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ABSTRACT 

The f i r s t  d i r e c t  measurement of t he  f u e l  pR i n  l a s e r  f u s i o n  

ta rge ts  has been achieved by count ing the  number o f  e l a s t i c a l l y  

sca t te red  fuel ions,  "knock-on p a r t i c l e s "  o f f  14.1 MeV Dl-neutrons. 

Also masured f o r  t he  f i r s t  t ime was the  knock-on energy spectrum 

which agreed we1 1  w i t h  p red i c ted  r e s u l t s .  Both measurements re -  

q u i r e d  t h e  use of t h i n  CR-39 s o l i d  s t a t e  t r a c k  detectors.  The 

presence of a  p ro ton  background necessi tated the  development o f  t h ree  

t r a c k  c r i t e r i a  based on p a r t i c l e  range and v e l o c i t y  t o  separate the  

knock-on deuterons and t r i t o n s  from energet ic  protons w i t h  energies 

g rea te r  than 3 MeV. 

Also examined here i s  t he  immediate u t i l i z a t i o n  o f  knock-on fo r -  

ward-scattered deuterons t o  probe non-uniform f u e l  compressions. This 

requ i res  the  use of a t  l e a s t  two t r a c k  de tec to r  packages t o  view the  

t a r g e t  from d i f f e r e n t  o r i e n t a t i o n s .  

A d e t a i l e d  d iscussion i s  a l s o  g iven on t h e  f u t u r e  extension of 

2 
t h e  f u e l  pR measurement when t a r g e t  pR cond i t i ons  exceed 4  mg/crn . 
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INTRODUCTION 

A. Chapter Overview 

During fu tu re  l a s e r  fus ion studies, such aspects as se l f -heat ing  

of  the  f u e l  by DT alpha p a r t i c l e s  and fuel i o n  dep le t i on  by thermo- 

nuclear  burn w i  11 become of inc reas ing  importance. These aspects depend 

s t rong ly  upon the  fuel P R  (Rho-R), a  parameter which i s  t he  product o f  

t h e  f u e l  dens i ty  and i t s  confinement radius.  This product i s  a l so  a  

c r i t i c a l  parameter f o r  determining the  p r o x i m i t y  t o  thermonuclear 

i g n i t i o n .  A d iscussion on t h e  s ign i f i cance o f  f u e l  P R  w i l l  be explored 

i n  g reater  d e t a i l  i n  Chapter 2. I n  t h i s  chapter t he  author  w i l l  d iscuss 

a  d iagnos t i c  which has been developed and implemented t o  measure t h i s  

parameter. The measurement re1 i e s  on count ing t h e  number of e l a s t i c a l l y  

sca t te red  deuterons and t r i t o n s ,  "knock-on pa r t i c l es , "  o f f  t he  by 14.1 

MeV DT neutrons. These knock-on p a r t i c l e s  are  recorded on s o l i d  s t a t e  

t r a c k  detectors.  1 

Much o f  t he  data ana lys i s  r e l i e s  on a  bas ic  understanding o f  how 

so l  i d  s t a t e  t r a c k  de tec tors  record  charged and neu t ra l  p a r t i c l e s .  

Therefore, i n  Appendix A  a  b r i e f  d iscuss ion  on how t r a c k  detectors work 

i s  g iven f o r  those readers n o t  f a m i l i a r  w i t h  t h i s  type detector .  

I n  Chapter 3, t h e  basic  i ssue of how t h i s  measurement i s  performed 

i s  addressed. Here a  d iscussion of var ious backgrounds and how they are 

d i sc r im ina ted  from knock-on p a r t i c l e s  i s presented. 

Chapter 4  w i l l  examine more c a r e f u l l y  t he  d e t a i l s  on how t h e  

knock-on energy window i s  determined. Also i n  t h i s  chapter a  discussion 

on opt imal  f u e l  i o n  concent ra t ion  w i l l  be presented. 



'This i s  fo l l owed by Chapter 5 w i t h  exper imenta l  data  where 

t h e  method i s  a p p l i e d  and fue l  pR determined. Inc luded  here i s  a  

d i scuss ion  of va r i ous  measurement u n c e r t a i n t i e s  e n t e r i n g  i n t o  t he  

es t imate  o f  pR. 

Next i n  Chapter 6 a  d i scuss ion  i s  g iven  on t h e  usefu lness o f  

t h i s  method f o r  t a r g e t  pR c o n d i t i o n s  where s i g n i f i c a n t  d i s t o r t i o n  i n  

t h e  knock-on spectrum can occur.  It w i l l  be shown t h a t  t h e  t a r g e t  pR 

2 cannot exceed about  .1 g/cm (approx imate ly  i g n i t i o n  c o n d i t i o n s )  i n  

o r d e r  f o r  t h e  knock-on p a r t i c l e s  t o  have s u f f i c i e n t  energy t o  escape 

t h e  t a r g e t .  

Th is  i s  fo l l owed by Chapter 8, which exp lo res  a  p o s s i b l e  appl i- 

c a t i o n  of  t h i s  d i a g n o s t i c  t o  measure f u e l  compression nonun i f o rm i t i es  

d u r i n g  t h e  t i m e  of  neu t ron  p roduc t ion .  

The d i s s e r t a t i o n  conc l  udes w i t h  Chapter 9, which sumnari zes 

t h e  impo r tan t  aspects  presented i n  t h e  work. 

B. Fuel pR Dete rmina t ion  Using Knock-On P a r t i c l e s  

Th is  s e c t i o n  w i l l  serve t o  o r i e n t  t h e  reader  t o  t h e  unde r l y i ng  

phys i cs  d e s c r i b i n g  how knock-on p a r t i c l e s  g i v e  i n f o r m a t i o n  o f  t h e  

f u e l  pR. It w i l l  t hen  examine t h e  exper imenta l  method developed t o  

r e c o r d  and coun t  t h e  knock-on p a r t i c l e s .  A l so  a  q u a l i t a t i v e  d iscus-  

s i o n  w i l l  be g i v e n  on t h e  problems r a i s e d  by t h i s  methodology. 

L a s t l y ,  t h i s  s e c t i o n  w i l l  examine t h e  l i m i t a t i o n s  o f  t h e  measurement 

due t o  p a r t i c l e  slowdown under h i g h  t a r g e t  P R  cond i t i ons .  No a t tempt  

i s  made i n  t h i s  s e c t i o n  t o  examine q u a n t i t a t i v e l y  t h e  many t e c h n i c a l  - 



issues associated with t h i s  method or  i t s  accompanying 1 imitations. 

This discussion i s  reserved to  l a t e r  chapters i n  t h i s  dissertation. 

Quali ta t ively,  t h i s  method re l ies  on the fac t  that  the fuel pR 

i s  direct ly proportional to  the number of knock-ons produced. This 

i s  i l lus t ra ted  i n  Figure 1.1. In particular,  the total  number of 

knock-ons Q,  i s  given by 

where ad and at are the ( n , d )  and (n, t )  el a s t i c  cross sections, Y n  

i s  the neutron yield and, the nd and n t  are the deuterium and tritium 

ion densities. In t h i s  equation i t  i s  assumed that the neutron mean 

free path (nu) - '  i s  much larger than the fuel dimensions R. If : 

= n = n and M i s  the mass of a proton, then the ion density can be nd t 0 P 

related to  the fuel density by 

Thus, the fuel p R  can be expressed as 
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where oD and UT have been taken equal t o  .62 and .92 barns, 2 

respec t i ve l y .  

Unl i ke t h e  fus ion r e a c t i o n  products, t he  knock-on p a r t i c l e s  

have a wide range of poss ib le  energies. The knock-on spectrum i s  

shown i n  F igure 1.2. The maximum knock-on energies occur r ing  a t  10.6 

and 12.5 MeV represent  the  forward-scattered t r i t o n s  and deuterons. 

Between these peaks i s  a reg ion  sparsely  populated and w i t h  l i t t l e  

s t ruc tu re .  Measurements of t h e  p a r t i c l e  spectrum i n  t h i s  reg ion  

shows a d i s t r i b u t i o n  cons is ten t  w i t h  the  knock-on spectrum. 

The knock-on p a r t i c l e s  can best  be counted by us ing t h i n  CR-39 

s o l i d  s t a t e  t r a c k  detectors.  These detec tors  have nea r l y  100% 

count ing e f f i c i e n c i e s  over a wide v e l o c i t y  i n t e r v a l  ' and i n s e n s i t i v e  

t o  x-rays and e l e c t r o n  backgrounds if doses a r e  l e s s  than 10 Mrad. 4 

D e t a i l s  exp la in ing  t h e  process by which these detectors record 

charged p a r t i c l e s  a re  g iven i n  Appendix A. Bas ica l l y ,  they operate 

as f o l l o w s :  As a charged p a r t i c l e  en ters  the  detector ,  i t s  e l e c t r i c  

f i e l d  a1 t e r s  t h e  l o c a l  chemical p rope r t i es  o f  the  de tec tor  by break- 

i n g  chemical bonds around i t s  t r a j e c t o r y .  Upon chemical etching, 

these a l t e r a t i o n s  e t c h  more q u i c k l y  than the  surrounding bu l k  ma- 

t e r i a l  r e s u l t i n g  i n  t h e  formation of  p i t  s t ruc tu res  c a l l e d  " t racks.  " 

For a g iven charge Z, measurement o f  t h e  t r a c k  diameter determines 

the  p a r t i c l e  v e l o c i t y  o r  e q u i v a l e n t l y  i t s  energy-per-nucleon ( i  .e. , 

E ' ~  where E i s  t he  p a r t i c l e  energy d i v ided  by i t s  nucleon number, A) 5 

Data reduct ion  i s  c u r r e n t l y  complicated by t h e  presence of a 

p a r t i c l e  background and the  i n a b i l  i t y  o f  t h e  de tec tor  t o  separate 

protons from knock-on p a r t i c l e s  over  a l l  v e l o c i t i e s .  I f  a stopping 
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f o i l  i s  n o t  p laced i n  f r o n t  of t h e  detector ,  t h e  i o n  b lowof f  f rom 

t h e  t a r g e t  w i l l  be many orders of magnitude l a r g e r  than t h e  knock-on 

s igna l  thus being i r r e t r i e v a b l y  l o s t  i n  t h e  myriad o f  over lapping 

background t racks .  I n  t h e  present  experiments a 50 pm tanta lum 

stopping f o i l  i s  p laced i n  f r o n t  of t h e  detector ,  as shown i n  

F igure  1.3. Th is  was a l so  g rea te r  than t h e  40 pm o f  tanta lum which 

i s  requ i red  t o  a d d i t i o n a l l y  s top  t h e  3 MeV DD protons. An a i r  gap 

shown i n  t h e  f i g u r e  i s  requ i red  t o  prevent  degradat ion o f  t h e  t r a c k  

de tec to r  s e n s i t i v i t y  when p laced i n  vacuum. 

The tanta lum f o i l  does n o t  s top energet ic  protons above 3 MeV 

o r  protons produced i n  t h e  tanta lum f o i l  o r  t r a c k  de tec to r  f rom pro-  

ducing t r a c k s  on t h e  de tec to rs .  Th i s  background must be separated f rom 

t h e  knock-on t r a c k s  by employing var ious t r a c k  c r i t e r i a .  This  background 

i s  most ser ious  t o  deal w i t h  s i nce  knock-on t r a c k s  can have comparable 

t r a c k  diameters w i t h  t h e  background t racks .  As t r a c k  diameter g ives 

in format ion o n l y  o f  p a r t i c l e  v e l o c i t y ,  t h e  p a r t i c l e  range i s  addi -  

t i o n a l  l y  requ i red  t o  determine i t s  nucleon number. Range i n fo rma t i on  i s  

deduced f rom " s p a t i a l  co inc iden t  t r a c k  p a i r s "  where a t r a c k  i s  produced 

on bo th  t h e  entrance and e x i t  s ides  of t h e  de tec to r .  The presence o f  

such s t r u c t u r e s  over  a predetermined diameter i n t e r v a l  can be used t o  

separate protons which produce non-coinc ident  t r acks  f rom knock-on 

p a r t i c l e s  which produce co inc iden t  t racks .  

The f i n i t e  i n t e r v a l  o f  t r a c k  diameters r e s u l t s  i n  a l i m i t a t i o n  

of t h e  de tec tab i  1  i ty  over  which t h e  de tec to r  can d i sc r im ina te  aga ins t  

protons. Therefore, i f  rd and r t  represent  t h e  f r a c t i o n  o f  knock-on 





deuterons and t r i t o n s  which f a l l  i n t o  the  d i sc r im ina t i on  range o f  t h e  

detector ,  then t h e  number of s p a t i a l  co inc ident  t racks  observed i s  

g iven by 

Q =  (0 r  n R + C J  r  n R ) %  Y d d d  t t t  n 

where i s  t h e  f r a c t i o n a l  s o l i d  angle subtended by t h e  t r a c k  4 n 

detec tor .  

Determinat ion of rd and r t  are t h e  major t h e o r e t i c a l  uncer ta in-  

t i e s  i n  t h e  measurement. For  t a r g e t  P R  cond i t ions  l e s s  than 4 

2 mg/cm these parameters can be simply determined by knowing (1) the  

energy i n t e r v a l  over  which t h e  de tec to r  can separate t h e  proton back- 

ground and (2 )  t h e  d i f f e r e n t i a l  cross sec t i on  f o r  each o f  t he  two 

knoc k-on processes. 6 

I n  f u t u r e  experiments when t a r g e t  pR cond i t ions  exceed 4 mg/cm 2 

f u r t h e r  u n c e r t a i n t i e s  i n  rd and r t  w i l l  e x i s t .  Here spec t ra l  d i s t o r -  

t i o n  due t o  the  s lowing down of t he  knock-on p a r t i c l e s  through the  

t a r g e t  a l t e r s  t h e  shape of t h e  spectrum and thus changes r .  Two 

methods have been examined t o  c o r r e c t  f o r  these d i s t o r t i o n s .  One 

method r e l i e s  on t h e  measured energy l o s s  of DD protons. Since 

these protons have v e l o c i t i e s  comparable t o  t h a t  of t h e  forward- 

sca t te red  t r i t o n s ,  they can be used t o  probe t h e  l o c a l i z e d  d i s t o r -  

t i o n  o f  t h e  t r i t o n  peak. This  method breaks down above 10 mg/cm 2 

where the  protons a r e  stopped i n s i d e  t h e  ta rge t .  The second 

method requ i res  the  use of two detec tors  t o  view two adjacent  

energy i n t e r v a l s  across t h e  spectrum. The r a t i o  o f  knock-ons f rom 



each interval can be used to estimate the local distortion and thus 

correct r accordingly. This method can be used to about 80 mg/cm 2 

where, a t  t h i s  point, the knock-on particles are stopped inside the 

target .  This knock-on method therefore cannot be util  ized to break- 

even conditions, b u t  for  the near term 1 aser fusion program i t  can 

be cheaply and easi ly implemented in diagnosing compression experi- 

men t s  . 
Ut11 ike many other indirect methods, the targets do not have to be 

specially prepared in order to  use the technique. The only requirement 

i s  that  a DT fuel mixture be present to  produce the necessary 14 MeV 

neutrons. Deuterium-filled microballoons are not acceptable targets 

for  th is  diagnostic since the DD neutrons are  not energetic enough to 

produce the required knock-on energies to  separate them from the DD 

protons. 

C. A1 ternative Methods In Measuring Fuel pR 

Various methods have been proposed to measure fuel pR. These 

include (1) neutron activation of the tamper material by the DT 

 neutron^,^ (2) Stark broadening of seed material i n i t i a l l y  mixed in 

the fuel ,8 ( 3 )  DT-to-DD reaction ra t io  for  deuterium-filled targets,  9 

and (4) intensity measurements of the Ka x-ray radiation produced 

by the scattering of charged part ic le  fusion products off high Z 

seed material i n  the fuel.  lo Each method has i t s  d is t inc t  inherent 

d i f f i cu l t i e s ,  as  will be discussed below. 



1. Neutron A c t i v a t i o n  

Figure 1.4 shows t h e  bas is  physics o f  t h i s  d iagnost ic .  

Here a 14 MeV neutron i n t e r a c t s  w i t h  a 28~i n u c l i d e  producing a 

pro ton  and e x c i t e d  28 Ae* nuclear  s ta te .  This  s t a t e  decays f i r s t  by 

0- emission (whose endpoint energy i s  2.86 MeV) t o  28~i* having a 

hal f -1 i f e  o f  2.24 minutes, which then y-decays. To reduce 

background counts bo th  6 -  and y rays are  counted i n  coincidence. (The 

in te rmed ia te  s t a t e  has a h a l f - l i f e  o f  on l y  0.5 ps.) 

The number o f  a c t i v a t e d  n u c l e i  N* i s  given by 

where 

The parameter nSi, AR, An, P, and I1 are the  s i l i c o n  number densi ty ,  

pusher-tamper th ickness,  Avogadro's number, g lass  dens i ty  and the  

atol l i ic mass, respec t i ve l y .  Therefore, t h e  number o f  ac t i va ted  

n u c l e i  can be d i r e c t l y  r e l a t e d  t o  t h e  tamper pR by 

The (n,P) cross sec t ion  f o r  28~i i s  0.25 barns. It i s  there-  

f o r e  l e s s  e f f i c i e n t  per  DT neutron than w i t h  t h e  knock-on method 
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which uses t h e  cross sec t i ons  of  0.62 and 0.92 barns f o r  t he  deuteron 

and t r i t o n ,  r e s p e c t i v e l y .  

It should be noted t h a t  N* i s  n o t  t h e  detected count  b u t  r a t h e r  

t he  t o t a l  number o f  a c t i v a t e d  n u c l e i .  T y p i c a l l y ,  a  f i ve -minu te  

sampl ing t ime  i s  taken t o  o b t a i n  adequate coun t ing  s t a t i s t i c s .  Th is ,  

i n  t u r n ,  inc reases  t h e  t h r e s h o l d  va lue s t i l l  f u r t h e r .  

Another l i m i t a t i o n  of t h i s  technique i s  t h a t  i t  does n o t  measure 

t he  f u e l  pR d i r e c t l y  b u t  must r e l y  on numerical  s i m u l a t i o n  t o  i n f e r  

t h i s  f rom the  tamper cond i t i ons .  Only i n  extreme cases o f  sphe r i ca l  

symmetry, un i f o rm  d e n s i t y  i n  bo th  t h e  f u e l  and pusher-tamper, and 

t h i n  s h e l l  can t h e  i n i t i a l  parameters and measured compressed tamper 

pR g i v e  exac t  r e s u l t s  f o r  t h e  compressed f u e l  pR; namely, 

where (pR) , (pR) , ( P A R )  , and  PAR)^ a r e  r e s p e c t i v e l y  t h e  
0 c  Po C 

i n i t i a l  and compressed pR o f  t he  f u e l  and pusher-tamper. These 

assumptions a r e  n o t  met i n  l a s e r  f u s i o n  t a r g e t s  and t h e r e f o r e  

d e n s i t y  model ing i s  necessary t o  e x t r a c t  f u e l  pR cond i t i ons .  

2. S ta r k  Broadening 

The w i d t h  o f  s p e c t r a l  l i n e s  under c e r t a i n  c o n d i t i o n s  g i ve  

d i r e c t  i n f o r m a t i o n  o f  t h e  l o c a l  d e n s i t y  where t hey  a r e  produced. 

T h i s  i n  t u r n  can be used t o  es t imate  t h e  f u e l  pR. Four bas i c  



mechanisms can produce spec t ra l  broadening. These a r e  1  i sted  

be1 ow: 

( 1 )  Na tu ra l  

( 2 )  Doppler 

( 3 )  C o l l  i s i o n a l  ( S t a r k )  

( 4 )  Zeeman 

The f i r s t  broadening mechanism i s  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  l i f e t i m e  o f  t h e  s t a t e  ( r e s u l t  of  Heisenberg u n c e r t a i n t y  p r i n -  

c i p l e ) .  No d e n s i t y  in fo rmat ion  i s  ob ta ined  by t h i s  process. The 

second mechanism, Doppler broadening, increases t h e  l i n e - w i d t h  due 

t o  t h e  random thermal mot ion o f  t h e  e m i t t i n g  atoms. Again no 

d e n s i t y  i n f o r m a t i o n  i s  ob ta ined  by t h i s  mechanism. However, f o r  

S ta r k  broadening t h e  l o c a l  e l e c t r i c  f i e l d  o f  ne ighbor ing  atoms can 

a l t e r  t h e  s t a t e s  enough so t h a t  t h e  energy l e v e l s  a r e  smeared. The 

degree o f  smearing (which i s  Lo ren t z i an  i n  shape) g ives  d i r e c t  

in fo rmat ion  o f  t h e  l o c a l  dens i t y .  That l a s t  process o f  Zeeman s p l i t  

t i n g  i s  r e l e v a n t  o n l y  when magnetic f i e l d s  a re  present .  Th i s  p ro -  

cess has as y e t  n o t  been i d e n t i f i e d  f rom l a s e r  f u s i o n  t a r g e t s .  

Therefore,  useful d e n s i t y  i n f o r m a t i o n  can be e x t r a c t e d  f rom 

o n l y  S ta r k  broadening. Th i s  has been done by p l a c i n g  Ne i n s i d e  

t h e  t a r g e t .  However, t h e  t a s k  o f  un fo ld ing  t h i s  broadening com- 

ponent f rom Doppler broadening i s  a  n o n - t r i v i a l  task .  I n  a d d i t i o n ,  

t h i s  method breaks down a t  f u e l  d e n s i t i e s  on t h e  o r d e r  o f  1 t o  2  

3 mg/cm where t h e  spec t ra l  1  i nes  beg in  t o  over1 ap. The poss i  b i  1  i ty  

of us ing  argon i n  p lace  o f  neon has been suggested, b u t  h i ghe r  tem- 

pera tu res  a r e  requ i red .  



S t i l l  another  d i f f i c u l t y  a r i s i n g  from t h i s  method i s  t h a t  t h e  

atoms may r a d i a t e  a t  t imes s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  t ime  

when t h e  thermonuclear burn  occurs.  Thus measured f u e l  pR values 

may n o t  c h a r a c t e r i z e  t h e  fue l  cond i t i ons  d u r i n g  t h e  t ime  o f  neut ron 

p roduc t ion .  

3. Measurement of  DT-to-DD React ion R a t i o  

The r a t i o  of  DT neutrons t o  DD neutrons g ives d i r e c t  mea- 

surement of  t h e  fue l  pR f o r  t r i t i u m - f r e e  t a r g e t s .  I n  one o f  two 

poss ib l e  DD r e a c t i o n  channels a  1 MeV t r i t o n  i s  produced. As t h e  

t r i t o n  t r a v e l s  through t h e  fue l  t h e  p r o b a b i l i t y  o f  causing a  DT 

r e a c t i o n  i s  p r o p o r t i o n a l  t o  t h e  deuteron number dens i t y  (and there -  

f o r e  t h e  f u e l  d e n s i t y )  and t h e  d is tance  t r a v e l e d  through t he  f u e l .  

There, however, e x i s t  t h ree  l i m i t a t i o n s  o f  t h i s  method. These are:  

( 1 )  t h e  a n a l y s i s  can o n l y  be used f o r  t r i t i u m - f r e e  t a rge t s ,  

( 2 )  t h e  d e t e c t i o n  e f f i c i e n c y  i s  l i m i t e d  by t h e  neut ron 

d e t e c t i o n  e f f i c i e n c y  and 

( 3 )  l a r g e  u n c e r t a i n t i e s  i n  t h e  r a t i o  r e s u l t  f o r  f u e l  pR con- 

2  d i t i o n s  g r e a t e r  than 10"~/cm when i o n  f u e l  temperatures 

a r e  l e s s  than 5 KeV. 

D i r e c t  d e t e c t i o n  o f  t h e  DD p ro tons  and t h e  DT a lpha  p a r t i c l e s  

r e s u l t  i n  h igh  d e t e c t i o n  e f f i c i e n c y .  Un fo r t una te l y ,  f o r  t a r g e t  pR 

2  c o n d i t i o n s  g r e a t e r  than 1 0 - ~ ~ / c m  t h e  a1 pha p a r t i c l e s  a r e  stopped 

2 w i t h i n  t h e  t a r g e t  and above 1 0 - ~ ~ / c m  t h e  DD p ro tons  a r e  a l s o  stopped 



i n  t he  t a r g e t .  Therefore, t h e  de tec t i on  o f  neutron r e a c t i o n  products 

2 w i l l  be necessary f o r  t a r g e t  cond i t ions  i n  excess o f  .001 g/cm . 
L i m i t a t i o n  (3 )  i s  t h e  r e s u l t  of t h e  f a c t  t h a t  t he  beam average 

r e a c t i o n  r a t e  < o w b  i s  a  very s e n s i t i v e  f u n c t i o n  o f  i o n  temperature 

below 5 KeV, as shown i n  F igure  1.5 ( taken f rom reference 9 ) .  

The fuel  pR can be measured i n  a  very s i m i l  a r  manner by t h e  

3 r a t i o  o f  DD neutrons t o  D He protons from deuterated ta rge ts .  The 

3  c h i e f  l i m i t a t i o n  here i s  t h a t  t he  D He has a  much smal le r  beam 

r e a c t i o n  r a t e  compared t o  t h e  DT beam r e a c t i o n  ra te .  

4. I n t e n s i t y  Measurement o f  Ka X-Ray Lines 

Fusion products,  i n  p a r t i c u l a r  DT a1 pha p a r t i c l e s  and DD 

protons, can be used t o  produce K-shel l  x-rays from seeded ma te r i a l s  

i n i t i a l l y  mixed i n  t h e  f u e l .  The number o f  such x-rays i s  propor- 

t i o n a l  t o  t h e  fue l  pR. F igure  1.6 shows t h a t  t h e  cross sec t ion  f a l l s  

r a p i d l y  w i t h  inc reas ing  Z  o f  t h e  seed ma te r i a l .  However, low Z  seed 

ma te r i a l  cannot be a r b i t r a r i l y  used because o f  t h e  presence o f  a  l a r g e  

x-ray background r e s u l t i n g  p r i m a r i l y  f rom bremsstrahlung f rom t h e  

t a r g e t  s h e l l .  Typica l  data of  t h e  x- ray background from t h e  Zeta 

Lase r  System show t h a t  a  reasonable seed ma te r i a l  should have a  Ka 

energy of  g rea te r  than 8 KeV. Th is  requ i res  a  Z  o f  30 o r  h igher .  Such 

h igh  Z  m a t e r i a l s  can have de t r imenta l  e f fec ts  on t h e  t a r g e t  performance. 

I f  the  concent ra t ion  i s  t o o  high, excessive r a d i a t i o n  c o o l i n g  o f  t h e  

f u e l  can degrade t h e  thermonuclear performance and overest imate 

r e a l i s t i c  t a r g e t  compressions f o r  s t r i c t l y  D T - f i l l e d  ta rge ts .  The 

oppos i te  extreme o f  low seed concent ra t ion  may r e s u l t  i n  i n s u f f i c i e n t  
- 
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Ka i n t e n s i t y  t o  be e a s i l y  separated from t h e  x-ray background. I n  

e i t h e r  case, s p e c i a l l y  prepared t a r g e t s  w i l l  be requ i red  t o  diagnose 

the  f u e l  pR condi t ions.  

A second method which uses Ka emission t o  measure compression 

i s  by measuring t h e  dimension of  t h e  emission reg ion  us ing an x-ray 

p inho le  camera. It i s  e a s i l y  shown assuming uni form dens i ty  and 

conservat ion o f  mass t h a t  

Ro where ( P R ) ~ ,  (OR), and (-1 are  t h e  f i n a l  and i n i t i a l  f u e l  pR and 
Rf 

the i n i t i a l  - to- f  i n a l  fue l  r a d i i  , respect ive ly .  Not ice t h a t  measure- 

ment unce r ta in t y  i n  Rc w i l l  r e s u l t  i n  a two times l a r g e r  unce r ta in t y  

i n  t h e  f u e l  pR est imate. For example, i f  t h e  compressed f u e l  has a 

dimension o f  20 pm and t h e  s p a t i a l  r e s o l u t i o n  i s  5 pm, t he  f u e l  pR 

unce r ta in t y  i s  550%. 

This procedure s u f f e r s  from t h e  same l i m i t a t i o n  as mentioned 

above when t h e  Ka i n t e n s i t y  l i n e s  a r e  measured. 

D. Conclusions 

Because t h e  methods described above have a number o f  inherent  

d i f f i c u l t i e s ,  such as tamper dens i t y  modeling, u t i l i z a t i o n  o f  

specia l  l y  prepared ta rge ts ,  and h igh  thresh01 d and r e s o l u t i o n  1 i m i -  

t a t i o n s ,  t h e  knock-on d iagnos t i c  has been developed a t  t h e  Un ive rs i t y  

o f  Rochester's Laboratory f o r  Laser Energet ics . Th is  d iagnost ic  has 



t h e  lowes t  d e t e c t i o n  t h r e s h o l d  compared w i t h  a l l  o t h e r  a l t e r n a t i v e  

methods and does n o t  r e l y  on modeling o f  tamper cond i t ions .  I n  ad- 

d i t i o n ,  s tandard D T - f i l l e d  t a r g e t s  can be used w i t h  t h i s  method. 



I 1  THE SIGNIFICANCE OF FUEL pR 

A. Chapter Overview 

Est imates f o r  e s t a b l i s h i n g  breakeven requirements,  f r a c t i o n a l  

DT burn, and s e l  f -hea t ing  of t h e  fue l  w i l l  be shown t o  be s t r o n g l y  

dependent on t h e  fue l  pR cond i t i ons .  Emphasis w i l l  be p laced  on t h e  

d e r i v a t i o n  o f  a n a l y t i c a l  models t o  c l a r i f y  t h e  r e l e v a n t  phys i ca l  

p r i n c i p l e s .  These models have a  number o f  simp1 i f i c a t i o n s  which can 

o n l y  be t r e a t e d  p r o p e r l y  w i t h  t h e  use o f  complex numerical  codes 

i nvo l  v i  ng t r a n s p o r t  phenomena, a b l a t i o n ,  hydrodynamic and nuc lea r  

burn.  The goal  o f  t h i s  chap te r  i s  t o  d iscuss  t he  q u a l i t a t i v e  

importance i n  which P R  e n t e r s  i n t o  these es t imates  and 

i n  do ing  so s t i m u l a t e s  a d d i t i o n a l  d i s cuss ion  by an inc reased  number 

o f  researchers  i n  t h i s  f i e l d .  

