated signal a t  3 2  MHz t o  produce pu lses  a t  9 2 3 2  MHz - vQ 

which d r ive  t h e  e l e c t r o n  sp ins  i n t o  f r e e  precess ion.  Pulse  

leng th  i s  ad jus t ed  t o  provide a 90° pulse .  The magnetic f i e l d  

i s  ad jus ted  so t h a t  t h e  e l e c t r o n  resonant  frequency V Z 3  is 

about 2 kHz above o r  below t h e  e l e c t r o n  d r i v e  frequency. The 

s i g n a l  r ad i a t ed  a t  frequency v 2 3  , nominally 9202.01 MHz, i s  mixed 

w i t h  t h e  k l y s t r o n  frequency t o  produce an i . f .  s i g n a l  2 kHz 

above o r  below 3 2  EIHz. The i . f .  s i g n a l  is  then converted t o  

2 kHz by mixing with  32  MHz i n  an audio mixer. A g a t e  e l i m i -  

n a t e s  t h e  d r i v i n g  pu l se  t o  avoid s a t u r a t i n g  t h e  audio mixer. 

The audio ampl i f i e r  incorpora tes  a lowpass f i l t e r  wi th  a band- 

width of about 3 kHz. The use of  two va lues  f o r  v Q  y i e l d s  
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what are essentially both positive and negative audio beat 

frequencies, which we refer to as the positive and negative 

sidebands. By comparing data from the two sidebands we can 

determine whether any frequency pulling effects exist in the 

audio detection system. These would show up as a difference 

in the apparent value of vZ3  depending on the sideband used. 

All of the generated frequencies shown in Fig. 9 axe 

Ultimately referred to the laboratory standard, a stable crys- 

tal oscillator which is compared periodically with WWVB. The 

generated frequencies may be taken as exact for the purpose of 

this measurement, being accurate to better than 1 ppb. 

The Nb1R electronics is shown in Fig. 10. The r.£. driv-- 

ing signal, determined by the frequency synthesizer, is chosen 

to be about 950 Hz above or below the proton resonant frequency 

v '. Because of the large offset frequency and since the driv- 
P 
ing signal is weakly coupled into the coil, it was not possible 

0 to achieye a 90 pulse. The output of the coil is critically 

coupled to a 50R coarial cable which fceds a wideband preaiip. 

A pair of crossed high speed germanium diodes which serve as a 

limiter, plus a gate, blank most of the driving pulse from the 

audio mixer; the residual feodthru is minimized by adjusting 

the phase of the refarence to the mixer. The audio signal, 

~ 9 5 0  Hz, passes through a 100 kHz cutoff lowpass filter into a 

bandpass amplifier, centered near 950 Hz with a bandwidth of 

about 60 Hz. Both positive and negatlve beat frequencies can 

be used to check for audio pulling effects. All generated 

frequencies are derived frcm the laboratory standard. 
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4 7 .  

The da t a  d i g i t i z a t i o n  scheme, i d e n t i c a l  f o r  t h e  e l e c t r o n  

and NMR s igna l s ,  i s  shown i n  Fig. 11. A 10 MHz s i g n a l  der ived 

from t h e  labora tory  s tandard i s  d i g i t a l l y  divided by 1202 t o  

produce c lack  pu lses  a t  8319.46...Hz. The d i v i d e r  i s  c l ea red  

by t h e  pu l se  which t r i g g e r s  t h e  NMR o r  maser d r i v e  pu lse ,  s o  

t h a t  t h e  clock pu lses  a r e  f i xed  i n - t i m e  wi th  r e spec t  t o  each 

f r e e  decay s igna l .  The clock pu lses  t r i g g e r  a sample and hold 

c i r c u i t  which samples the  sign?'.; an ana log- to-d ig i ta l  conver te r  

produces a s e r i a l  d i g i t a l  s i g n a l  f o r  each sampled po in t .  This 

d i g i t a l  s i g n a l  i s  read by t h e  computer, a PDP-11/20, v i a  a CAbIAC 

i n t e r f a c e  system. The maser s i g n a l s  a r e  s to red  a t  t h e  %8 kHz 

r a t e ,  t h e  m x i m u m  c o n s i s t e c t  viith t h e  c o n v e r s i ~ n  r a t e  of  t h e  

AUC. (The KMR r a t e  i s  llmi'iec: t o  . t 4  kHz s i n e e  da t a  must be taken 

f o r  %I sec  and 4096  p a i n t s  i s  t h e  l a r g e s t  se t  which can be 

f a s t  f o u r i e r  t ransforned by t h e  computer.) 

Successive s i g n a l s  from e i t h e r  t h e  maser o r  NMR a r e  

averaged by a s c u ~ u l a t i n g  them i n  core.  Af t e r  a p r e s e t  number 

of s i g n a l s  is accumulated, t h e  averaged d a t a  i s  presented on 

a s to rage  scope f o r  v i sua l  d i sp l ay  and t r a n s f e r r e d  t o  d i s c  

s to rage .  

1 1 1 . 6  Procedure - 

Preparatory t o  t ak ing  da t a ,  t h e  resonant  f requencies  of 

the NMR c o i l  and maser cav i ty  a r e  ad jus ted  by observing t h e  

t ransmiss ion with  varying input  f r equency .~hemagne t i c  f i e l d  

is  shimmed f o r  maximum homogeneity by observing t h e  NMR f r e e  

decay s i g n a l  while ad jus t ing  t h e  cu r r en t  i n  var ious  e l e c t r i c a l  
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shims, If the s ignal- to-noise  r a t i o  is e s p e c i a l l y  poor o r  i f  

very f i n e  adjustments are t o  be made, e f f e c t s  of t h e  shims 

are observed using computer averaged s i g n a l s ,  The NYiP. pulse  

leng th ,  t y p i c a l l y  450 psec i s  set at. t h i s  t i m e  t c  give  t h e  maxi- 

mum s i g n a l .  Pu lse  separa t ion  is t y p i c a l l y  5 - 1 0  sec.  

The sample assenhly i s  next  t r a n s l a t e d  s o  t h a t  t h e  maser 

bulb i s  i n  pos i t i on .  The magnetic f i e l d  is  set t o  give  t h e  

des i r ed  maser frequency by changing the c u r r e n t  through a t r i m  

c o i l .  Maser pu lse  leng th ,  t y p i c a l l y  100 psec,  and pulse  separa- 

t i o n ,  %10 msec, a r e  also ss t  a t  t h i s  time. The f i e l d  i s  no t  

d i s tu rbed  from t h e  t ime t h e  f i e l d  i s  s e t  u n t i l  a complete run of 

data i s  obtained.  Care must be t a k e ? ,  f o r  even moving a s t e e l  

chair i n  t h e  labora tory  can cause s h i f t s  of t e n s  of ppb. 

Data tak ing  begins wi th  t h e  maser s i g n a l .  256 t o  512 maser 

s i g n a l s  are averaged, Somewhat nore  than 64  s i c p a l  po in t s  a r e  

sampled, of which 54  w i l l  be f o u r i e r  transformed. A t  a sample 

r a t e  of a 8  kHz r h e  observat ion t ime i s  about 8 msec, adequately 

long compared tc t h e  electron s i g n a l  LifetZme, l e s s  thar? 1 p s e c .  

Five separa. te averages are recorded. The k l y s t r o n  lock frequency 

is  ad jus t e6  t o  change t h e  s i g n  o f  Lhe audio bea t  frequency and 5 

more averages a r e  obta iced.  To ta l  observat ion t ime i s  about 4 0  

sec  o r  4 s e c  per average. Real t ime i s  about 80 sec ,  including 

t h e  t i m e  t o  cha:~ge k lys t ron  frequency. 

The bulbs a r e  next  t r a n s l a t e d  to t h e  NMR pos i t i on  by one 

experimenter, while a second makes t h e  necessary changes i n  t h e  

e l e c t r o n i c s .  Simultaneously, t h e  computer t r a n s f e r s  t h e  maser 

da ta  t o  magnetic t ape .  Elapsed time between l a s t  maser s i g n a l  
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and f i r s t  NMR signal i s  about 3 minutes, Four to nine NMR sfg- 

nals are averaged with 4096 or more points sampled. The obser- 

vation time per signal Is about 1  sec; the NMR signal lifetime 

is typically 200 psec. Three averages are recorded, the NMR 

drive frequency is changed to reverse the sign of the NMR beat, 

and three more averages are obtained. Total observation time is 

about 30 - 60 sec. Real time is about 3 - 6 minutes. 
The bulb and electronics change process is now reversed to 

prepare for another collection of maser data, Five complete 

cycles of maser and NMR data constitute a run, taking about one 

hour of real time. The time at which each s ignal  average is 

completed is recorded by the computer. Occasionally data for 

one cycle is taken with no signal sc that the pulse response of 

the audio detection system can be observed. Data is limited to 

5 cycles by the capacity of a magnetic tape and the stamina of 

the experimenters, During a complete run the magnetic field 

would generally drift less than 1 part in lo7; if the drift 

exceeded this, the klystron frequency would be adjusted to keep 

the maser audio signal close to its nominal value of 2 kHz. The 

temperature of the gap was measured from time to time but was 

never found to depart from 34.7O~. 

Two or three runs were often taker? during any one night and 

several nights of data were taken with each bulb configuration. 

After sufficient data was obtained with a given bulb configura- 

tion, the bulb assemblybJas carefully rcxoved from the apparatus 

to be measured and photographed. 



The sample assemblies were measured f o r  s p h e r i c i t y  and t h e  

l oca t ion  of t h e  water  meniscus was determined using a Jones and 

Lamson Model FC-14 o p t i c a l  comparator. The set-up i s  shown i n  

Fig.  12. To avoid o p t i c a l  d i s t o r t i o n  due t o  t h e  qua r t z  spheres ,  

t h e  bulbs a r e  placed i n  a r ec t angu la r  viewing box wi th  f l a t  

windows on four  s i d e s .  The box i s  f i l l e d  wi th  a f l u i d  whose 

index of r e f r a c t i o n  matches t h a t  of fused quar tz  ( t r i ch loroe thy-  

l e n e  and isopropanol o r  g lyce ro l  and water can be mixed t o  

achieve t h e  proper index) .  Bulbs can be checked f o r  s p h e r i c i t y  

by conparing t h e  enlarged images i n  var ious  o r i e n t a t i o n s  wi th  

a c i r c u l a r  template.  The meniscus i n  t h e  NMR bulb  i s  c l e a r l y  

v i s i b l e  i f  a d i f f u s e r  is  used between t h e  mercury a r c  source and 

t h e  bu lbs ,  and inay be photographed by placing a f i l m  holder i n  

the inage plane .  A magnif icat ion of x10 i s  used f o r  t h e  photo- 

graphs. 

The oS jec t  t a b l e  of t h e  comp?.rator i s  r o t a t a b l e  and mounted 

on ways which t r a n s l a t e  i n  d i r e c t i o n s  orthogonal t o  t h e  op t i c  

axis. Thus t h e  d i s t ance  between t h e  bulbs can be accura te ly  

determined. The average p i t c h  of t h e  lead  screw i n  t h e  sarilple 

t r a n s l a t o r  is a l s o  measured u s i n g e t h e  o p t i c a l  comparator. 

When t h e  measurements on t h e  bulbs are completec2, t ? e  bulb  

conf igurat ion i s  switched with each col l imator  and col l imator  

holder s t ay ing  wi th  their r e s p e c t i v e  bulbs. The epoxy j o i n t  

between t h e  two bulbs and t h e  j o i n t  t o  t h e  push rod ( see  Fig. 5 )  

a r e  broken by hea t ing .  The NM.. bulb i s  emptied and recoated 

and a l l  o l d  epoxy i s  removed froin t h e  j o i n t s .  I f  t h e  boron- 
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nitride fittings are destroyed in the disassembly process, new 

ones machined to the same dimensions are installed, If a colli- 

mator separates from its holder, it is cleaned, re-coated and 

re-wounted. The reassembly of the bulbs in reversed positions 

is according to t h e  procedures already discussed. Data is taken 

on each of the two possible configurations for each of the pai r s  

of bulbs. 



I V .  RESULTS AND ANALYSIS 

I n  t h i s  s e c t i o n  w e  descr ibe  t h e  p l an  f o r  analyzing t h e  

da t a ,  g ive  d e t a i l s  on t h e  procedures f o r  t r e a t i n g  t h e  e l e c t r o n  

and proton s i g n a l s ,  descr ibe  var ious  systemat ic  co r r ec t ions ,  

and p re sen t  t h e  f i n a l  r e s u l t .  

IV.1 Plan 

1) k w  da ta  f o r  each cyc l e  cf 4 o r  5 sample in terchanges  l a  

a given run a r e  f o u r i e r  transformed t o  provize  a s e r i e s  of 

b e a t  f requencies ,  both p o s i t i v e  and negat ive .  Proton o r  e lec-  

t r o n  frequenczies i n  each interchange c y c l e  a r e  ca l cu l z t ed  from 

t h e  bea t  f requencies  and t h e  r e s u l t s  a r e  then averaged separ- 

a t e l y  f o r  each sidsband. The va lues  f o r  the p o s i t i v e  and nega- 

t i v e  sideba1:ds a r e  then averaged toge the r ,  y i e l d i n g  z set of 

fou r  o r  f i v e  e l ec t ron  and proton f requenc ies ,  one p a i r  for  each 

interchange cycle .  These f requencies  r ep re sen t  averages over 

per iods  of a few minutes i n  t h e  course  of an hour, dur ing which 

t h e  magnetic f i e l d  may have d r i f t e d  appreciably .  

2 )  The e l e c t r o n  and proton f requencies  a r e  combined t o  g ive  

a s e r i e s  of values  f o r  g . (H) /g  ' i n  a manner which e l imina tes  
3 P 

f i r s t  o rder  e f f e c t s  of f i e l d  d r i f t ,  The r e s u l t s  a r e  averaged 

t o  g ive  a f i n a l  va lue  of  g , (H) /gp ' f o r  t h a t  run. 
1 

3 )  The procedure i s  repeated f o r  a n!llmber of such runs  taken 

over s eve ra l  days. The sample holders  a r e  then  dismounted, 

t h e  geometry of t h e  water  sample i s  measured photographical ly ,  



and the sample holders are reassembled with their roles inter- 

changed. 

4) The procedure is repeated with the new configuration. 

5 )  The results for all the runs in each configuration are 

averaged. 

6 Corrections are made for the systematic errors for each 

of the two configurations. 

7) The corrected results for the two configurations are 

averaged, yielding a final value of g.(H)/g ' for the set of 
3 P 

sample holders. 

8) The entire procedure is repeated with a second set of 

sample hclders to check for consistency. The results of the 

two determinations are combined to yield a final value for 

IV.2 Analysis of the Electron Signal 

The first few points of the electron signal are discarded 

to avoid effects of the driving pulse, and a set of 64 consec- 

utive points is selected for f o u r i e r  analysis. Fig. 13 shows 

the first 32 points of a typical maser signal, the average of 

256 individual sweeps taken over a 2.5 sec interval. (The 

signal-to-noise ratio for individual sweeps, as observed on an 

oscilloscope during data taking, is unity.) The fourier 

transform of this signal is shown in Fig. 14. 

The solid line is the least squares fit to a lorentzian 







a b s o r p t i o n  d i s p e r s i o n  curve  which h a s  been modif ied f o r  e f f e c t s  

of t h e  image and s e v e r a l  p e r i o d i c  r e p e t i t i o n s .  (The e f f e c t  of  

the seccnd periodic r e p e t i t i o n  is  less t h a n  1 ppb.) The rrns 

s c a t t e r  of p o i n t s  about  t h e  f i t t e d  l i n e  r e p r e s e n t s  a S / N  o f  15 ,  

as expected  f o r  a 256 sweep average  of a  f r e e  decay s i g n a l  w i t h  

S /N  = 1. The f i t  corresponds  t o  a n  a b s o r p t i v e  f u l l  wid th  a t  

h a l f  maximum of abou t  50C Hz. Note t h a t  t h i s  l i n e w i d t h  repre -  

s e n t s  on ly  5 0  ppb i n  t h e  e l e c t r o n  f requency,  s o  t h a t  even w i t h  

SIN = 1 5  (which i s  lower t h a n  a v e r a g e ) ,  w e  can determine  t h e  

l i n e  c e n t e r  t o  a p r e c i s i o n  of  a  f e w  ppb w i t h  a s i n g l e  determi-  

n a t i o n .  The s t a n d a r d  d e v i a t i o n  of the f requency f i t  to consec-- 

u t i v e  maser signals i s  t y p i c a l l y  4 ppb, which i s  c o n s i s t e n t  

w i t h  t h e  known zverage  maqnitude of f i e l d  f l ~ c k u a t i o n s  over t h e  

few seconds separating t h e  messurements. 

The mean d i f f e r e n c e  between t h e  r e s u l t s  ob ta ined  from 

p o s i t i v e  and negacive s idebands  f o r  any one r u n  i s  t y p i c a l l y  

l e s s  than  2 ppb w i t h  a s t andard  d e v i a t i o n  of  4 ppb. Averaged 

over  a l l  t h e  runs  t h e  d i sc repancy  i s  less t h a n  1 ppb i n d i c a t i n g  

t h a t  aud io  frequency p u l l i n g  e f f e c g s  a r e  n e g l i g i b l e .  

The f i e l d  coupled p a r t  of t h e  e l e c t r o n  frequency i s  ca lcu-  

l a t e d  from each measured maser frequency by s o l v i n g  Eq. ( l l a )  

f o r  v T h i s  i s  done numer ica l ly  us ing  for t h e  hyper f ine  fre- 
I ' 

quency vo = 1420.405 751 768(2)  MHz (liEL70) and for t h e  e l e c -  

t ron-proton g - f a c t o r  r a t i o  g .  ( H )  /g ( H )  = 658.210706 ( 6 )  (WIN721 . 
3 P 

For a maser frequency o f  9202 MHz t h e  f i e l d  coupled frequency 



IV.3 Analysis of the Proton Signal 

The proton resonance spectrum is obtained by taking the 

fourier transform of 4096 p~ints from each NMR signal average. 

The first 32 points, representing an 8 msec period, are dis- 

carded, to eliminate effects of ':he driving pulse. (The long 

delay is required beciuse of ringing of the audio bandpass 

arplifier.) Failure to discard the initial points can lead to 

frequency shifts of tens of ppb when'the pulse leakage is 

great. Additional delay beyond 8 msec produces no shifts sta- 

tistically significant zt the level of 3 ppb. 

Fig. 15 shows a typical NMR siglial, the aT;erege of 9 

sweeps. (To avoid confusion on1.y every fifth point is dis- 

p12yed.) Fig. 16 shows a small portion of the fourier trans- 

form of this signal; the real and imaginary parts have been 

combined to give a purely absorptive line using Eq. (18). The 

number of points per rescnance linewidth is proportional to 

the number of decay lifetimes observed. Because of the high 

sampling rate and limitations imposed by computer storage 

capability! the 4096 data points cover only about five life- 

times. The resulting relatively small number of points within 

the resonance width, however, does not represent any loss of 

information and does not interfere with accurate analysis. 

The phase $,  is determined by optimizing the line symmetry 







a s  fo l lows:  twenty p o i n t s  on each s i d e  o f  t h e  assumed l i n e  

c e n t e r  a r e  compared, t h e  c l o s e s t  of  t h e s e  b e i n g  10 p o i n t s  from 

t h e  c e n t e r .  (The p o i n t s  are s e p a r a t e d  by abou t  1 Hz, s o  t h a t  

t h e  comparison p o i n t s  are i n  t h e  f a r  wings of  t h e  resonance.)  

The phase is chosen t o  e q u a l i z e  t h e  va lues  o f  t h e s e  p o i n t s ,  

p roper ly  weighted about  t h e  assumed l i n e  c e n t e r .  The t r u e  

l i n e  c e n t e r  i s  t h e n  determined by i n t e g r a t i n g  t h e  a b s o r p t i v e  

l i n e  over a r e g i o n  00 p o i n t s  wide,  synuiietric abou t  t h e  assumed 

c e n t e r ,  accord ing  t o  Eq. (17). The p rocess  i s  i t e r a t e d ,  

us ing  t h e  c a l c u l a t e d  c e n t e r  t o  d e t e r r ~ i n e  2 new ce17ter f o r  

symmetrizat ion and i n t e g r a t i c n  i n t e r v a l s .  

The f r a c l i o n z l  l i n e w i d t h  o-the NMR s i g n a l  i s  about  1 0 0  

~ p h ,  and w i t t  S/N great~r t h a n  1 0 0  one might  expect t h e  s t an -  

dard  d e v i a t i o n  of  a s i n g l e  d e t e m i n a t i o n  of t h e  cen- 

t r o i d  t o  be about L ppb. T h i s  i s  n o t  i f a c t  

achieved,  s i n c e  t h e  pkase-f inding r o u t i n e  o p e r a t e s  i n  t h e  

wings of t h e  l i n e  where t h e  S/N i s  much lower t h a n  1 0 0 .  The 

average  s c a t t e r  f o r  s u c c e s s i v e  NMK measurentents i s  1 3  ppb. 

P a r t  of t h i s  s c a t t e r  is  a t t r i b u t a b l e  t o  f i e l d  f l u c t u a t i o n s  

over t h e  few minute i n t e r v a l s  between measurements, b u t  much 

of  it i s  due t o  s t a t i s t i c a l  e r r o r  i n  t h e  phase-f inding r o u t i n e .  

L ine  c e n t e r s  f o r  p o s i t i v e  a2d n e g a t i v e  b e a t  f r equenc ies  

a g r e e  w e l l ,  t h s  t y p i c a l  ave rage  d i f f e r e n c e  f o r  one run  being 8 

ppb w i t h  a s t a n d a r d  d e v i a t i o n  of 1 4  ppb, i n d i c a t i n g  no s i g n i -  

f i c a n t  p u l l i n g  e f f e c t s .  The mean d i f f e r e n c e  between r e s u l t s  



from positive and negative sidebands averaged over many runs 

is about 1 ppb with a scatter of 10 ppb, which supports this 

conclusion. 

The reasoning behind the choice of the symmetrization 

interval for determining the phase is as follows: 20 Hz (1300 

ppb) about the center of the resonance are excluded since the 

NKR line might reasonably be expected to be broadened by field 

inhomogeneity over this region and therefore not be necessarily 

symmetric. The use of twenty points for averaging is to pro- 

vide adequate signal-to-noise. These choices are by no means 

unique. Since this cocld be a potentially serious source of 

error w e  have reanalyzed a large pcrtion of the data by other 

means to check the correctness of the analysis inet1.1od. This 

reanalysis, described in the appendix, indicates that our 

symmetrization snalysis is accurate to a few ppb. 

IV.4 Corrections -- - 
Table 1 shows the results for g.(H)/g ' from every run. 

3 P 
(The configurat.ion is designated by * the NEIR bulb.) Each 

result is based on 6 or 8 frequency ratios, as described in 

Sec. IV.l; the error is the standard deviation of those 

values. No data has been discarded. 

The n:ean of a configuratia~ is the unweighted average of 

results for all the runs. The uncertainty is the standard 

deviation of these results. 



T a b l e  1 

Results of all Runs 

D a t e  
I 

Date 

Configuration P1 I Configuration $ 3  

i 
12 Nov 74 658.216 0697 (57) I 30 Nov 74 658,215 9775 (42) 

13 Nov 74 
I 

6 0794 (24) ! 30 Nov 74 
1 

5 9758 (47) 

13 Nov 74 6 0945(151) 30 Nov 74 5 9759 (30) 

14 Nov 74 6 0668 (2061 1 01 Dec 74  
1 

5 9839 (62) 

14 Nov 74 6 0763 (50) I 01 Dec 74 5 9715 (41) 
1 

1 4  Nov 7 4  6 0714 (58) ! 01 Dec 74 5 9768 (35) 
i 

Configuration 92 1 07 9, oc 74 5 9786 (46) 
I 

20 Dec 7 4  6 0325 (45) f Configuration 8 4  
I 

21 Dec 74 6 0407 (2@)  ' 15 Dec 74 6 0786 (41) 

21 D e c  74 6 9409 (20) 15 Dec 74 6 0738 (23) 

22 Dec 7 4  6 0393 (33) : 16 Dec 74 6 0658 (58) 

24 Dec 74 6 0387 (47) ' 16 Dec 74 6 0742 (59) 

24 Dec 74 6 0349 ( 7 8 )  17 Dec 74 6 0654 (40) 

16 Jan 75 6 0430 (22) . 17 D e c  74 6 0?57 (42) 

16 Jan 75 6 0374 (38) 1 

Configuration Means 

658.216 0754 (113) 

6 0384 (34) 

5 9771 (37) 

6 0723 ( 5 4 )  



Each of the configuration results must be corrected for 

various systematic errors associated with the given configura- 

tion. A sumnary of the corrections and their uncertainties is 

given in Table 2. (The statistical cncertainties shown are 

those of the configuration means given in Table 1.) We des- 

cribe below each class of correction. 

Shape Correction 

This correction acco~nts for the distortion in the field 

of the NMR samsle due to the intrusion of the meniscus into 

the assuiied spherical shape. The correction is based on rnea- 

su-rernents from the pho~ographs  of ~ a c h  bulb and meniscus made 

after data taking. 

A drawing Based on one of the photographs of bulb # 4  is 

shown in Fig. 17. Even though distortion due t-o the outside 

quartz surface is eliminated by the matched refractive index 

f l u i d  in the viewing bcx (see Section I1I.6), there is still a 

distortion or lensing effect Sue. to the spherical interface 

between the water and the quartz. Because the surface is 

spherical it is easy to caiculate 'the effect based cn the 

indices of refraction of water and quartz. By ray tracing w e  

have mapped the observed meniscus into the true meniscus 

shown as a dotted line. The extension of the spherical surface 

of the bulb and the position of the collimator are also indi- 

cated. 



FIG. 17 NMR BULB 



Table 2 

Corrections snd uncertainties in g.(Ef)/g ' ,  ppb 
3 F 

Configuration 1 2 3 4 
L ~ _ _ _ _  ̂  --I_- ---- -- - 

I I 
4 

I 

statistical 1 
Shape 1 -47.1 (15.6) -41.2 (13:7) -14.5, (5.0) '-8.5 (2.9) 

! 
Gradients -29.8 (9.9) '-26.6 (8.8) -13.5 (5.3) -4.0 ( 2 . 4 )  

I i i 
Collimator 1 ' 8.1 (4.0) : 8.1 (4.0) 2.7 (1.4) 2.7 (1.4) 

I i 

I 
1 

Other 1 



Once t h e  meniscus i s  measured, i t s  e f f e c t  is  c a l c u l a t e d  a s  

fol lows:  I t  i s  a w e l l  known r e s u l t  from e l e c t r o s t a t i c s  t h a t  a 

dielectric sphere p laced  i n  a  unifo,m f i e l d  becomes uni formly 

polar ized wi th  a uniform i n t e r i o r  f i e l d .  This r e s u l t  a l s o  

a p p l i e s  t o  a d iamagnet ic  s p h e r e  i n  a  uniform magnetic  f i e l d .  

W e  have modeled t h e  XMR sample as t h e  s u p e r p o s i t i o n  o f  a  uni-  

formly magnetized sphere and an o p p o s i t e l y  magnetized s e c t i o n  

occupying the v o l ~ m e  between the t r u e  sample and t h e  sphere .  

The meniscus sur face  is approximate ly  s p h e r i c a l ;  t h e  meniscus 

r e g i o n  i s  t h e  i n t e r s e c t i o n  c\f t h i s  s p h e r e  with t h e  b u l b  

sphere .  W e  c a l c c l a t e d  t h e  d i p o l e ,  quadrupole  and o c t o p o l e  

moments o f  The rileniscus r e g i o n  u s i n g  t h e  center of  t h e  meniscus 

s p h e r e  as  t h e  o r i g e n .  The  s u s c e p t i b i l i t y  of wa te r  i s  taken t o  

be CCRC62) 

where x i s  def ined  by 

The average c o n t r i b u t i o n  t o  t h e  f i e l d  of  t h e s e  rnul t ipole  

moments i n  t h e  sample region is c a l c u l a t e d  numer ica l ly .  The 

o c t o p o l e  c o n t r i b u t i o n  i s  on ly  a few p e r c e n t  of  t h e  d i p o l e  con- 

t r i b u t i o n ,  and t h e  expansion i s  s a f e l y  t e rmina ted  w i t h  t h a t  

term. R e s u l t s  f o r  t h e  shape c o r r e c t i a n  a r e  shown i n  Table 2 .  



The e r r o r  has been ass igned  from e s t i m a t e s  of u n c e r t a i n t y  i n  

t h e  de termining t h e  meniscus geometry, e r r o r s  i n  the numerical  

p rocedures ,  and e f f e c t s  of u n c a l c u l a t e d  te rms.  The cor rec -  

t i o n s ,  and t h e i r  u n c e r t a i n t i e s ,  a r e  s m a l l e r  f o r  bu lb  P a i r  B 

because t h e i r  s m a l l e r  necks r e s u l t  i n  s m a l l e r  meniscuses.  

Grad ien t  C o r r e c t i o n s  

The n e x t  c l a s s  of c o r r e c t i o n s  a r i s e s  because t h e  hydrogen 

atoms sample t h e  f i e l d  i n  t h e  p o r t i o n  o f  t h e  maser bu lb  which 

corresponds  t o  t h e  meniscus r e g i o n  of  t h e  p a r t n e r  NMR bulb .  

Local f i ~ , l d  g r a d i e n t s  produced by t h e  bu lb  assembly cause  t h e  

f i e l d  i n  t h i s  r e g i o n  t o  d i f f e r  from t h e  f i e l d  i n  t h e  rest o f  

the bulb .  Assuming a. uni.fomi ambient f i e l d  a t  t h e  niascr bulb  

we have c a l c u l a t e d  numerical.ly t h e  average f i e l d  i n  t h e  bu lb  

and i n  t h e  meniscus reg ion  due t o  t h e  di-amagnetlsm of a l l  com- 

ponents  w i t h i n  about  2 . 5  c m  of t h e  bu lb  c e n t e r .  These i n c l u d e  

the upper and lower stems, t h e  c o l l i m a t o r ,  and d e v i a t i o n s  of 

the bulb  i t s e l f  from a s p h e r i c a l  s h e l l  which produces a  uni-  

form i n t e r i c r  f i e l d .  The component m a t e r i a l s  a r e  a l l  assumed 

t o  have t h e  s u s c e p t i b i l i t y  of f u s e 8  q u a r t z :  

based on a molecular  s u s c e p t i b i l i t y  o f  -4n x 29 .6  x and 

a d e n s i t y  of 2 .2  g-/cm3 (CRCB2) . (The c o l l i m a t o r  has  50% 

t ransmiss ion  and i s  assumed t o  have h a l f  t h e  s u s c e p t i b i l i t y  of  



quar tz . )  The major con t r ibu t ion  is  from t h e  upper stem; t h e  

contributior? from t h e  lower stem i s  oppos i te  i n  e f f e c t ,  b u t  

much smal ler .  Small con t r ibu t ions  a r i s e  from t h e  co l l imator  

and t h e  missing bulb wal l  above t h e  meniscus. The sum of a l l  

t he se  co r r ec t ions  i s  ind ica t ed  i n  Table 2 .  The e r r o r  i s  based 

on t h e  u n c e r t a i n t i e s  i n  t h e  approximation of var ious  compo- 

nents  with simple geometric forms, c e g l e c t  of ambient gradi-  

e n t s ,  and uncer ta ic ty  i n  t h e  s u s c e p t i b i l i t y  of non-quartz 

ma te r i a l s  such as t h e  g l a s s  co l l imator .  A s  i n  the shape cor- 

r e c t i o n s ,  t h e  grad ien t  co r r ec t ions  a r e  smal le r  f o r  t h e  smal l  

necked bulbs s ince  t h e  r e i a t i v z  con t r ibu t ion  of t h e  smal ler  

meniscus region is  l e s s .  

Coll imator 

The t h i r d  source of e r r o r  a r i s e s  because t h e  hydrogen 

atoms sample t h e  co l l imator  v o l u m s  and "see" a d i f f e r e n t  f i e l d  

due  t o  t h e  sh i e ld ing  e f f e c t s  of t h e  c o l l i n a t o r .  The collima- 
-+ 

t o r  i s  modeled as an i n f i n i t e  d i s c  p a r a l l e l  t o  H wi th  ha l f  t h e  

s u s c e p t i b i l i t y  of quartz ( t o  account f o r  the h o l e s ) .  The 

f i e l d  i n s i d e  t h e  ho les ,  t aken  a s  i n f i n i t e  cy l inde r s ,  is calcu- 

l a t e d  on t h e  b a s i s  of the  anb ien t  f i e l d  i n  t h e  d i sc .  The atom 

dens i ty  i s  assumed t o  be ha l f  the dens i ty  of t h e  bulb. The 

e r r o r  is based on u n c e r t a i n t i e s  i n  t h e  approximations involved 

i n  determining t h e  co l l ima to r  f i e l d ,  and i n  neg lec t ing  t h e  

e f f e c t s  of g rad ien ts  i n  t h e  ambient f i e l d .  The smal ler  c o l l i -  

mator of bulbs 3 and 4 account fo r  t h e  smal le r  co r r ec t ion  

compared t o  bulbs 1 and 2 .  



