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ABSTRACT 

Atomic s tandards such as those based upon cesium 
and hydrogen r e l y  upon magnetic s t a t e  s e l e c t i o n  
t o  obta in  population invers ion  i n  the  hyperf ine 
t r a n s i t i o n  l e v e l s .  
and improved magnetic ma te r i a l s  has made it  
poss ib le  t o  f a b r i c a t e  improved s t a t e  s e l e c t o r s  
of s m a l l  s i z e ,  and thus the  e f f i c i e n c y  of 
u t i l i z a t i o n  of beam f l u x  i s  g r e a t l y  improved and 
the  s i z e  and weight of the  s tandard i s  reduced. 
The s e n s i t i v i t y  t o  magnetic per turba t ions  i s  
a l s o  decreased, so t h a t  the  accuracy and s t a b i l i t y  
of t he  s tandard is improved. Several  new s ta te  
s e l e c t o r  designs a r e  i l l u s t r a t e d  and the  app l i ca t ion  
t o  s tandards u t i l i z i n g  d i f f e r e n t  atomic spec ies  
i s  analyzed. 

Use of new design approaches 

INTRODUCTION 

The geometry and p rope r t i e s  of the  magnetic s ta te  s e l e c t o r  a r e  c r u c i a l  
elements i n  achieving beam standards of optimum performance. However, 
the  o v e r a l l  design of t he  s tandard must be c a r e f u l l y  considered to  
obta in  the  b e s t  balance of performance, r e l i a b i l i t y ,  and longevi ty .  
This paper  gives  a b r i e f  review of the  f a c t o r s  which relate t o  the  
e f f i c i e n t  u t i l i z a t i o n  of beam f l u x  and the  opt imizat ion of the  atomic 
beam s ta te  s e l e c t i o n  process,  and a l s o  reviews some of the  consider- 
a t i o n s  which e n t e r  i n t o  t h e  choice of atom f o r  a s tandard.  The design 
of quadrupole and hexapole s t a t e  s e l e c t o r s  is  next  discussed,  and an 
idea l i zed  ana lys i s  of beam t r a j e c t o r i e s  i s  presented f o r  t he  d i f f e r e n t  
types.  F i n a l l y ,  s eve ra l  s m a l l ,  e f f i c i e n t ,  magnetic s t a t e  selectors 
are i l l u s t r a t e d .  

MAGNETIC STATE SELECTORS AND BEAM STANDARD ELEMENTS 

The e s s e n t i a l  f ea tu re s  of the  atomic beam standard1 which relate t o  
s t a t e  s e l e c t o r s  and atomic t r a j e c t o r i e s  a r e  i l l u s t r a t e d  i n  Figure 1. 
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For beam devices designed t o  use ve loc i ty  focussing t r a j e c t o r i e s  t o  
achieve maximum e f f i c i e n c y ,  the  quadrupole o r  the  hexapole s t a t e  
s e l e c t o r  may be used, depending upon the  physical  p rope r t i e s  of the  
p a r t i c u l a r  atom. Quadrupole state s e l e c t o r s  have a magnetic f i e l d  
which increases  l i n e a r l y  with rad ius  about the beam a x i s ,  while hexapole 
s t a t e  s e l e c t o r  f i e l d s  increase  with the  square of t he  r ad ius .  

The source f o r  m e t a l l i c  atoms i s  an oven, and f o r  gasseous molecular 
atoms an RF discharge d i s soc ia to r .  The atoms emerge from the  source 
through a co l l imat ing  e x i t  ho le  of l a rge  length  t o  rad ius  r a t i o  t o  
conserve f l u x  and then pass through the  state s e l e c t o r  wherein atoms i n  
c e r t a i n  magnetic quantum states are caused t o  converge towards the  a x i s ,  
while o the r s  a r e  de f l ec t ed .  Atoms i n  the  des i red  s ta te  pass  through an 
i n t e r a c t i o n  region t o  a de t ec to r  i n  t h e  case of magnetic resonance 
s tandards,  o r  t o  a s torage  region wi th in  an RF cav i ty  i n  the  case of 
maser s tandards.  

