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ABSTRACT 

Apparatus has been constructed to measure the g-factor 

of free electrons by means of a "transverse Stern-Gerlach 

experiment". The g-factor has not yet been measured, but 

preliminary experiments have been performed. 

Some of the t h e o r e t i c a l aspects of the experiment are 

discussed, and an order of magnitude for the e f f e c t 

calculated. 
Construction and operation of the apparatus i s 

described, and suggestions for improvements given. 

Suggestions for a future experiment are given. 
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CHAPTER I 

INTRODUCTION 

The problem of measuring the g - f a c t o r of the f r e e e l e c t r o n 

has been i n v e s t i g a t e d by a number of people, p a r t i c u l a r l y i n 

the l a s t f i f t e e n years. P r e v i o u s t o t h i s the D i r a c theory 

v a l u e f o r the g - f a c t o r seemed t o f i t a l l experimental evidence. 

In a d d i t i o n B o h r 1 had proven t h a t a magnetometer experiment 

w i t h f r e e e l e c t r o n s was i m p o s s i b l e , and t h a t a c o n v e n t i o n a l 

S t e r n - G e r l a c h experiment on f r e e e l e c t r o n s c o u l d not be done. 

A f t e r the Second World War the a v a i l a b i l i t y of microwave 

equipment made p o s s i b l e experiments showing t h a t the g - f a c t o r 

d i f f e r e d from 2 by a s m a l l but s i g n i f i c a n t amount, and r e f i n e 

ments i n mathematical technique allowed the c a l c u l a t i o n of 

the f i r s t two r a d i a t i v e c o r r e c t i o n terms t h a t account f o r 

t h i s d i f f e r e n c e . 

Most of the e x p e r i m e n t a l work t h a t has been done s i n c e 

then has been w i t h bound e l e c t r o n s , and the f r e e e l e c t r o n g-

f a c t o r o b t a i n e d by f a i r l y l a b o r i o u s c a l c u l a t i o n . Thus, 

w h i l e the r e s u l t s have been i n good agreement w i t h the theory, 

i t wotild be d e s i r a b l e t o conduct an experiment w i t h f r e e 

e l e c t r o n s . 

The l a r g e e/m r a t i o of the e l e c t r o n , however, makes such 

an experiment t e c h n i c a l l y d i f f i c u l t , and o n l y f o u r experiments, 
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i n c l u d i n g the present one, have been attempted w i t h f r e e 

e l e c t r o n s . Of these, o n l y one has been s u c c e s s f u l t o date. 

B l o c h suggested u s i n g a magnetic f i e l d g r a d i e n t and a 

v ery s m a l l e l e c t r i c f i e l d g r a d i e n t t o t r a p e l e c t r o n s t h a t 

were i n the lowest energy s t a t e (n=0, s=-§). T r a n s i t i o n s 

would then be induced at e i t h e r the c y c l o t r o n frequency or at 

the s p i n resonance frequency, r a i s i n g the e l e c t r o n s t o a 

higher energy s t a t e . The e x i s t e n c e of the resonance would be 

monitored by the e l e c t r o n s l e a v i n g the t r a p p i n g r e g i o n . 

P r e l i m i n a r y experiments showed, however, t h a t the s m a l l 

p o t e n t i a l needed was too d i f f i c u l t t o c o n t r o l . 

Dehmelt i s attempting t o measure the resonance frequency 

of the f r e e e l e c t r o n i n a mixture of argon and i o n i z e d sodium 

gases. The e f f e c t of the resonance w i l l be a change i n the 

r a t e of exchange c o l l i s i o n s between the e l e c t r o n s and the 

o r i e n t e d sodium atoms due t o the resonant d e p o l a r i z a t i o n of 

the e l e c t r o n s p i n s . The sodium atoms are o r i e n t e d by 

o p t i c a l pumping, and the change i n exchange c o l l i s i o n r a t e 

d e t e c t e d as a change i n the o p t i c a l d e n s i t y of the sodium 

vapor at the pumping frequency. The above e f f e c t has a l r e a d y 

been observed*'. O b v i o u s l y t h i s experiment i s not done i n a 

vacuum, so t h a t an e x p e r i m e n t a l q u e s t i o n remains as yet 

unanswered: Is i t p o s s i b l e to e x t r a p o l a t e the r e s u l t s to 

z e r o d e n s i t y t o o b t a i n a v a l u e f o r the magnetic moment of the 

f r e e e l e c t r o n ? 

The one s u c c e s s f u l experiment has been the work by 
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Crane et a l > > at the U n i v e r s i t y of Michigan. They used 

r e l a t i v i s t i c e l e c t r o n s p o l a r i z e d by s c a t t e r i n g . They then 

measured the p o l a r i z a t i o n of the e l e c t r o n s a f t e r a known number 

of r e v o l u t i o n s i n a uniform magnetic f i e l d . P r e l i m i n a r y work 
4 

i n 1954 showed the f e a s i b i l i t y of the i d e a , and a p a p e r 0 i n 

1961 r e p o r t e d agreement w i t h the f i r s t c o r r e c t i o n term. A 

r e c e n t paper® has r e p o r t e d r e f i n e m e n t s which have enabled them 

to show experimental agreement w i t h the second c o r r e c t i o n term. 

The work i n progress here i s an attempt t o measure the 

resonant frequency of the f r e e e l e c t r o n i n a known f i e l d . The 

d i f f i c u l t y i n doing t h i s i s t h a t p o s s i b l e e l e c t r o n d e n s i t i e s 

p r e c l u d e normal resonance a b s o r b t i o n techniques. I t was 

suggested by Bloom and Erdman , however, t h a t t h i s d i f f i c u l t y 

might be overcome by i n d u c i n g t r a n s i t i o n s u s i n g the i n t e r 

a c t i o n between the e l e c t r o n magnetic moment and an 

inhomogeneous o s c i l l a t o r y magnetic f i e l d (the " t r a n s v e r s e 

S t e r n - G e r l a c h experiment"). T h i s i n t e r a c t i o n would produce 

t r a n s i t i o n s i n v o l v i n g changes i n both the c y c l o t r o n and s p i n 

quantum numbers. The resonance would then be d e t e c t a b l e as 

a resonant change i n the dimensions of a beam of e l e c t r o n s . 