Water Correction 

While the difference in fields "seen" by the two samples 

due to differences in the bulbs is cancelled by interchanging the 

bulbs, differences caused by diamagnetic effects of the con- 

tents of the opposite bulb is not. We calculated the field at 

the maser bulb due to the dipole moment of the water in the 

NMR bulb. Since the distance between the bulbs is comparable 

to the separation of the magnet pole pieces, the effect of the 

pole pieces was also considered. This was done by assuming an 

infinite permeability for the iron pole pieces and c2lculating 

the effects of the images of the water dipole in each pole 

piece, as well as the images of irnaqes. Convergence is rapid; 

the effect is to increase the shift 30% over the value in the 

absence of pole pieces. The correction is the same for all 

configurations. 

Miscellaneous Corrections --- 

There remain a ncmber of corrections, difficult or impos- 

sible to calculate, whose magnitude we estimate and include as 

ari additional uncertainty. 

Uncertainty in the field in the volume of the maser bulb 

above the meniscus region and below the collimator contributes 

an uncertainty of 11 ppb in set A and 2 ppb in set B. This 

estimate is based on the size of the region and the magnitude 

of possible gradients estimated from stan gradient calcula- 



tions. Deviations fron sphericity in the overall shape of the 

bulbs, based on comparison of bulb photographs with photo- 

graphs of ball bearings using the same optics, are of the 

order of The contribution to the uncertainty is deter- 

mined from a comparison of the internal fields of polarized 

spheres and ellipsoids (see, for example, STR41) and is 1.5 

ppb for all bulbs. (The effect of the dimple at the bottom of 

the bulb, shown in Fig. 17, is negligible, being about .1 ppb.) 

Effects of non-uniformity of bulb wall thickness are 2 ppb for 

set A and negligible for set B. Errors dne to positioning the 

bulbs incorrectly in the field are estimated at 2 ppb based on 

known errors ir the bulb separation measurements, and the 

measured frequency shifts when the bulbs were rrioved (less than 

3 ppb per .06 cn), Estimated error in tne NMR frequency deter- 

mination prccedure, based on corr~parison with alternative 

methods, is 2 ppb (see Appendix) . 
When # 3  was user1 as the NMR bulb,  a little water was 

found in the region between the collimator holder and the bulb 

stern. The voluiie was estimated at about lom3 of the bulb 

volume, It is not known whether the water was t-here during 

measurement or got there during removal of the bulbs fron the 

magnet. The field night be as much as different in the 

neck region, so we add 1 ppb additional uncertainty. 

We have computed the effect of'cavity mistuning on the 

maser signal. The pulling is given in terns of the cavity and 



l i n e  Q t s ,  t h e  rnis tuning,  and t h e  r a t i o  of H atoms f l u x  t o  t h e  

t h r e s h h o l d  f l u x  (WIN72, PHI72). Es t ima t ing  o c r  f l u x  on the  

b a s i s  of e a r l i e r  work (WIN72, WAL72) and s c a l i n ~  t o  o u r  c a v i t y  

and b u l b  s i z e  y i e l d s  a  maximum e r r o r  o f  0 . 1  ppb. The t h e o r y  

of c a v i t y  p u l l i n g  may be  g e n e r a l i z e d  t o  t h e  NMR s i g n a l  (PHI72). 

A p e s s i m i s t i c  e s t i m a t e  l e a d s  t o  a  l i r i t  of  e r r o r  of I ppb. 

The p resence  of hydrogen atcms i n  t h e  neck above t h e  c o l -  

l i m a t o r  i s  n o t  impor tan t  s i n c e  t h e s e  a r e  qu ick ly  r e l a x e d  due 

t o  c o l l i s i o n s  with the  uncoated s u r f a c e s .  Re laxa t ion  due t o  

e scape  is  a l s o  g r e a t e r  i n  t h e  neck s i n c e  khere  i s  no ccl1irr.a- 

t o r  to  p reven t  e scape .  

The g l u e  joint which j o i n s  t h e  t w o  bu lbs  t o g e t h e r  i s  d i f -  

f e r e n t  f o r  each c o n f i g u r a t i o n .  The t o t a l  e f f e c t  of  g l u e  d i z -  

magnetism is of  t h e  o r d e r  of 1 ppb, and d i f f e r e n c e s  from one 

c o n f i g u r a t i o n  t o  t h e  nex t  should  be n e g l i g i b l e .  

E r r o r s  due t o  g r a d i e n t s  i n  t h e  ambient f i e l d  were est ima- 

t e d  by app ly ing  g r a d i e n t s  of  known d i s t r i b u t i o n  s u f f i c i e n t  t o  

double  t h e  NMR l i n e w i d t h ,  and comparing t h e  r e s u l t s  ob ta ined  

w i t h  t h o s e  i n  t h e  b e s t  shimmed fie1.d. Grad ien t s  l i n e a r  a long  

one of axes p a r a l l e l  t o  t h e  p o l e  f a c e s  were a p p l i e d  on t h e  

second run of 1 3  Nov and t h e  t h i r d  run  of  1 4  Nov. I n  n e i t h e r  

c a s e  was t h e  d i f f e r e n c e  from t h e  c o n f i g u r a t i o n  mean s i g n i f i -  

c a n t l y  a l t e r e d  by t h e  a p p l i e d  g r a d i e n t .  Unfor tuna te ly ,  t h e  

s t a t i s t i c a l  e r r o r  f o r  t h i s  c o n f i g u r a t i o n  i s  t e n s  o f  ppb. The 

f i r s t  run  of 0 1  Dec had a g r a d i e n t  q u a d r a t i c  a long a  r a d i u s  



vector in the plane of the pole faces. In this case, the sta- 

tistics are b e t t e r ,  8 ppb, and the s h i f t  i s  9 ppb. The most 

likely mechanism for ambient gradients a f f e c t i n g  t h e  result is  

non-uniformity of the NMR r.f. f ie ld .  I f  po r t i ons  of the bulb 

which "see" d i f f e r e n t  f i e l d s  do not con t r ibu te  equally to  t h e  

signal, the s i g n a l  w i l l  not  reflect t h e  average f i e l d .  Since 

non-uniformities in t he  r.f. f i e l d  are expected t o  be symmetric 

about t h e  c o i l  center, only symmetric inhomogeneities can 

affect t h e  result through t h i s  mechanism. Measurements of r e f .  

intensity v a r i a t i o n s  give a maximum value of 5%. For NMR 

widths of 1.5 Hz we therefore estimate a maximum error of .075 

Hz o r  5 ppb, cons is ten t  w i t h  observations with  t h e  a p p l i e d  

quadra t ic  gradient .  It i s  i n p o r t a n t  to note t h 2 t  any measure- 

ment of a gradient  effect i s  an upper l i m i t ,  for  it assumes 

. that a l l  the ambient gradient affecting t h e  linewidth is of 

t h e  na tu re  o f  the appl ied grad ien t .  I n  addition, it is clear 

t h a t  t h e  d i s t r i b u t i o n  of g r a d i e n t s  changes from day to day, so 

some averaging of the effects might be expected.  For these 

reasons, we f e e l  t h a t  5 ppb is  a reasonable unce r t a in ty  t o  

ascribe t o  effects of ambient field grad ien t s ,  

1V.S F i n a l  Results 

The two corrected results for each pair of bulbs are 

averaged to cancel the remaining effects of the sample holders. 

Care must be taken i n  computing the  uncertainty of t h i s  



averaged r e s u l t  because t h e  u n c e r t a i n t i e s  f o r  t h e  two bulbs  of 

a p a i r  a r e  not  jndependent. I n  f a c t ,  s i n c e  t he  meniscus and 

co l l ima to r  a r e  s i m i l a r  wi th in  a p a i r ,  t h e  co r r ec t ions  and un- 

c e r t a i n t i e s  a r e  almost  the 'same. The con t r ibu t ion  of t h e  

u n c e r t a i n t i e s  i n  t h e s e  c o r r e c t i c n s  t o  t h e  average i s  computed 

by averaging t h e  u n c e r t a i n t i e s  f o r  each bulb. The s t a t i s t i c a l  

e r r o r  is  taken t o  be t h e  rins s c a t t e r  of t h e  rur? r e s u l t s  from 

their conf igura t ion  mean, average2 over  both conf igura t ions  of 

t h e  p a i r .  S t a t i s t i c a l  e r r o r  i s  ad6e.d quad ra t i ca l ly  t o  t h e  r e s t  

of t h e  errcr. Thz r e s u l t s  of t h i s  procedure a r e  t h e  p a i r  

r e s u l t s  shown i n  Table 3 .  The d i f f e r e n c e  between t h e  two p a i r s  

is  only 1 ppb, Since the  co r r ec t ions  appl ied t o  P a i r  A are 

much l a r g e r  than t h o s e  f o r  P a i r  B ,  t h s  good agr9ement i s  evi-  

dence t h a t  t h e  c o r r e c t i o n  procedure i s  valid. 

The final r e s u l t  i s  t he  weighted mean of t h e  two p a i r  

r e s u l t s .  The r e l a t i v e  weighting of t h e  pair r e s u l t s  i s  based 

only  on those  e r r o r s  whick are independent. W e  assume t h e  

e r r o r s  based on t h e  s i z e  of t h e  meniscus and co l l ima to r  to be 

independent s i n c e  t h e s e  a r e  so  d i i f e r e n t  between t he  two 

p a i r s .  Er rors  such as those  due t o  ambient f i e l d  g rad ien t s ,  

water diamagnetism, and NMR frequency determinat ion,  which a r e  

the same f o r  each p a i r  a r e  no t  included i n  t h e  weighting. The 

e r r o r  i n  t h e  final r e s u l t  due t o  t h e  e r r o r s  which a r e  indepen- 

den t  f o r  t he  two p a i r s  i s  given by 



T a b l e  3  

Corrected v a l u e s  of g.(H)/g ' 
3 P 

S i n g l e  C o n f i g u r a t i o n  Results 

1: 6 5 8 . 2 1 6  0 2 5 1  (188) (29 ppb)  

2 :  6 5 8 . 2 1 5  9 9 4 1  ( 1 4 2 )  ( 2 2  ppb) 

3 :  6 5 8 . 2 1 5  9 5 7 2  ( 7 5 )  (11 ppb)  

4 :  6 5 8 . 2 1 6  0608  ( 7 4 )  ( 1 1  ppb)  

Pair R e s u l t s  

A: 6 5 8 . 2 1 6  0 0 9 6  (1621 ( 2 5  ppb)  

B:  6 5 8 . 2 1 6  0090  ( 7 2 )  (11. ppb)  

F i n a l  R e s u l t  6 5 8 . 2 1 6  0 0 9 1  (G9) (10 P P ~ )  



-2 - - -2 -2 
' ind '~,ind + 'B, ind 

The total error is found by adding the remaining non-indepen- 

dent errors quadratically to the independent errors. The 

finai result is 

at a temperature of 34 .~OC. The uncertainty has the signif i- 

cance of a 70% confidence interval. 

Some small differences between some of the figures in 

Tables 2 and 3 ard those published earlier (PHI75) are due to 

the inclusion in the present work of data from some runs which 

had n o t  been analyzed at the time of the earlier puSlicetion. 

None of the differences are statistica1l.y significznt, and the 

final resxlt is unchanged. 



V, DISCUSSION 

V.l Previous Work 

A review of the history of measurements of g.(H)/g ' has 
3 P 

been given by Cohen and Taylor (COH73)., The most accurate 

measurement prior to this work is by Lambe and Dicke (LA1459) 

who compared the electron transition in hydrogen, using elec- 

tron spin resonance, with the NMR frequency of a spherical 

water sanple. The electron resonance width was 20,000 H Z ,  and 

the S/N was 8 in contrast to the present work, for which the 

figures are 600 Hz and 100 respectively, for comparable obser- 

vation times. The result was: 

gj (H)/gP1 = 658.215 9088 (436) ( 6 6  ppb) 

to be compared with our result: 

The tt:~ results differ by 152 ppb, or more than twice the 

estimated uncertainty of the Lambe-Dicke result. There are 

several possible explana.tions for the discrepancy. 

The uncertainty quoted by Laxbe and Dicke is based on the 

standard deviation of the mean of about 50 measurements for 

each of two electron transitions in hydrogen. The statistical 

error was doubled to account for possible systematic errors, 

suggested by a correlation between the results and operating 

conditions o f  the hydrogen discharge. We feel that adoption 



of an error based on the standard deviation of the mean of a 

large number of measurements is overly optinistic when there 

is the possibility of a systematic error buried in the scatter. 

Thus, the assigned error in the Lambe--Dicke experiment is 

probably too small, 

Another explanation for the discrepancy is the effect of 

sample temperature. As discussed below, the proton r.ornent in 

water decreases with temperature at a rate of about 10 ppb/O~. 

While our operating temperatuxe was stabilized at 34.7O~, the 

temperature of the Lambe-Dicke sample, the ambient laboratory 

'temperature, was not measured (LAM75). Another possible source 

of error is diainagnetism in the cylindrical neck of the Lar~&e- 

Dicke sample holder. We estimate that bulk diamagnetism of 

the Teflon sample holder would reduce the field in the neck 

relative to the bulb by about 1000 ppb. The neck volume was 

about 15% of the total volume, which would affect the observed 

hydrogen frequency by 150 ppb. (This effect is similar to 

the yrtdients and collimator effects of our Table 2, which 

total only 22 ppb in the worst case.) 

V.2 Temperature Effects 

The effective moment of the proton in water is affected 

by temperature due to change in density and the degree of 

molecular association. The temperature dependence has been 

measured by Hindman (HIN66) over the range -15O~ < T < 1 0 0 ~ ~ .  



The measurements were made in a cylindrical sample and correc- 

ted for shape effect to a spherical sample using data on the 

temperature dependence of the magnetic susceptibility of water. 

We have obtained a quadratic fit to Hindman's corrected 

results : 

0 where T is in C and the correction is in ppb. (The uxcer- 

tainties are based only on the fit and &re not meant to indi- 

cate an estimate of possible systematic errors.) As a compar- 

ison Schneider e+ a1 (SCESb) report a linear coefficient of 

-9.5 ppb/o~ for a cylindrical sample in the range 2 5 O ~  c T 

< 1 1 0 ~ ~ .  This nay be compared with Hindman's uncorrected data 

which yield an average slope of -10.0 ppb/O~ over this range. 

V.3 Derived Results 

From our value of g.(H)/g we can calculate the proton 
3 P 

moment in Bohr magnetons according to 

Using the theoretical value calculated by Grotch and Hegstrom 

(GR071) : 



and the accepted value (COH73) for the electron g factor anomoly 

based on measurements by Wesley and Rich (WES71): 

w e  obtain . 

The shielding constant for water is determined according 

to . . 

We use the theoretical value (GR071) 

gp(H)/gp = 1 - 1.7733 x 

and the experimental value (WIN72) 

to obtain 

for a spherical sample of water at 34.7'~. 

We have mentioned in Sec. IV many involved corrections 

which were necessary to achieve a final encertainty of 10 ppb. 



82.  - 
Most o f  t h e s e  c o r r e c t i o n s  a r o s e  because  of t h e  c o n s t r a i n t  

imposed by t h e  need t o  u s e  each b u l b  a s  a maser s t o r a g e  bu lb  

a s  w e l l  a s  an  NMR sample h o l d e r ,  i n  p a r t i c u l a r ,  t h e  need f o r  a 

l a r g e  neck and a  c o l l i m a t o r .  A n  NMR s a n p l e  h o l d e r  f o r  measur- 

i n g  a fie1.d t o  1 0  ppb can be  much s imple r .  A t h i n  w a l l  spher-  

i c a l  sample h o l d e r  w i t h  c a p i l l a r y  neck,  f o r  i n s t a n c e ,  e l i m i -  

n a t e s  t h e  m a j o r i t y  o f  c o r r e c t i o n s .  The t empera tu re  c o r r e c t i o n  

should n o t  be n e g l e c t e d ,  but by o p e r a t i n g  nea r  3 4 . 7 O ~ ,  t h e  

u n c e r t a i n t y  introduced i s  smal l .  



APPENDIX 

A.  Verification -- of NMR Frequency ~etemination 

In an attenipt to check the validity of the symmetrization 

procedur~ described in Sec. IV.3, we reanalyzed much of the 

data using different intervals for symmetrization. To test 

the effect of a different choice of interval, we reanalyzed 

data from two runs on different nights for each of the 4 bulb 

configurations using an interval of 20 points starting 30 

points from the center. The mean change for given runs was 

31 ppb with a stmdard deviation of 36 ppb. While the differ- 

ence is not statisticall-y significant, neither are the statis- 

tics good enough to confirm the earlier analysis. Several 

other methods of analysis, such as fitting to a lorentzian and 

determining the zero crossing frequency of the decay signal, 

failed to properly analyze computer models of the signals. 

The rnethod vihich W e  setkled upon for checking the symme- 

trization analysis is based upon the foliotqing idea: It is 

easy to show that if the centroid a lorentzian line with a 

small dispersive component is determined by integrating over a 

region large compared to the linewidth and synunetric about the 

line center, the centroid is a linear function of the length 

of the integration region and of the percent dispersion. In 

the aSsence of dispersion the centroid always gives the true 

line center and in the presence of dispersion the centroid 
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extrapolates to the true center with decreasing integration interval. 

Computer analysis confirmed that, this is also true for asymme- 

tric distributions of loxentzians as long as the integration 

interval is at least as large as the asyIrmetric linewidth. 

Errors involved are about 1 ppb for realistic asymmetries. 

We applied this technique to oui data by first using the 

symmetrization routine tc obtair- apprcximately absorptive 

line and then calculating the centroid for symmetric integra- 

tion intervals from 2 to 24 Hz about each side of the line 

center. The intervals fcr initia.1 s-etrization differed 

from those used previously, so different mixtures cf absorp- 

tion and dispersion generally resulted. The computed centroid 

was plotted against the integration length. An exaixple is 

given in Fig. Al. The plot is linear for  intervals of 4 to 13 

Hz. The low limit indicates the extent of line asyrnrnetry and 

the upper limit is due to noise or bandpass effects. The 

majority of cases showed linearity to within 4 Hz of the cen- 

ter. 

The runs chosen for this analysis were the same ones used 

in the second symmetrization analysis. The standard deviation 

of successive NLYR frequency determinations was typically 7 ppb. 

The mean difference between the extrapolation results and the 

first symmetrization results was 2 (3) ppb. As with the first 

analysis, there was no significant discrepancy between results 

for positive and negative beat frequencies. Secause of the 
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good agreement between the t v r o  methods, we feel that adoption 

of the symmetrization analysis is justified. 



E. D e t a i l s  - of Correc t ion  Calcu la t ions  

Shape: Correct ions  for non-spherici ty of t h e  water  sam- 

p l e  a r e  due t o  t h e  meniscus. The l o c a t i o n  of t h e  meniscus 

su r f ace  f o r  each NMR bulb is  determined a s  described i n  t h e  

t e x t .  The bes t  f i t  of this su r f ace  t o  a sphe r i ca l  su r f ace  i s  

determined by eye from t h e  bulb photographs. W e  assume cyl in -  

d r i c a l  syrrmetry about t h e  v e r t i c a l  a x i s .  The r e s u l t i n g  para- 

meters are t h e  radius of t h e  sphere and the separa t ion  between 

t h e  meniscus sphere cen te r  and t h e  bulb sphere cen te r .  These 

parameters are used i n  t h e  progran MULPOL t o  c a l c u l a t e  the 

d i p o l e ,  quadrupole an2 octopole moments of the meniscus re- 

gion.  It i s  convenient t o  choose the o r i g i n  f o r  c a ~ c u l a t i o n  

of t h e  r n u l t i p ~ l e  moments t o  be t h e  center or' t.he n ~ e n i s c u s  

sphere .  MULPOL uses  a magnetic su r f ace  charge formalism t o  

c a l c u l a t e  t h e  moments by i n t e g r a t i n g  over the two s p h e r i c a l  

su r f aces  bounding the meniscus region.  The moments of i n t e r -  

est are 

dipole :  Px = [a2; o(;) x 
S 

quadrupole: Q = ld2G o (;) 3x2  
s 

octopole:  C- = Id2; o ($1 3 x ( 5 z Z  - r2)  
I S  

where i n  each case  t he  i n t e g r a t i o n  i s  over t h e  su r f aces  bound- 

i n g  t h e  meniscus region.  o(;) i s  t h e  sur face  magnetic charge 

dens i ty ,  and t h e  e x t e r n a l  f i e l d  i s  i n  t h e  x d i r ec t ion .  The z 



a x i s  is  t h e  symmetry axis, 

The f i e l d s  produced by t h e s e  moments a r e  averaged uver 

t h e  volume of t h e  bulb  according t o  ' 

1 + I  
Hx (d ip)  = P - j d 3 r  Fs (3(; 2)' - 1) 

v" 

cln 1 1 
= - jdu(30u' - 35u4 - 3) (- 2'- I a )  

Bv u 2rm,n 2rrnax min 

I n  each case  the oo lu re  i n t e g r a l  extends over t h e  bulb ,  exclu- 

s i v e  of t h e  meniscus region.  Using t h e  meniscus sphere cen te r  

as  t h e  o r i g i n  f o r  sphe r i ca l  coord ina tes ,  w e  have done t h e  

r a d i a l  and azimuthal i n t e g r a t i o n s .  The remaining i n t e g r a t i o n  

i s  done by t h e  programs DIPAV , QUADAV and OCTAV . DIPAV 

c a l c u l a t e s  P, , while t h e  r e s u l t s  of t h e  o t h e r  programs must be  

mul t ip l ied  by the MULPOL moments. I n  t h e  ca l cu l a t i ons  t h e  

bulb  sphere  i s  assumed t o  have a 1 c m  r ad ius  and cgs u n i t s  a r e  

used throughout ( a l l  q u a n t i t i e s  i n  t h e  t e x t  are expressed i n  



S.I. units). The external field is set to unity, so the 

multipole contributions are in relative units. The term ''RAT" 

which appears in the programs is the ratio of meniscus to 

total volume, and is used to determine the bulb volume. 

Gradients: Corrections for the difference in field be- 

tween the ineniscus and bulb regions arise from the field 

gradients caused by the diamagnetism of the bulb assembly. If 

the bulb were simply a uniform spherical shell there would be 

a uniform field inside. E'rorn the bulb photographs and the 

known dimensions of the collimator and holder, the deviations 

from this condition are determined. Since we have a cylindri- 

cal symmetry the material. missing from the spherical shell or 

in excess of the sphericel shell is approximated by a set of 

rings with height, inner, and outer radii which represent the 

geometry of the material. A negative or positive susceptibility 

is assigned depending on whether the ring represents presence 

or absence of material. For the stems and collimators, this is 

a good approximation. For such elements as the missing parts 

of the spherical shell it is less so, but these contribute 

little to the effect. 

The program NECK calculates the field due to the dia- 

magnetic rings averaged over the meniscus volume. By choosing 

the parameters properly, any of the stems, collimator, etc. 

can be included. Choosing the meniscus dimensions equal to 

the entire bulb allows the field over the bulb to be calculated. 

The correction is determined from the difference between the field 



in t h e  meniscus and in the total volume along with the ratio 

Of meniscus to bulb volume. 



C. Computer Prograrns 

SAF2 i s  one v e r s i o n  o f  the  program used for  taking d a t a .  

I t  differs from o the r  v e r s i o n s  in details such as a b i l i t y  t o  

i n t e r r u p t  da t a  taking and the  f o r m a t t i n g  of o u t p u t  files, 

Switch settings tested by the ISWTST rout ine  are  used t o  

interact with the program while running. 

Several  subprograms a r e  cal'sd by SAF2. SIGAV averages 

and p l o t s  d a t a  and stores it on t he  d i s c .  SIGSET i s  called 

from S I G A V  and i s  t h e  machine language r p u t i n e  which reads 

data  i n t o  memory from the input  r e g i s t e r .  Also called by 

SAF2 are O U T 1  which wr i t e s  t h e  d a t a  onto  tape and TEXT0 which 

allows comments t o  he written onto a f i l e  after da ta  taking. 

DELAY8 fourier transforms t h e  NMR data taken ly SW2 

a f t e r  discarding t h e  first 32 poin ts .  Variations on t h i s  pro- 

gram have incoxporated different delays ,  different data  

inpu t /ou tpu t  format and b a s e l i n e  f i l l i n g  a t  the end of signals 

where i n s u f f i c i e n t  p c i n t s  were t aken  to leave 4096 after the 

32 po in t  delay.  Only 256 C Q ~ I I ~ ~ Q ~  po in t s  i n  the region of t h e  

resonance are ou tpu t t ed .  FFT is  ca l l ed  by DELAY8 and per- 

forms t h e  actual f o u r i e r  transforming.  

FIX2 transforms the maser signal. Since t h e  d a t a  i s  

store6 as integers i n  I 6  b i t  words, t h e r e  is occasionai over- 

flow of t h e  maximum al lowable  integer. FXX2 corrects f o r  t h i s  

by s u b t r a c t i n g  the  baseline from each po in t .  

MASAN fits t h e  maser transf~rmed s i g n a l  t o  an absorption 



- d i spe r s ion  l o r e n z t i a n  with pe r iod ic  r e p e t i t i c n s .  The sub- 

r o u t i n e  LORFIT does the  a c t u a l  f i t t i n g .  LORFIT c a l l s  SIMQ, 

an  IBM s c i e n t i f i c  subrout ine  f o r  so lv ing  simultaneous equa- 

t i o n s  which w e  do n o t  show here. Also c a l l e d  a r e  COMPL, a 

p l o t t i n g  rou t ine ,  EFREQ, which c a l c u l a t e s  t h e  f i e l d  coupled 

p a r t  of t h e  maser frequency from the f i t  t o  the bea t  frequency, 

and STOUT and SHOUT which outpu+ r e s u l t s .  

CENTR c a l c u l a t e s  the cen t ro id  of N M R  s i g n a l  transforms 

a f t e r  forming an absorp t ive  spectrum from t h e  complex trans- 

form spectrum. 

The remaining programs l i s t e d  here have been discussed 

i n  appendix B. 



Programs: S A F 2  

SIGAV 

SIGSET 

OUT1 

TEXT0 

BELL 

DELAY 8 

FFT 

CODE 

FIX2 

MASAN 

LQRF I T 

COMPL 

EFREQ 

STOUT 

SHOUT 

CENTR 

MULPOL 

DIPAV 

QUADAV 

OCTAV 

NECK 
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DIMENS? (IN ! Dt7TRi 43:CiCi) 
I. 01: C:fi!. I ?!\ITST 
(:::OMEON ISKQ 
I Nf.lM:?=fi 
J N(fM3=8 
mzrE ( 6 , t a ~  3 
PO 7 NTS PER H!r'ERfr!:iE 
FOF;1MRT ( '  !IN>:=*' ) 

( 6 , .  201) MNX 
FORt.laT C 1 4 )  
LJR!TE CS, 2-02> 
R!.IF?S7S PEE! H1r'Ei;!AGE 
FC1RI,lRT 0 MF:f-!gST=') 
REHD (6, 2.'GI?.) PIE:!.IRST 
14RI T E  ( 6 ,  j.832 
A'vlERAGES PER S?DFBAND 
FORPIAT <' MPCl!NT=' 1 
.READ C 6, 201.) PfPO! 
IdRJVE if;, ?:@I? 
FOB?I9T i' & N X = ' )  
f;!ERD C 6 J 2 D i I  NNX' 
WE] TE CG, -7.50) 
FO2PlhT C' a [IF F'-/-5 TO Sr::IF' = ' ) 
REHD ( 6 ,  2:OL) J Si::Q 
l JF! ISF ( 6 ,  3Cf2:') 
F11tF:PifiT 1:' NE:I-fF:ST=' ) 

RE.'ir,l t 6 ,  2B?. > t.iF:i.ll;rST 
l\IR!TE (6,783) 
FCi5:MHT t ' NF'l:tTP.IT=' ) 

K E R B  (6.8 201 1 t.JF'CIIt'4T 
WRITE Cg, 2~32) 
FOFlt4RT i' ! [:HfiNG=' ) 

fi:EitD ( 5 ,  i'b:1:! ! J C:HRNG 
JSTQ=u 
IdEJTE C 6.. 2 8 3 )  
FC iR l lAT  ,' fIS".If:!.:"/" 1 f l H : S E I ; :  0!:I;g::'/" 2 flfi:';EF: DT'/' 
1' 3 NMF: D 1 Sk:')' 4 NflF;" DT' /'' 9 TEXT' DT' ) 

F'RLl5E 1 
NF'O~P~T=~JF'I:I !NT:t:> 
MF'I:~! NT=Plf'r:! 1 NT:+:i' 
NRIJN=.*I?O J ?JT:t: 1 [:HE N f i  
MEl-!N=MF'tII J !\IT*: J 
NNXPrNNXi-4 
tlN:x:d=P1NX+4 
DEFJFIF. F 1 I . E  1.CMF'r.'lIINT, b!?l!u:4, !.I, Jb1FiE!4 ) 
REF J N E  FI I-E ?<.fdF'131 NT, N?J!.:J, U, Ib'FIf;:3) 
I STQ=J STlJ!+j. 
KQ=:t 
! Sf:Rl..E=G4 
? SETEM=I SEQ 



ISKQ=@ 
CAI-!- 5 J T j H 5 ' < K 8 3  MN:s:, IDFtTFf, ! 5C:Rl-E, MRUS:ST, MF'I:IINT) 
CHI..1.. REl.1, 
L*!RTTE (6, 4 C I l )  J 5 T Q  
F I ~ F : M ~ T  < '  HFi5Eir: F!NIC;HED C:H~I?!II;E ,?:[!I-E:S-',/'' ORTA SET' W.', 1 4 )  
CHI..I- .  CILIT! c I'DFITH, PIN:.:, lr:l;!., INI.IPIJ, PIF'I:IJF.IT) 
CHl..L E:EL 1. 
Ltl!?ZTE (6, d o ? !  
FORMRT < '  DT I S  MFIITTEM.' Z 
F'HUSE 2 
3 SEQ=! SETEM 
J F C. NOT. I S!JTST( 1. ! 1 GI:~ TCf 597 
LJRI T E  (6, 99?:! 
FORMHT i' # TO SKIP ( 1 % ) ' )  
FIEAD (6,534) ISXI'! 
FORMf iT (121 
{<Q=3 
I:C:Rf.E=1 
CHI.1- 51 Gr;?i!"Q, NN:.:, : DHTR, I Sl::fl!-E, N%l.iRST, N F ' O I N T )  
CHI-I.. E:EL.i, 
LtlRITE (6, 4832 15TQ 
FClFlPlHT C '  II!P!F: FIN!  .SHED,  I::H~~?:I?E E:ul-i:S' /' DRTA SET :X' , 14)  
C:A!-1- CtlJTi < I D W H ,  NN:.:, t::G!, ! t4!Ji13D Nf'l:t I NT! 
C F! I- 1- E: E 1- !- 
WRITE  (6, 34l2) 
I F  <!STQ. EQ. ICHPNG! GO TQ 501 
PRUCIF: 3 
GO TI] 19 
!dff:JTE (6, 561-7) 
FOE:I.!HT C '  WSlITE TE:s:T, 5 ! G N ! 7 I ,  END :.IITH SW W4' ) 

C A I. I. T E :x: T l:I 
END F 11-E i 
F.t.!D F 3 1-E 3 
STCIF' 
END 

SIlF:f;:OUT! NE O!JT ! c' I O R I ' R ,  I'Ih':.:, i<Q, I Nl . lH1 . .  I.IF'l:l 1 N T )  
DI tlF.NSICltl ! CIATR( PIN:.:) 
DO J = I ,  P1F'[l] NT 
I NI.IMS.= I NUIBi+l 
READ iKG!' I ! I DHTH, I E:llir:ST, I FI-FIG, I T I  Mi, I T J PI2 
KB?.=KQ+1. 
!JR J TF. ( t < Q i )  IDRTH, IE:l.~E:ST, IFLHG, I TI?l!., ITIM2 
CONT I NLIE 
RETIJRN 
END 



SUF;!?I:rllT 1 RE 51 @F:'r'<KB. NNX, J DiiTR, J 5CF:f-E: N G l ~ ! ? S T ,  NF'O I N7 ) 
COMMl:lN 1 SKQ 
Fi'U'F.RF;SiES MR5.E F: OR NMS: OR1 Fl 
LfSF. ! d l  1 W  i:SSEb?.!F.:L.EE: F'F:CII; 5 J Ci5E.T 
Jf.I<Q= # IIIF F'71r; C;K!F'F'ED 
D I M E  !2S! ON I DF:TR(NN%Z 
I..SlCi! CRI- JSWTE.7 
1 N!lt.l=i 
NF'Z=-IAF'III Nl /2 
C:SrN7 1 FlUE 
I N Q x = B  
IER!?=G1 
I F  L.FiG=# 
I Bl-lF:SI =9 
NNX2=NN::{*:Z 
Dl3 37 I =1., NNX 
j D F t ? H ~ 3 ? - 8  
C:F;I-I.. 5 1 GSET ( I GtF;TiI, J ERR, I EUZST, I NDX, NE:?Ii?51 , Nt iX?,  J SKI?) 
I €:SIRST =I:I 

CON1 1 NIJE 
Lft? 1 1  E <G, 700 j 
FC1F:PlRT C '  51E.F' 1 ' 1 
I F  <ISL.)TST(Q)? GI:~ !'I) 28 
14RI- iE  (6, 7ElJ.I 
FrJRMR7 (' :51 EF' 2' ) 

IF bNF.:11515T. GT. I E:l_lG:ST 1 GO TO f 
GO T 0  ij 
I.!!? 1 TF ( 6 ,  784 1 
FOEFIR1 < '  51 EF' 3' 1 
I ~::UKST=NE~:.'I:ST 
C:F:I..L E:EI..I- 
F'fiilSE 4 
1 F 1- R G = !:I 
I €.EE=8 
130 7 0  137 
Cfil. 1. NS1 ORE 
CEI-I- STORE 
TEHF'=B 
J F  (KQ. R E .  ," ? GO T O  55 
DO :<54 I=::.. NN:.: 
TEMF'=TEP;F'i  I D F i T f i C  I )  
7 EPlF'=1 F:PIF'/! NN:s:-7! 
J F;'v'=lEt.IF' 
Dl:! 9 I =I, NNX 
J F (KC!. HE. 9 ? GO Ti3 56 
l f f D R T K =  C I D R 7 R C  1 ) -  IRV)/:1.6 
I31j TO 57 
I NDRI F;= I T:aFi? C' ( 1 )..'ME:URST 
J X= I SCf!l- E* 1 -2Ct.48 
CF:I..I- F'ENM'v' i I:<, I MOATl'r) 

'a 
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CFII-I, F'ENDN 
CF;!. I. F'ENUF' 
I F  < I ERR. EQ. 1) I Fl-fifi = 3. 
CkLL TTHE CITIM1.s  ITTM?) 
I F  <. NOT. IS!JT,CITCB> 1 GO Ttl  1.3 
CHI-L I3EI.I- 
I S 
JERF:=B 
I FI.Flfli=O 
GI:, T I:! lt 3 7 
W R I T E  IKQ' I N l I f S !  IDATH, IEI-lS!STJ IFLRGJ I T I M A ,  ITIM.2  
I F  ( I NUN. EQ. NF'r3I NT ! GO TCI 90 
JERR=Gt 
IFI-AG = B  
I F  ( INJ-114. EQ. NP%> GCI TO 91 
J NUM= 1 NIJMi1  
GO T O  137 
CHLL. CELL. 
? NlJM=I NIJM+i 
f.Jfi'1 TE ( 6 ,  338) 
F O R M A T  I '  C:HRNGE S I BEE:RNDS' 1 
PfrI.!SE C 
OrJ TCI 92 
CONTINIJE 
R E T U R N  
END 

SUZFtt:rt,!Tl NE TEX7'0 
D?ME?iS!ON I O l l T C 3 6 )  
I,OI:I CRI- J S!JTST 
REFID ( 6 ,  Ti32 1 I l:!I.iT 
Flj!?p!HT ( j )r'> 36F;2) 
L4R? TE ( 5 ,  181> 101-IT 
FUEMHT C36i12) 
IF < 1 5 W T S T ( 3 ) )  GO TO li 
GI:I TO 18 
RETURN 
END 

SUREt:rl.IT?t,IE REI-I, 
WRITE (6, 261) 
Fl:lF!MRT < '  ' )  
RETURN 
E N D  



S A F 2 ,  p, 5 

. ???I-E C;IlliSET 
; [:At 1, 5 IrliSET i I O R l ' H ,  ! f 5:F. !E:!_!FST, J NFX, Nf3LIEF.T.. FJNX2.. I ZKK!) 