The chap te r  w i l l  be d i v i d e d  i n t o  t h r e e  sec t i ons .  I n  s e c t i o n  B, 

a  model w i l l  be presented f o r  t h e  f u e l  c o n d i t i o n s  r e q u i r e d  t o  ach ieve 

breakeven cond i t i ons .  Here i t  w i l l  be shown t h a t  t h e  r e q u i r e d  f u e l  pR 

depends p r i m a r i l y  on t h e  f u e l  temperature and has a  minimum a t  about 

20 KeV. As w i l l  be discussed, t h i s  minimum i s  t h e  r e s u l t  o f  two corn- 

p e t i n g  processes: t h e  r e a c t i o n  r a t e  and r a d i a t i o n  l o s s  due t o  

Bremsstrahlung. 

Sec t i on  C w i l l  examine t h e  dependence of f r a c t i o n a l  burn on 

pR. I nc l uded  here i s  an es t ima te  o f  t h e  disassembly t ime  o f  t h e  t a r -  

g e t  based on t h e  t ime  r e q u i r e d  f o r  a  r a r e f a c t i o n  wave t o  t r a v e l  f rom 

t h e  t a r g e t  su r f ace  t o  i t s  cen te r .  T h i s  e s t i m a t e  i s  then  used t o  



c a l c u l a t e  t h e  f r a c t i o n a l  burn.  As w i l l  be shown, t h i s  dependence 

i s  a s t r ong  f u n c t i o n  o f  f u e l  temperature f o r  T 20 KeV b u t  i s  

a lmost  i n s e n s i t i v e  t o  terr~peratures between 20 KeV z T z 70 KeV. 

Th is  chap te r  w i l l  c l o s e  w i t h  a d i scuss ion  o f  s e l f - h e a t i n g  o f  t he  

f u e l  by t h e  r e d e p o s i t i o n  o f  energy by t h e  DT a lpha p a r t i c l e s .  Here 

again ,  t he  f r a c t i o n a l  energy d e p o s i t i o n  w i l l  be shown t o  be a 

f u n c t i o n  o f  t h e  f u e l  pR. 

B. Breakeven Requirements 

I n  l a s e r  f u s i o n  research, t h e  f ue l  pR i s  o f  fundamental impor- 

tance, analagous t o  t h e  parameter n rc found when desc r i b i ng  magnet i -  

c a l l y  con f i ned  systems. What fo l l ows  i s  a s imp le  model which addresses 

t he  var ious  cons ide ra t i ons  which e x p l a i n  t h e  dependence o f  breakdown 

requi rements  on D R .  Exact q u a n t i t a t i v e  requi rements  a r e  n o t  de- 

r i v e d  i n  t h i s  sec t i on ,  f o r  these r e q u i r e  complex numerical  model ing 

o f  t h e  hydrodynamic, 1 aser-plasma i n t e r a c t i o n ,  and t h e  thermonuclear 

burn.  

Consider a l a s e r  f u s i o n  p u l s e  r e a c t o r  which del  i v e r s  energy t o  

a DT plasma so t h a t  i t  r a p i d l y  heats  t h e  plasma t o  a temperature T. 

I t  i s  assumed here t h a t  T = T, z Ti ( t h i s  assumption w i l l  break down 

i f  t h e  plasma i s  predominant ly  shock-heated and i f  t h e  thermal i z a t i o n  

t ime i s  l o n g  compared w i t h  t h e  p e l l e t  conf inement t i m e ) .  A f e a s i b l e  

work ing r e a c t o r  must s a t i s f y  t h e  c o n d i t i o n  t h a t  t h e  o u t p u t  energy be 

g r e a t e r  than  t h e  i n p u t  energy requi rements  f o r  t h e  r e a c t o r .  Assuming 

t h a t  t h e  p a r t i c l e  number d e n s i t i e s  i n  t h e  f u e l  i s  n E 2nd = 2nx and 



t h a t  t h e  f u s i o n  system has a  confinement t im rc, then  t h e  

f o l l o w i n g  energy sources can be i d e n t i f i e d :  

= t o t a l  thermal energy o f  plasma 

p e r  M 3 

T P 5 L n 2  
c n  4 <av> Q2 -rC = t o t a l  thermonuclear energy gener- 

a t e d  by DT r e a c t i o n s  p e r  M 3 

As a  conse rva t i ve  approx imat ion  assume t h a t  t h e  plasma i s  

o p t i c a l l y  t h i n  t o  Bremsstrahl  ung r a d i a t i o n  generated by t h e  plasma. 

The energy ba lance a n a l y s i s  can then  be s i m p l i f i e d .  The t o t a l  Brems- 

s t r a h l u n g  power generated p e r  u n i t  volume P i s  equal t o  
B 

where kT i s  i n  u n i t s  o f  eV. The t o t a l  a v a i l a b l e  energy Ea, d a r i n g  t h e  

confinement t i m e  i s  

where q denotes t h e  f r a c t i o n  of n u c l e a r  r e a c t i o n  energy r e t a i n e d  

as thermal  energy i n  t h e  plasma. As w i l l  be shown i n  s e c t i o n  D, 

q i s  a  s t r o n g  f u n c t i o n  of f u e l  pR and e l e c t r o n  temperature.  The 

minimum i n j e c t i o n  energy EL, r e q u i r e d  t o  hea t  t h e  plasma and t o  p ro -  

v i de  f o r  Bremsstrahlung energy l o s s  i s  



Assuming an e f f i c i ency  E (i.e., t y p i c a l l y  assumed t o  be 

equal t o  1/3)  i n  t h e  conversion o f  t h e  a v a i l a b l e  energy i n t o  

usefu l  energy t o  power f o r  example, t h e  nex t  pu lse  then 

2 2 De f i n ing  P0 = pO/n and p = Pn/n and so l v ing  f o r  n ~ c  one obta ins  
n 

where 

The confinement t ime as shown i n  sec t ion  C o f  t h e  chapter i s  

shown t o  be equal t o  

where R i s  t he  compressed rad ius  of t h e  fus ion t a r g e t  and CA i s  the  

sound speed,which i s  g iven by 



Therefore equa t i on  (5) can be expressed i n  terms of f u e l  pR and takes 

t h e  f i n a l  fo rm 

10 1/2 PR > 12(-3) ('Mi> (kT)3/2 1 - 1 

'ti i4 
(2- 10) 

B 2 
'ti r - i  

B 

Equat ion (10) expresses t h e  f a c t  t h a t  t h e  r e q u i r e d  fue l  p R  t o  

achieve breakeven i s  d i c t a t e d  by t h e  plasma temperatures, system 

e f f i c i e n c y ,  and t h e  degree of  a1 pha p a r t i c l e  s e l  f -hea t ing .  

F i gu re  2.1 shows t h e  f u n c t i o n a l  dependence o f  t h e  Maxwell i a n  average 

r e a c t i o n  r a t e  <av>, as a f unc t i on  of  i o n  temperature. As shown, t h e  

op t ima l  t o  opera te  t h e  r e a c t o r  because o f  t h e  h i ghe r  losses  due t o  

Bremsstrahl  ung . For  temperatures 1 ess than 10 KeV t h e  thermonuclear 

r e a c t i o n  r a t e  drops r a p i d l y  w i t h  decreasing temperature.  Therefore,  

t h e  op t ima l  f ue l  temperature as shown i n  F igu re  2.2 i s  about 20 KeV. 

I f  s e l f - h e a t i n g  i s  n o t  s i g n i f i c a n t ,  t h e  breakeven c o n d i t i o n  requ i res  a 

2 f u e l  pR o f  about ;2 g/cm a t  a temperature o f  15 KeV. The r o l e  of  

s e l f - h e a t i n g  and i t s  dependence on pR w i l l  be d iscussed i n  g r e a t e r  

d e t a i l  i n  s e c t i o n  D o f  t h i s  chapter .  

C.  F r a c t i o n a l  Burn 

A f t e r  t h e  DT f u e l  i s  compressed and heated i t  commences t o  burn. 

The d u r a t i o n  o f  t h e  burn i s  determined by t h e  conf inement t ime,  which i s  

t h e  t ime  r e q u i r e d  f o r  a r a r e f a c t i o n  wave t o  t r a v e l  a d i s t ance  R f r o r  
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F i g u r e  2 .1  





the surface of the pellet  to  i t s  center. During th i s  time a fraction 

of the fuel undergoes fusion. As will be shown, the fractional burn 

i s  a function of fuel pR and temperature. In addition, i t  will be 

shown that  for  fuel temperatures over the range T, = Ti I T = 20 to 

70 KeV the fractional burn has a weak temperature dependence and thus 

i t  i s  predominantly a function of fuel pR. 

The fractional b u r n  (f,) i s  defined as 

where n and n n  are the number densities of DT alpha particles and neutrons. 
0 

Combining t h i s  with the fusion reaction rate  equation i t  can be shown 

that  (See Appendix B )  

where 

Tt 
[ncov>]-' (reaction time) (2-13) 

I n  deriving equation (12) i t  was assumed that  the deuterium-tritium 

fuel mixture was 50150. Small departures from th is  si tuation will not 

affect  the fractional burn significantly because of the weak dependence 

of the reaction rate  on the fuel ion density ra t io .  

Imp1 i c i t  in equation (12) i s  that  the fuel i s  assumed to  be in 

thermodynamic equilibrium. This i s  not generally valid since a large 
- 



temperature g rad ien t  i s  generated by t h e  coalesc ing o f  shocks a t  t he  

center  o f  t he  t a r g e t .  Therefore, <av> i s  n o t  un iquely  de f ined  

across the  fue l .  Under c u r r e n t  t a r g e t  cond i t ions  a cen t ra l  reg ion  

o f  t he  f u e l  can be heated t o  temperatures i n  excess of 8 KeV w h i l e  

surrounding f u e l  i s  heated t o  about 1 KeV. As emphasis changes 

from s h o r t  pu lse  - h igh  i n t e n s i t y  l a s e r  cond i t ions  t o  l ong  pu lse  - low 

i n t e n s i t y  l a s e r  cond i t i ons  these temperature g rad ien ts  may be somewhat 

reduced. 

Keeping these 1 i m i t a t i o n s  i n  mind, equat ion (12) can be solved 

f o r  f, g i v i n g  

Th is  assumes t h a t  t h e  r e a c t i o n  t ime i s  constant  dur ing  the  burn. 

Not ice  t h a t  if t h e  confinement t ime i s  l a r g e  compared w i t h  t h e  reac t i on  
b 

t ime, t he  fue l  becomes depleted and f, approaches 1. I n  p rac t i ce ,  

however, t he  o t h e r  extreme i s  p resen t l y  encountered. S e t t i n g  t equal 

R t o  the  confinement t ime /C, where C, i s  g iven  by equat ion ( 9 ) ,  

equat ion (14) can be expressed i n  terms o f  pR. 

As the  f u e l  burns, l e s s  and l e s s  o f  t h e  f u e l  can p a r t i c i p a t e  be- 

cause o f  disassembly. The average mass used dur ing  the  confinement 

t ime i s  



where Mu i s  t h e  t o t a l  mass o f  t h e  p e l l e t .  Th is ,  i n  t u rn ,  i s  r e f l e c -  

t e d  i n  t h e  burn  e f f i c i e n c y  which i s  reduced by a  f a c t o r  o f  4. There- 

f o r e  s e t t i n g  t = R / 4 ~  equa t ion  2-14 becomes 

where 

and where Mi i s  t h e  average f u e l  i o n  mass. S ince bo th  Cg and 

<uv> a re  s t i l l  s t r i c t l y  f u n c t i o n s  o f  temperature so too  i s  @(T) .  

I n  p resen t  exper iments,  t h e  conf inement t i m e  i s  ve ry  much sma l le r  

than t h e  r e a c t i o n  t ime.  Th i s  leads  t o  an express ion  f o r  f, (us ing  

equat ions 14b and 17) g i ven  by 

The f u n c t i o n  @(T) ,  as p l o t t e d  i n  F i g u r e  2.3, has a broad minimum f o r  

2  temperatures between 20 and 70 KeV w i t h  an average va lue  o f  l l g / c m  . 
Therefore,  t h e  f r a c t i o n a l  bu rn  i n  t h i s  r e g i o n  i s  a lmost  t o t a l l y  a  

f u n c t i o n  o f  f u e l  pR. These h i g h  temperatures w i l l  most 1  i k e l y  n o t  be 

generated by d i r e c t  convers ion  o f  l a s e r  energy i n t o  thermal energy 

b u t  r a t h e r  due t o  se l f - hea t i ng  o f  t h e  fue l  by t h e  DT a lpha  p a r t i c l e s .  





As w i l l  be d iscussed i n  t h e  n e x t  sec t ion ,  t h e  degree o f  se l  f - hea t i ng  

i s  a l s o  a  f u n c t i o n  of fue l  pR. 

D. Se l f -Hea t i ng  

Var ious  f ac to r s ,  such as t echno log i ca l  c o n s t r a i n t s  on l a s e r  

o u t p u t  energy and t a r g e t  g a i n  performance, r e q u i r e  t h e  use o f  DT 

a lpha p a r t i c l e s  t o  depos i t  t h e i r  k i n e t i c  energy back i n t o  t h e  plasma 

t o  ach ieve i g n i t i o n .  I t  i s  t he re fo re  of i n t e r e s t  t o  measure t h e  

degree o f  se l f - hea t i ng  so t h a t  t h e  c o n s t r a i n t s  on t h e  above f a c t o r s  

can be b e t t e r  understood. As w i l l  be shown, t h e  degree o f  s e l f - h e a t i n g  

i s  a  f u n c t i o n  o f  bo th  f u e l  pR and e l e c t r o n  temperature.  

To es t ima te  t h e  se l f - hea t i ng  i t  i s  necessary t o  understand t h e  

mechanism i n  which charged p a r t i c l e s  l o s e  energy i n  plasmas. The 

9 m s t  impo r tan t  mechanism f o r  l ow  v e l o c i t y  p a r t i c l e s  ( i . e . ,  ; 10 cm/sec) 

i s  t h e  d i r e c t  exchauge o f  energy through coulomb s c a t t e r i n g  o f  t h e  t e s t  

p a r t i c l e  o f f  t h e  su r round ing  f i e l d  p a r t i c l e s .  The number o f  f i e l d  

p a r t i c l e s  p a r t i c i p a t i n g  i n  t h e  energy exchange process i s  d i c t a t e d  by 

t h e  minimum and maximum impact  parameters. 'These parameters a r e  by no 

means t r i v i a l  t o  deduce, and va r i ous  models have been used t o  es t ima te  

them.'' Fo r t una te l y ,  these  parameters e n t e r  o n l y  as a  r a t i o  i n  a  coulomb 

l o g  t e rm  and i n  most cases does n o t  a l t e r  t h e  es t ima te  f o r  t h e  energy 

l o s s  s i g n i f i c a n t l y .  

Denot ing Log A as t h e  coulomb l oga r i t hm ,  a  t e s t  p a r t i c l e  ( i n  t h i s  

p a r t i c u l a r  case a  DT a lpha  p a r t i c l e )  o f  v e l o c i t y  V and mass Ma t r a v e l s  



through a  plasma whose f i e 1  d  p a r t i c l e s  have a  c h a r a c t e r i s t i c  tem- 

pe ra tu re  T. The energy l o s s  takes  t h e  forms 12 

n Lo A M .  
($1 = z e n  x  - ( 1 )  x  (2-20a) 

i o n  Mi V 0: i a 

where 

Equat ions (20a) and (20b) a r e  t he  c o n t r i b u t i o n s  t o  t h e  t o t a l  energy 

l o s s  from i o n  and e l e c t r o n  f i e l d  p a r t i c l e s ,  r e s p e c t i v e l y  Mi and Me 

a re  t h e  i o n  and e l e c t r o n  f i e l d  p a r t i c l e  masses, r e s p e c t i v e l y .  

For  t h e  temperature range between 3 KeV <kT< 50 KeV, t he  para- 

meters x  and y s a t i s f y  t h e  f o l l o w i n g  c o n d i t i o n s :  

I t  i s  assumed here t h a t  t h e  energy o f  t h e  a lpha p a r t i c l e  remains above 

50 KeV. Under such c o n d i t i o n s  t h e  express ions b racke ted  i n  equa t ions  



(20a) and (20b) can be simplif ied;  namely, 

If  one forms the r a t i o  of the energy loss  of electrons t o  ions 

f o r  the case of the  3 . 5  MeV alpha par t i c le ,  then 

d E d E 4 MeE 3/2 Mi 
(5) (-1 = - (m) (2-22) electron dr ion 3 J F  a Me 

Taking f o r  example an electron fuel temperature of 10 KeV, t h i s  

r a t i o  equal s 

Idr'el ectron - 4 - - (L 511 - 3 . 5  )3/2 2349 

ion 

where a l l  masses have been expressed in MeV. This c lea r ly  shows t h a t  

the predominate energy loss  i s  due t o  the electrons.  Therefore, dne can 

neglect the ion contribution f o r  electron temperature l ess  than 

about 40 KeV. 

Equation (20b) can be d i r ec t l y  integrated t o  yie ld  



where 

The s i g n i f i c a n c e  o f  pR i s  t h a t  i t  i s  t h e  pR r e q u i r e d  t o  s top  t h e  

a lpha p a r t i c l e .  Th i s  t e rm  i s  a  s t r o n g  f unc t i on  o f  e l e c t r o n  tempera- 

t u r e  and a  weak f u n c t i o n  o f  e l e c t r o n  dens i t y .  Therefore,  t h e  energy 

o f  an a lpha p a r t i c l e  can be expressed i n  terms o f  t h e  pR t ranversed  

by t h e  a lpha p a r t i c l e  and t h e  temperature o f  t h e  e l ec t r ons .  

Using equa t ion  (23)  and summing ove r  t h e  f u e l  volume, i t  can be 

shown t h a t  t h e  f r a c t i o n a l  energy l o s s  o f  t h e  a lpha p a r t i c l e s  q i s  

g i ven  by 13 

'I,-- pR f o r  @R<<$ s 

Th is  assumes t h a t  t h e  a lpha p a r t i c l e s  a r e  c rea ted  u n i f o r m l y  and 

i s o t r o p i c l y  th roughou t  t h e  f ue l  and t h a t  t h e  p a r t i c l e  range i s  much 

l a r g e r  than  t h e  dimension of t h e  f u e l ,  I t  i s  a l s o  assumed i n  t h e  

c a l c u l a t i o n  t h a t  t h e  e l e c t r o n  temperature i s  bo th  s p a t i a l l y  and 

t empo ra l l y  cons tan t  d u r i n g  t h e  burn. Th i s  c l e a r l y  i s  n o t  t h e  case 

when t h e  f u e l  pR becomes l a r g e r  than  .lg/cm2, f o r  then  t h e  a lpha 

p a r t i c l e s  hea t  l o c a l  l y  t h e  e l e c t r o n s ,  the reby  reduc ing  t h e i r  

s t opp ing  power. Th i s  i n  t u r n  leads  t o  l a r g e r  p a r t i c l e  ranges 



caus ing  l o c a l i z e d  i g n i t i o n  which grows s p a t i a l l y  w i t h  t ime.  These 

l i m i t a t i o n s  on equa t i on  (25 )  a r e  not,  however, p r e s e n t l y  exper ienced 

2 s ince  a t t a i n a b l e  pR c o n d i t i o n s  do n o t  exceed t h e  l ow  1 0 - ~ ~ / c r n  regime 

and equa t ion  (25b) app l i es .  



111. EXPERIMENTAL METHODOLOGY - TRACK DETECTOR ANALYSIS 

A. Chapter Overview 

T h i s  chap te r  i s  d i v i d e d  i n t o  t h r e e  main sec t i ons .  I n  t h e  f i r s t  

sec t i on ,  a  d i scuss ion  on t h e  va r i ous  background t r a c k  sources i s  

presented. Here, methods a re  a1 so descr ibed  e x p l a i n i n g  how these 

background t r a c k s  can be i d e n t i f i e d  and d i s c r i m i n a t e d  f rom knock-on 

t r acks .  The most d i f f i c u l t  background corrlponents t o  d i s c r i m i n a t e  

a g a i n s t  a re  p ro tons .  T h i s  i s  due t o  t h e  f a c t  t h a t  t r a c k  d iameter  

a l one  can n o t  adequate ly  be used t o  un ique l y  d i f f e r e n t i a t e  p ro tons  

f rom knock-on t r a c k s .  Therefore,  a  method i s  discussed which e l i m i -  

nates t h i s  background by r e l y i n g  n o t  o t l l y  on d iameter  (which i s  a  

E  f u n c t i o n  o f  t h e  p a r t i c l e  energy-per-nucleon /A) b u t  a l s o  i t s  range 

(which i s  a  f u n c t i o n  o f  t h e  p a r t i c l e  mass). Th i s  sepa ra t i on  o f  p ro -  

tons  f rom knock-on p a r t i c l e s  i s  p o s s i b l e  because o f  t h e  sma l l e r  

range p ro tons  have i n  CR-39 f o r  a  g i ven  v e l o c i t y .  By s e l e c t i n g  an 

a p p r o p r i a t e l y  t h i c k  de tec to r ,  p ro tons  a r e  stopped w i t h i n  t h e  bu l k  o f  

t h e  d e t e c t o r  w h i l e  t h e  knock-on p a r t i c l e s  w i t h  l a r g e r  ranges t r a v e r s e  

t h e  d e t e c t o r  (see F igu re  3.4) p roduc ing  s p a t i a l  c o i n c i d e n t  t r a c k s .  By 

accep t i ng  s p a t i a l  c o i n c i d e n t  t r a c k s  ove r  a  g i ven  d iameter  i n t e r v a l  

sepa ra t i on  i s  p o s s i b l e  ove r  a  f i n i t e  energy span. 

Exper imental  v e r i f i c a t i o n  o f  t h e  above methods i s  presented i n  

t h e  second s e c t i o n  where i t  w i l l  be shown t h a t  p r o t o n  t r a c k s  can be 

success fu l l y  separated f rom knock-on t r a c k s .  Th i s  i s  demonstrated by 

measuring t h e  knock-on p a r t i c l e  spectrum ove r  an extended energy i n -  

t e r v a l .  



The remain ing suppo r t i ve  s e c t i o n  discusses t h e  d e t a i l  c a l  i b r a t i o n  

o f  t h e  t r a c k  de tec to r .  I t s  purpose i s  t o  g i v e  those  readers i n t e res ted ,  

f u r t h e r  d e t a i l s  on how t h e  t r a c k  c r i t e r i a  a r e  developed. D e t a i l s  on 

t h e  p a r t i c u l a r  energy-diameter response f u n c t i o n s  f o r  knock-on and 

background p a r t i c l e s  a r e  g iven .  A l so  d e t a i l s  on t h e  d iameter  spread 

f o r  a  g i ven  i n c i d e n t  p a r t i c l e  a r e  discussed. 

B. Track I d e n t i f i c a t i o n  Methodology 

1. Background Sources 

I n  genera l ,  background t r a c k s  a r i s e  f rom i n t r i n s i c  and ex- 

t r i n s i c  sources. 'The former r e s u l t s  du r i ng  t h e  i n i t i a l  c a s t i n g  o f  

t h e  t r a c k  d e t e c t o r .  Th i s  background i s  cha rac te r i zed  by a  l a r g e  

number o f  sha l low,  l ow -con t ras t  p i t s  ( u s u a l l y  l e s s  than 8 pm i n  

d iamete r )  w i t h  c i r c u l a r  cross sec t i ons .  F i g u r e  3.1 shows these 

s t r u c t u r e s  a f t e r  a  s tandard e tch .  'These impe r fec t i ons  a r e  t h e  r e -  

s u l t  o f  a  tendency du r i ng  t h e  po l ymer i za t i on  process t o  accumulate 

l o c a l i z e d  reg ions  of  h i g h  d e n s i t y  c r o s s - l i n k i n g .  These reg ions  

c a l l e d  " c r o s s l i n k  c l u s t e r s "  a l t e r  t h e  l o c a l  e t c h  r a t e  which produce 

t h e  t r a c k - l i k e  s t r u c t u r e .  Recent ly ,  a  new improved CR-39 d e t e c t o r  

has been developed based on t h e  a d d i t i o n  of 1% o f  a  p l a s t i c i z e r ,  

d i o c t y l  ph tha l  a te ,  t o  t h e  monomer. Th i s  p l a s t i c i z e r  g r e a t l y  reduces 

t h e  tendency f o r  cross1 i n k  c l u s t e r  format ion.  I t  i s  hoped t h a t  

f u t u r e  improvements i n  t h e  s e n s i t i v i t y  o f  t h i s  d e t e c t o r  w i l l  expe- 

d i  t e  t h e  data a c q u i s i t i o n  i n  l a t e r  knock-on exper iments.  





E x t r i n s i c  background sources a r i s e  f rom (n, p )  and (n, a) r e -  

ac t i ons  which occur  du r i ng  t h e  knock-on measurement as w e l l  as f rom 

t h e  decay of ~n" '  (an a lpha p a r t i c l e  e m i t t e r  found n a t u r a l l y  i n  

t h e  atmosphere) du r i ng  t h e  s to rage  o f  t h e  t r a c k  de tec to r .  As w i l l  

be shown i n  t h e  n e x t  sec t ion ,  alpha p a r t i c l e  t r a c k  diameters are, i n  

general  , much 1  a rge r  than  any hydrogen i so tope  t r a c k s .  Th is  r e s u l t s  

f rom t h e  f a c t  t h a t  t h e  r e s t r i c t e d  energy l o s s  (REL) f o r  t h e  alpha 

p a r t i c l e s  i s  l a r g e r  than  t h a t  o f  hydrogen i so topes  because o f  i t s  

l a r g e r  z va lue.  Therefore,  on t h e  bas is  o f  t r a c k  d iameter  alone, 

a1 pha p a r t i c l e  t r a c k s  can be separated f rom knock-on p a r t i c l e  t r acks .  

Var ious sources c o n t r i b u t e  t o  a  p ro ton  background, as summar- 

i zed  i n  F igure  3.2. Table 3 .1  below l i s t s  t h e  dominant (n,p) sources 
13 w i t h  t h e i r  corresponding cross s e c t i o n  f o r  14 MeV neutrons . 

Table 3.1 

(n,p) Proton Background Sources 

Loca t ion  

Fuel 

Tamper 

Tanta l  um 

2  

O2 

CR- 39 

React ion Cross Sec t ion  (mb) 

160 ? 16 (Ep>2. 9  MeV) 





I n  a d d i t i o n  t o  t h e  above n u c l e a r  r e a c t i o n s ,  e n e r g e t i c  p r o t o n s  

produced as a  r e s u l t  o f  h o t  e l e c t r o n s  may a c h i e v e  h i g h  enough 

e n e r g i e s  t o  t r a v e r s e  t h e  t a n t a l u m  f o i l  and produce t r a c k s  i n  CR-39. 

T h i s  background has n o t  been observed on t h e  U n i v e r s i t y  o f  Roches te r ' s  

Zeta  o r  Omega l a s e r  system f o r  u n i f o r m  i l l u m i n a t i o n .  

One f i n a l  p o i n t  t o  be made concern ing  t h e  p r o t o n  background i s  

t h a t  t h e  t r a c k  c o n t r i b u t i o n  due t o  hydrogen r e c o i l s  i n  CR-39 can be 

e a s i l y  d i s c r i m i n a t e d  f r o m  t h e  knock-on p a r t i c l e s .  P ro tons  wh ich  

a r e  fo rward  s c a t t e r e d  possess e n e r g i e s  ( i  .e.  z 8 MeV) w e l l  above r e g i s -  

t r a t i o n  energy  o f  t h e  d e t e c t o r .  

E s t i m a t e s  f o r  t h e  s i g n a l  - to -background r a t i o  (see Appendix C )  

shows a  5 : l  r a t i o .  T h i s  r a t i o  r e f l e c t s  t h e  most p e s s i m i s t i c  s i t u -  

a t i o n  where p r o t o n s  cannot  be separa ted  f r o m  t h e  knock-on s i g n a l  by  

any means. The s i g n a l - t o - b a c k g r o u n d  can be g r e a t l y  improved by 

a p p l y i n g  t h r e e  t r a c k  c r i t e r i a  wh ich  w i l l  now be developed.  

As shown i n  S e c t i o n  D o f  t h i s  c h a p t e r ,  hydrogen i s o t o p e s  w i t h  

E  8 equa l  v e l o c i t y  ( o r  e q u i v a l e n t l y  / A )  g r e a t e r  t h a n  6.5 x  10 cm/sec 

( i  e . ,  E / ~  = 2.0 MeV) a1 1  have a p p r o x i m a t e l y  equa l  t r a c k  d iamete rs  

t h a t  i s  D = f ( v )  where D i s  t h e  t r a c k  d i a m e t e r  and f i s  a  f u n c t i o n  

o f  v e l o c i t y .  As t h e  v e l o c i t y  o f  t h e s e  i s o t o p e s  decrease,  t h e i r  c o r -  

respond ing  t r a c k  d i a m e t e r  i n c r e a s e .  T h i s  r e s u l t s  f r o m  t h e  f a c t  t h a t  

t h e  t r a c k - e t c h  r a t e  i s  a  f u n c t i o n  o f  t h e  l o c a l  energy  l o s s  o f  t h e  

cha rge  p a r t i c l e s .  Over t h e  energy  i n t e r v a l  o f  i n t e r e s t ,  t h e  

energy  l o s s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square  o f  t h e  v e l o c -  

i t y .  T h e r e f o r e ,  t h e  s m a l l e r  t h e  v e l o c i t y ,  t h e  l a r g e r  t h e  damage 



produced a long  t h e  l a t e n t  t r acks .  The g r e a t e r  t h e  damage produced 

a long  t h e  t r a c k  t h e  l a r g e r  t h e  u l t i m a t e  t r a c k  diameters w i l l  be 

E a f t e r  e t ch i ng .  For  an /A l e s s  than  2 MeV/nucleon, t h e  d iameter  i s  no 

l o n g e r  s t r i c t l y  a  f u n c t i o n  o f  v e l o c i t y .  Th i s  i s  due t o  t h e  f a c t  t h a t  

t h e  energy l o s s  changes d i f f e r e n t l y  a long  t h e  etched t r a c k  f o r  each 

o f  t h e  i so topes .  Th i s  v a r i a t i o n  i n  t r a c k  d iameter  f o r  each i so tope  i s  

i l l u s t r a t e d  i n  F i g u r e  3.3. Here t h e  shaded r e g i o n  represen ts  t h e  r e l a -  

t i v e  amount o f  damage produced by t h e  charged p a r t i c l e  i n s i d e  t h e  de- 

E t e c t o r .  For  /A va lues  g r e a t e r  t han  2 MeV/nucleon t h e  damage i s  

e s s e n t i a l l y  cons tan t  ove r  t h e  l e n g t h  o f  t h e  etched t r a c k  and thus  t h e  

E r e s u l t i n g  d iameters  a r e  equal .  F o r  /A va lues l e s s  t han  about 2 MeV 

t h e r e  i s  s u f f i c i e n t  l a t e r a l  v a r i a t i o n s  i n  t h e  damage r e g i o n  t o  produce 

d i f f e r e n c e s  i n  t r a c k  d iameter .  Th i s  i s  t h e  d i r e c t  r e s u l t  o f  energy l o s s  

v a r i a t i o n s  a long  t h e  etched p o r t i o n  o f  t h e  t r a c k .  The t r a c k  d iameter  

v a r i a t i o n s  a r e  l e s s  t han  + 5% f o r  energy-per-nucleon g r e a t e r  than  2 MeV. 