A b r i e f d e s c r i p t i o n of some of the t h e o r e t i c a l aspects of the 

t r a n s v e r s e S t e r n - G e r l a c h experiment i s g i v e n i n Chapter 2. 

A s u c c e s s f u l t r a n s v e r s e S t e r n - G e r l a c h experiment has not 

yet been performed, but an apparatus has been designed and 

c o n s t r u c t e d f o r t h i s purpose. Chapter 3 g i v e s some of the 

c o n s i d e r a t i o n s l e a d i n g t o the present d e s i g n and g i v e s a 
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complete description of the apparatus as i t exists now. 
Chapter 4 gives suggestions which may be helpful in 

future work on this type of experiment. 



CHAPTER II 

THEORY 

The energy l e v e l diagram f o r an e l e c t r o n i n a u n i f o r m 

magnetic f i e l d B i s shown i n F i g u r e 1. The energy l e v e l s are 

g i v e n i n terms of a c y c l o t r o n quantum number n and s p i n 

quantum number m. 

Enm=(h+yx)1hujc-i- mfciuL+t:0 CD 

eB 
where (/j = —— ( i n Gaussian u n i t s ) i s the c y c l o t r o n 

c mc 
frequency 

sreB 
(jj i = —— i s the Larmor frequency and g = 2(1 + a) 2mc 

i s the g - f a c t o r of the f r e e e l e c t r o n . 

E Q i s t h a t p a r t of the energy independent of n and 

m, namely the k i n e t i c energy a s s o c i a t e d 

w i t h motion p a r a l l e l to the f i e l d . 

The e i g e n f u n c t i o n s are products of s p a t i a l wave f u n c t i o n s 

(Landau wave functions®) and s p i n f u n c t i o n s . These s p i n 

f u n c t i o n s are e i g e n f u n c t i o n s of S z, the component of e l e c t r o n 

s p i n along B, where "B" i s assumed t o be o r i e n t e d i n the 

z - d i r e c t i o n . 

One can now d e f i n e t h r e e types of resonances, two of 

them w e l l known, and the t h i r d c orresponding to the t r a n s v e r s e 

S t e r n - G e r l a c h experiment. 
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F i g . 1. Energy L e v e l s of E l e c t r o n i n Magnetic F i e l d 
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One resonance i s produced by an o s c i l l a t o r y u n iform 

e l e c t r i c f i e l d E xcosGt>t. For t h i s the p e r t u r b a t i o n 

H a m i l t o n i a n i s 

e x f x COSOjt (2) 

Since the Landau wave f u n c t i o n s are s i m i l a r t o those f o r a 

l i n e a r harmonic o s c i l l a t o r * , t h e r e are non-vanishing matrix 

elements o n l y f o r t r a n s i t i o n s where A n = 1 1, A m = 0. 

These t r a n s i t i o n s correspond t o the c y c l o t r o n resonance at 

UJ = U)G. 

The second resonance i s produced by an o s c i l l a t o r y 

u n i f o r m magnetic f i e l d KL^cost^t, f o r which the p e r t u r b a t i o n 

H a m i l t o n i a n i s 

Jf'*/**/-/* COS U>t <3> 

T h i s i s independent of the space c o o r d i n a t e s and thus a f f e c t s 

o n l y the s p i n dependent p a r t of the wave f u n c t i o n . Thus the 

on l y non-vanishing matrix elements i n v o l v e t r a n s i t i o n s where 

m = ± 1 , 'Zin = 0. These t r a n s i t i o n s correspond to the 

* A c t u a l l y there are two quantum numbers, n and k, r e q u i r e d 
to s p e c i f y the Landau wave functions®. The energy depends 
o n l y on n, but f o r each n, upon which, c r u d e l y speaking, 
the c y c l o t r o n r a d i u s depends, t h e r e may be very many 
p o s s i b l e v a l u e s of k upon which, again c r u d e l y speaking, 
the p o s i t i o n of the ce n t e r of the c y c l o t r o n o r b i t depends. 
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e l e c t r o n s p i n resonance at = 6 J L * 

The t h i r d type of resonance i s the one t h a t t h i s 

experiment i s t r y i n g t o use. I t i s produced by an o s c i l l a 

t o r y non-uniform magnetic f i e l d of the form 

H(f)-[Hf°) + ( F ' V ) H , + (higher order terms)/ cosk/t (4) 

and the p e r t u r b a t i o n H a m i l t o n i a n i s 

(5) 

Since the p e r t u r b a t i o n i s l i n e a r i n JI, one can o n l y 

o b t a i n changes i n the m quantum number of - 1. Depending on 

the non-vanishing terms i n the expansion of HCF), one can 

get any i n t e g r a l change i n the n quantum number, i . e . the 

t r a n s v e r s e S t e r n - G e r l a c h experiment corresponds to resonances 

at C0h t p 6 t > c , where p = 0, ± 1, ± 2 . . For a f i e l d of 

100 gauss the resonant f r e q u e n c i e s would be: = 280.03 Mc., 

and = 279.71 Mc. 
2TT 

I t had been o r i g i n a l l y planned t o induce t r a n s i t i o n s at 

LUj^ -(jjc, as i n t h i s case the resonance would be a measure of 

the amount t h a t g d i f f e r s from 2 ( 6 ^ L - (jj c = 320 kc. i n a 
9 

f i e l d of 100 gauss). However, c a l c u l a t i o n s by Bloom , and 

by R a s t a l l 1 0 have shown t h a t t o f i r s t order p e r t u r b a t i o n 

theory there i s z e r o t r a n s i t i o n p r o b a b i l i t y f o r a p e r t u r b i n g 

f i e l d of experimental i n t e r e s t . Consequently the experiment 
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should be attempted at OJ-^, CJ^ + CJC, e t c . The accuracy 

t o which such a frequency must be known must be much higher 

than f o r UJ^ - CUC t o achieve the same accuracy f o r the 

g - f a c t o r , but t h i s can be l a r g e l y overcome by simultaneous 

measurements of 6 c / L and CtJc, and by measuring the beat 

frequency U-^ - 0JC. 