R+'.ERRfiE5 NPIJEST DHTR 5WEEP5 i 

I SKIPS !St<ti! PTS 
. GL.OE:l 5 1 Gf ET 
. R5EC:T 
=I Li.Cl . -.-..- 

. WDRD JSEHF 

. WORTi 3413 
=do4 

. EIORD 3SRf F: 

. WORfi 240 

. C S E C T  
- R.5=.=:5 

NUPIE: . WORT/ 0 
?SKI;!: . IdORB 8 
5KI F'O : . IdDRD B 
RSTDF': . MOAD 8 
ERE: . IdOF:D 8 
SHVE : . ldORD 8 
5HVE1 : . WtllRD 8 
IND:.: : . WDRD U -  
TMP: . fl 
Gt3RB: . 190EI:1 O 
53135Ef : I.!!:!$' 2IF:.fi:1, 5A1r.'E ; S;h!:'E RED OCl fiFE:RY 

PlOr.' 4Cfr:5?, F_F:5: ;SAVE FIDD OF ERROF: FI-HG 
MOV 6iES!, SF(::'EI ; Sil'.r'E flCfC. O F  I E:I.!F:sT 
I.1n1S) j Q ( R . 5 ) ,  IND:x: 
MI~I~,) j.2!E5).. ESTCIF' 
M 111 I.,.' 1 4 < F: 5 ) , tL! tJ P? H 
PIi:il.,.' 16if;:9!, 15x0 
I'~OI&,.'F: g 2 5 .  , 1?#26-5;34~1 ; Hl-l-i~M LAM TO EE SET 
CLR [d$+$7677!3 
F:I5 #lo@, ~?#j.giFGijt:i ; I !4TEF:?IPT EF4!3BI-E 
ETS EJ 

1 SRRD : 1l:PlP @N!lP?E, @! NFX ; I NfiE:.: f OK1 !,ARII;E'? 
BEQ ISUT ; YES 
[:PIP #CI, E!;: I I313 
EEQ ~;ilrNT?, 
INC: SKIFO 
MI:]\:' l?#j.76772, iiFcfi:E 
EF: BCr 

C O N ? _ ? :  MOV SFtVE, TMP 
SliE @ 1 f KQ, SKI F'il 
hDD l?ENDX, THF' 
ADD 138176772, PTMP 
_C;ljF: #dQao, CTI.1P 

CONT r ADD #%, @ !NDX ; lNFEX=INDE:x: +2 
R 1 T #dGtC181:i, 1j!#Li'&773 ; TEST F i l E  S E R V  E5:f;:illfi' 
BNE E R R O R  



F:!? #dr3, r?$4.76771:1 ; TEST FO5: F:ECEF'? EEEOK 
ENE ERROF: 
P!? GO 

ERR!:tR: t.lUt.? ffi, !?ERR 
GO : B J #j ci~t ,  @8176779 ; T U R N  O N  INT ENRR 
I S  1-1 T : E:T! 
:sir: 52 : 1.11:1!:'6 #?.8. , 1:a#j.65338 ; ELERE L R f I  

[:I-R @ 1 MDX ;EESET JNFEX 
[:I-F: 5K I P O  

N X T  : [:Mp pRSTOp, r?EFrVEI 
e N E  NI:IF:M 
Cl-R 98176778 
r;l-R g g j  ~ 4 0 j . 1 3  
ER OUT1 

FlOEM : I?dC @SAVE1 
CLR @+j.7677Q ; I N I T I A L I Z E  
pI!]V #I c12, ;3#1!7677@ 

01JTl: RTI 
. END 



DELAY 8 

DELAY8 
DI?lEENSJrJN Xi4284) .  IDRTk(4284). '~'(2.56) 
COMF'L EX XJ t' 
EQIjI',JfiLFNCE ( 1 OHTH(i), :~:<3672) ) 
EQlj! 'y'RLEt<CE (XC 83%), $'{ 3 ) ) 
WRITE  < 6 J 1 8 C f 1  

i B B  Ft:lgMRT (' QELH'1':;: TRKES F T  OF 38 REC 5286 PTS EQ' )  
W R I T E  <8,18i> 

1 &i FORPIFIT { ' C F T E A  32 PT Ffl-Fit' R N D  OTYTS 36 REC 2.56 F'TS E H ' )  
idEITE(6 ,  I C i 2 ?  

$02 FORMFIT<' I NF'IJT I S  1-1 NKEDJ O T P T  I S  COPJ'I'J Ci.; RS F;EFOF.: RUN TO 2 ,  2' 1 
N=3Q 
DEFfNE F I L E  Z(N, ICl%.(,U, I V H R )  
I DSt<F'=3% 
I f iSET= JEcS}Cp+j. 
!DSTP=IQSKP+4@96 

98.5 263 1=3 .J  N 
k E R P i i >  IBRTH 
DO 1% J = I D S R T ,  IDSTY 
JJ=.J- 1 DSKP 
X(JJ?=IDATH( J) 

32 CSr~ IT I  NIJE 
I G H P I ? l R = l 2  
SIGN=f 
CHI-L FFT<Ili'FfMPlH,Xc SJGN) 
W R I T E ( 2 ' I ?  Y 
Ldfr:ITEC6, 105) I 

105 FC!F;:P?RT < ' CI:IMF'I-ETED F T  #' , I 2) 
!. Cf CONTINUE 

E N D  F I L E :  2 
S T O P  
END 



DIF1ENSION INP1:ri 72. ?, I D A T R <  641, :x:<64) 
COPlF'I-EX X 
EQCII:.'Fff-ENCE C ! NF'111<3), IDATHC1.) 1 
IGHMMh=4 
N=64 
5I@N=3. 
CiiL.1. SETERR(3, -1 ) 
14RI TE (6.. 1861) 

l G 4 3  F0F:MHT C' A55 I I ~ N  1 i'13 TO 1/2 E:EFDRFI E:UNN I NG" ) 
DEFINE F I L E  2i58, 256, U, I VHF:i) 
rlfl 2ci I = % ,  5CI 
REhD (1.1 INF'O 
Dl] li J=1, 64 
X i . ? > = I D 9 T n ( J > - I D R T A ( 6 4 1  

21 CONT I NIJE 
CHLL FFT i Ir-;i!f4l.1H, %, SIGF1> 
w r . r F :  (2' I :< 
[ d E f T E  (6,8i38) I 

888 FrJEf'lRT i' f-T fC. ',I41 
2.8 C'l?dTINLE 

E N D  F I L E  2 
E N D  



NEEDS COti'TT Ci!!Cll.!S J NPIIT F 1 I-E 
DESIGNED TCr E I l N  LiNDf!? GHTCH 
C:HMHI:: C1::I:rt45Sri-E! S!d!Tr::H r::ONTROI, 

1 (8) - !.IF' RLI. CfWS RFI::l:rRD # 1 NF'UT 
2 (:I> - UP Fll_i-r:lldS PI-CITT J NO 
3 (4) - Ilf T N H J G I T 5  S I D E P H N D  STi ITS 
4 I T ; )  - IJP KI 1-1-5 PRESENT I;!EC:L'IE:O 

DJMENSION %'C64>, : x : Y ( 6 4 ) ,  VX(5b>, XIFI I ,T(2 ,  6 )  
t':rJMMO!4 J FI,HQ, I CHFI.. 
L.tJG!CA/. JSWTZT 
C'OMF'1,E:x: %f' 
D U U R L  E PfiECl Z I O N  V% 
N=% 
3EF JNE F I L E  I C S 8 , 2 5 6 ,  U, 1 WHR) 
JPO J N T = l  
I F  C .  NI:IT. !SWTSTCOI ! CiO TCI 59.3. 
C!F:I TE (6,  206) 
FISEIMtiT (' F:EC B (12')' 1 
REHD ( g, 2 j39  ) JF'O I NT 
FORMAT ( 1 2 )  
IF t I S ! 4 T S T i 2 ) )  INEN=% 
REHD ( i ' J Y O I h ' T )  X Y  
YplA.s(:=B 
DO 18 I=1, Q4 
Y=C:HRSCXY(J)) 
X I  J > = E E R L ( X Y ( I ! I  
IF (I. EQ. j >  130 TO 58 
I F  ( I .  GT. 31) GO TO 11:i 
I F  ('+P1HX. i>T. 1:ij:i T O  f.cl 

t l M H X =  '7' 
I MRX= J 
C:ONT I N I X  
ISE?!4=<JPO J NT-%!/'5 
15OE:D=(3 - ( -L>: i :? t :  147ET!4) . x ' i l  
J F I NEN. EB. I> CiQ TO I J ? B  
I F  (I . : lpJIT( JSDE:D, i)) 512 ,  -198, 5.12 
I FI,HG=61 
J CHFI. =-I 
H J N=- C t7tMH:v: > 
PH!sRf fitdl::x:( J P ~ H X ! / ~ I ~ ! ~ : T ( $ ' M H , ' X : . ~ : ~ ~ : ~ - : : : (  I M ~ ~ X ) . . I : . J : Z )  ) 

CIN=S.  8 
XOIH=JMRX 
EIN=D. 8 
GO 1'0 33 
HIN=XIN IT< ISCtGD,  2) 



FFT 

_C;!J&E6blT INE F FT ? GI?P?P?RJ X.m 5 J GN) 
D I N E N S I O N  Xi4C19t3)  
CrJr.IPI-E;< A ,  % 

N=2a*IGHMMk 
)3F:13=%. :t:3. -14.1 5526.r=I2:3:~:578/N 

DO 51 K= l ,  IGRPfPlh 
I GK=N/?:+:*:K 
M%=(Z:+:;t:K)-? 
1 p=z*::+:< f<--j.) 

L.H=- ! F' 
DO 52 !=I, 1 6 K  
LH=I,R + !P 
P ~ = C I : I S  i f i R G : + { - f i )  
E 2 = S ! N ( H s : i j : t : L f i )  
FI=CMF'L.:s:( G j . ,  E:Z:i:5: I GN) 
m:< = - I G G ; 1 : 2  

DrJ 53 PI=MZ, M2, 2 
P~X=M:X<+ C 3 Gi<:f:2)  
IPPl:.:= J+Pl:x: 
IPP?M=Jfl'.l;.' -t 1 1 3 K  
X <  IPMX)=Xi ! P M X ? + % /  IPMM) 
X <  'Ppjp?)=R:+:(:s:( IP~~:i:)->::t::::( JPl?P1) ) 

c -. 
.J;. CONTINIIE 
52 CONTINUE 
5j. C O N T !  N!UE 

CRI. .L COOE < I C;HP?Mfi, X 
RETURN 

E N f i  
SlJ!3fr:t:i!-IT! NE C f l D E  ( I CiHMPlFtj 4:) 
D I I . 1 E H S ! O N  I N f i X E : < 1 2 ) ,  X(411136) 

. <:l3PlF'LE:x: : ~ : J D U P ?  
N=Z:+::+: I fifiRr.fR 
DrJ 68 I=?. ,  !fiHI.!MA 

66 J M D X E : i I ) = 8  
Nj .=F!-1  
DO 68 J=2, H I  
L.=i 
Dtj 65  !=I, ZGHPlI~?F( 
I F  <!E!Q:x:K(I ) )  F;5,62,F;5 

62 1 RcIXF:.( I =1. 
G O  T O  6 3  

65 - - I ND:s:i?i 3 )=a 
bz E l 3  64 I =?, IGRtolMR 
44 L = l - + Z  NDi-:Ei I ) s2:t::t:C I GAMHR-J ) 

I F  (1 , - .J )  63, 68, 67 
67 D I - ~ P I = X  c J 1 

XC*J?=X(I,) 
Xi l . . ?=DUf . I  

68 CONT I NIJE 
RETl-IRN 
ENG 



F ' H l = X J N J T < 1 5 D R D J  3 )  
CJN=:x:IN!T( JSDfS'D, 4 )  
XtJ 1 N=S 7 N J  T (  I  'OF: /?,  5) 
EIN=%3NJT<ISDBD, 6 )  
I CtiF I. =c'r 

39 N=gd 
i:HI..l.. I . O R F I T I H f N . .  P H I ,  Xt3INJ C!N, f I N ,  X ,  M, N, J F O I N T >  
IF C!C:HFI.. EQ. T) CiCl  TO 180 
I F  c ' Z  FI..RCi. EQ. F )  Gfl TO 51.3 

8 > A ~ N I T ( ! S D S D ,  I)=!. 
j g J N I T i  !SDF:D, 2 ) = R J N  
%JNf? i ; ISDE: ! ) ,  3)=!?HJ 
XIN!Ti  ISDE:D, di=C:iN 
X I N I T i  I4OE:D, .5)=:s:OIN 
XINlTi !SDE:O, E;!=ElN 

5 A 3  CONTI  NLIE 
C I NT=C: 1 N:i::125. /(I. 8:t:a. 12132) 
><O INT=Xt:l 1 $!:+:?.2!5. /(:::. 84:Q. 1.202) 
pH !:+::$!?. / 3 ,  3 . 3  
LdRITE (2, :::.58) XO!I~dT, F'HTT, lI:TP;IT, r i ? N ,  E ! N J  PI 

8.50 FrJF;?lfiT (5E15. 71 72) 
C:hl-l- E F F ' E Q f : ? S D E : 0 ,  XO!NT, k1:T', JF'OJNT) 
6 P O  1 NT=JF'!:l I N T + 1  
1 F ( .J r" 111 1;' T . 1- E. 5 111 :I 13 O TO 5 113 
IF <l '= ; !dTzTC3)> T O  914 
CHI-I- STOUT (h 'X2  

TO 5:l.S 
51.4 C:ffI,I, S!-fOl.lT (VX! 
515 CON?! NI-IE 

14KTTE C5J 5 3 2 )  
573 FOEMRT(f.:.:, .J ' / / )  

E N D  F!I-E 1 
STOP 
E N D  
Si_IF.:F:ilCIT! NE I'IOEF'I- i:~:, FI,! HE, 'r'i.f3:sf, M D A T )  
D5t'IEF!SIJ:~N X i64 ! ,  F1(4), F I - ! N E i 6 4 )  
L.OCi J C:Fil. 1 SLdTST 
I F  c ' .  NOT. J S ! * j f S T ( i > )  T i t  28 
CRLL SERASE 
cfil-1- 551::Fil.E .(j.ct. , j-13. 111. , cf, ) 
ENCClOE C E:, 3P:::, H)P!DHT 

7q3 
..> - FOEPIRT .(' DATR 8' ., 1 2 )  

CRl ...I, S!,IF:!TE(H, :!:, Iri. 1, 13. 9) 
lr';!M=,". #3:e1r'plh:( 
$'NhXpi=-l. L77i5.+:'7'E,ct, 
C:fiLI, S5l::RI-E < 33.  , t121.!, 0. 9, Y?IR:x:M) 
JQz-5 
DO 5 0  I=2,32 
:SPT=I 
'+F'T=F 1- I NE ( I 



IF <'rtPT. GT. Y M A X )  YF'T=YMHX 
IF <'rlPT. 1-T. 'r'MFi:s:M ? ttF'T-'rlMAXfl 
C:R!,L SPI-OT (,.TI;!, XF'T, YF'T! 
JQ=l 

ia , C: a PA T I N 1.1 E 
DO 30 1 =5:, 32 
XF'T= 1 
PPT=Xt: T 1 
CAI-I, S F ' O ! N T C i ,  XPT, F'F'T, O.  1.) 

;: 0 C:ONT? MlrE 
RETURN 
END 
SIJREI:IIJTTNE I. C!t;:F J T i  A IN,  pH!, :s :O!  N, l:f N, E 1 Fl ,  'TI, PI, N, NDHT) 

C 1.r:rEFI T -- H F'l;ti:!iS;F:Rt4 TO FIT THE R E S T  I,ClREN'IZIF!N  TI:^ R ; E 1 '  OF DRTR 
C E:tl LEHsT SQLll35:ES 
c 
C T H I S  F'FftGRHP? .!F:ETI.IE:N~ FITTED PAI-LIES I:!F F'FIFI:F!trIETER5 
C: 1 F\1TTJ THE 1 ;!F'llT F'ASIHMETERS R N 2  THE N!lME:EE: OF I TEE:AT I OPJS 
C: fl.,'TO THE !h!?UT N!!5!3EE OF P D l N T S  

D J H E N S I O N  It(!?), F l . J N E i 6 4 )  
O!P?EN5ICil"! H i 5 ,  51, E:i5) 

CClPlMOM I FI-RO, T C:HFI. 
I-.OCiI C A L  JSLslT5T 
$lMH:x:=HBS(H 1 N )  

. . SDEI..X=. 80.5 
T TERPl=9.5 
Ct:IN!:'X=. 1305 

ICIB CrJ?i'l'lNl_!E 
LO?, 11=B 
182 12=11+1 
183 I r J = I 1 + j  

R l = A  I t4:i:S 1 N i F'H I ) 
H 2 z - k  I N*:CCiz ( f 'H J ) 

C = C I N  
XO=::(O I N 
E=E I I4 
13-0 

I.. l = I 0 
C E E I ~ I N  I-0t:IF' TO r::Fil,rl:I,ll-HTE I T E f t H T E D  $'ALllES CIF F'AF:ht'lE7'ERS 

J/)I$':s;'=-6 
1 TEF:=j. 

286 [:ON? ! NUE 
C SET PlFITF: 1 CES Er;!IlAl, TCI ZERO 

DO 210 K = j ,  5 
DO Zl:! *J=l,5 
HCIO 5!=8.  8 

211 OONT 1 MUE 
Ri'K>=C3. 13 

228 CON? ? NIJE 
C OEFZNE $ 'HklAFLES H N D  FORM SUNS 



51lPI5G!=41. 0 
R i S ,  5j=I.1-9 
DO 589 K=Z, M 

FI..XrJ=Cl. 8 
Dl-C:=B. 8 
DJ..Aj =@. 8 
DI-$fz=Q. 8 
GI-?NE=8.  8 
.J=-b!-L 

311 ..r=J+j' 
I F H =  (K-T-:s:O-J*:Pl?/[: 

DIFB=(Xf:l+}<-j -M-JaPl) ('C 
C EXTgA M CFER!if01CITV ) I N  DIFB CECRLISE FFT 60ES FROM El TO fd 
C: NOT FEOI.1 -P1.;'2 -TO +Fl,8'2 

fiENH=1. O r ' { % .  ct'r+p J FH?r::t:2) 
f i E N F : r l .  e,:-'( 1. 9-1 D 2 Ff.::t.;t:?) 
D1A=D J Ffi:t:DE.NR 
f i j . E = D  I FE::t:I)ENB 
O%fi=2.  :?:fi5R4::+;2 
DZBzZ. :t:DZC:+:*:2 
D-J.2A=%. q:pEflR:+:D3 fl 
fiiz;:B=%. :t:DENE::t::';IIB 
GI-] NE=G(- I NE+R~:f:pEN~+A2:f:C~1F!+Al.?r:QEN&-fi2*:B3. E: 

Dl-Fff -3ENh +OENE +Dl-AJ. 
DI-HB=01-AZ+01R-D4.8 
Ti1 , --.r r-01 - I : :+Q~~?. .~: (D~R+Q>:E:)  +h2:+:( (9 FR:t:D2R-s I fE::t:DpE:-Q:! 5+5f 6 )  ) / C  
DI_XO=DI- :X:~+ < El:+:< pjJfl-p1>6)+fi;'.~:( ~ ~ ~ Q - C I E N R + ~ ; ~ > E - D E F . I ~ )  j / C  

3 j .O IF(.?. I-T. N! CiU TO 31.1 
Ci I INE=GLINE+E 
ti='r1iK;l-CiL 1 RE 
Fi-I;'.IECt<>=GI. !NE 

6 C?., 1.2 =Rl: lt, I:, +clj-fi~:t::t::: 
R<l, 2 ) = A < j . ,  2>+5I_fl:j.:+:fi1..R2 

A<$, 3 )  =:fi(j., 3 ) + / 3 J . . H j  :t:51-[: 
HCi ,  d:!=AC1, 4)+DI-A:!.:t:01-:x:1:1 
HC?., 5)=Fci1., 5?+OLH1. 

Ai'.?, 2 )= f l  (2, 2)+O!-HZ:t::t:? 
H(2, 3 f =fi(2, 3)+fiI-A3:t:01-,I:1: (. 

hi?, 4 )  =H.(2, 4>+01-~2:i:DI_:x:O 
fiC2, f ; )=nC2,  5?+r;lI-A2 

R ( 3 ,  2 )  =fiCz, 7)+9I-C:?r::t:2 
fi(3, if :, =ii(3, 4 )+clf-[::+:Dl-:<[l 
H C 3 ,  5)=h(3, 5)+01..rI: 
R(4, 4)=R(4,  4>+[41-:41:1:+:*i: 
A ( 4 ,  5)=J3(4, 5)+DI,XO 
B(T)=B(j.)+H:t:DI-J33. 

~ {%?=f i (2 )+H: t :D l -R2  
6C3)=E<:3?+H:f:Ol-C 
B<4)=B(J)+H$:Dl-XQ 
PC5)=cC5)+H 



107. 
MASAN, p . 5 

C;lJkl:SQ=C;lJI.1SQ+Hr:?r:2 
38n CONT 1 NljE  

CAI-!, COMF'l- (f', F!-?NE, YMR:.:, MDHT) 
C ?NTE!?F:IJPT CHI-C. OF  P?FtTf:fCES TO WF'JTE ST. DEY. FIND TEST' CCINVEF:G. 

F;!G=z?:!ET( SUP1SQV*.'(1.!-2) ) 
J T = J  TEE:-1 
?F( I T >  3513, 3913, 21513 

3513 t4E!TE<6, 351) S!Ci 
35i FORMHT< //" 5ICi. OF J N J T I R I ,  F'HS:RMETEF:S = ' , E3-5. 7) 

GO 'TO 37Cl 
360 rDEL.5 f G = S  1 G - O I - D 5  1 fi 

HES! !3=RE:5( p E / - 5 1  G)/5!13 
WF: I TE i.5, 2 : G i )  5 l cli, DEI-S ! G 

3Ci FORPIHT < I X ,  ' 51 G. = ' , E15. 7 ,  4:x:, ' OELS I G = * , EiS. 7 / )  
JFCDEJ. .S?C;)  362 ,  362,  262 

36% J F  1 !,J;x:=.JD 1 $ ' X i  i 
JFC JDJ\:'X. I,?. 8. CIS:. H E : S ? G .  I-T. 8. 81) GO T i )  363 

:3t5c LJR!TE i 2 ,  35.7) PIDAT 
367 F0F:ERT 4 J 4, ' Fli:lf4 CCONVEF'Ci' ) 

X O I N = @  
I FI..RC;=j. 
EETUF:El 

263  CONTINUE 
1 FCSUPIDEL.. L T .  SDEI-:x:. HPJD. HSSI Ci. I-T. C:ClNVX) GO TO 37J 

312 !FC ITEE:-ITEF:M! 3 7 1 3 ,  z:itIl, 766 
- 7 -  . S i 1:' I F  (!S!dTST(4)> GI:I TO 566 
C f [r!?PI, St1P1F.!ETF:Ii; OTHE.E HRI-F l3F C:C!EFFT 1::IENT PIATEI :.: 

nrj 2.58 E=2,.5 
If t l=K-1  
DrJ 251 J = j ,  KE 
R < K ,  .J!=A(J, I<> 

251 C O N T ~ N U E  
7" - ... . -1 i.1 C: I:{ F4 T J t I U E 
47.5 i:IjNT ?t;llJE 

C SOI-'.?E 5'1'5TF.H !:IF EC!!!AT I GINS FCIE: I NI::EEMENTRI. F'ARRPIETEFIS 
N E Q - 5  
C:RI,I- 5 1El1;!lR, E, NEQ, E S )  

C C:lk?iS?HNT WEC:TC!F: f: < l:) HE5 FEEN F:EF'1,Hr::ED El' I I;IC:REP'!ENT5 
C FOF:P! NE1.J PRF:HHE'TEF~S . 