BEAM INTENSITY FACTORS 

The f l u x  u t i l i z a t i o n  e f f i c i e n c y  i s  the  product of s eve ra l  f a c t o r s ,  the  
most important of which a re :  

F1 (Veloci ty  Di s t r ibu t ion )  

F2 = (Source Dissociat ion Eff ic iency)  

F3 = (Source Collimation Factor)  

F4 = (Magnetic Hyperfine S t ruc ture  of the  Atom) 

F5 = ( S t a t e  Se lec tor  P rope r t i e s )  

F6 = (Target Distance and Aperture) 

F7 = (Detector  Ef f ic iency  o r  Maser Parameters) 

Figure 2 shows the  normalized d i s t r i b u t i o n  of i n t e n s i t i e s  i n  the  beam 
emerging from the  source as a funct ion of v e l o c i t y  and temperature. For 
an oven source a most important cons idera t ion  is  t h a t  the  d i s t r i b u t i o n  
i s  r e l a t i v e l y  broad, and a s t a t e  s e l e c t o r  system may s e l e c t  atoms 
having considerably higher  o r  lower v e l o c i t y  than the  most probable, i f  
des i red .  
p rac t i ce  t o  s e l e c t  v e l o c i t i e s  50% o r  more lower than the  peak of the  
d i s t r i b u t i o n  so  a s  t o  achieve the  h ighes t  l i n e  Q. 

For example, i n  the  case of cesium standards it i s  common 

Another important r e s u l t  of t he  broad d i s t r i b u t i o n  i s  t h a t  i t  is not  
e s s e n t i a l  t h a t  t he  atomic state o r  the  state s e l e c t o r  have exact  
focussing p rope r t i e s  t o  achieve maximum i n t e n s i t y ,  s ince  atoms i n  some 
ve loc i ty  range a t  a p a r t i c u l a r  source emergent angle  w i l l  be focussed 
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as long as  the  system i s  only approximately idea l i zed .  

The d i s t r i b u t i o n  of v e l o c i t i e s  from an RF d i s s o c i a t o r  source i s  much 
less i d e a l  than the oven source.  
f a c t o r s  such as RF power, source bulb s i z e  and material, and the  
degree t o  which thermal l iza t ion  occurs before  emerging. The most 
prominent f ea tu re s  of a discharge source are the  l a rge  population of 
h o t t e r  than ambient atoms, and less than pe r fec t  d i s s o c i a t i o n  
e f f i c i ency .  For a device such as the  hydrogen maser the  most 
important func t ions  of the  state s e l e c t o r  are t o  capture  the  l a r g e s t  
f r a c t i o n  of t he  atoms i n  the  r i g h t  s t a t e ,  and most important ly ,  t o  
de f l ec t  s t rong ly  the  wrong state atoms. 

The d i s t r i b u t i o n  varies with many 

Figure 3 shows the  e f f e c t  of t he  source co l l imator  i n  conserving 
atoms.2 This gives  the  i n t e n s i t y  i n  an increment of s o l i d  angle 
emerging from the  source co l l imator  a s  a func t ion  of t h e  emergent 
angle .  It i s  c l e a r  t h a t  a l a rge  improvement i n  f l u x  u t i l i z a t i o n  may be 
obtained with the  co l l imator ,  but  a peak i s  reached when t h e  rad ius  t o  
length r a t i o  of the  co l l imator  becomes comparable t o  the  s ta te  s e l e c t o r  
acceptance angle .  
t h a t  recombination may occur on the  col l imator ,wal l ,  and i n  p rac t i ce  
a / L  i s  usua l ly  no smaller  than .05. 

