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t h e  on-axis r a d i a t i o n  dose rate,  6, downstream of an 
opt imized  bremss t rah lung  t a r g e t  a s  a f u n c t i o n  of d iode  
v o l t a g e ,  V ,  f o r  f l a s h  x-ray s o u r c e s .  T h i s  r e l a t i o n  is 
v a l i d  only f o r  p e n c i l  beams. Fo r  d i o d e s  having beams 
wi th  f i n i t e  s p a t i a l  and angu la r  e x t e n t ,  t h e  power 2.65 
is reduced. Th i s  r educ t ion  is e v a l u a t e d  v i a  t h e  MAGIC 
and CYLTRAN codes f o r  d iodes  o p e r a t i n g  on t h e  p r o j e c t e d  
20 MV HERMES I I I  and e x i s t i n g  3 MV HELIA a c c e l e r a t o r s .  
For HERMES I I I ,  a power of 2 .2  is ob ta ined  f o r  near- 
f i e l d  exposures us ing  a f i x e d  c o n v e r t e r  op t imized  a t  
20 MV.  F o r  H E L I A ,  a power of 1 . 8  is  ob ta ined  when t h e  
change i n  e l e c t r o n  f low wi th  v o l t a g e  is  a l s o  t aken  i n t o  
account .  T h i s  vo l t age  dependence, t o g e t h e r  w i th  t h e  
measured vol tage  and c u r r e n t  waveforms on H E L I A  is  used 
t o  c a l c u l a t e  t h e  expected tempora l  shape  of t h e  
r a d i a t i o n  pulse.  The shape is  c o n s i s t e n t  wi th  t h a t  
measured using a P I N  diode. 

I n t r o d u c t i o n  

High-power, pu lsed ,  e lec t ron-beam diodes  a r e  
wide ly  used t o  produce i n t e n s e  b u r s t s  of x-rays v i a  
bremsstrahlung convers ion  i n  t h e  anode. F o r s t e r  and 
co l l eagues  [l] have shown t h a t  f o r  small beam r a d i i  t h e  

on-axis r a d i a t i o n  dose r a t e ,  6, measured 1 m downstream 
o f  t h e  anode can be expressed  by a r e l a t i o n  of t h e  
form: 

where V i s  t h e  vo l t age  a p p l i e d  a c r o s s  t h e  anode-cathode 
gap, I i s  t h e  diode c u r r e n t ,  and a e q u a l s  2.8 over  a 
wide range of anode-converter materials. Mar t in  [21 
h a s  reeva lua ted  t h i s  r e l a t i o n  and f i n d s  t h a t  a e q u a l s  
2.65 f o r  optimized bremss t rah lung  c o n v e r t e r s .  These 
a u t h o r s  point ou t  t h a t  no t  on ly  is  t h i s  r e l a t i o n  u s e f u l  
f o r  p red ic t ing  t h e  forward r a d i a t i o n  ou tpu t  b u t  t h a t  
t h e  r e l a t i o n  can be inve r t ed  t o  e x t r a c t  t h e  d iode  

vo l t age  from a measure of bo th  I and 6. 

Equation 1, however, is v a l i d  on ly  f o r  p e n c i l  
beams. F o r  d iodes  gene ra t ing  beams wi th  f i n i t e  s p a t i a l  
and angular  e x t e n t ,  t h e  power 2.65 is reduced. I n  t h i s  
paper ,  we c a l c u l a t e  t h e  r e d u c t i o n  f o r  a proposed d iode  
f o r  t h e  20 MV,  800 kA HERMES III  a c c e l e r a t o r  C31 t h a t  
is capable of provid ing  a uni form i r r a d i a t i o n  over  a 
500 cm area c l o s e  t o  t h e  c o n v e r t e r .  Th i s  a c c e l e r a t o r  
is being cons t ruc ted  t o  p rov ide  a n  i n t e n s e  s o u r c e  of Y- 
rays  over a l a r g e  a r e a  f o r  t h e  s i m u l a t i o n  of nuc lea r  
e f f e c t s .  The c a l c u l a t i o n s  show t h e  magnitude of t h e  
v a r i a t i o n  i n  a ' t h a t  can be expec ted  from f i n i t e  
sources .  Knowledge of a f o r  t h e  n e a r - f i e l d  exposures  
toge the r  with Eq. 1 and t h e  e s t i m a t e d  V and I p u l s e  
shapes  enables  t h e  temporal behav io r  of t h e  n e a r - f i e l d  
r a d i a t i o n  pu l se  from HERMES III t o  be  e s t ima ted .  
T h i s  c a l c u l a t i o n  is demonstrated f o r  t h e  HELIA 
a c c e l e r a t o r  [ 4 ]  opera t ing  a t  3 MV and 150 kA. T h i s  
a c c e l e r a t o r  is t h e  pulsed-power t e s t  bed f o r  HERMES 
I I I .  Before t h e s e  c a l c u l a t i o n s  are p resen ted ,  however, 
we d i scuss  why a is reduced f o r  f i n i t e - a r e a  sou rces  and 
show t h a t  ou r  c a l c u l a t i o n s  r ep roduce  t h e  e m p i r i c a l  
r e l a t i o n  of Martin.  

