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I. INTRODUCTION 

The o b j e c t i v e  of t h i s  program was t h e  des ign  and development of a 

eter-wave device  t o  produce 200 kW of continuous-wave power a t  

110 GHz. 

compatible w i t h  power d e l i v e r y  t o  a n  e lec t ron-cyc lo t ron  plasma. 

c o n t r o l  of rf p ~ w e r  output  over a 17 dB range is  requ i r ed ,  and t h e  

dev ice  should b e  capable  of ope ra t ion  i n t o  a severe time-varying r f  

load mismatch. 

frequency was changed t o  60 GHz. 

T h e  deviceg which w i l l  be a gyrotron o s c i l l a t o r ,  w i l l  be 

Smooth 

During t h e  middle of t h i s  r e p o r t  per,iod, t h e  ope ra t ing  

The t e c h n i c a l  b a s e l i n e s  f o r  t h e  gyrotron and t h e  a s soc ia t ed  power supply 

are shown i n  Table  I. In  t h e  gyrotron,  which is  shown schemat ica l ly  i n  

F igure  1-1, t h e  e l e c t r o n s  are formed i n t o  a hollow beam by a magnetron- 

i n j e c t i o n  e l e c t r o n  gun w i t h  a cons ide rab le  amount of t h e i r  energy i n  

r o t a t i o n .  A gradual ly  r i s i n g  magnetic f i e l d  compresses t h e  beam i n  

d iameter  and a t  t h e  same t i m e  i n c r e a s e s  t h e  o r b i t a l  energy according 

t o  t h e  theory  of a d i a b a t i c  i n v a r i a n t s  u n t i l  approximately 2 /3  of t h e  

beam energy is  i n  r o t a t i o n  and t h e  r o t a t i o n a l  frequency is  66 GHz; a t  

t h i s  po ln t  t h e  magnetic f i e l d  becomes uniform and t h e  beam e n t e r s  a 

quas i -op t i ca l  open c a v i t y  where t h e  sp inn ing  e l e c t r o n s  i n t e r a c t  w i t h  

t h e  e igen  mode of t h e  cav i ty .  

of t h e  r o t a t i o n a l  energy of t h e  de beam. The spent  beam e n t e r s  t h e  

reg ion  of decreas ing  magnetic f i e l d ,  undergoes decompression and 

impinges on t h e  c o l l e c t o r .  

waveguide. Pn orde r  t o  handle t h e  power i n  t h e  spent  beam and t h e  

power d i s s i p a t i o n  i n  t h e  window t h e  output  waveguide t a p e r s  up from 

t h e  c a v i t y  d iameter  t o  an appropr i a t e  value.  

The rf energy b u i l d s  up a t  t h e  expense 

The la t te r  a l s o  func t ions  as t h e  output  

The d u r a t i o n  of t h e  program is  36 months, t o  encompass t h e  b u i l d i n g  

and test  of up t o  twelve devices  i n  a d d i t i o n  t o  a beam analyzer  and 

beam tester. The magetron i n j e c t i o n  gun is  w e l l  understood and a l lows  

1- 1 



TABLE 1 

The Gyrotron 

Frequency 

Power out  

E l e c t r o n i c  e f f i c i e n c y  

B e a m  vo l t age  

Beam c u r r e n t  

Magnetic f i e l d  

Transverse t o  l o n g i t u d i n a l  
v e l o c i t y  r a t i o  

Cathode Loading 

Cathode r a d i u s  

Cathode l eng th  

60 GHz 

200 IcW RF 

35% 

70 kV 

8.2 A 
23.0 kG I 

1.5 

4.5 A/cm 

0.60 cm 

1.2 cm 

2 

The Power Supply 

Voltage r a t i n g  100 kV dc 

Current  r a t i n g  

Anode supply v o l t a g e  

Anode supp1.y c u r r e n t  

Heater supply vo l t age  

Heater supply c u r r e n t  

10 A 
0-35 kV dc 

<200 mA 
0-15 V ,  a c  

15 A 

Operat ing Modes: 
1. 10 ys  pu l se  l eng th  

2. 

