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Abstract. 

High Resolution X-Ray Spectroscopy of 
Laboratory Sources. 

Jam es Dunn.

A detailed program m e of research  is p resen ted  to  design, bu ild  an d  operate a  high 
reso lu tion  X/AX^5000 curved crysta l Jo h a n n -ty p e  x -ray  spectrom eter for th e  
w aveband below 13Â. The spectrom eter is u se d  to  observe line em ission  fea tu res  from 
different laborato ry  x -ray  sources. C haracte ris tics  of the  J o h a n n  geom etry  are  
described  w ith  em phasis  given to  th e  p roperties  of sensitivity, d ispersion , resolving 
pow er an d  w aveband. The to lerance of th e  in s tru m e n ta l p a ram ete rs  is defined for 
successfu l high spectra l reso lu tion  operation. The key fea tu re  of th e  spectrom eter is 
th e  un ique  crysta l bend ing  device w hich c a n  genera te  a  high quality  cylindrical 
cu rva tu re  of rad iu s  R= 150-^5000m m . The c ry sta l focusing alignm ent an d  testing  
p rocedures are  evaluated. Choice of crysta ls  su itab le  for th e  observation  program m e is 
d iscussed  together w ith analysis techn iques  for in te rp re ta tion  of th e  x -ray  spectra l 
line  profiles.

The in s tru m en t is optim ised for tim e-in tegrated  an d  tim e-resolved ion tem p era tu re  
m easu rem en ts  of UKAEA DITE Tokam ak a t th e  C ulham  F usion  Laboratory. X -ray line 
em ission re su lts  from  m edium  Z He-like a n d  H-like im purity  ions are  p resen ted  for 
different p lasm a  conditions.

D ensity  sensitive He-like an d  Li-like A lum inium  ion sate llite  em ission  fea tu re s  are 
s tu d ied  for in tense  tra n s ie n t lase r produced  p lasm as  a t  the  C en tra l L aser Facility, 
SERC R utherford  A ppleton Laboratory. The p e a k  p lasm a electron  density  of 0.1 tim e 
solid density  is estim ated  from  th ese  line in ten sity  ratios an d  is  in  good agreem ent 
w ith  S ta rk  line w id th  m easu rem en ts .

X -ray em ission  from  beam -foil in te rac tions is observed on th e  Folded T andem  
accelera to r of th e  N uclear Physics D epartm ent, Oxford University. The proposed 
im provem ent in  th e  in trinsic  spectra l line b roaden ing  due to  th e  accelera to r is 
investigated  by high reso lu tion  axial beam  m easu rem en ts  of th e  He-like Silicon and  
H -like N eon n=2 tran s itio n s .

The L ym an-a in tensity  p-ratio  an d  w avelength separa tion  A^pg is  s tud ied  for th e  flne- 
s tru c tu re  of Hydrogenic Neon, M agnesium , A lum inium  and  Silicon. The fin e -stru c tu re  
sep ara tio n  is com pared w ith th e  D irac theory  a n d  o ther experim ental d a ta , w hile the  
possib le m ech an ism s giving rise to  the  n o n -sta tis tica l value of th e  P-ratio are 
ana lysed .
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Chapter 1 Introduction.
1.1 Thesis Objective.
The m ain  a im  of th is  resea rch  is to  dem onstrate  an d  define th e  successfu l u se  an d  

op tim isa tion  of a  h igh  precision  Johann^  curved  c rysta l spectrom eter. H igh resolving 

pow er XyAX^SOOO in  th e  w aveband below 13Â h a s  been  applied  to  th re e  different laboratory  

x -ray  sources: T okam ak  p lasm as, la se r p roduced  p lasm as  a n d  beam -foil in terac tions. 

W hilst h igh reso lu tio n  curved  crysta l spectrom eters  a re  com m only em ployed to in te rp re t 

T okam ak  ion  tem p e ra tu re s  from  D oppler b roaden ing , to  th e  a u th o r 's  knowledge, no  single 

in s tru m en t design h a s  previously been u sed  to  observe su ch  diverse sources.

The key fea tu re  of th is  versatile  spectrom eter, w hich h a s  de term ined  h igh  sp ec tra l 

reso lu tion  a n d  sensitiv ity  over th e  specified w aveband, h a s  b e e n  th e  ability  to  vary  the  

crysta l ra d iu s  a s  a  free param eter. A specially designed c rysta l bend ing  device h a s  been  

d em o n stra ted  here for c ry sta l cu rva tu res  R=300“ ^2500m m . In te rp re ta tio n  of th e  source 

p a ram ete rs  h a s  been  possib le th rough  th e  revelation of fine sp ec tra l fea tu re s  difficult to 

achieve w ith  o ther in s tru m e n t geom etries. T his h a s  been  m ost fully illu s tra te d  on  

beamr-foil so u rces  w hich  have high in trinsic  spectra l reso lu tion . The m ea su rem e n ts  of the  

Neon X L ym an-a a n d  Silicon XIII resonance  lines rep resen t th e  b e s t resolved x -ray  spectra  

to  be recorded betw een 6 Â and  13Â on th is  source.

1.2 Spectroscopy.
A brief in tro d u c tio n  to  x -ray  spectroscopy of astrophysica l a n d  laborato ry , p lasm a  and  

n on -p lasm a  sou rces is  given. The reader is guided to  several excellent reviews of 

spectroscop ic  d iagnostics by  De M ichelis an d  Mattioli: "Soft-X-Ray Spectroscopic 

D iagnostics of L aboratory  Plasmas"^ an d  "Spectroscopy an d  Im purity  B ehav iour in  F usion  

Plasmas"^. F u r th e r  in form ation  on  non -p lasm a sources can  be found  in  th e  recently  

pub lished  tex t "A strophysical and  Laboratory P lasm as" edited by  Brow n an d  Lang'^.

Spectroscopy h a s  alw ays been  considered a n  im portan t m ethod  for observing an d  

u n d e rs ta n d in g  p lasm as an d  th e ir  properties; th is  is a  consequence of th e  electrom agnetic 

rad ia tio n  em itted  from  su c h  sources. The in itial developm ent of th ese  tech n iq u es  stem m ed 

from  fu n d am en ta l rese a rc h  of astrophysical sou rces (including th e  so la r corona) w hose 

rem o teness m ade non-spectroscopic  m ethods im possible. In  recen t tim es, soft x-ray  

spectroscopy h a s  becom e increasingly relevan t to high tem p era tu re  p lasm as  developed for 

th e  n u c le a r  fusion  program m e. They em it in tense  x -rad ia tion  in  the  soft x -ray  w aveband, 

defined here  a s  being 1->25Â, These m ethods are  useful because  they  are passive and  do not 

in te rac t w ith  th e  p lasm a.

W hile th e  origins of labo ra to ry  spectroscopy lie in  early  as trophysica l work, c u rre n t 

labora to ry  p lasm a  re se a rc h  is useful for in te rp re ting  n o n -te rre s tr ia l sou rces.
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1.2.1 Laboratory Plasmas.
L aboratory  p lasm as, em itting  x -rad latlon , differ In m an y  w ays: p lasm a  d im en sio n s and  

d u ra tio n , m eth o d s of p ro d u ctio n  an d  ch arac te ris tics  vary  from  one source to  ano ther. 

F igure 1.1, a fte r Kunze'^, show s schem atically  th e  electron d en s ity  an d  tem p era tu re  

p a ram ete rs  for som e p la sm a  sources. They range from  low d en sity  T okam aks a n d  

0 -p lnches to  h igh density  p lasm a  foci, gas puff p inches, low Ind u ctan ce  v acu u m  sparks , 

exploding foils a n d  la se r  p roduced  p lasm as.T he observed th e rm a l electron tem p era tu re  T, 

for these  p lasm as Is u su a lly  in  the  range of two orders of m agn itude  betw een lOOeV and  In 

excess of lOkeV (for large T okam aks like JET). The electron  d en s ity  n« range, however. Is 

m u ch  g rea te r w ith  d ilu te  T okam ak p lasm as of ~2xl0^^cm'^ to  m ore  th a n  lO^^cm’̂  for laser 

p roduced  com pression  cores. The p lasm a d u ra tio n  c a n  la s t from  seconds In T okam ak 

d ischarges to  p icoseconds for la se r p lasm as.

1.2.2 X-Ray Spectroscopy
The m ain  In te rest in  th e  x -ray  b a n d  lies in  th e  Increasing p ropo rtion  of e lectrom agnetic 

rad ia tion  em itted  a s  c o n tin u u m  and  resonance  lines a t  sh o rte r  w avelengths (higher 

energies) a s  th e  p lasm a  elec tron  tem pera tu re  T, rises. F or exam ple, th e  relation:

( 1 . 1)
^  e

show s the  m axim um  In tensity  of th e  con tinuum  em ission due  to  b rem ss tra h lu n g  occurs at 

a w avelength X  (A) w here T^ Is m easu red  In eV. R esonance line em ission  com es from  

Im purities of varying degrees of Ionization. The Ionization p o ten tia l for Hydrogenic 

Im purity  Ions scales a s  w here Z Is the  nuc lea r charge a n d  %H(=13.6eV) Is th e  Ionization 

potential of Hydrogen. T h u s  th e  w avelength of resonance  line em ission  scales a s  Z^ and  the  

strongest n = 2  tra n s itio n  m ay  be w ritten  as:

( 1, 2 )
Z 2 X h

This Is a  fair ind ication  th a t  electrons of energy E(eV) = 12400/X  are  being genera ted  In the 

p lasm a .

Figure 1.2, a fte r Kunze^, show s a  typical em ission spectrum  observed from  a  p lasm a. 

F u rth e r d iscussion  on a tom ic p rocesses giving rise to lines a n d  con tinua  In p lasm as  can  be 

found in  C hap ter 5.1.

The role of x -ray  spectroscopy  a n d  problem s faced by spectro scop lsts  are very m u ch  

dependen t on  th ese  sou rce  p a ram ete rs , an d  availability of o th e r  d iagnostic techn iques. 

Active m ethods su c h  a s  T hom son  scattering  an d  Interferom etry, b o th  lase r a n d  microwave, 

have been  u sed  extrem ely effectively to m easu re  T, an d  n* of low density  p lasm as. They have 

b e tte r  spatia l a n d  tem p o ra l reso lu tion  and  are  generally m ore accu ra te  th a n  spectroscopic 

techniques. X -ray spectroscopy , however, becom es Increasingly  Im portan t a t  h igher



densities  w here  la se r probing of th e  p lasm a becom es ineffective du e  to  refrac tion  an d  

finally u n u se ab le  b ecau se  of to ta l reflection of th e  p ropagating  beam .

The following Inform ation c a n  be gained by study ing  sp ectra l fea tu re s  Including 

co n tin u u m , reso n an ce  line em ission and  profile shape  from  th e  x -ray  source:

(1) The th e rm al T« an d  su p ra th e rm al T„ e lectron  tem p era tu re  c a n  be m easu red  from  the  

co n tin u u m  a n d  line em ission.

(2) The e lec tron  density  n , c a n  be determ ined  by  S ta rk  b roaden ing  of sp ec tra l profiles or 

line In te n s ity  ra tio s.

(3) The Ion density  n  ̂ (or Im purity  abundance) c a n  be derived from  abso lu te  line 

in te n s it ie s .

(4) The ion  tem p e ra tu re  T„ o r large scale b u lk  m otion  of a n  ab la tion  p lasm a, for a  

p a rticu la r  ion  species c a n  be m easu red  b y  D oppler b roaden ing  or shifting  of the  

em itted  sp ec tra l lines.

(5) The energy balance , of p a rticu la r Im portance to n u c le a r  fu sion  p lasm as, c a n  be 

determ ined . The energy loss th rough  x -rad la tlo n  of m ultip ly  Ionised h igh  Z 

Im purities  c a n  be estab lished  from  abso lu te  In tensities of em ission  lines an d  

co n tin u u m . Im purity  tran sp o rt and  Its influence on  th e  p lasm a stab ility  can  be 

studied.

(6 ) The degree of Ionization of the p lasm a a n d  Its dynam ics c a n  be readily  observed by 

tim e-reso lved  m ea su rem en ts  of the  relative line In ten sitie s  from  different charge 

sta tes.

1.2.3 High Resolution X-Ray Spectroscopy.
High reso lu tion  x -ray  spectroscopy can  play a n  Im portan t role In v irtually  all of the  above 

pa ram eters; Ion tem p era tu re  T, an d  electron density  n , from  profile s tu d ie s  In low and  high 

density  p lasm as, respectively are obvious cand ida tes. In  th e  case  of th e  form er th is  Is the 

s ta n d a rd  m eth o d  of m easu ring  high p lasm a tem p e ra tu re s  above 10®K. There are  additional 

fea tu res  for exam ple opacity w hich can  be m easu red : th e  optical th ick n ess  o r self­

abso rp tion  of an y  em ission  line can  be m easu red  by  s tu d y  of th e  profile sh ap e  or th rough 

th e  line In ten sity  ra tio  of ad jacen t tran s itio n s  w ith  different ab so rp tio n  osc illa to r 

streng th s . In  som e cases, for exam ple density  sensitive sate llite  line ra tio s d iscussed  later, 

m ed ium  to h igh  reso lu tion  Is needed to resolve th e  Individual tra n s itio n s  of In te rest to 

u tilise  th e ir  d iagnostic  po ten tia l.

1.3 Research Programme.
Initially, th e  m a in  aim  of th is  research  w as to  develop a  h igh reso lu tion  x -ray  spectrom eter 

for th e  T okam ak  experim ental program m e of th e  UKAEA C u lham  F usion  Laboratory. The 

new  in s tru m e n t p rim arily  w ould provide Inform ation ab o u t th e  Ion tem p era tu re  of the  

various c o n s titu e n t high Z p lasm a Im purities a n d  Investigate Its  ch a rac te ris tic s  u n d e r 

different p lasm a  conditions. T his w ould com plem ent th e  existing Bragg ro to r spectrom eter



from  Leicester designed to  give low reso lu tion , tim e-resolved su rvey  sp e c tra  o f DITE 

(Divertor In jection  T okam ak Experim ent) from  1->'25Â. A 500m m  (crystal rad iu s) J o h a n n  

In stru m en t h a d  previously been  bu ilt a t C ulham  and recorded th e  x -ray  sp ec tru m  above 

10Â. The Leicester high reso lu tion  In stru m en t while still being a  Jo h a n n -ty p e  

spectrom eter, w ould be com pletely different a n d  a  m ore versatile  design.

This w as a  new  research  topic for the  spectroscopy group a t Leicester; a lthough  expertise In 

x -ray  crysta l spectroscopy an d  tech n iq u es  for so la r physics a n d  astronom y  h a d  b een  

achieved w ith in  th e  d epartm en t In the  previous two decades, no  experience In h igh 

reso lu tion  cu rved  crysta l spectrom eters had  b een  developed. The in s tru m e n t, s ta r tin g  from 

th e  draw ing board , w ould be designed a n d  b u ilt a t Leicester, followed by  com m issioning a t 

C u lham  Laboratory. In itial tim e-In tegrated  photographic  opera tion  w ould  be rep laced  w ith 

a  tim e-resolved, photo-electric readou t system  a t  a  la te r  date.

The J o h a n n  spectrom eter p roduced  high quality  spectra  (below 1QÂ) from  DITE In early 

1986. A n exposure of m ore th a n  10 sh o ts  w as needed to  generate  sufficient signal Intensity, 

b u t  DITE v acu u m  restric tions lim ited th e  o u tp u t to only one sp ec tru m  p e r day. A lthough the 

re su lts  were In teresting  for atom ic spectroscopy, and  produced  Ion tem p era tu re  

m easu rem en ts, they  were felt to  be less useful a s  a  p lasm a diagnostic because  they  were time- 

in tegrated . F inancia l c o n s tra in ts  an d  lengthy  m ach ine  n o n -opera tlona l periods prevented  

bo th  rap id  detec to r developm ent and  acquiring a sufficient d a ta  b a se  of resu lts .

The opportun ity  becam e available du ring  one of these  periods to  investigate th e  In trinsic 

spectra l line b roaden ing  m echan ism  of th e  Folded T andem  acce lera to r In th e  N uclear 

Physics D epartm en t, Oxford University. The In stru m en t w as op tim ised  for axial 

observation of x -rays p roduced  by foll-excltatlon of high Z Ion beam s. T his w as a  successfu l 

co llaboration  w ith  J o s h  Silver's group an d  Involved th ree  sh o rt experim ental ru n s  In late 

1986 /early  1987.

The J o h a n n  in stru m e n t In photographic m ode w as Ideally su ited  for u se  w ith  th e  co n stan t 

x -ray  em ission  of beam -foü o r sim ilar sou rces  an d  opened u p  exciting possib ilities for 

fu tu re  experim ents w ith very high reso lu tion .

S hortly  after. In S ep tem ber 1987, there  w as a n  Informal inv itation  from  Mike Key 

(Division Head) to  w ork a t th e  Laser Division, R utherford  A ppleton Laboratory. T his w as a 

challenge to achieve high reso lu tion  spectroscopy on a sm all scale, in tense , tra n s ie n t x -ray  

source. The in s tru m e n t tria l occurred  in  a  th ree  week experim ent on  VULCAN during  

D ecem ber study ing  electron tra n sp o rt phenom ena in  layered p la n a r  targe ts . The outcom e 

w as successfu l, producing  in teresting  resu lts  of useful d iagnostic  significance n o t obtained 

by th e  o ther in stru m en ts . (The potential to u se  a  Jo h arm  In stru m en t on  a  reg u la r b asis  on 

la se r  p roduced  p lasm a experim ents In th is  coun try  Is still to be exploited).

The final stage  of th is  experim ental program m e w as to d em o n stra te  th e  feasibility of CCDs 

as  x -ray  de tec to rs  w ith th e  J o h a n n  spectrom eter on DITE Tokam ak.



To su m m arise , th e  J o h a n n  spectrom eter h a s  been  optim ised to  observe x -rad la tlo n  below 

IOÂ w ith  h igh  sp ec tra l reso lu tion  from  th ree  d ifferent lab o ra to ry  sources.

1.4 Thesis Layout.
T his th e s is  is  divided Into two parts ; th e  firs t re la tes  to th e  In s tru m en ta l a n d  quan tita tive  

x -ra y  tec h n iq u es  w h ilst th e  experim ental sec tio n  deals w ith  T o k am ak  p lasm as, la se r  

p roduced  p la sm a s  a n d  beam -foil In terac tions, w ith  re su lts  a n d  In te rp re ta tion .

P arti
C hapter 2  d iscu sses  x -ray  crystal spectrom eters, an d  choice of In stru m en t for th e  p a rticu la r 

experim ental program m e. The J o h a n n  sp ec tro m ete r Is described  In detail a s  a re  th e  

p roperties  of sensitiv ity , d ispersion, resolving pow er an d  w aveband . The to le rance  on  th e  

In stru m en ta l p a ra m e te rs  Is defined for su ccessfu l high sp ec tra l reso lu tion  operation .

The p rac tica l im p lem en ta tion  of th e  in s tru m e n t Is ind ica ted  In C hapter 3 . The m ain  

spectrom eter com ponen t Is th e  crystal bend ing  jig  and  the  Im portan t fea tu res  are  listed; 

optical an d  m echan ica l testing  p rocedures a re  p resen ted  a n d  Its perform ance Is evaluated. 

The crysta l focusing  a n d  alignm ent tech n iq u es  are outlined.

C hapter 4  deals w ith  th e  practical considerations, observations, an d  u se  of crysta ls , filters 

an d  x-ray  film. Full op tim isation  and  d a ta  retrieval are included , together w ith th e  

in te rp re ta tio n  of sp ec tra l profiles a n d  ana ly sis  codes. T herm al a n d  n a tu ra l sp ec tra l line 

broaden ing  m ech an ism s are in troduced . A d iscu ss io n  of a  very h igh  reso lu tion  

spectrom eter w ith  CCD detecto r readou t concludes th is  c h ap te r an d  th e  In strum en ta tion  

section.

P artn
The second experim ental section s ta r ts  w ith  C hapter 5 w hich in troduces  the  atom ic 

processes giving rise  to  resonance  line a n d  co n tin u u m  em ission. T okam aks a n d  controlled 

nuc lear fusion  by m agnetic  confinem ent are  described. A search  for th e  b est w aveband for 

Ion tem pera tu re  observations on DITE below 10Â Is show n. Ion tem p era tu re  m easu rem en ts  

are  m ade w ith  two different spectrom eters. Som e resu lts  for spatla lly -scarm ed  Ion 

tem pera tu re  m e a su rem e n ts  are  also p resen ted . A n Initial feasibility  s tu d y  using  a 

com m ercial TV form at CCD chip Is reported .

C hapter 6  describes th e  p roduction  an d  app lica tions of la se r p lasm as. A dditional liue- 

b roacen lng  m ech an ism s are m entioned . The "S up ra therm al E lectron  T ransport"  

experim ent Is ou tlined , w here th e  Jo h a rm  spectrom eter Is op tim ised  to  the  source, and  

observes th e  H-llke a n d  He-Uke n=2 tra n s itio n s  from  the  b u ried  A lum inium  diagnostic 

layer. M ethods are  devised to m easu re  th e  optical dep th  of the  m ain  resonance  an d  satellite 

lines. He-llke a n d  Ll-llke satellite  lines are u se d  to  estim ate  th e  p eak  p lasm a electron 

d e n s iy . The re su lts  of 0 .1  tim es solid density  a re  in  good agreem ent w ith the  S ta rk  w idth 

m easu rem en ts . A b rie f com parison  w ith the  com m only u sed  fiat c rysta l spectrom eters 

rounds off th is  ch ap te r.



The final experim en tal program m e of beam -foil In te rac tions  is  in troduced  In C hapter 7. 

There follows a n  outline of th e  cu rren t topical In te rest In  QED (Q uan tum  Electrodynam ics) 

effects on  th e  Hydrogenic Ion g round sta te  In  h igh Z beam s by  d irect m easu rem en t of the  

rad iative tra n s itio n s . The proposed  im provem ent In  th e  In trin sic  sp ec tra l line  broadening  

d u e  to  th e  acce lera to r Is Investigated by high reso lu tion  axial b eam  m ea su rem e n ts  of the  

He-Uke SiUcon a n d  H-like Neon n=2 tran s itio n s . T he u se  of th e  techn ique  fo r fu tu re  

experim ents Is su m m arised .

Finally, p rec is io n  m ea su rem e n ts  of th e  L ym an-a  f in e -s tru c tu re  sep ara tio n  AXpg an d  

in tensity  ra tio  p for m ed ium  Z elem ents is  given In C hapter 8 . T he re su lts  fo r Z=12~> 14 

(M agnesium , A lum in ium  a n d  SiUcon) are  observed on  DITE Tokam ak, b u t  a lso  th e  2^=10 

(Neon) beam -foil m ea su rem e n t is included  fo r com pleteness. T he fin e -s tru c tu re  separa tion  

is  com pared  w ith  th e  D irac theo ry  an d  o th e r  experim ental d a ta , while th e  possib le  

m ech an ism s giving rise  to  th e  n o n -sta tls tlca l value for p are  analysed .