2 

The s p a t i a l  and angular  d i s t r i b u t i o n  o f  t h e  
e l e c t r o n s  i n c i d e n t  on t h e  anode c o n v e r t e r  was 
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c a l c u l a t e d  a t  f o u r  d i s c r e t e  vo l t ages  ( 5 ,  10 ,  15 ,  and 20 
M V )  u s i n g  t h e  e l ec t romagne t i c  p a r t i c l e - i n - c e l l  code 
MAGIC [ 5 ]  to  model diode performance. These 
d i s t r i b u t i o n s  were used a s  inpu t  t o  t h e  CYLTRAN Monte 
Car lo  t r a n s p o r t  code [61 f o r  p r e d i c t i o n  of t h e  
r a d i a t i o n  dose p r o f i l e s  i n  CaF2 thermoluminescent 

dos ime te r s  u s i n g  t h e  next -event -es t imator  method [7 ,81 .  
The r e s u l t i n g  doses  were then  f i t  t o  Eq. 1 t o  e x t r a c t  
a.  

F ig .  1. Comparison of r a d i a l  o r  angu la r  dose  
p r o f i l e s  i n  a p l ane  25 cm downstream of a 
p e n c i l  beam i n c i d e n t  on t h e  20 MeV 
opt imized  conve r t e r  f o r  5 ,  1 0 ,  15 ,  and 20 
MeV i n c i d e n t  e l e c t r o n s .  A l l  cu rves  have 
been normalized t o  t h e  peak v a l u e  of t h e  
20 M e V  h i s togram.  

Because t h e  width of t h e  r a d i a t i o n  narrows with 
i n c r e a s i n g  energy ,  t h e  non-forward r a d i a t i o n  f l u e n c e  
does no t  i n c r e a s e  as r a p i d l y  with energy o r ,  
e q u i v a l e n t l y ,  w i th  d iode  vo l t age  as does t h e  forward 
r a d i a t i o n  f luence .  Accordingly,  t h e  power dependence, 
a ,  of Eq. 1 dec reases  with i n c r e a s i n g  a n g l e ,  e ,  of t h e  
r a d i a t i o n  r e l a t i v e  t o  t h e  i n c i d e n t  e l e c t r o n .  For t h e  
opt imized  20 MeV c o n v e r t e r ,  t h e  dec rease  w e  c a l c u l a t e  
is  p l o t t e d  i n  F i g .  2 f o r  p e n c i l  beams. I n  t h e  forward 
d i r e c t i o n ,  a equa l s  2.89; i t  is reduced t o  1.88 a t  4 3 O .  
P l o t t e d  a l s o  i n  F ig .  2 is a c a l c u l a t e d  when t h e  
conve r t e r  is opt imized  a t  each  i n c i d e n t  e l e c t r o n  
energy. I n  t h i s  c a s e ,  a is reduced from t h a t  ob ta ined  
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Fig. 2. Ca lcu la t ed  va lues  of a vs. e ,  t h e  a n g l e  
of t h e  r a d i a t i o n  wi th  r e s p e c t  t o  t h e  
d i r e c t i o n  of t h e  i n c i d e n t  e l e c t r o n s ,  f o r  
a p e n c i l  beam. The O d a t a  p o i n t s  
cor respond t o  CL c a l c u l a t e d  us ing  t h e  
f i x e d  20 MeV opt imized  conve r t e r .  The 
d a t a  p o i n t s  cor respond t o  a c a l c u l a t e d  
us ing  t h e  v a r i a b l e  conve r t e r  optimized a t  
each i n c i d e n t  e l e c t r o n  energy. 

u s ing  the  fixed 20 M e V  op t imized  conve r t e r .  
r educ t ion  i s  easy t o  unders tand ,  because a t  each 
e l e c t r o n  energy below 20 M e V ,  t h e  conve r t e r  is now 
optimized and t h u s  produces more r a d i a t i o n  a t  t h e  lower 
energy than f o r  t h e  20 MeV op t imized  conve r t e r .  I n  t h e  
forward d i r e c t i o n ,  our  c a l c u l a t e d  power of 2.62 f o r  
t h i s  v a r i a b l e  c o n v e r t e r  is i n  e x c e l l e n t  agreement wi th  
t h e  2.65 emper i ca l ly  de te rmined  by Martin.  