I n  the  case of discharge sources  one must be aware 

MAGNETIC HYPERFINE STRUCTURE AND FORCES ON THE ATOM 

Reference (1) may be r e f e r r e d  t o  f o r  most of the  t h e o r e t i c a l  b a s i s  f o r  
t h i s  paper and f o r  the  experimental  da ta  on hyperf ine frequencies and 
o ther  atomic and nuclear  da ta  as w e l l  as f o r  atomic and molecular beam 
e a r l y  h i s t o r y .  For the  purposes of t r a j e c t o r y  ana lys i s  s eve ra l  
approximations w i l l  be made which a r e  e n t i r e l y  v a l i d  wi th in  t h e  
accuracy required.  Thus the  nuc lear  magnetic moment i s  considered 
neg l ig ib l e  i n  magnitude i n  r e l a t i o n  t o  the  e l e c t r o n i c  moment, angles 
measured normal t o  the  beam a x i s  are very small so  t h a t  s ines  equal  
tangents  equal angles i n  rad ians ,  and the  magnitude of the  z a x i s  
ve loc i ty  i s  equal t o  the t o t a l  v e l o c i t y  magnitude. 

The s t a r t i n g  point  f o r  energy and force cons idera t ions  f o r  J = 1 / 2  
atoms, which a r e  almost i nva r i ab ly  the  ones of concern, i s  the  Breit- 
Rabi equat ion (Reference 1, pp 80.) The force on the  atom i n  the 
r a d i a l l y  symmetric f i e l d  magnitude and f i e l d  grad ien t  of the  s ta te  
s e l e c t o r  i s  the  f i r s t  de r iva t ive  of the energy with r e spec t  t o  the 
rad ius .  Figure 4 i s  a p l o t  of the  energy levels of an atom with 
nuc lear  moment I = 1 /2  as a funct ion of the  magnetic f i e l d .  
on atoms with I g r e a t e r  than  1 / 2  and m = 0 a r e  the  s a m e ,  while the  
forces  on l e v e l s  with maximum Iml are the  s a m e  as f o r  the  Iml = 1 
l e v e l s  shown. The m = 0 l e v e l s  a r e  usua l ly  the  ones of primary 
i n t e r e s t  f o r  focussing i n  atomic s tandards.  

The force  

For atomic beam magnetic resonance s tandards it i s  des i r ab le  t o  d i r e c t  
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atoms i n  a p a r t i c u l a r  s ta te  through an i n t e r a c t i o n  region t o  a 
r e l a t i v e l y  d i s t a n t  de t ec to r  t a r g e t .  For a s ta te  with a permanent mo- 
ment, o r  with HI considerably smaller than the  s ta te  s e l e c t o r  f i e l d s ,  
a hexapole magnet provides the  des i red  focussing f i e l d s .  However, i f  
H i s  much g rea t e r  than the s ta te  s e l e c t o r  f i e l d s ,  o r  i f  some ve loc i ty  
d ispers ion  i s  allowable i n  the  de tec ted  atoms, t h e  quadrupole s ta te  
s e l e c t o r  w i l l  usua l ly  provide a much more in t ense  de tec ted  beam. 

1 

For maser s tandards the  choice depends upon the  t a r g e t  d i s tance  and 
aper ture ,  bu t  f o r  the  compact geometry of recent  maser designs the  
quadrupole state s e l e c t o r  provides very s i g n i f i c a n t  advantages as w i l l  
be discussed la ter .  It i s  seen i n  f igu re  4 t h a t  t he  value of HI f o r  a 
p a r t i c u l a r  atom i s  important i n  consider ing the  dynamical behavior of 
the  atom wi th in  the  s t a t e  s e l e c t o r .  Typical quadrupole t i p  f i e l d s  a t  
s a t u r a t i o n  are 10 ki logauss  o r  g rea t e r ,  while hexapole t i p  f i e l d s  of 
7 k i l logauss  may be obtained.  