C onclusions re levan t to  a  ch ap te r are d iscussed  In th a t  ch a p te r  a s  they  arise. The Final 

C on clu sion s section  foUowlng C hap ter 8  d raw s together the  m a in  ach ievem ents of high 

reso lu tion  spectroscopy  In each  x-ray source.
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Introduction.
T he following topics are  d iscussed  In th is  chap ter:

• B ragg 's law, x -ray  diffraction an d  Its effect on  observed c ry sta l p roperties, a n d  the

ca lcu la tion  of refractive Index corrections.

• D escrip tion  of different Bragg crysta l spectrom eter geom etries a n d  defin ition  of the  

m a in  In s tru m en ta l param eter's.

• The op tim isa tion  of sensitivity, w aveband a n d  resolving pow er of a  J o h a n n  

spectrom eter to  different sources. The d ispersion  re la tion  is  verified w ith 

experim en tal observations.

• The spectrom eter specification is  defined for h igh resolving power.

2.1 Bragg Dif&action.
2.1.1 Histoiy of X-Ray Diffraction.
D iffraction of x -rays by  crysta ls  in  tran sm iss io n  m ode, w as discovered by  von  Laue® In 

1912 and , la te r  In th e  sam e year, confirm ed for reflection off a  M ica c rysta l su rface  by 

W  L Bragg®. T his early w ork dem onstra ted  th e  wave-like n a tu re  of x -rays a n d  concen tra ted  

mcdnly o n  th e  geom etry of diffraction a n d  the  s tu d y  of crysta l a n d  atom ic s tru c tu re . 

However, it did  no t yield quan tita tive  Inform ation on  th e  d iffraction  In tensity  o r profile 

sh ap e . This w as to  follow in  1914 by Darwin^ who p resen ted  a  diffraction theo ry  b ased  on 

B ragg reflection. This theo ry  w as dynam ical an d  considered  th e  in te rac tion  betw een  

Inciden t and  reflected w aves inside th e  crystal. It w as able to describe th e  crysta l 

d iffraction profile an d  allow for refraction  of the  x -rays  w ith in  the  crysta l. It w as flawed in  

one respec t by  the om ission of th e  absorp tion  process In th e  crystal. Ewald® In troduced  a 

m ore  general dynam ical theory  In 1917. Prins (1930)® Improved D arw in 's theo ry  by  

includ ing  a  com plex refractive Index to account for abso rp tion  w ith in  th e  crysta l. This gave 

a  good quan tita tive  descrip tion  of Bragg reflection.

2.1.2 Bragg's Law.
A crysta l m ay be considered as  a  th ree  dim ensional a rray  of a to m s consisting  of a n  

Identical a rrangem en t of a tom s, know n as  the  u n it cell, repeated  a t regu lar Intervals. The 

c ry sta l can  be easily described a s  a  repeating lattice of po in ts w ith th e  u n it cell associated  a t 

each  point. F or a  uniform  crysta l, parallel lattice o r reflecting p lan e s  sep ara ted  by  a 

d istan ce  know n as  the  "d-spacing" can  be easily defined for the  crysta l geometry. In  the  case 

of th e  sim ple (face-centred) cubic sym m etry, the  lattice spacing  dhw. for Miller Indices 

(h,k,l) are  rela ted  to the  u n it  cell d im ension by:

d h k l  = + 1Ü (2 - 1 )

S ince th e  crysta l lattice spacings are dim enslonally  the  sam e a s  x -ray  w avelengths, they 

will sc a tte r  th e  rad ia tion  an d  behave like a th ree  d im ensional d iffraction grating . T hus a
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p lane  wave incident on  a  crysta l lattice (Figure 2.1) will be sca tte red  In a ll d irec tions, b u t 

d iffraction m axim a will only occur In th e  d irections w here th e  w aves sc a tte re d  from  th e  

lattice  po in ts have zero p h ase  difference. Bragg’s  law  pred icts th a t  th e  cond ition  for 

constructive interference of rad ia tion  from  successive p lanes Is sa tisfied  w h e n  th e  p a th  

difference is  a n  Integral n u m b er of w avelengths X:

n X  = 2dT sin0B (2.2)

w here is th e  Bragg reflection angle an d  n  is th e  order of diffraction. The (hkl) subscrip t 

h a s  been  dropped and  dp refers to  th e  c iysta l lattice spacing a t a  tem p era tu re  T  (°C). The 

la ttice  spacing  varies w ith  tem p era tu re  w here a  Is the  linear ex p ansion  coefficient:

dx = di8 (1 + a ( T  - 18}) (2.3)

The crysta l d ispersion  c a n  be derived from  equation  (2.2) as:

d 9 ______n
dX 2dx COS0B

E quations (2.2) an d  (2.4) can  be com bined to give the  crystal resolving power:

X tan0B
AX ~ wc

w here w^ (radians) Is th e  FWHM of th e  diffraction profile.

(2.4)

(2.5)

Bragg's law Is no t exact due to  refraction  of the  x-ray beam  w ith in  th e  c ry s ta l m ateria l 

(Figure 2.2). From  C om pton an d  Allison^”, the  refractive Index of the  c ry sta l m ateria l 

defined as  |i= l - 5 Is very close to  (but less than) unity. X-rays are  therefore refracted  away 

from  th e  no rm al an d  travel a n  ex tra  d istance th u s  changing th e  cond ition  for constructive 

in terference. The m easu red  peak  diffraction angle 0 differs from  0g(=sln'^(nX/2dT)) by  an  

am oun t:

0 = 0B + A0 (2.6)

The u n it decrem ent of th e  refractive Index, In th e  range 10'®->10'®, Is re la ted  to  A0 by:

Ô = A0 sin0B COS0B (2.7)

(The d istinction  betw een 0 an d  0g Is un im p o rtan t In equation (2.7)). T h u s  equa tion  (2.2) can  

be rew ritten  as:

nA. = 2dx
, J 2 d T f 5 '

sin0 (2.8)

It can  be seen  from  the  previous equation  th a t the  m axim um  w avelength w hich can  be 

reflected Is 2d  corresponding  to 0=90®. Also, refractive Index correc tions a re  significant a t 

high Bragg angles b u t reduce  a s  w ith  Increasing diffraction order.
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Figure 2.1 Schem atic  show ing Bragg Reflection.
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Figure 2.2 Refractive Index effects for x -rays  w ith in  crysta l.
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Figure 2.3 V ariation of c rysta l diffraction profile for PET (002) a s  a  function  of Bragg 
angle, ca lcu la ted  from  D arw ln-P iins (after Burek^^).
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2.1.3 Diffraction Models.
The following is  a  b rief accoun t of the  diffraction theories u sed  to  describe th e  reflection 

p ro cess  fo r different crystals. A com plete acco u n t m ay be found In H a ll"  o r B u re k "  o r the  

refe rences there in . The resea rch  of Hall Is of p a rticu la r  In te rest a s  It d o cu m en ts  th e  change 

In c ry s ta l p roperties  w ith ageing, a tm ospheric  a n d  chem ical a ttack .

Two d ifferen t crysta l m odels are:

• T he m osaic o r Ideally Im perfect m odel described  by  th e  k inem atlcal th eo ry  of x-ray  

d iff ra c tio n .

• T he perfect crysta l or th e  Ideally perfect c rysta l m odel described  by  th e  dynam ical 

th eo ry  of diffraction.

The re s u lts  of the  two m odels converge a t shallow  Bragg angles.

M osaic M odel

T his m odel w as proposed by Darwin, neglecting absorp tion , to  describe c ry s ta ls  w ith  

Im perfections u sin g  th e  k inem atlcal theory. T his a ssu m es th e re  Is negligible In te rac tion  

betw een  th e  sca ttered  and  incident beam s an d  the  In tensity  of the  Incident b eam  rem ains 

c o n s ta n t for a  th in  crystal. This la tte r  point Is referred  to  as  zero-extlnctlon, w here  

p rim ary  ex tinction  In th ick  c rysta ls  describes th e  phenom enon  of reduced  in c id en t beam  

In tensity  In lower crysta l p lanes  due to reflection In the u p p e r p lanes.

The m e a su re d  diffraction profiles of rea l c ry sta ls  are  usually  b ro ad e r th a n  th e  D arw in 

perfect c rysta l as  a  re su lt of im perfections In th e  lattice. D arw in suggested  th a t  m ost 

c ry s ta ls  a re  m ade from  sm aller Individual blocks or m osaic p ieces w here each  b lock  m ay 

be considered  a s  a  perfect o r Ideal crystal. The o rien tation  of th e  blocks relative to  each 

o th e r  have an g u la r deviations w hich are  g rea te r th a n  the  diffraction w id th  of a  single 

block. The individual blocks reflect Independently , so th a t  the  reflected b eam  energy Is 

p ropo rtiona l to  th e  n u m b er of blocks In the beam . The diffraction profile ch a ra c te r is tic s  

also  depend  on the block size, shape  an d  an g u la r distribution.

The m osaic  m odel Is no t com pletely accu ra te  an d  does no t cover all c rysta l defects like 

d isloca tions a n d  s tra in s . Also, departu re  from  Ideal m osalclclty occurs w h en  th e  block 

o rien ta tio n  becom es com parable  w ith th e  d iffraction w idth.

P erfect C rystal

The dynam ical theory  or D arw ln-P iins theory  Is m ore com plex an d  alw ays Includes the  

ab so rp tio n  process. It applies to large perfect c ry sta ls  where p rim ary  ex tinc tion  a n d  the  

In te rac tion  of th e  incident an d  sca ttered  beam s carm ot be Ignored vd th ln  the  c ry sta l 

m a te r ia l .

F igure 2 .3  from  B u re k "  show s the  ca lcu la ted  diffraction profile u sing  a  D arw in-P rlns 

m odel for PETT (002) with various Br-agg angles. The different profile sh a p es  a re  a  

consequence  of th e  varia tion  of prim ary  extinction  an d  abso rp tion  w ith  B ragg angle. At 

shallow  angles, abso rp tion  Is low and  the  profile tak e s  on the  ch arac te ris tic  flat-topped,
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sym m etrica l D arw in sh ap e  w ith 100% p eak  reflectivity. A bsorp tion  In c reases  w ith  0 

resu ltin g  In  red u ced  peak  reflectivity an d  a  b roader, asym m etric  diffraction profile. The 

diffraction w id th  also Increases as  tan0 due to  th e  Increase of ex tinction  w ith  B ragg angle.

G enerally, m osaic  c ry sta ls  have g rea te r d iffraction w id ths w^, lower p e a k  reflectivity and 

h ig h er in teg ra ted  reflectivity th a n  th e  corresponding  perfect crysta l.

R eflection  Integral

It m ay  be  p red ic ted  from  crystal diffraction th eo ry  th a t  th e  Bragg reflection of a  parallel 

a n d  m onochrom atic  x -ray  beam  h ap p en s over a  sm all an g u la r range d u e  to  th e  finite w idth 

of th e  c ry sta l line profile. The reflected In tensity  1(0), for a n  Incident In ten sity  a t  a  

g lancing angle 0 for a  flat crysta l can  be w ritten  a s  (Evans and  Leigh ̂ )̂:

1(6) = Px(6) lo (2.9)

w here Px,(6) Is th e  fractional reflection of th e  b eam  by th e  c ry sta l (known a s  th e  P rlns 

function) a t  th e  w avelength X. The diffraction profile can  be determ ined  from  th e  varia tion  

of P;^(0) w ith  0. The crystal m ay be ro tated  a t a  co n stan t ra te  co=d0/dt su c h  th a t  th e  to ta l 

reflected x -ray s  E Integrated  over lim its 0 i~^02 (m uch g reater th a n  th e  angle o f appreciable 

Bragg reflection) Is:

0 2
'• Px(e)E = dO (2.10)

tn 

0 1

The Bragg reflection in tegral or In tegrated  reflectivity R.. c a n  be  w ritten  as: 

it/ 2

R c = J P x ( 6 ) d e  (2 . 11)
0

an d  by  using  th e  previous resu lts  can  be expressed as:

C3 E
R c  = "1—  (2 . 1 2 )

^0

The m o st sign ificant factors for the  diffraction profile m ay be defined a s  th e  in teg ra ted  

reflectivity R^, th e  FWHM w^ an d  the peak  reflectivity P .̂ As d iscussed  previously, th e  

diffraction profile changes over the  crysta l w aveband.

2.1.4 Refractive Index Calculations.
The p a ra m ete r  5 m ay be w ritten  in  te rm s of th e  u n it cell sca ttering  fac to r F, know n  as  the  

crysta l s tru c tu re  factor, w hich Is the  ratio  of th e  scattering  am plitude due  to  all th e  

e lectrons in  th e  cell to  th a t  due to a  single electron^®:
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w here is th e  c lassical electron radius:

= (2 .14)

V Is th e  volum e of th e  u n it cell. Equation (2.13) c a n  be expressed as:

S ne e2
A.2  2 tc n ie  c 2  

w here n* Is th e  e lectron  density  of the  c rysta l m aterial:

(2 .15)

He = (2 .16)

w here Is Avogadro's constan t, p Is th e  crysta l density  an d  Z^, M are  th e  n u m b er of 

'm olecule  an d  the  grai

5 Na  p e2 Zm

e lec tro n s/m o lecu le  an d  the  g ram  m olar w eight, respec tive^ . F o r d / X ^  In  u n its :

271 IQlB me M 

w hich  sim plifies to:

(2.17)

^  = 2.7008x10-6 (2,18)

Table 2.1 lis ts  p, a n d  M for various crystal m ateria ls.

C orrections for W avelengths near .Absorption Edges

E q u a tio n  (2.13) Indicates th a t 5 / X ^  Is co n s tan t a n d  Independen t of w avelength for a  given 

crysta l. G enerally  th is  m ethod should  be accu ra te  to  b e tte r  th a n  5~>10% provided th e  

d iffracting w avelength region Is far from  crysta l abso rp tion  edges. There are , however, 

v a ria tio n s  a n d  d iscon tinu ities  n e a r  abso rp tion  edges of th e  a tom s w ith in  th e  c ry sta l 

m ateria l. T h is anom alous d ispersion  can  be corrected  In th e  refractive Index calcu lation . 

E q u a tio n  (2.13) from  Com pton an d  AlHson^° c a n  be expressed  as:

5 N A p e 2  r . .  . . .  "
X.2 2jc 1Q18 nie c2 M Ẑn, + Z K | - |  in 1 (2.19)

for rad ia tio n  of w avelength X  n e a r  a n  absorp tion  edge w here Z% Is th e  n u m b er of 

e lec trons in  th e  K-shell of the  absorbing atom . The above equation  app lies for w avelengths 

to  th e  long w avelength side of the  absorption edge. O n the  sh o rt w avelength side, th e  sign of 

th e  a rg u em en t of th e  logarithm  Is sim ply reversed.
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Table 2 .1  C rystal Properties for R efractive Index C alculations

C ry s ta l p (g/cm^) Zm M

A D P 1.80 60 115.0
PE T 1.39 74 136.0
S i 2.33 14 28.08
Ge 5.33 32 72.6
KAP 1.636 104 204.2
N aA P 1.504 96 188.1
CsAP 2.178 140 298.0
TIA P 2.7 166 369.5
NH4AP 1.415 96 183.2
CaCOs 2.710 50 100.1
SIO2 2 .6 6 30 60.1

p C rystal m ateria l density
Zjh N um ber of e lec trons/m ole
M M olar weight in  g ram
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2.2 X-Ray Crystal Spectrometers.
2.2.1 Instrument Parameters.
An x -ray  c ry sta l spectrom eter is a  device w hich u se s  th e  principle of d iffraction for 

m o n och rom atlng  th e  polychrom atic rad ia tio n  em itted  from  th e  sou rce . T he In stru m en t In 

Its  m o st basic  form  Is usualfy  construc ted  from  a n  en trance  a p e rtu re  o r w indow  th rough  

w hich  th e  rad ia tio n  Is viewed or collim ated, a  d ispersion  elem ent (the crystal) an d  a 

d e tec to r for recording the  d ispersed  rad ia tion  o r spectrum . V arious spectrom eter 

geom etries have been  estab lished  In the  la s t eighty yea rs  w hich u se  p lane  o r curved  crystals 

(concave o r convex) In tran sm iss io n  or reflection m ode. S uch  In s tru m e n ts  c a n  be 

com plicated  u s in g  doubly curved c rysta ls  or m ay  u se  m ultip le reflections from  two o r m ore 

c ry s ta ls .

The choice of th e  geom etry prim arity  depends on  th e  experim ental objective a n d  th e  source 

ch a rac te ris tic s . T hus, th e  following factors shou ld  be exam ined:

Spectral fea tu res to  be studied.

S pec tra l reso lu tion  needed.

In te n s ity  of em itted  rad iation .

S pa tia l d im ensions of x -ray  source.

T em poral varia tions In source em ission  an d  repeatab ility  of em ission  featu res.

This sh o u ld  enab le  the  spectroscoplst to define an d  optim ise th e  m ain  in s tru m e n t 

p a ra m e te rs  of:

• W aveband, w here X i  an d  X ^  define th e  lower an d  u p p e r w avelength lim its.

• Resolving Power, X / A X y  w here two ad jacen t lines are  resolved If th e ir  sep ara tio n  Is 

equal to  th e  full w idth a t half-m axim um  FWHM of the  In s tru m en t function .

• S pectrom eter sensitivity, w hich Includes th e  c ry sta l reflectivity Rc, solid angle 

collection VxVy* filter an d  optics tran sm iss io n  T(X) an d  de tec to r efficiency t| factors.

The add itional pa ram ete rs  of tim e an d  space reso lu tion  m ay be  achieved by  ad ju sting  the 

b a lan ce  of th e  p rim ary  In stru m en t charac te ris tics . The choice of th e  final In stru m en t 

geom etry  sh o u ld  reflect th ese  different considerations.

In  th is  section, som e of the  basic In strum en t designs are  described an d  exam ples are given 

to  Illu s tra te  th e  diversity of c rysta l spectrom eters. W hile space p reven ts a  d iscu ssio n  and  

detailed  com parison  of the  different geom etries for each  s tu d ied  source. In stru m en ta l 

resolving pow er Is m entioned  In keeping w ith the  m ain  them e of th is  research . The 

observed spectra l reso lu tion  from  the  different sou rces h a s  been  In th e  range 

0A/A^2x lO “̂ ->8xlO  '‘, and  so high resolving pow er Is defined here  a s  X/AX^5xlO^.

2.2.2 Plane Crystal Spectrometers.
Different types of flat o r p lane crysta l In stru m en ts  have been  designed for x -ray  sources.

1. The Bragg Rotor Spectrom eter for Tokamak Plasm as.

The Bragg ro to r spectrometer^'^ (Figure 2.4) w as designed by  R B arnsley  for diffuse Tokam ak
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p lasm as. The In stru m en t design h a s  evolved from the scann ing  0->20 sound ing  rocket 

spectrom eters*^ bu ilt a t Leicester an d  Is a  tru e  m onochrom ator; th e  m ain  difference Is the  

com pletely ro tating  c rysta l an d  fixed detector. The m ain  fea tu res  a re  th e  slo tted  or g iidded  

co llim ator defining the  resolving power, th e  crysta l ro to r an d  th e  s ta tic  Multi-W ire 

P roportional C ounter (MWPC) for collecting the  diffracted x-rays. A n ab so lu te  angle 

encoder w ith 2.6 m inu te  of arc  reso lu tion  on the  Bragg ro tor gives ab so lu te  wavelength 

ca lib ra tion . The c rysta l ro ta tion  th u s  sequentially  records different p a r ts  of the  sp ec tru m  

w ith  tim e. The hexagonal ro to r ho lds six crysta ls w hich can  be c h o sen  to  observe the  

w aveband  1~^25Â In a single ro ta tion . Different m odes of opera tion  allow th e  crysta l to  be 

^.-locked for m axim um  tim e reso lu tion  an d  m onochrom atic sensitiv ity , scan n ed  slowfy or 

ro ta ted  u p  to lOHz. M axim um  coun t ra te s  of lOMHz can  be su s ta in ed  before driving the  

d e tec to r Into sa tu ra tio n . Time reso lu tion  of ~ lOOpsec Is possible w h en  %-locked to  a  single 

line o r 20  m sec In scann ing  survey m ode. The vacuum  cham ber c a n  be tilted  to  allow spatia l 

s c a n s  a t -2 cm  Intervals of th e  m inor p lasm a rad iu s. The resolving pow er Is determ ined by 

th e  collim ator an g u la r divergence w hich Is 3' for th e  grid an d  7' for th e  soller slots; for 

Bragg angles up  to  65®, X/AX^500-^ 1200 Is possible with the  coarse  collim ator.

The n u m b er of In tegrated  coun ts  N In a spectral line for th e  c rysta l ro ta ting  a t  co n stan t 

a n g u la r  velocity © rads'* Is expressed as (from B arnsley  et al*®):

N = ExAz^!^-^ — hxhyTixns (2.20)
47t (0

(see Figure 2.4(a)), w here Is th e  p lasm a em lsstvlty (photons cm'®s'*) Az Is th e  p lasm a 

d ep th  while hx,hy are th e  cry sta l/co llim ato r height and  w idth, respectively. The pa ram ete rs  

Yx. Yy are  the  collim ator acceptance angles In the  p lane and  perpend icu la r to  the  p lane of 

d ispersion . The form er defines the  In stru m en ta l resolving power. F inally, 'n; ,̂'n8 refer to  the  

filter a n d  detector efficiency an d  th e  tra n sm iss io n s  of th e  spectrom eter s tru c tu ra l 

e lem en ts.

T his Is a  versatile In stru m en t w hich h a s  been  u sed  prim arily  for study ing  low resolution, 

tim e-resolved survey spectra . It c an  be converted to  a  high reso lu tion  2 -crystal 

spectrom eter, d iscussed  In C hap ter 5.

2 . The Flat hOniature Spectrom eter for Laser Plasm as.

Figure 2 .5  show s th e  m ain  fea tu res  of th e  m in ia tu re  space resolving x -ray  spectrometer*^. 