3.  30 s t o  cw 

1 ms - 100 m s  pu l se  l eng th  

1-2 
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Figure 1-1 Schematic of  gyrot ron  o s c i l l a t o r  showing app l i ed  
magnetic f i e l d  and the rf field and phase i n  
t h e  c a v i t y .  
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t h e  use  of t h e  e x t r a c t i o n  anode (as well as cathode temperature  v a r i a t i o n )  

t o  vary  t h e  r f  power ou t .  

w i t h  respect t o  t h e  c o l l e c t o r ,  which has t o  be a b l e  t o  d i s s i p a t e  over  

550 kW i n  undepressed opera t ion .  

t ype  devices  w i l l  proceed i n  p a r a l l e l .  

A t  least two des ign  approaches w i l l  be  taken 

Fabr i ca t ion  and process ing  of proto-  

During t h i s  r e p o r t i n g  per iod  work w a s  cont inued 

t a s k s ,  i nc lud ing  t h e  magnetron i n j e c t i o n  gun, r f  c i r c u i t ,  beam analyzer  

and power supply s p e c i f i c a t i o n s .  

Sec t ion  I11 of t h i s  r e p o r t ,  fo l lowing  t h e  d e l i n e a t i o n  of r e l e v a n t  

material p e r t i n e n t  t o  t h e  frequency r e d i r e c t i o n ,  

a number of des ign  

These ac t iv i t i e s  are d e t a i l e d  i n  

1-4 



11, FREQUENCY REDIRECTION 

2.1 G E N E W  

This  development program began i n  June 1979 w i t h  a n  ope ra t ing  frequency 

of 110 GHz, On t h e  b a s i s  of more c u r r e n t  information,  Oak Ridge has  

determined t h a t  t h e  most urgent  requirements f o r  E lec t ron  Cyclotron 

Heating (ECH) are a t  a frequency of approximately 60 GHz. In response 

t o  t h i s  lat ter requirement,  Oak Ridge has  r e d i r e c t e d  t h i s  development 

program t o  60 GHz. This  frequency r e d i r e c t i o n  has  impacted t h e  program 

schedule .  The fa l lowing  paragraphs d i s c u s s  t h e  impact on s p e c i f i c  t a s k s  

a l r eady  underway. 

2.2 MAGNETRON INJECTION GUN 

The magnetron i n j e c t i o n  gun designed f o r  t h e  110 GHz Gyrotron r e p r e s e n t s  

a compromise from optimum des ign  va lues .  The cathode c u r r e n t  d e n s i t y  of 

8 Amps/cm 

v e l o c i t y  spread of 8 percent  o r  less could be  achieved. 

d e n s i t i e s  would have r e s u l t e d  i n  h igher  v e l o c i t y  spread. Consequently, 

a r ev i sed  design approach is requi red  f o r  t h e  60 GHz gyrotron,  which 

w i l l  lower cathode c u r r e n t  d e n s i t y  and v e l o c i t y  spread.  

2 w a s  h ighe r  t han  p re fe r r ed ,  bu t  was chosen because a reasonable  

Lower c u r r e n t  

2.3 SOLENOID 

The superconduct ing magnet designed f o r  t h e  110 GHz produced a f i e l d  of 

1300 gauss over  t h e  cathode and 42.4 k i logauss  i n  t h e  c a v i t y  region.  

The a x i a l  s e p a r a t i o n  between t h e  cathode and c a v i t y  w a s  approximately 

23 cm. The 60 GHz des ign  r e q u i r e s  23 k i logauss  magnetic f i e l d  i n  t h e  

c a v i t y .  

f i e l d s  of 1300 gauss are requi red  over  t h e  cathode. It t h e r e f o r e  i.s 

p l a u s i b l e  that a common superconducting magnet can be used for 60 and 

Pre l iminary  gun des ign  for 60 GHz i n d i c a t e s  t h a t  magnetic 

2- 1 



GHz gyrotrons.  The f a c t o r  upon which t h i s  d e c i s i o n  h inges  is t h e  

requi red  d i s t a n c e  between t h e  cathode and c a v i t y  f o r  t h e  60 GHz gyrotron.  