R ? . = H j . + C ( j .  > 
H % = H ~ + C < ~ : >  
F_SC=I. 
I F  I ITEF:.  EQ. 1) F51::=8. 1 

C=t:+FSC:f:P ( 3 )  
XO=:s:l:l+F5C:t:E ( 4  > 
E=F,+KI.F;) 

SIJPIfiE/..=HBS<P (4)/%0) 
IF ( 1C:HFL. EQ. -1) IIiD TO 903. 
I F  (S;LIMDEI,. I:T. 8.  213) Gf:l TO 980 

yjri32 IF ( ( X O .  I - T . 0 ) .  OR. <XU. 137'. 3 2 ) :  GO TO 366 



NR] TE HE5] F'RERPIETEFS !?NO INCREMENTS FOE ! TERRTI OPJ 
X11;!=XO*:I25. /<$. qf:i:@. 1282) 
[JElTE<6, d Q 3 >  X5Q 
FOFr:MRT(' CEh'TROID =', F? 0. 3) 

OL DS I G=5 11: 
I TER=l f ER+1 
GCI T!I$ 240 

I CHF l,=i 
EFTCIRN 

CONT! P!1JE 
Fl= J TEfZ 
PHI=-HTANCAi/H2) 
c: 1 h'=C 
E I N=E 
S I P = S I N ~ P H I >  
15F'=i 
I F <S!P. I-T. 83 35F's-1. 
A! fi= 1 S~;~ :R:~~I ; !F:T  (1.. CI+ (H,?(Hi. ) 4:.J:2) 

KO] t<=:I.;'IJ 
Idfi'lTE (2 ,  783) HDRT, SIi: 
FOEHHTi ?4, E l 5  7 )  
F:ETtlF:N 

END 
C :.t.rF.:f;luiJT 2 t-!F: EFFIEI;!C I ~ E ~ R ( Z ,  X I  N, VX, I 
Gl~lENSlDN VX(50) 
DOIJRI-E F'F1EC:I SION YX, TEP?P, TEMF',i, DEf-2.. :l'# D I F  
Y:<( 1 > = B  
I F  < X I t . i >  :LC$, 3 3 ,  1-0 
DEI-Z=?-. 42fi3057Sj.75.f!l)4 
>5=( 1. DO+. D$/'t5. ~ $ ~ J . I ~ I ~ ~ F D ~ ) / F E I - ~  
DEI-%=DE!. Zi '2.  QCi 
! F i 1SDF;P. EQ. 2) GI:, Tllf 3.6 
I .3r.(! In.1 )=r.  59:::807+:~:1 N 
CiQ '10 17 
$'X( 1 )=.?. 9992D7-X J N  
TEMF=z. %0;7-$':x:i  J ) 
SEUF=P. 2Da+TEMP 
{ I * >  1 p, I. .- I ) = T E M F ' + 6 .  593841 43CtS 

WRITE ( 6 ,  3t313> I $;DBP, TEMP 
Fc1F:MRT C :! :*:, 1 4 ,  5X, 017. 113 
TEMPL=*,,.'X( I ) 
D I F .. j.. 0 0 / ( :x: :+: \? :s: { J ) ) :+: a: ;;,' 
Cs I F=D5G!f?f T I. PCt+D I F 1 
D!F=;%;:+:',.rX( 1 ) : + : { I .  ()i:l-pw) 
V;<< 1 >=l'EI;IF'+pE1_2:t:( 9 .  D13+01 F )  
blF=DfikS<+'X( 1 ) - f E P j F i )  
IF-<D!F. TjT. 2. 1 GO TO J 1 .  
C O N T I N U E  
RETI.IE:N 
END 



SL?E:E.'OllTl NF: STCII.IT( YX) 
D!MFINSIl:ltJ +'X(SCi! 
DI:~UFI-E PEEI::! 5 I ON YX, SAVM 
LdRITE (5.3 :!.I381 
FORPIAT (' PIASER fiNF!!-$'S I$ I-!h!DER F't;!l:!QRkM " !'!!?SkN "' , t": 
4 ' F:F,[:P', t'.X, ' FF:Ei;!!-IENC:+" , j.L.:s:, ' 5 1 BEE:HND MEFIN.' , SXr ' 5. Cl. * 3 * 

/3:10 i c l  ]?.=!3, 45.. 5 
WRITE (5, 18i2 
FORMHT (' ' 1  
FPIN=fi 
5 T D = 8  
1 CT=O 
00 11 T2zl.8 5 
K=Ji+l% 
I F  {tr'X~:t:). El;!. B! GO TO ill. 
C[lDE=',l:x: ( K )  -9. 
EMN=EMN+CODE 
STD=STD +COf;lE:t:;f:c" 
TCT=IC:T+? 
CONTINLIE 
DO j.2 ! 2=1.3 S 
f < = I i + ! 2  
IF ( 12. El l .  3 )  rjCl TI:I 28 
IF Ck'X I t<? .  EQ. 13) 130 TO 313 
145:ITE (5, 1!32'.! &, 'uf:x:(E> 
FOF:MHT(2:*:, 12, 3X, Fj.7 .  2.13) 
C;rJ TO 12 
J F  C ICT.  I-E. 1) GI:! T!'! 2 i  
~ T D = ~ Q F : T I :  c S T Q - I E ; . I E ~ : ~ : : + : ~  ,*.*I I::T),/*( r CT-1.) 
5Rvpj=9. E:g?,4Q3990f)9+ (F,M?i,'IC:T) 
I F  (V:>:(t<). EG!. 0 )  12i:l TI:' 25 
IdRITE (5, j Q 3 )  K,  ':':;:<!<), SHb'r?, S T B  
FrJF:ERT( 2 X J  12, Qls:, Fj-7. -1 j3, 6:~:~ Q1.7. i l S J  6 : ~ : ~  FJ. 8) 
CiO TQ 12 
WRITE  (5, 1.84) I::, SPS'i.1, STD 
FOF:MRT~~:S : ,  1 7 ,  4X, 1.7(':+:.' ), &:z:, nj.7. j.111, 6 : ~ : ~  fs. 0 )  
GO TI3 j.2 
WRITE (5,185! I< 
Ft]F;PlfiT (2 :x : ,  I ? ,  4X, 17('d:' )! 
C:UNT 1 N l l E  
i: [I 1.2 ?- ? !.441 E 
RCTLIRN 
END 
SUBRI:IIJT I NE SH!:lUT ( V X )  
fiIMENS!l:#N $1:x:(5Q) 
D13UE:L.E F'~:F,I::I~II:IN P:x: 

011 10 J =4., 50 
I F { !{ :s: ( I ) . E Q . 111 ) 13 I:! T 0 113 
W R I T E  CS, 1BB? 1, V:4t I )  
FORPIHT ( 2 X ,  I i:J 5:s:c D17. 1 8 )  
C:rJNT 3 NUE 
E N D  



CENTR, p.  1 

C:DPlf LITES RCS'cC!ir:F'T! 5'E F'HftiTE Bt' SY? lETTRIZ !N f  Tt?I 1-5 
AND C:[IMF'IJTES CENTS;Ct! D E:t' REC:THNI3L!I-RS: 1 NTECiF:R7' !!:IN 
FROPI OIITF'I-IT CIF I3El..fitr:3' OF: DEI-AY9 
1 1  I t 1  5 ,  5 ,  T9E:5O (2561 
CCIPlPI-EX t', TENf'O 
LOl31CHI- J SLITST 
TfiF:if 'HJ, $':?=[::0.5CF'Hf ) : + : A J M . 5 1 G i " T t ' ) + ~ I N ( F ' f f !  )jc:f;:EFli- Ct'j 
LJR 1 f E C 6.. 81:1:! 
FORPIAT I:' l::RI.!Fif: Sld+$Cf K J!,I,S PO! NT, # ~ . E N A 3 ! , E S  PI. 1:lT.' ) 
1-4R J TE(  6 ,  POci? 
F l ~ f ; t P l f ~ i  1:' TYPE 7 N M?., Mi', M3 IN 313' 1 
EEADCG, 1C1'11) Mi, M2, M 3  
FORMAT(S72)  
t.ll-Nl:~. OF f T S  HC'E?:RCiEF F O R  SL' i i iMETI;:IZING 
M%=C:l.OS.EST D?STFtUI::E fF;:CIM 1::ENTER FOI;! 5YM. 
M3=HRLF I NTEGERT3 0N EHNGE FOR CEYTRO? D 
~ \ I E ~ T E i : 5 , 1 ~ 5 )  
FfrRP!AT('-' [:,FNTF:Ci J 0 VRl-lrE'i: SINDEI;: F'I;:CIC;i;:2?J ' CEFd7 6."' ' ) 
L\IR!TE(S., 11:16) Hi, M2., Ma 
FORI.IHT{' M I ,  P12, PIS: = ', 3 <  J-7, 2 X ) )  
FrSF:Pl.IT T::IHB> 
146: l T E ( 5 ,  1 8 7 )  
bJf;:!TE:fS, 1i3.3) 
FORMRT C' FCC:% 1::ENTRO I D 
WR I TE C 5,107 ) 
1.4 5: J T E 1: 6 , !. GI 2: ) 
FI:IS:~'~RT!' T'r'F'E ? N  CENTER FF:ES!. F 7 .  8' 1 
REflDcrr'., :to:: j FI::EN J 
FORMRT 1: F7 .  0 1 
I~E?JT=FI::EN I:+:( 4094. :f:?. 404 f_ -O4)  +j . 
CENT 35 NOl?l I N  Lrt.JJT5 IllF F;:9!4 FT I?JDE:f 
CF_NT=[:EN'T-$3:?. 
CENT ! 5  NO!d !N I-INJTS OF 5HOF:TENED F T .  INDEX 
L4EITEc'1':., 184! 
FORb?Rl' i '  RSSTGN ! NPI.IT FI I-E TCI FEY I C:E i' ) 

PAUSE 
DEFTpJE F!I-E 1 (313, 182'4, 1-1, 3 '+RE) 
pr:~ 10 I=I, 3 ~ 1  
REHF<I' I ? '7' 

TEMPt:l=B. 0 
:<#Ci J 1 =l, j.13 

TEPlPO=TEMF'O+'r'( I I) 
TEMF' I~=TET.~PI : I / ' ~~ '~ .  
DO 38:t 1 3 = l ,  25G 
'T'( 1 I I J 2-TEI"?PO 
J CCll.l?iT=B 
F'H J ol,P=Cf. Ct 

F:ETUF:N F'OJ NT Ff!5: F ' H H Z E  FIND I-OOF' 



CENTR, p. 2 

2 2% 61 I StFNB=CENT 
I CENZ.= I C E N Q + t  
D!F=CENT-ICENi3 
1 fi1.:'I-EO=!CENQ-F.12 
JA$'! .EI=ICENI?-M? 
I A1.:'I_EC3=I R+'i.E8-1.l:.+< 
! H1s:'I, R j . =  ~fi1 .IJ .Et-P!$++3.  
I R V ~ R C J =  I izENg+M>: 
T A 1,:' p . p ,_,-, .i - i I:E N5+?:;1 
1 R1.;RE:3=; S1.;S;Efi+.p?i-j, 
1 Ro*{gEtL= Ifii,?RR%+Ei-j- 
RVt..E:EB=Q. 8 
filr.'l- f Ha=@. 0 
RVI..EE?.=Q- B 
H\jl.. ! N1=8. 8 
AV,G:REQ=Q. 
fiVf?!T.19=8. 8 
H14RRE?.=0. 0 
A V R !  ?f2.=9. 4t 

C CC!I.??!.ITE F:T $1-FY Elc.' i-;: lG: FnHSE F J M D J N B  
DO 15 .I=] FrVI-EQ., I4'r;l-E$ 
H : , ~ I - F : E I ' ~ = A ~ . : ' I , E E o - ~ ~ ~ L s ~ . .  I tl( J 
H',.'l. 1 flg=fi$:'I, 7 K < I + ; ~ !  T.?H13 i t 1 { . J )  ) 

?I C:QNT 1 di:E 
D 0 12 J = ! 9 '-:'I.. E: f , 1 9 '4 I.. E 1. 
fi~:'!-EE.L=fi!:'I-~~E:?+s:~Al.. < I r o < . J  > ) 
8::'L :."l:'.=R1:.'l-I?i~+9 J M f i f i C + ' ( . j )  ) 

.I 3 . A s -  CONTINUE 
015 12 .I= I SfJE:F.::.t, ! filJg:Eci 
f i~ . ;RREB=R1.{$ :F '4~~  +E;EHI- C J ) ) 
f7!.'5:: i.!E=ft!,-'RTfifi+ii JP?AG('+(,~) ) 

:I 3 0 r4 I ! r.: I-! r_ 
fiO 14 ..'= 3 RYF;:E-t., I fi'v'f;.:Ei 
f i V F : E : t ~ - ~ ' . { ~ ; F f " : ; [ + ~ : ~ f i I - (  $I/ , j) ) 

fil2R 1 >:j+=R!:'E:: [*1;ll+pf :(EG('+(,j) ) 

13 i: 0 !.I T J N i-! E 
C F I ~ I ~ I . ?  LtjE!!3j-ITE.Q A1+i: 7'111 e~::i::i:ilJNT FOI;: Nu?J-!rJTEG C:E!JT 

ld fi i; 1,. 5; E = g I.? 1- 5: :+: r! 2 : -: 5 I-..' i- 5; E !i> 4: ( :I - - r;a 1 F ) 
l<fi\,!i. 2 :p!L.t:;ll F+fi1.;[-; p:jIl*:<-j.  - C r !  F 1 
~.JA!:'~;;S:E =fil,{.F't;:E:! :+:T;I ~+;5?:'f:$?E!-+: (j . -DIF) 
lJfil,>F;j )!=21.,'s; J>;l,:;:l;~! F+E1.{s:! r'lc!:+:(j,. -CI! F )  

= A T 2 N <  CldH!:'l- M-!4R"s: I !.I) /(W.iibZi;.:i;:E-gfi'r'l_5:F_) ) 
I N T R < f =  3 CENQ-I12 

NTEgi=  I i:EVci+p'j7 
I NTF!.=!CENt-M3 
J tJTF.I= J CENJ.+blS 
XF_C.\li.Ii3=qi. 8 
FSUI.!@=n. 0 
XF5!!l.I1=8. 8 
FslII.!l=@. 8 



CENTR, p.  3 

DO %Q .J=:l,, 2.56 
TABS<.J!=TABiPHZ, Y i J X  
TRF:~Oi.J)=THB<F'~!I:t l-a, $'( J >  1 

2 63 CONT I NIJE 
DO 55 .I=?NTCCt, INTEB 
F U M I ~ = F S ? I I * ~ ~ + T R E : S  < J  ) 
X F S l J ~ 1 ! ~ = : ~ : F ~ l j M ~ i + , J 4 : T f i B ~  ( . J )  

i! 5 CCINT I NIJE 
C E N ~ ~ = : < F S I J M ~ / F ~ I ~ ~ ! I ~ ~  

4.6 .J=jNTert,  INTE; 
FSLlk!j.=FSIJp?j + T A B S  i J )  
XFSIJF11 = X F S i J ? ~ ~ t J : t : T H ~ ~  ( . J )  

:t 6 CONT 3 HUE 
C:EN!-=XFSUMI/FSUMI 
X F f  lJM=:~:fSl-lfij :+fi 1 F+XF:<ljt.f~i:+:( f -DI  F) 
FE;lJ?l=FE!l~I:t :~ZF+F~l_l~l~f:S;t( l .  - 3 1  F) 
I:ENTER=XF~IJM;FSIJM 
I I : E ~ ~ T E ~ - ' ; C : E N T E E + < : ~ . ? . .  -1 ) / ( 4 @ 3 6 .  :1:2. 4134F_-I341 . 

PHIDEI-~=PH I :t: <1:313. 13. $455425.) 
WS:!IE(6, 2 6 8 >  I ,  fS:Et.-!TE:I:l, F'HIOEG 

lt50 FO;:PIRTiI:<, 12, 5X, F9 5. 5, 5:s:, f f  B. 2 )  
I F < .  NI]?. j E ! d T S T ( j . ) )  [ifl TI3 So13 
T H F : I . I H : ~ : = ? A ~ ~ ' F ' ~ ~ I ~  ' r ' C i )  
TEEM I FJ=TABMRX 
TfiBf:lp?A=7HO I: PHI OLp,  'T'C~!) 

TCBCIM 1 =TREOP?A 
r !-I :>5 .- .- K = l D  z s g  
I F C S ' R E S K ? .  GT. TfiE:P'!.!R:r:) TAEMA:<=TRE:5(K) 
J F c ' T R E 5  i K ) .  1-7. TAE:t.!I N )  TAE:MJ PJ=THE:S(f<) 
J F < T H B 5 ; O (  I::?. G?. Tt?BCt?lff? ?RE:I:IMH=TF~E:SO (K) 

1FCTHPSrll<l<). 1-T. THE:flfM! ) -fR,5:UMI =TRBSt:I( K) 
25 C;ONT J NllE 

r -  - Z.LHI..=THPPIHX-TR~:MIN 
~C:AI . .O=-~~~E:I : I~?A- ' [HE:[ IM 1 
CHI-I- 5Ef;:REF-I 
CHI-I- S51;Fil-E i 522.  , 5C:FiI-O, I. , ThBilM I ! 
Fir 38 K = l ,  7.56 
I P=l. 
IFiK.  EB. 1 ? IP=8 
X = #  
CFil-l- SF'l-I:lT( I f  , :.:, TRE:50(6) 1 

38 Cr3NT JNUE 
C:Ri-l- SFO ! NT i 3 , CENT, . tf:t:5[:Rl_rlr+'ThS:OM 1, . 25) 
C:fiI-I, 55[::h!-E (52.2. , c;C:HI-, 257,  TABPI] N) 
Dl3 38 K=%, 256 
I P = i  
I F ( ! < .  EQ. I) IF'=O 
X=K+256. 
CENTE-l::ENTEE+256 
CRl-1- SF'I_OT( IF', X,  -iF!ES(#) ) 



C:I-tNT 7 NLIE 
Ckl. 1, SPD 1 NT {j., CENTF;:, . ~:~:SI::~I,+TFIB?I 1 N., . 2 5 )  
JFCHEfSCCENT-I~EMTEF: 1 .  I-F,. 13. BB1 ) Ci0  TI:^ 2813 
2 CQI,INT= J ~::I:ll.lNT+i 
IF( JCOLINT. GT. l.3) 121:l TI3 205 
J F <  I S U T S T C B ) )  GO TO 285 
CENT=f::ENTEF; 
PH 1 Ol,D=F'H! 
60  TO 3113 
t4RI TE (S ,  1.50) 7 ,  C:ENTE!JlrJ F ' H I D E G  
FCIRMRT C1:r:, 1 2 ,  ' NO Cl:IOtt'E6:I:i', F1 5. 3, 5 : x : p  F1 8. 3 )  
rjrJ TO 11;i 
LdR!TEC5,15?.) J ,  CENTfz!O, F'HJDECi 
FI:IR~IHTC;I.:X:, ! Z J  S:.:, Fi5. 3, 5:4, F j . 8 .  3 )  
fill TI3 1 8  
CONTT t l U E  
WR!TE(S, 1 5 5 )  
WF:JTECG.;, 1'59) 
F O R M A T < !  HI) 
STCIF' ' 

END 



MULPOL, p. 1 

MIIL.F'OI- 

Ml-t/-p!;~I- CRJ..CUI..RTES THE l:llI:OF'C!I-E MS!MENT OF H 
t . 1 ~ ~ 1  SCCI !:'~!-!JP?E FOS:t.!ED F?fl TEE ! NTER5EC:T I OF4 
O F  ";F'KESIES. C:tlO! l::E fif ME!J! 5tI:LIS 
F:RF US, 5FFET;:AT! !:IN R N F  CIS:? GI:f:! [IF ili:TilFI,E 
Ri-50 TrOE5 D 1 POI-E RND 81-IAC~S:SIF'OI-E 

D.!, (%, t', 2 )  =:x:~::s:+$':t:t1+~:+:Z 
D% ( X ,  '.,a, -7) =X:+:::::+ (F-zEF') *::+2+'7'$:'7' 
P I  =z. .1dj.59265358 
W R I T E i G ,  108) 
FTJf P?FIT C '  T1;'?E THE I- I N E A R  F'OI NT DENS I T Y  O N  t lENI ECIIZ F7. 2' ) 

F.'FHi?i6,?.131! fDS 
FOKP?HT( F T .  2 )  
DEL.1-1.. /FDS 
W E I T E , 6 , 1 8 4 )  
FQS:p?fiT ( '  TYFE PIEN I S!::l-tS EAD I IJS' ) 
RERc'f:g, Ll:i?.) FIM 
RqSQ-j2p?:t:Rp? 
l-jp! T E i 6 . .  1C15) 
Ftjf;:P!f3Ti' Trl'F'E CENTER 5EF'RSIRTFOI.I') 
EERD<G, 10,". 2 5Ei '  
idR'TEC6, L G G ?  
Fi]RT.IRT(' T Y F ' E  2 COI~l.';:Q. Of I:ICOPI:II-E Oft  I [ ; E N '  j 

RFRDC6, j .Ef j  ) ZO 

NOW GENEEETE SFHERE 5 i l Z F H C E  

T H E T f i = D F L l  . 

F'H!=R- Q 
J [:NT=Q 
: A < = ~ T N ( T H E T H ) : + : C I ~ I ~ ~ ~ H I )  
1 1 - c  r - - . INCT,L!ETfl: ;~:t :SINi 'F'III  ) 
Z=CIIISC THETR ) 
I F  <fi2<x,  'r', Z ) .  GT. R M ~ I ; ! )  II;III TI:, 288 
l C N T = I C N T + I  
FZCICNT,  1)=% e 

pi{ !j;NT, 2 )  =I{ 

l C N T ,  3 > = Z  
PA < 1 CNT, 3 )  = X  
P H I = F H ! + ? E L l i S ! N (  THETA) 
! F I : ~ H I .  GT.  2. :+:PI GI:! T O  2213 
GO TI] 21 111 
pHI=F'H 1-2. :+:PI 
THE7-H=THETR+DELI 
IFCTHETFr. GT. F'1./3. 5?  GI3 TCf 225 
GI] TI:[ 218 
Wf;:ITEr'G, 188! 
FrJRI.1HTi' THETH ! 5  E:!GGEE: THAN F ' I / i .  5' 



MULPOL, p. 2 

CONTI NU= 
WRITECg, 2.50) I C Y ?  
FQRFIHTr '  14, ' P!:!! NTS ON SF'.LIEEE 5SIRFiICE' 1 
R j  = < p  E/sEf)  *:(Rfizj;!-<SE?-l, ) *:*2) 
IdEITECG, ?.il.) k t  
FOKMfiT('  S P E R E I C 2 t  REEA 15 ',E?S. 7 )  

PEL. 2=DEl.1. /Rt; l  
THETH=DEt-2 
F'HI=8. B 
.JCNT=B 
X=EM:+:S! N ( THETg) + : C I ~ S  (fHI ) 

$n=RM:t:SEN(THET9! :t:S!N,PHI ) 
Z = - R P l : i : C O S  ( f KETR)  +SEP 
IF(DiCX, '2, Z ) .  GT. j.. ) 130 TCr 300 
JCNT=JCNT+I 
P2/JCNT, l)=# 
F'2(JCNTJ 2?='r8 
F'2(..TcNT, 3 ) = Z  
P2(..TCNT, 4)=X/ f i 'M 
PH!=PHI+ECEL~,>.'S I f d c f  2% 
IFiPHI. G T ,  2. *:?I)  fin TC1 320 
rjg TO 310 
FYI=PHj-z. *PI 
THETA=THETH+DEI-2 
ZFiTHETA. GT. F ' I i ' j . .  5) GO TO 35'5 
GrJ PrJ 398 
WR1TEC6, j.38) 
CrJNf I?iyE 
WE TF. 16 ,  j.26) JCNT 
t;OF;:I.?FfTC 14, ' PI:! I N T S  139 M E N  1 SCIJS 5US:FHC:E' ) 

P I  .s:E:P!/SEF') :4:( 5 .  - (SEp-RM):f:q:2) 
L4E! T E ( 6 ,  121.) 92 
F I I I E ~ ~ ~ ?  (' M E N  1 ZClJS fi/?Efi 15 ' I  EF5. 7) 
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D IPO!- i=F I F'OLiiF'I ( 1 ,  4 )-+:PI ( I ,  1 1 
500 CUNT! NfJE 

C $ j . = C 2 j + P ?  ( !, 4 ) :(:(9:.;'*:*:3-3. $:D:x:*Df1*$:2) 
0 1.. :! = F' 111 1.. 1 :+: FI ?. /' 1 I: N T 

Qpri!,P=BPl:lL.i:r:Hj / f CNT 
. D!P!:,!-?.=F!FCII,I:~:H~/JI::NT 
Cz%=CZt+:Hj./' 1 C:NT 
CZ%=Q. 8 
F'01-2=8. 8 
QF'rJI,2=G1. 8 
PI F'OL2=@. 8 
DO 518 J=i, J C N T  
FX=P.qQJ, 1) 
DY=PL=:(J', 2 )  
T/z=P2(J, 3)-21] 
RSQ=Dr! CCr:l:.:, FY, D7 ) 
P I ~ [ - ~ = P I ~ ! - ~ - C P ~ <  ,j, 4 ):+:is. :+:D;*:.V:~-RCQ ) d:pz( J ,  j. ) 
QPOl-2=QPOI-z+F';'(J, 5 2 :+:3. *:j32(JJ 1)d:DZ 
fJ I P ! ~ I - ~ = ~ ~ ~ I : ( I _ ~ + ~ ~ ( . J ,  4 ):f:F'2(J, i) 

Q,J, 4 2 :+: (oX:+::+:3-3. *:fi:~:*:p+'$:a:2) 
5r1.4 CONT TRUE 

P I ~ ~ - ~ = ~ I ] I - Z ? : R ~ , I , J C ~ ~ T  
Q P ~ [ - ~ = Q F I ~ I L ~ ~ : H ~ J . J C N T  
I) 1 F'1j1,2=D I F'OI_2:i:R2/ JCNT 
0 2 2 = C 2 2 + f i 2 / J C N T  
Pij1-8= C F'1jl-2 i F O I . 2 )  s. ic"E-Ci6+:3. 
Q ~ I ~ I [ - = < Q ~ I ~ I ~ - " I I ; ! P I ~ I ~ , ~ ) : ~ : .  72E-136  

. FlF'ijI-=CI>! ~ [ I L  %i-0! P I ~ I I - ~ ?  x. 72E-t36 
C2=('r;2?.+{;22):+:rJ. ;r:. 72E-05 
WR!'!-Eir;, 3 2 5 )  F'!J(I-8 
WR!lEi6, $28) C2 

.i 3 i. .- -3 FTJENFfl':' C~::iilF'[ll-E MI:IMENT 1:2= ' , Ej 5. 7 ) 
125 FOF:T.lRT<' OCf'fiF'OI- M!]l.IENT <:j,= ' , E9.5. 7 )  

IJF: 1 TE Q 6 ,  1 .262  QF'OI.. 
WRITE (6, 2.27 2 D J P!:11- 

926 FORPIATi' QI-IADRI-IPI:II,E= ' , E1.5. 7) 
.i 2 ;? -. FO!?MR?-(' D! F'lkLE= ' , E2.5. 7 )  

STOF 
E N D  



DIPAV 

Fp(  IJ F, 5 ; )  =~;:+:lJ+~~~!~'( (5:i:I-1) $:*:>;+.6:#:#:2-.5$:*:2;) 
W f ? !  1'E <C, 3 i l . )  
FOE!P?F;?' C' 1'YF'E IN % O F  57'EFaS ( I d ) ' )  . 
F:EAC:f C C, 3d 2') I 5 1 ' E F '  
FOE:PIHS' ( 16 
Ell= 1 57 EF' 
WF;: I7 .E  (6, 1;:#0) 
FIIIRMFIT' t z  T ' t ' P E  I N  M E N 1  5 F:AD (F.6. 3)'  ) 
REED C i 5 8 3 B j  ? FI 
F O k P l F l l '  iF 'C.  3)  
WEJTE (6,302) 
FrJEMhl t '  T'T'F'E I t4  SEF' tF6. 3) '  1 
R E F I D  (6, 381.) S 
s;lJM=O. 
D=S 
DS;.Q. 
F 'ORMil1-  t F4.  2 
Rf?T=. 54:(F[4::4:3+i+ ( 5*::4:4-.p>. *: (54 :Fr )  4:*:2-6. :+:S$:*:d 
jT.jc. *:Fl:+:.+:;::-x-x. v:il:+::+:4)/'( 5;. q:s) 1 
CCfNT I N I J E  
FI:IE:MF;! ( F C .  4 )  
1 =c1 

!=lcl.  
IJ=i- I /E:M 
F : t * l I N = F K C U ,  R, DS)  
F:MHX=FRCI,I, 1. , 0) 
I F C F:?lF::.:. I-E. F:M I I d )  130 T O  51132: 
5/-1p1=51jp1+ c ~-.Z:+:LIV::+:Z? :+:~1/-1:1fi < ~:pj ji;~:,/~~:p1 1 ,u 1 / 1 ~ : ~  

GO 7 0  9131 
51P1 I N = U  
s l J p l = 3 .  1.1.1 5~i! ( .5 :+:5 lJ~: i :F: f i7 ' / ' (~ - .F:F1T)  
F.F:F:=SljM:+:O. T'i:4F,-cfC 

EF;IF:F;l'=EF:FI/F:FIT 
L J R I 1 . E  C . 5 ,  9 8 5 )  $1, 5, ERR.,  E K ~ I R T  
F05:P1$:1'(iXJ FF. 4 ,  SX, F9. 4, f;:r:.. E j.5. 7, j B;x:, Ej.51. 7.. /'/) 
CrJN7'I NI.IE ' 

fi 111 i1.I 2 i C1 

E N D  



QUADAV 

FR (1.1,  R ,  5 )  Z-:+:I~+~G!F:T i (5:i:l-I) 4::i:Z+El?r:?r:2-54:d:3) 
RU<F!Pl! 1.4, RP1HX 1 =I. /'!?MI N - j .  ,x'F;:MH:r: 
F : p l = j . ~ ~ i O  
WRITE 1:6,302) 
FOE:MAT (' 7"r'F'E I N  PIEN I S .  F:FID. (F6. 3 1' 1 
ftEHD ( 6 ,  z : C l l !  fi 
WRITE ( 6 , 2 0 3 )  
FI:IF:MFIl' < '  T1r'PE 1 N SEf'FIF:Fl?'I CIN < F'C. 3 )  ' ) 
REHD ( 6 ,  3 1 3 j  ) 5 
I4RITE (1';,308> 
FClRMAT i ' T'T'F'E I N  Z r::r:ll:lF:D ( F ' t 5 .  3 1 ' 1 
E:E:Fj[:( ( 6 ,  381) D 
FOF:MFlf ( F'6. 3 1 
DS=D-5 
FOFPIHT IFJ. 2) 
RFIT=. 5:+:i~l:+:+:3+1+(5~::+:4-.6. q:(s-;?1:~1)tf:tf:sl-~. -;?1:~#:.*:2 
d.+& *:t7*::+:>.-3-3. *:~:+::4:4),/'(:;:. : i :S )  ) 
FDF'MHT C F 6 .  4 )  
I=-l 
I = I + i  
U=I- I /EM 
Rt.l!N=FF;:CLl, HJ DS> 
RMFIX=FRI~U,  A .  , D) 
IF <EPlFI:.:. I -T.  lr:MIN) i2C1 TO 9 1 3 2  
S l J l ~ j = S ~ l p l t .  (U:t: ( 3. -9. :f:LI:+:*:i!) :t:F:U ( 5:M 3 N, 5:MFl:r:) ) /F:M 
G[l TrJ 901 
U11 3 N=i,l 
5~11=3.  SUP^/ ( 4. *: ( j  -RAT)  : 
ERE:=S'UEl 
!dR!TF (5, 9133) FI, 5 ,  D, UMIN..  Flfl l ' ,  Ef;:f;: 

.- C.8  F'I:IF;E~F~T (3,:s:. F5. 3, : ; : I : ,  F 5 .  L:., .. I..., FS. 3 ,  / 
1F.G. 3, 25:4, F5. 3 ,  5:4, Ej.5. 7, /,*,') 
CONTI tllSE 
END 



OCTAV 

F-F:ClJ, R, s ? = s : + : l j +  sf;!b:T ( (5:+:1-1)4:d:p+ E:d:v:T- s*:*:p) 
fi'Ui'F;ptI/.J, E:MF:X)r (1.. /'F:/j].tJ:+:*:Z- 3 .  /F :Mr ' ;X* . r : i ' ) , , ' 2 .  
F: p1 =; j. 8 !.:I 13 
IJFt 2 7 E i 6 ,  7'02) 
FOF:PlFlT i'  l t l f E  I N  P ~ F - N ' I ~  F.'F:0 ( F . G .  X I Z )  
EF.fiT;( ( 6 ,  5!3?. ) F; 
14 5: 1 7- F: f 5 ,  2 L:t I:? ) 
F OF;:P:$;l C 7 $'PE 1 N 7 C:l:fOi;:D (FE..  3 )' ) 
ElFFrD ( 6 ,  :;:Clj ) 0 
5=D 
FOFIPIFi7- i F G .  2) 
05=0-:3 
FOF:t.lfii' C F4. 2) 
F:F:T=. 5;r.f F!*::+:>:.?.+ (5:+:4:4-.t:, .?:(5:f:F;):+:#:2-6. *:54:4:2 
< + 6 .  :+:F;:+::t:Z .. 3- 3 .  :+:R:r:;(:d ) ,.J' ( 8. :+:lr; j ) 
A 

FOF:Pli:T ! FG. 3 ? 
1 =-I 
2 =2-1 . :1  
l . l = j . -  J ,.'E:F1 
f;:i.f!ri:fr;:CU, E, 05) 
F:?IF;:Y:=Ff;:il.l, 3 . .  , 0) 
I F CF:MF::x:. L 7 .  E:M 1 N 1 GC! 7 0 911i2 
~,!jt.!=!;i-!pj+ I: ;:cI. ~:I):+:+:;:-ZZ. v:lj:t:*:4- 3. 1 *: 
J.F:I-IC FYI r ~ 4 ,  L : ~ ~ ~ F I : S :  ?(.*EPI 
G!:! TO 39j. 
1.1 PI : 1.4 = 1-1 
sl-IPj=3. *:51-lP18.'( 3:;. :+:{j.-F:CfT) ) 

F'F:f;:=.SUM 
i d R I 7  E. ( 5 ,  922.1 R, 5 ,  E R E ,  RFiT 
FCl,K:EF;7 <j.:x:, F ~ I .  2 ,  :*:x:., F.2;. ::, Fi:z:, E j . 5 .  7, j.iIg:l:, El:'. 7, ,/'/'> 

C O N 1  ! NLIE 
GI:r ~ f - I  3513 
END 



NECK, p. 1 

p3p?E?:5!!:1t< Pi(2ls3Qo, 3 )  
( :I<, '4, 2 1 =X:+::s:+~.+:','+z:+:z 

Q 2 < :s: , '1.' -. 2 > = ::< :+: :s: + ' ' .+:: . ' ' + ( Z - E E P )  . *+:3 L. 

P 1 =7. i 4 r 5 4 ; : 6 . f i ; 5 ~  
W E I T E i 6 , I Q B j  
FCif;:MRT i'' tdE[:i<E: FISZI i3N 1 ~ J ! ~ I - : T  TO 1 i:f f O R E  E:UrJ' ) 

F :E f iD i I .  i 3 I . j  F'DS 
FURMHTiF7.  3 )  
EEL %=I. ,'PO5 
f?EAB(3., 1-81! EM 
EH:?Q=F:E1:t:S:M 
F : E H D < 1 . ,  183.! SEF 
RER9  C 1, .5132 > NO l P 
FO!?P?.!RT (12? 
E E Fl El i j., 5 1'1 3 ) H lzl 
FSlRYfiT (F7. 3 )  
E E R O  i?., 5 c 5 )  DH 
R E R D  /:, .5133) F:I 
ZERD i?., 5 8 2 )  C:0 
EEFiDCIJ ?B4! IfTCiP 
FiSf:P!ATi 1 2 )  
I J R I T E i S ,  2 5 0 )  F'175, ?PI, 5 C F ' ,  NDIP 
FCiRMRT i pDC= ' , F7. z, '5:M= ', F i .  3 ,  'SEP= ', F7. i.. 'NCIIP=,'.. I?:) 
Idf?lT'E<5, 25j.1 HCI, D H j  R 1 ,  Ri'I 
FOf;.'PIfiT C' HI:I=' , F7. 5 ,  ' DH=', F7. 3 ,  ' f;: J =' , F7. 5 ,  ' F.:0=', F7. 3 )  

:-',sPTiI;:I : f : 5 : I . i ' 2 + % ; : O : r : R O / ' 2 )  RNP.-: I- . . .  

1 ' -  y - H :+: f;' 1 :+: < F;: I:! .J. f;: 0 - F: 2 -t: 5: 1 2 .i '4 0 1 
1 F' = j.. ci :? - ci 6 3: I,.' 