Chart I below gives  t h e  approximate value of  H, c a l cu la t ed  fo r  s eve ra l  
i n t e r e s t i n g  atoms as w e l l  as 
fo r  t h i s  cha r t  use da t a  from 

ATOM I 

H 1 112 

N a  23 3 / 2  

A 1  27 512 

Ga 69 312 

Rb 85 5 / 2  

Rb 87 312 

Ag 107 112 

Ag 109 112 

Cs 133 71'2 

Au 197 312 

T 1  203 1 / 2  

T1 205 112 

Vo GHz H 1  

1.42 

1.77 

1.51 

2.68 

3.04 

6.84 

1.71 

1.98 

9.19 

6 .11  

21 .1  

21 .3  

o the r  p e r t i n e n t  d i t a .  The ca l cu la t ions  
Reference 1. 

CHART I 

GAUSS Av/H -Hz/(Gauss) MULTIPLICITY 2 

5 10 2,750 4 

6 30 2,210 8 

1,610 

2,870 

1,080 

2,440 

6 10 

7 10 

3,280 

2,180 

22,600 

22,800 

290 

160 

1,290 

5 70 

2 , 290 

1,980 

430 

640 

20.6 

20.4 

12 

8 

12 

8 

4 

4 

16 

8 

4 

4 
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In  c a l c u l a t i n g  beam e f f i c i e n c i e s  i t  is important t o  note  t h a t  atoms 
with I g r e a t e r  than 1 / 2  s u f f e r  a s i g n i f i c a n t  l o s s  due t o  the  multi- 
p l i c i t y  of t h e  states. The number of ground s ta te  hyper f ine  l e v e l s  
fo r  each atom i s  l i s t e d  i n  the  las t  column. Mot only does the  multi- 
p l i c i t y  reduce the  percentage of atoms i n  the  s e l e c t e d  s ta te ,  but  
there  a r e  se r ious  problems with nearby ( A  m = 0 )  t r a n s i t i o n s  which 
force one t o  use r e l a t i v e l y  high "C Fields"  w i t h i n  the  i n t e r r a c t i o n  
region to  maintain sepa ra t ion  of the  seve ra l  resonances. For example, 
with cesium, one must use "C Fields"  of the  order  of  .04 Gauss o r  
g rea t e r ,  while with I = 1 / 2  atoms such as thal l ium, s i l v e r ,  o r  hydrogen, 
one may use f i e l d s  as low a s  100 microgauss o r  less i f  des i red ,  and 
there  is n e g l i g i b l e  inaccuracy due t o  lack of knowledge of the  f i e l d  
o r  due t o  d i s t o r t i o n s  from overlapping resonances.  

CURVED BORE STATE SELECTORS 

To make a s t a t e  s e l e c t o r  a s  s m a l l  as poss ib le  and t o  maximize the  
acceptance angle ,  t he  magnet bore r ad ius  should i d e a l l y  be as c lose  as 
poss ib le  t o  the  beam. 
and i n  add i t ion  t o  achieve a focussing f i e l d  f o r  c e r t a i n  of the  
magnetic quantum states. Figure 5 i l l u s t r a t e s  t he  geometry of t h i s  
design. The s t a t e  s e l e c t o r  may be e i t h e r  hexapolar o r  quadrupolar.  
It is assumed i n  the  ana lys i s  t h a t  atoms of the  l a r g e s t  rad ius  are 
near  t o  and have a v e l o c i t y  vec to r  tangent t o  the  bore rad ius .  The 
equations def in ing  the magnet curve are a l s o  given i n  Figure 5.  For 
an atom such as tha l l ium a s t rong  focussing a c t i o n  could be obtained 
f o r  the  (1,O) state ,  while the  m = I as w e l l  as the  de f l ec t ed  states 
would be very "unfoeussed." This i s  one example where a "pure" beam 
of ( 1 , O )  atoms could be obtained so  t h a t  a "point" de t ec to r  would not  
have a l a rge  noise  f l u x  of o the r  atomic states. 