X -rays from  the  p lasm a  are  d ispersed  by th e  crysta l onto th e  film p lane . D ifferent p a r ts  of 

th e  c ry sta l reflect different w avelengths. The w aveband Is de term ined  by  th e  incident 

ang les of th e  rad ia tion  to  th e  crysta l surface. No collim ator Is n ecessa ry  a s  th e  sm all 

sp a tia l ex ten t of th e  p lasm a  (typically 50pm) an d  th e  p la sm a /c ry s ta l sep ara tio n  d istance 

(-20m m ) define th e  an g u la r  divergence of the  x -ray  beam . Resolving pow er of X/AX.-500 Is 

u su a l w hich Is sufficient to  m easu re  the  S ta rk  w id ths of high series m em bers of th e  H- and  

He-llke Ion resonance  lines. Large w avelength coverage AA/X,-0.5~>0.8 Is possible, m aking  

th is  design  Ideal a s  a  low reso lu tion  survey spectrom eter.
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Figure 2.4(a) G eom etry of a  p lane crysta l spectrom eter for diffuse x -ray  sources.
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Figure 2.4(b) Schem atic of th e  Bragg Rotor Spectrom eter.
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The de Broglie Convex Crystal Spectrometer

Film Plane
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X -ray
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Crystal Former

Convex Curved Crystal

Figure 2.7 The de Broglie convex crysta l spectrom eter.
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The Johansson Curved Crystal Spectrometer

Rowland Circle, radius r

Diffuse 
X -ra y  Source

Curved Crystal, ground 
and bent to radius R=2r

Crystal Lattice 
Planes

Figure 2 .9  The Jo h a n ss o n  curved  crysta l spectrom eter.
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The p la s m a /c ry s ta l  d istance  m ay be increased  to  im prove th e  in s tru m e n ta l resolving 

power; th e  m e a su re d  x -ray  flux, however, falls according to  th e  inverse sq u a re  law  an d  so 

sensitiv ity  co n sid e ra tio n s  lim it th e  separa tion  to  50m m . T he ran g e  of in c id en t crysta l 

ang les is red u ced , a n d  consequently  the  w aveband, w ith  increasing  separa tion . The 

spectrom ete r is  aligned approxim ately to  the  p lasm a, w ith  only  a  rough estim ate  of the  

B ragg angle, a n d  so  w avelength calibration  relies on  th e  iden tification  of know n  Hnes in  

th e  spectrum .

A slit (1 0 ^ 2 0 p m  wide) m ay  be in troduced, a s  show n in  th e  figure, to  give sp a tia l resolution 

of th e  p lasm a  p erp en d icu la r to  the  p lane of d ispersion. T im e-resolved sp ec tra  c a n  be 

recorded  if th e  film  is  replaced w ith a  s treak  cam era.

3 . The Von H am os Spectrom eter.

The von H am os spectrometer^® although using  a  curved  c ry sta l, is  still in  princip le a  flat 

c ry sta l in s tru m e n t. F igure 2 .6  from  Kallne et al'® illu s tra te s  th e  spectrom eter geom etry. It 

c a n  be seen  th a t  th e  crysta l curvatu re  is norm al to  the  c rysta l d ispersion  p lane  a n d  is not a 

tru e  focusing design  of the  Jo h a rm  or Jo h a n sso n  a rrangem en t. For u se  w ith  a  Tokam ak 

source , a n  e n tra n ce  ap ertu re  or slit is needed w hich effectively determ ines th e  crystal 

resolving pow er (X/AX=3000 for the  Kallne Instrum ent). The lo ss  of in s tru m e n ta l 

sensitivity , b y  u s in g  a single slit in stead  of a Soller slo t co llim ator in  th e  B ragg ro tor 

design. Is p a rtly  com pensated  by the focusing of the  beam , p e rpend icu la r to  th e  d ispersion 

p lane , onto th e  detector. The range of incident angles allow a  s im u ltan eo u s  polychrom atic 

observation  w h ich  is  achieved using  a MWPC detecto r w ith  1 -d im ensional sp a tia l 

reso lu tion . T he la tte r  con tribu tion  m u st be tak e n  into ac co u n t for the  overall in stru m en t 

resolving pow er.

2.2.3 Curved Crystal Spectrometers.
1. The de Broglie C onvex Crystal Spectrom eter.

The de BrogHe^° spectrom eter, show n In Figure 2.7, co n sis ts  of a  convex c ry sta l w hich 

d isperses th e  inc iden t x -rad iation  onto th e  film plane. It h a s  b e e n  used  extensively with 

x -ray  so u rces  of sm all spatia l extent such  as the  p lam a focus, la se r  p lasm as a n d  sp a rk  

p lasm as (see Peacock  e t al^' and  G ordon^ for example). The in s tru m e n t c a n  readily  observe 

a large w aveband  sim ultaneously , depending on  the  inciden t ang les of th e  rad ia tio n  on the  

crystal, b u t  n eed s  a  detecto r w ith spatia l resolution. Resolving pow er is in  th e  range 

XyAX=500-^ 1500. The in stru m en t h a s  been  u sed  on DITE Tok am ak  (Barnsley^) b u t  needs 

a n  en tran ce  slit. The slit se tting  while defining th e  in s tru m e n ta l resolving power, also 

re s tric ts  th e  collection angle of the  spectrom eter

2. The Johann Spectrom eter.

This spectrom eter w as reported  by J o h a n n ' in  1931, a n d  w as th e  first focusing crystal x-ray  

spectrom eter. F igure 2 .8  ind icates the  arrangem ent; the  c ry sta l is curved in  a  uniform  

cylinder of ra d iu s  R  a ro u n d  an  Im aginary circle of rad iu s  r= R /2 , referred to  a s  th e  Rowland 

circle (RC). T he concave c iy sta l is tangen tia l to RC a t only one point, called th e  crystal pole.
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If th e  x -ray  source  is placed on  the  Rowland circle, th e n  a  w avelength satisfy ing  Bragg's 

law  will be reflected from  th e  full crysta l a rea  a n d  focused onto th e  opposite side a s  

ind icated . A sim ilar p rocess is  repeated  for an o th e r  w avelength com ing from  a  different 

p a rt  of th e  source, so th a t  th e  spectrum  is d ispersed  ro u n d  th e  Row land circle. A position 

sensitive detector is  needed to  record the  focused spectrum .

The m ain  point to  be s tre ssed  here  is no en trance  slit is necessary  to  define th e  

in s tru m e n ta l resolving power. O ne can  th in k  of th e  crysta l d iffraction  profile a s  a n  

Im aginary ap e rtu re  on  th e  RC. A large increase in  sensitivity  is  possib le du e  to  th e  

increased  collection angle of th e  spectrom eter. C hap ter 2 .3  d iscu sses  th e  p a ra m e te rs  of 

w aveband, sensitiv ity , d ispersion  an d  resolving power.

3 . The Johansson Geom etry.

The Jo h a n ss o n  spectrom eter^'', illu stra ted  in  Figure 2.9, u se s  a  concave c ry sta l geom etry 

very sim ilar to  the  Jo h a n n  case. M uch of the  d iscussions concern ing  th e  la tte r  in  th e  

p rev ious a n d  nex t sections equally apply. The m ain  difference is  w ith  th e  crysta l, ground 

a n d  b en t to  a  rad iu s  R so th a t  the  crystal surface lies on the  Rowland circle of rad iu s  r^R /2 . 

The crysta l p lan es  are  still a t  rad iu s  R  For ideal grinding an d  bending , th is  c ry sta l 

a rran g em en t h a s  perfect x -ray  focusing a n d  does no t suffer from  th e  J o h a n n  w id th  de- 

focusing error. In practice, th e  com bination of grinding a n d  bend ing  th e  c ry sta l h a s  

de te rred  m an y  spectroscop ists  from  using  th is  geom etry. However, a  sm all Row land circle 

Jo h a n sso n  in stru m en t for observing laser produced  p lasm as w ould be expected to show  a 

significant increase  in  sensitiv ity , w ith no loss in  resolving pow er, over a  s im ila r J o h a n n  

arrangem en t; th is  shou ld  be investigated. Large Rowland circle geom etries u se d  in  

T okam ak experim ents have negligible w idth aberra tio n s  an d  so  no advan tage  in  

sensitiv ity  or resolving power is expected w ith the  J o h a n sso n  design.

2.3 The Johann Geometry.
W aveband, sensitiv ity  an d  resolving power for th e  J o h a n n  sp ec tro m ete r are  in terlinked  

a n d  depend on the  spa tia l d im ensions of the  x -ray  source.

2.3.1 Waveband.
1. Tokam ak Sources.

The u su a l procedure w hen  operating J o h a n n  spectrom eters w ith  large x -ray  so u rces  like 

T okam aks is to  p lace th e  region of x -ray  em ission on the  Row land Circle RC. T his 

optim ises th e  th ro u g h p u t of th e  spectrom eter w here each elem ent of th e  crysta l diffracts 

equally  a  w avelength increm en t B X  of th e  rad ia tion  in  the  w aveband A X  in  acco rdance  with 

Bragg's law. The spa tia l extent of th e  p lasm a su b te n d s  an  angle to the  crysta l w hich  defines 

th e  m axim um  range of Bragg angles A0 (m easured in  radians) w ith lim its 0i, 02 cen tred  on 

th e  m ean  angle 0. This defines the  wavelength region of in te res t AX, w hen  u se d  w ith the 

d ispersion  rela tion , ignoring h igher o rders an d  refactive index  effects:

AX = 2d COS0 A0 (2 .21)
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w here 2 d Is th e  c iysta l lattice spacing.

F igure 2 .10  show s a  laige source of spatia l extent x  a t position  A  on the  RC. T his su b ten d s  an  

angle of x / r  to  the  RC centre O and  a n  angle x /R  to the  crystal cen tre  C. The sag itta l field 

angle m ay  b e  defined as:

Y x  = ^  (2 . 2 2 )

T h is  angle Yx rem ains Independent of 9 because th e  cross-sec tion  of th e  source  w hich scales 

a s  sin0 is exactly  m atched  by th e  separa tion  d istance  AC w hich  also varies a s  sin0. The 

c ry sta l rad iu s  R should  be chosen  to optim ise th e  w aveband so th a t  A0.

If th e  source is  defined by a n  apertu re  perpendicular to  the  Bragg angle th e n  c a n  be 

m odified from  equation  (2 .2 2 ):

T he in s tru m e n t "f-number" for a n  increm ental source elem ent on  the  RC, w ith  th e  

cond ition  th a t  the  rad ia tion  filling the  crysta l ap e rtu re  W m ak e s  a n  angle w ith  th e  lattice 

w ith in  th e  rocking curve angle w^, c a n  also be w ritten:

W sine W , _ ,
=  ü ë ï ë  = R

2 . O ptim isation for Sm all X-Ray sources

It is  clear from  the  above equations th a t  a s  the  source size becom es sm aller, th e  w aveband 

will reduce linearly  un less the  Rowland Circle c a n  also be reduced . There com es a  point, a t 

R  = 150m m  in  the  p resen t study , w here the  reduction  of the  RC wül becom e difficult to 

achieve w ith  a  crystal bending device. It is th en  likely to red u ce  the  in s tru m e n ta l resolving 

pow er w ithou t increasing  the  w aveband. To observe sm all x -ray  sources of less  th a n  1mm 

diam eter, like laser produced p lasm as, the  spectrom eter is u sed  in  the  de-focus m ode by 

m oving the  source inside the  Rowland Circle. For the  case of a  po in t source a t B in  

Figure 2.10, a  d istance b  from th e  crystal, it is clear th a t it su b te n d s  a larger angle (and 

therefore waveband) from th e  c rysta l th a n  a t the  corresponding  point A on  RC. A ssum ing 

th e  condition R » W , the  angle (p is:

W Sine
(p — ^ (2.25)

However, th e  Bragg angle range A0 is less th a n  cp because of th e  concave crysta l curvatu re  

betw een DE. This can  be show n clearly by looking a t the  Bragg angle of a  pencil r-ay 

difiracting a t the  points C, D and  E. The angle betw een the tangen t to C an d  BC is  th e  Bragg 

angle 0. The point D should  m ake th e  h ighest angle and  so th e  ray  from BD in te rsec ts  with 

the  tangen t to D at:

(p W
02 = e + ^  - 2^  (2.26)
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Waveband for Different Source Geometries

Rowland Circle RC, r

Curved Crystal, R=2r
Crystal Width W=DE

Figure 2 .10 O ptim ising w aveband for different source geom etries w ith  a  J o h a n n
spectrom eter. Diffuse source A of spa tia l ex ten t x  defines w aveband. Point-like 
source B m u s t be p laced w ith in  the  RC to achieve usefu l w aveband.
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Waveband for Spectrometer in De-focused Mode

2.0
#L15 Laser Plasma A! Target

I  / P  AI XII n=2 
’ 7 .757*

1.5

Û

AI XIII L y - a  
7.17Â

(0c
0)
Û

0.5

0.3 - 2 0-1 020

Film Position (mm)

Figure 2.11 The recorded w aveband using  the  J o h a n n  spectrom eter in  de-focus m ode for a 
sm all la se r produced  p lasm a source. The w aveband is  de term ined  from  
co n tin u u m  in tensity  o n  the  sho rt w avelength side of th e  A1XIII Ly-a a t 7 .17Â 
an d  Üie long w avelength side of the  A1XII 2p  in tercom bina tion  line a t 
7.80Â. The arrow s indicate w aveband lim it, though  th e  sh o rt w avelength  side 
does n o t have good co n tra s t w ith b ackg round  noise.
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Sim ilarly a t  po in t E, th e  lowest Bragg angle is  increased  due  to  th e  curved  n a tu re  of the  

c ry sta l by:

(p W
01 = 8 - ^  + ^  (2.27)

Bragg angle range A0 is:

W
A0 = 02 - 01 = (p - (2.28)

The above re su lt  is verified by allowing the  po in t source to  ap p ro ach  th e  Row land Circle. 

Neglecting finite effects due  to  th e  crystal diffraction w idth , th e n  a s  expected b->Rsin0 and  

so A0~^O.

A nother m odification is th e  replacem ent of a  po in t source w ith  a  finite sou rce  of dim ension 

X. T his wiU change th e  Bragg angle range alm ost in  proportion  to  x .  A ssum ing th a t  the  

sou rce  p re se n ts  a  uniform  cross section perpendicular to th e  crysta l an d  R » W  so th a t 

BD=BC=BE, th e n  th e  additional con tribu tion  to A0 is Acp w here:

A(p = g  (2.29)

By letting b  Increase to  the  RC we get the  value obtained in  equation  (2.22). The total Bragg

angle range A0 can  be w ritten:

1 2 .3 0 ,

It c a n  be no ted  th a t  a  consequence of the  increased  w aveband is reduced  sensitivity. The full 

c ry sta l a p e rtu re  W is no longer diffracting th e  Increm ental w avelength 6X, b u t is m ultiplied 

by a  factor k<1 w hich falls m ore rapidly th a n  b /R sin0 . The princip le  for reflection, s ta ted  

earlie r req u ires  th e  inciden t rad ia tion  to be w ith in  the  diffraction w idth  w^ of th e  crystal 

for Bragg's law  to be satisfied. Ray tracing techn iques show  th a t  th e  angle of incidence 

sa tisfies  00<Wc for a  sm all fraction  of the  crysta l w idth for b  le ss  th a n  the  chord leng th  

Rsin0. T his problem , like th e  J o h a n n  width aberra tion , is du e  to  the  crysta l no t lying on the 

Row land Circle. This effect is no t expected to  h ap p en  with th e  perfectly focusing geom etry of 

th e  J o h a n ss o n  type spectrom eter.

3 . E xperim ental V erification.

The above equa tion  (2.30) is verified by looking a t experim ental re su lts  for a  la se r  produced 

p lasm a. The spectrum , show n in  Figure 2.11, #10 1 5 /1 2 /8 7  L15 Is a  record of the  n=2 

tra n s itio n s  of H- an d  He-like A lum inium  genera ted  by irrad ia tin g  a solid ta rg e t w ith an  

in ten se  2o) (green) laser beam . The illum inated a rea  on the  film, a s  m easu red  by the  

co n tin u u m  em ission on e ither side of th e  two resonance lines, is  47 .5m m  in  th e  p lane  of 

d ispersion , neglecting th e  d ep artu re  of the  flat film plate from  th e  Rowland Circle. For a  

crysta l cu rva tu re  of R=300m m  the  m easured  Bragg angle range is  A0=O.158rad. The 

spectrom eter an d  source param eters  are:
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C rystal cu rva tu re  rad ius; R  300m m
C rystal w idth; W 26  ± 1mm
S o u rc e /c iy s ta l separa tion : b 90m m
M ean Bragg angle: 0 59.7®
Source d im ensions: x  050pm

P u ttin g  th e  values into th e  equation  for A0 gives 0 .158  ± O.OOGrad. T h is agrees very well w ith 

th e  m easu red  resu lt, th e  m ain  e rro r arising from th e  approxim ate c ry sta l ap e rtu re  setting.

It c a n  be  noted  th a t  the  con tribu tion  to  the  angle range from  th e  sm all source d im ensions is 

a lm ost negligible, the  x -ray  em ission  being well approx im ated  to  a  po in t source. F inite 

so u rces  like beam -foil ta rg e ts  w ith  x= 04m m  have also  given good agreem ent w ith  th e  above 

d e riv a tio n .

2.3.2 Sensitivity.
The sensitiv ity  equation  for a  J o h a n n  in stru m en t c a n  be w ritten  a s  (from B arnsley  et al^^ 

th e  to ta l signal N (photons) recorded by th e  detector in  a n  observation  period t  over the  

b a n d  Ak:

W 
N = K Vy R Rc Sine H t|;̂  t

Az
4k

(2 .31)

w here W, H are  th e  the  c iy sta l w id th  and  height d im ensions respectively. R  is th e  crystal 

rad iu s, \j/y is the  angle sub tended  by  the source perpend icu lar to th e  dispersion plane, R^ is 

th e  c rysta l in teg rated  reflectivity, describes th e  detec to r an d  filter efficiency, E;^ is  th e  

p lasm a  em issivity (photons cm'^s *) an d  Az is  the  p lasm a  depth . The assu m p tio n  th a t  th e  

sou rce  is  dim ensionally large enough to observe th e  specified b a n d  AX = ^  - Xi, for chosen  

difiractor w idth  W and  rad iu s  R, m u s t hold. The w avelengths Xj, Xg correspond to  angles 0i, 

02 respectively on  the  Rowland Circle such  th a t in  th e  optim um  s itu a tio n  th e  sag itta l field 

angle m ay be defined as:

Yx = 02 - 01 (2 .32)

In  th is  case, a s  can  be seen  from  equation (2.31), R  can  be cancelled completely, indicating 

th a t  th e  signal sensitivity  to  em issivity ratio  is in dependen t of R. The R -dependence is in 

fact con ta ined  in  th e  o ther variables. As s ta ted  in  section  2 .3 .1 , th e  p a ram ete r k is  

in troduced  to  m odify th e  in s tru m e n t f-num ber (= W /R), a n d  therefore th e  sensitivity, w here 

th e  sou rce  sp a tia l d im ensions do no t satisfy the  b a n d p a ss  considerations. It c a n  be w ritten  

as:

This effect shou ld  n o t be ignored a s  the  value of k  m ay  be  sm all (0. l->0.005) for th e  

in s tru m e n t u se d  in  "de-focused" m ode with lase r p lasm a  sources. The m onochrom atic 

sensitiv ity  sh o u ld  be m axim ised  by  placing the  sou rce  in  th e  correct position  for the  

specified b a n d p a ss .

30



2.3.3 Dispersion Relation.
1. Curved D etector on Rowland Circle.

If th e  curved photographic film o r position  sensitive detecto r lies exactly  on th e  RC, th e n  it 

c a n  be trivially show n th a t  any  position  on RC a  d istance  ôx from  th e  fiducial position x^, 

corresponding to  the  setting  angle Ĝ , for wavelength su b te n d s  a n  angle 50 from  the 

c ry sta l pole where:

ÔX = R 50 (2.34)

The w avelength increm en t 5X, ignoring refractive index effects an d  h ig h er o rders  for th e  

m om ent, corresponding to  50 can  be expressed as:

SX = 2d COS0 80 (2.35)

from  equation  (2.4). The p late  factor D, otherw ise know n a s  th e  inverse  linea r dispersion, 

can  be defined from (2.34) an d  (2.35):

5X 2d COS0
(2.36)

an d  the  Bragg equation  for X̂  = Xo+ 5X: 

Xi = 2d sin 0 0 +  ÿ (2 .37)

2 . F lat D etector Tangential to  th e Rowland Circle.

For a  fiat tangen tia l detecto r touching  the  Rowland circle a t  one point, see Figure 2.12, the  

position  ÔX, from  th e  fiducial po in t x*, on th e  detector corresponding  to  a n  angle 50 is:

80 = tan-1
8x sin0'

R sin0o + 8x cos0'
(2 .38)

w here 0 ' is th e  tangen tia l angle of ro ta tion  and  0„ is  th e  rreference angle corresponding to  x^. 

The convention is  adop ted  w here 5x is  positive if it is to  th e  long w avelength side of x^ and  

negative for th e  sh o rt w avelength side. The sim ple Bragg law  is  w ritten:

n^ i = 2d sin(0o + 80) (2 .39)

3 . E xperim ental V erification .

A sp ec tru m  w ith a  su itab le  n u m b er of identified resonance  lines w as analysed  in  some 

detail to  verify th e  derived eaqrression for th e  spectrom eter d ispersion  . Figure 2.13, a  DITE 

Tokam ak spectrum  #20 2 2 /5 /8 6 , show s strong  x -ray  lines in  th e  6 .6->7.2Â w aveband 

em itted  from  in trin s ic  M agnesium , Silicon im purities  a n d  la se r  ab la ted  A lum inium .
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Schematic of Flat Detector Tangential 
to Rowland Circle

Rowland Circle

Rsln ft

Curved Crystal, R

Figure 2.12 Flat de tec to r p late  tangen tia l to  the  Rowland circle.
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DITE Spectrum # 20  for Dispersion Check
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X AI XIII 1s -2p  7.176Â

X j SI XIII 1s -1 s2p  6 .648A  

.  Xg Si XIII 1s^-1s2p 6 .688A
X^Si XIII 1s‘̂ -1s2s 6 .740A

X X.

_L

6.8

WAVELENGTH (A)
7.0 7.2

Figure 2 .13 DITE spectrum  #20  for th e  6 .6 ^ 7 .2Â w aveband em itted  from  in trin sic
M agnesium  XII, S ilicon XIII im purity  ions a n d  A lum inium  XII a n d  XIII ions 
from  lase r ab lation . The theoretical w avelengths in  Table 2.2  c a n  be  com pared 
w ith the  values ca lcu la ted  from  th e  d ispersion  equation.
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T he resolved lines labelled in  Table 2.2 a s  well a s  ad jacen t unreso lved  lines were

assigned  w avelengths from  Drake*®, Mohr** and  G arcia and  Mack*®. The unresolved 

com ponen ts  were carefully  considered:

• The A1XII Is* ^So - ls3 p  ®Pi resonance line is blended w ith  Xg b u t  is expected to be 

w eak.