A l though  t r a c k  d iamete r  i n  i t s e l f  does n o t  h e l p  i n  t h e  separa t ion  

E o f  t h e  p ro ton  background, i t  does e s t a b l i s h  t h e  p a r t i c l e ' s  /A. 

U n l i k e  a lpha  t r a c k s  which have t r a c k  diameters w e l l  i n  excess o f  those 

o f  hydrogen i so topes ,  ano the r  c r i t e r i o n  i s  r e q u i r e d  t o  e s t a b l i s h  t h e  

p a r t i c l e  nuc leon number. Th i s  i n f o rma t i on  can be e x t r a c t e d  i f  t h e  

p a r t i c l e  range i s  known. 

To w i t h i n  + 4% t h e  range o f  a  hydrogen i s o t o p e  can be s imp l y  

r e l a t e d  t o  t h e  range o f  a  p r o t o n  by 15 
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where R1 and R a r e  t h e  ranges o f  t h e  i so tope  and proton,  r espec t i ve l y ,  
P  

and A  i s  t h e  nucleon number f o r  t h e  i so tope .  Therefore, by measuring 

E  t h e  t r a c k  d iameter  one can deduce / A ;  by measuring t h e  range one can 

deduce A. P a r t  2 o f  t h i s  s e c t i o n  w i l l  now d iscuss t h e  exper imenta l  

d e t a i l s  o f  how t h i s  range measurement i s  performed. 

2. The S p a t i a l  Co inc iden t  C r i t e r i a  

One need n o t  r e q u i r e  t h e  separa t ion  o f  deuterons and t r i t o n s  

p e r  se i n  o r d e r  t o  measure t h e  fue l  pR. What i s  requ i red ,  however, 

i s  t h e  a b i l i t y  t o  d i s c r i m i n a t e  t h e  p ro ton  t r a c k s  from t h e  knock-on 

t r a c k s .  T h i s  can be achieved by a d j u s t i n g  t he  d e t e c t o r  th ickness  so 

E  t h a t  p ro tons  i n  a  g iven  / A  i n t e r v a l  ( o r  e q u i v a l e n t l y ,  d iameter i n t e r -  

v a l )  do n o t  have adequate range t o  t r a v e r s e  t h e  th ickness  o f  t h e  

de tec to r .  Only a  s i n g l e  t r a c k  appears on t h e  d e t e c t o r ' s  f r o n t  sur face.  

On t h e  o t h e r  hand, deuterons and t r i t o n s  w i t h  l a r g e r  ranges can t r a -  

verse t h e  d e t e c t o r  l ead ing  t o  a  t r a c k  bo th  on t h e  t o p  sur face  as w e l l  

as t h e  bottom su r face  o f  t h e  de tec to r .  These " s p a t i a l  t r a c k  c o i n c i -  

dences" a r e  t h e  s i gna tu res  r e q u i r e d  a long  w i t h  t h e  knowledge o f  t h e  

t o p  sur face  d iameter  t o  d i s c r i m i n a t e  proton-produced t r a c k s  f rom deu- 

t e r o n  and t r i t on -p roduced  t r acks .  F i gu re  3.4 summarizes t h e  bas i c  

phys ics  l e a d i n g  t o  t h e  p roduc t i on  o f  s p a t i a l  c o i n c i d e n t  t r a c k s .  , 

Here p ro ton  sepa ra t i on  i s  p o s s i b l e  s i nce  below a  c e r t a i n  energy E*, 

o r  e q u i v a l e n t l y  f o r  d iameters  g r e a t e r  than  D*, p ro tons  no l onge r  

have adequate range i n  t h e  d e t e c t o r  t o  produce s p a t i a l  c o i n c i d e n t  

t r acks .  Deuterons and t r i t o n s  hav ing l a r g e r  masses, do however, 

produce c o i n c i d e n t  t r a c k s  w i t h  d iameters  g r e a t e r  than D* because 





o f  t h e i r  l a r g e r  ranges i n  t h e  t r a c k  de tec to r .  F i g u r e  3.5 g ives  t h e  

minimum c o i n c i d e n t  t r a c k  d iameter  (D*) as a  f u n c t i o n  o f  d e t e c t o r  t h i c k -  

ness a f t e r  e tch ing .  

The op t ima l  d e t e c t o r  th ickness  ranges f rom 110 pm t o  170 pm. De- 

t e c t o r s  w i t h  th icknesses l e s s  than  110 pm s u f f e r s  from two impor tan t  

e f f e c t s .  F i r s t ,  t h e  r e g i s t r a t i o n  e f f i c i e n c y  i s  n o t  cons tan t  f rom 

sample t o  sample. Some de tec to r s  were found n o t  t o  r eco rd  p ro ton  t r a c k s  

a t  a l l .  Second, de tec to r s  w i t h  th icknesses l e s s  than  110 pm w i l l  a l l o w  

protons w i t h  energ ies  of l e s s  than  2  MeV t o  produce s p a t i a l  t r a c k  co in -  

cidences. Th i s  compl icates t h e  a n a l y s i s  s i n c e  t r a c k  diameter i s  no 

l o n g e r  s t r i c t l y  a  f unc t i on  of  v e l o c i t y .  

De tec to rs  w i t h  th icknesses g r e a t e r  than 170 pm r e s u l t s  i n  a  diameter 

acceptance i n t e r v a l  where t r a c k  diameters a r e  very  smal l  and have low 

c o n t r a s t  w i t h  r espec t  t o  t h e  surrounding f i e l d  o f  view. Therefore,  i n  

t h e  scanning process i t  becomes d i f f i c u l t  t o  count  a l l  c o i n c i d e n t  t r acks .  

I n  summary, two c r i t e r i a  a r e  he1 p fu l  i n  exper imenta l  l y  separa t ing  

background protons from knock-on t r a c k s  a r e  ( 1 )  t o  l o o k  f o r  s p a t i a l  

t r a c k  co inc idences and ( 2 )  t o  impose t h e  c o n s t r a i n t  t h a t  t h e  t o p  sur face  

d iameter  be g r e a t e r  than  D*. 

Not a l l  p ro ton  t r a c k s  a r e  e l i m i n a t e d  by t h e  above two c r i t e r i a .  It 

i s  s t i l l  p o s s i b l e  t o  confuse back-sca t te red  p ro ton  t r a c k s  as knock-on 

t r acks .  By back-scat tered t r a c k s  i t  i s  meant, those t r a c k  coincidences 

a r i s i n g  f rom t h e  passage o f  a  charged p a r t i c l e  f rom t h e  back sur face  o f  

t h e  t r a c k  d e t e c t o r  t o  i t s  f r o n t  su r face .  These p ro tons  can be generated 

by (n,p) r e a c t i o n s  a r i s i n g  i n  t h e  Omega s t r u c t u r e .  





Th i s  compl i c a t i o n  can be r e s o l  ved by r e j e c t i n g  back su r f ace  

d iameters  which a r e  l e s s  than  D*. Th i s  c r i t e r i o n  e l i m i n a t e s  t h e  

e n e r g e t i c  back-sca t te red  p ro tons  ( i  .e., p ro tons  w i t h  ranges g r e a t e r  

than  t h e  t r a c k  d e t e c t o r  e f f e c t i v e  t h i c kness  x equal t o  x - V  t 
e6 d 0 4 

where x,is t h e  i n i t i a l  t r a c k  d e t e c t o r  t h i c kness ) .  Protons w i t h  l e s s  

energy t han  r e q u i r e d  t o  t r a v e r s e  x w i l l  n o t  produce c o i n c i d e n t  
e6 6 

t r a c k s  and a re  automat i  c a l  l y  r e j e c t e d .  By adop t ing  t h i s  c r i t e r i o n ,  

t h e  p r i c e  one pays i s  t h e  r e j e c t i o n  o f  a  smal l  f r a c t i o n  o f  t h e  

knock-on p a r t i c l e s .  

F i gu re  3.6 shows t h e  r e g i o n  where knock-on p a r t i c l e s  w i l l  produce 

bot tom t r a c k  d iameters  l e s s  than  D*. The w i d t h  o f  t h i s  r e g i o n  can be 

es t imated  by assuming a  l i n e a r  v a r i a t i o n  of t r a c k  diameter,  Db, w i t h  

Ar. The maximum back-surface knock-on diameter,  B, w i l l  occur  i f  

t h e  knock-on p a r t i c l e  range i s  equal t o  xo ( i . e . ,  d r  = 0 ) .  I f  t h e  

knock-on p a r t i c l e  i s  o f  l e s s e r  energy, t h e  bottom t r a c k  d iameter  w i l l  

be l e s s  than 2 ( i . e . ,  O<Ar<v t ) .  For  t h e  extreme case where t h e  
4 

p a r t i c l e  range approaches x ~ 6 6 '  t h e  back su r f ace  d iameter  approaches 

zero ( i . e . ,  A w v  t ) .  Thus Db can be es t imated  as 
4 

For  separa t ion ,  one r e q u i r e s  t h a t  Db > D*. T h i s  r e s u l t s  i n  
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The r a t i o  D*/Bb i s  approx imate ly  equal t o  0.5 f o r  t r a c k  de tec to rs  

measuring i n i t i a l l y  150 pm i n  th ickness .  A lso t h e  te rm v t can be 
5 

d i r e c t l y  ob ta ined  by i r r a d i a t i n g  a smal l  area o f  t h e  t r a c k  de tec to r  

t o  f i s s i o n  fragment t r a c k s  and measuring t h e i r  d iameters ( i  .e., 

D - 2 v t see Appendix A) .  ( I n  t he  p resen t  experiments, D v a r i e d  d 9 d 
f rom 44 t o  48 pm. Taking t h e  mean va lue  o f  46 pm equat ion  ( 3 )  r e -  

q u i r e s  t h a t  Ar ~ 1 2 . 5  vm). Therefore, knock-on p a r t i c l e s  must have 

ranges R 
edd' 

g r e a t e r  than  

I n  summary, t h e  s e t  o f  t r a c k  c r i t e r i a  developed t o  separate 

t he  p ro ton  background from knock-on p a r t i c l e s  a r e  

( 1 )  count  o n l y  s p a t i a l  c o i n c i d e n t  t r a c k s  

( 2 )  r e j e c t  t r a c k s  w i t h  t o p  sur face  diameters l e s s  than D* 

( 3 )  r e j e c t  t r a c k s  w i t h  bot tom su r face  diameters l e s s  than  D* 

C. Track D i s c r i m i n a t i o n  C r i t e r i a :  Experimental  V e r i f i c a t i o n  8 

I n  t he  l a s t  s e c t i o n  a method was discussed, based on t h r e e  t r a c k  

c r i t e r i a ,  t o  separate p ro ton  t r a c k s  from deuteron and t r i t o n  t r acks .  



Th i s  s e c t i o n  w i  11 p resen t  exper imenta l  v e r i f i c a t i o n  o f  t h i s  method 

by measuring t h e  knock-on energy spectrum o v e r  a  wide range o f  ener- 

g i es .  

The measurement was performed by i n t e g r a t i n g  t h e  s i g n a l  o v e r  two 

2  h i g h  y i e l d  shots .  Laser i n t e n s i t y  on t a r g e t  was % 1016 W/cm and had 

a  f u l l  w i d t h  a t  ha1 f maximum of % 75 psec. Targets  cons i s t ed  o f  200 pm 

d iameter  g l ass  w a l l  ed m ic roba l  l oons  f i l l e d  w i t h  equimolar  deuter ium- 

t r i t i u m  f u e l  a t  20 atmospheres. More d e t a i l s  o f  t h e  exper imenta l  set-up 

i s  d iscussed i n  Chapter 5. 

The s p e c t r a l  measurement i nvo l ves  t h e  p l a c i n g  of  f i v e  d i f f e r e n t  

th i cknesses  o f  tan ta lum f o i l  i n  f r o n t  o f  150 .pm t h i c k  CR-39 t r a c k  de- 

t e c t o r s .  The s topp ing  f o i l  th icknesses a r e  chosen t o  maximize t h e  

dominant fea tu res  o f  t h e  knock-on spectrum as shown i n  F i gu re  3.7a. 

The 50 pm and 115 pm tan ta lum f o i l s  approx imate ly  cen te rs  t h e  t r i t o n  and 

deuteron peaks i n  t h e i r  r e s p e c t i v e  energy acceptance window o f  t h e  de- 

t e c t o r .  The v a l l e y  r e g i o n  between these peaks i s  sampled w i t h  t h e  75 

and 95 um t a n t a l  um f o i l s .  A  160 pm f o i l  i s  p laced  o v e r  one t r a c k  de- 

t e c t o r  as an a d d i t i o n a l  check t o  t e s t  one ' s  a b i l i t y  t o  d i s c r i m i n a t e  

a g a i n s t  p ro tons .  Th i s  f o i l  s tops a1 1  knock-on p a r t i c l e s  f rom reach ing  

t h e  t r a c k  de tec to r .  A  s i g n a l  measured on i t  would i n d i c a t e  t h a t  t h e  

t h r e e  t r a c k  c r i t e r i a  a r e  n o t  adequate t o  r e j e c t  a l l  p ro ton  t r a c k s .  

As w i l l  be shown i n  Chapter V, t h e  va lue  f o r  D* used i n  t h e  d i s -  

c r i m i n a t i o n  process i s  equal  t o  %12 um. The r e l a t i v e  number o f  spa- 

t i a l  c o i n c i d e n t  t r a c k s  s a t i s f y i n g  t h e  t h r e e  c r i t e r i a  i s  compared w i t h  

t he  p r e d i c t e d  spectrum shown i n  F i g u r e  3.7b. D e t a i l s  r e l a t e d  t o  t h e  c a l -  

c u l a t i o n  o f  t h e  p r e d i c t e d  spectrum a r e  examined i n  Chapters I V  and V.  
- 





The data was ob ta i ned  by i n t e g r a t i n g  ove r  two t a r g e t  shots (sho t  

number 6037 and 6038) t o  inc rease  t h e  coun t ing  s t a t i s t i c s .  Even so, t h e  

u n c e r t a i n t y  remained l a rge .  The absol  u t e  counts on each d e t e c t o r  along 

w i t h  t h e i r  cor responding s t a t i s t i c a l  u n c e r t a i n t y  i s  summarized i n  

Table  3.2 as shown on t h e  n e x t  page. Not ice,  however, t h a t  t h e  s t a t i s -  

t i c a l  u n c e r t a i n t y  i s  n o t  l a r g e  enough t o  wash o u t  t h e  observed peaks. 

I n  a d d i t i o n ,  t h e  160 pm t a n t a l  um f o i l  d e t e c t o r  package shows no knock-on 

co inc i den t -1  i ke t r acks .  The good agreement i n  t h e  measured and p re -  

d i c t e d  knock-on spectrum a long  w i t h  t h e  absence o f  any t r a c k s  meet ing 

t h e  t h r e e  acceptance c r i t e r i a  on t h e  160 pm f o i l  system s t r o n g l y  sug- 

ges t  t h a t  t h e  d i s c r i m i n a t i o n  method i s  adequate i n  sepa ra t i ng  p r o t o n  

f rom knock-on t r a c k s .  F u r t h e r  evidence o f  t h e  v a l i d i t y  o f  t h i s  method 

w i l l  be presented i n  Chapter V when d e t a i l s  o f  t h e  i n t e r n a l  d iameter  

d i s t r i b u t i o n  i n  a  g i ven  energy window i s  examined. 

D. Track De tec to r  C a l i b r a t i o n  

1. Sec t i on  Overview 

As b r i e f l y  d iscussed i n  Sec t i on  B, t h e  t r a c k  c r i t e r i a  a r e  

based on exper imenta l  data  which show t h a t  t r a c k  d iameter  i s  a  

f u n c t i o n  o f  t / ~  and does n o t  depend on p a r t i c l e  t y p e  ( a t  l e a s t  , 

f o r  '/A va lues g r e a t e r  than  2  MeV). Th i s  s e c t i o n  examines t h e  

d e t a i l s  o f  t h e  t r a c k  diameter-energy response curves f o r  each o f  

t h e  hydrogen i so topes  and f o r  a lpha  p a r t i c l e s .  Track d iameter  
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smearing w i l l  a l s o  be addressed here. L a s t l y ,  i t  examines a  c a l i -  

b r a t i o n  procedure used t o  c o r r e c t  f o r  b u l k  e t c h  d i f f e r e n c e s  be- 

ween de tec to r s .  

2 .  The C a l i b r a t i o n  Experiment 

A s e r i e s  o f  c o n t r o l l e d  p a r t i c l e  exposures on CR-39 was per -  

formed t o  e s t a b l i s h  t h e  diameter-energy response f u n c t i o n  f o r  hy- 

drogen i so topes  and a1 pha p a r t i c l e s .  These exposures were ob ta i ned  

w i t h  t h e  use o f  an Edge S p l i t  Po le  spectrometer a t  t h e  Nuc lear  

S t r u c t u r e  Research Labora to ry  a t  t h e  U n i v e r s i t y  o f  Rochester. 

S p e c i f i c  energ ies  were ob ta i ned  by a c c e l e r a t i n g  t h e  p a r t i c l e s  t o  a  

f i n a l  energy Eo and then  s c a t t e r i n g  them o f f  a  p l a t i n u m  mesh. The 

spect rometer  p laced  a f t e r  t h e  mesh, se l ec ted  t h e  des i r ed  p a r t i c l e  

energy which was t o  s t r i k e  t h e  t r a c k  d e t e c t o r  by v a r y i n g  t h e  f i e l d  

s t r e n g t h  o f  t h e  bending magnet. Energy s e l e c t i o n  ranged f rom about 

zero t o  E,, and t h e  energy v a r i a t i o n  across each d e t e c t o r  was e s t i -  

mated t o  be no g r e a t e r  than  5  KeV. 

A spec ia l  procedure was r e q u i r e d  t o  generate  t h e  t r i t o n  

p a r t i c l e  source. S p e c i f i c a l l y ,  a  deuteron beam was i n c i d e n t  on 

a  13c mesh p laced  i n  f r o n t  o f  t h e  spect rometer  which th rough  

a  p ick -up  r e a c t i o n  produced t h e  t r i t o n  source. 

Each d e t e c t o r  was mounted on a  45' wedge t o  i n s u r e  t h a t  t h e  

p a r t i c l e  f l u x  was pe rpend i cu l a r  t o  t h e  d e t e c t o r  su r face .  F i v e  

samples were mounted on a  s i x - f a c e d  r o t a t i o n a l  drum ( i  .e., a Geneva 



Device) where the  s ix th  face was reserved f o r  a sol id  s t a t e  detector 

t o  monitor the  beam flux. 

After the  exposure each detector was f i r s t  exposed t o  an Am 24 1 

alpha source over a limited area of the  track detector so as t o  not 

confuse the  pa r t i c l e  tracks.  Next, the  detectors were etched in 6.25 

N NaOH solution fo r  16 hours a t  70 '~  (henceforth referred t o  a s  a 

"standard etch" ) . 
Each sample was examined under a Leitz optical  microscope and 

photographs were taken of each sample's track diameter t o  es tabl ish  the 

mean and the  standard deviation of t h i s  parameter. The standard devi- 

at ion was measured t o  be about .5 pm. Figure 3 .8  shows the  typical 

high degree of uniformity of track diameter f o r  1 MeV protons as  we1 1 

as the  diameter d is t r ibut ion.  

Extensive data taken over a wide range of proton energies reveal 

t h a t  energy resolution can be as high as 150 KeV f o r  protons with 

energies of about 1.5 MeV (See Figure 3 .9) .  I t  does, however, deter- 

iora te  somewhat a t  higher energies and reaches + 250 KeV a t  3 MeV. 

(Comparisons with deuteron and t r i t o n  data wil l  be given l a t e r  in t h i s  

section.  ) 

As br ie f ly  mentioned, the bulk etch ra te  has been noticed t o  

vary somewhat from sheet-to-sheet. This variat ion will  a l t e r  the 

measured proton track diameter from detector t o  detector.   heref fore, 

i t  i s  necessary t o  correct  f o r  t h i s  variat ion by defining a standard 

bulk e tch r a t e  and normalizing a l l  data t o  t h i s  reference. A good 

approximation t o  the  variat ion of V can be determined by measuring 
9 
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t h e  d iameter  v a r i a t i o n  o f  a lpha p a r t i c l e  t r a c k s  ( l a t e r  i n  t he  i n v e s t i -  

g a t i o n  a  c fZ5 '  f i s s i o n  source was used).  I n  Appendix A  i t  i s  shown 

t h a t  t h e  t r a c k  d iameter  i s  g iven  by 

D  ( t )  = 2  v  g t[v v + l  - ]4 

where V i s  t h e  t r a c k - t o - b u l k  e t c h  r a t i o ,  and observ ing  f rom F igu re  3.10 

t h a t  t h e  a l pha  t r a c k  d iameter  i s  n e a r l y  i n s e n s i t i v e  t o  energy s t r o n g l y  

suggest t h a t  t h e  a lpha  p a r t i c l e  t r a c k - t o - b u l k  e t c h  r a t i o  (Va) i s  l a r g e .  

Thus t h e  a lpha t r a c k  d iameter  (Da) i s  approx imate ly  equal t o  2  v  t. 
9 

Thus, by measuring t he  v a r i a t i o n  o f  t h e  a1 pha t r a c k  diameter,  one can 

c a l c u l a t e  t h e  v a r i a t i o n  i n  t h e  b u l k  e t c h  r a t e .  Th i s  b u l k  v a r i a t i o n  

i n f o r m a t i o n  can be used t o  c o r r e c t  f o r  p ro ton  t r a c k  d iameter  v a r i a t i o n  

by use o f  equa t i on  ( 5 ) .  If t h e  t r a c k  e t c h  r a t e  i s  a  f u n c t i o n  o n l y  o f  

t h e  number o f  bonds broken, then t h e  t r a c k  e t c h  r a t e  w i l l  n o t  va ry  

between sheets  o f  CR-39. L e t  Da denote t h e  measured a lpha p a r t i c l e  
h 

diameter  on a  g iven  d e t e c t o r  and Da a  re fe rence  a lpha  t r a c k  d iameter .  

Then t h e  p r o t o n  e t c h  r a t i o  V can be r e l a t e d  t o  a  r e fe rence  p r o t o n  e t c h  
P 

h 

r a t i o  V by 
P 



Alpha P a r t i c l e  Ca l ibra t ion  Curve 

A1 pha P a r t i c l e  Energy (MeV) 

Figure 3 .10  
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where y i s  d e f i n e d  as t h e  standard-to-measured a l p h a  t r a c k  d iamete r  
A 

r a t i o .  If D and D r e p r e s e n t s  t h e  measured p r o t o n  d iamete r  and 
P P 

re fe rence  d iamete r ,  r e s p e c t i v e l y ,  t h e n  

A 

The t e r m  y ranges f r o m  about  .9 t o  1.1 w h i l e  V can v a r y  f r o m  1 t o  
P 

abou t  1 .5  f o r  a l l  p r o t o n  e n e r g i e s .  F o r  p r o t o n  e n e r g i e s  l e s s  t h a n  3 

MeV t h e  second t e r m  i n  e q u a t i o n  ( 9 )  i s  s m a l l  compared w i t h  1 and can be 

n e g l e c t e d .  There fore ,  t h e  measured t r a c k  d i a m e t e r  can be r e l a t e d  t o  a  

s t a n d a r d  t r a c k  d i a m e t e r  i f  y i s  measured. 

An example on how t h i s  n o r m a l i z a t i o n  o f  t h e  d a t a  i s  a p p l i e d ,  con- 

s i d e r  t h e  s p e c i f i c  d a t a  genera ted  f r o m  a  1.5 MeV p r o t o n  exposure.  

Superimposed a l p h a  t r a c k s  p l a c e d  a l o n g  w i t h  t h e  p r o t o n  t r a c k s  r e v e a l  an 

average a l p h a  t r a c k  d iamete r  o f  34 pm. A  r e f e r e n c e  d i a m e t e r  o f  

36 pm was assumed f o r  a l l  p r o t o n ,  deuteron,  and t r i t o n  d a t a .  



y f o r  t h i s  p a r t i c u l a r  detector  i s  thus 1.06. Table 3 .3  summarizes 

the measured and generated proton diameter d i s t r i b u t i o n .  The 

normal i z e d  proton diameter from column 3 gives a mean diameter and 

standard dev ia t ion  o f  19.3 and .5 pm, respect ive ly .  

Table 3 .3  

Proton C a l i b r a t i o n  Data 

Measured Track No. of A 

Diameter (pm) + .25 pm Tracks D ( i . e . ,  yD ) 



It i s  i n s t r u c t i v e  t o  ask whether such a no rma l i za t i on  tech- 

n ique i s ,  i n  fac t ,  a c o r r e c t  method f o r  s c a l i n g  t r a c k  diameter. 

Presumably i t  assumes t h a t  if a range o f  p ro ton  energ ies s t r i k e  

t h e  t r a c k  de tec to r ,  a l l  cou ld  be m u l t i p l i e d  by some c o r r e c t i o n  

E f a c t o r  so as t o  then  determine t h e i r  /A. If t h i s  i s  t r ue ,  then 

i t  must a l s o  be t r u e  t h a t  t a k i n g  t h e  r a t i o  o f  diameter a t  two d e f i -  

n i t e  energ ies  must be i n v a r i a n t  f o r  a l l  sheets. Three s e r i e s  o f  

exposures taken f rom d i f f e r e n t  sheets o f  CR-39 have been taken  t o  

l o o k  a t  t h i s  p a r t i c u l a r  s i t u a t i o n .  

Below i n  t a b l e  3.4 i s  a s e t  o f  raw (unnormal ized da ta )  f o r  1 

and 2 MeV pro tons  t r a c k  diameters and t h e i r  corresponding r a t i o s .  

Table 3.4 

E tch ing  D i f f e rences  o f  Protons f rom D i f f e r e n t  CR-39 Samples 

Average 
Diameter 
( 1  MeV) 

Sheet 

1 23.5 + .5 

2 18.5 + .4 

Average 
D i  ameter 

The r a t i o  from a l l  t h r e e  sheets s t r o n g l y  suppor ts  t h a t  t h e  t r a c k - t o -  

b u l k  e t c h  r a t e  r a t i o  i s  an i n v a r i a n t  o f  t h e  sheet  used. 

The f i n a l  measurement which e x p l i c i t l y  shows t h a t  t h e  normal i- 

z a t i o n  method i s  v a l i d  i s  t o  compare t h e  v a r i a t i o n s  i n  a lpha p a r t i c l e  

d iameters  t o  those o f  protons.  If t h e  r a t i o  o f  d iameters  i s  i n v a r i a n t  

64 



f o r  each separate sheet then a means e x i s t s  t o  c a l  i bra te  any t rack  

de tec tor  by us ing a c a l i b r a t e d  alpha source. Table 3.5 below 

shows j u s t  t h a t .  

Table 3.5 

Proton - Alpha P a r t i c l e  Diameter Ra t i o  From 

D i  f f e r e n t  CR-Sampl es 

Average Average 
CR-39 Sheet Proton Diameter a - P a r t i c l e  Da Rat io  (6) 

( 1  MeV) D i  ameter P 

Examining t h e  r a t i o  values demonstrate t h a t  t h e  alpha p a r t i c l e  

t r a c k  diameters serve as a convenient means f o r  c a l i b r a t i n g  d i f f e r e n t  

sheets of  CR-39 t o  a standard reference. It i s  both simple and 

d i r e c t .  

Simi 1 a r  ca l  i b r a t i o n  s tud ies  have been made f o r  deuterons and 

E t r i t o n s .  If one p l o t s  t he  diameter as a f u n c t i o n  o f  /A one obta ins  

e s s e n t i a l l y  t he  same response curve (see F igure  3.8). The small 

d i f f e rences  a r i s e  from simple energy l o s s  arguments as g iven i n  

Sect ion 0 .  E m p i r i c a l l y  t h e  c a l i b r a t i o n  curves take the  form: 



In summary, i t  has shown t h a t  t h e  t r a c k  d iameter  i s  a  w e l l -  

d e f i n e d  f u n c t i o n  o f  p a r t i c l e  v e l o c i t y  ( o r  '/A). The v a r i a t i o n  i n  

d iameter  f o r  a  g i ven  energy i s  + .5 pm l e a d i n g  t o  a  r e d u c t i o n  i n  

energy r e s o l u t i o n ,  e s p e c i a l l y  a t  h i g h  energ ies.  

A lso  shown here i s  t h a t  a  procedure can be f o l l o w e d  t o  c o r r e c t  

f o r  v a r i a t i o n s  i n  t h e  b u l k  e t c h  r a t e  between samples. Th is  co r rec -  

t i o n  i s  accompl ished w i t h  t h e  use o f  h i g h l y  i o n i z i n g  p a r t i c l e s  such 

as a1 pha p a r t i c l e s  o r  f i s s i o n  f ragments.  T h e i r  d iameters a r e  approx i -  

mate ly  p r o p o r t i o n a l  t o  t h e  b u l k  e t c h  r a t e .  Such a  procedure i s  neces- 

sa ry  t o  norma l i ze  data from a  g i ven  d e t e c t o r  t o  t h a t  o f  a  s tandard 

re fe rence .  



IV. ENERGY WINDOW DETERMINATION AND OPTIMIZATION 

A. Chapter Overview 

This chapter will examine in greater de ta i l ,  the various 

considerations involved in calculating the acceptance energy 

window. I t  will show that  such factors as the track c r i t e r i a ,  

detector bulk etch rate ,  detector and tantalum foil  thicknesses 

a l l  enter into the determination of th is  window. 

In particular,  t h i s  chapter will f i r s t  discuss in Section B ,  

the methodology used in such calculations. In Section C a dis- 

cussion will be given on the optimization of the knock-on window as 

a function of both detector and  foi l  thickness. As will be shown, 

two optimal operating conditions exis t  depending on whether one 

wishes to maximize the t r i ton  or deuteron component. 