2.4 RF CAVITY 

The proposed c a v i t y  des ign  f o r  t h e  110 GHz gyro t ron  would employ t h e  

TEO2 mode, w i t h  t h e  beam focused t o  t h e  e f i e l d  c l o s e s t  t o  t h e  ax i s .  

A l l  of t h e  c a v i t y  e f f o r t  t hus  f a r  has  been app l i ed  t o  computer simula- 

t i o n  and X-band co ld  tests. For t h e  60 GHz gyrotron,  an  i d e n t i c a l  

approach w i l l  be  employed, and s i n c e  t h e  e f f o r t  t o  d a t e  has  not  been 

frequency selective, t h e  c a v i t y  e f f o r t  i s  a p p l i c a b l e  t o  bo th  f requencies .  

2.5 POWER SUPPLY 

The power supply requirements f o r  t h e  60 and 110 GHz requirements are 

very  similar. 

that t h e  c o n t r o l  anode vo l t age  may be as h igh  as 30 kV f o r  t h e  60 GHz 

requirement,  as opposed t o  10 kV f o r  110 GHz. However, t h e  power supply 

is t o  be  capable  of 35 kV modulation vo l t ages .  

i n  the power supply s p e c i f i c a t i o n  are requi red .  

Pre l iminary  r e s u l t s  on t h e  magnetron i n j e c t i o n  gun reveal 

Therefore ,  no changes 

2.6 TEST EQUIPMENT 

No RF test equipment e x i s t e d  a t  Hughes f o r  110 GHz ope ra t ion  and 

t h e r e f o r e  purchase o r d e r s  were i ssued  e a r l y  i n  t h e  program t o  overcome 

long lead  t i m e s .  A t  t h e  t i m e  of t h e  r e d i r e c t i o n  i n  frequency, funds 

were i r r e t r i e v a b l y  committed for 110 GHz equipment, RF test equipment 

a t  60 GHz is  e i t h e r  non-exis tent  a t  Hughes o r  dedica ted  t o  o t h e r  

programs. 

a t  60 GHz. The l e a d  t i m e  €or  t h i s  equipment is expected t o  be  s h o r t e r  

than t h a t  for 110 GHz, and no i m p a c t  on t h e  schedule  is  a n t i c i p a t e d  a t  

t h i s  time. 

Therefore  a d d i t i o n a l  equipment must be ordered f o r  ope ra t ion  
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The major impact i s  in the area of gun design, and a possible redesign 

of the superconducting magnet. A s  a direct resul t  of the additional 

design work required, the pragram schedule is  expected to s l i p  four  

months . 
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111. PROGRESS 

3.1 GENERAL 

E f f o r t  f o r  t h i s  r e p o r t  per iod  has  been d iv ided  i n t o  t h e  fo l lowing  t a sks :  

e RF C i r c u i t  

e Elec t ron  Gun 

Q B e a m  Analyzer 

e Power Supply 

e RF T e s t  Equipment 

3.2 RF C I R C U I T  

The resonant  frequency of c y l i n d r i c a l  c a v i t i e s  can b e  r e a d i l y  c a l c u l a t e d ,  

The resonant  f requencies  o f  t apered  cavi t ies  can be  obta ined  w i t h  
1 

previous ly  - repor ted  computer codes . However, i n  determining t h e  

amount and l o c a t i o n  of t h e  t a p e r ,  i t  i s  important  t o  understand how 

the c a v i t y  RF f i e l d s  are a f f e c t e d .  

has r e c e n t l y  been modified t o  provide b e t t e r  i n s i g h t  w i t h  r e spec t  t o  

t h e  Eo f i e l d s  w i t h i n  t h e  c a v i t y .  