C a l c u l a t i o n of the behavior of a beam of e l e c t r o n s 

t r a v e l l i n g i n a uniform magnetic f i e l d and s u b j e c t e d t o an 

a l t e r n a t i n g f i e l d g r a d i e n t appears very d i f f i c u l t . Attempts 

t o c a l c u l a t e the quantum mechanical behavior of such a beam 

seems extremely complex when the beam r a d i u s i s l a r g e 

compared w i t h the r a d i u s of the lowest c y c l o t r o n o r b i t . I t 

i s p l a u s i b l e , however, t h a t such a beam should behave 

c l a s s i c a l l y , and the f o l l o w i n g d i s c u s s i o n i s c o n f i n e d t o 

c l a s s i c a l e l e c t r o n s . 

The n o n - r e l a t i v i s t i c equations of motion f o r a p a r t i c l e 

of charge e, mass m and magnetic moment j l i n a magnetic f i e l d 

5 Q + 5 1 ( r , t ) , where B"Q and B^Cr ,t) are time-independent 

u n i f o r m and time-dependent inhomogeneous magnetic f i e l d s 

r e s p e c t i v e l y , are 

m r - e_Fxf£0 +B,) +(/r- V)Bt (6) 

2.mc ' 
( 7 ) 
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In g e n e r a l [B^ | « " B Q| . A s o l u t i o n can be g i v e n i f B"-̂  i s 

ne g l e c t e d i n ( 7 ) and i n the Lor e n t z f o r c e term i n (6). The 

o n l y j u s t i f i c a t i o n t h a t can be g i v e n f o r t h i s approximation 

i s t h a t although the term 1̂ x B l c I ICtL'VTBJ, the l a t t e r 

term w i l l produce resonance e f f e c t s over a narrow frequency 

i n t e r v a l w h i l e the f i r s t term, although l a r g e r , w i l l produce 

s l o w l y v a r y i n g e f f e c t s as the frequency i s changed i n the 

v i c i n i t y of the resonance. The assumption t h a t the nature 

of the resonance i s not a f f e c t e d a p p r e c i a b l y by the n e g l e c t e d 

term i s made on i n t u i t i v e grounds and not r i g o r o u s l y j u s t i f i e d . 

I t i s p o t e n t i a l l y the weakest p a r t of the present arguments. 

With these approximations the s o l u t i o n s t o ( 7 ) are 

yUZ (t) =yU? (O) -yU COS <9 

y u x ( t ) = sm 9COS(CJl t + 4>) 

JUy(t)=yOL SID 9 S1D (UJLt + fi) (8) 

where 9 , 0 are the i n i t i a l p o l a r and azimuthal angles of pT 

r e s p e c t i v e l y , and B" 0 = BQTC, C J L = G E B ° . 

2mc 
E q u a t i o n (8) can now be s u b s t i t u t e d i n t o the m o d i f i e d 

form of (6) 

r FxBo + (/L(t)-V)B,(nt) O) 
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The f i r s t term i n ( 9 ) alone w i l l produce c y c l o t r o n motion, 

i . e . motion i n a c i r c l e w i t h uniform c i r c u l a r v e l o c i t y 

The second term w i l l produce s m a l l and unobservable 

e f f e c t s except, i t i s hoped, near the " t r a n s v e r s e S t e r n -

G e r l a c h " resonances. 

I t i s convenient at t h i s p o i n t t o work out these equations 

f o r two s p e c i a l cases. Case A i s a two-dimensional quadrupole 

f i e l d , and Case B i s a two-dimensional o c t u p o l e f i e l d , w i t h 

s i n u s o i d a l time dependence i n each case. 

Case A: 

A c o n f i g u r a t i o n of c u r r e n t elements producing such a 

f i e l d near the o r i g i n i s shown i n F i g u r e 2. 

The second term i n the R.H.S. of ( 9 ) becomes 

UJC -
e B Q 

mc 

(10) 

( i i ) 

where 

(12) 

-yu G,s/n0s/n(wt + <l>)cosutt (13) 
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F i g . 2. Quadrupole Current Configuration 
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F i g . 3. Octupole Current Configuration 
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C l e a r l y , the average v a l u e of these i s non-zero o n l y when 

id =» UJj^. I f 0 i s z e r o the average v a l u e of the f o r c e i s 

u.G]Sin6 i n the x d i r e c t i o n . S o l u t i o n of the equations g i v e , 

at resonance, the c y c l o t r o n motion unchanged i n a c o o r d i n a t e 

system moving with a u n i f o r m v e l o c i t y 

T h e r e f o r e , t h i s resonance corresponds t o a displacement of 

the c y c l o t r o n o r b i t s but not i n a change of r a d i u s . Quantum 

me c h a n i c a l l y , t h i s would correspond t o a change i n the k 

quantum number but not i n n. 

Case B: 

T h i s can be produced by the c u r r e n t c o n f i g u r a t i o n shown i n 

F i g u r e 3. T h i s ease g i v e s the S t e r n - G e r l a c h f o r c e i n a 

s i m i l a r manner t o the above, but the f o r c e s depend on x and y. 

I f to a z e r o t h order approximation the p a r t i c l e s are 

assumed t o move i n c y c l o t r o n o r b i t s g i v e n by 

(14) 

fi/p, t) = GxcosCu>t[(x2-y.x)I-2xYj] (15) 

X - Xo + rc OS CJC t (16) 

(17) 
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the S t e r n - G e r l a c h f o r c e i s g i v e n by ( f o r 0 = 0 ) 

Fx -/c stnBG, 

x0[co$ +u>)t i-COS (iOL -w)t] 

(18) 

Fy =yU sin&G, 

tyo [cos(u,L+us)t-h cos (o>L - o/)i J 

+ 7C*[Str)(LoL + u/)t-t-Sw (0u±-u>)tJ (19) 

From t h i s i t can be seen that t h e r e w i l l be a non-zero average 

va l u e f o r the f o r c e o n l y f o r ^ = ^ L , and (*J = (6V L +id ). 