It i s  poss ib le  t o  make such a s t a t e  s e l e c t o r ,  

I n  near ly  a l l  cases  of interest  it i s  no t  necessary ( o r  p r a c t i c a l )  t o  
use a curved bore s t a t e  s e l e c t o r  s ince  the  i d e a l  bore dimensions are 
so  s m a l l  and the  required curvature  so s l i g h t .  However, tapered bore 
state s e l e c t o r s  can be made which give r e s u l t s  nea r ly  as good, and 
they are more p r a c t i c a l  t o  f a b r i c a t e .  

TAPERED BORE AND UNIFORM BORE STATE SELECTORS 

Both hexapole and quadrupole s ta te  s e l e c t o r s  wi th  tapered bores  are 
more e f f i c i e n t  than uniform bore s t a t e  s e l e c t o r s  f o r  beam resonance 
devices .  For atoms such as hydrogen, sodium, o r  s i lver ,  with H1 very 
much less than the  magnet t i p  f i e l d ,  a hexapole magnet would be the  
l i k e l y  choice,  although f o r  s e l e c t i n g  very co ld  atoms from a h igher  
temperature ve loc i ty  d i s t r i b u t i o n  a r e l a t i v e l y  weak, l a rge  bore,  
quadrupole would be used. 

I n  m o s t  o the r  cases  a quadrupole state s e l e c t o r  w i l l  g ive t h e  b e s t  
r e s u l t s .  It should be emphasized t h a t  f o r  a l l  atoms emerging from 
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t he  source a t  a p a r t i c u l a r  angle  wi th in  the  maximum acceptance angle  
there  i s  always one ve loc i ty  f o r  which focussing occurs upon a given 
t a r g e t .  Thus i f  the  range of focussed v e l o c i t i e s  f a l l s  wi th in  the  
more probable p a r t  of t he  v e l o c i t y  d i s t r i b u t i o n ,  a very e f f i c i e n t  
s e l e c t i o n  of the des i r ed  s ta te  may be obtained. For most atoms a 
quadrupole s ta te  s e l e c t o r  may be configured t o  o b t a i n  t h e  b e s t  r e s u l t s ,  
even though H1 i s  only a f r a c t i o n  of the  magnet t i p  f i e l d .  

Figure 6 diagrams the  coordinates  and def ines  the  parameters which a r e  
used i n  subsequent equat ions f o r  both the  tapered bore and the  constant  
bore state s e l e c t o r s .  (For constant  bore a = 0) h2 i s  defined by the  
r a t i o  of maximum p o t e n t i a l  energy the  atom incurs  i n  t r ave r s ing  the  
f i e l d  from the  a x i s  t o  the  bore t i p  divided by the  thermal k i n e t i c  
energy. It should be noted t h a t  t he  thermal k i n e t i c  energy of the  
atom i n  the  beam, 1/2mv2, i s  equal  t o  3/2 KT, and i s  independant of the  
p a r t i c u l a r  atomic mass. 
s a tu ra t ed  and the  t i p  f i e l d  i s  cons tan t .  

It i s  assumed the  s ta te  s e l e c t o r  t i p  i r o n  i s  

Figure 7 gives the  t r a j e c t o r y  equat ions f o r  t he  quadrupole s t a t e  
s e l e c t o r  f o r  s t a t e s  which have a constant  magnetic moment o r  i n  which 
the  moment i s  e s s e n t i a l l y  constant  due t o  the  magnet f i e l d s  being 
genera l ly  g r e a t e r  than H1. 
cases noted the re in .  

Figure 8 gives t h e  r e s u l t s  f o r  o ther  

The equat ions given i n  the  f igu res ,  i f  used with judgement, provide a 
good b a s i s  f o r  approximating the  bes t  s t a t e  s e l e c t o r  type, as w e l l  as 
the  bore rad ius  and length ,  f o r  a p a r t i c u l a r  atom and de tec to r  t a r g e t  
aper ture  and d is tance .  

I f  des i red ,  the  equations of motion may be solved exac t ly  f o r  a l l  
cases .  Thus, i f  Ww i s  the  magnetic p o t e n t i a l  energy (der ived from the  
Breit-Rabi equat ion) ,  the  d i f f e r e n t i a l  equat ion t o  be solved i s :  

which so lves  immediately f o r  the  angle  8 = dr/dz:  

From here  r may be solved f o r  by elementary means f o r  e i t h e r  t he  
hexapole o r  quadrupole. 