The e x i s t i n g  Hughes computer code 

Figure  3.2-la d e p i c t s  a r i g h t  c y l i n d r i c a l  c a v i t y ,  which is  a x i a l l y -  

symmetric about  i t s  a x i s  (RadiusZO). The contoured l i n e s  w i t h i n  t h e  

c a v i t y  r ep resen t  

d i c u l a r  t o  t h e  p lane  of t h e  paper ,  and peaks a t  two r a d i a l  p o s i t i o n s .  

The only  component of f o r  TEom modes is  E o .  

f i e l d  l i n e s  of a TEO2 mode. The % f i e l d  i s  perpen- 

F igure  3.2-lb i l l u s t r a t e s  how Eo varies ac ross  t h e  l eng th  of t h e  c a v i t y ,  

peaked a t  t h e  c e n t e r  of t h e  a x i a l  d i s t a n c e  and f a l l i n g  o f f  uniformly 

a t  t h e  ends of t h e  cav i ty .  

3- 1 
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Z-AXIS 

b 

F i g u r e  3.2-1 TE02 mode i n  r i g h t  c y l i n d r i c a l  c a v i t y .  
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A t apered  c a v i t y  is  shown i n  F igu re  3 .2 -2 .  The t a p e r  is only  5 percent  

of t h e  normalized r ad ius ,  y e t  t h e  E 

(Figure 3.2-2b) compared t o  F igure  3.2-1. Also noteworthy i s  t h e  

small peak a t  Z=1.0; t h i s  is a c h a r a c t e r i s t i c  which appears  many t i m e s  

i n  Sovie t  cavit ies.  2 3 3  

a prebuncher t o  enhance beam i n t e r a c t i o n .  

f i e l d  peaks r e l a t i v e l y  sha rp ly  e 

It i s  be l ieved  t h a t  t h i s  small peak serves as 

Peaking of t h e  Eo f i e l d ,  on one hand, concen t r a t e s  t h e  i n t e r a c t i o n  

e f f i c i e n t l y  over  a comparatively small r eg ion  of t h e  beam, bu t  a l s o  

concen t r a t e s  t h e  RP d i s s i p a t i o n  i n  t h e  c a v i t y  w a l l s  over  a small s u r f a c e  

area. Thus, t apered  cavities can create a hea t  d i s s i p a t i o n  problem, 

depending upon t h e  a c t u a l  h e a t  l o s t  i n t o  t h e  c a v i t y  w a l l s .  

The hea t  l o s t  t o  t h e  c a v i t y  w a l l s  is  dependent upon t h e  Q of t h e  c a v i t y ,  

and t h e  Q is dependent upon t h e  amount of power which leaves  t h e  c a v i t y  

through t h e  output  iris. It is  c u r r e n t l y  planned to modify t h e  Hughes 

c a v i t y  computer code t o  eva lua te  v a r i o u s  RF output  cond i t ions ,  and t o  

determine t h e  e f f e c t  of t h e s e  output  shapes on c a v i t y  Q. A t  t h e  same 

time, co ld  test  c a v i t i e s  w i l l  be  machined, a t  X-band f requencies ,  t o  

enable  measurement of Q us ing  network a n a l y s i s .  

4 
Recent i n t e r e s t  i n  magnetic f i e l d  t ape r ing  t o  enhance e f f i c i e n c y  has 

prompted an a n a l y s i s  of a proposed 110 GHz gyro t ron  c a v i t y  and tapered  

magnetic f i e l d ,  u t i l i z i n g  t h e  l a r g e  s i g n a l  computer program. The b e s t  

r e s u l t s  are shown i n  Figure 3 - 2 - 3 .  An e f f i c i e n c y  of 56 percent  could 

be  a t t a i n e d  by us ing  an 8.5 percent  magnetic f i e l d  t a p e r  f o r  t h e  TE022 

mode. The p a r t i c u l a r  Q f o r  t h i s  mode i s  354. However, i n  o rde r  t o  

be  completely e f f e c t i v e ,  t h e  c a v i t y  had t o  be lengthened by almost 25%. 