ETUT=G. 8 
H=HQ 

I r;E!T=O 
.?=I.. 
1 1 -  
7 -¶.. 
:< =1.. 
I F r ' D i ( X , 1 ~ ' , 7 ) .  CiT. 1. 1 GTI TO 268 
JF(Dai , 'x : ,  f', Z ) .  137. /?t.!Ei;!;p triII1 280 
TCNT=ICNT+% 
P I I Z C N T ,  %!=X 
F ' 3 . C  I II:NT, 2) =ft  
P I  < I[:NT, 3)=Z.1 
X=X-PEI-S. 
! F i x .  I-T. -?.. ) GO TO Zj.13 
GO T O  2411 
'l~='T~-C~Fl- j. 
IF(?'- I-T. -j.. ) G!:t TCt .?2:!3 



NECK, p.  2 

QO TrJ 213% 
r'=c?-DEL.5 
IF r 'Z .  L T .  -?.. ) GO TO 2313 
rj,S 7-0 202 
C 15 N T I hi !J E 
1dR I TE I: 6 ,  j.50 ) 1 CNT 
L-IRITEC.5,$.5G) I c N T  
I CAI-C=B 
F O R M f t i C '  l\'[i. O F  ?IENIS[:I-!E ~ I ) I N T S  1 I-;', !.I) 

CiENi?F!RTE NECK PTS H N  C:RI-C: F I E I - D  R Y E  

R=B. 8 
FmHI=B. 8 
C l l j  788 I =I., NDI F' 
X=f;:N!<:+:l:rJ5 ('pH I ) 
+'=F:.J!<:+:Z i N (f'H 1 ) 
DCr 720 J=1, 'I 1::NT. 
DX=:.:-PJ.C J,  ?.? 
D'T'='r'-f 9. <..r, 2) 
f i x = H - f j .  (,J, z ?  
rl:lf;:4Q=fiJ ( p:~:, fit'. DZ) 
Mf;: If E. ( 6 ,  - ~ C I I : I  ) D:.:, Di;:EQ, D p, 02 
FrSRElRT / 4 E j  5. 7 )  
f: = E: + 0 1 :?: I: :: . :+: :s: :t: c r  :.:x: /' r~ j;: 5 & - , ) j ( 5 I;! f: T ( f;ls I;! ) ) $: :+: 3 
Cf:!NT I NIJE 
PHI=F'H I+:. ;t:F'I/ND I f' 
[: 111 1.i T I 14 !I 
R f i V F = R /  I CNT 
F: i 13 T .: F: T 51 T + E: FI '8:' E 
TF:ZT=FIE:C (F:!+"s:'E.*'E:TOT) 
LllRITE ( 5 ,  598) E:i-I1:'E, E:TOT 
LJE! TE (6, 5 5 8 )  F.:A1>:'E, E7r:rT 
I F  ( T E S T .  L.E. 0 .  .?E-132) GO T!:r 793 
FC!S:MRTCl>:, ' E:H'r.'E= ' , E l  5. 4,  ' %TOT= ' , E j  IS. 4 )  
H=HtDH 
I1::HL-C= I CF:l-!::+I. 
I F I  ICFi1, 13. 1-T. 1 5 T O F ' )  GO TI:! 799 
STOP 
E N D  
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PAXT TWO 

INELASTIC COLLISIONS IN EXCITED 

SODIUM 



I. INTRODUCTION 

Inelastic collisions of the type 

Na(3P ) + x + ? N ~ [ ~ P  ) + X + A E ,  
3 / 2  1/2 

(1) 

have long been the subject of experimental investigation, and 

recently have generated considerable theoretical interest as 

well. These processes have been called "sensitized fluorescence", 

"excitation transfer", "intemultiplet mixingtt, and "fine 

structure transzer collisions" by various authors. We prefer 

the latter term for the work to be described here. 

These processes are of interest for two reasons. First, 

they yield information about the interaction potentials between 

atoms, and particularly between excited atoms. Second, they 

provide a simple example of the case of inelastic collisions 

and can lead to a better understanding of the more general 

problef3 of inelastic collision dynamics. 

Determinatioa of interatomic potentials has always been 

of fundamental importance in molecular physics. Recent theories, 

especially psuedo potential theories, have allowed the calcula- 

tion of interaction potentials between alkali and rare gas atoms. 

These calculations have met with mixed success in predicting 

experimental results and are in need of more detailed conparison 

with experiment so that the areas of validity and the nature of 

the limitations of the theory can be established. 



An important app l i ca t ion  of t h e  t h e o r e t i c a l  p o t e n t i a l s  

has been t o  t h e  c a l c u l a t i o n  of t he  c o l l i s i o n a l  c ros s  s e c t i o n s  

f o r  f i n e  s t r u c t u r e  t r a n s f e r  CFSX).  While very d e t a i l e d  

informati.cn about the FSX process  may be ca l cu l a t ed ,  t h e r e  i s  

l i t t l e  d e t a i l e d  experimental  d a t a  a v a i l a b l e  f o r  comparison. 

While FSX i n  the a i k a l i  metals  has been observed experimentally 

fo r  many yea r s ,  only  r e c e n t l y  have v e l o c i t y  dependences of the 

c ros s  s ec t ions  been s tud ied  c l o s e l y ,  and even the  b e s t  of t h e s e  

measurenlents have been of i n s u f f i c i e n t  rage o r  r e so lu t ion  f o r  

comjarison with  s o m e  of t he  i npo r t an t  general  f ea tu re s  of t h e  

theory,  l e t  alon? t h e  d e t a i l s .  

I f  t h e  exc i t ed  s t a t e  p o t e n t i a l s  a r e  known independently t o  

be accura te ,  an experimental  s tudy of F S X  processes can se rve  

t o  t e s t  t h e  v a l i d i t y  of the  methods used t o  c a l c u l a t e  t he  c ros s  

sec t ions .  Since these processes a r e  a p a r t i c u l a r l y  simple 

example of i n e l a s t i c  co l l i sFons  they can se rve  a s  a  f i r s t  

s t e p  i n  understandi-r:g mcre complj.cated phenomena such a s  

chemical r eac t ions .  

We w i l l  b r i e f i y  review the e x t e n t  of past experimental  

and t h e o r e t i c a l  work on f i n e  s t r u c t u r e  t r a n s f e r  i n  t h e  a l k a l i s ,  

and e s p e c i a l l y  of work on c c l l i s i o n s  of sodium with  r a r e  gases ,  

which i s  t h e  s u b j e c t  of  t h e  p re sen t  work. 

The t r n d i t i o n a l  method f o r  observing f i n e  s t r u c t u r e  t r a n s f e r  

{FSX) c o l l i s i o n s  i s  t o  e x c i t e  t h e  alkali atom t o  one f3ine s t r u c t u r e  

s t a t e  and observe t h e  f luorescence f r o m  t he  o the r  s t a t e .  



Previous t o  the  work repor ted  he re ,  a l l  such measurements on 

sodium have been i n  gas cells. 

A s  early a s  1 9 1 4  Wood CV700 1 4 1  observed FSX i n  sodium, 

and i n  1 9 2 8  t h e  f irst  q u a n t i t a t i v e  measurements of the  c ros s  

s ec t ion  f o r  FSX c o l l i s i o n s  between Na and a r a r e  gas were made 

by Lochte-Iloltgreven CLOC 2 8 )  . Although these  e a r l y  measure- 

ments w e r e  l a t e r  found t o  be i n  e r r o r  due t o  e f f e c t s  of rad ia -  

t i o n  t rapping  CSEI 561, it was e s t ab l i shed  t h a t  t he  thermal 

14 2 average c ros s  s ec t ions  were of t he  order  of 1 0  cm . Kanson 

(HAN 57) made t h e  first ~neasurements of t h e  v e l o c i t y  dependence 

of t h e  FSX c ross  sec t ion .  H i s  technique involved photo 

d i s soc i a t i on  of NaI, us ing  vzrious ~ a v e l e r ~ g t h s  of u l t r a v i o l e t  

l i g h t  t o  produce N a  atoms a t  a few d i f f e r e n t  v e l o c i t i e s ,  which 

then coLlided wi th  A r  o r  K20. Collisiclnal  c ros s  s ec t ions  wi th  

A r  showed a decrease with ve loc i ty .  

More r e c e n t l y ,  Krause and h i s  coworkers have made ex tens ive  

measurements of t h e  thermal average FSX c r o s s . s e c t i o n s  f o r  a l l  

the  s t a b l e  a l k a l i s  (except L i )  i n  c o l l i s i o n  with  a l l  the  s t a b l e  . 
r a r e  gases.  Some c o l l i s i o ~ l s  wi th  molecules were observed and 

some =c i t ed  s t a t e s  higher  than the  f i r s t  resonance doublet  

were observed by t hese  workers. The  r e s u l t s  f o r  Na on r a r e  

gases a r e  contained i n  (PIT 6 7 ) .  Jordan and Franken (JOR 6 6 )  

have a l s o  obtained average c r o s s  s ec t ions  f o r  Na on r a r e  gases .  

Gallagher (GAL 68)  has measured the temperature dependence of 



C 

t he  PSX c ros s  s ec t ions  f o r  Rb and Cs c o l l i d i n g  w i t h  va r ious  

rare gases.  The  measurements i n i l y  c ros s  s ec t ions  t h a t  

n  increase  a s  v wi th  n=4-9 f o r  thermal v e l o c i t i e s .  

Anderson e t  a l .  CARD 7 6 )  have measured v e l o c i t y  Sependence 

for K on H e  us ing beams methods, and f i n d  a l i n e a r  i nc rease  

wi th  ve loc i ty .  Most r ecen t ly  A p t  and P r i t cha rd  (APT 76)  

have measured v e l o c i t y  dependence of the FSX cross  s ec t ion  f o r  

N a  on seve ra l  r a r e  gases.  The technique used was one suggested 

by t h i s  author  and P r i t cha rd  (PHI  7 4 )  us ing s e l e c t i v e  l a s e r  

e x c i t a t i o n ,  They observe a decrease i n  t h e  cross sec t ion  f o r  

N a  06 A r  over t h e i r  v e l o c i t y  range,  and an increase  f o r  N a  on Xe. 

Several  i nves t iga t ions  have a l s o  s tud ied  the  effects of  

polar iza . t ion on the  observed c ros s  s e c t i o n s  ic attempts t o  

determine the  dependence of t h e  process on the  p a r t i c u l a r  rn 
j 

s t a t e s  involved. CELB 71,  SCH 71) Krause (KRA 66) has  reviewed 

much of t h e  experimental work t o  1966, and Li jnse  (LIJ 7 2 )  has 

made a very complete review of t he  l i t e r a t u r e ,  both experimental  

and t h e o r e t i c a l .  

Early app l i ca t ions  of pe r tu rba t ion  theory t o  t h e  gene ra l  

problem of energy t r a n s f e r  c o l l i s i o n s  CLAN 3 2 ,  ZEN 3 2 )  has shown 

the main f e a t u r e s  t o  be expected i n  t he  v e l o c i t y  dependence of 

the cross  s ec t ions ,  namely an i n i t i a l  increase  t o  a  maximum 

followed by a decrease  a s  l /v  a t  l a r g e  v. More r ecen t ly ,  es t imates  

of the i n t e r a c t i o n  p o t e n t i a l s  between exc i t ed  a l k a l i s  and r a r e  



gases have been appl ied  t o  var ious  s emic l a s s i ca l  approximations 

t o  the c o l l i s i o n  problem [MAN 70,  DAS 701, producing v e l o c i t y  

dependent c ros s  s e c t i o n s  v a l i d  f o r  c e r t a i n  r e s t r i c t e d  condi t ions .  

Most r ecen t ly ,  d e t a i l e d  c a l c u l a t i o n  of the in te ra tomic  p o t e n t i a l s  

by Baylis  and Pascale  and Vandeplanque [BAY 6 9 ,  PAS 74)  

have been appl ied  by Reid and Dalgarno and Pascale and Olson 

t o  a  f u l l y  quantum mechanical formulation of -the c o l l i s i o n  

problem, y i e l d i c g  s p e c i f i c  p r e d i c t i o n s  f o r  the magnitudes, 

ve loc i ty  Zapendences, p o l a r i z a t i o n  and s c a t t e r i n g  angle 

.dependence of t h e  c ros s  s e c t i o n s  CREI 73, OLS 75, PAS 76). 

These l a t t e r  more d e t a i l e d  c a l c u l a t i o n s  have ccncentra ted 

on the Na-rare gas systems. For a wide enough range of 

ca l cu l a t ed  c o l l i s i o n  v e l o c i t i e s ,  a s  expected, the c ros s  s ec t ion  

r i s e s  a s  t h e  v e l o c i t y  i nc reases ,  peaks and then dec i ines  a t  

h igher  ve loc i ty .  Various secondary peaks and o s c i l l a t i o n s  i n  

the c ros s  s ec t ion  a r e  a l s o  seen for some systems, None of t h e s e  

f ea tu re s  have been observed i n  any of t h e  experiments on any 

of the a l k a l i s .  Experiments show c ros s  s e c t i o n s  which e i t h e r  . 
r i s e  o r  f a l l  wi th  ve loc i ty  depending on the  system involved,  

b u t  no s i n g l e  experiment, o r  set of experiments on t h e  same 

system, has had s u f f i c i e n t  range and r e s c l u t i o n  t o  revea l  

the ex i s t ence  of a  peak i n  t h e  c ros s  s ec t ion ,  

The p re sen t  work r epo r t s  r e s u l t s  f o r  t h e  v e l o c i t y  dependence 

of the  3/2 + 1 / 2  t r a n s i t i o n  i n  N a .  There are s e v e r a l  reasons 



why w e  have chosen to study the f i r s t  sodi-m resonance doublet .  

F i r s t ,  e x c i t a t i o n  from t h e  ground s t a t e  Is poss ib le  us ing 

a commercially a v a i l a b l e  C.W. s i n g l e  frequency tunable dye 

laser. Second, the  Na-rare gas systems have received t h e  l i o n ' s  

sha re  of  t he  d e t a i l e d  t h e o r e t i c a l  i n t e r e s t .  F ina l ly ,  the  

17 cm-I f i n e  s t r u c t u r e  i n t e r v a l  i n  t he  3P s t a t e  of N a  a l lows 

impact energ ies  from a f e w  times t o  many t imes t h i s  value  t o  

be obta ined experimentally.  With such a range,  t he  v e l o c i t y  

a t  which t h e  c ros s  s e c t i o n  peaks should be access ib le .  

Fig. 1 compares t h e  v e l o c i t y  range acces s ib l e  t o  va r ious  

experiments relative t o  a hypothe t ica l  c r o s s  s ec t ion  curve. 

The v e l o c i t y  s c a l e s  are of course d i f f e r e n t  f o r  each a l k a l i ,  

s i n c e  t h e  curve s c a l e s  w i t h  t he  fine s t r u c t u r e  separa t ion .  

The b e s t  r e s u l t s  f o r  a (v )  fron? thermal averages a r e  due 

t o  Gallagher (GAL 68)  on Rb and C s  w h e r e  the  l a rge  f i n e  s t r u c t u r e  

s epa ra t ion  pu t s  thermal v e l o c i t i e s  i n  t h e  r ap id ly  i nc reas ing  

reg ion  of t he  curve. These measurements a r e  of i nhe ren t ly  low 

r e s o l u t i o n  - although because of the s t e e p l y  r i s i n g  o(v)  t h e  

r e s o l u t i o n  was as good as 30-40%. The beam measurements of 

Anderson e t  a l .  (AND 7 6 )  access  a region of t he  curve which i s  

inc reas ing  l i n e a r l y ,  w e  es t imate  t h e i r  r e so lu t ion  at about 

40% f u l l  width. The measurements of  Hanson [HAN 5 7 )  are i n  t he  

decreasing region f o r  N a .  Resolution i s  n o t  given,  but should 

be no b e t t e r  than the v e l o c i t y  s e l e c t i o n  by doppler s h i f t  method 

of Apt and P r i t cha rd  [APT 761 . While Apt's measurements spanned 
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the pea.k region,  r e s o l u t i o n  was too  low, e s p e c i a l l y  a t  low 

v e l o c i t y  t o  s ee  its e f f e c t  on t h e  da ta .  Their  r e s o l u t i o n  was 

35% f u l l  width a t  best, bu t  was 90% a t  t he  lowest v e l o c i t i e s .  

The range of ou r  experiment covers t h e  peak of the o ( v )  

curre, with a r e so lu t ion  of no worse than 15% when ou r  h ighes t  . 

r e s o l u t i o n  technique f s u.sed. 

W e  measure t h e  FSX c ros s  s e c t i o n s  us ing i n t e r s e c t i n g  atomic 

beams. The beans of s o d i m  and r a r e  gas atoms o r i g i n a t e  i n  super- 

son ic  nozzle sources and i n t e r s e c t  i n  a reg ian  i l l u n ~ i n a t e d  by 

. a l a s e r  beam which e x c i t e s  N a  atoms t o  the 3P 
3/2 

s t a t e .  The 

number of atoms which change t h e i r  f i n e  s t r u c t u r e  s t a t e  due t o  

c o l l i s i o n  is  determined f r o m  t h e  amount of l i g h t  observed a t  

t h e  3PlI2 + 3SlI2 wavelength. The c o l l i s i o n a l  energy i s  determined 

by t h e  v e l c c i t i e s  of t h e  atoms i n  each beam and t h e  angle  of 

i n t e r s e c t i o n .  The c o l l i s i o n  energy may be va r i ed  by r o t a t i n g  

t h e  rare gas bear. t o  change t h e  i n t e r s e c t i o n  angle.  

An important extensior, of t h i s  technique. i s  t o  use t h e  

e x c i t i n g  l a s e r  beam t o  s e l e c t  t h e  v e l o c i t y  of  the N a  atoms i n  
* 

t h e  beam. T h i s  was suggested i n  a s l i g h t l y  d i f f e r e n t  con tex t  

by Her te l  e t  a l .  (HER 75) ; our  experiment r ep re sen t s  t h e  f i r s t  

use of t h i s  technique i n  a c o l l i d i n g  beams experiment. c o l l i s i o n  

ene rg i e s  i n  the  range of .01 t o  . 3  e v  have been obtained,  and 

t h i s  range i s  extendable i n  both d i r e c t i o n s  without major changes 

i n  t h e  apparatus.  Cur technique i s  n o t  s u i t e d  t o  the accura te  



measurement of the absolute c ross  sec t ion ,  so w e  obtain the  

cross sec t ion  oCv1 within a normalization constant.  

We have obtained a Cw) fo r  Na on Ne and Ar f o r  both 

r o t a t i o n a l  and l a s e r  ve loc i ty  se lec t ion .  Some d a t a  f o r  N a  

on He was a l s o  obtained. W e  have determined t he  energy at 

which t h e  cross sect ion peaks f o r  K a - N e  and Na-Ar. The ve loc i ty  

dependence f o r  Ma-Ar j.s i n  goo5 agreement with t h e  b e s t  t h e o r e t i c a l  

predic t ions ,  but the  Na-Ne dependence i s  iil ser ious disagreement, 



11. THEORY. 

11.1 Simple Approaches. 

There a r e  a  number of simple concepts concerning i n e l a s t i c  

s c a t t e r i n g  which can a i d  i n  t h e  genera l  understanding of f i n e  

s t r u c t u r e  t r a n s f e r  c o l l i s i o n s .  W e  begin wi th  a  d i scuss ion  of 

the Massey c r i t e r i o n .  

Consider a system such a s  our  N a  atom wi th  two energy 

l e v e l s ,  1 and 2, separa ted  by AE ( t h e  f i n e  s t r u c t u r e  separa- 

t i o n ) .  I f  t h e  atom is subjec ted  t o  a t ime varying pe r tu rba t ion ,  

V ,  due t o  a  c o i l i s i o n ,  w e  would expect  t r a n s i t i o n s  between 

t h e  l e v e l s  t o  be induced by t h i s  pe r tu rba t ion  provided t h a t  V 

has a non zero matr ix  element between t h e  two s t a t e s .  More 

p r e c i s e l y ,  t h e  f o u r i e r  rornponents of V ( t )  a t  frequency 

w = AE/n w i l l  induce the  t r a n s i t i o n s .  I f  we assume t h e  12 

c o l l i s i o n  t o  occur over  a d i s t a n c e  a ,  then t h e  t i m e  T f o r  t h e  

co l l i s j -on  i.s T = a/v where v i s  t h e  r e l a t i v e  ve loc i ty .  Thus 

i f  w e  s a t i s f y  t h e  condi t ion  . 

we expect  t o  have t h e  b e s t  chance o f  changing t h e  s t a t e  of t h e  

a t c m .  S a t i s f a c t i o n  of condi t ion  (2) i s  known a s  t h e  Massey 

c r i t e r i o n .  The q u a n t i t y  5 i s  known a s  t h e  Massey or a d i a b a t i c  

parameter. For 5 >> 1 t h e  c o l l i s i o n  i s  a d i a b a t i c  whi le  f o r  

E, << 1 it is  sudden. 



These qualitative considerations are given a quantitative 

footing in Landau-Zener theory ( U 3 2 ,  ZEN32). Our discussion 

follows that of Zener. We consider a two level atom involved 

in a perturbing collision. We further assume that in the 

absence of coupling between the two levels that they would 

cross at some value of the internuclear separation, R. It is 

a well known result that with coupling the levels actually 

repel with a separation given by twice the coupling. The situ- 

ation is shown in Fig. 2. 

We choose as a basis set the asymptotic wavefunctions at 

large R, cji. The Hamiltonian is not diagonal in this basis 

because of the interaction term. Diagonalizing the Hamiltonian 

at each value of R would produce wavefunctions giving the 

solid, adiabatic potential curves of Fig. 2. 

We follow the usual perturbation theory approach of 

expanding the true wave function $ as 

e 

where o and w2'are the unperturbed Bohr frequencies of states b 

1 and 2. We assume that the transitions will all occur in the 

crossing region, that the Oi are constant in this region and 

the matrix element 





i s  a l s o  cons tan t .  W e  f u r t h e r  assume t h a t  the wi vary l i n e a r l y  

wi th  t ime,  which i s  equiva len t  t o  a l i n e a r  v a r i a t i o n  wi th  R 

and a cons tan t  v e l o c i t y  dur ing t h e  c o l l i s i o n .  

The usual  f i r s t  o rder  coupled equat ions  are obtained:  

us ingtheboundary condi t icns  corresponding t o  the atom s t a r t i n g  

i n  s t a t e  1: 

and t h e  o t h e r  ass~mpti .ons,  an asymptotic solutj.on may be found 

f o r  c Z ( ~ )  a f t e r  pass ing through t h e  c ross ing  region: 

I f  we de f ine  t h e  lengthmof t h e  c ross ing  region t o  be 



and recall that dR/dt = v, and AE = 2V12 , we obtain 

So we obtain the Massey parameter as the determing quan- 

tity in the transition probability. 

In an actual collision the atoms will in general traverse 

the crossing point Ro , continue to the turning point and pass 
through Ro again as they separate. The probability of curve 

'jumping is given by (9) each time crossing occurs. If we 

ignore the effects of coherence between the states the final 

probability that t.he atom which started in state 1 will be in 
* 

state 2 after the atoms separate is: 

This function is plotted aqainst a v in Fig. 3. The trans- -c 
fer probability rises sharply at first, reaches a maximum when 

the Massey parameter is of the order of 1 (Emax = -  ln2) and 
'K 

falls off as l/v'at large velocities. This confirms the qual- 

itative expectations concerning the behavior of the inelastic 

cross section as a function of the Massey parameter. 

There are of course many limitations to Landau-Zener 

theory, Besides the approximations noted, it treats only 

.*See note at end of theory section: 





radial coupling - that is transitions are induced by changes 
in the internuclear separation. In a real situation there may 

be rotational coupling due to the rotation of the internuclear 

axis. There may be no avoided crossing in the adiabatic poten- 

tials, or regions other than the crossing may contribute sig- 

nificantly to the transition probability. More sophisticated 

techniques are necessary for the accurate calculation of real 

cases. 

11.2 Molecular Potentials -- 
As a prelude to the discussion of the more realistic 

methods for calculating fine structure transition cross sec- 

tions, we will consider in more detail the nature of the adia- 

batic potentials. Fig. 4 shows the potentials calculated by 

Pascale and Vandeplanque (PAS74) for the Na-Ar system. The 

levels approach the 3p levels at large separation, while at 

smaller separations the potentials are labeled according to 

molecular notation  HER^^). The Na-Ar system is thought of 

as a quasi molecule-during the collision. 

The zalecular coupling scheme can be understood as fol- 

lows: as the atoms approach each other the spherical symmetry 

of the isolated atom is replaced by an axial symmetry about 

the internuclear axis. Whereas the orbital angular momentum 
4 
L is a conserved quantity for the isolated atom (neglecting 

spin-orbit coupling), only the projection of t along the inter- 



R (a.u.1 
F I G .  4 No-Ar POTENTIALS 



nuclear axis is conserved for the molecule. The absolute value 

of this projection is the quantum number A which takes on the 

values h = 0, 1 for states derived from atomic P states. T h e s e  

values of h correspond to the molecular C and JI states respec- 

tively. 

T h e  electron spin is not directly affected by the mole- 

cular field, but for A # 0 5 is coupled to the molecular axis 
via the axial magnetic field produced by the orbital motion of 

the electrons (this i s  analogous to L * S  coupling in a free 
3 

atom) . As with L, only the projection of 3 ,  denoted by C is 
conserved. The total angular momentum projected <jn the axis is 

R = + El. For the JI state in Fig, 4 C = 1/2 and can be 

oriented either with or against A ,  so !2 - 1/2, 3/2. The split- 

ting between the two states is analogous to the fine structure 

splitting of the isolated atom. 

In the molecular representation i and are uncoupled 

from each other and are separately coupled to the molecular 

axis, in contrast to the isolated atom where the LS coupling 

is dominant. The region of transition between the two coup- 

ling cases (sometimes called Hund's case a and c respectively) 

occurs when the magnitude of the molecular energy is comparable 

to the fine structure separation. 

11.3 Semiclassical Theory_ 

The semiclassical approach to calculation of fine strue- 



ture transfer cross sections involves the selection of a clas- 

sical trajectory for the collision partners. Given the path 

and the interactions, the evolution of a given state is calcu- 

lated either through perturbation theory as in Landau-Zener 

theory or by direct integration of Schoedingervs equation. 

Much of the semiclassical theory has 3een developed by Nikitin 

and his co-workers (NIK65, DAS70?\. We will discuss some of 

the physical insights which arise from the semiclassical con- 

siderations. 

Fig. 5 shows a set of hypothetical potential curves simi- 

lar to those of Fig. 4. We have shown how states of various 

m. in the atomic representation go adiabatically into the 
3 
molecular states. Tile C 

1/2 
state is formed from states w i t h  

m = 1/2 as is the ll 
j 1/2 

(the molecular axis is the quantiza- 

tion axis for both the molecular and atomic basis). In the 

absence of rotation of the molecular axis only states composed 

of the same m. are coupled by the axially symmetric molecular 
3 

field, The situation is simil.ar to the coupling of the two 

levels in the Landau-Zener theory. This results in mixing of 

the C 1/2 and 1/2 states in the vicinity of R1 as the collision 

procedes from the region of atomic to molecular coupling. As 

with the Landau-Zener case, in the transition region the C 1/2 

and II 
1/2 

states are each composed of both and P 3,2 states. 

The symmetry requirements of the molecular potential which 

produces this mixing will be discussed in the next section. 





Since there is in fact rotation of the molecular axis 

during the collision, the foregoing discussion must be modi- 

fied. This rotation is only significant if it is faster than 

the electronic wave function can follow, that is if the angular 

frequency of rotation is comparable to the angular frequency 

difference between the states. At large R the rotation is 

slow, so only the C 1/2 3/2 states which becoine degenerate 

at large R are coupled rotationally. This does not produce a 

fine structure transition (only a depolarization). At small 

R in the vicinity of R2 the situation Is quite different. 

Here the rotational frequency may be significant compared with 

the II 
3/2 

to I? . separation. Physically what is happening is 
1,' 2 

that the electron spin which is coupled to the internuclear 

axis by the axial magnetic field cannot follow the rotation 

when it is faster than the coupling f r e q ~ e n c y .  Classically 

we would say that the rotation of the axis becomes comparable 

with the precessional frequency of the spin about the axis, 

which decouples the spin from the axis. 

The semiclassical calculations have had some success in 

predicting the behavior of cross sections for nearly adiabatic 

collisions such as those involving Cs at thermal energies 

(DAS70b). For a system such as Na with a much smaller fine 

structure separation the relavent velocities are correspondingly 

smaller, involving less angular momentum in the collision and 

invalidating the assumption of a classical path. 



149. 

11.4 Quantum Theory 

The f i r s t  f u l l y  quantum mechanical t rea tment  of the  f i n e  

s t r u c t u r e  t r a n s i t i o n  problem was given by Reid and Dalgarno 

(WI69). Reid has given a d e t a i l e d  account of t h e  method in -  

volved (RE1731 and our  d i scuss ion  follows h i s .  

W e  consider  only t h e  3p c ~ n f i g u r a t i o n  of Na and assume 

that t h e  i n t e r a c t i o n  p o t e n t i a l  wi th  t h e  r a r e  gas  atom depends 
4 

only on t h e  internal coord ina te ,  r, of t h e  Na valence e lec-  
-f 

t r o n  and t h e  r e l a t i v e  position of t h e  n u c l e i ,  R. The a x i a l  

symmetry al lows us t o  expand 

where the  Legendre polynomial P contains a l l  of t h e  angular  
IJ 

dependence. 

Now it can be easily seen tha2. t h e  only values of p which 

have any matr ix  elements among t h e  3p s t a t e s  are those  for 
A h 

which 11 = 0 ,  2 .  This  i s  because P ( r s R )  only opera tes  on t h e  
U 

o r b i t a l  p a r t  of t h e  N a  wave func t ion ,  which has L = 1. The 
A A 

two L = 1 eigenfunct ions  and t h e  t enso r  opera tor  F ( r - R )  which 
I' 

appear i n  t h e  mat r ix  element must, according t o  the Wigner- 

Eckar t  theorem, satisfy the t r i a n g l e  r u l e  f o r  coupling angular 

momenta, Only p = 0, 1, 2 can complete t h e  t r i a n g l e  with two 

Pegs of  L = 1, and t h e  f a c t  t h a t  t h e  p a r i t y  is  t h e  same f o r  

a l l  sta tes  requires p t o  be even. 



Eq. (11) is now reduced to 2 terms. We can integrate 

over the electron radial wave function which is the same for 

all s t a t e s  in the 3p configuration to obtain 

The interaction is entirely specified if we know \rO(R) and 

v2(R). It is possible to derive these two potentials from 

adiabatic molecalar potentials, such as those calculated by 

Baylis or Pascale and Vandeplanque, if one assimes that the 

strength of the spin orbit interaction is constant. For exam- 

ple, Reid gives the following expressions far the C and JI 

energies when the spin orbit interaction is neglezted: 

It should be noted that the expansion (11) represents an 

approximation. While at laxye R the interaction is due to Van 

der Waals type polarization, at small R the effects of electron 

exchange are important. These are not expressible as a poten- 

tial. Eq. (11) assumes that the interaction is nevertheless 

expressible as an effective potential. 



With this assumption, we know the entire interaction. 

The scattering states are expanded in partial waves which rep- 

resent the different values of angular momentum of relative 

motion. An expression for the scattering amplitude is obtained 

which depends only on kinematic and geometric factors plus a 

matrix element which must be evaluated numerically. 

Reid has obtained resuits for the differential cross sec- 

tions for j2 -t jl transitions in the Na-He system, and total 

cross sections for j2m7 - j rn , for various velocities and 1 P 
various choices of potentials, including the Baykis potential. 

In obtaining the total cross section, the collision axis was 

assurr,ed to be randomly oriented with respect to the quantiza- 

tion axis. 

Olson has used the method of Reid and the potentials of 

==s sec- Baylis to calculate the total velocity dependent cro- 

tions for Na, K, and Rb on He, Ne, A r  and for Cs on He. He is 

in agreement with ReiZ for Na-He. Fascale and Olson have used 

the same method with the potentials of Pascale and Vandeplanque 

to obtain total cross sections for.Na on He, Ne, Ar, Kr and Xe. 

Pascale and Olson agree with Olson for Na-Be and Na-Ne, but 

disagree for Na-Ar. This disagreement is partially due to 

the different potential used and partially due to the wide 

energy grid which Olson used. 