• The Si Xin Is* ^Sq - ls 2 p  ®Pg line, blended w ith X3 w ith a n  In ten sity  ratio  of 1:5 (from 

la te r  sp ec tra  w ith h igher resolution) and  con tribu ting  line cen tro id  sh ifts  of less 

th a n  0 . ImÂ.

• The Mg XII I s  ^Si/2 - 4p *P resonance line occurs close to  X4 a n d  h a s  -40%  the 

in tensity  of the  resolved Mg XII I s  ^Si/g - 3p  *P line a t 7 .1Â.

• Mg XQ ls-3 p  line h a s  a n  unresolved fine s tru c tu re  com ponent w hich is  assum ed  to  be

sta tistically  w eighted 2:1 for *P3/g:*Pi/2. The two com ponen ts  were m odelled w ith 

G aussian  profiles for a  range  of spectral reso lu tion  a n d  a  m e a n  value adopted.

• The A1 x m  L ym an-a doub let profiles were m odelled w ith  G a u ss ia n s  and  it w as

show n th a t  for spectra l reso lu tion  of 1:1800 th e  m easu red  line  centro ids were shifted 

slightty together. This w as  ta k e n  in to  accoun t in  Table 2 .2 .

Low in tensity  Iron  L-shell em ission  w as expected to  have little effect on  th e  reference line 

cen tro ids. Low in tensity  sate llite  s tru c tu re  to th e  He-like A1 a n d  Si lines could be neglected 

because:

• The line in tensity  is low, scaling  w ith atom ic n u m b er a s  Z^.

• The p lasm a tem p era tu re  T, is high from additional heating .

T he theoretical w avelength va lues  In  Table 2.2 are  accura te  to  b e tte r  th a n  0.05m Â (7ppm). 

The line positions on film, listed  in  th e  last co lum n of Table 2 .2 , relative to  the  reference 

m a rk  defining th e  setting  Bragg angle 6,  were carefully determ ined  u s in g  a  plate m easu ring  

in s tru m e n t w ith digital read o u t accu ra te  to ± 5pm. They were a lso  confirm ed by 

m ea su rem en ts  from  a  ca lib ra ted  densitom eter. R epeated m ea su rem e n ts  allowed th e  m ean  

va lues of the  strongest lines to  have a  tolerance approaching th e  rea d o u t accuracy, b u t the  

o th e r  lines like X5 w ith  low S /N  w ere a  factor of th re e  higher. A n u p p e r  lim it of ± 20pm  

(corresponding to  0 .1 5mA) w as estim ated  for the  line position  accu racy . (This could be 

im proved by  digitising th e  film in  2-D onto com puter an d  com pressing  to  1-D to  improve 

th e  S /N  ratio  by a  factor of five).

M ost of th e  spectrom eter p a ra m ete rs  needed in  th e  d ispersion  re la tio n  w ere determ ined  

du ring  th e  alignm ent procedure. T hese were the  c iysta l rad iu s  R = 1200± lm m , th e  setting  

Bragg angle 0o=4O.5® an d  th e  detector angle tangen t to the  Rowland Circle 6=40.5®. (These 

two angles shou ld  b e  identical w ith  a  tolerance of 1 or 2  m in u tes  of arc , b u t  they  are 

in d ep en d en t variab les a n d  have a  different effect on  the  d ispe rs ion  function).

A lite ra tu re  search  for th e  lattice  spacing  of the  crysta l u sed  in  th e  experim ent. A m m onium  

Di-Hydrogen P hosphate  ADP (101), gave th ree  values. These w ere experim ental
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m ea su rem e n ts  by D eslattes et al*® , Blake et al®° of 2d=10.640Â an d  Wyckofî®^ of 

2d=10.658Â , see C hap ter 8 . The values differed by  1 p a rt in  500, ostensibly too large a n  error 

fo r check ing  th e  d ispersion  accurately.

It m ay  be  no ted  th a t  ADP is a  synthetic, inorganic crysta l w here th e  p roperties  w ould be 

d ep en d en t on  th e  growing conditions to a  g rea te r degree th a n  c ry sta ls  of h igh  p u rity  Silicon 

a n d  G erm anium . The refractive index of S/X*=(2.40±0.24) x  10*®A'* w as ca lcu la ted  from  

section  2 . 1 .

The five p aram eters  R, 0 ,̂ 8 , 2d  an d  5/X* were u se d  in  th e  d ispersion  equations (2.8), (2.38) 

a n d  (2.39) a n d  optim ised w ith in  th e  given to le rances to  fit th e  line positions b y  m ethod  of 

le a s t sq u a re s  to  th e  theoretical w avelengths of Table 2 .1 . Sevei-al im portan t p o in ts  were 

found  to hold:

(a) A m in im um  for th e  least sq u a res  could  alw ays be found  for a  com bination  of fixed or 

floating p a ram ete rs  w ith th e  exception of (c) below.

(b) The mean wavelength discrepancy from theory was SX=0.17mA (25ppm) and the 

values for remained stable to ±0.05mA even when only two line positions were 

used in the fit instead of the seven,

(c) T he 2d  spacing, w hen allowed to vary, c o n s is te n t^  gave a  value of approxim ately  

10.66A, W hen held fixed a t 10.6402A, no  m inim um  w as found an d  th e  re su lta n t 

w avelength discrepancy w as abou t two orders of m agn itude  g rea ter th a n  (b). The 

la ttice  spacing  of 10.658Â w as therefore chosen.

(d) A to lerance of ±10% in  the  refractive index 5/X*. in troduced  a  sm all change of 

±0.015mA (about 2 ppm) for Xj-^Xg. This w as negligible w hen  com pared  w ith the  

e rro rs  in  (b) above.

Table 2 .3  show s th e  re su lts  of the  optim ised d ispersion  curve, giving th e  spectrom eter 

p a ra m e te rs  a n d  w avelengths corresponding to  th e  line positions. The n u m b ers  in  b racke ts  

show  th e  w avelength discrepancy, in  mA, from  th e  theoretical va lues of Table 2 .2 . The th ird  

co lum n show s th e  stab ility  of the  m easu red  w avelengths w hen  only two line positions are 

u se d  in  th e  optim isation fit. The accuracy  of the  m easu red  w avelengths, using  two hnes as 

references, w as  m ainly  limited by th e  s ta tis tica l e rro rs in  th e  line positions a n d  unresolved 

lines in  X4 a n d  X5 for example.

The d a ta  above h a s  dem onstrated  th e  s tren g th  of u sing  the  geom etrical expression  for 

ca lcu la ting  th e  d ispersion  function. Knowledge of the  spectrom eter p a ram ete rs  from  th e  

c rysta l a lignm ent an d  focusing p rocedure is c rucial in  th is  regard . The achieved resu lt also 

confirm s th e  h igh accuracy  of th e  crysta l cu rv a tu re  w hich affects the  observed spectra l 

reso lu tio n  a n d  d ispersion  equally.

More precise  w avelength m easurem ents, of in te res t for th e  w ork of C hap ter 7, could  be 

ob ta ined  by  a  com bination  of the  following:

(a) H igher spectra l resolution, revealing th e  ex ten t of unresolved lines.
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Table 2 .2  T heoretical w avelengths and corresponding m easured lin e p osition s for D1TE)#20

L ine Id e n tif ic a tio n W avelength
Â

A djusted  
W avelength (Â)

P o s i tio n
(mm)

Xi A lX n ls2  lS o - ls 3 p  IP i § 6.63476 6.63476 -41.020 ± 0 .007
A lX n ls2  1 S o -ls3 p § 6.64468

^2 S iX m  ls2  l S o - l s 2 p  ip i § 6.64795 6.64795 -39.270 ± 0 .005
S iX ra  ls2  1S o - l s 2 p 3P2 § 6.68499

^3 SiXffl ls2  lS o - l s 2 p 3 p i § 6.68819 6.68819 -33.834 ± 0 .011
Mg XU I s  ^ S i /2  -4p ^Ps/ 2 t 6.73775 0
Mg Xn I s  ^ S i / 2  -4p ^ P i/2 t 6.73819 0

X4 S iX m  ls2  lS o - ls 2 p  3Si § 6.74029 6.74029 -26.782 ± 0.005

X5 M g x n  I s  ^ S i /2  -3p ^Ps/2 t 7.10577 7.10614 +27.531 ± 0 .017
M g x n  I s  2S i /2  -3p 2P i/2 t 7.10691

A lX in I s  ^ S i /2  -2p ^P3 /2 t 7.17091 * 7.17096 +37.961 ± 0 .004

X7 A lX m  Is  ^ S i /2  -2p ^ P i /2 t 7.17632 * 7.17616 +38.820 ± 0 .007

Key:

§ Drake^®. The estim ated  erro r due to h igher order u nca lcu la ted  term s is  O.Sppm.
NB: D rake 's  prev ious ca lcu la tions for th e  tra n s itio n  frequencies of He-like ions 
differed from the  above by  a  system atic factor of 1.4ppm .

t  G arcia a n d  Mack^®.

$ M ohr^^. The values for A1 Ly-a agree to O.Sppm.

0 The Mg XII ls -4 p  lines were modelled to give a m ean  value of 6.73790Â.

• Similarly, the  ratio  of th e  Mg XU ls-3 p  P3 / 2 :P l / 2  w as expected to be 2:1.The two lines
were m odelled w ith G au ss ian  functions a n d  by averaging th e  resu lts  for spectra l 
reso lu tion  ranging from 1300 to  1700 gave a  m ean  value of X=7.10614Â.

* The Al XII Ly-a doublet w as m odelled w ith G aussians, a s  above, w here a  sh ift in  the
cen tro id  of each line w as found and  ad ju sted  accordingly.
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Table 2 .3  R esults from O ptim ised D ispersion Curve.

P a ra m e te r
F itting  R esu lts

7 Line Fit
ÔX (mÀ)

2 Line F it
ÔX (m ^

00 n 40.55 40.55
e n . 40.47 40.60
2d (A) 10.658 F 10.658 F
m 2  (Â-2) 2 .4 0 x 1 0 -^  F 2.40 X 10-6 F
R  (mm) 1199.0 1 2 0 1 .0
Xi 6.63480 (0.04) 6 .63476 (0 )
^2 6.64795 (0 .0 0 2 ) 6.64790 (-0.05)
^3 6.68839 (0 .2 0 ) 6 .68834 (0.15)
X4 6.73998 (-0.31) 6.73993 (-0.36)
X5 7.10636 (0 .2 2 ) 7.10638 (0.24)

7.17086 (-0.09) 7.17092 (-0.04)
X7 7.17610 (-0.06) 7.17616 (0 )

M ean S quare  Difference, AX 0.17m A 0.18m A

T his tab le  show s the  w avelength resu lts  from  optim ising th e  spectrom eter p a ra m e te rs  in 
th e  d ispers ion  equation , based  on th e  theoretical w avelengths of Table 2.2 a n d  th e ir  
respective m easu red  line positions. See th e  tex t for pa ram ete r descrip tion.

The second  co lum n show s optim um  fit for p a ram ete rs  an d  w avelengths from  m easu red  line 
p o s itio n s .

The th ird  co lum n in  p a ren th eses  in  u n its  of mA, gives the  d iscrepancy  w ith  theory .

The m ea n  sq u a re  wavelength discrepancy AX is 0 .17mA show n in  th e  la s t row.

The fou rth  a n d  fifth co lum ns show  th e  stab ility  of the  m easu red  w avelengths w hen  only 
two w avelengths X%, Xy are used  in  the  fit.

N.B: F  beside 2d and  S/X  ̂refers to fixed param eter.
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(b) C iysta l p roperties  w ould have to be know n m ore exactly. For c ry s ta ls  n o t described 

in  th e  lite ra tu re , ca lib ra tion  on th e  2 -crystal spectrom eter in s tru m e n t a t  Leicester 

w ould  be  w orthw hile.

(c) Im proved ro ta tio n  s tages  an d  crysta l alignm ent for a c cu ra te  sp ec tro m e te r 

p a ra m ete rs .

2.3 .4  Instrumental Resolving Power.
The crysta l resolving pow er w as defined earlier in  equation  (2.5). A s im ila r fu n c tio n  m ay be 

defined for th e  in s tru m e n ta l resolving power w here th e  to ta l a n g u la r  re so lu tio n  of th e  

spectrom eter A0 rep laces w^ in  equation  (2.5). Usualfy A0 is  de term ined  by  th e  m ain  

com ponen ts  of th e  in stru m e n t w here A0 i=Wc A0g denote th e  c ry sta l rocking  curve w idth 

a n d  th e  a n g u la r reso lu tion  of th e  detector system , respec tive^ . T he c h o sen  c ry sta l depends 

o n  th e  w aveband of in te res t while the  la tte r  is defined by  th e  in h ere n t sp a tia l reso lu tion  Ax 

of th e  detec to r a n d  its  d istance  from  the  crystal:

For photo-electric detectors, A0g m ay only be reduced  to a n  acceptab le  level by  increasing 

th e  crysta l rad iu s  R. No restric tions are needed  on R for th e  u se  of pho tograph ic  film with 

h igh  sp a tia l reso lu tion .

There are  fu rth e r  con tribu tions to A0 due to a  variety of focusing an d  geom etrical effects.

The m ost significant is  th e  quality  of th e  generated  crysta l cu rv a tu re  o r x -ray  focus A03.

This can  be  m easu red  directly (see B itter et al®*) or equally c a n  be in te rp re ted  from  the  

optical focus in  visible light. D iscussion  of th is  point is reserved  to C h ap te r 3.

Johann  A berrations

These focusing defects, labelled as  the  w idth and  height e rro rs, arise  from  th e  in terac tion  of 

th e  x-ray  source  an d  th e  J o h a n n  geometry. The crystal does n o t rem ain  tan g en tia l to the  

Row land circle a t all p o in ts  an d  th u s  is no t perfectly focusing. The deviation  from  RC 

increases  w ith  crysta l w idth, and  the  associated  focusing e rro r defined by  Jo h an n ^  is:

' " " I

The w idth e rro r A84 is  often m isin terp re ted  a s  a n  angu lar w id th , w hereas in  fac t it is  an  

a n g u la r d isp lacem ent to  the  sh o rt wavelength side of the  line. A convolution of th e  spectral 

profile w ith each  crysta l elem ent over the  to ta l w idth w ould be needed  to  ca lcu la te  the  

overall b roaden ing  effect. Since A04 is p roportional to W*, m ore th a n  h a lf  of th e  p eak  

in tensity  is w ith in  A0 4 /4  an d  th is  m ay be a b e tte r  estim ate. The crystal ra d iu s  m ay also be 

increased  to  reduce th e  w idth error. The Jo h a n sso n  geom etry h a s  perfect focusing and  

therefore th e  w idth  e rro r is ignored.
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T he J o h a n n  he igh t e rro r is  due  to  the  superposition  of a  se ries  of parabolic  line foci 

d isp laced  vertically; each  pa rabo la  is associated  w ith a n  increm en ta l po in t sou rce  

p e rp en d icu la r to  th e  p lane  of dispersion. This m ay be illu s tra ted  in  Figure 2 .1 4  w here Ax is 

th e  line b roaden ing  firs t reported  by Jo h an sso n . A ssum ing th e  detector, c ry sta l a n d  source 

a re  all th e  sam e height H, th en  the  height error m ay be w ritten  as:

" 8R2 sW  cose
Sandstrôm®® m ak es a n  estim ate  of th is  effect for general c ry sta l geom etries. He s ta te s  th a t  

th e  rad iu s  of cu rva tu re  p of th e  reflected beam  a t the  detector p lane  is due to  th e  law of 

selective reflection  of m onochrom atic  rad ia tion  from  a  po in t sou rce  a t  A, illu s tra te d  in  

Figure 2 .15. T his m ay  be w ritten:

p = (1 + a) COS0 (2.43)

w here 1 is th e  c ry s ta l/d e te c to r separation  and  a  is the  c ry s ta l/so u rc e  separa tion . For two 

po in t sou rces d isp laced  vertically by a d istance h , a  latera l d isp lacem ent b  of th e  curves in 

th e  p lane of d ispersion  is no ted  where:

 ̂" 8 a +Ï) cose
For th e  J o h a n n  geom etry, l=a=Rsin0 in  which case a functional form  sim ilar to  

equation  (2.42) can  be derived b u t is a factor of two less th a n  th e  calcu lation  of A05. It is not 

obvious w here th is  d iscrepancy  arises from.

It m ay  be no ted  th a t th e  cu rva tu re  is tow ards the  long w avelength side. For sm all point-like 

la se r  p lasm a  sources, th e  crysta l height aberra tion  is negligible an d  th e  spectra l line 

cu rva tu re  is clearly  visible; p decreases with increasing X. Diffuse T okam ak so u rces  should 

be  considered  carefully as  A0g is likely to be larger th a n  A04 an d  m ay need  apertu ring  of the  

sou rce  or crysta l height.

The erro r due  to  th e  tangen tia l film plate deviating from RC a t all po in ts except the  film 

pole will be  g rea tes t for the  extrem e long and  sh o rt w avelength lim its. If th e  overall length 

of the  tangen tia l p late  is x, th en  th e  greatest angu lar divergence A0e will depend  on the 

in stru m en t f-num ber W /R  where: 

x2  W
= 8R 3 s ln 2  0 ‘2 . 4 5 )

Similarly, a  defocusing erro r A0y will occur if the  film pole is  d isp laced  by a n  a m o u n t Ad, 

w here th e  c ry s ta l/film  sep ara tio n  is d=Rsfri0:

Ad W Ad W

It m ay be no ted  th a t  o th er defocusing errors, se tting  angle m isalignm ent or finite depth  

effects in MWPC for exam ple, m ay  be calculated  from  the  eq u a tio n s  listed above.

39



- — A x

Figure 2 .14  E ach  curve show n here  rep resen ts  th e  sam e w avelength b u t  from  a  different
p a rt of th e  source perpend icu la r to  th e  p lane  of d ispersion. The superposition  of 
all cu rves leads to  a  broadening  Ax=RA05 w hich depends on th e  crysta l height, 
rad iu s  an d  Bragg angle.

Figure 2 .15 Sandstrôm ^^ gives a  schem atic  of th e  Influence of the  so u rc e /c ry s ta l he igh t on 
th e  w idth  an d  shape of th e  x-ray  Une. Note th a t  th e  observed line cu rva tu re  
Ind ica tes a  sim ilar c ry sta l diffraction a re a  for m onochrom atic  rays. 
B roadening of lines will decrease a s  so u rce /d e tec to r sep ara tio n  Increases.
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2.4  Conclusions.
It c a n  be  conc luded  th a t  th e  J o h a n n  spectrom eter m ay  be optim ised for h igh  resolving 

pow er w ith good signal th roughpu t. It h a s  the  advantage over o th e r  spectrom eter geom etries 

o f requ iring  n o  ap e rtu re  stop, th u s  no t Incurring  a  loss of sensitivity . T his Is In addition to 

s im u lta n e o u s  observation  over the  specified b a n d p a ss .

F o r T okam ak  p lasm as, th e  w aveband Is lim ited by the  viewing po rt d im ensions, 0100m m  

for DITE, a n d  c ry sta l ra d iu s  R~ 1000m m  from  resolving pow er considera tions below. The 

m ax im um  u seab le  w aveband Is X/AX=0.05~>0.09 an d  requ ires a  detector of length  ~ 100mm.

The d ispe rs ion  function  h a s  been  derived an d  show n to give relative w avelength 

m ea su rem e n ts  accu ra te  to  X/6X=4xl0‘̂ from  know n spectra l lines In the  b a n d  6.6->-7.2Â. 

H igher accu rac ies  are  possib le for ad jacent spectra l lines In a  sm aller w aveband (see 

C h ap te r 8 ). W hile th e  d ispersion  function  Is u sefu l for Identifying unknow n lines, the  

a c cu ra te  w avelength  ca lib ra tion  Is also essen tia l for m easu rin g  line w id ths In profile 

a n a ly s is .

The In stru m en ta l resolving power is determ ined by m any  fac to rs  a s  show n In section 2.3, 

a n d  large diffuse so u rces  like Tokam ak p lasm as p resen t th e  m o st serious problem s to 

achieving h igh  spectra l resolution. The equations in  C hap ter 2 .3 .4  m ay be u sed  to  choose 

th e  in s tru m e n t specification  m ore precisely. The c rysta l d iffraction profile u ltim ately  se ts  

th e  resolving pow er, b u t  from  Table 4 .1 (C hapter 4), c rysta l exam ples a re  available offering 

In  th e  soft x -ray  b a n d  6-^13Â. The J o h a n n  e rro rs  an d  o ther defocuslng effects m ay 

be held low by  su itab le  apertu ring  of the  c ry s ta l/so u rc e  d im ension  or choice of crystal 

rad ius. In  th is  respect, crystal curvature  R m u s t exceed 1000m m . Using th is  a s  th e  starting  

poin t, th e  following In stru m en t param eters  m ay be suggested:

R 1300 ± 1m m associa ted  to lerance is  given.

W x H 2 0 x 1 5mm^ crystal apertu re .

X 9 0m m to ta l leng th  of tangen tia lly  m ou n ted  detector.

Ax lOOjim detecto r sp a tia l reso lu tion .

0 5 0 ± 0 .1 6 T approxim ate Bragg angle and  alignm ent tolerance.

The assoc ia ted  defocusing errors are:

A02 detec to r reso lu tion A/AA.= 1. 2x 10 '‘

A04 J o h a n n  w idth erro r VAX>4.8xlO'‘

A05 J o h a n n  height erro r X/AA.=3.5xlO''

A06 defocuslng a t ends of tangen tia l de tec to r X/A%= 1.6x10''

A07 erro r In rad iu s  setting X/AX=3.2xlO"

A07 Bragg angle m isalignm ent A/AA.= 1.3x10"

It c a n  be  se en  Im m ediately th a t  the  detector spa tia l reso lu tion , the  c rysta l diffraction w idth 

an d  the  B ragg angle a lignm ent con tribu te  equally  to  the  final In stru m en ta l resolving 

power. The final figure w ould be a  convolution of th ese  a n g u la r w idths. The resolving power

41



shou ld  be  m axim ised  with th e  following p rocedures. The e rro r AGg m ay be red u ced  by  using 

th e  cen tra l p a r t  of th e  detector fram e. The rad iu s  R  can  be Increased  If th ere  Is no  fu rth e r 

Im provem ent In  th e  detec to r spa tia l reso lu tion  o r angle a lignm ent. U ltim ately, th e  

In stru m e n ta l resolving pow er will converge to  th e  lim it se t by  th e  crysta l d iffraction  w idth. 

The o th e r  defocusing e rro rs  have negligible con trib u tio n  for th e  listed  sp ec tro m e te r 

p a ra m ete rs  a t  th e  specified A/AX=10" level.