The accuracy achieved by exact  computation usua l ly  f a r  exceeds the  
p r a c t i c a l  necess i ty  i n  view of the  unce r t a in t i e s  due t o  mechanical 
to le rances  of t he  s ta te  s e l e c t o r ,  alignment inaccurac ies ,  o r  the  
imperfection of the  magnetic f i e l d  pa t t e rn .  Several  papers on beam 
ca lcu la t ion  methods have been published, one of which i s  given i n  
Reference 3. 
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STATE SELECTORS FOR HYDROGEN MASERS 

The hydrogen maser and s imilar  devices present  a d i f f e r e n t  problem 
than beam resonance devices .  T rad i t iona l ly ,  masers used hexapole 
s t a t e  s e l e c t o r s  which w e r e  placed a r e l a t i v e l y  l a rge  d i s t ance  from the  
bulb, and w e r e  designed t o  focus atoms near  the  peak of  t he  modified 
Maxwellian ve loc i ty  d i s t r i b u t i o n .  This system is q u i t e  i n e f f i c i e n t  due 
t o  the  s m a l l  s o l i d  angle  the  bulb en t rance  subtends and the  loss of the  
atoms i n  the  higher  temperature p a r t  of the  real ve loc i ty  d i s t r i b u t i o n .  

A quadrupole with very small  bore diameter,  and length t o  rad ius  r a t i o  
much g r e a t e r  than t h a t  d i c t a t e d  by the  peak of normal v e l o c i t y  d i s t r i b -  
u t ion ,  w i l l  "capture" the  l a r g e s t  poss ib le  f l u x  of atoms from a source.  
Due t o  i t s  s m a l l  s i z e  and t h e  small  l e v e l  of s t r a y  f i e l d s  caused by the  
magnet, i t  may be placed wi th in  1 cm o r  less of the  maser s h i e l d s  
without i ncu r r ing  sh ie ld ing  problems. Thus the  s t a t e  s e l e c t o r  t o  bulb 
d is tance  can be minimized. Typical s t a t e  s e l e c t o r  en t rance  maximum 
capture  angles  a r e  .04 rad ians  o r  l e s s  (much less f o r  higher  ve loc i ty  
atoms) thus i f  the  bulb d i s t ance  i s  2 inches,  a bulb entrance diameter 
of .16 inches w i l l  "capture" e s s e n t i a l l y  a l l  of the  atoms "captured" 
i n  the  s t a t e  s e l e c t o r .  Most importantly though, an atom which i s  i n  a 
s t a t e  t o  be de f l ec t ed  and which s t a r t 5  out  with a zero entrance angle 
w i l l  have a r e l a t i v e l y  la rge  e x i t  angle.  Calculat ions fo r  the  small  
magnet i n d i c a t e  t h a t  e s s e n t i a l l y  a l l  of t he  "wrong s t a t e "  atoms w i l l  
no t  e n t e r  the  bulb i n  the  above example. 

Due t o  the  high s t a t e  s e l e c t i o n  e f f i c i e n c y  of the  s m a l l  quadrupole i n  a 
compact maser design, the  source e x i t  co l l imator  diameter may be very 
small ,  and the  i d e a l i z a t i o n  assumed i n  the  ca l cu la t ions  t h a t  t he  atom 
e n t e r s  the  s t a t e  s e l e c t o r  from a poin t  source i s  c lose ly  r ea l i zed .  
Hydrogen atom f l u x  e f f i c i e n c i e s  1,000 times b e t t e r  than obtained with 
e a r l y  hydrogen masers are thus poss ib le  with recent  maser designs .435 

STATE SELECTOR DESIGNS 

Figure 9 is a p i c t u r e  showing 3 s t a t e  s e l e c t o r s  r ecen t ly  made a t  Sigma 
Tau Standards Corporation which are examples of the  s t a t e  of the  ar t  a t  
t h i s  wr i t i ng .  On the  l e f t  i s  a tapered bore quadrupole w i t h  a bore 
entrance diameter of .30 mm, e x i t  diameter 1.4 mm, length 38 mm, and 
a = .0145. 