For the quadrupole f i e l d an order of magnitude f o r the 

change i n r a d i u s of the beam i s ^G\T* , where T i s the time 
m L 

the e l e c t r o n s spend i n the quadrupole f i e l d . T h i s value i s 
7 

i n agreement w i t h t h a t d e r i v e d by Bloom u s i n g energy 

c o n s i d e r a t i o n s . For a f i e l d of 100 gauss, = 10 sec. 

and G = 10 gauss/cm.; the approximate change i n r a d i u s i s 

10*"7 cm. 
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CHAPTER I I I 

APPARATUS 

The s m a l l c y c l o t r o n r a d i u s of the e l e c t r o n s c o n s i d e r e d 

f o r t h i s experiment (10 cm.) enabled the c o n s t r u c t i o n of 

a s o l e n o i d of l a r g e L/D w h i l e s t i l l b e i n g p h y s i c a l l y 

manageable. The diameter and l e n g t h chosen were 2 inches 

and 1 meter r e s p e c t i v e l y , g i v i n g an L/D of 20. T h e o r e t i c a l l y 

t h i s g i v e s a homogeneity of 1 p a r t i n a thousand over the 

40 cm. center s e c t i o n chosen as the r e g i o n where the 

inhomogeneous p e r t u r b i n g f i e l d would be s e t up. The c h o i c e 

of a s m a l l diameter t e s t r e g i o n n e c e s s i t a t e d t h a t the 

apparatus producing the inhomogeneous f i e l d be s l i m , and 

w i t h long l e a d s . A l s o the e l e c t r o n source and the e l e c t r o n 

d e t e c t o r , which must be b i g g e r than the s o l e n o i d diameter, 

had t o be p l a c e d o u t s i d e the s o l e n o i d . These c o n s i d e r a t i o n s 

s e t the b a s i c shape of the apparatus. 

I t was decided t o use a quadrupole p e r t u r b i n g f i e l d 

produced by f o u r w i res arranged as i n F i g u r e 2, and 40 cm. 

i n l e n g t h . 

A l l equipment i n the source and d e t e c t i o n chambers was 

designed to mount on the end p l a t e s f o r ease of c o n s t r u c t i o n . 

As the end chambers are n e c e s s a r i l y mounted o u t s i d e the 

s o l e n o i d , they are i n a weak f i e l d ( e s s e n t i a l l y the e a r t h ' s 
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f i e l d ) . For t h i s reason the apparatus was mounted p a r a l l e l 

t o the e a r t h ' s f i e l d , and a l l p o s s i b l e magnetic m a t e r i a l was 

excluded from t h i s r e g i o n of the apparatus. The e l e c t r o n i c s , 

w i t h s t e e l c h a s s i s and tr a n s f o r m e r s , are kept at the other 

end of the aluminum equipment frame. The onl y e x c e p t i o n s t o 

t h i s are the micrometer screws used to a d j u s t the source and 

c o l l e c t o r . 

Having the e l e c t r o n source and d e t e c t o r o u t s i d e the 

s o l e n o i d , although d i c t a t e d by d e s i g n , has proven very u s e f u l 

as i t produces an a m p l i f i c a t i o n i n the s i z e of the beam and 

any changes i n i t . The beam i s approximately 100 times 

s m a l l e r i n a 100 gauss f i e l d than i n the e a r t h ' s f i e l d . 

Thus a beam .5 cm. i n diameter s h r i n k s t o 50 microns i n the 

t e s t r e g i o n , and then expands t o .5 cm. again i n the d e t e c t i o n 

chamber. F i g u r e 4 shows how changes i n r a d i u s of t h i s 

expanded beam are t o be d e t e c t e d w i t h a k n i f e edge c u t t i n g 

o f f p a r t of the beam. 

For the f i g u r e s g i v e n at the end of the l a s t chapter 
- 7 

which p r e d i c t a change i n e l e c t r o n c y c l o t r o n r a d i u s of 10 cm., 

the f r a c t i o n a l change i n r a d i u s i n the t e s t r e g i o n i s of the 
10" 7 l 

order ^ . j n the f o l l o w i n g chapter some 
5 x 10~ 3 50,000 

sugge s t i o n s f o r improvement of the present apparatus w i l l be 

made, i n c l u d i n g a method f o r i n c r e a s i n g the time spent i n the 

t e s t r e g i o n , which would improve t h i s r a t i o . The f r a c t i o n a l 

change i n r a d i u s c o u l d a l s o be improved by u s i n g a s m a l l e r 

beam diameter. 
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It was decided that i t would be easier to do an A.C. 

experiment, rather than a D.C. one because the experiment 

consists b a s i c a l l y of detecting small changes i n a current. 

Also, the techniques used, such as phase s e n s i t i v e detection, 

narrow banding, and high gain amplifiers are well developed 

and r e l a t i v e l y easy to handle. The f i e l d gradient would be 

applied with the quadrupole lens at the cyclotron, or Larmor, 

frequency of the electrons, and F.M. modulated at some 

convenient audio frequency. (Alternatively, the longitudinal 

magnetic f i e l d could be modulated.) This should produce some 

change i n current c o l l e c t e d i n the anode. The A.C. component 

of t h i s current i s fed to an amplifier, and then treated by 

standard techniques. The general shape of the apparatus i s 

indicated i n Figures 5, 7, and 8. 

The vacuum chamber and system i s outlined i n Figure 6. 

As noted, the vacuum chamber i s i n two pieces, joined by two 

O-ring seals. This i s to make i t possible to separate the 

vacuum system from the solenoid that f i t s over the central 

pipe. The outside vacuum l i n e i s needed because the 

quadrupole lens f i l l s most of the central pipe, and i t would 

be d i f f i c u l t to achieve a good vacuum i n one of the chambers 

without i t . The water l i n e supplying cooling f o r the 

d i f f u s i o n pump, solenoid, and t r a n s i s t o r s i s controlled by 

a solenoid valve and monitored by a pressure switch. In case 

of a f a i l u r e of the water supply or bursting of a hose, the 

water and power supplies for the apparatus are shut off. 