The one e rro r so  fa r  Ignored, w hich the  a u th o r  feels Is the  m o st fundam en ta l to  th is  

In stru m en t is  th e  generation  of the  crysta l cu rva tu re . The qua lity  of th e  c ry sta l ra d iu s  not 

only affects th e  resolving power, b u t  h a s  consequences for th e  d ispersion  re la tio n  a n d  

signal th ro u g h p u t. A n equalfy high specification (XyA%=4xlO") m u s t be se t in  line  w ith  the 

o th er ab erra tio n s. The p rocess of choosing th e  c rysta l focusing m ethod, a lig n m en t an d  

testing  are  described  In C hap ter 3.
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Introduction.
In  th e  prev ious chap ter, th e  Rowland circle geom etry w as ch o sen  b ecause  it sa tisfied  the  

m ain  objectives of h igh spectra l resolving pow er and  high signal th ro u g h p u t over a  usefu l 

w aveband. T h is  ch a p te r  describes:

• T he experim ental a p p a ra tu s  and  specification requ ired  for th e  J o h a n n  

c o n fig u ra tio n .

• T he fo u r b a r  crysta l bending  jig  Is explained in  detail; th e  principle o f opera tion  and  

i ts  perform ance are  com pared to  o ther bending  devices.

• The p rocedu res  for focusing an d  aligning the  crysta l a re  outlined.

• M ethods are  devised for testing  th e  th erm al an d  optical s tab ility  of th e  device.

3.1 Spectrometer Description.
Two versions o f th e  spectrom eter were designed for u se  w ith va rious  labora to ry  sou rces and  

although  having  different featu res, bo th  were based  on th e  sam e principle. A v acu u m  

version  w as firs t bu ilt, for Rowland circle d iam eters  generally  g rea te r  th a n  Im , for 

observing T okam ak p lasm as (see C hap ter 5) an d  w as also u sed  w ith fast Ion beam  sources 

(see C h ap te r 7). The spectrom eter In Its v acuum  system  w as bolted externally  to  these  x-ray  

sources. M ost of the  vacuum  cham ber, w hich w as an  Integral p a rt  of th e  spectrom eter, w as 

designed by  R  B arnsley. A second vacuum -less spectrom eter for Rowland circles In the  

range R = 0 .1 5 ^ 0 .5m  w as designed for laser produced p lasm a x-ray  sources (C hapter 6) and  

w as m o u n ted  Inside the  lase r ta rge t cham ber, d im ensions ~ 01m .

3.1.1 Basic Spectrometer Design.
The basic  spectrom eter consisted  of the  crysta l bending jig  a n d  de tec to r/film  ho lder 

m oun ted  on  h igh  preclson  tilt, tran s la tio n  a n d  ro ta tion  stages, supp lied  by Micro 

C ontrôle^, a t  opposite ends of a  rigid struc tu re . Figure 3.1 Is a  photograph  of th e  large 

Rowland Circle vacuum  spectrom eter. For th e  large spectrom eter, th is  w as a rigid steel tube  

of In ternal d iam ete r 150m m  by  600m m  long an d  4m m  wall th ick n ess, w hich also form ed 

p a rt of th e  v acu u m  system . This provided good m echan ical stab ility  a n d  allowed th e  crysta l 

to be focused  an d  aligned on a  fiat m etrology bench  prior to placing in  the  m ain  cham ber. 

The sm all in s tru m e n t, see Figure 3.2, u sed  a com m ercial Ealing "continuous cast" Iron 

tr ian g u la r op tical bench^® for th e  spectrom eter s tru c tu ra l su p p o rt.

3.1.2 Vacuum System.
The m ain  c h a m b e r for the  vacuum  version consisted  of a  ported  cylinder having  two 

0100m m  ports  for observing the  source an d  two 0150m m  po rts  angled a t lO*’ a n d  30® for 

receiving th e  spectrom eter tube. The crystal w as th en  aligned w ith the source u sin g  the 

flexible bellows a s  indicated  In Figure 5.4. The com bination of angled ports, w hich  could be 

re-configured relatively easily, allowed a range of Bragg angles from  24®->66°. A ccess to
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Figure 3.1 The vacuum  version of th e  Jo h a n n  spectrom eter Is show n  In th e  photograph  
(next page). The vacuum  tube  gives th e  spectrom eter Its  s tru c tu ra l rigidity; the  
crysta l an d  detector p latform s are m o u n ted  directly from  th e  tube. The crystal 
bending  jig  Is m oun ted  to  platform  via th e  alignm ent s tages. The detector 
platform , beside th e  spectrom eter. Is norm ally  m o u n ted  Inside th e  tube. The 
cradle holding the  ro ta tio n  stage an d  film plate, can  be positioned onto the  
Rowland Circle by th e  slide m echanism .

Figure 3.2 (on th e  page after next) Indicates th e  v acu u m less  version  for lase r p lasm a x-ray 
sources. The fea tu res are a s  described In Figure 3.1 except th e  triangu lar o p t lc i  
bench  replaces the  vacuum  tube  for s tru c tu ra l support.
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th e  spectrom eter w hen In s itu  could be achieved via the  large top  an d  bo ttom  lids. The ta n k  

w as evacuated by  a  turbo-m olecular pum p bolted onto the  u n u se d  150m m  port. A second set 

of bellows gave radial scan s  of DITE, Figure 5.4, (Chapter 5), th o u g h  m o st re su lts  presen ted  

here  were for cen tral chord  m easurem ents.

The sightUne to  th e  Tokam ak w as separately  pum ped a n d  iso la ted  from  th e  spectrom eter 

ta n k  vaccum  by  a th in  u n su p p o rted  window; 2pm  M ylar fo r a n  observation  w aveband  

X,<10Â an d  1pm  Polypropylene for X>10A. A h a n d  valve allowed th e  sp ec tro m ete r to  be 

b rough t u p  to  a tm osphere w ithout d isturb ing  th e  slghtllne p ressu re . U nder typical 

operating  conditions, the  slghtllne p ressu re  w as 10'®Torr a n d  th e  spectrom eter ta n k  

p ressu re  w as lO’̂ Torr. A lthough th e  vacuum  w as several o rd ers  of m agn itude  low er th a n  

th a t  needed  for x -ray  tran sm ission , the  m ain  criterion w as to  lim it th e  Influx of Im purities 

Into th e  T okam ak  vacuum  vessel. These m ay affect the  perfo rm ance of th e  p lasm a  a n d  lead 

to  d isrup tions.

S uch  v acu u m  considerations were no t necessary  for th e  la se r  experim ent ta rge t cham bers 

w here lO '^ o r r  w as the u su a l p ressu re , improved to lO '^ o r r  If m icro ch an n el p late  

detectors or s tre a k  cam eras were being operated.

3.2 Curved Crystal Devices.
The perform ance of the  J o h a n n  type spectrom eter Is critically  d ependen t on genera ting  a 

cylindricaUy curved  crystal, to a  high tolerance. In the  p lane  of d ispersion . It Is 

im m ediately obvious th a t  the  in stru m en ta l resolving pow er su ffers a s  a  consequence  of a 

poor quality  o r Incorrect crysta l curvatu re , b u t  equally affected are  b o th  th e  w avelength 

dispersion  a n d  the  signal in tensity . Therefore, It Is essen tia l to  u se  th e  b e s t m ethod  

available for form ing curved crysta ls. It Is w orth reviewing th e  range of m eth o d s a t th is  

stage.

3.2.1 Review of Curved Crystal Methods.
Broadly speaking , curved crysta ls  devices employed by v a rio u s  labora to ries  world-wide in 

th e  las t 50 y ea rs  fall Into two categories:

• Beam  bending devices, where the  crystal Is ben t betw een  th ree  or preferably four b a rs  

to the  desired curvature.

• Form ers, where the  crysta l is held or glued aga in st one or two m ach ined  m andrils  of 

exact curvature .

(Not all cu rved  crysta ls fall Into these  two broad  categories; for exam ple a c ry sta l cantilever 

principle^® c a n  be used). Both m ethods are com m on a s  show n by th e  following exam ples.

Crystal Beam Bending Devices for Johann Geometry.

The m ain  h igh  reso lu tion  spectrom eters, w here 15000 for Fe XXV Ion x -rad la tlo n  a t 

I.85Â, ^AX;=23000 for T1XXI Ions a t 2.6Â and  X/Al=15000 for Ni XXVII ions a t 1.6Â, used  a t
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th e  P rince ton  P lasm a Physics Laboratory on th e  T okam aks PLT (Princeton Large Torus), 

PDX (Poloidal D lvertor Experim ent) an d  recen tly  TFTR fTokam ak F u sio n  T est 

Reactor)®® have u sed  four b a r  beam  bending devices. T his w ork  w as Influenced In th e  early 

s tag es  by  a  fo u r b a r  c rysta l bending design for genera ting  cylindrical a n d  logarithm ic 

c u rv a tu re s  by  F eser a n d  Faessler®®. Similarly, th e  h igh  reso lu tion  spectrom eters  o n  th e  FT 

(F rascati Tokamak)"® a n d  on JETT (Joint E u ro p ean  Torus)"*, w here X/AX=20000 for N1 XXVII 

Ions a t 1.6Â, have u sed  the  sam e Princeton design. T his group  of In stru m en ts  genera te  large 

rad ii of c u rv a tu re  In th e  range R=3~>^25m In  con junc tion  w ith  position  sensitive  g as  filled 

MWPC detectors.

Crystal Formers for Johann Geometry.

O ther spectrom eters  In th e  second category, see for exam ple th e  P lasm a G roup a t Fontenay- 

aux-R oses, P latz et al"® w here X/A%=15000 for Or XXIII Ion rad ia tio n  a t 2.2Â, u se  a  grooved 

ho lder precisely  m ach ined  to  a  se t rad ius. The c rysta ls  are  he ld  to  th is  by  a tm ospheric  

p ressu re  w hen  the  back  of the  holder Is evacuated. It c an  be  noted  th a t  th is  design cannot be 

u sed  in  a  vacu u m  system  and  so therefore needs a  Helium  gas  environm ent. F or a  Im  

Row land circle d iam eter, the  absorp tion  of x -rad ia tlo n  in  a  2m  H elium  co lum n a t 

a tm ospheric  p re ssu re  w ould be 40% and w ould lim it th e  spectrom eter opera tion  to  the  

w aveband below 8Â. Once the  effects of windows an d  su p p o rt m eshes are included In the 

x -ra y  tra n sm iss io n  calcu lation , in  practice th e  w aveband is  reduced  to  below 4Â. This 

would p rec lude  m ost of the  x-ray  line em ission  from  a  sm all T okam ak  like DITE w ith an  

electron tem p era tu re  Tg<1000eV.

Crystal Formers for Other Geometries.

E xam ples have  been  show n for crysta ls glued to  form ers; Kallne e t al*® have u sed  von Ham os 

geometry*® w ith  som e degree of success on A lcator C. Resolving power of X/AX=3000, 

determ ined  by  th e  en trance  slit, h a s  been  u se d  for Ar XVII an d  Ar XVIII lines a t 3.7->”4.0Â, 

S im ilar m eth o d s have been  u sed  w ith m ore e laborate  c rysta l geom etries, w here toroldally 

curved c ry sta ls  by H auer et al"®, X/AX=1000 for 81XIII lines a t 4.0~^6.8Â, a n d  elUptlcally 

curved c ry sta ls  H enke et al"" have been developed for u se  w ith lase r produced p lasm as. In 

some cases  no bonding m edium  Is needed an d  a  th in  crystal wafer can  be w rung  to a  curved 

optically fin ished  su b s tra te  of th e  sam e material"®.

3.2.2 Principle of Four Bar Beam Bending.
The m ethods u sed  to  bend  crysta ls often depend on th e  desired  specification of the  

spectrom eter. However, th e  four b a r  beam  bend ing  techn ique h a s  som e clear advantages 

which are  n o t only b ased  on superio r perform ance b u t also added  versatility  In th e  u se  of 

th e  spectrom eter. Firstly , the  principle of bend ing  a  b eam  to  generate  a  cylindrical 

cu rva tu re  by  applied loads Is a  well estab lished  techn ique, for example"® show n  for a  th ree
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b a r  device in  Figure 3 ,3 . This m ay be explained generally, b u t  for a  m ore detailed  account 

see  th e  tex t "E lem ents of S treng th  of M aterials" by  T im oshenko a n d  Young"^.

Figure 3.4(a) show s th e  beam  (or crystal) AB sub jected  to  tran sv e rse  loads a t  positions A,B,C 

a n d  D together w ith th e  sh e a r  force V and  bend ing  m om ent M d iag ram s below. The 

condition  called  p u re  bend ing  occurs in  th e  m iddle portion  CD w h en  th e  bend ing  m om ent Is 

uniform  a n d  th e  sh e a r  force Is zero. This also depends on  th e  In te rnal s tre sse s  produced 

w ith in  th e  m ate ria l of th e  beam . Therefore, th e  beam  m u s t be  p rism atic , hom ogenous, obey 

Hooke’s law  a n d  be sym m etrical In th e  axial p lane.

The applied loads generally  cau se  bending  only In th is  p lane. T here will b e  som e transverse  

cu rva tu re  w hich m ay  be  es tim ated  from the  elastic  c o n s ta n ts  of th e  crysta l. This c a n  be 

m inim ised by  clam ping, b u t w as found to be unnecessary  here. It c an  be show n th a t  because 

th e  bending m om ent, M=P a. Is constan t betw een C and  D, th e  bend ing  deform ation Is also 

uniform  producing  a  cylinder In CD, Figure 3.4(b). The re su lta n t deform ation  cau ses  

com pression  of th e  m ateria l on  the  concave side an d  elongation on  th e  convex side. There 

Is a  layer w hich rem ains  u n changed  referred to  a s  the  n e u tra l su rface  (show n In  th e  

d iagram  as  a  d ash ed  line). For soft x -rad latlon , Bragg reflection occuns In th e  su rface  layer 

a n d  the  changes In th e  lattice spacing can  be Ignored. Two ad jacen t cross-sec tions m n  an d  

pq  will in te rsec t a t O, w here th e  angu lar elem ent 50 betw een these  p lanes is  50=5x R, where R 

Is the  cu rvatu re  of the  n eu tra l surface of the  beam . It can  be show n that:

(3  1)R “ EI

w here E Is th e  m odu lus  of elasticity  of the  c rysta l m ateria l a n d  I Is th e  m om ent of Inertia of 

th e  crystal c ross-sec tion  in  th e  axis tow ards O, Illustrated  in  F igure 3.4(b). The cu rva tu re  Is 

directly p roportional to  th e  th e  bending m om ent M and  Inversely p roportiona l to  E I, 

know n as  th e  flexural rigidity of the  beam . T his quan tity  reflects th e  c ry sta l stiffness E and  

c ro ss-sec tiona l a re a  Is Indicated  by I.

This should  be com pared  w ith th e  technique of glueing or suppo rting  th e  c rysta l to a 

form er. The final crysta l cu rv a tu re  will be affected by th e  form er quality , th e  glue bond, the  

c rysta l su rface  quality  a n d  uniform ity. There is no underly ing  princip le for producing  an  

accurately  form ed crysta l cu rva tu re  and  no degree of ad ju s tm en t if it is  unsuccessfu l. The 

resu lt also ten d s  to  have th e  cu rvatu re  over a  sm aller crystal ap e rtu re  th u s  reducing the 

signal In tensity  an d  w aveband. T his m ethod  Is also lim ited in  m eeting th e  requ irem en ts 

for different experim en tal program m es.

Versatility o f the Four Bar Bending Method.

T his point w as  clearly  illu s tra ted  by th e  a u th o r  while try ing to  optim ise th e  crysta l 

spectrom eter from  T okam ak p lasm as to la se r p roduced  p lasm as. A n ADP (101) crysta l w as
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Figure 3.3 A th ree  b a r beam  bending device Invented by Leonardo da Vlncl^® circa 1488.
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Figure 3.4 (a) ind ica tes the  re su lta n t sh ear force (middle) and  bend ing  m om ent (bottom) 
diagram s for a  uniform  beam  (top) u n d er four identical loads P at po in ts A,B,C 
and  D. Uniform bending occurs in  the  m iddle section CD if th e  sh e a r  force is 
zero an d  bending m om ent M is constan t.
(b) show s uniform  cu rva tu re  in CD directly proportional to th e  bending  m om ent 
M.
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rou tine ly  u se d  w ith crysta l rad iu s  R= 1200-^ 1500m m  for T okam aks, b u t  to  increase  th e  

sensitiv ity  a n d  b a n d p a ss  for lase r sources a  sm aller ra d iu s  w as requ ired . T he sam e  cry sta l 

sam ple w as first b en t successfully to R=500mm, b u t reduced  la se r pu lse  energy cau sed  a  

rap id  drop  in  th e  em itted  x -ray  flux. A PET (002) c rysta l w ith  h igher in teg ra ted  reflectivity, 

u sed  in itially  a t  R=500m m , w as quickly su b s titu te d  an d  th e  spectrom ete r w as  operational 

aga in  w ith in  a  few h ou rs. F u rth e r  im provem ents in  th e  sp ec tro m ete r sensitiv ity  w ere 

gained by  reducing  th e  rad iu s  to  300mm. This process could have been  con tinued  to  150mm. 

One c ry sta l bend ing  jig  an d  two crystals were sufficient w here  th e  c ry s ta l/fo rm er m ethod  

w ould have needed  five different crystal ho lders, w ith  a n  asso c ia ted  tim e penalty .

In  sum m ary , th e  crysta l bending  jig  to be explained in  th e  n ex t section  is th e  ideal device for 

optim ising  th e  spectrom eter p aram eters  resolving pow er, sensitiv ity  a n d  b a n d p a ss  to  any  

pa rticu la r  experim ent w here m oderate to h igh resolving pow er is  needed. The long term  

stab ility  of th e  device is described in  su b seq u en t sections.

3.3 The Leicester Crystal Bending Jigs.
There have b een  th ree  crystal bending jigs designed a n d  m an u fac tu red  a t Leicester; all are 

b ased  on  th e  sam e principle, w ith la ter versions m odified to  give im proved perform ance. 

The first two jig s  referred  to a s  Mkl and  Mkll, designed by  R  Barnsley, were m ach ined  from  

a n  A lum inium  alloy. The p resen t a u th o r m odified th e  M kll a n d  designed th e  M klll, 

m ach ined  from  sta in le ss  steel, to  include fu rth e r fea tu res.

3.3.1 Bending Jig Description.
In  prac tise  fou r rollers replace the  loads P in  Figure 3.4(a), see Figure 3 .5 . The in n er two 

rem ain  fixed a n d  define the  crystal apertu re  CD, while th e  c ry sta l cu rva tu re  is genera ted  by 

correctly  position ing  th e  o u te r two. The elastic property  of th e  uniform  a n d  hom ogenous 

crysta l is n ecessa ry  to create the  constan t desired deflection. F igure 3 .6  is a n  engineering 

draw ing of th e  Mklll crystal bending  device. Figure 3 .7  is a  pho tograph  of th e  M kll a n d  

M klll jig s .

Front Clamp-Face.

The device co n sis ts  of a  front clam p-face bolted to  th e  m ain  body. The clam p face su p p o rts  

th e  front (or inner) rollers an d  th e  rad iation  p a sse s  to a n d  from  the  crysta l su rface  th ro u g h  

a slo tted  ap ertu re . The size of th is  apertu re  is  m ainly  de term ined  by th e  c rysta l d im ensions. 

The in n er side of th e  top an d  bottom  webbing is grooved a t 5m m  cen tres to  position  the  steel 

rollers. The to le rance  on the  parallelism  of th e  grooves, top to bottom , is  generally  b e tte r  

th a n  5)im. M aterial beh in d  the  m achined  grooves on one side of th e  th icker w ebbing is 

rem oved to c rea te  one front cantilever w hich c a n  be controlled  by  a  th read ed  screw . The two 

front ro llers a re  th e n  aligned parallel by  m etrology du ring  assem bly  and  no  fu rth e r  tu n in g  

is  necessary  during  the  crystal focusing procedure.
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Incident X -rays
Diffracted X -rays

Fixed 
Front Rollers

Curved Crystal
I
I
I
I Back Rollers

Position adjustable via micrometer screws, 
generating crystal curvature

Figure 3.5 C urvatu re  R in  the  section CD of the  crysta l lam ina  is genera ted  by ad justing  the 
position  of the  b ack  rollers. The crystal bend ing  jig  is  a  device w hich allows fine 
m ovem ent of th e  ro ller positions.

Figure 3 .6  (over th e  page) is a n  engineering draw ing giving d ifferen t views of th e  M klll 
c rysta l bend ing  jig. The m ain  com ponents a re  c learly  visible. The b ack  
m icrom eters are angled in  order th a t  th e  sp ec tro m e te r c a n  move freely w ith in  
th e  c ry sta l cham ber.

Figure 3.7 (on page after next) is a  photograph of th e  M kll a n d  MkUI crysta l bending  jigs.
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Main Body.

The crysta l cu rva tu re  Is generated  t y  the  b ack  (or outer) ro llers w hich  a re  su ppo rted  top and  

b o ttom  from  th e  m ain  body by  two p a irs  of grooved can tilevers. T he can tilevers  are  

a d ju s ted  directly  by fou r screw s, se t to  th e  correct position  for th e  c h o sen  c ry sta l curvature. 

This is  done by  a  p rocess of iteration  using  optical m ethods ou tlined  In section  3.4 . A 

locking co llar on  th e  ad justing  screw  secu res each  cantilever a fte r th e  final focus. The 

bend ing  jig  body locates onto the  spectrom eter s tru c tu re  via th e  c ry sta l a lignm ent tables.

Side Pieces.

The assem bly  of th e  two halves is  done on a  m etrology bench ; th ey  a re  held  rigidly together 

(with th e  b a c k  rollers parallel to  th e  front rollers) by b o lts  th ro u g h  side pieces. The la tte r 

Incorporate  several Independen t features:

• They are  spacers  so th a t  th e  rollers are  in  the  correct position  for a  ch o sen  crystal 

ra d iu s  w ithout exceeding the  yield poin t of the  cantilevers a n d  cau sin g  dam age. This 

is  likely to  occur for sm all radii of cu rva tu re  R =150-^300m m .

• The sp a ce r m ateria l an d  th ickness c a n  be varied to  tu n e  the  th erm al control 

m ech an ism  of th e  jig  w hich m ain ta in s th e  m echan ica l stab ility  du ring  tem pera tu re  

v a ria tio n s  (section 3.6). Several m eta ls  w ith different th e rm al expansion  

coefficients are  used  to  keep the correct b a c k /fro n t roller separa tion .