Unfortunately,  t h e  Q f o r  t h e  TEoZ2 mode is  much lower than  t h a t  f o r  t h e  

and would be d i f f i c u l t  t o  e x c i t e .  
TE02 1 

This  effort w i l l  continue through t h e  next  quarter. 
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F i g u r e  3.2-2 TE02 mode in t a p e r e d  c a v i t y .  
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The magnetron i n j e c t i o n  gun is  be ing  redesigned f o r  60 GM2. 

pre l iminary  st y has been complete to d a t e .  The r e s u l t s  are shown 

in Table 3.3-1.  

Only a 

The s a l i e n t  f e a t u r e s  oE t h e  gun are t h a t  c u r r e n t  dens l ty  and r a t i o  o f  

temperature- l imited cu r ren t  t o  space charge-l imited c u r r e n t  are rea- 

sonably low. 

v e l o c i t y  spread is  cons iderably  b e t t e r  than  f o r  t h e  110 GMz gun. Th i s  

latter gun achieved a ul spread of less than 8 percent  (based on 

computer t r a j e c t o r y  c a l c u l a t i o n s ) .  

Therefore ,  t h e  f e a s i b i l i t y  of achiev ing  a beam wi th  law 

It is planned to cont inue  e f f o r t  on gun des ign  u n t i l  t h e  des ign  is 

optimized w i t h  r e s p e c t  t o  v e l o c i t y ,  v e l o c i t y  spread ,  and magnetic 

f i e l d .  A l t e r n a t i v e l y ,  i t  may be  requi red  t o  inc rease  cathode c u r r e n t  

d e n s i t y  t o  5 o r  6 A/cm befo re  t h e  des ign  can be  f u l l y  optimized. 
2 

TABLE 3.3-1 

Cathode Current  Densi ty  4 A / m 2  

Cathode Radius (mean) 0.6 cm 

Cathode Angle 

*TL’ISC 

c 
B 

Anode Voltage 

>2 .Q 
15-25’ 

<1Q percent  

691300 gauss 

22-29 kV 
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3.4 B ALYZER 

The purpose of t h e  beam ana lyze r  i s  t o  provide a means f a r  v e r i f y i n g  

c r i t i ca l  beam c h a r a c t e r i s t i c s ,  One such c h a r a c t e r i s t i c  i s  t h e  amount 

of beam ener i n  r o t a t i o n  (p ropor t iona l  t o  ul 1. Sophis t ica ted  

techniques used i n  measuring beams for  convent iona l  microwave t u b e s I  

such as moving a ' 'faraday cup" a c r o s s  t h e  beam, are no t  r e a d i l y  

a p p l i c a b l e  t o  beams where most of t h e  energy i s  i n  r o t a t i o n .  

more, measurements of the  phys ica l  e l e c t r o n  beam parameters are o f t e n  

c o s t l y  to t h e  program. 

2 

Further-  

A p lan  has been put  f o r t h  t o  perform gyrotron beam a n a l y s i s  by measuring 

t h e  self- induced magnetic f i e l d  produced by t h e  beam. This  induced 

f i e l d  can  b e  measured by means of non-energized, s p e c i a l l y  wound c o i l s ,  

c a l l e d  a diamagnetic loop. A s  t h e  beam i s  pulsed on, an  emf is produced 

i n  t h e  s p e c i a l  c o i l s  which can b e  measured on a scope. 

measures t h e  f l u x  produced by t h e  t r a n s v e r s e  beam energy. 

d e r i v a t i o n  of t h e  equat ions  used is given i n  t h e  Appendix. 

This  emf 

A complete 

The f lux i n t e r c e p t e d  by n c o i l s  is: 

(B i n  k i logauss)  
0 

Figure  3.4-1 i l l u s t r a t e s  t h e  s o l u t i o n  o f  t h i s  equat ion  for n = 500 tu rns .  