Vacuum Chamber 

Detect/on Chamber 

CooJ/ng Water 

E~/ecfroh Source, 
^\ Cham6er 

So/e/ioid Wound On Water Coo/ed Jacket'-^ 

fl i i i i l i l i i I i I l i / i l i I i 

^, So/er>o/c/ ^ 
ry~~\ Position Adjustments | ~ T J ~ 1 

to 
i 

Atoff^tnu/n Chenne/ Frame ^ 

F i g . 5. General View of Apparatus 



Pump 

Nitrogen 
Trap 

St O/DCOCA 

Fore 
Pump 

Q-ring\ 

Meopreoe 
Se//o vss-^ f 0 - r/A? 

I M 
Sliding Rod I 
Double O-rifig f-

Seol 

Philips 
Gauge 

Pyrex Pipe. Pi fling 
Fiat tfeoprene Was/ier 

Be/lows 

Brass - Silver Soldered Joints 

^Kei-F 
r o-•rtng 

Hr tfeoprene O-ring^ 

z 
^ - S l i d i n g Rods 

D Dou6/e O-rir/g 
Sea/s 

F i g . 6. Vacuum System 



- 2 1 -

Fig. 7. General View of Equipment Rack 



-22-

To a v o i d e x c e s s i v e l y long pumping times, i t i s necessary 

to bake out the system whenever any new equipment i s p l a c e d 

i n t o the vacuum chamber. In a l l cases, baking decreases the 

pumping time. The two end chambers were heated by two 

i n d u s t r i a l heat lamps and aluminum r e f l e c t o r s . However, the 

l i m i t e d space between the c e n t r a l tube and the s o l e n o i d 

p r e c l u d e d the use of a r e s i s t a n c e w i r e c o i l f o r h e a t i n g . 

Consequently a s u r p l u s 2 K.V.A. p o l e transformer was rewound 

t o produce 1400 amps at 1.2 v o l t s w i t h 130 v o l t s , 20 amps 

i n p u t . T h i s was used t o r e s i s t a n c e heat the c e n t r a l tube, 

u s i n g the aluminum channel frame f o r a r e t u r n l i n e . With 

70 v o l t s on the primary from a V a r i a c , the tube maintains a 

temperature of 170°C. T h i s i s as h i g h as can be s a f e l y used, 

as the m e l t i n g p o i n t o f the s o l d e r used on some p a r t s of the 

quadrupole l e n s i s about 180°C. The heat lamps m a i n t a i n the 

end caps at about 125°C. The temperature i s monitored at 

f i v e p o i n t s on the apparatus by copper-constantan thermo

couples. 

When new equipment i s to be outgassed i t takes about 
—5 

4-5 days of baking t o ac h i e v e a vacuum of 10 mm.Hg. A f t e r 

the o r i g i n a l baking, 24 hours u s u a l l y s u f f i c e s . 

A l l s u r f a c e s i n the vacuum chamber w i t h the e x c e p t i o n 

of the a c c e l e r a t i n g anode, the c o l l e c t i n g anode, and the 

quadrupole wires are coated w i t h 'dag* d i s p e r s i o n No. 154, 

manufactured by the Acheson C o l l o i d Co. , a d i s p e r s i o n of 

g r a p h i t e i n a l c o h o l s . T h i s m a t e r i a l has been found t o be 



-23-

very e f f e c t i v e i n r e d u c i n g s u r f a c e charge e f f e c t s i n i o n beam 

apparatus. As w e l l as b e i n g coated, a l l movable p a r t s i n 

the chamber are connected t o ground w i t h coated w i r e s t o 

reduce the p o s s i b i l i t y of charges b u i l d i n g up. 

The beam i s produced by a tungsten h a i r p i n f i l a m e n t , 

.003 inches i n diameter, heated by D.C, and which can be made 

nega t i v e w i t h r e s p e c t t o ground. To reduce space charge 

e f f e c t s near the f i l a m e n t and to shape the beam, an a c c e l e r a 

t i n g anode i s p l a c e d i n f r o n t of the f i l a m e n t . The f i l a m e n t 

and anode can be moved at r i g h t angles t o the a x i s of the 

apparatus by two micrometer screws working through vacuum 

s e a l s . In t h i s way the beam can be a d j u s t e d t o go down the 

cent e r of the quadrupole l e n s . The e l e c t r i c a l l e a d s f o r the 

f i l a m e n t , anode, c o l l e c t o r , and quadrupole l e n s come i n 

through kovar s e a l s , t h r e e i n each end. 

In the d e t e c t o r end, t h e r e i s a k n i f e edge, a d j u s t a b l e 

by means of a micrometer screw, which c u t s o f f p a r t of the 

beam and keeps i t from r e a c h i n g the c o l l e c t o r cup. A l s o i n 

t h i s end are the two l e a d - i n s f o r the quadrupole l e n s . See 

F i g u r e s 9 and 10 f o r p i c t u r e s of the end p l a t e s . 

The quadrupole l e n s i s made of b r a s s and copper rods, 

w i t h spacers of Lava, a machinable ceramic. The quadrupole 

w i r e s are separated from the beam by a dag-coated g l a s s tube. 

T h i s c o a t i n g must meet two opposing requirements. I t must 

be much t h i n n e r than the s k i n depth at the o p e r a t i n g 

frequency, and i t s r e s i s t a n c e from one end of the t e s t 
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Fig. 10. Collector End Plate 
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chamber t o ground m u l t i p l i e d by the c a p a c i t a n c e t o ground must 

be l e s s than the p e r i o d of the R.F. a p p l i e d . The f i r s t 

requirement i s t o l e t i n the R.F. magnetic f i e l d , and the 

second i s t o sc r e e n out the e f f e c t s of the p o t e n t i a l between 

the quadrupole wires as a r e s u l t of the c u r r e n t flow, which may 

a f f e c t the e l e c t r o n s d i r e c t l y through t h e i r e l e c t r i c charge. 