T h i s  

a f o r  HERMES III Source  

For f i n i t e - s i z e  electron-beam sources ,  t h e  
r a d i a t i o n  on-axis i n  t h e  near  f i e l d  is no longe r  due t o  
j u s t  r a d i a t i o n  gene ra t ed  a t  z e r o  angle .  I n s t e a d ,  t h e  
r a d i a t i o n  is a composite of t h a t  produced a t  many 
a n g l e s  r e l a t i v e  t o  i n c i d e n t  e l e c t r o n .  Based on t h e  
above d i scuss ion ,  which shows t h a t  a dec reases  wi th  
inc reas ing  ang le ,  we t h e r e f o r e  expec t  a t o  be reduced 
f o r  f i n i t e - s i z e  sou rces .  A s  an example of t h e  
magnitude of t h e  r e d u c t i o n  i n  a expected from a f i n i t e -  
s i z e  source ,  we have c a l c u l a t e d  a expected from a 
t y p i c a l  source  p r o j e c t e d  f o r  HERMES I I I .  The source  
uses a n  indented-anode d iode  [ 9 ]  t o  produce a beam a t  
t h e  conver te r  t h a t  p rov ides  a r e l a t i v e l y  uniform 
r a d i a t i o n  p a t t e r n .  The beam used i n  t h e  CYLTRAN 
c a l c u l a t i o n s  i s  de r ived  from a M A G I C  s imula t ion  of t h e  
e l e c t r o n  f low in  t h e  d iode  and is shown i n  F ig .  3.  

On a x i s ,  near  t h e  source ,  our  c a l c u l a t i o n s  show 
t h a t  a is reduced from 2.89 ( F i g .  2 )  f o r  a p e n c i l  beam 
t o  about 2 .2  f o r  t h e  HERMES III  beam. F igu re  4 shows 
t h e  v a r i a t i o n  i n  a a s  t h e  p o s i t i o n  a long  t h e  a x i s  is 
increased  from t h e  near  f i e l d  t o  t h e  f a r  f i e l d .  The 
v a r i a t i o n  i n  a as a f u n c t i o n  of r a d i a l  d i s t a n c e  r from 
t h e  beam a x i s  a t  Z = 1 0 ,  25 ,  and 40 cm i s  shown in  F i g .  
5.  The inc rease  i n  CY with inc reas ing  Z shown i n  F i g .  4 
is expected, because a t  l a r g e  d i s t a n c e s  from t h e  
conve r t e r ,  t h e  f l u e n c e  is more forward d i r e c t e d .  
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Fig .  3. Angular and r a d i a l  c u r r e n t  dens i ty  

d i s t r i b u t i o n  of t h e  i n c i d e n t  e l e c t r o n  
beam a t  t h e  conve r t e r  used f o r  t h e  
f i n i t e - s i z e  sou rce  i n  t h e  HERMES III 
s imula t ions .  
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F i g .  4 .  V a r i a t i o n  i n  a f o r  on-axis  exposures a s  a 
f u n c t i o n  of a x i a l  d i s t a n c e  Z downstream 
from t h e  20 MeV opt imized  conve r t e r  
cor responding  t o  t h e  f i n i t e - s i z e  sou rce  
of F ig .  3.  

a f o r  HELIA Source  

We checked our  c a l c u l a t i o n a l  technique  by 
e v a l u a t i n g  a f o r  a planar-anode d iode  source  on 
H E L I A  [ l o ] .  S p e c i f i c a l l y ,  we used t h e  c a l c u l a t e d  a 
t o g e t h e r  with Eq. 1 and t h e  measured V and I waveforms 

f o r  a g iven  sho t  on HELIA t o  p r e d i c t  t h e  r e l a t i v e  6 
waveform a s  measured i n  a S i  PIN d iode  loca ted  2 .5  m 
downstream of t h e  5 cm t h i c k  g r a p h i t e  anode-conver te r ,  
The P I N  d iode  was e s t i m a t e d  t o  have a temporal 
r e s o l u t i o n  of l e s s  t han  3 n s  [ll]. The r a d i a l  e x t e n t  
of t h e  beam a t  t h e  anode c o n v e r t e r  was about 1 2  cm and 
had a p inch  ang le  t h a t  v a r i e d  from 8 "  a t  0.5 MV t o  
about 30°  a t  3 MV. Using t h e  M A G I C  code, we took 
account  of both t h e  changing r a d i a l  and angular  
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Fig .  5 .  V a r i a t i o n  i n  a as a func t ion  of r a d i a l  
d i s t a n c e  r from t h e  beam a x i s  a t  Z = 1 0 ,  
25, and 40 cm f o r  t h e  20 MeV op t imized  
conve r t e r  cor responding  t o  t h e  f i n i t e -  
s i z e  source  of F i g .  3. 