A t  t h e  des igp  va lues  of 01 (= F3 /B ) = 1.5, a f l u x  of 128 maxwells t r i l l  

b e  i n t e r c e p t e d  by 500 t u rns .  
I t  

As t h e  beam is pulsed on, a f l u x  change should b e  d e t e c t a b l e  on an  

osc i l l o scope ,  compared t o  t h e  s ta t ic  f l u x  of t h e  so lenoid .  C a l i b r a t i o n  

of t h e  scope change can be accomplished by vary ing  t h e  known flux of 

t h e  solenoid-. 
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F i g u r e  3.4-1 The induced flux produced by an electron beam moving at 
normalized velocity (6 = v / c ) .  The vertical line 
intersects yI and Bz a t  a = 1.5. 



Implementing e x t r a  t u r n s  in t h e  superconducting magnet does no t  appear  

d i f f i c u l t .  I n a c t i v e  c o i l s  are u s u a l l y  provided i n  t h e s e  magnets t o  

sense  abrupt  f l u x  changes be fo re  t h e  xagnet goes "normal". 

could be  womd d i r e c t l y  onto t h e  o u t s i d e  of t h e  warm bore  tube ,  o r  

over  t h e  gysotron c a v i t y  i t se l f .  

The c o i l s  

3.5 POWER SUPPLIES 

During t h e  lat ter p a r t  of t h i s  r e p o r t  pe r iod ,  i t  was learned that equip- 

ment from t h e  Missile S i t e  Radar (MSR) on Kwajalein had become excess  

Army proper ty .  

supply w i t h  a c a p a b i l i t y  up t o  20 Amps DC. This  power level i s  s u f f i c i e n t  

f o r  a 1 MM gyrotron,  which i s  an  a n t i c i p a t e d ,  long  range DOE requirement.  

Because of t h i s  new development. t h e  purchase of a new supply w a s  post-  

poned. P lans  were made t o  view t h e  e x i s t i n g  equipment t o  determine i t s  

a p p l i c a b i l i t y  f o r  u se  a t  Hughes. These plans were t o  be implemented as 

S Q O ~  as arrangements could be  completed dur ing  t h e  next  r e p o r t  per iod.  

The r ada r  t r a n s m i t t e r  con ta ins  a 150 kV high  v o l t a g e  

3.6 RF TEST EOUPPMENT 

The r e d i r e c t i o n  t o  60 GHz r e q u i r e s  new cold  test  equipment. 

equipment i s  expected to be  ordered dur ing  t h e  next  r e p o r t  per iod.  

Th i s  

Cold t e s t i n g  of va r ious  c a v i t y  des igns  w i l l  be  conducted a t  X-band, 

i n i t i a l l y .  

on a p a r t  t i m e  b a s i s  f o r  carrying-out  t h i s  e f f o r t .  Network a n a l y s i s  

p e r m i t s  swept frequency measurements and d isp layed  r e s u l t s  on a Smith 

chart. Swept frequency measurements a t  60 GHz do not appear t o  be  

f e a s i b l e  a t  t h i s  time. 

An Hewlett-Packard Network Analyzer has  been made a v a i l a b l e  

The l i m i t e d  a v a i l a b i l i t y  of c i r c u l a r  waveguide components at: t h e  mm 

wave f requencies  is  cause f o r  concern.  Compounding t h e  problem i s  t h e  
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high  power l e v e l  and TE mode. a t  which development i s  r equ i r ed ,  The 

des ign  and f a b r i c a t i o n  of c i r c u l a r  waveguide components in-house appears  

necessary.  

ducers  has  begun, based on work conducted by Hughes Culver City dur ing  

t h e  1 9 6 0 ' ~ ~  

02 

Some design. e f f o r t  on c i r cu la r - to - r ec t angu la r  mode t r ans -  
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1V. PROGRAM SCHEDULE 

4 , l  PROGRAM SCHEDULE 

A revised program schedule which reflects the frequency redirection 

I s  attached. 