F i g u r e 11 i s a p i c t u r e of the l e n s , and F i g u r e 12 i s an 

enl a r g e d drawing of a s e c t i o n of the l e n s . 

The e l e c t o n i c s are i n th r e e s e c t i o n s . One section s u p p l i e s 

c u r r e n t s and v o l t a g e s f o r the e l e c t r o n source. Another 

s u p p l i e s the r e g u l a t e d c u r r e n t f o r the s o l e n o i d , and the t h i r d 

s e c t i o n d e t e c t s , a m p l i f i e s , and d i s p l a y s the r e s u l t i n g changes 

i n the beam. See b l o c k diagram i n F i g u r e 13. 

The e l e c t r o n source e l e c t r o n i c s are f a i r l y s t r a i g h t 

forward. F i l a m e n t c u r r e n t should be s e t t o approximately 

1.1 amps. I t may be p o s s i b l e t o use higher c u r r e n t s than t h i s 

but no higher has been used. I t might be a d v i s a b l e t o burn 

out a f i l a m e n t t o see how much c u r r e n t i t w i l l take. 

When a d j u s t i n g the v o l t a g e s f o r maximum beam c u r r e n t , 

c o n s i d e r a b l e i n t e r a c t i o n was found between anode v o l t a g e and 

f i l a m e n t b i a s . G e n e r a l l y anode v o l t a g e s of about 50 v o l t s 

produced the maximum c u r r e n t . Higher v o l t a g e s u s u a l l y 

lowered the beam c u r r e n t and a l s o produced l o c a l h e a t i n g o f 

the anode, which was d e t r i m e n t a l t o the vacuum. 

The s o l e n o i d c u r r e n t r e g u l a t o r i s s i m i l a r t o t h a t by 

P a t l a c h 1 1 . However, some changes have been made t o the 
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Fig. 11. Views of Quadrupole Lens 
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Brown n u l l i n d i c a t o r , and the A.C. a m p l i f i e r i s of a d i f f e r e n t 

d e s i g n (see F i g u r e 14). At present t h e r e i s no meter 

i n d i c a t i n g v o l t a g e a c r o s s the pass t r a n s i s t o r s . T h i s should 

be added as the t r a n s i s t o r s tend t o overheat when v o l t a g e s of 

over 5 v o l t s are put a c r o s s them at h i g h c u r r e n t s . T h i s i s 

caused by poor heat s i n k d e s i g n and c o u l d be c o r r e c t e d by 

some s t r u c t u r a l m o d i f i c a t i o n s . At present the r e f e r e n c e s u p p l y 

i s a mercury c e l l . However, the p l u g - i n u n i t c o u l d be e a s i l y 

r e p l a c e d by an A.C. powered model i f complete freedom from 

b a t t e r i e s was d e s i r e d . 

Phase s h i f t somewhere i n the A.C. a m p l i f i e r produced 

o s c i l l a t i o n s at about 14 kc., so the a m p l f i e r open loop g a i n 

had t o be brought below one by the time i t got t o t h a t 

frequency. As a consequence t h e r e i s c o n s i d e r a b l e h i g h 

frequency n o i s e v o l t a g e on the s o l e n o i d , and due t o the low 

inductance of the s o l e n o i d (200 m i c r o h e n r i e s ) , i t appears as 

an a p p r e c i a b l e n o i s e c u r r e n t . I t has not yet been determined 

i f t h i s i s going t o cause any d i f f i c u l t y . I f i t does, a 

h i g h c u r r e n t choke of about 1 henry i n s e r i e s w i t h the 

s o l e n o i d should c l e a r i t up. 

The beam c u r r e n t , i f allowed t o impinge on a c o l l e c t o r 

t h a t i s at a s l i g h t p o s i t i v e p o t e n t i a l , should be a reasonable 

approximation of a constant c u r r e n t source. Thus i f the 

c u r r e n t i s f o r c e d by a b i a s b a t t e r y t o flow through a high 

r e s i s t a n c e , any d e s i r e d v o l t a g e can be o b t a i n e d a c r o s s t h i s 

r e s i s t a n c e . However, the use of v e r y h i g h l o a d r e s i s t a n c e s 
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produces leakage problems, and, more important, the problem 

of A.C. and D.C. v o l t a g e monitors w i t h h i g h input impedances. 

Thus 100 megohms has been chosen as the maximum r e s i s t a n c e . 

A l s o , t o keep the c o l l e c t o r v o l t a g e reasonable i t has been 

decided t o vary the load r e s i s t a n c e up t o 100 megohms so as 

to keep the t o t a l v o l t a g e to about 1 v o l t . 

Some simple c a l c u l a t i o n s show t h a t t h i s i s a reasonable 

c h o i c e w i t h r e s p e c t t o thermal n o i s e i n the r e s i s t o r and shot 

n o i s e i n the e l e c t r o n beam. The r e s i s t a n c e n o i s e i s g i v e n 

by the Nyquist r e l a t i o n 

£ = [H-KTR (Band Width)] ̂  (20) 

= CI-6X/0-ZOR(B.W.)fXVolh at 300°K, 

12 
w h i l e t h a t due to shot n o i s e i n the beam i s 

£ a = [21e(b.W.)]y:LR ( 2 D 

where e i s the e l e c t r o n i c charge and I i s the beam c u r r e n t . 

At R l = 1, 

= e (73. W)]*J* /2 e ^ / / , r- (22) 

Thus shot n o i s e v o l t a g e i s l a r g e enough so th a t the r e s i s t a n c e 
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n o i s e may be ignored. I t i s of no val u e t o i n c r e a s e the val u e 

of RI beyond t h i s , as the shot n o i s e i n c r e a s e s l i n e a r l y w i t h 

r e s i s t a n c e . 