In the l a s t  section, th i s  window will be optimized by a1 tering 

the 50/50 DT fuel ion density ra t io  in the target.  As will be 

shown, th is  does not resul t  in significant increases in the knock-on 

signal when compared with the typical 50/50 DT fuel ion density 

mixture. 

No corrections are made in th is  chapter to  correct for  knock-on 

energy loss when traveling through the fuel and  glass she l l .  These 

corrections will be discussed in Chapter VI. 



B. Bas ic  Theory 

I n  genera l ,  n o t  a l l  knock-on p a r t i c l e s  can be separated f rom 

pro tons  ( i  .e., t hey  v i o l a t e  t h e  t r a c k  c r i t e r i a ) .  E i t h e r  they  

a re  t o o  low i n  energy ( i  .e., do n o t  produce c o i n c i d e n t  t r a c k s )  o r  

t hey  a r e  t o o  h i gh  i n  energy ( i . e . ,  produce co inc i den t  t r a c k s  w i t h  

t r a c k  diameters l e s s  than D*) t o  be counted. As a  r e s u l t ,  o n l y  a  

f i n i t e  energy window (which can be r e l a t e d  t o  t h e  f r a c t i o n a l  e f -  

f e c t i v e  c ross  s e c t i o n )  i s  a l lowed which produce t r a c k s  i n  accor-  

dance w i t h  t h e  t h r e e  knock-on c r i t e r i a .  Therefore,  t h e  number o f  

knock-ons Q i s  g iven  by 

where rd and rTt a r e  t h e  p r o b a b i l i t y  t h a t  a  deuteron and t r i t o n  

f a l l  r e s p e c t i v e l y  i n  t h e i r  energy window. The parameter a i n  
A 

equat ion  (1) i s  a  geometry f a c t o r  discussed below. Tak ing a ( E )  

as  t h e  energy d i f f e r e n t i a l  c ross  s e c t i o n  f o r  each knock-on p ro -  

cess then  

- ri - & 1 ui ( & )  dE = ; ii ( & )  d& 
A- 

Accep&ncc 
Windotu 

A 

where a ( E )  i s  t h e  normal i z e d  energy d i f f e r e n t i a l  c ross sec t i on .  

Equat ion 1 can be r e w r i t t e n  as 



.to&& tae !enegg window 
doh M a ~ n  

D e f i n i n g  v as t h e  nd t o  nt f u e l  i o n  d e n s i t y  r a t i o  and m as t h e  p r o t o n  
13 

mass, e q u a t i o n  ( 2 )  can be s o l v e d  f o r  pR g i v i n g  

where Q i s  now t h e  t o t a l  number o f  knock-on p a r t i c l e s  i n t e r c e p t i n g  

a  d e t e c t o r  o f  f r a c t i o n  s o l  i d  a n g l e  & . 
The geometry f a c t o r  a, i s  model dependent. T h i s  parameter has 

been c a l c u l a t e d  i n  Appendix F t o  be equal  t o  1 f o r  an i s o t r o p i c  

n e u t r o n  p o i n t  sou rce  l o c a t e d  a t  t h e  c e n t e r  of  t h e  f u e l  and equal  t o  

2 f o r  a  u n i f o r m l y  d i s t r i b u t e d  i s o t r o p i c  n e u t r o n  d i s t r i b u t i o n  i n  t h e  4 ... 
f u e l .  L i l a c  s i m u l a t i o n s  (see Apprend ix  6) show t h a t  i n  t h e  p r e s e n t  

exper iments  t h e  m a j o r i t y  o f  neu t rons  a r e  l o c a t e d  i n  a  smal l  r e q i o n  near  

t h e  c e n t e r  o f  t h e  f u e l .  Therefore ,  i n  t h e  c a l c u l a t i o n s  f o r  p 9  i n  t h a t  

l a s t  chap te r ,  a was s e t  equal  t o  1. 



The parameters and w ( ~ )  ( o r  e q u i v a l e n t l y  Td and r X )  

can o n l y  be determined i f  a d e t a i l e d  knowledge o f  t h e  knock-on 

energy d i s t r i b u t i o n  i s  known.16 These d i s t r i b u t i o n s  have been 

measured and t abu la ted .  F igures 4.1 and 4.2 show bo th  t h e  energy 

d i s t r i b u t i o n  as w e l l  as t h e  cumu la t i ve  d i s t r i b u t i o n  f o r  each o f  t h e  

knock-on p a r t i c l e s .  The h i g h  energy c u t - o f f  as ment ioned e a r l  i e r  , 

correspond t o  t h e  fo rward -sca t te red  peaks l o c a t e d  a t  10.6 and 12.5 

MeV f o r  t r i t o n s  and deuterons r e s p e c t i v e l y .  

Using t h e  cumula t i ve  d i s t r i b u t i o n  a long  w i t h  t h e  energy l i m i t s  

f o r  t h e  acceptance window rd and rX can be d i r e c t l y  found. For  

example, if t h e  energy window l i m i t s ,  determined by t h e  t r a c k  c r i -  

t e r i a  a re  2 and 5 MeV f o r  deuterons then  rd i s  equal t o  0.28 . 

C. Energy W i  ndow Op t im i za t i on  - System Parameters 

C l e a r l y  f rom Figures 4 .1  and 4.2 t h e r e  a r e  energy i n t e r v a l s  where 

s i g n a l  con ten t  i s  h igh.  I n  q u a l i t a t i v e  terms t h e  s i g n a l  con- 

t e n t  i s  t h e  area under each knock-on spectrum over  t h e  energy i n -  

t e r v a l  where t h e  t h r e e  knock-on c r i t e r i a  apply .  Th i s  s i g n a l  con- 

t e n t  ( h e r e a f t e r  r e f e r r e d  t o  as t h e  e f f e c t i v e  cross s e c t i o n )  can be 

expressed q u a n t i t a t i v e l y  as 

'c 6 6 = (T,~d + Tpt) (4-7)  
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There fo re  e q u a t i o n  ( 6 )  t a k e s  t h e  f o r m  

It i s  assumed t h a t  un less  o t h e r w i s e  s t a t e d  t h a t  t h e  deu te ron - to -  

t r i t o n  i o n  d e n s i t y  r a t i o  i s  1. 

To determine rd and T x  one r e q u i r e s  p a r t i c l e  energy-range 

d a t a  f o r  p ro tons ,  deuterons,  and t r i t o n s  i n  CR-39. F i g u r e s  4.3, 4.4 

and 4.5 show t h e  range f o r  p r o t o n s  deu te ron  and t r i t o n s .  From t h i s  

d a t a  one can (1) f i n d  t h e  energy ( E * )  f o r  wh ich  a  p r o t o n  has a  range 

equal  t o  t h e  e f f e c t i v e  d e t e c t o r  t h i c k n e s s ,  and ( 2 )  t h e  energ ies  o f  

t h e  deu te ron  and t r i t o n  ( e . ,  Eve& Min and E~L) having  ranges equa l  

t o  t h e  e f f e c t i v e  d e t e c t o r  t h i c k n e s s .  There fo re ,  t h e  energy windows 

s a t i s f y i n g  t h e  t r a c k  c r i t e r i a  a r e  

Deuterons:  

T r i t o n s :  

These energy i n t e r v a l s  r e p r e s e n t  t h e  reduced e n e r g i e s  o f  deuterons 

and t r i t o n s  a f t e r  t h e y  have t r a v e r s e d  a  g i v e n  t a n t a l u m  f o i l  t h i c k -  

ness. I t  i s  t h e r e f o r e  necessary  t o  know t h e  p a r t i c l e  energy-range 

da ta  i n  t a n t a l u m  as  w e l l .  F i g u r e s  4.6 and 4.7 p l o t s  t h i s  i n f o r -  

ma t ion  f o r  t r i t o n s  and deuterons r e s p e c t i v e l y . 1 7  F o r  example, i f  t h e  

i n i t i a l  deu te ron  energy i s  7.5 MeV and i t  t r a v e r s e s  40 urn o f  t a n t a l u m  



Proton Range in CR-39 

2 3 4 5 6 7 8 9 1 0  - 
E (MeV) 

Figure 4 . 3  



Deuteron Range in CR-39 

4 6 8 

E (MeV) 

Figure 4 . 4  

7 5 



Triton Range in CR-39 

2 4- 6 8 10 12 

E (MeV) 

F i g u r e  4 . 5  

7 6 
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i t s  mean e x i t  energy i s  5.0 MeV. Therefore, CR-39 and tan ta lum f o i l  

th i ckness  each have a  unique and impo r tan t  r o l e  t o  p l a y  i n  system 

o p t i m i z a t i o n .  CR-39 th ickness  a long  w i t h  t h e  t r a c k  c r i t e r i a  de te r -  

mines t h e  e x t e n t  o f  t h e  energy window. The t a n t a l  um f o i l  th i ckness  

determines which p o r t i o n  o f  t h e  knock-on d i s t r i b u t i o n  i s  p o s i t i o n e d  

w i t h i n  t h e  energy window. 

^ M i  n  D e f i n i n g  ED,& and EThit as t h e  energ ies  r e q u i r e d  f o r  deu- 

M i  n  te rons  and t r i t o n s  t o  s low down t o  energ ies  Eve& F l i  n  and ETa a f t e r  

t r a v e r s i n g  t h e  f o i l  th i ckness ,  one then can d i a g r a m a t i c a l l y  summar- 

i z e  t h e  methodology used t o  c a l c u l a t e  t h e  energy windows and s i gna l  

as 

I CR-39 I n i t i a l  Thickness + Bu lk  E tch  Rate I 

Knock-on Spectra 11 + "Min AMin Deuteron and T r i t o n  Energy Windows 
E ~ ~ ~ t  ' E~~ 

J- 

Us ing t h i s  methodology, F igures  8 and 9  have been generated f o r  

va r i ous  CR-39 e f f e c t i v e  th i cknesses  and t an ta l um f o i l  th icknesses.  

The dominant peak which i s  e s p e c i a l l y  c l e a r  f o r  t h e  20 and 40 pm 

f o i l s  ( i .e . ,  t h e  l e f t - hand  peak) i s  due t o  t h e  s h i f t i n g  o f  t h e  t r i t o n  

fo rward  sca t t e red  peak by t h e  f o i l  i n t o  t h e  energy window de- 

f i n e d  by t h e  CR-39 e f f e c t i v e  t h i c kness .  As t h e  f o i l  t h i c kness  i n -  

creases, t h i n n e r  CR-39 d e t e c t o r s  a r e  r e q u i r e d  t o  keep t h e  t r i t o n  peak 



w i t h i n  t he  energy window. The second peak ( i . e . ,  t h e  r igh t -hand  

peak) i s  t h e  fo rward -sca t te red  deuteron peak and e x h i b i t s  s i m i l a r  

behav io r  t o  t h e  t r i t o n  peak. 

To o p t i m i z e  system performance i t  i s  use fu l  t o  r e p l o t  F igures 4.8 

and 4.9 so t h a t  t h e  CR-39 e f f e c t i v e  th i ckness  and tan ta lum f o i l  t h i c k -  

ness form t h e  axes o f  a  con tour  p l o t  o f  t h e  knock-on s i gna l  (see 

f i g u r e  4.10).  Two ope ra t i ng  cons t ra i ns  1 i m i t  t h e  cho ice  o f  t a n t a l  um 

f o i l  and CR-39 th ickness .  F i r s t ,  t h e  tan ta lum f o i l  can n o t  be 

t h i n n e r  than  t h e  40 pm which i s  r equ i r ed  t o  s top  a l l  DD-protons f rom 

s t r i k i n g  t h e  t r a c k  de tec to r .  Second, t h e  CR-39 e f f e c t i v e  th i ckness  

must n o t  be g r e a t e r  than 150 urn because t h i c k e r  de tec to r s  w i l l  

r e s u l t  i n  D* va lues l e s s  than 10 urn, making i d e n t i f i c a t i o n  ex- 

t reme ly  t ed i ous  e s p e c i a l l y  i n  t he  presence o f  t h e  i n t r i n s i c  p i t  

background. Therefore, t h e  op t ima l  system c o n f i g u r a t i o n s  ( i  .e., 

one f o r  ma in l y  a  t r i t o n  s i gna l  component w h i l e  t h e  o t h e r  s t r i c t l y  

a  deuteron s i g n a l  component) a r e  

(1) 40 pm t a n t a l  urn and 100 urn e f f e c t i v e  CR-39 th ickness  

( 2 )  110 um tan ta lum and 150 pm e f f e c t i v e  CR-39 th ickness  

D. Energy Window Op t im i za t i on  - Fuel I o n  R a t i o  

Equal m i x tu res  o f  deuter ium and t r i t i u m  a re  n o t  always t h e  

op t ima l  means o f  maximiz ing t h e  knock-on s i g n a l s .  









Not i ng  t h a t  t h e  thermonuclear y i e l d  sca les  as v ( 1  + v)'* ( i .e. ,  

nd nt) and h o l d i n g  t h e  fue l  i o n  dens i t y  cons tan t  (no)  then  

where C1 and C a r e  cons tan ts  and y i s  de f i ned  as t h e  TtoX t o  Tdod 

r a t i o .  The express ion  i n  t h e  l e f t  b racke t  i s  t h e  neu t ron  y i e l d  (Y)  

s c a l i n g  w i t h  v.  The express ion i n  t h e  r i g h t  b racke t  i s  t h e  s i g n a l  

c o n t r i b u t i o n  per  neu t ron  a r i s i n g  from t h e  deuteron and t r i t o n  windows. 

( f  ).  F i gu re  4.11 p l o t s  Y, f and Q f o r  va r i ous  y va lues.  As seen, 
Y Y Y 

t h e  y i e l d  has a maximum f o r  equal  f u e l  i o n  concen t ra t ions .  However, 

f has no c l e a r  maximum. I f  y < l  then f a s y m p t o t i c a l l y  approaches 1 
Y 

f r om  below as v increases.  S i m i l a r l y  i f  y > l  then f a s y m p t o t i c a l l y  ap- 

proaches 1 f rom above as v increases.  The p roduc t  o f  Y and f y  g i ves  

t h e  knock-on s i g n a l  and e x h i b i t s  a  d i s t i n c t  maximum. I f  t r i t o n s  con- 

t r i b u t e  predominant ly  t o  t h e  knock-on s i g n a l  ( i . e . ,  y > l )  then  t h e  o p t i -  

mal f u e l  concen t ra t i on  w i l l  f a vo r  a  f ue l  i o n  r a t i o  w i t h  l e s s  than  1 



OPTIMIZATION CURVES FOR DEUTERIUM-TRITIUM 
FUEL CONCENTRATION 

Note:  Y =  ~ ( l  + v ) *  

f,= (,+a) 1 ( ~ + 1 )  

Q, = y f, 

F i g u r e  4.11 

Q K 



( i  .e., nz > nd). L ikewise,  if y < l  then t he  f u e l  i o n  r a t i o  must be 

g r e a t e r  than  1. F igure  4.8 shows t he  op t ima l  f u e l  concen t ra t ions  f o r  

va r i ous  y va lues as i n d i c a t e d  by t h e  arrows. 

The op t ima l  va lue f o r  v  can be determined by t a k i n g  t h e  d e r i v a t i v e  

o f  equa t ion  (11)  and s e t t i n g  i t  equal t o  zero.  The r e s u l t  o f  t h i s  p ro -  

cedure leads t o  

Th i s  express ion i s  p l o t t e d  i n  F i gu re  4.12. As expected vaphae de- 

creases as Y increases.  No t i ce  f o r  l a r g e  y, v  v a r i e s  ve ry  1  i t t l e .  CJpX 

F igu re  4.13 shows t h e  op t in ia l  fue l  i o n  r a t i o  as a  f u n c t i o n  o f  Ta 

f o i l  th i ckness .  The CR-39 e f f e c t i v e  t h i c kness  has been taken t o  be 

100 pm, thereby  maximiz ing t he  knock-on s i g n a l  us ing  a 40 pm Ta f o i l .  

No t i ce  t h a t  t h e  op t ima l  r a t i o  i s  n e a r l y  cons tan t  f o r  f o i l  t h i ckness  be- 

tween 40 and 75 vm ( i  .e., r e f e r r e d  t o  as " t h i n  f o i l s " )  and th icknesses  

g r e a t e r  than 90 pm ( i  .e., r e f e r r e d  t o  as " t h i c k  f o i l s " ) .  Th is  i s  due 

t o  t h e  f a c t  t h a t  f o r  t h i n  f o i l s ,  t h e  predominant s i g n a l  c o n t r i b u t i o n  i s  

f rom t r i t o n s  ( i  .e. , y l a r g e ) ,  r e s u l t i n g  i n  o n l y  a  smal l  v a r i a t i o n  i n  

V a p ~ '  For t h i c k  f o i l s  o n l y  deuterons c o n t r i b u t e  t o  t h e  knock-on s i gna l  

( i  .e., y = 0) r e s u l t i n g  i n  y,I,z be ing  e x a c t l y  equal t o  2. From f i g u r e  4.13 

i t  i s  seen t h a t  i f  s tandard t a r g e t s  a r e  used ( i . e . ,  v = 1 )  then t h e  

system performance i s  o n l y  reduced by 5% f o r  t h i n  f o i l s  and 15% f o r  

t h i c k  f o i l s .  
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V.  FUEL pR MEASUREMENTS - EXPERIMENTAL DATA 

A. Chapter Overview 

Th i s  chap te r  w i l l  examine data ob ta ined  f rom t h e  OMEGA 24-beam 

l a s e r  f a c i l i t y  a t  t h e  U n i v e r s i t y  o f  Rochester 's  Labora to ry  f o r  Laser 

Energe t i cs .  It w i l l  be d i v i d e d  i n t o  f o u r  sec t ions .  

The f i r s t  s e c t i o n  w i l l  descr ibe  t h e  exper imenta l  c o n d i t i o n s  

assoc ia ted  w i t h  t h e  measurements. S p e c i f i c a l l y ,  d e t a i l s  o f  l a s e r  

and d e t e c t o r  c o n d i t i o n s  w i l l  be discussed. 

The second s e c t i o n  w i l l  demonstrate t h e  use o f  t h e  methodology 

developed i n  t h e  l a s t  chapter .  Here, a  s p e c i f i c  sho t  w i l l  be ex- 

amined i n  d e t a i l ,  showing t h e  reader  a l l  t h e  e s s e n t i a l  elements 

needed t o  deduce t h e  parameter D*. Th i s  w i l l  be done by b o t h  exam- 

i n i n g  t h e  raw data as w e l l  as f rom range c a l c u l a t i o n s  i n  CR-39. 

I n  s e c t i o n  D t h e  above example case i s  con t inued  and t he  f u e l  

pR c a l c u l a t i o n  i s  presented. Issues such as t h e  c a l c u l a t i o n  o f  t h e  

e f f e c t i v e  c ross  s e c t i o n  and t h e  p ropagat ion  o f  e r r o r s  w i l l  be 

addressed. 

Th is  chap te r  w i l l  conclude w i t h  a  genera l  d i scuss ion  o f  r e s u l t s  

ob ta ined  under s h o r t  and l o n g  pu lse  l a s e r  cond i t i ons .  It w i l l  show 

t h a t  enhanced compression can be achieved i n  t h e  l ong  pu lse  expe r i -  

ments w i t h  c h a r a c t e r i s t i c  fue l  pR va lues i n  t h e  low g/cm 
2 

regime. 



B. Experimental  Cond i t ions  

The knock-on PR exper iments were performed us ing  t he  24-beam 

Nd: g l ass  l a s e r  (OMEGA) a t  t he  U n i v e r s i t y  o f  Rochester. Two 

examples o f  exper iments diagnosed by t h e  knock-on method a re  sum- 

marized i n  Table 5.1. P a r t i c u l a r  a t t e n t i o n  w i l l  be g iven  t o  shot  

number 7036 i n  sec t ions  C and D i l l u s t r a t i n g  t h e  a p p l i c a t i o n  o f  

t he  methodology developed i n  p rev ious  chapters.  

I n  b o t h  t h e  h i g h  and l ow  compression experiments, t a r g e t s  had 

a 1 urn g l ass  w a l l  th icknesses encapsu la t ing  a 20 atmosphere equ i -  

molar DT f u e l  m ix tu re .  The low compression exper iments had charac- 

t e r i s t i c  l a s e r  pu lse  w id ths  of  90 psec produc ing peak i n t e n s i t i e s  o f  

2  
Q 2 x  1016 W/cm on t a r g e t .  The h i g h  compression exper iments had 

c h a r a c t e r i s t i c  pu lse  w id ths  o f  n e a r l y  1 nsec and peak i n t e n s i t i e s  

2  o f  Q 4 x 1014 W/cm . 
The knock-on p a r t i c l e s  were recorded w i t h  150 2 5 gun t h i c k  

de tec to r s .  Each measurement cons i s ted  o f  two de tec to r s  which were 

mounted 90' a p a r t  from each o the r .  The two de tec to r s  were imple-  

mented t o  inc rease  t h e  a v a i l a b l e  c o l l e c t i n g  s o l i d  angle.  Each 

d e t e c t o r  was c u t  t o  a  3/4 i n c h  d iameter  d i s c  and p laced i n s i d e  an 

a i r -encapsu la ted  chamber. One o f  t h e  w a l l s  o f  t h i s  chamber con- 

s i s t e d  o f  a  50 urn tanta lum f o i l  as shown i n  F igure  5.1. 

An e x t r a c t i o n  system was developed t o  r e t r a c t  t he  t r a c k  de- 

t e c t o r  assembly a f t e r  a  s i n g l e  sho t  i n  l a t e r  high-compression ex- 

per iments.  Th is  system was n o t  a v a i l a b l e  f o r  t h e  e a r l i e r  l ow  com- 

p ress ion  exper iments where fue l  pR measurements were averaged over  - 



Table 5.1 

Exper imental  Cond i t i ons  and Resu l t s  

High Compression Low Compression 

SHOT NUMBER 

LASER: 

Energy ( J )  

Pulse Width ( ps )  

I n t e n s i t y  

TARGET ( S i  O2 she1 1 ) : 

Thickness (pm) 

Radius (urn) 

F i l l  Pressure (atm) 

YIELDS: 

Neutrons ( Y )  

Knoc k-on Tracks (Q*) 

T o t a l  Number o f  
Knock-ons ( Q )  

t Using a s o l i d  ang le  o f  0.92% o f  471 and a d e t e c t i o n  e f f i c i e n c y  o f  

8.2% o f  t h e  t o t a l  knock-on spectrum. 

tt Th i s  i s  t h e  average fue l  O R  f o r  t h e  two low compression sho ts .  

9  1 





m u l t i p l e  shots. Th is  e x t r a c t i o n  system consis ted o f  a  vacuum feed- 

through assembly manually c o n t r o l l i n g  the  p o s i t i o n i n g  of t h e  t r a c k  

de tec tor  assembly i n  t h e  OMEGA vacuum system as shown i n  F igure  5.1. 

The detec tor  assembly rode i n s i d e  a  support ing s t a i n l e s s  s t e e l  tube 

t o  insure  t h a t  (1)  t h e  feedthrough r o d  d i d  n o t  s t r a i n  t h e  feed- 

through o - r i ng  assembly and (2)  t h e  feedthrough r o d  d i d  n o t  bend 

and obs t ruc t  any of  t he  l a s e r  beams f r o m  reaching the  ta rge t .  A 

mechanical stop was pos i t ioned on t h e  feedthrough rod  t o  r e s t r i c t  

the  de tec tor  asserr~bly from moving c l o s e r  than 7  un from t h e  ta rge t .  

A t  t h i s  distance, t he  f r a c t i o n a l  c o l l e c t i n g  s o l i d  angle (~2/4*lr) was 

I n  both the  h igh  and low compression experiments, each de- 

t e c t o r  was post-exposed before e t ch ing  t o  a  cfZ5' f i s s i o n  source 

f o r  l a t e r  thickness cor rec t ions .  

Accompanying each shot  was a  measurement o f  t he  neutron y i e l d .  

The pr imary d iagnost ic  used was a  copper a c t i v a t i o n  system which 

was ca l  i bra ted us ing so l  i d  s t a t e  t r a c k  detectors.  l3 A s i  1  ver  

a c t i v a t i o n  system was implemented when neutron y i e l d s  f e l l  below 

8  the  copper a c t i v a t i o n  th resho ld  o f  10 . 

C. 'The Determinat ion of D* Based on Experimental Data - Sample 
8 

Calcu la t ions  

The f o l l o w i n g  ana lys i s  i s  based on t h e  data ob ta ined from shot 

number 7038 as a1 ready charac ter ized i n  Table I. The c a l c u l a t i o n s  

presented here a re  in tended t o  i l l u s t r a t e  t o  t h e  reader how t h e  



methodology described prev ious ly  i s  a c t u a l l y  implemented. This ana lys is  

i s  ca r r i ed  i n t o  the  next sec t ion  where the  fuel pR i s  determined. The 

goal o f  t h i s  sec t ion  i s  t o  demonstrate how D* can be est imated from both 

t h e  raw data of t h e  t rack  diameter histogram as we l l  as from range 

ca lcu la t ions  i n  CR-39. 

Measurement o f  D* from t h e  t r a c k  diameter histogram requ i res  

f i r s t  the systematic scanning and recording of a l l  co inc ident  and 

non-coincident tracks. Each t rack  i s  photographed under lOOOx and 

i f  required a double exposure i s  taken f o r  a l l  co inc ident  t racks .  

Figure 5.2a and b shows t y p i c a l  examples o f  non-coincident t racks .  

The s l i g h t  e l l i p t i c i t y  o f  the  t rack  diameters are t h e  r e s u l t  o f  

the  charged p a r t i c l e s  enter ing  the detector  a t  a s l i g h t  angle from 

normal incidence. 

Figures 5 . 2 ~ ~  d, e, and f are examples o f  s p a t i a l  co inc iden t  

t racks.  These p i c tu res  are double exposure o f  t he  t r a c k  detec tor .  One 

p i c t u r e  was taken of the  top surface wh i l e  the  o ther  exposure was taken 

o f  the  bottom surface (note t h a t  CR-39 i s  c lea r ) .  It should be not iced 

t h a t  i n  Figures 5 . 2 ~  and d t h e  bottom t r a c k  diameters are  smal ler  than 

the  top diameter. These t racks  as described i n  Chapter 3 may r e s u l t  

from e i t h e r  knock-on p a r t i c l e s  o r  backscattered protons. 

Each t rack  diameter i s  measured and p l o t t e d  i n  histogram form 

as i l l u s t r a t e d  i n  Figure 5.3. The shaded reg ion represents the  co- 

i nc iden t  t racks  wh i le  the  reg ion above the  shaded reg ion represents 

t h e  non-coincident tracks. Therefore, t h e  t o t a l  he igh t  o f  each b i n  

count represents the  t o t a l  number of t racks  whose t o p  sur face d ia -  

- meter f a l l s  w i t h i n  t h e  given diameter i n t e r v a l .  
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The key t o  t he  d i r e c t  es t ima t i on  o f  D* i s  found i n  the  non- 

c o i n c i d e n t  p o r t i o n  of the  histogram. Th i s  p o r t i o n  i s  r e p l o t t e d  i n  

F igure  5.4. No t i ce  t h a t  an abrup t  t r a n s i t i o n  occurs i n  t he  number o f  

t r a c k s  between 12 and 13 pm and between 13 and 14 pm. Th is  supports 

range c a l c u l a t i o n  i n  CR-39 t h a t  protons w i t h  diameters l e s s  than  

12.4 pm a re  t oo  ene rge t i c  t o  produce non-co inc ident  t racks .  There- 

f o r e  based on non-co inc ident  t r a c k s  from t h i s  h is togram the  va lue 

o f  D* must be l e s s  than 13 pm. 

As suggested range c a l c u l a t i o n s  a re  c o n s i s t e n t  w i t h  t h i s  va lue  

e x t r a c t e d  f rom t h e  histogram. Th i s  can be shown by f i r s t  determin ing 

t h e  e f f e c t i v e  th ickness  of t h e  t r a c k  d e t e c t o r  and then app l y i ng  

F igure  3.5 and shown aga in  f o r  convenience i n  F igure  5.5. 

The e f f e c t i v e  th ickness  can be determined by measuring t h e  

f i s s i o n  t r a c k  diameters which a r e  in t roduced a f t e r  t h e  post-exposure 

t o  t he  knock-on p a r t i c l e s .  I n  t h e  p resen t  s i t u a t i o n  t h e  f i s s i o n  

t r a c k  diameters a r e  measured t o  be 48 + 1 pm. Therefore,  t h e  e f f e c -  

t i v e  th ickness  us ing  equat ions 3-4 i s  g i ven  by 

Using t h i s  va lue  as t h e  range o f  t he  p ro ton  r e q u i r e d  t o  produce a  co- 

i n c i d e n t  t r a c k  a long  w i t h  F igu re  5.5 one f i n d s  t h a t  D* i s  equal t o  
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12.4 + .2 pm. Th i s  i s  i n  good agreement w i t h  t h e  non-co inc ident  

t r a n s i t i o n  es i tma te  f o r  D* f rom F igu re  5.4. 

Knowing D* one can formulate  t h e  acceptance c r i t e r i a  neces- 

sa r y  t o  separate  t h e  p ro ton  t r a c k s  from t h e  knock-on t r acks .  Speci f -  

i c a l l y ,  these c r i t e r i a  a r e  

( 1 )  The acceptance of  a l l  s p a t i a l  c o i n c i d e n t  t r a c k s  w i t h  t op  

su r f ace  diameters g r e a t e r  than 12.4 pm. 

( 2 )  The r e j e c t i o n  o f  a l l  s p a t i a l  c o i n c i d e n t  t r a c k s  w i t h  bo t -  

tom su r f ace  diameters l e s s  than 12.4 um. 

'The c r i t e r i a  w i l l  enable one t o  o b t a i n  a  measurement o f  t h e  t o t a l  

number o f  knock-ons which i s  necessary i n  t h e  de te rmina t ion  o f  pR. 

D. The C a l c u l a t i o n  o f  Fuel pR - Sample Ca l cu la t i ons  

Be fo re  t h e  f u e l  pR can be ca l cu l a ted ,  t h e  e f f e c t i v e  cross 

s e c t i o n  must be determined. As exp la ined  i n  Chapter I V ,  t h i s  i s  

performed i n  two s teps namely by ( 1 )  de te rmin ing  t h e  energy i n t e r -  

va l  o f  which deuterons and t r i t o n s  can be separated f rom protons 

when i n c i d e n t  on t h e  d e t e c t o r  and by ( 2 )  propagat ing each i n t e r v a l  

back th rough  t h e  s topp ing  f o i l  and e s t a b l i s h i n g  t h e  p o r t i o n  o f  t h e  

knock-on spec t ra  where p a r t i c l e  sepa ra t i on  i s  poss ib l e .  