The cross sections of Pascale and Olson for Ne and Ar are 

shown in Figs. 6, 7. Fig. 8 shows Reid's (3/2,m.) + (1/2,mj1) 
3 



FIG.6 Na-Ne CROSS SECTION 



FIG. 7 Na-Ar CROSS SECTION 
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cross sections for Na-He. Both authors give some discussion of 

the relation between the cxoss sections arid the potentials. The 

undulations of Fig. 8 as well as the low energy undulations of 

Fig. 7 are due to a region of stationary phase between the 

Anl,* and BE 
1/2 

states at low impact parameters, according to 

Pascale and Olson. These authors also discuss the shapes of 

the cross section curves in terms of AV(R) = V(BC) - V(An)  . 
They find a correlation between the slcpe of AV in the region 

where AV c AE and the rate of rise of the cross section from 

threshhold. For Neon where the cross section rises most slowly, 

the slope of AV is smallest as AV approaches h E .  This is the 

region where the semiclassical theories predict the major con- 

tribution from radial coupling. 

Reid, who has used several different Lennard-Jones poten- 

tials as well as the Baylis potentials concludes that a rapid 

rise of the cross section at threshhold is due to the potential 

being attractive down to small impact parameters, while a rise 

which is slower is due to a potential which becomes repul- 

sive at larger impact parameters. All of these comments are 

qualitative in nature and Reid points out that one should not 

oversimplify the relation between the cross section and the 

potential. 

An important feature of Fig. 8 is that the velocity depen- 

dence of the various rn + m.' G~QSS sections are not radically 
j I 

different from each other and therefore from the averaged cross 

section. * 



11.5 Theory of the Experiment 

The method for measuring the fine structure transfer cross 

section is to irradiate a Na beam with laser light at the 3S 
1/2 

+ 3P wavelength, while the Na beam collides with a rare gas 
3/2 

beam. The steady state fluorescence from the 3P and trans- 
3/2 

£erred fluorescence from the 3P 
1/2 

state are both observed. 

The situation may be described as a 3 level problem, the rate 

equations for which are 

where Rex is the rate of excitation by the laser, Rrad is the 

radiative decay rate, assumed to be the  same for both P states, 

sSX and SSX are the 3/2 -r 1/2 and 1/2 + 3/2 fine structure 

transfer rates. If we assume the RFSX are small compared with 

the radiative rates, the steady state solutions to Eqs. (14b) 

and (14c) reduce to 



The ratio of photons emitted at the 3PlI2 + 351/2 frequency to 

those emitted at the 3P 3/2 * 3s 1/2 frequency is 

Thus, the ratio of t.he transfer to fluorescence light give a 

quantity proportional to the rate of f i n e  structure transi- 

tions. We know that 

.where a is the cross section for the transition, n is the rare 

gas density and v is the relative velocity. The object of re1 

the experiment i s  to vary vrel while keepifig n constant and 

measuring R. If we then divide R by vrel we obtain a fraction 

proportional to s3/2+1/2 (Vrel) 

The simple situation described by Eqs. (14) is complica- 

ted by the effects of  hyperfine structure and magnetic sub- 

levels. We will show below that these complications do not 

seriously affect the interpretation of the results. 

The energy .level diagram for Na is shown i n  Fig. 9 .  One 

effect of hyperfine structure is to allow optical pumping 

which reduces the total number of atoms in the excited state 

at equilibrium. Suppose that the laser is tuned to the 

3s1/2 r F = 2 + 3P3l2 transition. In general the 3~ level 



FIG. 9 SODIUM LEVEL DIAGRAM WITH' 
TRANSlTlON 'STRENGTHS 



will decay to both ground state state hyperfine levels, and 

atoms in the F = 1 state will not be excited. Eventually all 

the atoms will be in the F = 1 level and excitation will stop 

until fresh atoms enter the laser beam.' A noteable exception 

is the 35 1/2 ' = 2 + 3P3,2 , F = 3 excitation which can only 

decay to the F = 2 state due to selection rules. If this 

transition is excited, optical pumping to F = 1 can be avoided. 

In any case, the loss of excitation due to optical pumping is 

not a problem which affects the interpretatior! of the results. 

The existence of magnetic sublevels brings up the ques- 

tion of the relation of the quantization axis relative to the 

collision axis. Recall that the caLculations of the total 

cxoss section average the direction of t h e  collisivn axis over 

all directions in space. While this is appropriate for colli- 

sions among atoms in thermal equilibrium it is not vaiid for a 

beam experiment. In particular, as the collision axis changes 

with respect to the quantization axis the cross section might 

appear to change due to purely geometric effects. We have 

sought to avoid this problem by establishing a quantization 

axis perpendicular to the collision plane. In this way the 

angle between the quantization axis and the collision axis re- 

mains fixed so that as the collision axis changes, any changes 

in the cross section which are observed are due to the velocity 

dependence of the cross section. 

We establish this polarization axis in one of two ways: 
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either the laser beam is perpendicular to the collision plane 

and circularly polarized or nearly parallel to the plane and 

linearly polarized perpendicular to the plane. The former 

arrangement is used when velocities are to be selected by rota- 

tion of the beams and the later when selection is by laser 

tuning and doppler shift. In both cases the collision axis 

changes as the velocity is changed. The collision axis goes 

almost full circle during a run when the beam is rotated while 

it changes by only 60° when doppler selection is used. There- 

fore, the axis problem is not as critical in the latter case. 

Because circular polarization is used when the laser is 

perpendicular to the Ma beam, a selective excitation of rnF 

states-occurs. When the F = 2 -+ F = 3 transition is being 

driven, most of the excited atoms will be in the mF = 3 state. 

Since this is the "stretch" state with m = mI = 3/2 ,  the 
j 

rn = 3/2 state is selected. Referring to Fig. 8 we see that 
j 
the fine structure transitions to m = 1/2 and m = -1/2 

j j 
states will produce results very similar to what would be ob- 

tained if all rn. levels participated. 
3 

When linearly polarized light is used to excite the atoms, 

taking the quantization axis along the direction of polariza- 

tion, only Am = 0 transitions are induced, so a mixture of 
F 

final mF values, except m = 3, are excited. Furthermore, the 
F 

hyperfine interaction mixes the m states to further reduce 
j 

the m. selectivity of the excitation. Therefore, we expect 
3 



t h a t  t h e  observed c r o s s  s e c t i o n s  w i l l  be good approximations 

t o  the t o t a l  j = 3/2 + j = 1 /2  c ros s  s ec t ions .  

Note on eq. 1 0 :  The extreme low an2 high v e l o c i t y  i i m i t s  of 

eq. 1 0  nay be understood as follows: For low v e l o c i t i e s  t h e  

c o l l i d i n g  atom w i l l  fol low t h e  s o l i d  a d i a b a t i c  curve of f i g .  

2 ,  Octh coming i n  and going ou t ,  s o  no s t a t e  change occurs ,  

as pred ic ted  by eq. 9 .  For high v e l o c i t i e s ,  t h e r e  i s  no tine 

for t h e  coupling which causes t h e  avoidance of t h e  c ross ing  

t o  be e s t ab l i shed ,  so coming i n  t h e  atom follows t h e  d o t t e d ,  

d i a b a t i c  pa th ,  changing from one a d i a b a t i c  curve t o  t h e  o t h e r  

wi th  high p r o b a b i l i t y ,  again a s  p red ic t ed  by eq. 9.  Going 

o u t ,  t h e  d i a b a t i c  curve i s  again  followe2, so t h e  atom is i n  

t h e  same s t a t e  a f t e r  the  c o l l i s i o n  a s  when it s t a r t e d .  



111. APPARATUS AND EXPERIMENTAL PROCEDURES 

111. 1 Vacuum System 

The vacuum system i s  shown schemat ical ly  i n  f i g .  10. 

It is  a rec tangula r  aluminum box, welded toge ther  from 1"  

t h i c k  A 1  p l a t e .  The approximate i n s i d e  dimensions a r e  

1 23" x 23" x 1 6 "  high. An llT" ho le  i n  t h e  bottom of  t h e  box 

l eads  t o  a Varian H S l O  10 i n .  o i l  d i f f u s i o n  pump with a r a t e d  

pumping speed of 4 2 0 0  R/sec. One s i d e  of  the box i s  completely 

removable. This s i d e ,  the source  f l ange ,  mates t o  a  6" 

d i smeter  s t a i n l e s s  s t e e l  elbow which i n  t u r n  mates t o  a Varian 

M 4  d i f f u s i o n  pump, pumping speed = 800 R/sec. The source 

f lange  supports  t h e  N a  oven assembly. The i n s i d e  o f  t h e  box 

i s  divided i n t o  t w o  regions  by a d i f f e r e n t i a l  vacuun w a l l  of 

p l ex ig l a s s  and rubber shee t .  The smal le r  source region i s  

bounded by t h e  soarce f lange  and i s  pumped by a 4 "  pump, while 

t he  l a r g e r  s c a t t e r i n g  region i s  pumped by t h e  10" pump, 

A 153 '  hole  i n  t h e  t op  of tie box i s  closed by an Al 

f lange  which supports  the r a r e  gas beam assembly. The remaining 

t h r e e  s i d e s  of t h e  box have 6" holes which a r e  c losed  by f langes  

conta in ing  c o l l e c t i o n  o p t i c s ,  observat ion windows, a vacuum 

gauge tube o r  a su r f ace  i o n i z a t i o n  de t ec to r .  

The  background pressure  achievable  i n  either region of the 





box with  no load is t y p i c a l l y  of the orde r  o f  lom6 torr. 

Ion gauges a r e  provided f o r  both regions .  A thermocouple 

gauge monitors t h e  pressure  of t h e  common f o r e l i n e ,  which i s  

pumped by a Welsh 1 4 0 2  4 cfm two stage pump. 

111. 2 Source Flange 

The source f lange  supports  a l l  of t h e  components of t h e  

s o d i m  beam source.  Most of these are shown i n  f i g .  11. 

The uncollirnated heam from t h e  nozzle  of t h e  oven passes  through 

a hole i n  the cold p l a t e  i n t o  t h e  cone and through t h e  needle 

t o  the  i n t e r a c t i o n  region.  The nozzle  may be a l igned w i t h  t h e  

co ld  plate hole  and needle which de f ine  "he beam. The e n t i r e  

beam assembly may be a l igned  with  t h e  i n t e r a c t i o n  region.  

The oven i s  shown i n  d e t a i l  i n  fig. 12, The oven body, 

t o p  and nozzle  a r e  of s t a i n l e s s  s t e e l .  The nozzle tube, with 

a . 0 0 5 "  hole  d r i l l e d  i n  t h e  end i s  welded t o  t h e  body, and t h e  

t o p  s e a l s  a  copper gasket t o  the k n i f e  edge a t  t h e  t op  of the 

body. 

A molybdenum nozzle  h e a t e r  surrounds the  end of t h e  nozzle  

and is he ld  i n  p lace  wi th  a steel s e t  screw. The s i x  ho les  

which run t h e  l eng th  of the heater house t h e  hea t ing  elements 

which a r e  c l o s e  wound c o i l s  of .015" Tantalum wire, The c o i l s  

do not  s h o r t  t o  each o t h e r  because of t h e  oxide l a y e r  which forms 

on t h e  tantalum. The c o i l s  a r e  enclosed i n  ceramic tubes  which 







i n su la te  them from t h e  molybdenum. All the heating elements 

are connected i n  s e r i e s  and axe e i t h e r  welded t o  nickel  leads 

or  connected by crimping a copper-nickei tube around the  

junction. Similar heat ing elements are placed i n  the  holes  

running 2hrough t h e  top. 

A s t a i n l e s s  s t e e l  jacket holds the  hea te r s  for the  oven 

body. S ta in less  tubes are oven brazed t o  a shee t  of s t a i n l e s s  

which i s  formed i n t o  a cylinder t h a t  9.s fastened around the  

oven body. The tubes contain heating elements l i k e  those i n  

t h e  nozzle and top. Where necessary, wires are insula ted  o r  

potted i n  place wi th  Saureisen 81 cement, a high temperature 

ceramic. 

Chromel-Alumel ehannocouples a r e  attached t o  the  oven 

assembly a t  various points .  One is  welded d i r e c t l y  t o  the  

hea ter  jacket between heater tubes about half way up the jacket .  

T h e  others  a re  first weldcd to  a stainless washer which i s  then 

bol ted t o  the desired component. A thermocouple is at tached t o  

t h e  top by one of the screws holding the top t o  the  body. One 

i s  bolted t o  the bottom of the body and one i s  bolted t o  the 

nozzle heater .  The washer of t h i s  l a s t  themlocouple i s  formed 

t o  mzke good contac t  w i t h  the  curved surface of the hea ter .  

Radiation sh ie lds  made of .002" s t a i n l e s s  f o i l  a r e  placed 

around t h e  oven body, over t he  top and around the nozzle heater .  

The oven asse~bly i s  supported ins ide  a copper can which is  water 
L 



cooled. T h i s  p revents  t h e  h e a t  from the oven from hea t ing  up 

the rest of the apparatus i n  t h e  vacuum system. 

The oven is  he ld  between t w o  s t a i n l e s s  p ins  s o  that it 

is f r e e  t o  r o t a t e  about the body axis (see f i g .  11 ) . The 

bottom p in  i s  sp r ing  loaded s o  that t u rn ing  the  threaded top 

p i n  a d j u s t s  t h e  h e i g h t  of t h e  oven. The bear ing s u r f a c e s  on 

the oven a r e  l u b r i c a t e d  with Maly-Kote (molybdenum d i s u l p h i d e ) ,  

a high temperat~re d r y  l u b r i c a n t ,  t o  prevent s e i z i n g  o f  t he  

bear ings  when t h e  oven i s  heated.  

The mechanism f o r  c o n t r o l l i n g  the oven r o t a t i o n  is shown 

i n  f i g .  13. The s t a i n l e s s  steel p in  shovm i n  fig. 12 mounted 

on t h e  oven top  extends through t h e  aluminum top  f l ange  of t h e  

cooled copper can. A sp r ing  holds  the  p in  a g a i n s t  the face of 

a threaded rod.  Turning t h e  rod moves t h e  p i n ,  r o t a t i n g  the  

oven about i t s  p i v o t  po in t s .  

The v e r t i c a l  motion and the oven r o t a t i o n  al low t h e  nozzle 

ho le  t o  he l i n e d  up with the  axis of the  needle.  A rough alignment 

i s  performed before  the system i s  kvacuated and f i n e  adjustments 

are made wi th  t h e  beam on t o  maximize the  sodium f l u x  through 

the needle. 

The ho le  i n  the co ld  p l a t e  [see f i g .  11) provides t he  
8 

f i rs t  def in ing  ape r tu re  f o r  the Na beam. The p l a t e  is cooled by 

l i q u i d  n i t rogen  and is themally i n s u l a t e d  from the base  p l a t e  

w i t h  a s t a i n l = s s  s t e e l  s tandof f .  A 5 sl .ded copper box i s  bo l t ed  



FIG.  13 OVEN ROTATION MECHANISM 



t o  the p l a t e ,  s o  that  any l i n e  of s i g h t  from t h e  nozzle  that 

does n o t  go along the beam axis i s  t o  a co ld  surface .  The N a  

atoms have a high p robab i l i t y  of s t i c k i n g  t o  the co ld  copper, so 

the box a c t s  a s  an e f f e c t i v e  pump f o z  t h e  N a .  When t h e  beam 

i s  running t h e  p re s su re  i n  t h e  source  region can be reduced by 

about 2 o rders  o f  magnitude by cool ing  the  cold p l a t e  wi th  l i q u i d  

n i t rogen .  

The purpose of t h e  cone and needle  (fig. 11) is t o  p r o t e c t  

t h e  N a  beam from c o l l i d i n g  wi th  t h e  atoms of  the  dense r a r e  gas 

beam u n t i l  they a r e  i n  t he  i n t e r a c t i o n  region. The cone is 

at tached t o  t h e  co ld  p l a t e  standoff so t h a t  the ho ie  j.n the cold  

p l a t e  i s  on t h e  axis of the  needle.  The cone i s  sea t ed  a g a i n s t  

an O-ring which i s  cemented t o  t h e  rubber s e c t i o n  of the 

d i f f e r e n t i a l  vacuum wa l l ,  i s o l a t i n g  t h e  source region f r o m  t h e  

r e s t  of the vacuum system except f o r  t he  pa th  i2.rough t h e  needle. 

The cone i s  designed so t h a t  a d d i t i o n a l  bean defining ape r tu re s  

can be placed i n  it, but  t h i s  has n o t  been done f o r  any of t h e  

work repor ted  here .  The needle itself is  t h e  f i n a l  de f in ing  

ape r tu re ,  and has an i n s i d e  diameter of .G60t ' .  

The entire source assembly cons i s t i ng  of oven, cold  p l a t e  

and cone is  mounted on the  base p l a t e .  This i s  b o l t e d  t o  a 

dove ta i l  way which t r a n s l a t e s  t h e  source assembly along the  

beam ax i s .  The way i n  t u r n  i s  mounted on m o t h e r  way which 

t r a n s l a t e s  horozonta l ly ,  perpendicu la r  t o  t h e  beam axis. The 



e n t i r e  assembly i s  held i n  a c a r r i a g e  which p i v o t s  at a p o i n t  

nea r  the source f lange  approximately on t h e  beam ax is .  

A tilt o f , t h e  c a r r i a g e  has t h e  e f f e c t  of t r a n s l a t i n g  t h e  end 

of t h e  needle v e r t i c a l l y  wi th  l i t t l e  change i n  t h e  beam angle.  

A l l  f i v e  of t h e  source  motions which have been descr ibed  - 
oven he igh t  and r o t a t i o n  plus t h r e e  orthogonal source assembly 

motions - a r e  dr iven  from ou t s ide  t h e  vacuum box, being coupled 

with  O-ring sea led  f eed th rus  i n t o  t h e  source  region.  F l e x i b l e  

shafts o r  un ive r sa l  j o i n t s  are used i n  a l l  cases  except  t he  

source  c a r r i a g e  tilt con t ro l .  These c o n t r o l s  al low t h e  source  

t o  be a l igned i n t e r n a l l y  and f o r  t he  beam .to be d i r e c t e d  t o  t h e  

i n t e r a c t i o n  region.  

111. 3 Rotatinq Beam Source 

The r a r e  gas source  i s  f i x e d  t o  a r o t a t i n g  mount s o  t h a t  

t h e  angle between t h e  gas beam and -the sodium beam may be changed. 

It i s  of paramo7mt importance t h a t  as t h e  r a r e  gas beam r o t a t e s ,  t h e  

gas beam dens i ty  a t  the i n t e r a c t i o h  region does no t  change. This 

w i l l  be t h e  case  only i f  t h e  i n t e r a c t i o n  region is  cen te red  on 

and symmetric about t h e  a x i s  of r o t a t i o n .  We accomplish t h i s  by 

us ing  t h e  l a s e r  beam t o  de f ine  the  i n t e r a c t i o n  region.  I f  the 

Na beam i s  l a r g e r  than the laser beam and uniform across  t h e  l a s e r  

beam diameter t h e  distribution of exc i t ed  Na atoms w i l l  be 

symmetric about the laser beam. Using a l a s e r  beam diameter 



of about . 040 f1  accomplishes t h i s  s i n c e  t h e  Ha beam diameter i s  

about .06OU. 

The problem remains of i n su r ing  t h a t  the l a s e r  beam is  

on t h e  a x i s  of r o t a t i o n  and t h a t  the a x i s  i s  s t a b l e .  The 

r o t a t i o n  must be f r e e  of wobble ox t r a n s l a t i o n  of t h e  ax i s .  

We have designed a mechanism t o  accomplish t h i s  t o  a p r e c i s i o n  

which w i l l  l i m i t  e r r o r s  i n  c ros s  s ec t ion  measurement t o  1%. 

T h i s  has meant to le rances  of  ,001" and .1 mi l l i r ad i an .  The 

r o t a t i n g  beam assembly i s  shown i n  fig. 1 4  . Except f o r  those  

p ieces  noted below, t h e  e n t i r e  assembly i s  of stress relieved 

s t a i n l e s s  s t e e l .  

The bear ing p l a t e  i s  bol ted  t o  t he  t op  flange of t h e  

vacuum box ( f i g .  10 ). T h i s  p l a t e  conta ins  a bronze bear ing 

which bears aga ins t  t he  tube and determines t he  center of 

r o t a t i o n .  It also conta ins  a h a l l  bearing r ace  which supports  

the  top p l a t e .  The bear ing su r f aces  here de f ine  t he  a x i s  of 

r o t a t i o n ,  s i n c e  the  shor t  bronze bear ing does not de f ine  t h e  

angle of t h e  axis o r  prevent wobble. The tube i s  brazed i n t o  

t h e  top  p l a t e  and i s  machined t o  f i t  t h e  bronze bearing.  The 

tube makes a vacuum s e a l  t o  t h e  box top  f lange  with  an 

O-ring compressed by a con ica l  groove i n  t he  bear ing p l a t e .  A 

lo 6 inch diam~ter p r o t r a c t o r  wi th  2 d iv i s ions  i s  fixed t o  t he  

top  p l a t e  s o  the r o t a t i o n  angle  may be measured. 

The t o p  p l a t e  i n s e r t  is  sealed t o  t h e  t o p  p l a t e  w i t h  an 

O-ring and contains  var ious  e l e c t x i c a l  and O-ring f sed th rus .  
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An o p t i c a l l y  f l a t  window [cut  from a piece  f l a t  t o  one wave- 

l eng th  i n  one inch)  makes an O-ring s e a l  t o  t h e  i n s e r t  p l a t e ,  

wi th  compression provided by an aluminum compression r ing .  A 

t e f l o n  washer s epa ra t e s  t h e  window from t h e  aluminum r i n g  t o  

pr~vent excess ive  s t r a i n .  A blackend brass aper ture  with ,040" 

opening f i t s  i n t o  t h e  cen te r  of t h e  compression r i n g  and r e s t s  

on t h e  window. A r i n g  Srazed t o  t h e  bottom of t h e  tube al lows 

a b ra s s  p l a t e  t o  be xounted so as t o  provide support  a t  t h e  

bottom f o r  t h e  gas bean i n l e t  tube. 

Machining s p e c i f i c a t i o n s  were f o r  a l l  assembled p i eces  

t o  be centered t o  -001" of t h e  bronze bear ing c e n t e r ,  wi th  

ba3.l bear ing surfaces f l a t  and p a r a l l e l  t o  t h e  t o p  p l a t e  su r f aces  

t o  .0005" over a 5" diameter-  Our measurements showed t h a t  these  

t o l e r ances  were n o t  s i g n i f i c a n t l y  exceeded. The e n t i r e  assembly 

i s  turned by hand and moves sinoothly as long as t h e  system i s  

under vacuum, providing enough fo rce  t o  keep the  b a l l  bear ing 

su r f aces  p r e s s ~ d  t~ t h e  b a l l s .  

The r a r e  gas i s  brought i n t o  t h e  vacuum box by a ccpper tube 
a 

which i s  sea led  t o  t he  i n s e r t  p l a t e  by an O-ring feed thru .  This 

tube i s  secured a t  the  bottom of the  s t a i n l e s s  tube with a nylon 

set screw. A Swagelock union couples it t o  the gas beam nozzle  

assembly which is  shown i n  d e t a i l  i n  f i g .  2.5 . 
The molybdenum nozzle holder  and t h e  copper tube a r e  oven 

brazed t o  t h e  copper block which se rves  as a compact elbow. A 
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molybdenum microscope ape r tu re ,  a .00ln hole  i n  a .00 lV t h i c k  

f o i l ,  i s  sea led  t o  t h e  holder  by r o l l i n g  t h e  pro t rud ing  edge 

of t h e  holder on to  t h e  f o i l .  

The gas beam i s  pos i t ioned  so t h a t ' t h e  nozzle is  1 crn. 

from the  cen te r  of r o t a t i o n ,  wi th  t h e  a x i s  of t h e  nozz;le holder  

po in t ing  a t  the center. The he igh t  is  ad jus ted  t o  be about 

l e v e l  wi th  t h e  N a  bean a x i s ,  wi th  t he  f i n a l  alignment being done 

using the  Eb beam c o n t r o l s .  

1x1. 4 Laser and Inpu t  Optics 

The l a s e r  used t o  e x c i t e  t h e  N a  atoms t o  the  3P s t a t e  

is  a Spectra  Physics 530A s i n g l e  frequency tunable  dye l a s e r .  

The dye i s  a so lu t ion  of Rhodamine 6 G i n  e thy lene  g l y c o l  

obtained from Spectra  Physics. The dye l a s e r  i s  pumped by a 

Spectra  Physics Model 1 6 4 - 3  Argon ion l a s e r .  Typical ly  3-4 wat t s  

of ~ r +  power Call l i n e s )  a r e  used t o  obtain n maximum of 1 0 0  MW 

s i n g l e  frequency dye laser ov. tpu t  a t  thk s o d i m  resonance wavelength 
0 

of 589  0A. 

Fig. 16 shows a schematic diagram of t h e  dye l a s e r  cav i ty .  

For t h e  purposes of t h i s  work w e  w i l l  be i n t e r e s t e d  i n  t h e  

operati.on of the  e l e c t r i c a l l y  tunable  elements. The tuning 

wedge and f i n e  tuning e t a l o n  provide t h e  coarse  tuning.  The 

i n t r a c a v i t y  e t a l o n ,  wi th  a  f r e e  s p e c t r a l  range of 75 GKz i s  

narrow enough t o  r e s t r i c t  l a s i n g  t o  a s i n g l e  l ong i tud ina l  

cav i ty  mode. The cav i ty  modes a r e  spaced a t  390 MHz. I f  t he  
- 





spac ing  o f  t h e  i n t r a c a v i t y  eta . lvn i s  v a r i e d  by changing t h e  

v o l t a g e  on i t s  p i e z o e l e c t r i c  t r a n s d u c e r  (PZT) t h e  f requency o f  

t h e  laser i n i t i a l l y  remains c o n s t a n t ,  b2ing determined by t h e  

c a v i t y  l e n g t h ,  a l though  t h e  la . ser  o u t p u t  power may change. 

A s  t h e  e t a l o n  is tuned f u r t h e r ,  t n e  l a s e r  w i l l  suddenly beg in  

l a s i n g  a t  an a d j a c e n t  c a v i t y  mode, c l o s e r  t o  t h e  new c e n t e r  

f requency of t h e  e t a l o n .  This  procedure is c a l l e d  c a v i t y  mode 

hopping and p rov ides  a method f o r  t u n i n g  t h e  l a s e r  d i s c r e t e l y  

i n  s t e p s  of 3 9 0  MHz. I f  t h e  c u t p u t  m i r r o r  PZT i s  tuned w h i l e  

t h e  i n t r a c a v i t y  e t a l o n  remains f i x e d ,  t h e  l a s e r  frequency w i l l  

change con t inuous ly  u n t i l  it goes  o u t s i d e  t h e  e t a l o n  range ,  

when it wili jilrnp back d i s c o n t i n u o u s l y  by 390 MHz. The l a s e r ' s  

e t a l ~ n  c o n t r o l l e r  p rov ides  means of a c h i s v i n g  longer  sweeps by 

changing t h e  outpu? m i r r o r  and etalorr  PZT's s i ~ u l t a n e o u s l y .  

S ince  t h e  laser frequency i s  determined by t h e  c a v i t y  

l e n g t h ,  any changes i n  t h e  c a v i t y  r e s u l t  i n  frequency s h i f t s .  

Enclos ing  t h e  l a s e r  i n  a cardboard  box minimizes frequency 

i n s t a b i l i t i e s  due t o  a i r  c u r r e n t s .  Also,  t h e  l a s e r  can be locked 

t o  an e x t e r n a l  e t a l c n .  The a u x i l i a r y  o p t i c s  used t o  do t h i s  a s  

w e l l  a s  sone o p t i c s  which a i d  i n  t u n i n g  t h e  l a s e r  a r e  shotm i n  

fig. 17. 

A portion o f  t h e  l a s e r  beam i s  s e n t  t o  a spectrum a n a l y z e r  

CSpectra Physics  470)  enclosed i n  a  tempera ture  c o n t r o l l e d  box. 

The spectrum ana lyze r  has  a  f r e e  s p e c t r a l  range  (FSR) o f  2 GHz .  





A s i n e  wave modulat ion a t  about  700 H z  i s  a p p l i e d  t o  t h e  sweep 

i n p u t  of t h e  ana lyze r  w i t h  a d.c. o f f s e t  o f  0-100V provided 

by a b a t t e r y .  When t h e  l a s e r  frequency i s  i n  t h e  p a s s  band 

of t he  ana lyze r  a modulated s i g n a l  appears  a t  t h e  o u t p u t  which 

i s  s e n t  t o  a lock- in  a m p l i f i e r  (PAR J B - 5 ) .  The d.c. o u t p u t  of 

the lock- in  goes t o  t h e  " c a v i t y  a u x i l i a r y  i n p u t "  of  t h e  e t a l o n  

c o n t r o l l e r  which a p p l i e s  a p r o p o r t i o n a l  v o l t a g e  t o  t h e  c a v i t y  

PZT. Th i s  completes the s e r v o  loop and t h e  laser f requency i s  

locked t o  t h e s p e c t r u m a n a l y z e r ,  which can be tuned by changing 

, t h e  d . c .  o f f s e t  a t  t h e  sweep i n p u t .  Typ ica l  s e t t i n g s  of  t h e  

l o c k  i n  a m p l i f i e r  a r e :  mod level=0.5-1.0,  s i g .  level=0.5-1.0 

tiae c o n s t a n t - l s e c ,  6db/'sctave. 

Another p o r t i o n  o f  t he  laser beam .is s e n t  t h r o u y l ~  a sodiam 

vapor c e l l  t o  ano the r  spectrum a n a l y z e r  (Spec t ra  model 4 5 0 ,  2 G H z  

o r  470  ,8 G H z ) .  T h i s  spectrum a n a l y z e r  is  swept by t h e  h o r i z ~ n t a l  

scope d r i v e  and d i s p l a y s  t h e  mode s t r u c t u r e  of t h e  l a s e r .  This  i s  

necessa ry  t o  be sure t h e  l a s e r  i s  o p e r a t i n g  a t  a s i n g l e  frequency 

and i s  a l s o  convenient  f o r  observing sweeps o r  mod hops.  The N a  

c e l l  i s  used t o  t u n e  t h e  l a s e r  t o  w i t h i n  t h e  doppler  width  of the 

N a  resonance frequency.  F luorescence  i n  t h e  c e l l ,  which i s  heated  

t o  about  60°c i s  c l e a r l y  v i s i b l e  when the l a s e r  i s  a t  t h e  c o r r e c t  

frequency.  

The l i g h t  r e f l e c t e d  from t h e  window o f  t h e  thermal  e n c l o s u r e  

i s  al lowed t o  f a l l  on a power meter  (Spect ra  Model 4 0 4 ) .  This 

may be used f o r  moni tor ing  t h e  power d u r i n g  data t a k i n g  o r  f o r  



maximizing t h e  power when a l i g n i n g  the  l a s e r  o p t i c s .  

The o p t i c a l  system which d i r e c t s  t h e  l a s e r  beam i n t o  and 

ou t  of the  s c a t t e r i n g  region i s  shown i n  fig. 18  . After  

passing through one of t h e  beam s p l i t t e r s  shown i n  f i g .  1 7  

(a g l a s s  microscope s l i d e )  t h e  main p a r t  of t he  l a s e r  beam goes 

t o  a X10, focusab le ,  beam expanding te lescope.  The te lescope  

focuses t h e  beam t o  i t s  s m a l l e s t  diameter abeut  a t  the  i n t e r -  

ac t ion  region.  A mi r ror  on t h e  l a s e r  table d i r e c t s  t h e  expaaded 

beam t o  a  mi r ror  on the  c e i l i n g .  The c e i l i n g  mir ror  sends t h e  

beam t o  the beamspl i t t e r ,  a  p i e c e  of o p t i c a l  g l a s s  f l a t  t o  

one wave i n  one inch.  The r e f l e c t e d  beam goes t o  the  pos i t i on ing  

mir ror  mounted on the  top o f  t h e  vacuurn hcx at. one corner .  From 

t h e r e  it i s  r e f l e z t e d  t o  a mi r ro r  d i r e c t l y  above t h e  input ~cindow 

of t h e  r o t a t i n g  becm mechanism (see  f i g ,  14 ) .  This mir ror ,  

t h e  perpendicular  i npu t  m i r r o r ,  d i r e c t s  the  beam i n t o  t h e  50x 

along t h e  beam r o t a t i o n  a x i s  t o  where it i n t e r s e c t s  t h e  Na beam 

a t  r i g h t  angles .  A mi r ror  placed below the i n t e r s e c t i o n  p o i n t  

r e f l e c t s  t h e  beam o u t  of t h e  box through a window i n  t h e  f lange  

opposi te  t he  source f lange.  The window i s  heated t o  keep it 

f r e e  of o i l  back streaming from the  d i f fu s ion  punp, 

The po r t i on  of t h e  l a s e r  beam t ransmi t ted  by the beam 

s p l i t t e r  i s  r e f l e c t e d  through t h i s  same window approximately 

p a r a l l e l  t o  t h e  N a  beam. It i n t e r s e c t s  t h e  Wa beam a t  about 

7', and s t r i k e s  t h e  blackened su r f ace  of t h e  cone. T h i s  





p a r a l l e l  beam i s  made t o  i n t e r s e c t  t h e  Na beam a t  t h e  same 

p o i n t  a s  t h e  pe rpend icu la r  beam. The p e r p e n d i c u l a r  beam i s  

used when t h e  c o l l i s i . o n  v e l o c i t y  is  t o  be v a r i e d  by r o t a t i o n  

of  t h e  g a s  beam and t h e  p a r a l l e l  beam i s  used fcr l a s e r  

v e l o c i t y  s e l e c t i o n .  