R ollers

The ro llers giving the  best re su lts  are com m ercially available p rec ision  g round  s ta in less  

steel sh a ftin g  o r hardened  roller bearings of 04->5m m . Tolerance for s tra ig h tn e ss  is be tte r 

th a n  7pm  along the  50m m  length. Better con tac t betw een th e  ro llers a n d  cantilever grooves 

c an  be achieved if the  rollers are puUed onto the  grooves. In  th is  respect, th e  shafting  is 

preferred becau se  it can  be tapped  easily a t bo th  ends an d  light springs a ttached . This 

m akes th e  c rysta l focusing process m uch easier: the  rollers ten d  to  drop ou t a t  th e  early 

s tages of focusing  un til friction from the  crysta l surface su p p o rts  them .

3.3.2 The Markin Crystal Bending Jig.
The s ta in le ss  steel M klll jig  h a s  som e fu rth e r im portan t differences w hich a re  considered 

to  give it b e tte r  perform ance over the  Mkll version:

• The b a c k  cantilevers are  m achined from  separa te  b a rs  of spring  steel to  give the best

flexure, b u t  are  hardened  a t the  grooves for con tac t w ith  the  rollers. The cantilevers 

a re  bo lted  in a  location slo t in  the  m ain  body w ith  no  re su lta n t deg radation  of 

perform ance. The Mkll m ain  body w as m ach ined  from  one block.

• T he grooves are  also th inned  to a "knife-edge"; th e  ro llers th e n  onty m ake con tact

w ith  1m m  width each end instead  of th e  previous 2-^IO m m  range of contact.

• T he increased  to p /b o tto m  separa tion  of the  grooves gives b e tte r  leverage an d  so finer

a d ju s tm e n t of the  rollers on the crystal.
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• Com m ercial m icrom eters '^  w ith reading accuracy  to  1pm  replace th e  b a c k  ad justing  

screw s. The fron t screw  is replaced w ith a  sm aller micrometer**® w ith  read ing  

accu racy  to 10pm. The m icrom eter th re a d s  have a  finer p itch  a n d  sm o o th e r action. 

A lthough th ey  have no  locking m echan ism , a  g u a rd  p la te  p ro tec ts  th e m  while 

h an d lin g  th e  spectrom eter.

• The fron t clam p face is  m ade m ore rigid by using  steel w hile keeping th e  d im ensions 

sim ilar. The logical s tep  of b racing  th e  clam p face to  th e  b a c k  section  w ould  interfere 

w ith  th e  th e rm al com pensation .

• The ap e rtu re  heigh t is increased  from 25m m  to 30m m  to  Improve th e  signal 

th ro u g h p u t w hen  u sin g  large crystal curvatu res.

The m ain  d isadvan tage  of th e  M klll jig  is increased  m ach ine  a n d  assem bly  tim e by  a n  

o rder of m agn itude  a s  a  resu lt of th e  added complexity and  m ate ria l h a rd n e ss . However, 

th e re  is a  m ark ed  im provem ent in  th e  crystal focusing th ro u g h  th e  com bination  of these  

factors. The increased  cost of m anu factu re  is felt to be justified .

3.4 The Crystal Focusing and Alignment Procedure.
3.4.1 The Crystal Focusing Procedure.
B asic Focusing Principle.

The basic  idea for generating  a  h igh quality  crysta l cu rva tu re  of any  chosen  ra d iu s  depends 

on  th e  following principle, show n schem atically  in  Figure 3 .8 . If m onochrom atic  visible 

ligh t p a sse s  th ro u g h  a  slit p laced on the  Rowland circle of ra d iu s  r  an d  illum ina tes a  crystal 

of rad iu s  R=2r, th en  th e  light will be reflected from  the crystal su rface  an d  focused  onto a 

sim ilar position  on th e  opposite side of the  Rowland circle. T here, a  sh a rp  im age of the  slit 

will be p roduced  w ith  only th e  add itional fea tu res  of F rau n h o fe r d iffraction for visible 

light due to  th e  finite ap e rtu re  of the  crystal. The diffraction is p roduced  a s  a  re su lt of 

coheren t illum ination  a c ro ss  th e  crysta l w idth ap e rtu re  by  a quasi-m onochrom atic  

sou rce^ . Inspection  of th e  im age using  a m icroscope eyepiece o r g round  g lass sc reen  will 

reveal in form ation  ab o u t th e  quality  of the  crysta l cu rva tu re  a n d  show  d e p a rtu re s  from  

cylindricity. The reflection cond ition  for visible light does no t depend  on  th e  angle of 

incidence to  th e  c rysta l in  th e  sam e way a s  Bragg reflection for x -rad iation . T he sim ilarity 

rem ains  w here th e  diffraction w idth of the  crysta l ac ts  a s  a  v irtu a l slit on  th e  Rowland 

circle. It follows th a t  a  flat crysta l can  be b en t to  the  desired cylindrical cu rv a tu re , using  a 

bend ing  jig , w hen  th e  c h o sen  Rowland circle configuration is  defined by  p lacing  th e  points 

of illum ination , observation  a n d  the crysta l su rface  in  th e  co rrec t positions.

Spectrom eter Preparation.

The crysta l focusing a n d  alignm ent procedures a re  perform ed o n  a  flat m etrology surface 

like a  g ran ite  s lab  o r optical bench . The tilt tab le  is se t paralle l to  th e  m etrology surface to 

~ l-> 2  m in u tes  of arc before th e  jig  is placed on th e  alignm ent stages. The c ry sta l jig  is
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tho rough ly  c leaned, a n d  d u s t rem oved from  the  rollers. The c ry s ta l is  h a n d led  w ith  sim ilar 

care  an d  is lightly d usted  w ith a  photographer's lens b ru sh . It is  th e n  placed betw een the  

ro llers, a n d  re s ts  on su p p o rts  to  keep it horizon tal w ith in  th e  jig .

Defining the Rowland Circle.

The Row land circle d iam eter is  m easu red  relative to th e  c ry s ta l su rface. A n illum inated  slit 

a n d  eyepiece, se t to th e  sam e height as th e  crystal, are p laced on  tr ian g u la r optical benches 

a t  th e  co rrect positions on  th e  RC. This is  a  stra igh t forw ard trian g u la tio n  exercise w hich 

is  sim plified by  pivoting th e  trian g u la r benches abou t th e  c ry sta l pole. The optical 

a lignm ent angle is  ch o sen  close to  th e  norm al position, u su a lly  0v=85®.

In itial Focusing.

The slit is  se t fairly wide a t 1mm to  check  th a t  th e  crysta l su rface  is  evenly illum inated. 

T his is g u aran teed  by placing a  lens betw een th e  filtered T u n g sten  light an d  th e  slit. 

M axim um  light th ro u g h p u t is needed to look for th e  low in tensity , unfocused , reflected 

im age. The b a c k  m icrom eters are  moved system atically  to p u t th e  c rysta l u n d e r  tension  

while observing the  focused image on a ground glass screen  o r w hite card . This could be 

achieved in  a  m inu te  o r so, the  image being easily visible even w hen  crudely  focused.

The next stage  is to reduce  th e  slit w idth while correcting th e  b a c k  m icrom eters for any  

noticed  defects. The im age a t th is  point shou ld  look uniform ly wide, no t m u ch  g rea te r th a n  

th e  slit w id th  a t  a  few h u n d red  m icrons, and  parallel to  th e  slit. Since it is essen tia l to 

observe th e  im age while ad ju sting  the  m icrom eters, if th e  Row land circle d iam eter is larger 

th a n  0 .5m  a  m etrology flat is in troduced  into the  optical p a th . The reflected im age can  be 

observed close to th e  crysta l bending  jig.

Final Focusing.

For th e  final focusing th e  g round  glass screen  is replaced w ith  a  h igh quality , ca lib ra ted  

m icroscope eyepiece. V arious focusing defects can  be seen  a ro u n d  th e  in tense  cen tra l image. 

This ind ica tes  th a t  p a rts  of th e  crysta l are no t a t th e  co rrect cu rva tu re . Progressively finer 

a d ju s tm e n ts  to  th e  m icrom eters are needed in  the  sam e iterative way to  im prove the  image. 

For perfect settings, the  slit w idth should  be reduced to a  few te n s  of m icrons an d  the  

observed im age shou ld  be effectively a fine image of th e  slit convolved w ith a  diffraction 

p a tte rn . In  practice, th is  is achieved by reducing the  crystal ap e rtu re  to exclude th e  p a rts  of 

th e  crysta l w hich are  con tribu ting  aberra tions to the  image. M asking selected  p a rts  of the  

c ry sta l will quickly confirm  a re a s  of im perfection. These a re  u su a lly  co n cen tra ted  close to 

th e  in n er  ro llers w here the  s tre ss  in  the  crystal is non-uniform .

S ettling  Period.

At th is  stage th e  crysta l jig  is usually  given a  light tap  to let th e  device an d  crysta l settle 

down. The observed im age u su a lly  defocuses slightly, requ iring  som e fine tu n in g  of th e  

m icrom eter screw s. The crysta l is left for a  period of a n  h o u r  before repeating  th e  final

58



h -
Z
LU 

LU
O
Z
<
c c  
ce
<
üz  
c o
3
ü  
O
LL 
—I

co
> -
ÛC
ü
u _
o
ü

LU
Xoco
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focusing  step . A tw o-axis travelling m icroscope is  th en  used  to  in sp ec t th e  position  of the  

c ry s ta l pole relative to  th e  ro ta tion  axis. The calib rated  tra n s la tio n  stage  c a n  co rrec t for 

a n y  difference to  an  acceptable tolerance of 50pm. This c a n  a lm ost be se t by  dead  reckoning 

s in ce  th e  m axim um  disp lacem ent of th e  c rysta l from th e  fron t ro llers c a n  b e  trivially 

ca lcu la ted . The in s tru m en t shou ld  now be completely focused a n d  ready  for th e  angle 

a lig n m en t stage.

3.4 .2  The Crystal Alignment Procedure 
A lignm ent Principle.

The objective of th e  angle alignm ent is to  set th e  spectrom eter to  th e  correct Bragg angle. 

T h is  involves:

• Defining the  reference o r optical axis a s  th e  line betw een th e  th e  c rysta l an d  detector 

poles. T his is analogous to  the  angle alignm ent p rocedure  for flat c rysta l 

spectrom eters  w ith  collim ators, where th e  optical axis is  defined by  th e  ray  p a th  

th ro u g h  th e  collim ator.

• Aligning the  crysta l su rface  perpend icu lar to th e  optical axis in  th e  p lane  of 

dispersion. The Bragg angle 8^=90° is referenced w hen th e  crysta l su rface is norm al 

to  th is  axis.

• M easuring the  Bragg angle relative to the  optical axis u s in g  th e  ca lib ra ted  ro ta tion  

stages.

The precision  of the  absolu te  Bragg angle calibration th en  depends on th e  accu racy  of the  

0b=9O° setting  an d  the  to lerance of the  ro tation  stages.

Defining th e  Optical Axis.

The crysta l jig  is ro ta ted  u n til it is  approxim ately norm al to  th e  optical axis. The film 

h o lder backp la te  con ta ins a n  ap ertu re  p lu s  a  set of cross-w ires w hich define th e  horizontal 

m id -p lane  of the  spectrom eter a n d  the  vertical detector ro ta tio n  axis, respectively. The film 

ho lder is  se t to  th e  correct position  on the  Rowland circle corresponding  to  th e  chosen  x -ray  

Bragg angle an d  rad iu s  o f cu rva tu re . The film holder is tangen tia l to  th e  Row land circle, 

having  b een  referenced ag a in st a  vacuum  bu lkhead . An illum inated  pinhole, m oun ted  u pon  

a  two axis tra n s la tio n  stage, is  p laced behind  the  film ho lder an d  co-linear w ith the  optical 

axis a t a  d istance  R  from  th e  c rysta l surface. The light from  th e  pinhole c a s ts  a n  image of 

th e  film ho lder cross-w ires onto  the  plane of the  crysta l w here there  is  a  second  se t of 

c ro ss-w ires defining th e  crysta l pole. In practice, th ese  cross-w ires are  a  few m illim eters in 

fron t of th e  c rysta l pole. A djusting  the pinhole tran sla tio n , th e  p inhole c a n  be positioned 

precisely  on th e  optical axis w here the shadow  projected from  one se t of cross-w ires falls on 

the  second set.

Finding 0b=9O®.

The nex t sequence th en  involves ro tating  th e  crystal surface u n til th e  image of the  pinhole
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(now a  vertical line) is reflected b ack  onto itself. This an d  th e  prev ious seq u en ce  a re  

rep ea ted  iteratively, though  usualfy  twice is  sufficient, b ecau se  o f the  sm all tra n sv e rse  

m ovem ent of th e  c ry sta l cross-w ires w hen th e  c rysta l is  ro ta ted . The c ry sta l reference  angle 

0R is  no ted  on  th e  c rysta l ro ta tion  stage. The crysta l tilt tab le  c a n  be  ad ju sted  to  e n su re  th a t 

th e  c ry sta l su rface  is  no rm al to  th e  optical axis perpend icu la r to  th e  p lan e  of d isp e rs io n  to 

w ith in  a  few m in u tes  of arc. The setting  angle 0s is  th e n  chosen  for the  Bragg angle 0g from  

th e  angle 0%:

Gs = 0R + (90 - 0b ) (3.2)

T his efifectivety' re tu rn s  th e  c rysta l onto th e  Row land circle. F igure 3 .9  show s a  schem atic  

layou t for th e  alignm ent procedure.

G enerally, th is  m ethod  w orks extrem ely well a n d  is repeatab le  to  1 m in u te  of a rc , lim ited 

by  th e  vern ier scale of th e  ro ta tion  stage. T his corresponds to 300 |im  tra n sv e rse  

d isp lacem en t from  th e  optical axis for a  crysta l rad iu s  of 1000m m . For th is  o r larger 

Rowland circles, the  m ethod is accurate  to ~15 seconds of arc  w ith the u se  of m ore accu ra te  

ro ta ry  stages. T his is a t  the  level of the  positional to lerance of th e  crysta l pole on  th e  axis of 

ro ta t io n .

3.5 Optical Testing Procedure
3.5.1 Objective.
The following m ethods w ere devised for m easu rin g  optically th e  crysta l c u rv a tu re  quality. 

T his w as done initially w ith  th in , a lum in ised  g lass  slides a n d  la te r  w ith  v a rio u s  c ry sta l 

sam ples. The objective w as to  get a  num erical value for the  quality  of th e  line focus over a 

range of c ry sta l radii, a p e rtu re s  and  angles. Having perform ed th e  te s t extensively, th e  aim  

w ould be to  rep lace it w ith  a  qu icker m ethod w hich could be  em ployed rou tine ly  in  th e  

focusing procedure . A very b rief descrip tion  is given concern ing  th e  u se  of pho tograph ic  

film to  record  th e  sp a tia l inform ation of th e  crysta l focus. The read er is recom m ended  to 

c o n su lt th e  excellent tex ts  of "From Dry P la tes to  E ktachrom e Film" by Mees^^ a n d  

"The Theory of th e  Photographic Process" edited  by Ja m e s“ .

3.5.2 Method.
A 35m m  form at cam era w as su b s titu te d  for th e  m icroscope eyepiece on th e  Row land circle 

after final focusing. F ine g rain  em ulsion  Ilford PanF  b lack  a n d  w hite film w as  u se d  to 

record  the  im ages for different exposure tim es. The film w as developed in  Ilford ID - 1 1 a t 

20®C for 8  m in u te s  according to  the  m an u fac tu re r 's  recom m endations. The film response  

for image optical density  D a s  a  function  of the  logarithm  of th e  exposure E=It, w here  I is  the  

irrad iance  a n d  t  th e  exposure tim e, w as charac te rised  a s  follows.
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nford  PanF Calibration.

A K odak s tep  wedge w ith increasing density from  0.05D->^3.05D in  0.3D steps, each  step  

red u c in g  th e  optical tran sm iss io n  from the  previous by 50%, w a s  p laced  on  a  s tr ip  of film 

a n d  d irectly  exposed to  diffuse light. V arious exposure tim es  in d ica ted  th a t  reciprocity  

fa ilu re  w a s  negligible. A 1-d im ensional Joyce-loebl M klll m ic ro -densitom ete r w ith  

in flux /e fflux  op tics of 0.16N A /0.25N A  converted  th e  pho tograph ic  im ages in to  optical 

den sity  a s  a  function  of position. The in s tru m en t slit se tting  w as co n stra in ed  betw een  

m axim ising  th e  S /N  ra tio  by  increasing  th e  scann ing  a rea  b u t  also  m inim ising  th e  

co n trib u tio n  to  the  im age w idth  due to convolution of the  slit function  w ith  th e  im age 

profile. F o r line im ages, the  slit w as usualfy se t to 0.1->'0.2FWHM.

F igure 3 .1 0  expresses th e  m easu red  film response  function  for PanF. T his is a  typical 

resp o n se  of film em ulsion  to visible light: the  toe region A to  B, th e  linear slope B to  0  and  

th e  sh o u ld e r p a rt  C to D are all evident. The region B to C is  th e  preferred  range of operation 

b e cau se  of th e  a lm ost linear rela tionsh ip  betw een density  and  logE. E m ulsion  sa tu ra tio n  

o ccu rs above th is  an d  the  response becom es non-linear.

Fraunhofer D iffraction.

By calib rating  aU exposures in  th is  way, the  image density  an d  th u s  the  FWHM c a n  be 

m ea su red  accurately . As noted  in  the  previous section, F rau n h o fe r d iffraction^ is  th e  

d o m in an t fea tu re  of a  high quality  focused image. Poorly focused  im ages have d isto rted  and  

asym m etric  fringe p a tte rn s . It is  clear th a t  diffraction u ltim ately  lim its th e  focusing  of 

cry s ta ls  in  visible light. Therefore, a  com parison  betw een th e  genera ted  an d  theo re tical 

diffraction p a tte rn s  is th e  best way of m easu ring  the  focus quality. The FWHM co of the  

cen tra l fringe of th e  F raunho fer diffraction p a tte rn  can  be w ritten  as:

0 .8859  d X
CO — ^  (3.3)

w here d is th e  crysta l to  observation plane separa tion , X  is th e  w avelength of th e  visible 

light a n d  W is th e  w idth of illum inated crystal. Also the  se p a ra tio n  of the  n th  m in im a  S„ 

c a n  be w ritten  as:

2 n  d X
Sn -  ^  (3.4)

Results.

Figure 3.11 show s the  m easu red  line focus by using  a 200:1 expansion lever in  th e  

densitom eter. Table 3.1 show s a com parison of th e  m easu red  FWHM w ith th e  theore tical 

va lues from  equation  (3.3) for th ree  different crystal a p e rtu re  w id ths of the  sam e  crysta l 

focus. It is evident th a t  the  m easu red  line w id ths are determ ined  by F rau n h o fe r diffraction. 

At th e  very lea s t th is  show s th a t  for crystal w id ths of 15->30m m , the  crysta l cu rv a tu re  is 

good to  1 p a r t  in  50000. F u rth e r agreem ent with the  pred icted  diffraction p a tte rn  is given by
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s tudy ing  th e  fringe positions. Table 3.2 com pares the  m ea su red  a n d  theo re tica l sep ara tio n  

va lues of th e  1st and  2nd  m inim a for th e  apertu re  29 x  20  mm^. The alignm ent p aram eters  

a re  0y=85.4®, X=5893Â for Sodium  light, d=1000m m  and  th e  focusing slit w id th  for th e  

m ax im um  crysta l ap e rtu re  is  se t to  2pm. The in tensity  of th e  fringe m ax im a is  considerable 

le ss  th a n  5% of th e  cen tra l peak; the  film h a s  to  be over-exposed to  genera te  significant 

op tical density .

Table 3 .1  M easured and Theoretical Fraunhofer Diffraction Line W idths

C rysta l A pertu re  FWHM, co
W X H (mm^) M easured (pm) T heory (pm)

2 9 .1 x 2 0  23 18
14.6 x  20 33 36
4.8 x  20 105 108

3.5.3 Focus Quality Interpretation.
The agreem ent in  bo th  these  cases  is extrem ely good, w ith the  only deviations being  in  the  

relative in ten sity  of th e  fringe m axim a. This is  probably  d u e  to  a  com bination  of sca tte red  

light from  th e  crysta l surface an d  low in tensity  wing fea tu res  assoc ia ted  w ith  th e  focused 

im age profile. W hen th e  diffraction w idth is m in im ised  by u s in g  e ither th e  m ax im um  

w orking c ry sta l ap e rtu re  o r lower w avelength visible light, for exam ple b lue  ligh t a t 

X=4600Â, th e  focused im age becom es apparen t. Therefore, by  su b trac tin g  th e  diffraction 

w idth  Û) quadraticallly  from  the  m easu red  w idth, a w orst case  estim ate  c a n  be  ca lcu la ted  

for th e  focusing  profile w id th  Al. The füm  an d  slit co n tribu tions  are  a ssu m e d  negligible 

here . T his will con tribu te  to th e  in stru m en ta l resolving pow er an d  can  be expressed  a s  the  

m ea su red  optical w idth AOopti

Al
A0Opt=*g“ (3.5)

Table 3 .2  Separation o f Fringe Minima.

Separation of Minima, S^ 
M easured (pm) Theory (pm)

S ep ara tio n  of 1st M inim a 50 40.6
S ep a ra tio n  of 2 n d  M inim a 95 81.3

X-ray Focus Quality.

The m easu red  optical w idth A0opt for the  spectrom eter is rela ted  to the  a n g u la r  w idth  or 

de-focusing  e rro r A03 (from C hap ter 2) for x -rays by;

A83 = ^ ^ ^  (3.6)

T his c a n  be  explained a s  follows^. If a  sm all crysta l elem ent h a s  a n  an g u la r deviation 60 

from  uniform  crysta l cu rva tu re  th e n  it will lead to a  deviation 2  50 in  th e  reflected  visible 

beam  from  a  point source on th e  Rowland circle. However, for x -rays u n d e r  Bragg reflection
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a  slightly  different w avelength will be selected com ing from  a  different p a r t  of th e  source. 

The deviation of th e  reflected x -ray  beam  is 60. This resu lt w as  confirm ed in  C h ap te r 5 

w here th e  accidently  de -focused crystal optical profiles cou ld  b e  directly com pared  w ith the  

de-focused  x -ray  profiles.

Quick Focus Quality Estim ate.

Having gone th rough  th is  e laborate procedure, a  m u ch  sim pler w ay is  obvious. Table 3.2 

in d ica tes  th a t  by  m easu ring  th e  image w idth directly w ith  th e  ca lib ra ted  m icroscope 

eyepiece, th e  FWHM © c a n  be calcu lated  quickly from  th e  se p a ra tio n  Si of th e  firs t m inim a. 

E quations (3.3) and  (3.4) give:

CO =  0.443 Si (3.7)

This is th e  techn ique th a t w as regularly  used  to  m easu re  th e  c ry sta l cu rv a tu re  quality.