On the  r i g h t  i n  Figure 9 i s  a tapered bore hexapole with entrance 
diameter .90 mm, e x i t  diameter 1.70 mm, length 38 mm and a = .011. 

I n  the  cen te r  i n  Figure 9 i s  a very s m a l l  tapered bore quadrupole with 
entrance diameter .46 mm, e x i t  diameter .97 mm, length 25.4 mm and 
a .010. This s ta te  s e l e c t o r  has  been designed f o r  a high f l u x  
compact hydrogen maser. 
t h i s  small s t a t e  s e l e c t o r  and s t i l l  maintain magnetic s a t u r a t i o n  i s  

The maximum diameters t h a t  may be used with 
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about 1.2 mm and the minimum, dictated by present mechanical toler- 
ances, is about .25 mm. Within this range and with a length of 25.4 mm 
(1 inch) it may easily be configured to the requirements of atomic beam 
resonance standards using many of the different atoms described in 
this paper. The particular dimensions of the small state selector 
shown in Figure 9 are ideal for compact hydrogen masers with state 
selector to bulb distances of 2 inches to 8 inches or over, depending 
upon bulb aperture. 

CONCLUSION 

This paper illustrates that with new state selector designs and new 
and improved atomic beam standard configurations it is possible to 
achieve much more efficient use of source flux and to focus very 
large intensities of a variety of atoms. It is thus very possible to 
improve the efficiency, stability, and accuracy of existing standards 
or to design new standards based upon atoms which have fundamental 
properties which may be superior to those of standards presently in use. 
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Figure ‘1. Magnetic State Selectors And Beam Standard Schematic, 
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Figure 2. Intensity Distribution Of Atoms In A Beam Emerging From An 
Oven Or Discharge Source. 
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Figure 3 .  Intensity Of Beam In An Increment Of Solid Angle Emerging 
From A Source Collimator Versus The Emergent Angle. 
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Figure 4 .  Magnetic Hyperfine Energy Levels Of An Atam With J = 1 / 2  And 
I = 1/2 Versus Magnetic F i e l d .  
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Figure 5. Curved Bore S t a t e  Se lec tor  Diagram And Curvature Analysis.  
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Figure 6. Diagram Of Coordinates And Parameters For Analysis Of Atom 
Trajectories Within State Selectors. 
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ATOH PATH IN QUADRUPOLE STATE SELECTOR 

Figure 7 .  Equations O f  Motion Within State Selector For Cases Where 
The Magnetic Moment Is Constant, Or Nearly So. 
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ATOM PATH IN QUADRUPOLE STATE SELECTOR 

FOR F ( W )  STATES. L=O,  R=R,-toct 
FOR FO, o/aO) STATES (H<H,) OR HEXAPOLE 

Figure 8. Equations O f  Motion Within Quadrupole S t a t e  Se lec tor  
For (m = 0) Cases Where H Is L e s s  Than H1 O r  Within 
Hexapole I n  Cases Where The Magnetic Moment Is Constant, 
O r  Nearly So. 
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Figure 9.  Quadrupole And Hexapole S t a t e  Se lec tors  Produced A t  
Sigma Tau Standards Corporation. 
The S m a l l  Quadrupole In  The Center H a s  A Tapered Bore With 
Entrance D i a m e t e r  of .46 nun, Ex i t  D i a m e t e r  .97 mm, And 
Is 25.4  nun Long. The Poles A r e  Saturated And Have T i p  
F i e lds  O f  Approximately 10 Kilogauss I n  The Quadrupole 
Units,  And 7 Kilogauss I n  The Hexapole. 

For Dimensional Reference 
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