A c a l c u l a t i o n of n o i s e v o l t a g e f o r a bandwidth of 

1000 c y c l e s / s e c . and RI = 1 g i v e s approximate val u e s 

3 X I0~* Volts at I = IO'6 amps 
(23) 

3x/0~* Volts a.t t - /0~*amps 

T h i s means th a t f o r a 10 nanoamp c u r r e n t the no i s e 

c u r r e n t w i l l be about 1/1000 of the t o t a l c u r r e n t . However, 

narrowing the passband of the system can improve t h i s 

c o n s i d e r a b l y . 

The l o a d r e s i s t a n c e and b i a s i s pro v i d e d by the 

d i s t r i b u t i o n box. A f i l t e r w i t h a time constant of 5 seconds 

keeps n o i s e from the VTVM from g e t t i n g i n t o the input 

a m p l i f i e r . When a l l the r e s i s t a n c e i s switched out the 

100 megohm f i l t e r r e s i s t a n c e p r o v i d e s the A.C. lo a d , and 

t h i s r e s i s t a n c e p l u s the 100 megohm r e s i s t a n c e of the VTVM 

make up the D.C. load. 

The A.C. s i g n a l i s f e d from the d i s t r i b u t i o n box to a 
13 

h i g h impedance u n i t y g a i n a m p l i f i e r . T h i s d e v i c e has an 

input impedance i n excess of 1000 megohms, and c o u l d be 

adj u s t e d higher i f needed. From here the s i g n a l i s f e d 

i n t o a t r a n s i s t o r a m p l i f i e r w i t h a g a i n of about a m i l l i o n . 
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T h i s i n t u r n d r i v e s the v e r t i c a l p l a t e s of the o s c i l l o s c o p e , 

and c o u l d be f e d to a phase s e n s i t i v e d e t e c t o r i f needed 

(see F i g u r e s 15 and 16). 

The o s c i l l o s c o p e h o r i z o n t a l sweep i s s u p p l i e d by an 

audio s i g n a l generator. A l s o , two phase s h i f t e d outputs are 

prov i d e d , one f o r sweeping the magnetic f i e l d , and the other 

as the r e f e r e n c e v o l t a g e f o r a phase s e n s i t i v e d e t e c t o r . 

As a p r e l i m i n a r y experiment an attempt was made to 

observe the c y c l o t r o n resonance of a beam of e l e c t r o n s . As 

would seem reasonable, i t was found t h a t f o r H Q near 75 gauss, 

the beam c u r r e n t was d i r e c t l y p r o p o r t i o n a l t o the magnetic 

f i e l d . 

The quadrupole l e n s used (see F i g u r e s 11 and 12) was 

designed f o r use at = ( ^ L ~ ^c^> A N C L * T S P e r f o r m a n c e at 

200 Mc. i s not known. The s p a c i n g of the wires producing 

the quadrupole f i e l d i s 1 cm., and l e n g t h i s 40 cm. 

As hi g h e r power equipment was not a v a i l a b l e , use was 

made of a low power s i g n a l generator i n d u c t i v e l y coupled to 

the quadrupole l e n s . With the coupler used and the a r b i t r a r y 

l e n g t h of c a b l e connecting the s i g n a l generator and the l e n s , 

i t was found that a d i p i n the output v o l t a g e of the s i g n a l 

generator o c c u r r e d every 25 Mc. between 200 and 400 Mc. , 

i n d i c a t i n g t h a t maximum power was be i n g f e d i n t o the l e n s 

at these f r e q u e n c i e s . 

The c y c l o t r o n resonance was observed at 222 Mc. by 

sweeping the s o l e n o i d magnetic f i e l d at 200 c y c l e s and 
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o b s e r v i n g the A.C. component of s i g n a l on an o s c i l l o s c o p e . 

The change i n the t o t a l beam c u r r e n t at resonance was i n the 

order of 5%, and the width of the resonance was about 4 Mc. 

The average value o f the e l e c t r o n energy was 10 e.v., 

corresponding to a v e l o c i t y of 1.4 x 10® cm./sec. For t h i s 

v e l o c i t y the t r a n s i t time through the 40 cm. t e s t r e g i o n i s 

.3 u.sec. T h i s i s i n good agreement w i t h the .25 u.sec. 

p r e d i c t e d from the l i n e width. 

Since the Larmor frequency and the c y c l o t r o n frequency 

d i f f e r by o n l y 254 Kc. at t h i s magnetic f i e l d , i t i s obvious 

that the 4 Mc. l i n e width w i l l make i t i m p o s s i b l e t o d e t e c t 

any resonance e f f e c t at the Larmor frequency. Some sugges

t i o n s f o r improving the r e s o l u t i o n are g i v e n i n Chapter 4. 
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CHAPTER IV 

POSSIBLE IMPROVEMENTS IN THIS APPARATUS 

I n c r e a s i n g the r e s o l u t i o n of the resonances i s the most 

important problem. For the experiment to g i v e u s e f u l r e s u l t s 

the number of Larmor p e r i o d s spent i n the t e s t s e c t i o n must 

be i n c r e a s e d from the present 60 t o something l i k e 10^ p e r i o d s . 

The o n l y p r a c t i c a l way t o achieve t h i s seems to be to 

t r a p the e l e c t r o n s i n the t e s t r e g i o n by some s o r t of e l e c t r i c 

f i e l d gate. The c e n t r a l g l a s s tube c o u l d be made i n two 

s e c t i o n s w i t h a metal r i n g at each end of the s e c t i o n t h a t 

extends through the t e s t r e g i o n . Negative p o t e n t i a l s of 

10-20 v o l t s on these r i n g s should t r a p the e l e c t r o n s w i t h i n 

t h i s r e g i o n and hold them f o r a m i l l i s e c o n d or so. T h i s 

should not o n l y i n c r e a s e the r e s o l u t i o n but a l s o g r e a t l y 

i n c r e a s e the change i n the beam at resonance. 