3.6 Thermal and Mechanical Stability Testing
The las t a n d  p e rh ap s th e  m ost im portan t property  of the  b end ing  device w as to  check  its 

reliability , p rincipally  th e  long te rm  m echan ical an d  th e rm al stab ility . It w a s  no ted  th a t  

th e  focal leng th  of th e  curved crysta l seem ed to vary by  several cen tim eters  over a  day. An 

initial s tu d y  show ed th a t  th e  c rysta l curvatu re  w as p roportional to  tem p era tu re  changes in 

th e  room  b u t  w as not accom panied by a  reduction in the  im age quality. This suggested  th a t 

th e  de-focusing process w as occurring symm etrically and  w as  n o t due to  som e inheren t 

in stab ility  o f th e  design.

A rigorous te s t  program m e w as perform ed to m easu re  th e  m echan ica l changes of th e  device, 

a ttr ib u te  th e  cau se  and  find a  so lu tion  to  improve the stability . T his w as carried  ou t in 

th re e  different ways:

(a) F irstly , th e  crysta l Jig w as uniform ly heated  in  a n  oven to  50®C, rem oved th en  

in su la te d  w ith a  polystyrene jack e t and  allowed to cool to  room  tem p era tu re . The 

in su la tio n  m inim ised tem p era tu re  g rad ien ts  across th e  jig  du ring  cooling. The 

c ry sta l cu rv a tu re  w as m easu red  optically a t regu lar in tervals  an d  th e  corresponding 

tem pera tu re , accurate  to ± 0 .1°C, noted. This took a few h o u rs  and  w as repeated  for 

d ifferent roller configurations. The large tem p era tu re  range, m ore th a n  norm al for 

the  spectrom eter's expected use  of 22.0 ± 5.0®C, gave enough readings to determ ine the 

focus changes accurately . A linear expansion of th e  c ry sta l cu rv a tu re  w ith  

tem p era tu re  w as found to  vary  w ith the roller se ttings. No hyste resis  w as detected 

a n d  th e  crysta l cu rv a tu re  w ould re tu rn  to its  original se tting  on cooling to room 

tem p era tu re .

(b) A tten tion  w as next tu rn e d  to m easuring  the  roller m ovem ent directly. T his w as 

achieved by m easu ring  changes e ither w ith a  sensitive dial guage or a n  

au tocollim ator, th e  la tte r  giving the  m ore accu ra te  re su lts . Sm all m ovem ents of
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0. lpin/®C were m easu red  which confirmed th a t the  ch an g es  in  th e  c ry sta l cu rvatu re  

w ere a  consequence of th e  differential m ovem ent in  th e  b a c k  a n d  fro n t rollers.

(c) The final s tep  Involved the  therm al m odelling of th e  c ry s ta l b end ing  device. This

took  acco u n t of all th e  different m ateria ls, th ick n esses  a n d  geom etries w h ich  linked 

th e  b a c k  a n d  fron t rollers. This m odel corroborated  th e  d irec t m e a su re m e n ts  tak en  

in  (b), above.

It w as th e n  possib le to tu n e  th e  therm al control m echan ism  to  keep  the  ra d iu s  fairly 

co n s ta n t du ring  tem pera tu re  changes. The ad justing  screw s for th e  b ack  can tilevers  were 

m ach ined  from  A lum inium  alloy in  order th a t  m ost of th e  M k U jig  w as of un ifo rm  

m ateria l. T he final ad ju s tm e n t cam e by using  spacers  of th erm ally  different m a te ria l in  

th e  side pieces. This reduced  th e  crystal curvatu re  expansion from  '-7mm/®C to  

considerably  less  th a n  0 .5m m /°C . The spectrom eter th e n  rem ained  stab le  for a  n u m b er of 

m o n th s , partly  confirm ed by the  resu lt in C hap ter 7. Very h igh  sp ectra l reso lu tio n  w as 

achieved for N eon Lym an-a despite  th e  long in tegration tim e of 3 0  hours.

3.7 Conclusions.
This ch ap te r h a s  described the  salien t points of the four b a r  b eam  bending  device an d  how it 

c a n  be appled  to  a  J o h a n n  spectrom eter. The Leicester c rysta l bend ing  jig s  u se  th is  principle 

to  crea te  h igh precision  crysta l cylinders of any  chosen  rad iu s .

M ethods have been  developed for focusing, aligning and  tes tin g  th e  curved  c rysta l 

in stru m en t. T herm al m odelling of the  device h a s  been  in troduced  to preserve th e  optical 

focus quality  u n d e r  tem p era tu re  variations.

The final specification of th e  in stru m e n t m ay be outlined:

• The range of possible Bragg angles are 0b=24->66® for the  vacuum  spectrom eter, 

though  angles u p  to 75® are possible for the  vacuum less version.

• The Bragg angle alignm ent is ±1-^2 m inu tes of arc  (±0.017->0.034®) a s  determ ined  by 

th e  p re se n t ro ta tional stages. This corresponds to a n  abso lu te  w avelength 

ca lib ra tion  of X/5^=2000, 5000 for 0g=45®, 65° respectively. At th is  level, de-focusing 

effects due  to angle alignm ent errors are low. The p re se n t a lignm ent m eth o d  should  

be accura te  to ±15 seconds of arc.

• The optical crysta l focus h a s  been  routinely set to 1 :50000, giving a n  equivalent 

x -ra y  resolving pow er VAX-10®. Crystal sam ples need  to  be  hom ogenous a n d  

uniform ly  th ick  to  achieve th is .

• The th e rm al an d  m echan ica l stability  is extrem ely good. A n optical focus once set, 

following th e  guidelines given in  th e  focusing p rocedure, shou ld  rem a in  unchanged  

for periods of a  m on th  or m ore. Therm al testing  reveals th a t  th e  in s tru m e n t 

specification shou ld  no t be com prom ised for tem p era tu re  cycling of ±5®C.

68



Chapter 4 Instrumentation and Techniques

In tro d u c tio n . 70

4.1 C ry sta ls . 70

4.1.1 C rysta ls for l->  2 5Â. 70

4.1.2 P ractical Inform ation A bout B ending C rysta ls. 74

4.2 X-Ray Film s. 77

4.2.1 K odak X-Ray Film s for 1~^25Â. 77

4.2.2 Kodak DEF 392 Film Response. 78

4.2.3 D ensitom etry  an d  O ptim isation  of S ignal/N oise. 80

4.2 .4  D ig itisa tion  Process. 83

4.3 F ilte rs  a n d  T ran sm iss io n  C alculations. 84

4.4 In s tru m e n t Sensitiv ity . 89

4.5 Line Profiles a n d  A nalysis. 92

4.5.1 N atu ra l Line Broadening. 92

4.5.2 D oppler B roadening. 93

4.5.3 The Voigt Profile. 94

4.5 .4  S pec tra l Line Profile Fitting. 97

4.6 D iscussion . 99

69



Introduction
The m a in  p o in ts  d iscussed  in  th is  chap te r are:

• C rysta ls  available for studying  the  1~>25Â w aveband, th e  em p h asis  being  on  high 

resolving power. Some properties of th e  m ore usefu l crysta ls , includ ing  lattice 

spacing , reflectivity an d  refractive index are  tab u la ted . R elevant com m ents are 

added.

• P rac tica l con sid e ra tio n s  of crysta l d im ensions, specifying fin ish  q ua lity  a n d  

focusing  p roperties.

• C hoice of x -ray  films, giving an  analy tical function  for th e  film resp o n se  a n d  w ays 

of op tim ising  th e  signal to  noise ratio  S /N .

• U se of filters a n d  calcu lation  of th e  tra n sm iss io n  fu nction  T(X).

• C a lcu la tio n  of th e  relative in s tru m e n ta l sensitiv ity  for line in ten s ity  ra tio  analysis.

• Line profile analysis. T his includes a  q uan tita tive  su m m ary  of expected in trin sic  

a n d  D oppler line w id ths for x-ray  resonance  lines. Voigt profile sy n th es is  is 

in tro d u ced  a s  a  m ean s to  de-convolve in s tru m e n ta l a n d  o ther co n trib u tio n s  from 

th e  m ea su red  line ,envelope.

• Som e general conclusions abou t these  topics.

4.1 Crystals
4.1.1 Crystals for 1->25Â
C rysta ls for astronom ical x-ray  spectroscopy have been  reviewed by Burek^^, a n d  th e  

read er is  d irected  there  for a  m ore com plete background  of th e  subject. M ost of the  

in form ation  p resen ted  here  com es from a  few selected  references; all c ry sta ls  in  general 

from  B urek , m ain ly  acid  p h th a la te s  from B arru s  et a f °  an d  Lewis®®, Beryl a n d  Lead 

S tea ra te  from  Willingale®® and  ADP, PET an d  EDdT from  H all" . Table 4.1 gives a  

rep resen ta tiv e  selection of crysta ls  in  th is  w aveband an d  som e of th e ir  im p o rtan t 

p roperties  a re  defined as:

(1) 2 dia. th e  u su a l convention is adopted w here the  c iysta l lattice spacing d is quoted as 

2 d in  A, m easu red  a t 18°C.

(2 ) X / A X ,  th e  resolving power as  calcu lated  from  th e  single crysta l rocking curve w idth.

(3) Rç, th e  in teg rated  reflectivity in  rad ia n  u n its .

(4) S / X ^ ,  refractive index in  Â'^ un its .

(5) a ,  th e  lin ea r th erm al expansion  coefficient in  K" u n its .

(6 ) p, th e  c rysta l m ateria l density  in  g/cm®.

The v a lu e s  of in teg rated  reflectivity R  ̂ and  resolving pow er X J A X  quoted below, are  only 

a pp rox im ations an d  th e  original tex ts  shou ld  be consu lted  for varia tion  w ith  w avelength. 

Theoretical resolving pow er for ADP (101) and  PETT (002) is p lo tted  as  a  function  of 

w avelength for th e  first four orders la te r  in  th is  chap ter. The usefu l w aveband range for
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each  c iy sta l h a s  been  defined for the Bragg angle 0:5->^75®. However, w hen u sin g  crysta ls in  

th e  J o h a n n  geom etry, the  in stru m en ta l resolving power c a n  b e  considerably  red u ced  by 

J o h a n n  e rro rs  a t  shallow  angles, as d iscussed  in  C hapter 2. In  practice, angles above 40® are 

preferred . S ta rtin g  w ith  h ighest lattice spacing, fu rth e r re levan t com m ents a re  added  for 

ind iv idual crysta ls . It is  w orth  m entioning a  group of p seu d o -c ry sta ls  first, m ore 

ap p ro p ria te  for th e  longer w avelength region.

Lead Stearate: 2d=100Â, [CH^. (CHg) .COOjgPb, and  m ultilayers (usually  construc ted  from 

a lte rn a te  layers  of T u n g sten  an d  Carbon) are  syn thetic  crysta ls . They allow th e  observable 

soft x -ray  w aveband  by  c rysta l techn iques to be  extended longer th a n  25Â, th e  lim it 

norm ally  reached  by  acid  p h th a la te s . They have good firs t o rd e r reflectivity Rc~10“®rad, 

a n d  good h igher orders, b u t  very low resolving pow er X/AX=100. In  th is  la tte r  respec t they  

can n o t com pete w ith g ratings, b u t  do have a n  application for study ing  sh o rt w avelength 

C arbon  tra n s itio n s  o r w here h igh resolving pow er is no t desired .

Acid P hthalates: are  a  group of organic crystals grown from  aqu eo u s salts, w ith  a  large 

lattice  spacing  2d~26A, m oderately  high reflectivity an d  resolving power X/AX~1000. They 

u su a lly  have a  tra n sp a re n t, colourless, flat appearance  a n d  cleave along the  m ain  

diffraction p lane. They are  noted  for u se  in  the  w aveband w here crysta l spectroscopy 

properly  begins. For these  reasons, they  have been  used  extensively in  soft x -ray  

spectroscopy an d  so lar x-ray  spectroscopy in  th e  5 ^ 2 6 Â  b a n d  for the  las t tw enty  years. The 

ph thalic  sa lts  of P o tassium  (KAP) and  R ubidium  (RbAP), bo th  described  below, are  

com m only u sed . O thers  have different properties and  m erits  for p a rticu la r applications, 

includ ing  T hallium  (TIAP), C aesium  (CsAP), A m m onium  (NH^AP) an d  Sodium  (NaAP). 

B u rek  rep o rts  a  tren d  for im proved crysta l in tegrated  reflectivity by choosing a  m etal ion 

w ith a  high atom ic num ber, u sually  a t the  expense of resolving power.

KAP (001): 2dia=26.6242Â, (C6HJCOOH)(COOK)), useful w aveband 2.3-^25.7Â. A crystal 

w hich cleaves readily  along th e  (0 0 1 ) planes, h a s  good vacuum  properties an d  long term  

stability . Good in teg rated  reflectivity Rç~7xl0'®rad an d  m odera te  resolving pow er 

XyAA,~1500 are  th e  m ain  qualities, though  the  la tte r  is probably  th e  best available for 15Â 

an d  above. The c rysta l h a s  a  u seab le  second o rder reflectivity a n d  resolving pow er (see 

C h ap te r 7), b u t  h a s  extrem ely low th ird  and  fou rth  order reflectivity®^. A good crysta l for 

observing th e  H-like an d  He-like Oxygen series. Several ab so rp tion  edges are  p resen t; 

Potassium  K-edge a t 3.44Â and  Oxygen K-edge a t 23.3Â

RbAP (001): 2di8=26.1083Â, (CHgHJCOOHKCOORb)), Rubidium  acid phthalate h a s  a  useful 

w aveband 2.3~>25.2Â an d  is iso stru c tu ra l to KAP with a  R ubid ium  ion su b s titu te d  for a 

P o tass iu m  ion. RbAP h a s  h igher reflectivity th a n  KAP th o u g h  lower resolving power; it h a s  

usefu l app lications for low signal x-ray  sources. Second order reflection is su p p ressed . It is 

stab le u n d e r vacuum , b u t does not age a s  weU as  KAP. Several absorption edges occur in
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waveband: Oxygen K-edge a t 23.3Â and  com plicated R ubidium  L-edge s tru c tu re  L, a t 6.0QÂ,

Ln a t 6.65Â a n d  L,n a t 6 .87Â

M ica (002): 2d=19.84Â, (K2O.3 Al2O3.6 SiO2.2 H2O), h a s  useful w aveband 1.7->19Â  A m ineral 

c ry sta l w ith  n a tu ra l  cleavage plane; M uscovite is one com m on type. B ends easily  a n d  is 

often  u se d  in  curved  crysta l spectrom eters. Generally, chem ical com position a n d  s tru c tu re  

m ay  n o t be  uniform . It h a s  low reflectivity Rc~2xl0'®rad a n d  m oderate  resolving power 

X/AX~1400. Good h igher o rder reflectivity an d  resolving pow er are  possible, ex tending to the  

te n th  o rder o r m ore. Second o rder offers b e tte r  resolving pow er an d  can  be u se d  for He-like 

M agnesium  resonance  lines a t 9 .2Â  Several absoi*ption edges a re  p resent; P o tass iu m  

K-edge a t  3.44Â, Silicon K-edge a t 6.74Â an d  A lum inium  K-edge a t 7.95Â.

Beryl (1010): 2d=15.955À  (3 Be0 Al203.6 Si02), useful w aveband 1.4->15.4Â A robust 

m inera l c rysta l, though  good specim ens are  difficult to find. Colour an d  2d spacing  m ay 

vary  depend ing  on  im purity  concentration®®. M edium  reflectivity R c~6xl0 ®rad w ith verv 

u sefu l resolving pow er X/AX^2500^3000 above 12Â. Like Mica, A lum inium  a n d  Silicon, 

K -abso rp tion  edges p resen t.

ADP (101): 2d=10.64À, A m m onium  Di-hydrogen P hosphate  (NH4H2PO4), u sefu l w aveband 

l->-lGÂ. A n inorganic c rysta l grown from  so lu tion  w hich does n o t cleave along  the  

reflecting plane; su rface m u s t be cu t and  chem ically polished. Reflecting p roperties  and  

spectra l reso lu tion  are  therefore affected by  the  surface quality. Large specim en  sizes are 

available, a n d  u sed  on several so lar corona observing m issions eg SMM (Solar M axim um  

Mission)®®. Good resolving pow er X/AX,=9000 w ith  m odera te  reflectivity R^=4xl0'®rad m ake 

it a  usefu l c rysta l for s tudy ing  the  H-like and  He-like se rie s  of M agnesium  a n d  Alum inium . 

Extensive m ea su rem e n ts  of crysta l p roperties by H all"  show  very little change w ith ageing 

process. P hospho rus K -absorption edge is p resen t a t 5.79Â.

EDdT (020): 2d=8.8034Â, E thylenediam ine d -ta rta te  (C6H 14N2O6) is a  useful c rysta l for the 

0.8->8.5Â region; large specim ens can  be grown. Like ADP, EDdT does not cleave along the 

(020) p lane  a n d  therefore its  p roperties depend on  the sam ple p reparation . T ogether with 

PETT (002) w hich  h a s  a  sim ilar lattice spacing, these  c ry sta ls  com plem ent each  o ther in  th is  

w aveband; resolving pow er of EDdT X/AX-IO*  ̂is 60% h igher th a n  PET, b u t th e  in tegrated  

reflectivity R ^ - l.Ix lO  '^rad is approxim ately 40%  lower th a n  PET. EDdT ch an g es very little 

w ith ag e in g "  an d  a p p ears  to be stab le  u n d e r norm al labora to ry  conditions. No absorp tion  

edges are presen t.

PET (002): 2d=8.74Â, Pentaerythrito l, C(CH2 0 H)4, is a n  organic crystal no ted  for its  high 

in teg rated  reflectivity R^~2x l 0  V ad for the  0.8->-8.5Â b an d . Large high quality  sam ples can  

be grow n from  a n  aqueous so lu tion  and  it readily cleaves along  th e  com m only u sed  (0 0 2 ) 

p lane. It h a s  good resolving pow er X/Al=6000 an d  is free from  absorp tion  edges. Crystal 

p roperties  a re  likely to  change w ith age u n d e r norm al labora to ry  co n d itio n s" . Cleaving to
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expose a  fresh  surface will re tu rn  crysta l to new  condition. Very useful for s tu d y in g  th e  

H -like a n d  H e-like resonance  line series  of A lum inium  a n d  Silicon.

Si (111): 2d=6.271Â, h a s  useful w aveband of 0.5~>6Â A very stab le  m etallic c ry s ta l w hich 

c a n  be p roduced  w ith a  high degree of pu rity  >99.999% . Good resolving pow er A/AX=7000 and  

h igh reflectivity R^= 1.2x1 O'Vad are possible a s  are  h igher o rder reflections. However, 

second  o rd er reflections are  extrem ely low. The lattice spacing  h a s  been  de te rm in ed  to  very 

high accu racy  (Ippm ) by  various au th o rs  a s  reviewed by Hart®®. This paper a n d  th e  

references th e re in  shou ld  be consu lted  for very slight d iscrepancies in  la ttice  spacing  

betw een  sam ples. The crysta l is free from  absorp tion  edges over th e  w aveband.

Ge (220): 2d= 4 .000Â  h a s  useful w aveband of 0 .4->3.8Â  Like Silicon, G erm anium  is a  very 

s tab le  m etallic  crysta l w hich can  be m an u fac tu red  in  large sizes to  a  high degree o f pu rity  

>99.999% . Good resolving power X / A X = 9 0 0 0  an d  high reflectivity R c= 2 .3x l0^rad  c a n  be 

achieved, to g e th e r w ith h igher o rder reflections. F luorescence will be m u ch  h ig h er th a n  

lower Z c ry s ta ls  w hen  exposed to in tense  x -ray  sources. Lattice.spacing is know n  to  very 

high accu racy  2ppm , an d  m ethods of m easu rem en t a re  reviewed by Hart®®. T he G erm anium  

K -absorption edge appears a t 1.11Â

Quartz and Natural Minerals: There are  a  large range of different types of m in e ra ls  

available for x-r-ay analysis. Q uartz  (SiOJ for exam ple, h a s  different c u ts  w ith  lattice  

spacing  from  2d= 8.350Â for (1010) plane to 2d= 1.624Â for (5052) plane. C rysta ls  w ith  

larger 2d  v a lu es  have m edium  reflectivity R^-6xlO  ®rad an d  good resolving pow er -1 2 3 0 0 . 

Silicon K -absorp tion  edge occurs a t 6.74Â. An exam ple of low lattice spacing  Q u a rtz  is given 

below. M inerals c a n  vary  in  pu rity  betw een  sam ples. O ther com m on m inera l c ry s ta ls  are 

Calcite (Calcium  Carbonate) eg the  (422) c u t w ith spacing 2d=3.034A and  the gem stone 

Topaz (A lum inium  Fluorosilicate) eg th e  (303) c u t w ith 2d= 2.712Â  Generally, th e  reflecting 

p roperties of Q uartz, Calcite an d  Topaz are  well estab lished  an d  have been  u sed  consisten tly  

in  th e  la s t six ty  years , particu larly  for precision  m easu rem en ts  of x-ray  Ka lines.

Quartz (2023): 2d=2.75Â, useful w aveband 0.24~>2.6A A m ineral crystal w hich is very 

s tab le  an d  rugged . It h a s  low reflectivity -1 .5 x 1 0  ®rad b u t very high resolving pow er 

A/AX=10®. T he crysta l is free from abso rp tion  edges over the  w aveband of in te rest.

4.1.2 Practical Information About Bending Crystals
All c ry sta ls  u se d  in  th is  w ork were p u rch ased  from  Q uartz  et Silice®® th ro u g h  R ay H andley 

of the  B ritish  su b sid ia ry  N uclear an d  Silica P roducts  Ltd. The sam ples were delivered 

u n m o u n te d  a n d  th e  finish quality  w as specified according to  w hether th ey  n a tu ra lly  

cleaved along th e  chosen  diffraction plane. There were two m ain  objectives to  consider, in  

regard  to  su rface  quality:

• The c ry sta l p rep ara tio n  shou ld  be good enough to en su re  a  perfect diffraction profile.
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• O ne c ry sta l face sho u ld  have an  optical finish to  allow  focusing in  visib le light.

The c ry sta ls , a s  described  below, were sufficiently reflective in  visible light n o t to  require 

su rface  silvering.

Cleaved Crystals

PET (002), RbAP (001) an d  KAP (001) were typical exam ples, th e  diffraction p lan e  of in terest 

being  paralle l to  th e  fron t surface. These generally h a d  a  flat, even, optical fin ish , except 

PET w hich often  h a d  a  slightly uneven stepped  finish w hen  in spected  by  eye. T h is  would 

m an ifest itse lf a s  excess sca tte red  light during  th e  focusing operation . It w ould, however, 

cleave very easily  from  large m oun ted  blocks, considerab ly  reduc ing  u n it co sts . X -ray  lines 

recorded  w ith  cleaved c ry sta ls  w ere u sually  uniform ly n a rro w  along th e  film h e ig h t and  

repea tab ly  positioned  to  w ith in  th e  Bragg angle a lignm ent to lerance.