A s  we have d i s c u s s e d  above, t h e  p e r p e n d i c u l a r  beam must 

be a long t h e  a x i s  of  t h e  r a r e  g a s  beam r o t a t i o n .  I f  t h e  beam 

e n t e r s  t h e  a p e r t u r e  ( f i g .  1 4  ) ,  it i n t e r s e c t s  t h e  a x i s  s i n c e  

t h e  a p e r t u r e  i s  cen te red .  By observing t h e  beam r e f l e c t e d  from 

t h e  window, t h e  beam ang le  ca-? be a d j u s t e d  t o  be p a r a l l e l  t o  

t h e  r o t a t i o n  & x i s .  The d i s t a n c e s  o f  t h e  p o s i t i o n i n g  m i r r o r  and 

t h e  i n p u t  m i r r ~ r  from t h e  a p e r t u r e  and such t h a t  a l j u c t m e n t  of  

t h e  pos i t ion ing  m i r r o r  c e n t e r  t h e  beam w i t h o u t  a f f e c t i n g  t h e  

ang le  s e r i o u s l y ,  whi le  ad justnlents cf the i n p u t  m i r r o r  a f f e c t  

mainly t h e  ang le .  

For  most a p p l i c a t i o n s  a c i r c u l a r  p o l a r i z e r  i s  p l a c e d  

between t h e  p e r p e n d i c u l a r  i n p u t  m i r r o r  2nd t h e  a p e r t u r e ,  The 

c i r c u l a r  p o l a r i z e r  c o n s i s t s  of a  l i n e a r  p o l a r i z e r  and a  q u a r t e r  

wave p l a t e  i n  a  mount which a l lows t h e  two t o  be r o t a t e d  w i t h  

r e s p e c t  t o  each o t h e r  a.nd then  t o  be locked and r o t a t e d  

t o g e t h e r .  The r e l a t i v e  o r i e n t a t i o n  i s  determined u s i n g  t h e  

A s e t u p  o f  f i g .  19 ) .  The - p l a t e  i s  a d j u s t e d  u n t i l  t h e r e  is  no 4 

change a t  t h e  d e t e c t o r  when t h e  a n a l y z e r  i s  r o t a t e d .  I n  

p r a c t i c e ,  t h e  adjus tment  can  be made so t h a t  t h e  peak t o  peak 





v a r i a t i o n  a s  t h e  a n a l y z e r  is r o t a t e d  i s  less than  7%. This  

means t h e  l i g h t  i s  e l l i p t i c a l l y  p o l a r i z e d  w i t h  t h e  s q u a r e s  of  
-+ 

t h e  major and ininor a x i s  of t h e  E v e c t o r  e l l i p s e  d i f f e r i n g  by 

7%.  

The $ p l a t e  of t he  c i r c u l a r  p o l r r i z e r  i s  a  p i e c e  o f  

P o l a r o i d  r e t a r d e r ,  w i t h  a nomina! 1 4 0  nm r e t a r d a t i o n ,  s e a l e d  

between two p i e c e s  of  f l a t  g l a s s  wi th  c l e a r  epoxy. The l i n e a r  

p o l a r i z e r  i s  a  p i e c e  of a g l a s s  sandwich p o l a r i z i n g  f i l t e r  used 

f o r  photography. 

N e u t r a l  d e n s i t y  f i l t e r s  a r e  sometimes used t o  a t t e n u a t e  the 

laser before sending it t o  t he  i r l t e r a c t i o n  reg ion .  These are  

made by cementing Kodak g e l a t i n  n e u t r a l  d e n s i t y  f i l t e r s  between 

f l a t  g l a s s  wi th  o p t i c a l  cement. 

111. 5 Fluoresccrice C o l l e c t i o n  Opt ics  

A schematic diagram o f  t h e  o p t i c a l  system used f o r  obse rv ing  

the r e s m a n c e  and t r a n s f e r  f l u o r e s e n c e  i s  shosm i n  f i g .  20 . 
The c o l l e c t i o n  l e n s ,  a 1 4 2  mm.focal l e n g t h  f/2.5 achromat i s  

mounted i n  a  s t e e r a b l e  tube  shown i n  d e t a i l  i n  f i g .  21 . 
The l e n s  i s  vacuum s e a l e d  t o  i t s  th readed  e e l 1  wi th  Torr-Seal .  

The c e l l  screws i n t o  t h e  s t a i n l e s s  s t e e l  l e n s  tube  and t h e  

t h r e a d s  a r e  s e a l e d  wi th  Apiezon vacuum s e a l i n g  wax. A s h e e t  

metal hood around t h e  l e n s  t u b e  p r o t e c t s  t h e  l e n s  from becoming 

fogged wi th  o i l  backstreaming from t h e  pump. The l e n s  tube i s  







brazed t o  a f l a n g e  which i s  b o l t e d  t o  a f l a n g e d  bel lows.  The 

o t h e r  f l a n g e  of t h e  bel lows c o ~ n p l e t e s  t h e  vEcuurn s e a l  t o  one 

of  t h e  box s i d e  p o r t s .  Three a d j u s t i n g  screws loaded by s t r o n g  

s p r i n g s  a l low t h e  tube  t o  be t i l t e d  o r  moved i n  and o u t .  

Coarse focus ing of t h e  l e n s  on t h e  i n t e r a c t i o n  reg ion  i s  

performed by screwing t h e  ].ens c e l l  t h e  p roper  d i s t a n c e  i n t o  

the t u b e  b e f o r e  s e a l i n g  w i t h  wax. Fine  focus ing i s  done wi th  

t h e  a d j u s t i n g  screws. The le~rs i s  focused by obse rv ing  an o b j e c t  

p laced  at. t h e  i n t e r a c t i o n  r e g i o n  through t h e  l e n s  w i t h  a t e l e -  

. scope  focussed on i n f i n i t y .  

The pe r i scope  o f  fig. 20 , shovm i n  d e t a i l  i n  f i g .  2 2 ,  

was necessa ry  t o  b r i n g  t h e  c o l l e c t e d  light t o  t h e  l e v e l  of t h e  

monochromator s l i t .  Two or thogona l  adjus tments  a r e  provided 

f o r  each of t h e  mirrors a r c  worked front o u t s i d e  t h e  p e r i s c o p e  

The two s e c t i o n s  are t e l e s c o p i n g  s o  t h e  v e r t i c a l  d i s t a n c e  between 

t h e  m i r r o r s  i s  a d j u s t a b l e .  The two s e c t i o n s  can be r o t a t e d  

wi th  r e s p e c t  t o  each o t h e r  about  a v e r t i c a l  a x i s .  The f l a n g e  

of t h e  t o p  s e c t i o n  mates w i t h  t h e  c o l l e c t i o n  l e n s  tube  f l a n g e .  

The beam s p l i t t e r ,  a f l a t  p i e c e  of o p t i c a l  g l a s s ,  i s  

housed i n  a box ( f i g .  2 3  ) which mates to t h e  lower p e r i s c o p e  

f l a n g e  and t o  t h e  f l u o r e s c e n c e  photo tube .  The beam s p l i t t e r  

i t se l f  is  mounted a t o p  a  m i r r o r  mount so t h a t  t h e  image o f  t h e  

i n t e r a c t i o n  reg ion  formed by t h e  focus ing  l e n s  rnay be c e n t e r e d  

on t h e  a p e r t u r e .  The a d j u s t i n g  screws are coupled t o  knobs ou t -  
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s i d e  t h e  box. The photo  t u b e ,  an  RCA 5199 a c t s  as t h e  

resonance f l u o r e s c e n c e  d e t e c t o r ,  s i n c e  the m a j o r i t y  0 5  t h e  

l i g h t  s t r i k i n g  it i s  a t  t h e  resonance  f l u o r e s c e n c e  wavelength. 

The focus ing  i e n s  i s  a 9 4  mm f o c a l  l e n g t h  achromat. 

The monochromator, a Spex, Model 14018 v i t h  ho lograph ic  

g r a t i n g s ,  1800 lines/mm h a s  an acceptance  angle o f  f/7.8. 

For this reason ,  a 365 m~ f ~ c a l  l e n g t h  l e n s  i s  used t o  focus  

the i n t e r a c t i c n  regian on to  the i n p u t  s l i t ,  roughly  matching 

the convergence o f  t h e  l i g h t  t o  t h e  acceptance  ang le .  With 

a 1 4 2  mnl c o l l e c t i o n  lens, t h e  j.mage of t h e  i n t e r a c t i o n  reg ion  

a t  t h e  s l i t  will be about  2.6 t i m e s  l a r g e r  then  a c t u a l  s i z e .  

Since t h e  i n t e r a c t i o n  reg ion  i s  about  1 mrn. . i n  diameter, some of 

the  light i s  l o s t  i n  pass ing  through t h e  monochromator s l i t s  

a l l  of  which are set a t  .8 mm wide. The . 8  mm wide s l i ts  provide 

a t t e n u a t i o n  of t h e  f luorescence  l i g h t  by b e t t e r  than a factor 

5 -1 o f  1 0  when t h e  monochromator i s  tuned 1 7  c m  away t o  t h e  

t r a n s f e r  f l u o r e s c e n c e  wavelengt-h, S ince  t h e  s l i t s  can be a s  

h igh  as  desired withou t  s i g n i f i c a n t l y  a f f e c t i n g  t h i s  a t t e n u a t i o n ,  

image i s  l o s t  on ly  i n  one d i r e c t i o n  due t o  tke mismatch o f  

c o l l e c t i o n  l e n s  and monochromator f/number. I t  shou ld  be  noted 

t h a t  because of the p e r i s c o p e  t h e  image o f  t h e  i n t e r a c t i o n  

r e g i o n  on t h e  monochromator s l i t  h a s  t h e  N a  beam a x i s  v e r t i c a l ,  

a long  the  long  a x i s  of t h e  s l i t .  The s h o r t  a x i s  of t h e  s l i t  i s  

a long  t h e  r o t a t i o n  a x i s  of t h e  r a r e  gas beam. T h i s  o r i e n t a t i o n  



is important  s ince  t h e  symmetry of t h e  i n t e r a c t i o n  region about 

t h e  r o t a t i o n  ax i s  must be determined by the accura te ly  ax ia l  

l a s e r  beam, n o t  by t h e  spectrometer s l i ts ,  f o r  accurate  

r o t a t i o n  da ta .  

The photo tube on t h e  ou tpu t  of t he  monochromator is 

an RCA C31034 i n  a Products f o r  Research TE-104-RF r e f r i g e r a t e d  

and r.f. sh ie lded  housing. No ape r tu re  o t h e r  than the mono- 

chromator output  s l i t  is used. 

The procedure f o r  alignment of t h e  c o l l e c t i o n  o p t i c s  is 

as follows: A small  mi r ror  i s  i n s e r t e d  nea r  t he  monochromator 

i npu t  s l i t  i n  t he  tube which holds t h e  365 mm focusing l e n s  

i s  removed and t ~ 7 0  c r o s s  hair mounts are i n s t a l l e d  near  each end 

of t h e  tube ,  defining t h e  input ax i s  of t h e  monochromator. 

The mir ro r  allows one t o  look back along t h i s  ax i s  t o  t h e  

i n t e r a c t i o n  region,  which appears t o  be a t  i n f i n i t y  due t o  t h e  

c o l l e c t i o n  lens .  The monochromator p o s i t i o n  and the per iscope 

he igh t  and angle are ad jus ted  s o  t h a t  t h e  a x i s  is  i n  t h e  c e n t e r  

of t h e  lower periscope mirror .  Tha t  mi r ro r  i s  adjusted t o  bring 

t h e  c e n t e r  of the  t o p  mir ror  onto  t he  ax i s .  F ina l ly ,  t h e  t o p  

mir ror  i s  s e t  t o  bring t h e  i n t e r a c t i o n  region on ax is .  A f t e r  

t h i s  i s  done, a ground g l a s s  is  placed i n  t he  plane of t h e  

f luorescence PNT ape r tu re ,  and the i n t e r a c t i o n  region focused 

onto it by ad jus t ing  the focusing lens .  Adjustment of  t h e  

mount on which t h e  beam s p l i t t e r  si ts brings t he  image t o  t h e  



a p e r t u r e  p o s i t i o n .  The c r o s s - h a i r s  and mirror a r e  removed 

from t h e  monochromator l e n s  t u b e  and t h e  l e n s  i s  r e i n s t a l l e d  

s o  t h a t  t h e  s l i t  is  a t  i t s  focus .  F i n e r  ad jus tments  a r e  made 

whi le  obse rv ing  a c t u a l  f l u o r e s c e n c e  from t h e  i n t e r a c t i o n  r e g i o n  

wi th  t h e  Na hem i n  o p e r a t i o n .  

111.6 Detect ion  E l e c t r o n i c s  

I n  o r d e r  t o  minimize t h e  e f f e c t s  of i n s t a b i l i t i e s  i n  both  

resonance and t r a n s f e r  f l u o r e s c e n c e  s i g n a l s  it i s  impor tan t  t o  

observe t h e  t w c  s i rnul tanecus ly ,  s o  t h a t  t h e  r a t i o  w i l l  be 

unaf f sc ted .  A block diagram of  t h e  d e t e c t i o n  c i r c u i t r y  

designed t o  do t h i s  is  shot.,n i n  f i g .  24  . The f l u o r e s c e n c e  PMT 

i s  an RCA 6199 run a t  a ca thode  t o  anode v o l t a g e  of  -1000V. 

The anode c u r r e n t  i s  measured w i t h  a Ke i th ly  e l e c t r o m e t e r  

(model 600B o r  6 0 1 ) .  The 0-1V r e c o r d e r  o u t p u t  goes t o  a 

vol tage-to-frequency c o n v e r t e r  (Date2 Systems VFV-1OK) which 

has  a lKHz/volt conversion r a t i o .  The o u t p u t  p u l s e s  of t h e  

V/F c o n v e r t e r  are counted by a g a t e d  s c a l e r .  The t r a n s f e r  

PMT, an RCA C31034 run a t  -1500V cathode t o  anode f e e d s  i t s  

anode p u l s e s  t o  a Mechtronics model S l l p h o t o n  d i s c r i m a t o r .  

The d i s c r i m i n a t o r  l e v e l  is  set s o  t h a t  t h e  c u r r e n t  measured 

by an e l e c t r o m e t e r  f o r  a g iven  l i g h t  l e v e l  i s  c o n s i s t e n t  w i t h  

t h e  count  r a t e  f o r  t h a t  l i g h t  l e v e l ,  assuming t h e  c u r r e n t  

ga in  g iven by t h e  manufacturer  as t y p i c a l  f o r  t h e  o p e r a t i n g  





vol tage.  The ou tpu t  pu l se s  from t h e  d i sc r imina to r  a r e  counted 

by a gated s c a l e r .  The two s c a l e r s  are gated toge the r  by an 

ex t e rna l  g a t e  generator .  Gate t i m e s  of  1, 1 0  and 100 sec .  a r e  

ava i l ab l e .  De ta i l s  of t h e  homemade po r t i ons  o f  the  e l e c t r o n i c s  

are given i n  t he  appendix. 

E a r l i e r  vers ions  of t h e  d e t e c t i o n  system used a d i g i t a l  

vol tmeter  t o  read the  e lec t rometer  output  vol tage.  A t i m e  

cons tan t  of 1 sec.  was used on the  output  of t h e  e lec t rometer ,  

and the  DVM w a s  t . r iggered a t  t h e  end of L sec of counting 

d i sc r imina tor  pu lses ,  For 10 sec. counts ,  three DVEl readings  

were taken. The V/F conver te r  wi th  simultaneous ga t ing  o f  

counters  has proved much nore s a t i s f a c t o r y ,  both  i n  accuracy 

and convenience. 

111.7 Procedures - Rotation Mode 

The first  s t e p  i n  a  run where t he  c o l l i s i o n  v e l o c i t y  i s  t o  

be va r i ed  by r o t a t i o n  of t he  r a r e  gas beam i s  t o  a l i g n  t h e  

l a s e r  along t h e  r o t a t i o n  ax i s .  I n  many cases  when the  r o t a t i o n  

mode of measurement has been used the  beam s p l i t t e r  of f i g .  18 

was n o t  p re sen t  and the c e i l i n g  mir ror  i s  ad jus ted  s o  as t o  

d i r e c t  t h e  l a s e r  t o  the  p o s i t i a n i n g  mirror .  Under these 

circumstances it i s  easy t o  see t he  r e f l e c t i o n  of t h e  l a s e r  beam 

from the  window at the top of t h e  r o t a t i n g  beam ( f i g .  14 ). 

I d e a l l y ,  i f  t h e  windcw w a s  p e r f e c t l y  f l a t .  wi th  its su r f ace  

perpendicular  t o  the a x i s  of r o t a t i o n ,  proper  alignment would 



c o n s i s t  of a d j u s t i n g  t h e  m i r r o r s  u n t i l  t h e  l a s e r  was r e f l e c t e d  

back on i t s e l f .  I n  p r a c t i c e  the window i s  abou t  a m i l l i r a d i a n  

o f f ,  which could  produce e r r o r s  a s  l a r g e  a s  5% i n  t h e  

apparen t  c r o s s  s e c t i o n  a s  t h e  bean was r o t a t e d .  Under t h e s e  

c i rcumstances  o f  misal ignment  of t h e  window, t h e  r e f l e c t i o n  

of a p r o p e r l y  a l i g n e d  l a s e r  beam from t h e  windov? w i l l - d e s c r i b e  

a circlz about the incident Laser beam. I n  o r d e r  t o  obse rve  

t h i s  c o n d i t i o n ,  a  sc reen  i s  set up on t h e  l a s e r  t a b l e  between 

t h e  t e l e s c o p e  and t h e  t a b l e  m i r r ~ r  ( s e e  f i g .  16 1 .  A 1/2" h o l e  

i n  t h e  sc reen  a l lows  t h e  expanded l a s e r  beam t o  p a s s  through,  

whi le  t h e  r e f l e c t i o n  of t h e  l a s e r  beam from t h e  window is  v i s i b l e  

on t h e  sc reen  when t h e  al ignment  i s  c l o s e  t o  be ing  c o r r e c t .  

The p o s i t i o n  of t h i s  r e f l e c t i o n  i s  recorded f o r  each of  f o u r  

p o s i t i o n s  o f  t h e  r o t a t i n g  beam, 90O a p a r t .  From t h e s e  f o u r  

p o s i t i o n s ,  t h e  center of  t h e  c i r c l e  swept. o u t  by t h e  r e f l e c t i o n  

i s  determined and t h e  i n p u t  and p o s i t i o n i n g  m i r r o r s  on t h e  

vacuum box a r e  a d j u s t e d  t o  b r i n g  t h e  c e n t e r  i n t o  t h e  l a s e r  beam 

a x i s .  A few r e p e t i t i o n s  of  t h i s  procedure g e n e r a l l y  produce a 

p a t t e r n  t h a t  is  c e n t e r e d  within 1-2 rnm. The o p t i c a l  d i s t a n c e  

betwezn t h e  s c r e e n  and t he  window is  abou t  8 m . ,  SO t h a t  t a k i n g  

i n t o  c o n s i d e r a t i o n  t h e  doubl ing  of t h e  ang le  on r e f l e c t i o n ,  t h e  

e r r o r  is  about  0 . 1  r n i l l i r a d i a n .  Once t h e  p roper  al ignment  i s  

e s t a b l i s h e d ,  t h e  p o s i t i o n  of  t h e  s p o t  r e f l e c t e d  by t h e  e x i t  

m i r r o r  i s  marked on a w a l l  abou t  7 m. from the e n t r a n c e  window. 



Devia t ions  from t h e  marked p o s i t i o n  of  l e s s  than  1 mm. can be 

seen s o  .1 m i l l i r a d i a n  checking of t h e  al ignment  is  p o s s i b l e .  

Alignment checked i n  t h i s  way w i l l  be c o n s i s t e n t  w i t h  a 

r o t a t i o n  al ignment  f o r  a  p e r i o d  of  a t  l e a s t  s e v e r a l  h o u r s ,  b u t  

w i l l  g e n e r a l l y  n o t  be good a f t e r  a day s o  t h a t  a new r o t a t i o n  

al ignment  i s  necessa ry  each day. 

I n s e r t i o n  o f  t h e  c i r c u l a r  p o l a r i z e r  between t h e  i n p u t  

m i r r o r  and t h e  i n p u t  window g e n e r a l l y  a l t e r s  t h e  al ignment .  

S ince  t h e  c i r c u l a r  p c l a r i z e r  b locks  t h e  r e f l e c t i o n  from t h e  

window q u i t e  e f f e c t i v e l y ,  it i s  d i f f i c u l t  t o  r e p e a t  t h e  r o t a t i o n  

al ignment .  I n s t e a d ,  t h e  s p o t  r e f l e c t e d  by t h e  e x i t  m i r r o r  is  

brought  i n t o  coincidence  wi th  t h e  p o s i t i o n  marked on t h e  wall- ,  

and t h e  al ignment  i s  almost. a s  good a s  t h e  o r i g i n a l  al ignment .  

Fn a l t e r n a t i v e  procedure i s  t o  use  an a u x i l l i a r y  l a s e r  

such a s  a H e - N e  l a s e r  t o  perform t h e  r o t a t i o n  al ignment  and 

e s t a b l i s h  t h e  p o s i t i o n  on t h e  w a l l  of t h e  e x i t  beam. The a c t u a l  

dye l a s e r  beam i s  then made t o  h i t  t h e  same p o s i t i o n .  This  

procedure i s  e s p e c i a l l y  u s e f u l  when t h e  beam s p l i t t e r  i s  i n  

p e s i t i o n  s i n c e  t h e  r e f l e c t i o n  of t h e  dye l a s e r  from t h e  window 

i n  t h a t  case  is more d i f f i c u l t  t o  see and l e s s  d i s t i n c t  because 

of m u l t i p l e  r e f l e c t i o n s  from t h e  beam s p l i t t e r .  The m u l t i p l e  

r e f l e c t i o n s  from t h e  i n p u t  window have n o t  proved t o  be a. problem. 

Proper  al ignment  o f  t h e  l a s e r  beam i s  a p r e r e q u i s i t e  f o r  

a l i g n i n g  t h e  atomic beam. T h i s  procedure  i s  performed when 



t h e  system i s  up t o  a i r .  

With a p roper  l a s e r  a x i s  e s t a b l i s h e d ,  t h e  nozz le  a l ignment  

p i n  ( f i g .  15 ) i s  s l i p p e d  over  t h e  r a r e  gas  n o z z l e  assembly. 

The p i n  is made so  t h a t  t h e  p o i n t  of  t h e  a l i g n n e n t  p i n  w i l l  be 

a t  t h e  c e n t e r  of t h e  l a s e r  beam when t h e  r a r e  gas  beam is  

p r o p e r l y  a l igned .  A t e l e s c o p e  i s  set up t o  p r o j e c t  t h e  image 

of  t h e  p i n  r e f l e c t e d  from t h e  e x i t  m i r r o r  on to  a  wa l l .  The p i n  

appears  a s  a shadow i n  t h e  l a s e r  beam. The r a r e  gas  n o z z l e  i s  

moved u n t i l  t h e  shadow o f  t h e  p i n  p o i n t  i s  a t  t h 9  c e n t e r  o f  t h e  

l a s e r  beam image. Th i s  al ignment  i s  n o t  e s p e c i a l l y  c r i t i c a l ,  

b u t  it assureg  maximum uni fo rmi ty  of t h e  r a r e  gas beam over  t h e  

i n t e r a c t i o n  reg ion .  

The r a r e  gas beam and Na beam a r e  set 180' from each o t h e r  

by l i n i n g  up the need le  of t h e  Na beam wi th  t h e  r a r e  gas al ignment  

p i n .  Using a  t e l e s c o p e  wi th  an eyepiece  r e t i c l e  t o  observe  t h e  

p i n  and need le  from below v i a  t h e  e x i t  m i r r o r , t h i s c a n  be done 

t o  better than  1/2O. The N a  beam is  moved l a t e r a l l y  t o  i n t e r s e c t  

t h e  i n t e r a c t i o n  region.  V e r t i c a l  adjustment  i s  made w h i l e  look- 

ing through t h e  c o l l e c t i o n  l e n s .  While f i n a l  adjus tments  can 

be made l a t e r  wi th  t h e  beam on,  they  a r e  n o t  general . ly:needed 

after t h i s  procedure.  

With t h e  beams a l i g n e d ,  the system pumped down and t h e  

laser a l i g n e d  a long  t h e  r o t a t i o n  a x i s ,  w e  a r e  ready f o r  a N a  

beam. The oven body is  t y p i c a l l y r  hea ted  t o  a  tempera ture  o f  



500°c,  the top is kept about 50° hotter with the nozzle hotter 

still at 600-750~~. All of these temperatures are as read 

by the thermocouples,andso may be subject to some error, Tne 

body thermocouple in particular is not protected by a radiation 

shield and so may read lower than the actual temperature. 

A thermocouple on the heater jacket typically reads 70° hotter 

than the body, which is certcinly an upper limit to the error 

in the body thermocouple. 

With the Na beam on and the laser golng into the box the 

laser is tuned to the Na 3SlI2, F = l  + 3P3,*# F-3 resonance. The 

easiest method is to first tune within the doppler width using 

the auxilliary Na cell, then observe the beam by eye through 

the collection lens (the upper periscope mirror is removed for 

this) while tuning the laser to maximize the fluorescence. 

Fluorescence due to excitation of F=l ground state atoms is easily 

distinguished by its much smaller amplitude. The longitudi.na1 

position of the needle is set so that the end of the needle is 

about 3 mm. from the edge of the interaction regi~n. The upper 

periscope mirror is replaced and the monochromator slit is opened 

slightly (about 20 p wide and 1.2 mrn. high) for observation of 

the resonance fluorescence through the monochromator. Final tuning 

of the laser is done while observing the fluorescence with the 

monochromator set to pass the fluorescent wavelength. The laser 

is then locked to the external etaPon and the upper mirror of the 



per iscope adjusted t o  maximize t h e  f luorescence s i g n a l  on the  

PMT a t  the  monochromator output .  T h e  image of t h e  i n t e r a c t i o n  

region i s  then centered on the s l i t .  The s i g n a l  on t h e  o t h e r  

( f luorescence)  PMT is  then maximized by ad jus t ing  t h e  beam 

s p l i t t e r .  Adjustments of the oven and source alignment are 

made t o  maximize t h e  s i g n a l .  I f  any l a r g e  changes a r e  needed 

a t  any s t age ,  the  process  i s  repeated.  

The monochromator i s  then s e t  17 cm-' away f r o m  t he  

resonance f luorescence a t  t h e  3F 1/2 - 3S 1/2 vavelength . The 

. s l i t  i s  opened t o  .8 mm. wide and .2 crn o r  1 c m  high. The 

monochromator phototube i s  connecte8 t o  t h e  an?p/discrirtIinator. 

The r a r e  g a s  beam i s  turned on t o  t he  des i r ed  pressure .  

He i s  run a t  about 6 p s i g . ,  N e  a t  15 psig.  and A r  a t  20 ps ig .  

The r a t i o  of f luorescence t o  t r a n s f e r  observed through t h e  mono- 
3 chromator i s  a b c u t  1 0  . Wnen tuned t o  t h e  transfer wavelength, 

t h e  moncehromator r e j e c t s  the f luorescence by a f a c t o r  of s e v e r a l  

5 t i m e s  10 . Thus t h e  r a t i o  of t r a n s f e r  s i g n a l . t o  fluorescence 

background shou ld  be several hundred. We observe a "gas on" t o  

"gas o f f "  r a t i o  of 300  i n  the s i g n a l  from the  t r a n s f e r  PMT, i n  

agreement wi th  t h i s  es t imate .  

The f luorescence and t r a n s f e r  s i g n a l s  a r e  recorded f o r  

var ious  ang3.e s e t t i n g s  of the rare gas beam. A t y p i c a l  run 

might s t a r t  a t  t he  minimum angle  of 3s0, go t o  60° and 

s t e p  through t o  300° i n  30° s t e p s ,  then back from 315O to 45O 



i n  30° s t e p s  s o  a  f u l l  sweep i n  15O s t e p s  i s  taken.  Data a t  

270° i s  n o t  taken s i n c e  t h e  r a r e  gas  beam b locks  t h e  c o l l e c t i o n  

l e n s .  S e v e r a l  r ead ings  a r e  t aken  a t  each ang le .  Measurements 

of s c a t t e r e d  l i g h t  and background a r e  taken a t  each ang le  by 

mis tuning t h e  l a s e r  from t h e  N a  resonance by a l a r g e  amount ( 4  G H z )  . 
The e f f e c t  of  c o l l i s i o n s  w i t h  background r a r e  gas  r a t h e r  t h a n  

beam r a r e  gas  i s  determined l a t e r  by s h u t t i n g  t h e  beam o f f  and 

l e a k i n g  i n  r a r e  gas  through a v a r i a b l e  l e a k  s o  a s  t o  produce 

t h e  same background p r e s s u r e  as when t h e  beam was running.  

The power of the l a s e r  i s  monitored throughout  t h e  run 

and t h e  l a s e r  frequency i s  k e p t  a t  t h e  peak o f  t h e  Na resonance 

by c o n t i n u a l l y  maximizing t h e  f luorescence  s i g n a l .  

111.8 Procedures - Laser  Ve loc i ty  S e l e c t i o n  Mode - 
The i n i t i a l  a l ignment  procedures  f o r  runs  where t h e  

c o l l i s i o n  v e l o c i t y  i s  t o  be s e l e c t e d  by l a s e r  t u n i n g  i s  i d e n t i c a l  

t o  t h a t  f o r  r o t a t i o n  measurements. A f t e r  a l l  t h e  o p t i c s  and 

beams have been a l i g n e d  r e l a t i v e  t~ the p e r p e n d i c u l a r  l a s e r  

beam ( t h e  beam a-long t h e  r o t a t i o n  a x i s )  t h e  p a r a l l e l  beam i s  

in t roduced ,  almost. a long the Na a x i s .  With t h i s  l a s e r  tuned 

s o  t h a t  t h i s  beam i s  e x c i t i n g  t h e  maximum number of  atoms a s  

determined by t h e  f l u o r e s c e n c e  s i g n a l ,  t h e  p o s i t i o n  o f  the 

p a r a l l e l  l a s e r  beam i s  a d j u s t e d  t o  g i v e  a  maximum f l u o r e s c e n c e  

s i g n a l .  Th i s  r r ~ a x i r n i z e s ~ ~ ~ ~ l ~ ~ o f  t h e  p a r a l l e l  beam w i t h  t h e  



reg ion  t h a t  has  been focused o n t o  both  photo  tubes .  

S ince  t h e  f l u o r e s c e n c e  from t h e  p a r a l l e l  beam is n o t  

conf ined t o  a  smal l  r e g i o n  as was t h a t  from t h e  p e r p e n d i c u l a r  

beam; due t o  t h e  smal l  i n t e r s e c t i o n  ang le  between t h e  l a s e r  

and N a  beams, t h e  monochromator s l i t ,  r a t h e r  than  t h e  l a s e r  

beam i s  used t o  d e f i n e  t h e  i n t e r a c t i o n  reg ion .  A s l i t  h e i g h t  

of  1 .2  mm. w i t h  . 8  mm width  i s  used w i t h  a  corresponding 

opening i n  t h e  a p e r t u r e  of  t h e  f l u o r e s c e n c e  PMT ( s m a l l e r  by 

t h e  r a t i o  o f  the f o c a l  l e n g t h s  o f  the l e n s e s  used t o  image 

t h e  i n t e r a c t i o n  r e g i o n ) .  S i n c e  t h e  r a r e  ga.s beam i s  n o t  t o  be  

r o t a t e d ,  it is  no l o n g e r  e s s e n t i a l  t o  have t h e  i n t e r a c t i o n  r e g i o n  

c e n t e r e d  about '  t h e  r o t a t i o n  a x i s .  Tlle on ly  r e q u i r e n e n t  i s  

s p a t i a l  s t a b i l i t y  of the p a r a l l e l  l a s e r  beam and c o l l e c t i o n  

o p t i c s .  I n s t a b i l i t i e s  would r e s u l t  i n  changes of t h e  gas  

d e n s i t y  i n  t h e  i n t e r a c t i o n  r e g i o n  and v a r i a t i o n  i n  the  r e l a t i v e  

c o l l e c t i o n  e f f i c i e n c y  o f  t h e  f l u o r e s c e n c e  and t r a n s f e r  l i g h t .  