The major stumbling b l o c k i n u s i n g a t r a p p i n g method i s 

t h a t the e l e c t r o n s should not undergo many c o l l i s i o n s w i t h 

r e s i d u a l gas i n the vacuum, and t h i s means t h a t a vacuum of 

10 mm.Hg. or b e t t e r w i l l be needed. Two f a s t o i l d i f f u s i o n 

pumps should be used i n s t e a d of the present s m a l l mercury 

pump, and they should be mounted one at each end of the 

apparatus w i t h s h o r t , s t r a i g h t connections. T h i s should not 

o n l y make p o s s i b l e the necessary vacuum, but should a l s o 
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shorten pumping times considerably. 
Some empirical testing with small bias coils and 

permanent magnets has proven fruitful in increasing beam 
current, and could be used to keep the beam diameter small 
where i t leaves the 8 mm. glass tube on the collector end 
of the quadrupole lens. 
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CHAFTER V 

SUGGESTIONS FOR FUTURE EXPERIMENTS 

One i d e a that c o u l d be i n c o r p o r a t e d i n a new experiment 
14 

i s the use of the m o d i f i e d s o l e n o i d developed by Gar r e t 

T h i s would enable the p r o d u c t i o n of a homogeneous f i e l d u s i n g 

a l a r g e r diameter s o l e n o i d . T h i s would have the obvious 

advantage of e n a b l i n g the vacuum chamber t o be much l a r g e r . 

T h i s i n t u r n would s i m p l i f y the vacuum c o n s i d e r a t i o n s (only 

one pump would be needed), and would s i m p l i f y the c o n s t r u c t i o n 

of the f i e l d g r a d i e n t l e n s . A l s o , the apparatus c o u l d be 

much s h o r t e r because the source and c o l l e c t o r c o u l d be c l o s e 

to the ends of the f i e l d g r a d i e n t l e n s . The f a c t t h a t the 

s o l e n o i d i s notched means t h a t e l e c t r i c a l l e a d s c o u l d be 

brought i n t o the center o f the apparatus, and the vacuum 

pump l i n e c o u l d be taken out. Being a b l e t o b r i n g i n the 

R.F. s i g n a l t o the ce n t e r of the le n s would be ve r y u s e f u l , 

e s p e c i a l l y at higher f r e q u e n c i e s . 

I t has been suggested by F a i r b a n k s ^ t h a t a magnetic 

m i r r o r and time of f l i g h t approach c o u l d be used t o produce 

an e l e c t r o n beam i n which a l l the e l e c t r o n s have n = 0 and 
16 17 IS 

m = ~ \> a n < * A d l e r et a l ' ' have shown t h a t i t i s 

p o s s i b l e t o c o o l the c y c l o t r o n o r b i t s of an e l e c t r o n beam 

by c o u p l i n g the beam t o a c o l d l o a d tuned t o the c y c l o t r o n 
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frequency. I t appears p o s s i b l e that e l e c t r o n s c o u l d be cooled 

by t h i s method very n e a r l y t o l i q u i d helium temperatures. 

Assuming t h a t the c y c l o t r o n o r b i t s of the beam are i n thermal 

e q u i l i b r i u m , then the p r o b a b i l i t y of them b e i n g i n quantum 

s t a t e n i s g i v e n by 

and f o r T = T°K, U> = 6 x 10 9/sec., and n = 0 

(24) 

W(o) ^ [ ! - ( l - Moo)] = tfc yoo 

Thus approximately 1% of the e l e c t r o n s would be i n the lowest 

c y c l o t r o n o r b i t , and h a l f of these should have m = - \. 

I f t h i s " c o o l e d " beam of e l e c t r o n s now passes t o a 

r e g i o n where t h e r e i s a l a r g e r magnetic f i e l d and t h i s i s done 

a d i a b a t i c a l l y so t h a t no t r a n s i t i o n s occur, the magnetic 

energy of the e l e c t r o n , (n + i + £M ) — , i s l a r g e r . T h i s 
' ^ 2 mc 

i n c r e a s e d energy i s s u b t r a c t e d from the t r a n s l a t i o n a l energy 

of the e l e c t r o n . Thus, i f the t r a n s l a t i o n a l energy of the 

e l e c t r o n i s l e s s than the i n c r e a s e i n magnetic energy, the 

e l e c t r o n cannot enter the higher f i e l d , and i t i s r e f l e c t e d . 

T h i s i s known as a magnetic m i r r o r . The e l e c t r o n s t h a t get 

through such a hig h f i e l d r e g i o n must have t r a n s l a t i o n a l 

e n e r g i e s g r e a t e r than hCo>c, where OJc i s the c y c l o t r o n 

angular v e l o c i t y i n the m i r r o r f i e l d , or have n = 0, m = -\, 
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or both. The ones i n the f i r s t c a t e g o r y can be e l i m i n a t e d 

by p u l s i n g the beam and c o n s i d e r i n g o n l y those t h a t a r r i v e 

a f t e r a s p e c i f i e d time. 

The f r a c t i o n of e l e c t r o n s w i t h e n e r g i e s between E and 

E + i s , f o r a one-dimensional Maxwell-Boltzman 
20 

d i s t r i b u t i o n 

A N = e *T/\E (25) 

and when T = 2000°K, GJ = 1.7 x 1 0 1 1 , E = , and A E = -fiu>, 

- . -j . ; 

Thus the beam of p o l a r i z e d e l e c t r o n s w i l l be 1/10,000 of 

the s t a r t i n g beam, and should be a f e a s i b l e c u r r e n t t o work 

with. 

A f t e r p a s s i n g through the magnetic m i r r o r , the beam 

c o u l d go t o the quadrupole l e n s , or i t s e q u i v a l e n t , and then 

through another magnetic m i r r o r . T h i s would r e j e c t a l l 

those e l e c t r o n s t h a t had undergone t r a n s i t i o n s between the 

two m i r r o r s . Thus the experiment would e n t a i l the measure

ment of an a c t u a l c u r r e n t change, r a t h e r than a change i n 

beam dimensions. Probably more important, i t would enable 

working w i t h s i z e a b l e beam diameters, which would mean 

l a r g e r c u r r e n t s w i t h lower e l e c t r o n d e n s i t i e s . 

Changes c o u l d a l s o p o s s i b l y be made i n the method of 
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producing transitions. If a large magnetic field was used, 
wave guide techniques might be used, with the electron beam 
travelling down the center of a waveguide or resonant 
cavity. 
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