e l e c t r o n  d i s t r i b u t i o n  a t  t h e  c o n v e r t e r .  A s  b e f o r e ,  we 
used these  MAGIC d i s t r i b u t i o n s  as inpu t  t o  CYLTRAN.  In 
CYLTRAN,  the  exac t  geometry and d e t e c t o r  m a t e r i a l s  were 
used. The c a l c u l a t i o n s  showed t h a t  t h e  inc reased  pinch 
ang le  of the beam a t  t h e  c o n v e r t e r  with inc reased  
vo l t age  reduced t h e  e f f e c t i v e  a a t  t h e  p o s i t i o n  of t h e  
P I N  d iode  t o  1.8. 

Using t h i s  va lue  f o r  a, we expec t  t h a t  t h e  

r e l a t i v e  v a r i a t i o n  i n  t h e  r a d i a t i o n  p u l s e ,  6, should  

fo l low I V l a 8 .  T h i s  behavior  is i n  e x c e l l e n t  agreement 
wi th  t h a t  measured (F ig .  6 ) .  Because of t h e  de l ay  
between the  turn-on of t h e  c u r r e n t  wi th  r e s p e c t  t o  t h e  
v o l t a g e ,  the comparison is n o t  very  s e n s i t i v e  t o  t h e  
exac t  power of V .  Th i s  l ack  of s e n s i t i v i t y  fo l lows  
from t h e  obse rva t ion  t h a t  t h e  bulk  of t h e  v a r i a t i o n  i n  
t h e  lead ing  edge of t h e  vo l t age  wave shape o c c u r s  when 
l i t t l e  c u r r e n t  is f lowing .  A d d i t i o n a l l y ,  t h e  t r a i l i n g  
edge of the  v o l t a g e  p u l s e  f e l l  p r e c i p i t o u s l y  due t o  
se l f -b reak ing  swi t ches  i n  t h e  pulse-forming l i n e s  [ 4 ] .  
Consequently,  t h e  time over which t h e  vo l t age  was 
changing was sma l l ,  and t h e  e f f e c t  of vary ing  a on t h e  
p rqd ic t ed  r a d i a t i o n  ou tpu t  was masked by exper imenta l  
r e s o l u t i o n .  We f i n d ,  i n  f a c t ,  t h a t  IV--the power 
pulse--gives an equa l ly  v a l i d  d e s c r i p t i o n  of t h e  
r e l a t i v e  shape o f  t h e  r a d i a t i o n  pu l se .  Th i s  
i n s e n s i t i v i t y  t o  a f o r  our  expe r imen ta l  c o n d i t i o n s  
h e l p s  t o  exp la in  why o t h e r  exper iments  with s i m i l a r  
cond i t ions  have o f t e n  found an unexpectedly good 
c o r r e l a t i o n  between t h e  shape of t h e  power p u l s e  and 
t h e  r a d i a t i o n  pu l se .  

Summary 

The r e l a t i o n  fi c1 I V a ,  which is used t o  e v a l u a t e  
t h e  on-axis r a t e  downstream of opt imized  c o n v e r t e r s  has  
been eva lua ted  f o r  a f i n i t e - s i z e  source  o p e r a t i n g  on 
t h e  p ro jec t ed  HERMES I11 a c c e l e r a t o r .  The c a l c u l a t i o n s  
show t h a t  a v a r i e s  by 36% over t h e  near  f i e l d  f o r  a 
f i x e d  conve r t e r  optimized a t  20 MeV and i l l u s t r a t e s  t he  
v a r i a t i o n  p o s s i b l e  from a f i n i t e - s i z e  source  (F igs .  4 
and 5 ) .  For exposures  near  t h e  conve r t e r ,  an a of 
about 2.2 is  obta ined .  

I I I I 
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Fig. 6 Comparison of r a d i a t i o n  p u l s e  measured i n  

t h e  P I N  d iode  r e l a t i v e  t o  t h a t  c a l c u l a t e d  

us ing  f, a IV . 1.8 
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