I n  c a l c u l a t i n g  t h e  energy i n t e r v a l  i n  s tep  (I), range i n f o r - '  

mat ion f o r  each i s o t o p e  i n  CR-39 a long  w i t h  t h e  knowledge o f  t h e  

d e t e c t o r ' s  e f f e c t i v e  t h i c kness  i s  r equ i r ed .  The lower  l i m i t  i s  de- 

te rm ined  by t h e  l e a s t  e n e r g e t i c  p ro ton  r e q u i r e d  t o  t r a v e r s e  t h i s  

th i ckness .  By knowing t h i s  p ro ton  energy, t h e  upper energy l i m i t  



determined by m u l t i p l y i n g  t h e  pro ton  energy by the  knock-on specie 

nucleon number ( i  .e., the  upper 1  i m i t  i s  es tab l i shed by D* which 

i s  a  f u n c t i o n  o n l y  of charge and v e l o c i t y ) .  F igure  5.6 shows t h a t  

deuterons and t r i t o n s  can be separated from protons over  the  ener- 

g ies  i n t e r v a l s  of (4.6, 6.9) and (5.4, 10.3) MeV respec t i ve l y .  

The arrows i n d i c a t e  t he  minimum energy requ i red  t o  t r ave rse  the  

de tec to r  and produce co inc iden t  t racks.  

An u n c e r t a i n t y  i n  t he  energy l i m i t s  i s  in t roduced p r i m a r i l y  

f rom the  u n c e r t a i n t y  i n  t he  de tec to r ' s  e f f e c t i v e  th ickness.  Spe- 

c i f i c a l  l y ,  t h e  lower energy l i m i t s  a r e  d i r e c t l y  in f luenced by the  

u n c e r t a i n t y  i n  t h e  e f f e c t i v e  th ickness.  Th is  i s  shown i n  the  

shaded reg ion  around each arrow i n  F igure 5.6.. The upper 1  i m i  t i s  

i n d i r e c t l y  i n f l uenced  by the  unce r ta in t y  i n  determining the  m i n i -  

mum pro ton  energy requ i red  t o  produce a  co inc iden t  t r a c k .  Table 5.2 

summarizes the  energy i n t e r v a l s  and corresponding l i m i t  uncer ta in -  

t i e s  f o r  each knock-on specie i n  columns two and three.  

Table 5.2 

Knock-On Energy Window L i m i t s  

A f t e r  Passage Through Ta F o i l  Before Passage Through Ta F o i l  

Lower Energy Upper Energy Lower Energy Upper Energy 

Specie L i m i t  (MeV) L i m i t  (MeV) L i m i t  (MeV) ~ i m i t  (MeV) 

Deuteron 4.6 + .1 6.9 + . 2  7.7 + .1 9.6 5 .1 

T r i t o n  5.4 + .1 10.3 + .2 8.8 i .1 12.1 k .1 





Each energy i n t e r v a l  must next  be t rans la ted  back through the  

stopping f o i l  t o  ca l cu la te  the  po r t i on  o f  the  knock-on spectrum 

being measured. This requires the  use o f  range in format ion  i n  t a l -  

talum which i s  supp l ied  i n  Figure 5.7. For example, a  deuteron w i t h  

a  mean energy of 4.6 MeV a f t e r  t rave rs ing  a  50 pm o f  tantalum 

2  ( i  e . ,  83.3 mg/cm ) requ i res  an i n c i d e n t  energy o f  7.7 MeV. Col- 

umns fou r  and f i v e  i n  Table I1 sumnarizes the  i n c i d e n t  knock-on 

energies def in ing  the  p o r t i o n  o f  each spectrum measured. 

Knowing the  p o r t i o n  of each spectrum measured i t  i s  now poss ib le  

t o  c a l c u l a t e  the  e f fec t ive  cross sect ion.  Figures 4.1 and 4.2 show 

the cumulat ive d i s t r i b u t i o n  curves necessary t o  est imate Td and r x .  

These values are  (3.37 + .02) x  10 '~  and (1.16 + .02) x  1 0 - l ~  respec- 

t i v e l y .  Therefore, the  e f f e c t i v e  cross sec t i on  equals 

where w i s  the  f r a c t i o n  of t he  t o t a l  number o f  knock-on p a r t i c l e s  

produced which f a l l  i n t o  the  acceptance energy i n t e r v a l .  

It should be noted t h a t  the  uncer ta in ty  i n  w i s  a c t u a l l y  l a r g e r  than 

the  value ind i ca ted  above due t o  such e f f e c t s  as m u l t i p l e  sca t te r i ng  





i n  t h e  tanta lum f o i l ,  diameter smearing and u n c e r t a i n t i e s  i n  t he  d i f -  

f e r e n t i a l  cross sec t ion .  These c o n t r i b u t i o n s  t o  t h e  unce r ta in t y  i n  w 

w i l l  be discussed f u r t h e r  i n  t h e  nex t  sect ion.  

C a l c u l a t i o n  of  t h e  fue l  PR requ i res  two f i n a l  p ieces o f  

i n f o r m a t i o n  namely t he  number of knock-ons counted i n  t h e  c o l l e c t i n g  

s o l i d  angle and the  DT neutron y i e l d .  Returning t o  F igure 5.3 t he  

t o t a l  number of t r a c k s  above 12 pm i s  95. However, t h i s  number i s  

s l i g h t l y  i n f l a t e d  by a  small p o r t i o n  of co inc iden t  protons f a l l i n g  

between 12 and 13 pm. Using t h e  number of non-coincidents found 

between 13 and 14 pm as an es t imate  f o r  t h e  number o f  protons 

e x i s t i n g  between 12 and 13 vm, t h e  t o t a l  number o f  knock-on c o i n c i -  

dent  t r a c k s  i s  reduced t o  91. 

8 'The neutron y i e l d  i s  5.5 x  10 f o r  t h i s  p a r t i c u l a r  shot.  I t  had 

a  measurement u n c e r t a i n t y  of  + 10% la. Therefore the  f u e l  pR using 

equat ions 4-6 and s e t t i n g  v = 1 the  pR i s  found t o  be 

Measurement u n c e r t a i n t i e s  i n  w, Yn, and Q combine t o  produce an 

o v e r a l l  u n c e r t a i n t y  o f  + 22% i n  t he  pR  measurement. I n  a d d i t i o n ,  s ta -  

t i s t i c a l  f l u c t u a t i o n s  i n  t h e  knock-on adds a  + 10% unce r ta in t y  i n  t h e  

measurement. Table 5.3 breaks down i n  f u r t h e r  de ta i  1  the  contr - i  bu t i on  

o f  each source. 



Table 5.3 

Parameter Values and U n c e r t a i n t i e s  Used i n  t h e  

C a l c u l a t i o n  o f  Fuel pR 

+ % Unce r t a i n t y  

Type Uncer ta i  n t y  Value o f  Parameter i n  Value 

Only t h e  c o n t r i b u t i o n  due t o  CR-39 th ickness  u n c e r t a i n t y  has 

been i nc l uded  i n  t h e  e s t i m a t i o n  o f  t h e  u n c e r t a i n t y  i n  U. 

Four a d d i t i o n a l  e f f e c t s  have n o t  been cons idered when c a l c u l a t i n g  

U. These a re  

(1) energy s t r a g g l i n g  i n  t h e  s topp ing  f o i l ,  

(2 )  mu1 t i p l e  s c a t t e r i n g  i n  t h e  s topp ing  f o i l ,  

(3)  d iameter  smearing i n  t h e  t r a c k  d e t e c t o r  and 

(4 )  u n c e r t a i n t y  i n  t h e  measured d i f f e r e n t i a l  c ross  sec t i on .  

To unders tand t h e  importance o f  these ef fec ts ,  a  d e t a i l e d  a n a l y s i s  i s  

presented i n  t h e  f o l l o w i n g  s e c t i o n  and Appendix E. 



E. System D i s t o r t i o n  i n  t h e  Knock-On Spectrum 

Th i s  s e c t i o n  w i l l  c a l c u l a t e  t h e  mod i f i ed  knock-on spectrum 

when d iameter  smearing, energy s t r agg l i ng ,  and range s t r a g g l i n g  

a r e  inc luded .  These r e s u l t s  a r e  compared w i t h  spec t ra l  data which 

show good agreement. L a s t l y ,  i t  w i l l  be shown t h a t  a  1% reduc t i on  

i n  t h e  va lue  of  w r e s u l t s  when these e f f e c t s  a r e  inc luded.  

Data was ob ta ined  by i n t e g r a t i n g  over  8  h i g h - y i e l d  shots  w i t h  

an i n t e g r a t e d  y i e l d  o f  2  x  10''. The d e t e c t o r  package cons is ted  o f  

a  150 pm CR-39 t r a c k  de tec to r  covered w i t h  50 um o f  tantalum. 

F igure  5.8 shows t he  d iameter  h is togram of t h e  data c o l l e c t e d  

du r i ng  these shots.  The e f f e c t i v e  t h i ckness  was measured t o  be 138 

pm i m p l y i n g  a  D* va lue  equal t o  Q 12.4 pm. Th i s  i s  c o n s i s t e n t  w i t h  

t h e  c u t - o f f  va lue  seen on t h e  histogram. 

Another fea tu re  on t h e  h i  s togran  which shows excel  1  e n t  agreement 

w i t h  p r e d i c t e d  r e s u l t s  i s  t h e  p o s i t i o n  o f  t h e  t r i t o n  forward-  

s c a t t e r e d  peak. These t r i t o n s  a r e  reduced f rom 10.6 t o  7.3 MeV a f t e r  

t r a v e r s i n g  t he  50 pm o f  tanta lum.  R e c a l l i n g  f rom Chapter 3 t h a t  t he  

mean t r a c k  d iameter  i s  g iven  by 

t h e  corresponding p r e d i c t e d  t r i t o n  d iameter  peak should occur  a t  

Q 14.5 m. Th i s  i s  a d d i t i o n a l  p roo f  t h a t  t h e  t r a c k  c r i t e r i a  can r e -  

j e c t  p ro ton  background t racks .  

These s imp le  c a l c u l a t i o n s ,  however, f a l l  s h o r t  i n  e x p l a i n i n g  the  

q u a n t i t a t i v e  s t r u c t u r e  of  t h e  spectrum. Indeed, F igu re  5.9 shows the  
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peak being much l a r g e r  than i s  a c t u a l l y  measured. The f i t  can 

be s u b s t a n t i a l l y  improved upon by i n c l  uding energy s t r a g g l  i n g  i n  

t he  tan ta lum f o i l  and diameter smearing i n  CR-39. 

Reca l l  t h a t  diameter smearing i s  t h e  spread i n  t r a c k  diameter 

about a  mean value, which i s  energy dependent, r e s u l t i n g  from l o c a l -  

i z e d  v a r i a t i o n  i n  t he  b u l k  e t c h  r a t e  across t h e  de tec to r  sur face.  

As was discussed i n  Chapter 111 t h i s  smearing has a  measured stand- 

a r d  d e v i a t i o n  o f  0.5 pm and i s  approx imate ly  energy independent. 

Energy s t r a g g l  i n g  was est imated us ing  t h i n  f o i l  approximat ions t o  

be between 100 and 200 KeV, however, l a r g e r  s t r a g g l i n g  up t o  500 

KeV does n o t  s i g n i f i c a n t l y  a l t e r  t he  d i s t r i b u t i o n .  

To s imu la te  these e f f ec t s ,  a Monte Car lo  procedure i s  used t o  

generate t h e  knock-on p a r t i c l e s  weighted by each o f  t h e i r  appro- 

p r i a t e  energy d i f f e r e n t i a l  c ross  sec t ions  and passed through a  tan-  

ta lum f o i l .  The mean energy l o s s  i s  c a l c u l a t e d  us ing  s tandard stop- 

p i ng  power tab1 es f o r  t a n t a l  urn. Energy s t r a g g l  i n g  i s  a r t i f i c i a l l y  

i n t r oduced  by assuming a  gaussian d i s t r i b u t i o n  and randomly d i s t r i -  

b u t i n g  p a r t i c l e s  i n t o  energy b ins.  

By us ing  equat ion  ( 1 )  a long w i t h  knowledge o f  t he  p r o b a b i l i t y  

smearing f u n c t i o n  ( i  .e. , approx imate ly  gaussian) and t h e  knock-on 

energy d i s t r i b u t i o n  a f t e r  pass ing through t he  tan ta lum f o i l ,  t h e  ex- 

pected diameter d i s t r i b u t i o n  i s  generated. P a r t i c l e s  w i t h  ranges 

g r e a t e r  than t h e  e f f e c t i v e  d e t e c t o r  th ickness  a r e  counted as s p a t i a l  

c o i n c i d e n t  t r acks .  I t  should be noted t h a t  m u l t i p l e  s c a t t e r i n g  

i n  t he  tan ta lum f o i l  i s  n o t  impor tan t  as shown i n  Appendix E. 



By knowing t h e  i n i t i a l  number o f  p a r t i c l e s  generated and the  

f i n a l  number of  co inc iden t  t r acks  d i r e c t l y  y i e l d s  t h e  e f f e c t i v e  

cross sect ion.  

F igure  5.10 i s  the generated spectrum compared w i t h  t he  measured 

spectrum when energy s t r a g g l i n g  and diameter smearing a re  included. 

The enhancement of t he  p red i c ted  s igna l  i n  b i n  11 i s  due t o  d ia -  

meter smearing of h i g h  energy deuterons c o n t r i b u t i n g  t o  t he  lower 

energy b ins .  Not ice  a l so  t h a t  t h e  p red i c ted  peak i n  b i n  14 i s  re -  

duced r e l a t i v e  t o  t he  uncorrected spectrum. This  i s  a t t r i b u t e d  t o  

energy s t ragg l  i n g  i n  t h e  tantalum. 

Comparison of t h e  i n i t i a l  - t o - f  i n a l  nurnbers o f  p a r t i c l e s  pro- 

ducing coincidences i n d i c a t e  t h a t  w has a  va lue  o f  .L .082. This  

small r educ t i on  i n  t h e  va lue of w i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  (1) 

the  upper energy l i m i t  of t he  acceptance window i s  w e l l  above the  

t r i t o n  c u t - o f f  energy and ( 2 )  t h e  lower  energy l i m i t  l i e s  near the  

spectrum minimum. Therefore, no s i g n i f i c a n t  changes i n  t he  pR 

measurement discussed i n  t h e  l a s t  sec t i on  w i l l  occur due t o  e i t h e r  

energy s t ragg l  i n g  o r  diameter smearing. 

Uncer ta in ty  i n  t he  d i f f e r e n t i a l  cross sec t i on  has n o t  been i n -  

c luded i n  t h i s  ana lys is .  Tabular i n fo rma t i on  o f  these cross sect ions 

a re  g iven i n  re fe rence (2 )  b u t  no est imates o r  references were g iven 

f o r  t h e  measured u n c e r t a i n t y  i n  these cross sect ions.  

F. Target  Compression Performances 

Return ing t o  Table I, two experimental  cond i t i ons  were explored. 

Shor t  pu lse experiments (.L 90 psec) d e l i v e r e d  about 700 J on t a r g e t  
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w i t h  peak i n t e n s i t i e s  of 2  x  1016 w/cm2. U n l i k e  t h e  l o n g  pu l se  ex- 

per iments,  these s h o r t  pu l se  exper iments i n t e g r a t e d  data ove r  mu1 t i p l e  

shots .  T h i s  shortcomiog was t h e  r e s u l t  o f  i n i t i a l  debugging o f  t h e  

d i a g n o s t i c  and t h e  i n a b i l i t y  d u r i n g  these  e a r l y  exper iments t o  

r e t r a c t  t h e  t r a c k  d e t e c t o r  package. 

Computer s i m u l a t i o n s  i n d i c a t e  t h a t  t h e  h i g h  i n t e n s i t i e s  en- 

countered i n  t h e  s h o r t  pu l se  s t u d i e s  produced s t r o n g  shocks and 

e n e r g e t i c  e l e c t r o n s  w i t h  an e f f e c t i v e  temperature o f  35 KeV, which 

heated t h e  f u e l .  The r e s u l t i n g  h i g h  f u e l  p ressure  p rec luded  a  h i g h  

d e n s i t y  corr~pression. 

I n  c o n t r a s t ,  t h e  l o n g  p u l s e  exper iments had a  peak i n t e n s i t y  

2 o f  ?. 4  x  1014 wlcm w i t h  2 KJ d e l i v e r e d  on t a r g e t  i n  ?. 1 nsec. The 

generated shocks were weaker and t h e  amount o f  suprathermal e l e c t r o n s  

s m a l l e r  than  compared w i t h  t h e  s h o r t  pu l se  s tud ies .  The sma l l e r  f u e l  

p ressure  r e s u l  t e d  i n  1  a r g e r  d e n s i t y  compressions. 

The f u e l  pR measurement suppo r t  t h i s  genera l  desc r i p t i on .  For  

2  
t h e  s h o r t  pu l se  s t ud ies ,  t h e  f ue l  pR f e l l  i n  t h e  l o w  10 '~ g/cm r e -  

gime. Th i s  va l ue  was inc reased  1 0 - f o l d  when l a s e r  c o n d i t i o n s  were 

changed t o  l o n g  pu lse .  

The measured va lues a r e  a1 so i n  good q u a n t i t a t i v e  agreement w i t h  

numer ica l  s i m u l a t i o n  r e s u l t s .  F i g u r e  5.11a shows t h a t  a f t e r  1.5 nsec 

i n t o  t h e  shot,  t h e  neu t ron  p roduc t i on  r a t e  i s  maximum. The p r e d i c t e d  

fue l  pR v a r i a t i o n  shown i n  F i g u r e  5.11b g i ves  a  l o c a l i z e d  pR. 

The t ime  average fue l  pR based on L i l a c  s i m u l a t i o n s  (see Appendix G ) and 

2  we igh t  w i t h  t h e  neu t ron  p roduc t i on  r a t e  was c a l c u l a t e d  t o  be 1 . 6 x 1 0 - ~ ~ / c m  . 
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V I .  THE EXTENSION OF THE pR KNOCK-ON MEASUREMENT TO MODERATE pR 

CCINDI TIONS 

A. Chapter Overview 

I n  t he  prev ious chapters t he  t a r g e t  pR has been assumed t o  

be small enough n o t  t o  produce d i s t o r t i o n s  i n  t h e  knock-on spec- 

trum. Th is  assumption breaks down when t a r g e t  pR cond i t ions  ex- 

2 ceed about 3 mg/cm and co r rec t i ons  i n  t he  e f f ec t i ve  cross sec- 

t i o n  a re  necessary. Compounding the  problem, u n c e r t a i n t i e s  i n  

t he  tamper ( i  .e., g lass  she1 1 ) pR and temperature t r a n s l a t e  i n t o  

u n c e r t a i n t y  i n  a if c o r r e l a t i o n  techniques are  n o t  used. 
e6 6 

Another f a c t o r  which in t roduces  u n c e r t a i n t y  i n  a i s  t he  
e6 6 

degree i n  which t h e  t r a c k  de tec to r  th ickness i s  known. This  un- 

c e r t a i n t y  i s  looked a t  as a f u n c t i o n  o f  t a r g e t  pR. 

Other fac to rs  lead ing  t o  u n c e r t a i n t y  i n  a such as tan- 
e6 6 

ta lum f o i l  th ickness and b u l k  e t c h  r a t e  a r e  small and have been 

discussed e a r l i e r  i n  t h i s  work. Therefore, t h e  emphasis o f  t h i s  

chapter  i s  on the  extension of t h e  knock-on measurement t o  t he  

moderate pR cond i t i ons  and t o  examine how t h e  a changes w i t h  
e6 6 

t a r g e t  cond i t i ons  and t r a c k  de tec to r  th ickness.  Methods w i l l  a l s o  

be discussed as how t o  min imize t h e  unce r ta in t y  i n  a 
1 

e66' 
Sect ion B w i l l  examine t h e  e f f e c t s  t h a t  t a r g e t  cond i t i ons  i n -  

f luence the  u n c e r t a i n t y  i n  a e66' 
This  sec t i on  w i l l  develop two 

p o t e n t i a l l y  use fu l  approaches t o  min imize a e66' One approach w i  11 



c o r r e l a t e  t h e  DD-proton energy l oss  t o  the  e f f e c t i v e  cross sect ion. 

Another approach presented w i  11 c o r r e l a t e  the  r a t i o  o f  knock-on 

counts from two c lose ly  spaced energy i n t e r v a l s  t o  the  e f f e c t i v e  

cross sect ion.  

I n  Sect ion C t he  consequence of t he  uncer ta in ty  i n  measuring the  

t r a c k  detec tor  on a w i l l  be explored. The two approaches d i s -  4 6  
cussed above w i l l  be examined i n  context  t o  t h i s  type o f  uncerta inty.  

I n  Sect ion D t h e  r a t i o  approach w i l l  be used t o  extend the 

2 knock-on measurement t o  about 70 mg/cm . An overview o f  thresh01 d  

requi  rements over  the  e n t i r e  pR regime w i l l  a l so  be addressed i n  

t h i s  sect ion.  

The Examination o f  Two Schemes t o  Minimize the  E f fec ts  o f  

Uncer ta in ty  i n  a Due t o  Target Condit ions 
e6 6 

I n  the  s imula t ion  ca l cu la t i ons  below, neutrons were generated un i -  

fornily and i s o t r o p i c a l l y  throuhout the  f u e l .  The knock-on p a r t i c l e s  were 

a l l  assumed t o  be forward-scattered. I f  measurements are centered about 

the  deuteron o r  t r i t o n  peak, such an approximation g ive  exce l l en t  

agreement w i t h  more c o r r e c t  Monte Car lo t ranspor t  ca l cu la t i ons .  19 

As the  knock-on p a r t i c l e s  t raversed the  f u e l  and tamper, t h e i r  energy 

was reduced predominantly as a  r e s u l t  of  energy exchange w i t h  e lec-  
, 

t rons .  The energy l o s s  was ca lcu la ted  using an expression s i m i l a r  

t o  t h a t  of  Longmire bu t  was corrected f o r  ( i n  the  logar i thm term) 

degenerate e f f e c t s .  20 This l o s s  i s  predominantly a  func t i on  o f  t a r -  

ge t  pR and e lec t ron  temperature. 



Since one has no p r i o r  knowledge o f  the  t a r g e t  cond i t ions  

du r ing  a p a r t i c u l a r  shot,  one i s  faced w i t h  the  prospect o f  

examining var ious f o i l  th ickness  systems t o  f i n d  an opt imal  sys- 

tem whose e f f e c t i v e  cross s e c t i o n  changes l e a s t  w i t h  expected pR 

and temperature extremes. Examining F igure  6.1, once again i t  i s  

seen t h a t  the  120 pm tanta lum f o i l  system has the  lowest  f r a c -  

t i o n a l  u n c e r t a i n t y  over  a wide range o f  tamper pR. Assuming an 

e f f e c t i v e  cross sec t i on  of  ,0675 barns the  maximum unce r ta in t y  over  t h i s  

range i s  2 10%. 

The slow v a r i a t i o n  o f  t he  cross sec t i on  can be a t t r i b u t e d  t o  

two f a c t o r s .  F i r s t ,  t h i s  f o i l  system t r a n s l a t e s  t h e  h igh  energy 

deuteron peak i n t o  the  acceptance window of  t h e  t r a c k  de tec to r .  

As shown i n  F igure  6.2, as t h e  pR increases,the p a r t i c l e s  l e a v i n g  and 

the  window i s  small over  t he  e n t i r e  pR range. Below about 4 x l o e 3  
2 g/cm the  deuteron peak has n o t  y e t  entered the  acceptance window. 

2 Above 4 x g/cm the  f r a c t i o n a l  window decreases because o f  t he  

lower energy deuterons l e a v i n g  t h e  acceptance window. Since these 

p a r t i c l e s  l eav ing  the  window comprise a v e r y  small p o r t i o n  o f  t he  

knock-on s igna l ,  they do n o t  g r e a t l y  a f f e c t  t h e  e f f e c t i v e  cross sec- 

t i o n .  The second f a c t o r  which tends t o  reduce the  v a r i a t i o n  i n  the  

f r a c t i o n a l  window i s  t he  weak dependence on tamper temperature. Th i s  

i s  due t o  the  h igh  energy deuterons having v e l o c i t i e s  very much h igher  

than the  e l e c t r o n  thermal v e l o c i t y .  

The 40 pm t a n t a l  um f o i l  system i s  another p o t e n t i a l  candidate 

which must be considered. F igu re  6.1 shows t h a t  t h i s  system w i l l  



The Effective Cross Section as a Function of Target PR 

Target cR (mg/cm2) 

Figure 6.1 
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Spectral Distort ion Due t o  Target pR 

Figure 6.2 11 8 



i nc rease  t h e  knock-on e f f e c t i v e  cross sec t ion .  A  t h i n n e r  f o i l  can- 

n o t  be used i n  t h i s  pR regime because t h e  DD-protons would pene- 

t r a t e  t he  f o i l .  The 40 pm f o i l  has t h e  advantage over  t h e  120 pm 

f o i l  system i n  t h a t  t h e  e f f e c t i v e  c ross  sec t i on  i s  tw i ce  as l a rge .  

The p r i c e  one pays i s  a  h igher  f r a c t i o n a l  u n c e r t a i n t y  o f  2 16% i f  

one assumes an e f f e c t i v e  cross s e c t i o n  of ,126 barns. 

Th i s  u n c e r t a i n t y  can be reduced by us ing  one o f  two approaches. 

The f i r s t  approach i s  t o  c o r r e l a t e  t h e  e f f e c t i v e  cross sec t i on  w i t h  

t h e  DD-proton energy l o s s .  It i s  f o r t u n a t e  t h a t  h i g h  energy forward 

sca t t e red  t r i t o n s  have v e l o c i t i e s  s i m i l a r  t o  those o f  t h e  DD-protons. 

I t  there fo re  i s  expected t h a t  any energy l o s s  o f  t h e  protons would 

be c l o s e l y  c o r r e l a t e d  w i t h  t h e  t r i t o n  energy l oss .  F i gu re  6.3 shows 

t h i s  c o r r e l a t i o n  f o r  two extreme temperature l i m i t s  o f  200 and 1000 eV 

f o r  t h e  case of  a  40 and 60 um f o i l  . . system. As expected, t h e  60 pm 

system i s  l e s s  c o r r e l a t e d  w i t h  t h e  DD-protons energy than t h e  40 pm 

system because of  t h e  g rea te r  v e l o c i t y  d i f f e r e n c e  between t he  t r i t o n s  

and protons.  

The energy l o s s  o f  t h e  DD-proton can be measured w i t h  t h e  e x i s t -  

i n g  t i m e - o f - f l i g h t  system a t  LLE. S ince t h e  t ransmiss ion  f o r  t h e  sys- 

6  
tern i s  a  DD-proton y i e l d  o f  about 10 i s  r e q u i r e d  t o  r eco rd  a  

measurable s i g n a l .  The energy r e s o l u t i o n  f o r  t h e  system i s  about 

+ 200 KeV. Therefore,  t h e  maximum u n c e r t a i n t y  o f  t h e  e f f e c t i v e  cross 

s e c t i o n  w i l l  be approx imate ly  + 5%. Th is  approach works w e l l  up t o  

2  a  pR o f  lo-' g/cm beyond which i t  may become d i f f i c u l t  t o  separate 

background protons, a r i s i n g  from pump o i l  contaminat ion on t h e  mic ro -  

ba l l oon  surface, f rom t h e  DD-protons. 



USEFUL FRACTIONAL SIGNAL CORRELATED WITH THE 
OD-PROTON ENERGY 
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A second approach i n  es t imat ing  the  e f f e c t i v e  cross sec t ion  

i s  t o  measure t h e  r a t i o  of two separate f o i l  systems and then t o  

c o r r e l a t e  t h i s  r a t i o  w i t h  t he  e f f e c t i v e  cross sect ion.  F igure 6.4 

shows the  under ly ing  idea behind t h i s  approach. Two energy b ins  a re  

se lec ted  r e l a t i v e l y  c lose  t o  each o t h e r  so t h a t  temperature a f f e c t s  

t he  two b ins  approximately equal ly .  The r a t i o  o f  t he  number o f  par-  

t i c l e s  found i n  each b i n  g ives in format ion o f  the  p o s i t i o n i n g  o f  the 

b i n s  r e l a t i v e  t o  t he  knock-on d i s t r i b u t i o n .  Ca lcu la t ions  show t h a t  

n o t  much v a r i a t i o n  i n  t h i s  r a t i o  occurs over much o f  t he  pR parameter 

space i f  the  tantalum f o i l  d i f fe rence i s  l e s s  than 20 um. Therefore, 

a  compromise was reached t o  insure  reasonable r a t i o  v a r i a t i o n  and the  

a b i l i t y  t o  remove t h e  temperature unce r ta in t y  of t he  f o i l  and tamper. 

The tanta lum th ickness di f ference was s e t  a t  20 urn and var ious f o i l  

combinations were examined. 

When us ing  the  s i g n a l - r a t i o  approach, one must decide which f o i l  

combinat ion i s  opt imal .  As a l ready  discussed, a  d i f f e rence  of about 

20 urn i n  th ickness between the  two f o i l s  w i l l  produce a  meaningful 

r a t i o .  Another cons idera t ion  i s  what t h e  ac tua l  f o i  1  thicknesses 

should be. Computer c a l c u l a t i o n s  show t h a t  two f o i l  systems have 

unique a t t r i b u t e s  which tend t o  minimize t h e  u n c e r t a i n t y  i n  t he  e f f e c -  

t i v e  cross sec t ion .  The f i r s t  system cons i s t s  o f  a  100 and 120 urn 

f o i l  p a i r .  As shown i n  F igure 6.5 the  r a t i o  i s  f i r s t  f a i r l y  i nsens i -  

t i v e  t o  the  temperature and second, t he  window i s  r e l a t i v e l y  f l a t  over  

t he  domain o f  s i gna l  r a t i o .  The second system cons i s t s  o f  a  40 and 

60 urn p a i r  o f  tanta lum f o i l s .  Here t h e  e f f ec t i ve  cross s e c t i o n  i s  

about tw ice  as l a r g e  as the  f i r s t  system. However, t h i s  40/60 system - 
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shows a  g r e a t e r  temperature dependence and i s  n o t  n e a r l y  so f l a t  

as t h e  1001120 system. F igu re  6.6 shows t h e  f r a c t i o n a l  window 

p l o t t e d  a g a i n s t  r a t i o  f o r  t h e  40160 system. To decide which i s  

t he  b e t t e r  of  t h e  two systems, one must f o l d  i n  t h e  e f f e c t s  o f  un- 

c e r t a i n t y  o f  CR-39 t h i ckness  i n t o  t h e  c a l c u l a t i o n s .  