4-  1 



MILESTONE SCHEDULE AND STATUS REPORT - 00 GHZ 260 K W  GYRQTRONS 

TASK TITLE 

' 1710 1 F A R R I C A T F  s w 3  I I 



1. Arnold, K. et aE., "Development Program f o r  a 200 kW, CW, 110 GHz 

Gyro~cron", Quarterly Report Ma. 1, June - September 1979, prepared 

by Hughes Aircraf t  Company f o r  Oak Ridge Nat iona l  Laboratory under 

Cont rac t  W-7405-ENG-26. 

2. Kurayev, A.A.,  F,G. Shevchenko, and V.P.S. Shestakovich, 

"'Effi@iency-OptiHnPzed Output Cavi ty  P r o f i l e s  that  Provide a Higher 

3 h r g h  of Gyro-klystron S t a b i l i t y " ,  Radio Engineer ing and E l e c t r o n i c  

P h y s l i ~ s ,  V O ~  19, no. 65, pp 96-103, 1974. 

3 .  Plyagin,  V.A. ,  et a1,"'Some Perspec t ives  of t h e  Use of Gyrotrons for 

Elec t ron  Cyclotron Plasma Heat ing i n  Large Tokamaks", paper presented 

a t  f o u r t h  I n t e r n a t i o n a l  Conference on I n f r a r e d  and Millimeter Waves, 

December 10-15, 11979, M i a m i  Beach, F lo r ida .  

4 .  Read, M.E., e t  a l ,  "Operating C h a r a c t e r i s t i c s  of a 35 GHz 

Gyrarnonotron,'~ Technical Digest of t h e  I n t e r n a t i o n a l  Elec t ron  

Devices Meeting (IEEE), Washington D.C . ,  December 3-5, 1979, 

pp 172-174. 

5-  1 



APPENDIX A 

DIAMAGNET IC LOOP 

FOR GYROTRON 

VELOCITY MEASUREMENTS 

A- 1 



lamagnetic loops f o r  c h a r a c t e r i z a t i o n  of gymttlon beams is  
1 a concept ex t rap lafed  from a technique employed in plasm diagnostics . 

The magnetic dipole moment f o r  t h e  beam of Figure A-1, i s  def ined  as.*: 

2 n l a  
.A 0 
D o . =  

C 

where 

I = c u r r e n t  due t o  a s i n g l e  el-ectron 

c = v e l o c i t y  of light 

a = Lamor radius 
0 

The Earmot: rad ius  i s  f u r t h e r  def ined  as 

uL = t r a n s v e r s e  e l e c t r o n  v e l o c i t y  

and 

w = cyc lo t ron  fxequency 
c 

e13 
0 = -  

c Ymoc 

(cgs  u n i t s )  
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F i g ~ i - e  A - l  Cyruta-on bean1 c ros s - sec t ion ,  

A- 3 



where 

The electron current: (:at1 be E t z r t l n e r  def ined  as 

and 

A- 4 



N = is the nvmkaer of electroszs per: unit vEllme, 

The. magnetization contributes to the vector po ten tga l  as an effective 

surface current d e n s i t y  3- 
0 :  

where 

y m  C W L N  

Bo 

0 1  
= -------.- 
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Taking the integral  of the n o m 1  ctsmponenat of t he  abawe equation, 

(see Figure  A-2) 

where 

and 

dA represent5 a differential area of S .  

Applying Stoke's theorem f o r  the line i n t eg ra l  that lies Ftislde the 

hol.low beam, 
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F i g u r e  A-2 Bern s e r t i o n  showing plane f o r  
evalu.ating iritlniced f i e l d .  
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L e t  

p = charge d e n s i t y  = Ne 

Then 
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Solving f o r  H, 

A.6  SQLUTIOM FOR INDUCED FLUX 

Since i n  cge u n i t s ,  9: 'must be converted to Amps, the above equation 

can be r e w r i t t e n :  

The f l u x  from Si which l i n k s  n loops is: 

S u b s t i t u t i n g  : 



or 

S u b s t i t u t i n g  far w and using normalized velacities 
C Y  

O K  

(B in kilogauss) 

This i s  the equat ion  f o r  induced f l u x ,  when t h e  beam i s  turned on. 
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