An z 3 s o l u t e  frequency r e f e r e n c e  f o r  t h e  l a s e r  i s  e s t a b l i s h e d  

by tun ing  it s o  t h a t  t h e  p e r p e n d i c u l a r  beam i s  i n  resonance 

w i t h  the  3SlI2, F=l  -+ 3P3,* t r a n s i t i o n s .  By mode hopping from 

t h i s  f requency,  t h e  l a s e r  may be tuned t o  v a r i o u s  f r e q u e n c i e s  

whose d i f f e r e n c e  from t h e  F=l  resonance i s  known. Data is taken  .. 

by hopping t h e  d e s i r e d  number o f  modes t o  a l a s e r  frequency lower 

t h a n  the pe rpend icu la r  F-1 frequency,  b lock ing  t h e  p e r p e n d i c u l a r  

bean and record ing  f l u o r e s c e n c e  and t r a n s f e r .  Mode hops are 



counted back t o  t h e  F=l  resonance  t o  v e r i f y  t h a t  t h e  p roper  

frequency was reached,  and the perpend icu la r  beam is  unblocked 

t o  check t h a t  t h e  Laser  c a v i t y  d i d  n o t  d r i f t .  Counting o f  

mode hops is f a c i l i t a t e d  by the u s e  o f  t h e  e x t e r n a l  2 GHz FSR 

e t a l o n ,  which i s  r e s o n a n t  w i t h  t h e  l a s e r  about  eve ry  5 mode 

hops. T h e  laser is  of  course  n o t  locked d u r i n g  t h i s  procedure.  

S c a t t e r e d  l i g h t  i s  checked by mode hopping i n  t h e  

o p p o s i t e  d i r e c t i o n  frora t h e  F=l  resonance.  Some of t h e  s i g n a l  

which i s  due t o  background Na i s  a l s o  checked i n  t h i s  way. 

S c a t t e r e d  l i g h t  is more of a  problem than i n  t h e  r o t a t i o n  

measurement, s i n c e  t h e  l a s e r  beam s t r i k e s  t h e  s u r f a c e  of  t h e  

cone and s c a t t e r s  everywhere. This  i s  one of t h e  reasons  for 

using s m a l l  a p e r t u r e s ,  I n  o r d e r  t o  avoid  h i t t i n g  t h e  need le  

w i t h  t h e  leser t h e  needle  is  p u l l e d  back about  7 mrn. f r o m  the 

i n t e r a c t i o n  reg ion .  This  i n c r e a s e s  t h e  s c a t t e r i n g  from t h e  

rare gas  before the Na gets t o  t h e  i n t e r a c t i o n  r e g i o n ,  i n c r e a s i n g  

t h e  amount o f  background N a .  

The u s e f u l  rango o f  l a s e r  t u n i n g  i s  about  2 t o  15  mode hops 

t o  t h e  low f r e q ~ e n c y  s i d e  of  t h e  F = l  resonance. S e v e r a l  r e a d i n g s  

a r e  taken a t  each frequency b e f o r e  rechecking t h e  F=l  resonance.  

S t a b i l i t y  of t h e  p o s i t i o n  of t h e  p a r a l l e l  l a s e r  i s  a major problem. 

Unfor tuna te ly  w e  d o  n o t  have a s imple  check on t h e  l a s e r  al ignment  

as i n  t h e  c a s e  of  t h e  p e r p e n d i c u l a r  beam. W e  d e a l  w i t h  this 

problem by t a k i n g  data a t  a p a r t i c u l a r  f requency,  t h e n  a t  a 



re fe rence  frequency - usua l ly  t he  frequency where f luorescence 

is  maximum. By normalizing a l l  t he  d a t a  t o  t h e  r e s u l t s  a t  the 

re fe rence  frequency, slow d r i f t s  can be co r r ec t ed .  

The f luorescence s i g n a l  as  a func t ion  of l a s e r  frequency 

taken by i t s e l f  g ives  t h e  ve loc i ty  d i s t r i b u t i o n  of t h e  atoms i n  

the N a  beam. T h i s  information i s  use fu l  f o r  t h e  i n t e r p r e t a t i o n  

of t h e  d a t a  obtained i n  ro tak ion  runs.  



IV. RESULTS AND ANALYSIS 

I V . l  Methods of Analysis  

The procedure f o r  e x t r a c t i n g  a c r o s s  s e c t i o n  curve from 

t h e  da t a  i s  b a s i c a l l y  t h e  same whether t h e  da t a  comes from a  

r o t a t i o n  mode run o r  a  l a s e r  s e l e c t i o n  run.  The da t a  c o n s i s t  

of s e v e r a l  p a i r s  of f luorescence  and t r a n s f e r  measurements f o r  

each angle  o r  l a s e r  frequency corres,wnding t o  a given c o l l i -  

s i on  ve loc i ty .  For each v e l o c i t y  t h e r e  a r e  a l s o  measurements 

of t h e  background l i g h t  s i g n a l s  due c h i e f l y  t o  l a s e r  s c a t t e r e d  

l i g h t  and phototube dark counts.  F i n a l l y ,  t h e  con t r ibu t ion  of 

the  background r a r e  gas  t o  t h e  t r a n s f e r  process  i s  measured. 

I n  cases  where background l i g h t  s i g n a l s  a r e  small  o r  due only  

t o  phototube no ise  they a r e  monitored less f requent ly .  Sirni- 

Parly t h e  cont r ibu t ion  of background gas  i s  no t  measured each 

time s i n c e  it is  usua l ly  only  a few percen t  and t h e  background 

pressure  i s  q u i t e  cons tan t  from run t o  run f o r  a given r a r e  

gas b e a m  nozzle pressure .  

Each f luorescence and t r a n s f e r  reading i s  cor rec ted  f o r  

background l i g h t  before  t h e  t ransfe r / f luorescence  r a t i o  is 

ca l cu l a t ed  f o r  each p a i r .  The r a t i o s  of a l l  p a i r s  taken a t  a  

given v e l o c i t y  a r e  averaged. This average r a t i o  is cor rec ted  



f o r  background gas e f f e c t s  by s u b t r a c t i n g  t h e  r a t i o ,  cor rec ted  

f o r  background l i g h t ,  obta ined when only t h e  background gas 

was presen t .  I f  t h e  background gas  d a t a  comes from a  d i f f e r e n t  

run,  where a  s l i g h t l y  d i f f e r e n t  alignment of t h e  c o l l e c t i o n  op- 

tics might change t h e  observed r a t i o s  by a  cons tan t  f a c t o r ,  t h e  

background r a t i o  i s  f i r s t  normalized by d iv id ing  by t h a t  f a c t o r .  

The procedure is  j u s t i f i e d  by th.. cbscrva t ion  t h a t  i n  f a c t  t h e  

f a c t o r  is r e l a t i v e l y  cons tan t  - r a t i o s  from d i f f e r e n t  runs  

which have very d i f f e r e n t  magnitudes have t h e  same v e l o c i t y  

dependence. This procedure would nee be v a l i d  i f  t h e  d i f f e r -  

ence i n  r a t i o  were caused by t h e  r a r e  gas nozzle being a t  a  

d i f f e r e n t  d i s t ance  from t h e  i n t e r a c t i o n  region.  This d i s t ance ,  

however, i s  c a r e f u l l y  s e t  by procedures described e a r l i e r .  I n  

any case ,  t h e  background gas con t r ibu t ion  i s  only a f e w  percen t ,  

s o  t h e  e r r o r s  introduced a r e  not  very important. 

The cor rec ted  r a t i o s  r ep re sen t  t h e  r a t e  of f i n e  s t r u c t u r e  

t r a n s i t i o n s  as a  f r a c t i o n  of ve loc i ty .  Dividing t h e  r a t e  by 

t h e  ve loc i ty  y i e l d s  a  nunber p ropor t iona l  t o  the c r o s s  sec t ion .  

The ve loc i ty  is given by 

For r o t a t i o n  da t a  vNa and. v  are constant  whi le  6 ,  t h e  
r g  

beam i n t e r s e c t i o n  angle ,  v a r i e s .  v is  given by (AND65) 
=9 



where 'T is the nozzle temperature, in this case room tempera- 

ture. The use of Eq. (19) is justified because the gas beam 

is a jet with a high Mach number. We estimate an inverse 

Knudsen number for our beam in excess of 2000 (Knudsen nmber 

is the ratio of the kinetic meaL free path in the nozzle to 

the nozzle diameter). Using the results given by Anderson 

and Fenn (AND65) this implies a Mach number of 25 and a velo- 

city full width at half max (FWHM) of about 7%. This is in 

agreement with measured velocity widths by Lee and coworkers 

(SIS71, PAR72) of 6-88 FWHM with similar conditions. 

The Na velocity is taken to be the most probably velocity 

as determined experimentally by the procedure described 

below. The velocity is between that predicted for a jet source 

(Eq. (19)) and that for an effusive source: 

- /3kT 
%ff - J-iii- 

For laser velocity selection data, v is again given by 

(18) but 8 is now a constant; v is still given by (19) , but 
=9 

vNa is determined by the laser frequency. In order to under- 

stand this frequency selection let us refer to Fig. 25. The 

solid curve is the experimentally observed fluorescence excited 

by the parallel beam. As explained in Sec. 111 the laser fre- 
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quency i s  changed i n  jumps of 390 MHz wi th  zero jumps being 

t h e  frequency where t h e  perpendicular  l a s e r  beam i s  i n  reso- 

nance with t h e  3s 1/2 , F = 1 + 3p3/2 t r a n s i t i o n .  

The s o l i d  curve of Fig.  25 i s  t h e  sum of  t h e  do t t ed  curves 

which a r i s e  from e x c i t a t i o n  from 35 , F = 1 and F = 2 .  

These curves r e f l e c t  t h e  v e l o c i t y  d i s t r i b u t i o n  of  atoms i n  t h e  

beam pro jec ted  on t h e  l a s e r  a x i s .  The shapes of  t h e  curves 

a r e  i d e n t i c a l  and they a r e  d i sp l a sed  from each o t h e r  by t h e  

ground s t a t e  hyperf ine  s epa ra t ion ,  1772 PHz. These f a c t s  have 

been used t o  cons t ruc t  t h e  do t t ed  curves from t h e  da t a .  

The v e l o c i t i e s  of t h e  atoms e x c i t e d  by a  given l a s e r  f r e -  

quency a r e  given by f i r s t  o rde r  doppler  s h i f t :  

where J i s  t h e  n w b e r  of l a s e r  mode jumps frorn t h e  r e f e y  ence 

frequency. 

I t  can be seen from Eqs. ( 2 1 )  o r  from Fig. 2 5  t h a t  a f t e r  

4 jumps both F = 1 and F = 2 atoms can be exc i t ed  simultaneously 

and t h a t  t h e  v e l o c i t i e s  for  t h e  two types  w i l l  be  d i f f e r e n t  
c 

by about 10" cm/sec, As a r e s u l t ,  d a t a  taken i n  t h e  over lap  

region of t h e  curves must be co r r ec t ed  f o r  t h e  e f f e c t s  of 

atoms a t  one ve loc i ty  i f  t h e  c ros s  s e c t i o n  a t  t h e  o t h e r  velo- 

c i t y  is  t o  be  determined. For example, wi th  t h e  l a s e r  tuned 



to a given frequency the observed ratio of transfes to fluores- 

cence will be 

where N(vF) is the relative number of atoms with velocity vF 

excited from the given F state. To evaluate this expression 

requires knowing the ratio of o (vpl) - to o ( v ~ - ~ )  - . A first 

approximation is to assume them to be equal, then to use the 

resulting ~ ( v )  curve to refine the correction. It is assumed 

that cross sections are the same for atoms excited from either 

F = 1 or 2 when the collision velocities are the same. 

IV.2 Na-Ne - Collisions 

As we pointed out in Sec. 11.4 the predicted behavior of 

~ ( v )  for Na cn Ne is anornolous compared to the other rare 

gases in that it rises much more slowly as the velocity in- 

crezses, and has its maximum shifted to a riluch higher velocity. 

It is therefore of special interest to obtain an experimental 

a (v) curve to compare with theory. 

We have made measurements in both laser selection and 

rotation nodes of operation. The results of two laser selected 

runs, corrected as described in the previous section, are 

shown in Fig. 26, and compared with the theory of Pascale and 

Olson (PAS76). The uncertainties represent the standard devia- 

tion of points taken at a given vel-ocity. 





The d a t a  r e s u l t  from laser f reqcenc ies  7 t o  1 4  mode jumps 

from t h e  re fe rence  frequency, and t h e r e f o r e  represents atoms 

exc i t ed  mainly from F = 2. A t  1 4  jumps where t h e  s i g n a l  is  

sma l l e s t ,  background l i g h t  (most dark cu r r en t )  co r r ec t ions  t o  

t h e  f luorescence were about equal t o  t h e  s i g n a l ,  while a t  9 

jumps t h e  co r r ec t ion  was about 4 % .  Tn t h e  t r a n s f e r  s i g n a l ,  

t h e  co r r ec t ions  w e r e  30% and 4%.  Correct ions  due t o  back- 

ground gas w e r e  about 1 0 %  i n  o v e r a l l  magnitude, 5 u t  only  

changed the shape of t h e  curve by 5%, and do no t  change any 

imsortant  features, The co r r ec t ions  . fo r  t h e  presence of F = I 

atoms are 32% a t  7 jumps, 9% a t  8 jumps and n e g l i g i b l e  f o r  t h e  

r e s t .  The co r r ec t ions  lower t h e  c ros s  s e c t i o n s  since t h e  

F = 1 atoms are f a s t z r  than t h e  F = 2 atoms. 

The  observed cross s e c t i o n  curve is  normalized t o  agree  

wi th  the t h e o r e t i c a l  curve a t  about 10' crn/scc. I t  is q u i t e  

c l e a r  t h a t  t h e  curves do nbt agree  a t  a l l .  The experiinental 

curve has t h e  cross s e c t i o n  peaking i n  t h e  v i c i n i t y  of  1 x 1 0  
5 

cm/sec while the t h e o r e t i c a l  ca rve  d o e s n ' t  peak u n t i l  2 x 10 5 

cn/sec. It i s  a l s o  c l e a r  t h a t  t h e  experimental curve i n d i c a t e s  

a much more r ap id  rise a t  low v e l o c i t y  than t h e  t h e o r e t i c a l  

curve. Care must be  taken i n  comparing t h e  curves a t  very low 

v e l o c i t i e s  since t h e  t h e o r e t i c a l  c r o s s  s e c t i o n s  are for t h e  

3PLI2 + 3P 
3/2 

t r a n s i t i o n ,  whi le  t h e  experiment i s  3P3,2 + 3PlI2 

The r e l a t i o n  between t h e  two i s  given by d e t a i l e d  balance,  wi th  

the r e s u l t  t h a t  t h e  t h e o r e t i c a l  curve should be s h i f t e d  down i n  



energy an amount equal  t o  t h e  f i n e  s t r u c t u r e  s epa ra t ion  which 
* 

i s  equiva len t  t o  about .2 x log5 cm/sec. The do t t ed  curve 

shows t h e  co r r ec t ion  and it can be seen t h a t  it i s  not  of much 

importance a t  oux v e l o c i t i e s .  

The d a t a  of F ig ,  2 6  were taken wi th  t h e  l a s e r  po la r ized  

perpendicular  t o  t h e  c o l l i s i o n  plane.  Data taken with  t h e  

l a s e r  po la r ized  p a r a l l e l  t o  t h e  -01 l i s ion  plane do not  e x h i b i t  

any s i g n i f i c a n t  d i f f e r ence  from t h e s e  d a t a ,  which is probably 

due t o  t h e  f a c t  t h a t  t h e  c o l l i s i o n  a x i s  does no t  change r ap id ly  

wi th  r e spec t  t o  t h e  p o l a r i z a t i o n  axi6 i n  t h i s  experiment, as 

discussed i n  Sec. 11.5. 

These da t a  w e r e  taken with  l a s e r  powers about equal  t o  

2 t h e  s a t u r a t i o n  power - 30 mW/rm . Some d a t a  were a l s o  taken 

with  power 1 0 0  t imes a s  g rea t .  These show q u i t e  d i f f e r e n t  be- 

haviour a s  shown in Fig.  2 7 .  This  d a t a  has  no t  been co r r ec t ed  

f o r  t h e  presence of 7 = 1 atoms, bu t  t h i s  co r r ec t ion  d i d  no t  

change t h e  genera l  c h a r a c t e r  of t h e  d a t a  taken a t  low power 

except for t h e  lowest v e l o c i t y  po in t .  The higher  l a s e r  power 

makes t h e c o r r e c t i o n  which i s  necessary much l a r g e r  due t o  

power broadening. I n  add i t i on ,  t h e  co r r ec t ions  cannot be made 

re l iaS1y s i n c e  t h e  a s s m p t i o n s  which allowed t h e  determinat ion 

of t h e  v e l o c i t y  d i s t r i b u t i o n s  i n  Fig.  2 5  a r e  no longer va l id .  

For example, it is no longer  t r u e  t h a t  a t  4 jumps t h e r e  are no 

F = 2 atoms exc i ted .  I n  add i t i on  t h e r e  are considerably more 

*See no te  a t  end of t h i s  s ec t ion .  





problems wi th  background s i g n a l s  a t  h igh  l a s e r  powers due both 

to increased ' s c a t t e r ed  l i g h t  and increased  e x c i t a t i o n  of  back- 

ground Na atoms wi th  random v e l o c i t i e s .  For t h e s e  reasons  we 

only consider  d a t a  taken a t  low l a s e r  power t o  be r e l i a b l e .  

Fig. 28 shows t h e  averaged r e s u l t s  of 6 runs  of r o t a t i o n  

mode da t a  s epa ra t e ly  normalized t o  t h e i r  average va lue .  The 

co r r ec t ions  f o r  background l i g h t  were less than 1%, wi th  

background gas c o r r e c t i o ~ s  s i m i l a r  t o  those  i n  t h e  l a s e r -  

s e l ec t ed  da ta .  The s o l i d  l i n e  i s  t h e  t h e o r e t i c a l  p r ed i c t i on  

folded with  t h e  v e l c c i t y  r e s o l u t i o n  i m ~ l i e d  by 2 d i s t r i b u t i o n  

l i k e  t h a t  of Fig. 25. This f o l d i n g  is  necessary because of 

t h e  r e l a t i v e l y  large spread of v e l o c i t i e s  i r~volved  i n  t h e  

c o l l i s i o n  i n  c o n t r a s t  t o  the s i t u a t i o g  when t h e  laser i s  used 

t o  s e l e c t  v e l o c i t i e s .  With t h e  t h e o r e t i c a l  curve no.malized 

t o  agree with  experiment a t  one poiri t ,  we again see a c l e a r  

disagreement. 

It  is  also of i n t e r e s t  t o  see how t h e  data comFare with 

lase r - se lec ted  da t a .  T o  make t h i s  comparison w e  drew a smooth 

curve through t h e  laser s e l e c t e d  d a t a  and folded it wi th  t h e  

r o t a t i o n  mode v e l o c i t y  r e so lu t ion .  The comparison is shown i n  

Fig. 29 wi th  an uncer ta in ty  due t o  t h e  uncer ta in ty  i n  t h e  

l a se r - se l ec t ed  da t a .  

There i s  an apparent  d i p  i n  t h e  c ros s  s e c t i o n  der ived 
5 

from r o t a t i o n  mode d a t a  a t  about 1.4 x 10 cm/sec. It i s  our  

judgment t h a t  t h i s  is not  r e a l ,  b u t  is due only t o  s c a t t e r .  







Given the ve loc i ty  r e s o l u t i o n  of t h e  r o t a t i o n  mode, t h e  d i p  i n  

t h e  a c t u a l  c ros s  s e c t i o n  would be much deeper and t h i s  is  not  

supported by t h e  l a se r - se l ec t ed  da t a .  Unfortunately t h e  l a s e r -  

s e l e c t e d  d a t a  is  most u n c e r t a i n ,  j u s t  a t  t h i s  po in t ,  s i n c e  t h e  

signal i s  very small  f o r  t h a t  ve loc i ty .  It should be noted t h a t  

5 t h e  1 . 4  x 10 cm/sec i n  r o t a t i o n  mode corresponds t o  an angle  

of go0, s o  t h e r e  is no cor robora t ing  Z+ta a t  270° ( s i n c e  t h e  

gas  beam nozzle blocks t h e  l e n s ) ,  as for example t h e r e  is be- 

tween 60O and 300°. This  po in t  c e r t a i n l y  deserves  sorne more 

inves t iga t ion .  

Note: The co r rec t ion  t o  t h e  t h e o r e t i c a l  curve shown i n  f i g .  26 

i s  i n  t h e  mergp ,  n o t  the v e l o c i t y ,  s o  it is .Z x i o m 5  crn/sec 

only a t  zero ve loc i ty .  There i s  an a d d i t i o n a l  c o r r e c t i o n  t o  

t h e  magnitude of t h e  cross s e c t i o n  equal t o  the r a t i o  of  t.he 

i n i t i a l  energies  f o r  t h e  ?/2  + 1 / 2  process  a s  compared t o  the 

1/2  -t 3/2 process .  See for. c-/q.nlple, eq. 1 9  of REI73. 
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IV.3 Na-Ar Collisions 

Fig. 30 shows three runs of laser velocity selected data 

for Na-Ar collisions. As for the Ne data, the laser was tuned 

from 7 to 14 jumps away from the reference frequency. Correc- 

tions applied are of the same general nature as with Ne, the 

only important correction to the shape of the curve being due 

to the F = 1 fast atoms. The correction is 598 at 7 jumps 

and 10% at 8 jumps. The magnitude of the correction at 7 jumps 

makes this point nore uncertain, and the error bars have been 

adjusted accordirlgly. We assume the correction to be accurate 

to 15% of its magnitude. 

The solid curve is the theoretical prediction of Pascale 

and Olson (PAS76). The experimental points are in substantial 

agreement with the theoretical curve, indicating a maximum at 

5 aSout .8 or .9 x 10 cm/sec, The experimental cross section 

appears to fall of: -nore rapidly to the low velocity side and 

less rapidly to the high velocity side; the predicted isflec- 

5 tion of the cross section at - 4  x 10 cm/sec appears in the 

data as well. Such detailed comparison of theory and experi- 

ment, however, is probably not warranted at this time due to 

the uncertainties in the data. 

Fig. 31 shows two runs of rotation mode data plus the 
t 

theoretical prediction folded with the experimental velocity 

distribution. The agreement is excellent, and the statistics 

are good as well, which supports the agreement between theory 









and experiment in Fig, 29, 

Fig. 32 shows laser selected data like that of Fig. 30, 

but with the laser polarization axis in the collisj.on plane. 

There are slight differences, but they cannot be considered 

significant at the level of the statistical fluctuations. The 

general features of the data are the same as for Fig. 30 where 

the polarization was pergendicular to the collision plane, and 

are in good agreement with theory. 

XV.4 Na-He Collisions 

We have used Na-He collisions to do a brief investigation 

into the naynitude of the effect on the cross section of chang- 

ing the collision axis with respect to the quantizatj.on axis. 

The laser was aligned perpendicular to the collision plane, and 

was linearly polarized. The geometry is shown in Fig. 33. 

With the He beam fixed we measure the cross sectio~ when the 

laser is polarized both along and perpendicxlar to the He beam. 
0 The polarization axis is always at 45 to the observation axis, 

so the only effect should have to do wJ. th  the angle between the 

collision axis and the polarization axis. 

The cross section is larger when the polarization is per- 

pendicular to the He beam by 15% (5%). The difference is cer- 

tainly statistically significant, and represents the sort of 

effect discussed in Sec. 11.5. We have not pursued this line 

of investigation any further other than to take the steps out- 

lined in Sec. 11.5 to avoid the effect. This is to our know- 





ledge the first observation of such an effect for fine struc- 

ture transfer collisions. (Apt and Pritchard have observed 

significant differences when linear as opposed to circular 

polarization was used, but this represents a change in the 

excited state distribution of sublevels as well as a reorien- 

tation of the quantization axis with respect to the collision 

axis. See APT76.) 



V. DISCUSSION 

V . l  Re la t ion  t o  Other Work 

W e  have noted t h a t  t h e  Na-ETe d a t a  is i n  s u b s t a n t i a l  d i s -  

agreement wi th  t h e  t h e o r e t i c a l  p r ed i c t i ons ,  This r e s u l t  has 

been confirmed by r ecen t  measuranents of Apt and P r i t cha rd  

(APT77).  While they do n o t  ob t a in  a c ros s  s ec t ion  curve,  they 

f i n d  t h a t  our  measured c r o s s  s e c t i o n  can be used to  f i t  t h e i r  

d a t a  f o r  the r a t e  of f i n e  s t r u c t u r e  t r a n s f e r ;  zhc theory .  

of Pasca le  and Olson (PAS76) does n o t  f i t  t h e i r  data. The 

experimental  evidence of  f i n e  s t r u c t u r e  t r a n s f e r  c ros s  s e c t i o n  

s t rong ly  i n d i c a t e s  t h a t  t h e  X a - N e  thzory i s  i n  e r r o r .  The 

e l a s t i c  s c a t t e r i n g  r e s u l t s  of Ca r t e r  and P r i t cha rd  (CAR75) 

show considerable  disagreement wi th  t h e  Na-Ne p o t e n t i a l s  of 

Pasca le  and Vandeplanque (PAS74). Specifically, t h e  All wel l  

depth  was found tc be about 20 times deeper than pred ic ted .  

The experiment is no t  as s e n s i t i v e  t o  t h e  BE s t a t e  p o t e n t i a l ,  



but there is an indication that the BC state is more attractive 

than predicted by theory and becomes repulsive at a smaller 

radius. According to the qualitative relations between the 

potentials and cross sections discussed by Reid (REI73) and 

Pascale and Olson (PAS76) these features would displace the 

maximum of the cross section to lowe;. energy and increase the 

slope at low energy. This is ex c t l y  what we observe to be 

the case with our d a t a  as compared t o  theory. 

The Na-Ar data is in substantial agreement with theory. 

Results of Apt and Pritchard (APT76) 'also show agreement with 

theory. Measurements of the potential parameters for the 

Na-Ar system by York, Scheps and Gallagher (YOR75) indicate 

disagreement with theory but only by a factor of 2 in the veil 

depth, which indicates, along with the cross section data that 

Na-Ar theory is in relatively good shape. 

V.2 Comparison of Methods 

We have used two methods to achieve a range of collision 

velocities for determining the cross section curves - changing 

the beam intersection angle by rotation of the gas beam, arid 

s e l e c t i v e l y  exciting a velocity component of the Na beam. 

Each method has its advantages. The rotation method has pro- 

duced better statistics partially because the signals are so 

much stronger. This is because essentially all of the Na 

atoms in the beam are excited, rather than just a fraction 



with a given velocity, Also, the input optics have been more 

carefully designed for the rotation method, so that the spa- 

tial stability of the laser bean is better than for the laser 

selection method. This is not of course a fundamental limita- 

tion of the latter method, but it probahly accounts for some 

of the increased scatter compared to the rotation data. The 

relative velocity accessible by +he two methods is dependent 

on the particular system involved. For Na-Ne the rotation 

method achieves higher vel~cities than the laser selection, 

but cannot go as low. With Na-Ar the laser selection velocity 

range extends both higher and iower than the rotztion range. 

The major difference is in velocity resolution where the 

lasex sePection rnethxl is far superior. In general the exper- 

imental results from the rotation method cannot be directly 

compared with theory, but nuat be compared with a fol'ing of 
- 

the theoretical enrve with the experimental resolution. This 

can be a distinct disadvantage in making deta.iled comparisons 

of theory and experiment. The Na oven could be run much hot- 

ter, producing a beam with a higher Mach number, but the velo- 

city would be higher and the Na density would be increased, 

raising the possibility of radiation trapping as well as all 

the practical. difficulties of high Na fluxes. A mechanical 

velocity selector would be the best solution, providing reso- 

lution as good or better than laser selection, especially at 

low velocities. The laser selected velocity resolution is 



limited by the upper state hyperfine structure at least and in 

some cases by the lower state hyperfine structure. The latter 

problem could be eliminated by magnetic state selection of the 

Na beam (for example, with a hexapole magnet), but the problem 

of upper state hyperfine structure remains as an important 

limitation. (Use of optical pumping to overcome this as sug- 

gested by Hertel -- et a1 ( H E R 7 5 )  will not produce satisfactory 

results because the laser intensity needed will produce too 

much power broadening.) For the present state of the data, 

however, the laser selection resolution is sufficient that 

direct con~parison of the experimental and theoretical cross 

sections are possible. 

We can also compare our method to that employed by Apt 

and Pritchard to measure the same processes. The method has 

been describsd by this author and Pritchard (PHI74). It 

icvolves selectively exciting those Na atoms in a gas cell 

which have a particu1a.r velocity along the laser beam. The 

Na atom, with one velocity component selected, collides with 

rase gas atoms also present in the cell. Good velocity reso- 

lution depends on high Na velocities and heavy rare gas atoms, 

so that the unselected velocities are relatively unimportant. 

Under the best conditions Apt and Pritchard obtain veiocity 

resolution somewhat better than that of our rotation method, 

but only at the highest velocities. Our laser selected velo- 

city resolution exceeds theirs at ail veiocities and we are 



not limited to heavy rare gases, Our range of velocities 

extends both higher and lower than theirs. The range and res- 

olution of their measurements has been insufficient to identify 

the velocity at which the cross section peaks for any system. 

An advantage of the Apt-Pritchard measurements is that 

larger gas densities are obtainable so signals are larger; 

the experiment is also simpler f-om a practical point of view. 

Tbe gas density can 5e measured directly, so absolute cross 

section measurements can be made, which yields an additional 

piece of information. 

V.3 Suggestions for Future Woxk 

As w e  have mentioned there are a number of possible im- 

provements to the techniques we have developed, such as better 

spatial statlility of the Paser heam, mechanical velocity selec- 

tion, magnetic state selection, and better alkali jetting. 

Also of value would be automated laser frequency control, 

allowing more rapid data acquisition which would improve sta- 

bility. Accessing frequencies between the discrete steps we 

have used would be useful. The improved statistics resolution, 

and velocity range resulting from these changes should allow a 

more detailed comparison with the theoretical predictions. 

Studies of the relation of the cross section and its velo- 

city dependence to the sublevel excited are of interest. The 

most information would be obtained by decoupling 3 and ? with 



a ma~netic field and se1ectivel.y exciting particular m 
j 

s t a t e s ,  observing the transfer fluorescence with appropriate 

polarizers. This wo~ld eliminate the ambiguity caused by the 

mixing of m levels by the hyperfine interaction. Further 
j 

studies of the changes in cross s e c t i o n  as a function of the 

angle between t h e  collision axis and quantization axis are in 

order. The theoretical problem be given attention as 

well, since in the absence of beams experiments it has been 

neglected. 

Extension of the present studiei to other rare gases i s  

an obvious imperitive, given the existence of theoretical pre- 

d i c t i o n s .  Studies of other alkalais are also of ictcrest s i n c e  

they can be calculated by the same niethods as applied to Na. 

These are experimentally more difficult because of smailer 

crass sections and difficulty of obtaining lasers at t h e  pro- 

per wavelength for excitation, Nevertheless, the mezsurements 

are important because of the different structure i.rltervals 

which enable more detailed study of a particular range of Xas- 

sey parameters. 

An especially e x c i t i n g  possibility for further study is 

determination of the differential scattering cross section for 

fine structure transitions. The infomatian obtained from 

such measurements can be related to the potential much more 

directly than information about the total cross section. It 

should be possible to infer the difference between the C and II 



potentials from differential scattering data. 

The central difficulty in differential scattering of this 

nature is that the atoms will decay to the ground state before 

they can be detected by conventional means such as surface 

ionization. We propose to circumvent the problem hy using a 

second laser to excite the scattered atoms to a higher level, 

observing light from transitions connected directly or indi- 

rectly to this higher level. The second excitation is both 

state selective and velocity selective, so we can choose to 

observe only atoms in a particular state with a particular 

velocity component. Sufficient numbers of measurements with 

different frequencies and orientstions of the second laser 

beam will yield the conplete distribution of scatte~ed atomic 

velocities, which is the differential cross section. 
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