I n  summary, t h i s  s e c t i o n  has e s t a b l i s h e d  t h a t  i f  one i s  i n t e r -  

es ted  i n  reduc ing  t h e  e f f ec t i ve  c ross  s e c t i o n  u n c e r t a i n t y  over  the  

e n t i r e  l o m 3  t o  PR regime, two approaches a r e  poss ib le .  The 

f i r s t  method r e q u i r e s  t h e  use o f  a  t i m e - o f - f l i g h t  spectrometer t o  

measure t he  DD-proton energy l oss .  Th i s  l o s s  i s  c l o s e l y  c o r r e l a t e d  

w i t h  t h e  e f f e c t i v e  c ross  sec t ion .  The disadvantages w i t h  t h i s  

approach a r e  t h a t  i t  requ i res  an a d d i t i o n a l  d i agnos t i c  and can be 

used o n l y  up t o  a  pR of about 10 '~  g/cm2. The second approach r e -  

q u i r e s  t h e  use o f  two t r a c k  de tec to r  systems each covered w i t h  d i f -  

f e r e n t  f o i  1  th icknesses.  The r a t i o  ob ta ined  i s  s t r o n g l y  c o r r e l a t e d  

w i t h  t h e  e f f e c t i v e  cross sec t i on .  The disadvantages w i t h  t h i s  ap- 

proach a re  t h a t  i t  r e q u i r e s  t w i c e  t h e  s o l i d  angle and i s  n o t  q u i t e  

as temperature independent as t h e  energy l o s s  approach. 

Before dec id i ng  which of  these methods i s  best ,  c a r e f u l  consid- 

e r a t i o n  w i l l  now be g i ven  t o  t h e  r o l e  t h a t  d e t e c t o r  th ickness  uncer- 

t a i n t y  p l ays  i n  t h e  c a l c u l a t i o n  o f  t h e  e f f e c t i v e  c ross  sec t i on .  Th is  

w i l l  l e a d  i n t o  a  d iscuss ion  as t o  which system per forms b e s t  w i t h  the  

i n t r o d u c t i o n  o f  t h i s  new u n c e r t a i n t y .  



E f f e c t i v e  Cross Sec t ion  vs. R a t i o  

F i g u r e  6.6 
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C. Thickness V a r i a t i o n  i n  Track Detectors  and I t s  I m p l i c a t i o n s  on 

Es t ima t i ng  t he  E f f ec t i ve  Cross Sec t ion  

Sec t ion  B gave d e t a i l e d  a n a l y s i s  showing v a r i a t i o n  and uncer- 

t a i n t y  es t imates  i n  a as f ~ ~ n c t i o n s  o f  t a r g e t  cond i t ions .  Here 
edd 

another  f ac to r ,  d e t e c t o r  th ickness,  w i l l  be examined f o r  pR con- 

2  d i  t i o n s  up t o  10 mg/cm . 
T y p i c a l l y ,  t r a c k  de tec to r s  used were punched o u t  o f  square sam- 

p l e s  2" x  2". Thickness v a r i a t i o n s  across t h e  sheet were measured 

t o  be as h i g h  as 50% ( e s p e c i a l l y  f o r  v e r y  t h i n  de tec to r s  Q 80 pm 

average t h i ckness ) .  These v a r i a t i o n s  were n o t  random b u t  r a t h e r  

showed a  cons tan t  th ickness  g rad ien t .  A f t e r  one- inch d i s c s  were 

punched o u t  o f  t h e  sheet, th ickness  v a r i a t i o n s  o f  no more than 20 pm 

were accepted on any g i ven  d i sc .  

The a n a l y s i s  which fo l lows  i s  based on t h e  worse case s i t u a t i o n  

t o  e s t a b l i s h  maximum u n c e r t a i n t y  i n  a 
edb' 

Two f a c t o r s  which c o n t r i -  

bu te  t o  i t s  u n c e r t a i n t y  i s  ( 1 )  t h e  accuracy t o  which t h e  th ickness  

v a r i a t i o n  can be measured and ( 2 )  t h e  degree o f  systemat ic  u n c e r t a i n t y  

i n  t h e  t h i ckness  measurement. 

A model can be descr ibed  which r e l a t e s  th ickness  v a r i a t i o n s  across 

t h e  d i s c  t o  t h e  u n c e r t a i n t y  i n  a 
edd* 

I n  F igu re  6-7 below, T1  and T2 

denote t h e  minimum and maximum p o i n t s  on t h e  d i sc .  The th ickness  g ra -  

d i e n t  i s  d i r e c t e d  i n  t h e  p o s i t i v e  y - d i r e c t i o n .  



No th ickness  v a r i a t i o n  i s  assumed i n  t he  x -d i r ec t i on .  Therefore,  

t h e  th i ckness  can be s imp ly  expressed as 

Computer c a l c u l a t i o n s  showed t h a t  a i s  approx imate ly  1  i n e a r  over  
e66 

th icknesses between 115 and 135 urn, as shown i n  F igures  6.8 and 6.9. 

There fo re  a can be determined f o r  each p o i n t  on t h e  d i s c  g iven  by 
e66 

( u s i n g  p o l a r  coord ina tes )  

where 

and where ol and o2 denote t h e  va lue  o f  t h e  e f f e c t i v e  cross sec t i ons  

a t  th icknesses T1 and T2, r e s p e c t i v e l y .  

Since t h e  t h i ckness  i s  n o t  a  cons tan t  across t h e  de tec to r ,  i t  i s  

n o t  p o s s i b l e  t o  ass i gn  a  unique a t o  t h e  de tec to r .  However, i t  i s  
~6 6 

p o s s i b l e  t o  c a l c u l a t e  an average e f f e c t i v e  cross s e c t i o n  % g i ven  by ~6 6 
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Because o f  the  measuring r e s o l u t i o n  o f  the  micrometer, E ~ ,  

est imates f o r  T1 and T2 w i l l  r e s u l t  i n  unce r ta in t y  i n  2 given 
ed d 

by 

By i nspec t i on  of t h e  slopes i n  F igures 6.8 and 6.9 detec- 

t o r s  covered w i t h  40 pm of tantalum g i ve  the  smal lest  unce r ta in t y  

'-b 2  2  
i n  o f o r  low g/cm regime. By the  mid g/cm regime, 

e6 d 
however, the  120 pm tantalum f i l t e r  system shows the  l e a s t  uncer- 

t a i n t y  i n  
e66 

I t  i s  therefore necessary t o  examine the  t rade -o f f  

i n  unce r ta in t y  i n  2 under var ious pR cond i t ions  when apply ing 
e66 

e i t h e r  t he  r a t i o  o r  t he  DD-proton energy l o s s  method. 

Tables 6.1 and 6.2 sumnarize the  data requ i red  f o r  t h i s  ana lys is .  

The cross sec t i on  ol and o2 are  evaluated f o r  de tec tor  thicknesses 

o f  115 and 135 pm, respec t i ve l y .  Tamper e l e c t r o n  temperature i s  

taken t o  be 600 eV. These tab les  can be used t o  generate the  maxi- 

mum and minimum r a t i o s  so as t o  est imate the  unce r ta in t y  i n  % 
e66. 

Figures 6.10 and 6.11 show t h a t  the  40/60 f i l t e r  system never ex- 

ceeds about + 10% i n  i t s  est imate o f  2 ~ 6 6  However, as much as 202 

unce r ta in t y  i s  present  i f  a  100/120 f i l t e r  system i s  used. 

The e f f e c t  o f  th ickness unce r ta in t y  i n  the  DD-proton energy 

l o s s  method a l s o  produces unce r ta in t y  i n  e66 ' 
Figure 6.12 shows 

the  spread i n  : 
e66. 

Again the  tamper e l e c t r o n  temperature i s  taken 



Table 6.1 

40 prn tantalum f i l t e r  

60 pm tantalum f i l t e r  



Table 6.2 
100 urn tanta l  urn f i l t e r  

120 pm t a n t a l  um f i l t e r  
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t o  be equal  t o  600 eV. If one f o l ds  i n  t h e  spectrometer r e s o l u t i o n  

o f  + 200 KeV, i t  then r e s u l  t s  i n  a  + 6% u n c e r t a i n t y  i n  2 f o r  
ed d 

t h e  40 pm f i l t e r  system. The u n c e r t a i n t y  i s  somewhat worse f o r  t h e  

120 pm f i l t e r  system be ing  5 10%. 

Another t ype  of  t h i c kness  u n c e r t a i n t y  t h a t  needs t o  be con- 

s i d e r e d  r e s u l t s  from sys temat i c  e r r o r  i n  t h e  c a l i b r a t i o n  o f  t h e  

micrometer.  If t h e  micrometer  i s  o f f  by an amount E, than t h e  t h i c k -  

ness measurement w i l l  be i n  e r r o r  as shown i n  F i g u r e  6.13 below. 

Measured 

Ac tua l  

F i g u r e  6.13 Thickness 

Th i s  a n a l y s i s  assumes t h a t  ove r  t h e  range o f  t h i c kness  v a r i a t i o n ,  

i s  cons tan t .  As shown, t h e  sys temat i c  e r r o r  does n o t  a f f e c t  t h e  

measured t h i ckness  g r a d i e n t  and t h e r e f o r e  6 should  be approx i -  a d  
mate l y  t h e  same as c a l c u l a t e d  e a r l i e r .  However, t h e  ac tua l  va lue  

o f  wi 11 be s h i f t e d .  Exc lud ing  f o r  now, t h e  presence of  E,~, 
c6 6 

and l o o k i n g  o n l y  a t  t h e  u n c e r t a i n t y  assoc ia ted  w i t h  E, one f i n d s  t h a t  

even f o r  measurement e r r o r s  as l a r g e  as 10 pm, u n c e r t a i n t y  i n  2 i s  
ce ti 

o n l y  + 4%. Th i s  u n c e r t a i n t y  can be s i g n i f i c a n t l y  reduced by us ing  a  

s tandard  c a l i b r a t e d  gauge. 

I n  summary, i t  has been shown t h a t  d e t e c t o r  t h i c kness  v a r i a t i o n s  

can be d e a l t  w i t h  by d e f i n i n g  an average e f f e c t i v e  c ross  sec t ion .  The 



u n c e r t a i n t y  i n  t h i s  cross s e c t i o n  ( +  6%) i s  l e a s t  when us i ng  t h e  

DD-proton energy l o s s  method. However, t h e  u n c e r t a i n t y  i s  n o t  much 

l a r g e r  i f  a p p l y i n g  t h e  r a t i o  method f o r  t h e  40/60 (+  10%). Again, 

i t  should  be s t r essed  t h a t  these es t imates  a re  based on t h e  worse 

case s i t u a t i o n  where th ickness  v a r i a t i o n s  were taken t o  be 20 um. 

D. Extens ion of  t h e  R a t i o  Method t o  pR Cond i t ions  i n  Excess o f  

10 mq/cm 2  

The DD-proton energy l o s s  method breaks down i f  t h e  t a r g e t  pR 

2  c o n d i t i o n s  exceed about 10 mg/cm . The o n l y  charged p a r t i c l e  r e a c t i o n  

p roduc ts  besides t h e  knock-on p a r t i c l e s  t o  escape t h e  t a r g e t  a r e  

D H ~ ~ -  p ro tons  (14.7 MeV). Un fo r tuna te ly ,  t h e i r  v e l o c i t i e s  a re  about 

two t imes l a r g e r  than  t h e  f a s t e s t  deuteron. Therefore,  c o r r e l a t i o n  o f  

energy l o s s  o f  these  p ro tons  w i t h  t h e  e f f e c t i v e  cross sec t i on  i s  poor. 

It i s  t he re fo re  necessary t o  r e l y  t o t a l l y  on t h e  r a t i o  method f o r  

2  t a r g e t  pR g r e a t e r  than  10 mg/cm . F igu re  6.14 shows t h e  s i g n a l  r a t i o  

c o r r e l a t e d  t o  t h e  e f f e c t i v e  cross s e c t i o n  f o r  t h e  40 f i l t e r  system. 

A1 so i n d i c a t e d  on t h e  f i g u r e  i s  t h e  approximate l o c a t i o n s  o f  t h e  

tamper pR. 

As seen, t h e  r a t i o  no l onge r  g ives  a  unique va lue  f o r  t h e  e f f e c -  

t i v e  c ross  sec t i on .  A d d i t i o n a l  i n f o r m a t i o n  suppl  i e d  i n  t h e  energy 

3  
, 

l o s s  o f  t h e  DHe - p ro tons  i s  necessary t o  e s t a b l i s h  t h e  branch o f  t h i s  

f u n c t i o n .  Beyond t a r g e t  pR va lues o f  about  80 mg/cm2, knock-on par -  

t i c l e s  a re  slowed t o  t h e  p o i n t  where t hey  no l o n g e r  have s u f f i c i e n t  

energy t o  produce t r a c k  co inc idence.  
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Thresh01 d  c o n d i t i o n s  a1 so change r a p i d l y  i n  t h i s  reg ion.  

F i gu re  6.15 shows t h e  minimum PR-Y, p roduc t  necessary t o  achieve 

10 and 25% coun t i ng  s t a t i s t i c s  on t h e  40 pm f i  1  t e r e d  de tec to r .  

As seen, t h e  p resen t  low pR c o n d i t i o n s  have r e s u l t e d  i n  t h resho ld  

c o n d i t i o n s  as much as n i n e  t imes sma l l e r  than f o r  f u t u r e  t a r g e t  

c o n d i t i o n s .  Only f u t u r e  s c a l i n g  exper iments w i l l  e s t a b l i s h  

whether ad justments  i n  t h e  c o l l e c t i n g  s o l i d  ang le  i s  necessary. 

I n  conc lus ion,  t h e  knock-on d i a g n o s t i c  has been shown t o  

a c c u r a t e l y  es t ima te  fue l  pR c o n d i t i o n s  a t  t h e  t ime  o f  neut ron 

p roduc t i on .  I t s  success r e l i e s  on i t s  a b i l i t y  t o  d i s c r i m i n a t e  

a g a i n s t  va r i ous  backgrounds and i t s  low t h r e s h o l d  requirements.  

Fu tu re  u t i l i z a t i o n  o f  t h i s  d i a g n o s t i c  appears p romis ing  because 

t h e  ma jo r  a n t i c i p a t e d  problem o f  s p e c t r a l  d i s t o r t i o n  can be c o r -  

r e c t e d  f o r  us i ng  e i t h e r  DD-proton energy l o s s  c o r r e l a t i o n  measure- 

ment o r  us ing  m u l t i - d e t e c t o r  packages v iewing d i f f e r e n t  p o r t i o n s  o f  

t h e  spectrum. I t s  implementat ion i n  f u t u r e  s c a l i n g  exper iments 

shou ld  prove a  u s e f u l  y a r d s t i c k  i n  de te rmin ing  one 's  p r o x i m i t y  t o  

thermonuclear breakeven. 



PRY THRESHOLD VALUES AS A FUNCTION OF 
TARGET p R  (Based on a Fraction Solid Angle of 0.01) 

TARGET pR (mg/cm2) 

Figure 6.15 140 



V I I .  THE APPROXIMATE LINE-OF-SIGHT FUEL pR MEASUREMENT 

A. Chapter Overview 

Presented i n  t h i s  f i n a l  chapter  i s  a  d iscuss ion  o f  an 

impor tan t  f u t u r e  a p p l i c a t i o n  f o r  t he  knock-on d iagnos t i c .  Since 

much i n t e r e s t  i n  l a s e r  fus ion i s  now d i r e c t e d  towards understanding 

t h e  degree of  compression un i f o rm i t y  of  t he  l a s e r  f u s i o n  t a r g e t ,  

t h e  knock-on d iagnos t i c  can g i v e  va luab le  i n fo rma t i on  o f  t h e  approx i -  

mate 1  i n e - o f - s i g h t  fuel  pR from predetermined d i r e c t i o n .  

T h i s  chapter  w i l l  examine t h e  r e l a t i v e  c o n t r i b u t i o n  o f  knock-on 

p a r t i c l e s  f rom var ious  l o c a t i o n s  of t h e  fue l  recorded by t r a c k  detec- 

t o r s .  The model presented w i l l  assume an i s o t r o p i c  neut ron p o i n t  

source l oca ted  a t  t he  cen te r  of  t he  f ue l .  As w i l l  be discussed, t h e  

choice o f  t h e  s topp ing  f o i l  th i ckness  w i l l  determine t h e  l o c a t i o n s  i n  

t he  fue l  where knock-on p a r t i c l e s  can s c a t t e r  i n t o  t he  s o l i d  angle of  

t h e  de tec to r .  The s p a t i a l  c o n t r i b u t i o n  o f  these p a r t i c l e s  i n  t h e  fue l  

w i l l  be shown t o  l i e  i n  t he  general  l i n e - o f - s i g h t  d i r e c t i o n .  

Three s topp ing  f o i l  cases wi 11 be examined. The f i r s t  case 

w i l l  show a  50 pm tanta lum s topp ing  f o i l  approx imate ly  maximizes t he  

t o t a l  knock-on s i g n a l .  T h i s  s i t u a t i o n  i s  i d e n t i c a l  w i t h  p resen t  

exper imenta l  cond i t i ons .  The second and t h i r d  cases w i  11 measure 

t he  fo rward-sca t te red  deuterons. Here i t  w i  11 be shown t h a t  1  i n e - o f -  

s i g h t  pR measurements a r e  more n e a r l y  r e a l i z e d  e s p e c i a l l y  as one 

l i m i t s  t h e  coun t  t o  t he  most ene rge t i c  o f  knock-on deuterons. 



B. Theory 

C a l c u l a t i o n s  presented i n  t h i s  chapter  a r e  based on t he  

assumption t h a t  t h e  neut ron p roduc t i on  i s  l o c a l i z e d  t o  a  smal l  cen- 

t r a l  r e g i o n  o f  t h e  f u e l .  T h i s  assumption i s  w e l l - j u s t i f i e d  from 

bo th  t h e o r e t i c a l  s i m u l a t i o n  s tud ies  as w e l l  as f rom x- ray p i nho le  

camera measurements o f  t he  f u e l  temperature.  

These c a l c u l a t i o n s  w i l l  be modeled by assuming an i s o t r o p i c  

neut ron p o i n t  source. A l so  assumed i s  t h a t  t he  neut ron mean-free 

pa th  i s  much l a r g e r  than t h e  dimensions o f  t he  f u e l  so t h a t  m u l t i p l e  

s c a t t e r i n g  can be neglected.  Such an assumption i s  j u s t i f i e d  i n  

2 presen t  exper iments where pR c o n d i t i o n s  a re  much l e s s  than 1 g/cm . 
L e t  t h e  z  a x i s  represen t  t h e  l i n e - o f - s i g h t  d i r e c t i o n  f rom the  

p o i n t  source t o  t h e  cen te r  of  t h e  d e t e c t o r  as shown i n  F igure  1. The 

d e t e c t o r  i s  c i r c u l a r  i n  shape, as i n  t h e  a c t u a l  experiment, and i t s  

c e n t r a l  a x i s  i s  c o l l i n e a r  w i t h  t h e  z  a x i s .  L e t  8  be t he  p o l a r  angle 

w i t h  respec t  t o  t h e  z a x i s  as shown i n  t he  F igure  7.1. 

Assuming a  uni form f u e l  pR, t he  az imuthal  ang le  need n o t  be ex- 

p l i c i t l y  c a r r i e d  through t h e  c a l c u l a t i o n s .  For  a  g i ven  angle 8, t h e  

number o f  neut ron dn, i n  .a so l  i d  angle ds2 i s  p r o p r i t o n a l  t o  271 Sina d?. 
h 

D e f i n i n g  z '  as t he  i n i t i a l  d i r e c t i o n  t he  neut rons t r a v e l  as i n d i c a t e d  

i n  F igure  7.1 t h e  number o f  knock-on p a r t i c l e s  produced by these 

neut rons i n  dR i s  

ll a ( B )  S i n  B dn dB d+ 
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where B and @ a re  t h e  s c a t t e r  p o l a r  and az imutha l  angles w i t h  
A 

respec t  t o  z '  a x i s .  The d i f f e r e n t i a l  c ross s e c t i o n  a ( 8 )  i s  
A 

de f i ned  w i t h  r espec t  t o  t h e  z '  a x i s .  Therefore,  t h e  number o f  

d  N knock-on p a r t i c l e s  pe r  u n i t  ang le  a sca les  as 

1 1  

i = 1 d e t e c t o r  

where t h e  sum i s  ove r  t h e  two types o f  knock-on spec ies.  

The energy d i f f e r e n t i a l  c ross s e c t i o n  as p r e v i o u s l y  shown i n  

t h i s  d i s s e r t a t i o n  can be r e l a t e d  t o  t h e  angu la r  d i f f e r e n t i a l  c ross 

s e c t i o n  by 

The r e l a t i o n s h i p  between s c a t t e r i n g  ang le  B and energy i n  t h e  

l a b o r a t o r y  frame i s  g i ven  by 

4 M  M .  
E = En * Cos 2 B 

(Mn + !Ii) 

where En and Mn a r e  t h e  neu t ron  energy and mass, and Mi i s  t h e  knock- 

on p a r t i c l e  mass. There fo re  equa t i on  ( 3 )  sca les as 



S u b s t i t u t i n g  t h i s  express ion  i n t o  equat ion ( 2 )  y i e l d s  

The l i m i t s  o f  i n t e g r a t i o n s  a re  determined by t h e  d e t e c t o r ' s  angular  

dimensions subtended a t  t h e  t a r g e t  and by bo th  t h e  s topp ing  f o i l  and 

d e t e c t o r  t h i c kness .  I n  p a r t i c u l a r ,  t h e  i n t e g r a t i o n  l i m i t  BMax i s  s e t  

by t h e  minimum energy knock-on p a r t i c l e  which s t i l l  has adequate 

energy t o  produce a  s p a t i a l  c o i n c i d e n t  t r a c k  a f t e r  e x i t i n g  t h e  

s topp ing  f o i l .  The lower  l i m i t  kM i s  s e t  by t h e  a b i l i t y  t o  d i s -  

c r i m i n a t e  t h e  p r o t o n  t r a c k s  f rom t h e  knock-on c o i n c i d e n t  t r a c k s .  

I n  o t h e r  words, angles s m a l l e r  than  BUcn would produce knock-on 

t r a c k s  whose diameters a r e  l e s s  than  D* which a r e  excluded i n  t h e  

ac tua l  measurement. 

The @ i n t e g r a t i o n  1  i m i t  Ghhx i s  dependent on 8, B ,  and t h e  

angle  subtended by t h e  t r a c k  de tec to r .  Four cases determine t h e  va lue 

o f  t h i s  parameter, as dep i c t ed  i n  F i gu re  7.2. 

C. A p p l i c a t i o n s  

Three cases w i l l  be examined: one which maximizes t he  t o t a l  knock- 

on s i g n a l ,  and t h e  o t h e r  two which measure o n l y  t h e  f o rwa rd - sca t t e red  

deuteron component. Table  7.1 l i s t s  a l l  t h e  r e l e v a n t  da ta  f o r  each case 

used i n  t h e  e v a l u a t i o n  o f  equa t ion  ( 6 ) .  



" I "  - 0 



Table 1 

Data Required f o r  t he  Evaluat ion of Equation (6 )  

Stopping Foi 1 
(Dl (D l  ( T I  ( T I  

Thickness (urn) o ( ~ ) ( E )  o ( ~ ) ( E )  ---- 'MLn 'Mux 'hiin 'Mux 

.8911-cos2B COS'B 3 0 . 0 ~ 3 8 . 4 ~ 0 . 0 ~  24.8' 

cosVf3 0 0.0' 22.1' N.A. N.A. 

CosVB 0 0.0' 12.0' N.A. N.A. 

It should be noted from the  t a b l e  t h a t :  

1 )  A l l  angles are converted i n t o  radians when performing the  

i n t e g r a t i o n .  

2) The CR-39 thickness a f t e r  e tch ing  i s  taken t o  be 130 pm. 

3) A l l  t r i t o n s  are stopped i n  the  120 pm tantalum f o i l .  

4 )  a(E) i s  expressed i n  te rns  o f  B us ing equat ion (4 ) .  The 

accuracy o f  these empi r ica l  expressions a re  w i t h i n  i 6%. 

5) The p r o p o r t i o n a l i t y  constant  has been dropped from the  

a(E) expression. Therefore, each component should be 

f i r s t  normal i zed and then mu1 t i p 1  i e d  by i t s  corresponding 

e f f e c t i v e  cross sect ion.  

6)  For the  50 pm stopping f o i l  case v i s  equal t o  15.26 

w h i l e  f o r  the  120 and 140 pm cases v i s  equal t o  25.24. 



The i n t e g r a t i o n  can be performed numer ica l ly .  The f i r s t  s tep 

i s  t o  decide f o r  a  g iven 8 and B which o f  t he  f o u r  $ cases i s  

appropr ia te.  A f t e r  eva lua t i ng  $ the  in tegrand i s  evaluated between 

B and B+ AB. Each B i n t e g r a t i o n  i s  added t o  t h e  prev ious i n t e -  

g r a t i o n s  u n t i l  B = %, i s  reached. 

d  N F igures 7.3 and 7.4 shows t h e  dependence of as a  f u n c t i o n  o f  

8 f o r  each of t he  two cases descr ibed above. Proper normal iza t ion  

i n  F igure  7.3 f o r  each component i s  achieved by f i r s t  normal iz ing  

each component separa te ly  and then m u l t i p l y i n g  each component spec- 

trum by i t s  e f f e c t i v e  cross sec t i on  which f o r  t h i s  case i s  .032 

and . I20  barns f o r  t h e  deuteron and t r i t o n  components, respec t i ve l y .  

Not ice  t h a t  under present  experimental  condi t ions,  a  r a t h e r  

broad reg ion  of t he  t a r g e t  con t r i bu tes  t o  t he  knock-on s igna l .  The 

reason f o r  t h i s  i s  t h a t  t h e  deuterons must be sca t te red  by a  l a r g e  

angle t o  have low enough energy t o  be separated from the  pro ton  back- 

ground. By us ing  a  t h i c k e r  f o i l  as shown i n  F igure  7.1, t he  t r i t o n s  

a r e  stopped i n  t h e  tanta lum f o i l  and o n l y  deuterons reach the  de tec to r  

and produce s p a t i a l  co inc iden t  t racks .  I n  add i t i on ,  s ince  the  energy 

l o s t  by the  deuterons i s  l a r g e r  f o r  t h e  t h i c k e r  s topping f o i l  case, 

these p a r t i c l e s  need n o t  be sca t te red  as g r e a t l y  t o  be separated from 

t h e  proton background. This ,  i n  tu rn ,  minimizes the  reg ion  over which 

t h e  knock-on p a r t i c l e s  c o n t r i b u t i n g  t o  t he  measured s igna l  can be 

produced i n  t h e  f u e l .  

Two curves a r e  shown i n  F igure  7.4. The 120 pm tanta lum stopping 

f o i l  accepts deuterons between about 11 and 12.5 MeV. By inc reas ing  
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Knock-on Deuteron Product ion as a Funct ion 
o f  8 f o r  Two T a n t a l  un Stopping F o i l  Thicknesses 

0 (Degrees)  

F i g u r e  7 . 4  

150  



t h e  th i ckness  of  t h e  f o i l  t o  140 urn, t h e  d e t e c t o r  accepts knock-on 

deuterons between 12.0 and 12.5 MeV. Th is ,  i n  t u rn ,  reduces t h e  

maximum s c a t t e r i n g  ang le  from about 22' t o  12'. The reduc t i on  

dN i n  s c a t t e r i n g  ang le  i s  seen by t h e  s h i f t  i n  t h e  peak of  a t o  t h e  

l e f t .  Therefore,  t h e  1  i ne -o f - s i gh t  measurement i s  improved by 

l i m i t i n g  t h e  fo rward -sca t te red  reg ion  recorded by t h e  t r a c k  de- 

t e c t o r .  The t r ade -o f f  i n  r e s t r i c t i n g  t h e  energy i n t e r v a l  accepted 

by t he  d e t e c t o r  t o  min imize c o n t r i b u t i o n  of o f f - a x i s  knock-on deu- 

te rons  i s  a  r e d u c t i o n  i n  t h e  knock-on s i g n a l .  

I n  summary, f u t u r e  measurements o f  f u e l  compression u n i f o r m i t y  can 

be ob ta ined  w i t h  t h e  use of  t h e  knock-on d i a g n o s t i c .  For  b e s t  r e s u l t s ,  

t he  s topp ing  f o i l  should  s top  a l l  knock-on t r i t o n s  and pass o n l y  t h e  

fo rward -sca t te red  deuterons. O f f - a x i s  c o n t r i b u t i o n s  o f  t h e  s i gna l  can 

be min imized by r a i s i n g  t h e  lower  energy l i m i t  passed by i n c r e a s i n g  t h e  

f o i l  th i ckness .  'This, however, l eads  t o  a  r educ t i on  i n  t h e  de tec tab le  

deuteron s i g n a l .  



VIII. S U M M A R Y  AND C O N C L U S I O N S  

I n  t h i s  c o n c l u d i n g  chap te r ,  a sumnary o f  t h e  i m p o r t a n t  

r e s u l t s  d i s c u s s e d  i n  t h e  p r e c e d i n g  c h a p t e r s  w i l l  be g iven.  It 

w i l l  s e r v e  t o  p i e c e  t o g e t h e r  t h e  many i s s u e s  p r e v i o u s l y  addressed. 

I n  d o i n g  so,  i t  i s  hoped t h a t  t h e  r e a d e r  w i l l  f i n i s h  t h i s  work w i t h  

a  more c o h e r e n t  u n d e r s t a n d i n g  o f  t h e  i n t e r - c o n n e c t i o n s  o f  t h e  

v a r i o u s  a s p e c t s  d i s c u s s e d  i n  t h i s  d i s s e r t a t i o n .  

It has been shown t h a t  knock-on p a r t i c l e s  can be s u c c e s s f u l l y  

used t o  measure t h e  f u e l  CR d u r i n g  t h e  t i m e  o f  n e u t r o n  p r o d u c t i o n .  

From a  s i m p l i s t i c  p e r s p e c t i v e ,  t h i s  r e q u i r e d  t h e  c o u n t i n g  o f  knock-oq 

p a r t i c l e s  produced d u r i n g  t h e  t h e m n u c l e a r  bu rn  as w e l l  as t h e  

measur ing  o f  t h e  n e u t r o n  y i e l d .  T h i s  number was shown t o  be p r o -  

p o r t i o n a l  t o  t h e  pR-Yn p r o d u c t .  

I n  r e a l i t y ,  t h e  measurement was c o m p l i c a t e d  by t h e  f a c t  t h a t  

s o l i d  s t a t e  t r a c k  d e t e c t o r s  se rved  as  t h e  o n l y  v i a b l e  o p t i o n  a v a i l -  

a b l e  t o  r e c o r d  e f f i c i e n t l y  t h e  knock-on p a r t i c l e s .  T h i s  can l e a d  

t o  a  number o f  e x p e r i m e n t a l  d i f f i c u l t i e s .  

Foremost, t h e  m a j o r  d i f f i c u l t y  was d i s c r i m i n a t i n g  p r o t o n  t r a c k s  

f rom knock-on t r a c k s  even though  t h e  s i g n a l  - t o -backg round  c a l  cu-  

l a t i o n s  showed a  5 : l  r a t i o .  S k e p t i c i s m  among v a r i o u s  c o l l e a g u e s  

m o t i v a t e d  development o f  a  t e c h n i q u e  capab le  o f  p r o t o n  d i s c r i m i -  

n a t i o n .  T h i s  method d i s c u s s e d  r e 1  i e d  o n  measurement o f  b o t h  (1) 

t h e  t r a c k  d i a m e t e r  w h i c h  gave v e l o c i t y  and cha rge  i n f o r m a t i o n  and 



( 2 )  t h e  p a r t i c l e ' s  minimum range through t h e  i n d e n t i f i c a t i o n  o f  

s p a t i a l  t r a c k  co inc idences which gave i so tope  mass in fo rmat ion .  

Another exper imenta l  d i f f i c u l t y  was t h a t  t h e  de tec to rs  had t o  

be housed i n  an a i r  environment so as t o  n o t  be desens i t i zed  by 

extended pe r i ods  i n  vacuum. A tan ta lum window a l lowed t h e  knock-on 

p a r t i c l e s  t o  e n t e r  t h e  chamber and s t r i k e  t he  de tec to r .  Without such 

p recau t ions ,  t h i n  t r a c k  de tec to r s  d i d  n o t  r eco rd  hydrogen isotopes a t  

a l l .  

Compl icat ing t h e  exper imenta l  procedure, i t  was necessary t o  ex- 

pose a  smal l  s e c t i o n  of each de tec to r  t o  f i s s i o n  fragments generated 

2  52 f rom a C f  source. The f i s s i o n  fragment t r a c k  diameter gave d i r e c t  

i n f o r m a t i o n  o f  t h e  etched depth and thus t h e  e f f e c t i v e  de tec to r  t h i c k -  

ness. Th is  procedure was taken t o  a l l e v i a t e  any u n c e r t a i n t y  

a r i s i n g  f rom d e t e c t o r  s w e l l i n g  a f t e r  be ing etched f o r  16  hours a t  

7 0 ' ~ .  i n  6.25 N NaOH. 

Knowledge o f  t h e  e f f e c t i v e  th ickness  was r e q u i r e d  t o  c a l c u l a t e  

t h e  acceptance window o f  t h e  de tec to r .  Th i s  th ickness  p laced r e -  

s t r i c t i o n s  on t h e  minimum v e l o c i t y  r e q u i r e d  t o  produce s p a t i a l  

c o i n c i d e n t  t r a c k s .  Only knock-on p a r t i c l e s  hav ing  a  f i n i t e  range 

o f  v e l o c i t i e s  were a b l e  t o  produce s p a t i a l  c o i n c i d e n t  t r a c k s .  

Knock-on p a r t i c l e s  w i t h  v e l o c i t i e s  l a r g e r  t han  t h e  v e l o c i t y  r e q u i r e d  

t o  produce p r o t o n - s p a t i a l  - co inc iden t  c o u l d  n o t  be d i  s t i n g u i  shed f f om 

p r o t o n  t r a c k s .  Th i s  necess i t a ted  t h e  i n t r o d u c t i o n  o f  t h e  e f f e c t i v e  

c ross  sec t ion .  T h i s  cross s e c t i o n  was t h e  i n t e g r a t e d  d i f f e r e n t i a l  

c ross  s e c t i o n  ove r  t h e  energy window where p r o t o n  d i s c r i m i n a t i o n  was 

poss ib l e .  



Much of t h e  t h e o r e t i c a l  u n c e r t a i n t y  arose i n  c a l c u l a t i n g  t h e  

va lue of t h e  e f f e c t i v e  cross sec t ion .  I n  p resen t  experiments t he  

sources of  t h i s  u n c e r t a i n t y  r e s u l t e d  f rom measurement u n c e r t a i n t i e s  

i n  t h e  s topp ing  f o i l  and d e t e c t o r  th icknesses. However, t h e  un- 

c e r t a i n t y  i n  t h i s  c ross  s e c t i o n  r e s u l t i n g  from these measurement un- 

c e r t a i n t i e s  was shown t o  be l e s s  than 2 5%. 

As t a r g e t  pR c o n d i t i o n s  inc rease  above 4 mglcm *, a d d i t i o n a l  

u n c e r t a i n t y  i n  t h e  c ross  s e c t i o n  was examined. Th i s  was t he  r e -  

s u l  t o f  s p e c t r a l  d i s t o r t i o n  due t o  charged p a r t i c l e  energy l o s s  as 

t h e  knock-on p a r t i c l e s  t r ave rsed  t h e  t a r g e t .  As discussed, two 

methods can be implemented t o  c o r r e c t  f o r  changes i n  t he  e f f e c t i v e  

c ross  sec t i on .  

One method re1  i e d  n o t  o n l y  on measuring t he  number o f  knock-on 

p a r t i c l e s  b u t  a l s o  on measuring t he  energy s h i f t  of DD-protons. Here 

t he  acceptance window was centered across t he  t r i t o n  fo rward-sca t te red  

peak. S ince t h e  p ro tons  had comparable v e l o c i t i e s  w i t h  t h a t  o f  t he  

t r i t o n s ,  c o r r e c t i o n s  due t o  t he  l o c a l  d i f f e r e n t i a l  c ross  s e c t i o n  cou ld  

2 be made. T h i s  method as shown broke down a t  about 10 mg/cm where 

t h e  DD-protons were stopped i n s i d e  t h e  t a r g e t .  

2 Above 10 mglcm a  second method was developed t o  c o r r e c t  f o r  

s p e c t r a l  d i s t o r t i o n .  T h i s  i n v o l v e d  coun t i ng  knock-on p a r t i c l e s  

f rom two ad jacen t  energy i n t e r v a l s .  The r a t i o  of  counts gave I 

i n f o r m a t i o n  o f  t h e  l o c a l  d i s t o r t i o n .  One impo r tan t  compromise i n  

choosing t h e  p roper  f o i l  t h i ckness  combinat ion was t h a t  i f  t h e  two 

th icknesses  were t oo  c l o s e  t o  one another,  t h e  coun t  r a t i o  d i d  n o t  

d e v i a t e  ve ry  much from 1. If t h e  th icknesses  were t o o  d i f f e r e n t ,  

t h e  r a t i o  d i d  n o t  c o r r e l a t e  w e l l  w i t h  t h e  e f f e c t i v e  c ross  s e c t i o n .  



Two cases, namely the  40/60 and the  100/120 f o i l  systems, were found 

t o  g i ve  adequate r a t i o  v a r i a t i o n  and showed good c o r r e l a t i o n  w i t h  the 

e f f e c t i v e  cross sect ion.  

I n  present  experiments the  major source of n o n - s t a t i s t i c a l  

unce r ta in t y  was shown t o  a r i s e  from est imates i n  the neutron y i e l d  

(t 15%) and detec tor  s o l i d  angle ( 2  10%). Other f ac to rs  such as 

mu1 t i p l e  s c a t t e r i n g  through the  stopping f o i l ,  range st raggl  ing  i n  

t he  CR-39, and the  various parameters charac ter iz ing  the detector,  

d i d  produce a d d i t i o n a l  unce r ta in t y  i n  the  cross sec t ion  bu t  were small 
n 

compared w i t h  t h e  unce r ta in t i es  a r i s i n g  f r o m  YI1 and -'/4-. 

The s t a t i s t i c a l  unce r ta in t y  was in f luenced by ( 1 )  the co l l ec -  

t i o n  s o l i d  angle, ( 2 )  the  product,  and (3)  the e f f e c t i v e  cross 

sec t ion .  For an opt imal  stopping f o i l  thickness o f  40 ( i  .e., .0667 

2 
g/cm ) and a  1% of 4- detec t ion  sol  i d  angle, the requ i red  9R.Y pro-  n 

duct  t o  produce a t 25% s t a t i s t i c a l  unce r ta in t y  was shown t o  be equal 

4 2 
t o  -U 6 x  10 g/cm . 

App l i ca t i on  of t h i s  methodology was used t o  measure the f u e l  c R  of 

DT-f i  1  l e d  g lass microbal loons f o r  h igh - in tens i  t y  shor t -pul  se and low- 

i n t e n s i t y  long-pul  se l a s e r  cond i t ions .  These measurements showed t h a t  

under cond i t ions  of  sho r t  pulse ( z  75 psec) and h igh  i n t e n s i t y  (-. 10 16 

2 2  w/cm ) ,  the f u e l  sR was i n  the  low g/cm regime. A 10- fo ld  i n -  

crease i n  the  DR was observed when l a s e r  cond i t i ons  were changed t'o 

2  
long-pulse ( z  1 nsec) 10w- in tens i ty  ( z  1014 Y/cm ) cond i t i ons .  This 

general sca l i ng  was cons i s ten t  w i t h  the  i n t e r p r e t a t i o n  t h a t  a  smal ler 

number of  ho t  e lec t rons  preheated t h e  fuel  under low i n t e n s i t y  con- 

d i t i o n s  thereby enhancing the  u l t i m a t e  fue l  compression. - 



Suppor t i ve  da ta  was a l s o  gathered demonst ra t ing t he  a b i l i t y  o f  

t h e  m e t h o d o l o 9 ~  t o  expe r imen ta l l y  separate  p r o t o n  t r a c k s  from knock- 

on t r a c k s .  As discussed, t h i s  i n v o l v e d  t h e  use o f  severa l  d i f f e r e n t  

th i cknesses  of s t opp ing  f o i l s  t o  sample va r i ous  p o r t i o n s  o f  t he  knock- 

on p a r t i c l e  spectrum. I n  a d d i t i o n ,  a  s topp ing  f o i l  used t o  s top  a l l  

knock-on p a r t i c l e s  was p laced  i n  f r o n t  of one d e t e c t o r  t o  demonstrate 

t h a t  no t r a c k s  recorded were confused as knock-on t r a c k s .  

I n  t h e  l a s t  chap te r  i t  was d iscussed t h a t  t h e  knock-on diagnos- 

t i c  had an impo r tan t  f u t u r e  a p p l i c a t i o n .  By p l a c i n g  de tec to r s  around 

t h e  t a r g e t ,  non -un i f o rm i t i es  i n  t h e  compression d u r i n g  t h e  t ime  of 

neu t ron  p r o d u c t i o n  c o u l d  be measured. Th i s  was achieved by r e s t r i t -  

i n g  t h e  measurement t o  fo rward -sca t te red  deuterons. Stopping f o i  1  

th i cknesses  must be 120 urn t h i c k  o r  g r e a t e r  t o  approximate l i n e - o f -  

s i g h t  OR measurement capabi 1  i t y .  

Fu tu re  u t i  1  i z a t i o n  o f  t h i s  d i a g n o s t i c  appears q u i t e  p romis ing  i n  

l i g h t  o f  o t h e r  a v a i l a b l e  o p t i o n s .  To date,  o n l y  r a d i o  chemis t ry  has 

been shown t o  measure tamper D R .  Through computer model ing t h e  f u e l  

pR can be i n f e r r e d .  Except f o r  t h e  knock-on approach, no method has 

measured t h e  f u e l  pR d i r e c t l y .  I n  a d d i t i o n ,  u n l i k e  t h e  o t h e r  proposed 

schemes ment ioned e a r l i e r ,  t h e  knock-on method does n o t  r e q u i r e  

s p e c i a l l y  prepared t a r g e t s .  

Therefore,  t h e  use of knock-on p a r t i c l e s  t o  d i r e c t l y  measure 

fue l  pR i s  t h e  b e s t  v i a b l e  o p t i o n  i n  f u t u r e  l a s e r  f us i on  e x p e r i -  

ments. I t s  use fu l ness  i n  s t udy ing  n o n - u n i f o r m i t i e s  o f  f u e l  compres- 

s i o n  i s  t h e  n e x t  l o g i c a l  s t e p  i n  t h e  u t i l i z a t i o n  o f  t h e  technology 

developed i n  t h i s  d i s s e r t a t i o n .  
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APPENDIX A  

Sol i d  S ta te  Track Detectors  

A. Theory 

Sol i d  s t a t e  t r a c k  de tec to r s  (SSTD) a r e  dev ices which record  

m a t e r i a l  damage in fo rmat ion ,  i n  t h e  form o f  l a t e n t  t r acks ,  produced 

when charged p a r t i c l e s  s t r i k e  c e r t a i n  ma te r i a l s .  These devices have 

h i g h  d e t e c t i o n  e f f i c i e n c i e s  and a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  x-rays. 

The SSTD's can be d i v i d e d  i n t o  two ca tego r i es :  t h e  o rgan ic  and t h e  

i no rgan i c  de tec to r s .  Of t h e  two, o n l y  o rgan ic  de tec to r s  have t h e  

r e q u i r e d  s e n s i t i v i t y  t o  r eco rd  hydrogen and hel ium isotopes.  F i ve  

o f  t h e  most s e n s i t i v e  o rgan i c  t r a c k  de tec to r s  a r e  l i s t e d  i n  t a b l e  A . l  

i n  o r d e r  o f  most t o  l e a s t  s e n s i t i v e .  2  1 

Table A . l  

Organic SSTD Composit ion and Energy Thresholds 

Detec to r  
Atomic Least  I o n i z i n g  

Composit ion I o n  Recorded 

A1 l y l  D i  g l y c o l  Carbonate '12 H18 '7 % 18 MeV 'H 

(CR-39) 

C e l l  u lose N i t r a t e  (CN) '6 H3 '9 N2 % .55 MeV 'H 

C e l l  u lose T r i a c e t a t e  C3 H4 O2 % 4.0 MeV 4~ 

Polymethy lmethacra la te  
4  

'5 H8 '2 % 3 . 0 M e V  H  

( P l e x i g l  ass)  

Lexan 
4 

% 0.3 MeV He 



A fundamental p roper ty  of a l l  SSTD's i s  t h e i r  a b i l i t y  t o  record 

charge p a r t i c l e  passage through them i n  the  form o f  t racks.  Today 

the re  i s  general agreement t h a t  t he  cause o f  t racks  i s  due t o  an 

energy t rans fe r  from the  passing impinging charged p a r t i c l e  t o  the  

surrounding bul k  mater ia l .  

I n  o rder  f o r  a  theory t o  account f o r  such formations, i t  must 

a lso  e x p l a i n  two a d d i t i o n a l  observed p rope r t i es  present i n  the  t r a c k  

format ion process. F i r s t ,  i t  must exp la in  the  f a c t  t h a t  t he  smal lest  

t racks  observed a re  measured (w i thout  chemical e tch ing)  t o  be - < 50 8. 
i n  radius.  Second, t he  theory must a lso  account f o r  th resho ld  con- 

d i t i o n s  needed i n  t r a c k  r e g i s t r a t i o n .  

The extremely small t ra-ck diameters can be best expla ined from 

l o c a l  energy depos i t ion  considerat ions. 

Two mechanisms c o n t r i b u t e  t o  s i g n i f i c a n t  energy l oss  o f  the  charged 

p a r t i c l e  a t  h igh  energies; namely (1 )  e x c i t a t i o n  and ( 2 )  i o n i z a t i o n .  

I n  the  case of  polymers, process (1) can lead t o  bond breaking and thus 

r a d i c a l  format ion when de-exci ted. Process ( 2 )  1  eads t o  t h e  format ion 

o f  d e l t a  rays which themselves, i f  energet ic  enough, can lead t o  second- 

a r y  e x c i t a t i o n  and i o n i z a t i o n .  F igure 1 i l l u s t r a t e s  t h i s  process o f  bond 

breaking which i s  t y p i c a l  i n  polymers. 

Figure A . l  
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It can be shown t h a t ,  if one cons iders  process ( 2 )  and c a l -  

c u l a t e s  t h e  n e t  energy g iven  t o  e l e c t r o n s  i n  a  s h e l l  centered 

around t h e  p a r t i c l e  t r a j e c t o r y ,  one f i nds  t h a t  t h e  number o f  h i g h  

energy de l  t a  r ays  produced (smal l  impact parameter)  i s  g r e a t l y  

surpassed by t h e  nurr~ber o f  low energy d e l t a  r ays  (which have l a r g e  

impact parameters).  Thus t h e  m a j o r i t y  o f  e l e c t r o n s  move a  s h o r t  

d i s t ance  from t h e  i n c i d e n t  p a r t i c l e  t r a j e c t o r y  compared w i t h  h i g h  

energy d e l t a  rays .  Thus, heavy damage i s  expected t o  be l o c a l l y  con- 

f i n e d  t o  t h e  imned ia te  volume surrounding t h e  p a r t i c l e  t r a j e c t o r y .  

A f t e r  a s u f f i c i e n t  d is tance  w i t h i n  t h e  de tec to r ,  t h e  charge 

p a r t i c l e  slows down t o  where i t  can cap tu re  e l e c t r o n s  and thus r e -  

duce i t s  charge. Th is  e f f e c t i v e  charge, based on exper imenta l  mea- 

surements by ~eckman'' takes  t he  e m p i r i c a l  form 

B 2/3), Z* = Z  [1-exp (-125 /Z 

when B ! '/c and works w e l l  i n  many s o l  i d s  a1 though o r i g i n a l l y  

ob ta ined  f rom nuc lea r  emulsion data.  

I n  t h i s  domain o f  energ ies,  t h e  predominant mechanism f o r  energy 

l o s s  i s  through atomic c o l l i s i o n s .  T h i s  process a l s o  causes damage 

w i t h i n  t h e  m a t e r i a l ;  b u t  i n  t h i s  case, i t  does n o t  appear t o  be a  

predominant mechanism i n  t h e  f o rma t i on  o f  t r acks .  'The reason f o r  t h i s  

i s  t h a t  t h i s  mechanism does p l a y  a  r o l e  i n  meta ls  y e t  no t r a c k s  a re  

observed. 

Var ious models have been presented t o  e x p l a i n  t h e  t h resho ld  con- 

d i t i o n s .  Of these, t h r e e  models a r e  a c t i v e l y  used a t  va r i ous  labora-  

t o r i e s  throughout  t h e  world.  These models a r e  ( 1 )  T o t a l  Energy Loss, 

( 2 )  Pr imary Energy Loss and. ( 3 )  R e s t r i c t e d  Energy Loss. 



The f i r s t  model suggested by ~ l e i c h e r "  s t a t e s  t h a t  t h e  t r a c k  

f o rma t i on  i s  governed by t h e  t o t a l  s topp ing  power (dE/dx). The i r  

e a r l y  exper iments tended t o  suppor t  t h e  idea t h a t  a  c r i t i c a l  dE/dx 

va lue ex i s ted ,  above which t r a c k s  would form. Typ i ca l  data took  

t h e  form as i n  F igure  2  below. 

TRACKS 

L = LONG TRACKS 
p = PARTIAL REGISTRATION I N = NO TRACKS 

Figure A . 2  

The d e t e c t o r  f o r  t h i s  s e t  o f  curves was muscovi te mica. However, 

as more research was done, apparent v i o l a t i o n s  t o  t h i s  s imple model 

came t o  1  i g h t .  The theory,  f o r  example, had p r e d i c t e d  t r a c k s  i n  CN 

f o r  r e l a t i v i s t i c  Fe n u c l e i .  These t r a c k s  were never observed! The 

reason f o r  t h i s  l a c k  of  r e g i s t r a t i o n  i s  n o t  d i f f i c u l t  t o  understand. 

As t h e  energy of  t h e  i n c i d e n t  p a r t i c l e  i s  increased, an i nc reas ing  

f r a c t i o n  o f  t h e  energy goes i n t o  t h e  f o rma t i on  o f  h i g h  energy d e l t a  

r a y s  which leave  t h e  imnediate v i c i n i t y  o f  t h e  p a r t i c l e ' s  path.  Th is  

r e s u l t s  i n  a  l o w e r i n g  o f  damage d e n s i t y  near  t h e  p a r t i c l e ' s  path.  

Th is  model was c a l l e d  t h e  "Pr imary I o n i z a t i o n  Model." It used t h e  

- 



f ac t  t h a t  pr imary i o n i z a t i o n  and e x c i t a t i o n  occurs c lose t o  the  i o n ' s  

path, whereas secondary i o n i z a t i o n  and e x c i t a t i o n  are d i s t r i b u t e d  

over  l a r g e r  r a d i a l  distances. It, there fore ,  assumes t h a t  t r a c k  

format ion i s  a  r e s u l t  o f  pr imary i o n i z a t i o n  o f  t h e  bombarding par- 

t i c l e .  It s ta tes  t h a t  t racks  would r e s u l t  i f  the  r a t e  o f  pr imary 

i o n i z a t i o n  exceeds some c r i t i c a l  value c h a r a c t e r i s t i c  o f  the  ma te r ia l .  

This  model i s  based on Bethels de r i va t i onZ2  f o r  stopping power. Two 

ad jus tab le  parameters a re  n o t  p red i c ted  by t h e  model ; namely, t he  

i o n i z a t i o n  p o t e n t i a l  of t h e  ou te r  s h e l l  e lec t rons  as we l l  as the  

c r i t i c a l  r a t e  o f  pr imary i on i za t i on .  I nves t i ga t i ons  i n d i c a t e  t h a t  the  

i o n i z a t i o n  p o t e n t i a l  parameter must be s e t  equal t o  2  eV t o  agree w i t h  

experimental data. This  i s  f a r  below the  value o f  i o n i z a t i o n  energy 

2  3 of the  ou te r  s h e l l  e lec t rons  i n  CN, as was po in ted  o u t  by Benton . 
It has been proposed t h a t  t h i s  value has resu l ted  by a  lower energy 

requirement i n  bond breaking s ince i o n i z a t i o n  i n  p l a s t i c s  i s  usua l l y  

between 9 and 15 eV. The major c r i t i c i s m  f o r  t h i s  model i s  t h a t  i t  

ignores energy l o s s  by d e l t a  rays w i t h i n  t h e  t r a c k  region. 

The d i f f i c u l t i e s  of  t h e  l a s t  model l e d  t o  the  format ion o f  y e t  
23 

another model. Benton , i n  h i s  fo rmula t ion  o f  t h e  model, has c a l l e d  i t  

the  "Res t r i c ted  Energy Loss Model." A q u a n t i t y  c a l l e d  REL i s  def ined 

i n  t h i s  model as the  r a t e  of energy l o s s  o f  t h e  impioging i o n  t o  d i s -  

t a n t  e lec t rons  v i a  coulombic i n t e r a c t i o n  i n  t he  stopping medium.' By 

" d i s t a n t  c o l l i s i o n "  i s  meant, those c o l l i s i o n s  which e j e c t  e lec t rons  

of energy w l e s s  than some ad jus tab le  parameter w0. The 

model pos tu la tes  t h a t  t r a c k  fo rmat ion  w i l l  comence on l y  i f  the  REL 

value i s  above some c r i t i c a l  va lue c h a r a c t e r i s t i c  o f  the  stopping 



m a t e r i a l .  Th i s  model makes no at tempt  t o  c a l c u l a t e  e i t h e r  REL o r  

u . The ma jo r  c r i t i c i s m  o f  t h i s  model i s  t h a t  i t  assumes t h a t  
0 

damage i s  impo r tan t  a t  l a r g e  d is tances  from t h e  p a r t i c l e ' s  path,  

which i s  c o n t r a r y  t o  exper imental  f i nd ings .  I n  f a c t ,  l i k e  t h e  

T o t a l  Energy Loss Model, i t  has p r e d i c t e d  t r a c k  r e g i s t r a t i o n  f o r  

h i g h  energy p a r t i c l e s  which have n o t  been observed exper imenta l l y .  

However, t h e  R e s t r i c t i v e  Energy Loss Model shows a sma l l e r  degree 

o f  e r r o r  i n  p r e d i c t i o n  than does t h e  To ta l  Energy Loss Model. 

I t  i s  t h e r e f o r e  c l e a r  t h a t  exper imental  c a l i b r a t i o n  must be 

c a r r i e d  o u t  i n  o r d e r  t o  o b t a i n  t he  response f u n c t i o n  f o r  these 

de tec to r s .  Methods used t o  c a l  i bra te  these de tec to r s  a r e  discussed 

i n  Chapter 3. 

Since t h e  t r a c k  diameters a re  ext remely  smal l  and can o n l y  be 

observed under an e l e c t r o n  microscope a chemical e t c h  procedure i s  

used t o  en la rge  t h e  t r a c k s  so t h a t  they can be e a s i l y  seen under an 

o p t i c a l  microscope. Th i s  enlargement r e s u l t s  f rom a d i f f e r e n t i a l  

e t c h  r a t e  between t h e  bu'l k  m a t e r i a l  and t h e  area surrounding t h e  

t r a c k .  I n  o rgan i c  de tec to rs ,  t h i s  d i f f e r e n c e  i n  e t c h  r a t e s  can be 

exp la i ned  by t h e  f a c t  t h a t  as t h e  charged p a r t i c l e  propagates through 

t h e  m a t e r i a l ,  i t  i o n i z e s  and e x c i t e s  l o c a l i z e d  molecules which, i n  

t u r n ,  break chemical bonds. The cha in  ends which r e s u l t  a r e  more 

chem ica l l y  r e a c t i v e  than  t h e  surrounding unbroken chains (See ~ i ' ~ u r e  1 

above) As a r e s u l t ,  t h e  t r a c k  m a t e r i a l  etches a t  a  v e l o c i t y  VT w h i l e  

t he  remain ing b u l k  e tches a t  a  r a t e  V As w i l l  be p r e s e n t l y  shown, 
4: 

o p t i c a l  t r a c k s  can o n l y  be formed if V T  > V . T h i s  i s  a  necessary, 
9 



bu t  n o t  a  s u f f i c i e n t ,  c o n d i t i o n  f o r  o p t i c a l  t r a c k  formation. 

F igure  3 below i l l u s t r a t e s  t h e  e t ch ing  process f o r  normal ly  i n c i -  

dent  charged p a r t i c l e s .  The o p t i c a l  t r a c k  r e g i s t r a t i o n  cond i t ions  

,* : 

O~isinal i 
S u r f a c e  i 

------  

i S u r f a c e  

Figure A.3 

can be r e a d i l y  der ived  from simple geometric considerat ions (See Figure 

F igure A . 4  



Not i ng  t h a t  VT t S in  8 = Vg t 

and n S i n  0 = D/2 

n 
L 2 2 where a E '4 + (VT - Vg) t 

then one can so lve  f o r  t h e  t r a c k  diameter g i v i n g  

V i s  t h e  t r a c k - t o - b u l k  e t c h  r a t i o  ( "T/ Vg). From equat ion ( 5 )  

one observes t h a t  if V i s  l a r g e  (as when f o r  example t h e  t r a c k s  are 

produced by f i s s i o n  fragments), t h e  t r a c k  diameter i s  a d i r e c t  measure 

o f  t h e  b u l k  e t c h  r a t e .  Th is  f a c t  i s  l a t e r  used t o  es t ima te  t he  

anount o f  m a t e r i a l  etched away du r i ng  t h e  e t c h i n g  process. 

It should a l s o  be n o t i c e d  f rom t h i s  express ion t h a t  i f  V < 1, 

D ( t )  i s  imaginary ;  no t r a c k  diameter enlargement w i l l  occur. For 

t he  spec ia l  case when V = 1, t h e  e t c h  r a t e s  a r e  equal and no e t c h  

d i f f e r e n t i a l  e x i s t .  T h i s  r e - s u l t s  i n  a t r a c k  d iameter  growth r a t e  

o f  ze ro  and occurs because t h e  t r a c k  d iameter  growth due t o  t h e  

t r a c k  e t c h  r a t e  i s  e x a c t l y  compensated by t h e  t r a c k  d iameter  r e -  

duc t i on  r a t e  due t o  t he  surrounding b u l k  sur face  be ing  etched away. 

Therefore,  o p t i c a l  t r a c k  format ion can o n l y  occur  i f  t h e  t r a c k  e t c h  

r a t e  i s  l a r g e r  than t he  b u l k  e t c h  r a t e .  
, 

The c o n d i t i o n  t h a t  t r a c k  format ion w i l l  r e s u l t  i f  V = 1 i s  

o n l y  r i g o r o u s l y  c o r r e c t  f o r  normal l y  i n c i d e n t  charged p a r t i c l e s .  

Th is  i s  n o t  a s u f f i c i e n t  c o n d i t i o n  i f  t h e  p a r t i c l e  s t r i k e s  ' the de- 

t e c t o r  a t  an ang le  8 (See F igu re  5 below).  



Incident  P ~ r t l c l e  

/ 
/ 

2 
Detector Surfrce 

/ 
/ VTsinD 

/ 
rr 
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For  t h e  case o f  i n c l i n e d  t r acks ,  t h e  necessary and s u f f i c i e n t  

c o n d i t i o n  f o r  t r a c k  r e g i s t r a t i o n  i s  

VT S i n  0 > V 
9  

T h i s  r e s u l t s  from t h e  requ i rement  t h a t  t h e  v e r t i c a l  t r a c k  e t c h i n g  

v e l o c i t y  component be l a r g e r  t han  t h e  v e r t i c a l  b u l k  e t c h i n g  v e l o c i t y .  

Because of  t h i s  s i t u a t i o n ,  i t  i s  u s e f u l  t o  d i s t i n g u i s h  between 

t h e  e t c h  and r e g i s t r a t i o n  e f f i c i e n c y .  Formal ly ,  t h e  r e g i s t r a t i o n  e f -  

f i c i e n c y ,  qR i s  d e f i n e d  as: 

- - number o f  l a t e n t  t r a c k s  i n t e r s e c t i n g  su r f ace  
'R - number o f  i n c i d e n t  p a r t i c l e s  

(7 1 

Upon e t c h i n g  however, n o t  a l l  l a t e n t  t r a c k s  a r e  revealed. The e t c h  

e f f i c i e n c y ,  qE i s  d e f i n e d  as; 

- - number o f  t r a c k s  r evea led  d u r i n g  e t c h  
'E - number o f  l a t e n t  t r a c k s  i n t e r s e c t i n g  su r face  (8  

For  many types  of  t r a c k  d e t e c t o r s  t h e  r e g i s t r a t i o n  e f f i c i e n c y  

i s  c l o s e  t o  100%. However, these  e f f i c i e n c i e s  a r e  o f t e n  n o t  r e a l i z e d  

because o f  l o w  e t c h  e f f i c i e n c i e s .  The r e d u c t i o n  i n  e t c h  e f f i c i e n c y  

i s  a t t r i b u t e d  t o  t h e  d i r e c t i o n  t h e  p a r t i c l e  e n t e r s  t h e  t r a c k  de- 

t e c t o r .  I f  t h e  ang le  o f  i n c i dence  i s  l e s s  t h a n  a  c r i t i c a l  ang le  



( e c r i t ) ,  t rack formation will not occur ( a t  l e a s t  f o r  short  etch 

durations).  From equation (6) t h i s  angle i s  readily determinable, 

namely 

v 
e c r i t  = sin-' ( glvT) (9) 

The etch efficiency may change fo r  prolong etchings. For 

example, energet ic  protons (on the order of an MeV o r  higher 

en te r  the t rack detector with an angle l e s s  than the c r i t i c a l  

angle. For shor t  etching times the l a t e n t  track would not pro- 

duce v i s ib le  tracks.  However, a s  the protons begins t o  slow down 

inside the detector ,  the track-to-bulk etch r a t i o  increases re- 

su l t ing  in a decrease in the c r i t i c a l  angle. A t  t h i s  point ,  the 

l a ten t  track may have an angle greater  than the  c r i t i c a l  angle and 

therefore produces a v i s ib le  track.  

B. Experimental Considerations 

To complement the above technical discussion of t r a c t  for-  

mation and reg i s t ra t ion  c r i t e r i a ,  a brief  discussion should be 

given on the  experimental aspects of chemical track etching. The 

process can range fr0m.a very crude t o  highly sophist icated ap- 

proaches. In the crudest approach, one simply places a track de- 

t ec to r  in to  some appropriate etchant f o r  a prescribed length of,  

time. 'This approach 1 acks the required temperature control t o  insure 

reproduci bil i  t y  of resul ts ,  especia l ly  i f  the  parameter of in te res t  

i s  track diameter. Figure 6 below shows typical  data of alpha track 

diameter a s  a function of temperature. I t  i s  c l ea r  t h a t  great  care in 

temperature regulation i s  required t o  achieve reproducible resul t s .  



Temperature (OC) 
F igu re  A.6 

The system used by t h i s  au tho r  employs a  water  ba th  w i t h  a  

thermo-probe t o  r e g u l a t e  t h e  wate r  temperature t o  w i t h i n  l e s s  than  

+ . 1°c. Dur ing  t h e  e t c h i n g  process, a  t ime  h i s t o r y  o f  temperature 

f l u c t u a t i o n s  was recorded by means o f  an a u x i l i a r y  temperature moni- 

t o r i n g  system (747 Omega t h e r m i s t o r  thermometer). A f o r ced  water  

c i r c u l a t i o n  system i n  t h e  ba th  i n s u r e d  t h a t  teniperature g rad ien t s  

0 were l e s s  than .+1 C across t h e  bath.  To a l s o  i n s u r e  t h a t  no tem- 

p e r a t u r e  v a r i a t i o n s  e x i s t e d  i n  t h e  e tchan t ,  a  magnet ic s t i r r e d  t u r -  

b i ne  dev ice  was used t o  s t i r  t h e  1  i q u i d .  F i gu re  7 shows t h e  e x p e r i -  

mental s e t  up o f  t h e  e t c h i n g  system, 

t r r c u l a t o r  w a t e r  +A [ I  

~ i a t o r  
Heater 

Water 

F i g u r e  A . 7  



U n l i k e  t h e  most s o p h i s t i c a t e d  system, t h i s  d i d  n o t  employ thermal 

r e g u l a t i o n  o f  t h e  e t chan t  s o l u t i o n .  Such systems have claimed 

temperature s t a b i l  i t i e s  o f  + .03O~.  

A l though chemical e t c h i n g  i s  by f a r  t h e  most used technique 

f o r  t r a c k  r e v e l a t i o n ,  no d iscuss ion  i s  complete w i t h o u t  b r i e f l y  

ment ion ing  e lec t ro -chemica l  e t ch ing .  I n  i t s  bas i c  form a  h i g h  ac 

vo l t age  (severa l  K V )  i s  a p p l i e d  across a  t r a c k  de tec to r  du r i ng  t he  

chemical e t c h  process. As demonstrated f i r s t  by ~ o m n a s i n o , ~ ~  t r a c k  

enhancement can be achieved t o  t h e  p o i n t  where i n d i v i d u a l  t r a c k s  

can be seen even w i t h o u t  t h e  use of an o p t i c a l  microscope. 

The bas ic  l a y o u t  o f  t h e  electrocherni.ca1 c e l l  i s  shown i n  F igure  8. 

F 1 a : i n y  
E l e c t r o d e  

H . V .  Source i3 
F i g u r e  A.0 

TrscL D e t e c t o r  

Th i s  e t c h i n g  process can be d i v i d e d  i n t o  two s teps.  I n i t i a l l y ,  

t h e  e t chan t  produces smal l  p i t s  i n  t h e  d e t e c t o r  w i t h  c h a r a c t e r i s t i c  

sharp p o i n t s  a t  t h e  base o f  each t r a c k .  S ince t h e  t r a c k s  a r e  char- 

a c t e r i z e d  by a  r e l a t i v e l y  h i g h  e l e c t r i c a l  c o n d u c t i v i t y  compared w i t h  

t h e  d e t e c t o r  b u l k  m a t e r i a l ,  a t  t h e  p o i n t s  o f  these  t r a c k s  t h e  l o c a l  

e l e c t r i c  f i e l d  i s  much l a r g e r  than  t h e  a p p l i e d  f i e l d  and r e s u l t s  i n  

l o c a l i z e d  e l e c t r i c a l  breakdown. The r e s u l t  i s  t h e  " t r e e  d ischarge 

phenomenon" as dep i c ted  i n  F i g u r e  9. I n  genera l ,  as 
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t h e  a p p l i e d  f i e l d  and frequency i s  increased t h e  t r a c k  d iameter  

a1 so inc rease .  

A t  p resen t  t h i s  technique has been employed i n  personnel 

neu t ron  dos imetry .  The a p p l i c a b i l i t y  of t h i s  techniques i n  

de te rmin ing  p a r t i c l e  energ ies  i s  s t i l l  however, i n  i t s  infancy, 

Regardless o f  which e t c h  techn ique  i s  used, c e r t a i n  con- 

s i d e r a t i o n s  should be g i ven  as t o  t h e  hand l ing  o f  these de tec to r s  

be fo re  and a f t e r  t h e  e tch .  P r i o r  t o  e t ch ing ,  one should be ex- 

t reme ly  ca re fu l  n o t  t o  touch  t h e  d e t e c t o r  w i t h  bare hands f o r  i t  

leaves permanent marks (contaminants)  on t h e  de tec to r .  I n  ad- 

d i t i o n ,  t h e  o i l s  l e f t  on t h e  t r a c k  d e t e c t o r  may a l t e r  t h e  l o c a l  

e t c h i n g  c h a r a c t e r i s t i c s  o f  t h e  de tec to r .  Th is ,  i n  t u r n ,  r e s u l t s  

i n  an a l t e r a t i o n  i n  t h e  l o c a l  t r a c k  c h a r a c t e r i s t i c s  such as d i a -  

meter  and depth. 

It i s  n o t  adv i sab le  t o  t r y  and c l e a n  p l a s t i c  de tec to r s  w i t h  

wate r  f o r  t h e r e  i s  exper imenta l  ev idence which i n d i c a t e s  t h a t  

these de tec to r s  absorb water.  T h i s  wate r  takes  a cons iderab le  

l e n g t h  o f  t i m e  be fo re  i t  evaporates o u t  o f  t h e  de tec to r .  The 

presence o f  wa te r  tends t o  change t h e  t r a c k  e t c h i n g  c h a r a c t e r i s t i c s .  



Also,  i t  i s  n o t  good p r a c t i c e  t o  t r y  and r u b  t r a c k  de tec to r s  

c l e a n  f o r  t h i s  process generates f i n e  scratches on t h e  sur face  

o f  t h e  de tec to r .  These sc ra tches  a f t e r  e t c h i n g  l o o k  l i k e  massive 

v a l l e y s  when viewed under a  microscope and p a r t i a l l y  obscure t he  

f i e l d  o f  v iew o f  t r a c k s .  

A f t e r  e t c h i n g  t h e  de tec to r s  should  be r i n s e d  thorough ly  w i t h  

d i s t i l l e d  wa te r  making sure no e t chan t  remains on t h e  t r a c k  d e t e c t o r  

su r face .  I n  a d d i t i o n ,  t h e  de tec to r s  should  n o t  aga in  be handled so 

as n o t  t o  p l ace  f i n g e r  p r i n t s  on t h e  d e t e c t o r s '  sur face.  For  t h i n  

de tec to r s  i t  i s  adv i sab le  t o  mount them on  a  smooth su r face  (such as 

a  microscope s l i d e )  f o r  easy hand l ing  and f o r  reduc ing  t h e  r i s k  o f  

breakage. 



APPENDIX B 

The fo l l ow ing  i s  a  d e r i m t i o n  o f  t he  burn-up equat ion. The 

f r a c t i o n a l  burn ~p,  def ined as 

can be expressed i n  terms o f  t h e  fuel i o n  dens i t y  ( i . . ,  n  = nd 

+ nT) as 

n  n  - ni 
f =I= - - - 
tr n  n  n  

Not ing t h a t  n  i s  a  constant  ( i . e . ,  n  = ni + n  ) ,  then 
P 

For the  case where n  = nT t h e  r e a c t i o n  r a t e  per  u n i t  vol m e  i s  
0 

g iven  by 

S u b s t i t u t i n g  t h i s  equat ion i n t o  equat ion B one ob ta ins  

174 



From equation A, ni can be expressed in terms of f ;  therefore equation C 

becomes 

defining the reaction time as 

then expression D takes the final form, as given in the text ,  



APPENDIX C - '/N ESTIMATE CALCULATIONS 

The f o l l o w i n g  ana l ys i s  ca l cu la tes  t h e  number o f  (n,p) reac t ions  

a r i s i n g  from both t h e  fue l  and tamper. A  signal- to-background 

r a t i o  i s  est imated.  

Two reac t i ons  c o n t r i b u t e  t o  t he  s igna l .  

I n  a d d i t i o n ,  f o u r  background reac t i ons  a r i s e  from the f u e l .  

1. D ( ~ , P )  T  Proton energy = 3  MeV 

2 .  D(n,2n) H z = 280 mb 

3. ~ e ~ ( d , ~ )  He4 *R, = 5 x 1 0 - ~  f o r  ; ~ ~ = 1 0 ' ~ ~ / c r n  2  
i. 

-2  2  **R" = 8 x 1 0 ' ~  f o r  LR ,= lo  g:cm - 3 

Number ~ e ~  (d,p) He 4  
* R, E 

3  Ti ; 1 KeV 
Number D (d,n) He 

3  Number T  (He , d )  He 4 
** R = T, ; 1 KeV 

- Number D (d,n) ~ e ~  3 

Add i t i ona l  ( n  , p )  reac t i ons  a r i s i n g  f rom neutron a c t i v a t i o n  of  

t he  tamper ( g l a s s )  must be considered. A d e t a i l e d  breakdown o f  the 

chemical composit ion of t he  g lass i s  g iven  below i n  t a b l e  C . 1 .  



Table c.1. Mo la r  Chemical Composit ion o f  t h e  Glass Tamper 

Chemi c a l  Component - M.W. Mo la r  Concen t ra t ion  (F)  

* A number o f  o t h e r  t r a c e  o x i d e  components. 

Below i s  a  t a b l e  o f  a l l  p o s s i b l e  (n,p), ( n , t )  and (n,np) 

r e a c t i o n s  which can occur  i n  t h e  tamper 

Table  C.2. Tamper Neut ron Induced React ions and 

Correspondinq Cross Sec t ions  

Cross Sec t i on  i n  mb 
Reac t ion  ( f o r  14 M e V  Neut rons)  

s i Z 8  (n,p) uZ8 160 2 16 mb Ep>2.9 MeV 

s i Z 8  ( n n )  u2' 26 + 22 mb 

16 
016 ( n . ~ )  N 45 2 (10)  mb 

ca40 (n,p) K 
40  298 5 38 mb 

ca40 ( n . t )  K~~ < .02 mb 

~a~~ ( n a p )  Ne 2 3 35 2 (15)  mb 



The e f f e c t i v e  number d e n s i t y  f o r  each o f  t h e  chemical com- 

ponents i s  g i ven  by 

where o0 i s  t h e  n a t u r a l  d e n s i t y  o f  a p a r t i c u l a r  chemical com- 

ponent.  Table  C.3 below g ives  nCde f o r  t h e  va r i ous  components. 

Table  C.3 Relevant  I n f o rma t i on  f o r  t h e  C a l c u l a t i o n  o f  ncSi 

3 Cherical Conponert Na tu ra l  Dens i t y  Lg/ca ) M . w .  nc!< (cm-3) 

S i  O2 

CaO 

Na20 

B2°3 

The r e l e v a n t  in fo rmat ion ,  however, i s  t h e  a tomic  number 

d e n s i t y  and a r e  1 i s t e d  below a l ong  w i t h  i t s  f r a c t i o n a l  number 

dens i t y ,  n 



T a b l e  C.4. The Atomic Number D e n s i t i e s  Found i n  a  

T y p i c a l  G lass  Tamper 

Element 

0 

S i  

Ca 

N a  

B 

Atomic Number D e n s i t y  (n )  A  - 
4 . 1 2  x loz2 . 6 3  

1 .74 x  loz2 .27 

3 . 8 0  x  loz1 .06 

1 . 9 0  x  loz1 . 0 3  

1 . 1 3  x  lo2' .02  

The goa l  i s  t o  exp ress  t h e  background i n  terms o f  tamper 

pR. To do t h i s ,  one must c a l c u l a t e  t h e  average a tomic  mass. 

Then one can r e l a t e  t h e  t o t a l  a t o m i c  number d e n s i t y  t o  t h e  tamper 

d e n s i t y .  Tab le  C.5 be low g i v e s  t h e  r e l e v a n t  da ta  used t o  c a l c u -  

l a t e  t h e  average a tomic  mass <M>. 

T a b l e  C.5. The C a l c u l a t i o n  o f  <M> 

Element M (AMu) Mn - 

0 15.994 6 . 5 9  x loz3  

s i 28 .086  4 . 8 9  x loz3 

C a  4 0 . 0 8  1 . 5 2  x loz3 

Na 22 .999  4 . 3 7  x loz2 

B 10 .811  1 . 2 2  x 



thus,  

= 20 .73  Amu 

I t  i s  now possible t o  estimate the tamper background Q b ,  

in  t e r m  of the tamper, cLR, and the thermonuclear y i e ld ,  v by: 

Substi tut ing in the numbers g i v e :  



The s i g n a l  Qsig Can a l s o  be es t ima ted  f r o m  t h e  f u e l .  S ince 

we are comparing t o t a l  e l a s t i c  c ross  sec t ions ,  we s e t  TD = T  = 1 

i n  eq. (1.3) o f  t h e  main  t e x t .  

There i s  a l s o  a  background component Q o r i g i n a t i n g  f rom b  
t h e  f u e l  which can be a l s o  expressed i n  terms o f  (;R) , and Y 

8 n ' 
T h i s  r e a c t i o n  i s  t h e  n(d ,2n)p which has a  c ross  s e c t i o n  o f  18 rnb. 

Since t h e  DD r e a c t i o n  i s  down by a  f a c t o r  o f  2 100, t h e n  t h e  

3  4 3  4 He (d,p) He and He ( t ,d)He a r e  down by o r d e r s  o f  f o r  ( rR);  

2 
Y 

c o n d i t i o n s  as h i g h  as 10 ' *~ /cm . T h i s  i s  a  n e g l i g i b l e  background 

t h a t  w i l l  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  background. 



Therefore the signal-to-noise ratio i s  estimated t o  be 

For a specific example consider the following fuel and 

tamper pR conditions a t  the time of peak burn: 

This background can be greatly improved after  additional track 

cr i ter ia  are used t o  separate the proton tracks from the deuteron 

and tr i ton tracks. These cr i ter ia  are discussed in detail in 

Chapter I l l  of the text .  



APPENDIX D 

Hydrogen Iso tope  Range and D* Ca l cu la t i ons  I n  CR-39 

To adequately determine t h e  e f f e c t i v e  cross sect ion,  know- 

ledge of t h e  knock-on ranges i n  CR-39 must be known. Since o n l y  

emperical  data e x i s t  on t h e  energy-range dependence i n  element, t h e  

es t imate  used i n  t h i s  d i s s e r t a t i o n  have been ob ta ined  by us ing  t h e  Bragg 

a d d i t i v i t y  r u l e .  I t s  a p p l i c a b i l i t y  does n o t  s t r i c t l y  h o l d  f o r  t h e  

s topp ing  o f  p ro tons  i n  hydrocarbons y e t  f o r  l a c k  of any b e t t e r  model, i t  

i s  used i n  t h e  below c a l c u l a t i o n .  These dev ia t i ons  have however, l i t t l e  

e f f e c t  on t h e  range c a l c u l a t i o n  f o r  ene rge t i c  protons.  

e n e r g e t i c  protons.  

The energy l o s s  c o n s i s t  of two components: (1) t h e  e l e c t r o n i c  

energy l o s s  ( i  .e., where t h e  energy l o s s  i s  due t o  e x c i t a t i o n  and 

i o n i z a t i o n  o f  t h e  b u l k  m a t e r i a l  ) and ( 2 )  nuc lear  s topp ing  losses 

(i .e., where t h e  energy l o s s  i s  due t o  e l a s t i c  s c a t t e r i n g  o f f  

screened t a r g e t  n u c l e i ) .  For  protons,  t h e  l a t t e r  i s  of minor i m -  

por tance f o r  energ ies  above 10 KeV amount t o  o n l y  Q 2% o f  t h e  t o t a l  

energy l oss .  I t s  s i gn i f i cance  decreases w i t h  i n c r e a s i n g  energy. 

'Therefore, c a l c u l a t i o n s  assume t h a t  t h e  e l e c t r o n i c  energy l o s s  

t o t a l l y  determines t h e  p a r t i c l e  range. 

Data used i n  t h e  f o l l o w i n g  c a l c u l a t i o n s  were taken from Nuclear 

Data Tables of  N o r t h c l i f f e  and   chilling.'^ No es t ima t i ons  a r e  g iven 



t h e r e  on t h e  accuracy of t h e i r  t a b l e s  except f o r  a  c l a i m  t h a t  t h e  

p r o t o n  range data i s  i n  good agreement ( t o  w i t h i n  1%) w i t h  o t h e r  

t ab les ,  namely ( 1 )  and (2 )  

The chemical formula f o r  CR-39 be ing  C12 til8 O7 has a den- 

3  
s i t y  o f  1.32 glcm . App ly ing  t h e  Bragg a d d i t i v i t y  r u l e ,  one e s t i -  

mate f o r  compounds t h a t  

d  E 1 d E 
(53 compound = - M L NiAi (G)i 

dE Where M i s  t h e  mo lecu la r  we igh t  and ( )  i s  t h e  e l e c t r o n i c  

2  
s topp ing  power ( g i  ven i n  MeV-cm /mg ) f o r  element i . For CR-39 

t h i s  becomes 

d E 
Table I p r e s e n t s  (K)CR-39 f o r  severa l  energ ies up t o  7 MeV. 

From t h i s  t a b l e  range es t imates  can be c a l c u l a t e d  by n o t i n g  

t h a t  
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Table 0.2 summarizes t h e  range va lues determined by numerical  

i n t e g r a t i o n .  Th is  was ob ta ined  by assuming a  pa rabo l i c  f i t  o f  

t he  s topp ing  power data t o  t h e  fo rm 

over  t h r e e  ad jacen t  po in t s .  The Simpson r u l e  o f  i n t e g r a t i o n  was 

app l ied .  Here s p e c i f i c a l l y  g iven  t h e  t h ree  p o i n t  (El. yl) 

(E2. y2 ) .  and (E3. y 3 )  c o e f f i c i e n t  A y  By and C a r e  determined by 



m o o  
N O 0  
A N *  
0 0 0  

0 0 0 
o o m  
C O O N  

0 0 0 
m o o  
N C D O  
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Knowing the  c o e f f i c i e n t s  enables one t o  c a l c u l a t e  t h e  midpo in t  

energy (equal t o  (El + E3)/2) and s u b s t i t u t i n g  t h i s  i n t o  equat ion 

4 y i e l d s  a va lue which a long w i t h  t h e  energy increment 

h (=  (E3 - E1)/2) determines t h e  i n t e g r a l  6R g iven  by 

Summing over  a l l  t h e  energy i n t e r v a l s  up t o  energy E equals t h e  

t o t a l  range o f  t h e  p a r t i c l e .  

To w i t h i n  + 6% t h e  t abu la ted  values can be expressed i n  an 

approximate a n a l y t i c a l  form g iven  by 

E 1.721@ 1 < - < 7 MeV RA(E) = 17.22 A - A -  

where A i s  t he  nucleon number f o r  each o f  t h e  t h r e e  hydrogen isotopes.  

From c a l i b r a t i o n  data, t he  t r a c k  diameter i s  a s t rong  f u n c t i o n  , 

o f  E / ~  f o r  energ ies g rea te r  than about 2 MeV. An emp i r i ca l  express ion 

good t o  w i t h i n  t 5% f o r  t h e  E / ~  - diameter  r e l a t i o n  i s  g iven  by 



Therefore,  i f  a p ro ton  of  energy E* has a range Ro (pm) i n  t h e  

de tec to r ,  t h e  t r a c k  d iameter  D* i s  g i ven  by 

F igure  1 p l o t s  t h i s  r e l a t i o n  and i s  impo r tan t  i n  de te rmin ing  t h e  

l a r g e s t  d iameter  p r o t o n  t r a c k  which can produce s p a t i a l  co inc i den t  

t r a c k s .  



APPENDIX E  

An Ana lys is  o f  t h e  Ef fect  of  M u l t i p l e  Sca t te r i ng  of Knock-on P a r t i c l e s  

i n  t h e  Tantalum Stopping F o i l  on t h e  E f f e c t i v e  Cross Sect ion 

Mu1 t i p l e  s c a t t e r i n g  i n  t h e  t a n t a l  um stopping f o i l  w i l l  produce 

a  d i s t r i b u t i o n  o f  d i r e c t i o n  from which knock-on p a r t i c l e s  e n t e r  the  

t r a c k  de tec to r .  T h i s  e f f e c t  becomes most severe when t h e  p a r t i c l e  

range i n  tanta lum i s  comparable w i t h  t h e  th ickness  o f  t h e  s topping 

f o i l  as i n d i c a t e d  i n  F igure  E.1. For tuna te ly ,  such extreme s i t u a t i o n s  

as t h i s  a re  n o t  encountered i n  t h e  knock-on measurement s i nce  t h e  

counted p a r t i c l e s  must n o t  o n l y  have adequate energy t o  t r ave rse  

t h e  s topp ing  f o i l  b u t  a l s o  t r ave rse  t h e  t r a c k  de tec to r  as w e l l .  The 

Z i n  F igure  E . l  i s  s e t  equal t o  73 f o r  t h e  p resent  app l i ca t i ons .  
2 9 

F igu re  E . l  



I n  t he  f o l l o w i n g  ca l cu la t i ons ,  deuterons are  used t o  est imate 

t h e  maximum s c a t t e r i n g  angle s ince they  are  l i g h t e r  than t r i t o n s  

and a r e  sca t te red  more wh i l e  passing through t h e  stopping f o i l .  

F igure 1 can be r e p l o t t e d  i n  terms o f  i n c i d e n t  deuteron energy as 

shown i n  F igure  2. The dashed l i n e s  i n d i c a t e  the  i n t e r v a l  over  

which s p a t i a l  co inc iden t  t r a c k s  a re  produced. The small c i r c u l a r  

reg ion  encloses an area where mu1 t i p l e  s c a t t e r i n g  can d e f l e c t  t h e  

p a r t i c l e  enough so t h a t  i t s  range i s  no longer  adequate t o  produce 

a  s p a t i a l  coincidence. The goal o f  t h i s  Appendix i s  t o  show t h a t  

unce r ta in t y  i n  t h e  e f f e c t i v e  cross s e c t i o n  r e s u l t i n g  from t h i s  s i t u -  

a t i o n  i s  small and can be neglected. 

2  F igure  E.2 shows t h a t  f o r  a  120 um tanta lum f o i l ,  <0 > i s  equal 

t o  about . I 6 3  rad  ( i .e . ,  9.3'). Th is  case would produce t h e  maxi- 

mum amount o f  unce r ta in t y  i n  es t ima t i ng  t h e  e f f e c t i v e  cross sec t ion .  

L e t  l denote t h e  d is tance t r a v e l e d  by t h e  deuteron i n  t h e  t r a c k  

de tec to r  and 0 t he  angle a t  which i t  entered t h e  de tec to r  as shown 

i n  F igure E.3. 

C / 

F igure  E.3 

l (0)  = can be expanded i n  a  Tay lo r  expansion g iven by 

de 
l ( 0 )  = e(eO) + (0-$) + (h ighe r  o rde r  terms) 

O=eO 





thus,  o, 2  
= T' S i n  eO/cos 0, 2  2  

a 0  

2  B u t  s i n c e  O0 e q u a l s  ze ro  t h e n  so does oL . One must go t o  t h e  

2  n e x t  o r d e r  f o r  a  f i n i t e  v a l u e  f o r  aL . Thus, 

1 d2L terms 
L ( 0 )  = L(0,) + (0-0,) + 7 2 (0-00)2 + ( h i g h e r  o r d e r  I )  

O=eo ( 3 )  

Tak ing  t h e  average o f  b o t h  s i d e s  o f  t h i s  e x p r e s s i o n  r e s u l t s  i n  

4 o n l y  t h e  (0-0,) t e r m  b e i n g  non-zero namely, 

where 

2  
1 2  

d L T -  + 2 -  S i n  8 

de2 c O S a  c o s e  3  



t h e r e f o r e  

Thus oe2 takes  t h e  f i n a l  form, 

For  t h e  p a r t i c u l a r  case o f  a  125 pm t h i c k  CR-39 d e t e c t o r  t h i s  

t r a n s l a t e s  i n t o  a  oe o f  2.6 urn. Therefore ,  f rom range t a b l e  and 

t h e  d i f f e r e n t i a l  c ross  s e c t i o n  one f i n d s  t h a t  t h e  energy uncer-  

t a i n t y  i s  about  5 50 KeV. T h i s  u n c e r t a i n t y  when p r o j e c t e d  on t h e  

d i f f e r e n t i a l  c r o s s  s e c t i o n  r e s u l t s  i n  a  + 1% u n c e r t a i n t y  i n  t h e  

e f f e c t i v e  c ross  s e c t i o n .  Therefore ,  t h e  e f f e c t s  o f  mu1 t i p l e  

s c a t t e r i n g  on t h e  e f f e c t i v e  c r o s s  s e c t i o n  i s  sma l l  compared w i t h  

o t h e r  u n c e r t a i n t i e s  such as i n  c o u n t i n g  s t a t i s t i c s  and s o l i d  ang le  

e s t i m a t e s  which e n t e r  i n t o  t h e  pR measurement, and t h e r e f o r e  i s  

n e g l e c t e d  i n  t h e  a n a l y s i s .  



APPENDIX F 

Der i va t i on  of t he  Average Neutron Path Length i n  a Spherical  Volume 

o f  D i s t r i b u t e d  I s o t r o p i c  Neutron Sources 

F i r s t ,  determine the  average path  l e n g t h  f o r  a neutron which 

o r i g i n a t e s  a t  d is tance r from the  f u e l ' s  center.  Ca l l  t h i s  average 

l ( r )  

Since b + iT = Z 
M2 = L2 + D' - ZDcos9 

2 b u t  M2 = 2R (1 - cosf3) 

and r +  r =  a 

S u b s t i t u t i n g  f o r  M', one f i n d s  t h a t  

Solv ing f o r  L ,  one obta ins  

2 2 
L ( r ,  0 )  = -rcos9 + Jr cos 9 + D ( r  + R) 

Therefore, t h e  average path  l e n g t h  f o r  a g iven r i s  



The f i r s t  t e r n  of  t h e  i n teg rand  g ives  zero upon i n t e g r a t i o n .  L e t t i n g  

v = cose , t h e  i n t e g r a l  takes t h e  form 

D e f i n i n g  y as r /R and doing t h e  i n t e g r a l ,  one f i n d s  t h a t  

See f i g u r e  1 f o r  a  p l o t  o f  t h i s  f unc t i on .  The two extreme 

l i m i t s  a re  when r = 0  and r = R. For  r = 0, t h e  average d is tance  

t r a v e l l e d  by a  neu t ron  i s  R. Fo r  r = R, t h e  average d i s tance  i s  

I n t e g r a t i n g  d ( r ) >  ove r  t he  volume o f  t he  f u e l ,  one ob ta ins  

Tak ing p ( r )  as a  constant ,  one f i nds  t h a t  <L> = .75 R. 



APPENDIX G 

PHYSICS INCLUDED I N  LILAC 

Hydrodynami cs 

Lagrangian w i t h  Von-Neumann a r t i f i c i a l  v i s c o s i t y  
Separate e l e c t r o n  and i o n  temperatures, one f l u i d  
Coupling t o  the  r a d i a t i o n  f i e l d  
Radiat ion pressure and pondermotive e f f e c t s  
Coupling t o  the  suprathermal e lec t rons  and TN 

r e a c t i o n  products ( t ranspor t  p r e s c r i p t i o n )  

Energy Conduction 

Mu1 t i g r o u p  f l u x  1 i n i i t ed  d i f f u s i o n  f o r  suprathermal e lec t ron  
and r a d i a t i o n  t ranspor t  

Free-streaming op t i on  f o r  suprathermal e lec t rons  
SN op t i on  f o r  r a d i a t i o n  

F l  ux 1 i m i t a t i o n  f o r  thermal conduction 
I o n i c  r a t e  equations 
Non-local t r anspor t  o f  TN Burn products 

Tabu1 a r  Data 

Thomas-Fermi -She1 1 equat ion o f  s t a t e  
SESAME t a b u l a r  equat ion o f  s t a t e  
Astrophysical opac i t y  1 i brary  

Pansy ( S t a b i l  i t y )  Post-Processor 

Surface Harmonic Per tu rbat ion  ana lys is  