Uncleaved Crystals

Si (111), Ge (220) and  ADP (101) for example, did not cleave along the  desired plane. 

Therefore, th e  face w as c u t parallel and  one side w as po lished  followed by a  chem ical 

etch ing  p rocess to  rem ove debris an d  polishing m ateria l. T hese crysta ls  h a d  th e  b e s t optical 

fin ish , p a rticu la rly  th e  Silicon an d  G erm anium  sam ples w h ich  h ad  a m irror-like  surface.

The position  of x -ray  lines recorded with one sam ple of ADP (101) were found to  be ~5~^7 

m in u tes  of a rc  adrift suggesting  th a t  there  w as a  sim ilar offset betw een the  diffracting 

p lanes  an d  th e  su rface  along th e  length of the  crystal. This an g u la r  error w as n o t large 

enough to  significantly  defocus the  line Image. However, a  considerab ly  larger offset of 

>30arcm in  from  th e  diffraction plane to the  crysta l su rface, lying along th e  ro ta tio n  pole, 

m ade th e  sp ec tra l lines partially  wedge shaped  along th e ir  he igh t. The tilt ad ju s tm e n t of the  

c rysta l jig  cou ld  com pensate  th is  m ore serious defect an d  highlighted a  source  of error 

during  th e  c ry sta l cu tting  process. In principle, th is  could be  overcome by using  a  two 

cry sta l sp ec tro m ete r to  find th e  diffraction p lane of in te re s t of th e  crysta l b lock  w ith x-ray 

light before cu tting .

Storage o f Crystals and Prevention o f Ageing

B arru s  et al®° have reviewed w ays of m inim ising the  ageing p rocess of crysta ls a s  a  resu lt of 

co n tac t w ith  th e  a tm osphere . The effect often cau ses  c h a n g es  in  th e  reflectivity, m ainly a n  

increase  a t th e  lower w avelength region w ith m osaicicity, b u t  also  is accom panied  by a 

de te rio ra tion  in  th e  resolving power.

All c ry sta ls  sh o u ld  be coated  w ith 500Â of Al, or a  sim ilar layer im pervious to  a ir  and  w ater 

vapour, an d  sho u ld  be sto red  in  a  dessicator ja r . The coating  shou ld  occur im m ediately 

after th e  cleaving o r polishing process. This is expected to  reduce  the  d epartu re  from  new 

sam ple reflectivity for acid  p h th a la te s  to b e tte r  th a n  1 0 % p e r  year.
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AU crysta l sam p les In th is  w ork were normaUy used  shortly  a fte r  p u rch a se  a n d  were stored 

e ith e r in  a  desica to r o r a irtigh t container. F resh  PET sam p les  w ere cleaved from  a  block 

im m ediately  before use .

Crystal S izes and Range o f  Curvature

Sam ples w ere u sua lly  ordered in  two sizes: 80x25m m^ (length x  height) for th e  Mkll jig; and  

a  slightly  larger 105x30mm^ w as used  for th e  M klll Jig. The m in im u m  sep ara tio n  of the  

o u te r  roUers w as 60m m  w hich determ ined th e  sh o rtes t leng th  of crystal. The crysta l height 

w as m atch ed  to  th e  ap e rtu re  of th e  bending  Jig. The crysta l th ic k n e ss  w as ch o sen  according 

to  th e  c rysta l p roperties an d  th e  rad iu s  of cu rvatu re . Sam ples o f PET, KAP, Si an d  Ge were 

0 .3m m  th ick ; ADP an d  RbAP were 0 .4m m  th ick . T his th ic k n e ss  aUowed a  selection of 

cry sta l rad ii from  R=300~>2300mm, b u t  w as im portan t for sm aU er rad ii w here th e  s tre ss  

in  th e  c rysta l could exceed th e  yield point, resu lting  in  b reakage.

The sm aU est rad iu s  of R=300m m  w as achieved using  a PET (002) crysta l of d im ensions 

63x17x0.3mm®. T his w as likely to  be th e  sm aU est rad iu s  for th is  c rysta l th ic k n e ss  though 

no  a ttem p t w as m ade to produce a  smaUer rad iu s  or find th e  b reak ing  point. No such  

res tric tio n s  applied to  th e  u p p e r rad iu s  limit. However, a  th in  crysta l a t a  large rad iu s  h ad  

to  be  su p p o rted  to prevent it slipping from  th e  rollers w hen  th e  spectrom eter w as inclined.

Observations During Crystal Focusing

G enerally  w h en  focusing, the  crysta l sam ple quality, w hich w as  invariably  very good, 

de term ined  th e  m axim um  useab le  diffraction area. This gave a n  active c rysta l a rea  of 

~3Qx25mm^ for the  80m m  crystal length an d  -55x30m m ^ for th e  larger size. To som e 

exten t, an y  varia tions in  the  th ickness  or inhom ogeneity  of th e  crysta l could  be 

com pensa ted  by  th e  c rysta l bending  jig.

D uring focusing som e crysta ls were no t a s  stab le  a s  o thers w hich seem ed to  be correlated 

w ith u sing  a  larger rad iu s  R>12GCmm w here s tre ss  on the  c ry sta l w as lower. For example, a 

change in  th e  crysta l focus of th e  inorganic crysta ls  KAP a n d  ADP occurred du ring  sudden  

increases  in  tem p era tu re  an d  hum idity . Even very light b rea th in g  on the  c rysta l w as 

sufficient to  c au se  th is  phenom enon. The original focus qua lity  w ould no t alw ays re tu rn  if 

left w ith  no fu rth e r  ad justm en t. If trea ted  w ith som e cau tio n  a n d  a settling  period, th is  w as 

n o t a  se rio u s  inconvenience un less  the  spectrom eter h ad  to  b e  tran sfe rred  som e d istance 

from  th e  a lignm ent a rea  to th e  experim ent. A th icker c ry sta l w ould im prove th e  stability, 

while m inera l a n d  m etallic crysta ls  (e.g. Q uartz  and  Silicon) w ould no t expect to  be 

suscep tib le  to  th is  effect.

Optimum Crystal Thickness for Radius

The prev ious considerations lead to th e  following suggested  th ick n ess  for various 

c u rv a tu re s  of a  h igh reso lu tion  crystal spectrom eter irrespective of crysta l m ateria l or cost:
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Table 4 .2  Suggested Crystal Thickness For Radius Curvature

T h ick n ess  x  (mm) R adius R  (mm)
0 .15  -> 0 .2 5  150 -> 3 0 0
0 .25  ^  0 .5  300  -> 2000
0.75 2 0 0 0 ->

T his sh o u ld  be  com pared w ith som e exam ples from  o ther resea rch ers :

• B eiersdorfer et al®̂ , ADP (101) 100x20x0.5mm® for R=570m m .

• P latz e t a l^ . Q uartz  (310) 50x30x0.4mm® for R=1380m m .

• B eiersdorfer e t al®®. Q uartz  (1120) I52x38x0.8mm®, for R=2760m m .

• Lieber e t al®®. Q uartz (203) 130x55x0.4mm®, for R=2970m m .

There is  good agreem ent here, w ith th e  previously described tendency  of ex tending  th e  use  of 

th in  c ry s ta ls  to  larger radii. It m ay  be  added  th a t  th e  p lane  of d ispersion  for aH th e  above 

sp ec tro m ete rs  w as parallel to  th e  horizontal, w ith  one exception®^. The p re se n t 

spectrom ete r w as used  successfully  in  a  range of orientations.

Finally, it is  certain ly  possible to  generate  rad ii less th a n  R= 100m m  w ith  th in  w afers of 

0 . 1m m , b u t su ch  an  in strum en t could no t be described a s  a  h igh reso lu tion  in stru m e n t for 

large x -ray  sou rces observed here.

4.2 X-Ray Films
Since m o st of th e  re su lts  p resen ted  in  th is  w ork were recorded  on  pho tograph ic  em ulsion, 

th e  p roperties  of x-ray  film are  d iscussed  in  som e detail. The m ain  em phasis  is given to the  

film sensitiv ity  over th e  wavelength range of in te rest, u se  of th e  m easu red  film  response to 

convert op tical im age density  in to  abso lu te  x -ray  pho ton  density  and  w ays of im proving 

th e  s ig n a l/n o ise  ratio. O ther photo-electric detecto rs were u sed  nam ely a M ulti-W ire 

Proportional co u n te r (C hapter 7) and  a  s ta n d a rd  TV com patible CCD (C hapter 5): these  are 

d iscu ssed  in  th e  relevant chapter. O ptim isation of a  CCD detec to r for u se  w ith a  very high 

reso lu tion  J o h a n n  spectrom eter is d iscussed  in  C hap ter 4.6.

4.2.1 Kodak X-Ray films for 1^25Â
T here are  several com m ercial x -ray  film s available for th e  w aveband 1->25Â. The au th o r 

h a s  u sed  two of th e  m ore com m on Kodak films:

(1) K odak 101-01 film is prim arily  a  low energy x-ray /U V  film w hich is  com posed  of a 

single em ulsion  m onolayer w ith no  protective overcoat, available on  g la ss  p late  or 

3 5m m  p lastic  backing.

(2) K odak DEF film is a  double em ulsion  film, designed for high sensitiv ity  in  the  

l->-10keV band , consisting of a supercoat p lu s  em ulsion  layer on bo th  s ides  of a 

185pm  polyester base. It rep laces K odak N o-Screen double em ulsion  film. DEF film 

is  available in  p late  or unperfo rated  35m m  (392) form at.
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The m a in  objective of th is  research  h a s  been  to  s tu d y  x -ray  sp ec tra l lines w ith  

in s tru m e n ta l resolving pow er of X/A^-IO'^. It is  ap p a re n t from  th e  previous sec tio n  th a t 

cry sta l availability  lim its the  s tu d y  to  w avelengths below 13Â. K odak DEF 392  film  is th e  

logical choice becau se  of its superio r sensitivity. In fact, th e  two film s in  th e  1“>25Â soft 

x -ra y  reg ion  are  com plem entary, th e  crossover poin t being ab o u t 13^14Â , Above th is  

w avelength, 101  film h a s  superio r sensitivity, w ithou t th e  a tte n u a tio n  of th e  supercoa t, 

while th e  em u lsion  m onolayer com position is  too th in  to  reg is te r  m ore energetic  rad iation . 

The converse is  tru e  of DEF 392.

Quick S en sitiv ity  T est for DEF, 101-01 and HP3

In  o rd er to  te s t  th e ir  perform ance approxim ately, K odak DEF 392  film w as com pared  In 

tu rn  w ith  101-01 a n d  Ilford HP5, a  com m ercial fast speed  pan ch ro m atic  b lack  a n d  w hite 

film. The two pieces of film, p laced in  a  light tigh t casse tte , w ere uniform ly exposed to 

m onochrom atic  rad ia tion  diffracted from th e  spectrom eter, u s in g  th e  DITE T okam ak  a s  a n  

x-ray  light source. The He-like Al ion ls^ - ls2 p  resonance lines a t 7.8Â were u se d  a s  a  rough 

guide to  prospective lines of in terest. The re su lts  quickly confirm ed th a t  DEF w as a  factor 

of ab o u t two a n d  th ree  m ore sensitive th a t 101 and  HP5 respectively. Also, HP5 w as m ore 

sensitive to  visible light th a n  e ither of the  x -ray  films, a s  expected, an d  needed  b e tte r  

optical filtering. It m ay be no ted  th a t HP5 is expected to becom e m ore sensitive to  sh o rte r  x- 

rays below  4Â a n d  m ay  have som e application a s  a  fine g rain  x -ray  film.

4.2.2 Kodak DEF 392 Film Response
The x -ray  resp o n se  of DEF an d  o ther films h a s  been  m easu red  experim entally  an d  

described  theoretically  by H enke et al^° an d  by references there in . F igure 4.1 ta k e n  from 

th is  reference show s th e  sensitivity  S, defined here  a s  the  reciprocal of the  x -ray  in tensity , 

needed to  p roduce  a net optical density  D o.i=0.5, as  a function  of pho ton  energy. The film 

sensitiv ity  varies  by a  factor of five w ith pho ton  energy from  1 ^  lOkeV while th e  

back g ro u n d  g ra in  noise rem ains  constan t. The op tim um  sensitiv ity , a n d  therefore  the  b es t 

in h eren t S /N  ratio  for the  film, is for rad ia tion  in  the  2->6keV (6->"2Â) region. T he d ashed  

line show ing th e  response  of th e  first em ulsion  only, d e m o n stra tes  th a t  the  film  sensitivity  

is  en h an ced  for pho ton  energies g rea ter th a n  4keV for pho to n s reg istered  on  th e  b ack  

em ulsion  coating. T his rad ia tion  is energetic enough to  p en e tra te  th e  185pm  polyester film 

base  a n d  reg iste r on th e  back  layer. The low energy fall-off in  th e  response  is due  to  x-ray 

ab so rp tion  in  th e  supercoa t while the  high energy faU-off is  due  to incom plete abso rp tion  

in  th e  two em ulsion  layers.

For th e  l->2keV  x-ray  region, the  pho tons are  com pletely abso rbed  in  th e  firs t (thick) 

em ulsion  layer w here th e  image density  can  be show n to  be re la ted  to x -ray  ph o to n  density  

by  equa tion  (4.1) below. For 2~>3keV photons, partia l ab so rp tion  tak es  place in  th e  (thin) 

em ulsion  layer a n d  therefore the  con tribu tion  below the  first coat th ick n ess  h a s  to  be
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Figure 4.1 The sensitiv ity  S for DEF x -ray  film (after H enke et al^°) is  show n for th e
l-> 10keV  energy region. S is  defined here  a s  th e  reciprocal of photon  in tensity  
requ ired  to  generate a n  optical density  Do.i=0.5. The d a sh ed  curve ind ica tes the  
sensitiv ity  for the  firs t em ulsion  only, illu s tra tin g  th e  im provem ent in  th e  
DEF sensitiv ity  for ph o to n  energies above 4keV.
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su b tra c te d . F or E>3keV photons, the rad ia tion  is tra n sm itte d  th ro u g h  the  po lyester base  

a n d  reg is te rs  on  the  b a c k  em ulsion  layer giving a  double-em ulsion  response .

Low Energy Response

Since th e  detailed  analysis  of line rad iation  in  th is  w ork o cu rred  a t energ ies low er th an  

2keV (longer th a n  6^  th e  th ic k  em ulsion response  alone w a rra n ts  d iscussion . Henke^° 

describes th e  film response  for a  th ick  (completely absorbing) em ulsion  as:

aD  = a In (1 + bpi) (4.1)

w here D is  th e  optical density, I is the  x-ray pho ton  density  a n d  a , a, p an d  b  a re  constan ts  

depend ing  on  th e  x-ray  energy. This can  be simplified to:

AD = In (1 + BI) (4.2)

w here A = a /a  an d  B=bp. Table 1 from Henke^° expresses exposure  I (photons/pm ^) against 

n e t optical density  Dq.j, above th e  background fog level, a s  a  function  of p h o to n  energy. The 

above equa tion  (4.2) w as fitted to  th is  tabu la tion  for pho ton  energ ies of 1. I ^ 2 .0 k e V  

(11.27->6.2QÂ) with an  accuracy  be tte r th a n  0.2% . The p a ram ete rs  A an d  B are  show n below 

in  Table 4 .3  an d  the  film response plotted in  Figure 4.2 for th e  four pho ton  energies. The 

genera l form  of the  film response  function  is c lear from  th e  fam ily of curves, allowing 

in te rp o la tio n  for any in te rm ed ia te  pho ton  energy.

Table 4 .3  Kodak DEF 392  Low Energy Response Param eters

MÂ) A B
11.27 0.941 1.19
8.27 0.598 1.30
6.89 0.572 1.50
6 .2 0 0.518 1.47

4.2.3 Densitometry and Optimisation of Signal/Noise
It m ay  be noted  th a t the  optical density  m entioned here is n e t specu lar density  a s  opposed to 

n e t diffuse density. The la tte r refers to the absolu te  density  of a  m edium  w hereas  th e  form er 

d epends on  th e  m icro-densitom eter collection optics an d  th e  film g ranu larity . A full 

accoun t of th is  phenom enon is given by Tuttle^^ an d  Weaver^^. A consequence o f th is  is 

th a t, in  o rder to utilise th e  abso lu te  m easu rem en ts of H enke et al, all density  m easu rem en ts  

in  th is  w ork  were recorded w ith  m atched  0. lN A /0 . INA (N um erical A perture) in flux/efflux  

optics u sing  a  Joyce-Loebl M klll densitom eter. Likewise, th e  recipe by H enke for developing 

an d  fixing K odak DEF film w as followed and  is repeated  in  A ppendix I w ith  som e 

ad d itio n a l com m ents.
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DEF FILM RESPONSE CURVES NET DENSITY/PHOTON DENSITY
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Figure 4.2 DEF film  response curves showing ne t optical density  a s  a  function  of x-ray 
I p h o to n  density  for different energies.
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T he op tim al signal retrieval depends on th e  inform ation requ ired  from  th e  sp ec tru m ; for 

th e  case  of line profile m easu rem en ts  the  slit w idth is u su a lly  se t a t 0 .1~>0.2 line FWHM. 

T his va lue  is  c h o sen  to  m inim ise th e  con tribu tion  of th e  slit convolu tion  w ith  th e  spectra l 

fea tu re . T his p laces a  1-D restric tion  on th e  to ta l scann ing  area . Since th e  rm s  g ra in  noise 

is  inversely  p roportional to th e  area, th e  scann ing  slit he igh t h  m u s t be m ax im ised  in  order 

to  im prove th e  S /N  ratio . The to ta l n u m b er of pho tons N included  in  th e  sc a n  in creases  

linearly  w ith  h , th u s  th e  S /N  ratio  in creases  proportionally  w ith  h^^^.

In  practice, b ecau se  the  spectra l lines are curved o r the  scan n in g  optics lim it th e  apertu re  to 

1m m  or so, only a  sm all n u m b er of reg istered  pho tons c a n  be  retrieved from  th e  25m m  film 

height. Clearfy th e  b est re su lts  could be obtained  by digitising the  com plete sp e c tru m  using  

a  com puter-con tro lled  m icrodensitom eter. A 2-D array  w ould be  crea ted , followed by  a  1-D 

com pression  of the  he igh t inform ation. T his w ould need  a  co rre la tion  fu n c tio n  to  com bine 

th e  ind iv idual 1-D slices w ithou t losing spectra l inform ation. T his w ould be  a  very  

successfu l w ay of ex tracting  th e  da ta  an d  m axim ising th e  S /N  ratio.

R em oving B ack Film  E m ulsion

The m ain  lim it to  ex tracting  inform ation from  low level sp ec tra l fea tu re s  is  th e  

back g ro u n d  g ra in  noise. V arious techn iques in  the  densitom etiy  can  be u sed  to  m inim ise 

th e  co n trib u tio n  of g rain  noise, b u t  these  are  constra ined  by  th e  op tim um  signal retrieval. 

DEF is a  double-coated em ulsion which suggests th a t the  g ranu larity  m u s t be twice th a t  of a 

single em ulsion  layer. It is c lear th a t  in  th e  region below 4000eV, longer th a n  3À, rem oval 

of th e  second em ulsion layer does not reduce th e  signal b u t re su lts  in  doubling th e  S /N  ratio 

by  halving th e  to ta l g ra in  noise.

The p re se n t m ethod  of rem oving the  unexposed  em ulsion back ing  w as m odified from  

Gordon^^. The film w as placed on a glass plate with the exposed side face down. The edges of 

th e  film w ere th e n  sealed  using  a  w aterproof PVC tape, leaving m ost of th e  b a c k  em ulsion 

uncovered. A 10% solution of Sodium  Hydroxide (NaOH) w as poured  onto  th e  film b ack  and  

left for approxim ately  tw enty  m inu tes; m ore solu tion  could  be added  to  keep th e  film  m oist. 

The so lu tion  w as w ashed  off an d  the  softened em ulsion rem oved from  th e  po lyester base  

u sin g  a  p lastic  scraper. (Longer soaking tim es m ay be necessa ry  to fu rth e r  soften  the  

em ulsion). T he PVC tape  w as d iscarded  and  the  film w ashed  in  distilled w a te r for abou t ten  

m in u te s  to rem ove excess NaOH. The film w as dryed a t room  tem p era tu re  an d  th e  em ulsion 

allowed to  h a rd e n  before any  fu rth e r  handling.

The m ain  advan tage of th is  m ethod is th a t the  exposed side is protected  w hile th e  back  layer 

is  rem oved, resu ltin g  in  no  deterioration  of the  spectra l image. Inspection  of th e  back ing  by 

eye an d  w ith th e  densitom eter show  th a t no sc ra tches o r m ark s  are added  to th e  polyester 

b ase  giving th e  desired  reduc tion  in  th e  overall g rain  noise.
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4.2 .4  Digitisation Process
At th e  tim e of analysing  the  da ta , there  w as no  m ethod  a t  L eicester U niversity for digitising 

th e  film sp e c tra  directfy onto com puter. T his h a d  to be done in  two stages:

• A p o rtio n  of th e  film, contain ing  a  sm all group of lines, w as densitom etered  first, 

w ith  a  su itab le  expansion  lever, ~ 50 :1 an d  the  im age d ensity  calib rated .

• T he line  profiles w ere traced  by h a n d  u sin g  a m ap  d ig itiser w ith  positional accuracy 

of 2 0 pm .

The digitised  d a ta  could  th e n  be converted in to  x-ray  in te n s ity /m Â  using  th e  sensitivity  

a n d  d isp e rs io n  functions.

It w as im p o rta n t to verify th a t  th is  d ig itisa tion  p rocess d id  n o t in troduce  e rro rs  in  th e  final 

line position  a n d  therefore  w avelength calib ration . The ind iv idual s te p s  of th e  com plete 

d ig itisa tion  a n d  ana ly sis  could be tes ted  a s  follows:

• The d ensitom eter position  scale w as ca lib ra ted  a n d  show ed deviations of 

5x10"^^ 10"^, ie 5->10pm  errors in  10mm.

• A sy n th esised  sp ec tru m  contain ing  th ree  b lended  G a u ss ia n  profiles w as  generated  

an d  p lo tted  ou t a s  a  g raph  from th e  VAX m ainfram e com puter. The second  stage of 

th e  d ig itisa tion  p rocess w as repeated  in  order to  s im u la te  th e  p rocedure for real 

sp ec tra  density  traces. The sam pling of the  envelope w as varied to  find o u t if th is  w as 

a  sou rce  of error. The digitised d a ta  w as th en  ru n  w ith  th e  analysis code to  try  to 

retrieve th e  in itia l syn thesised  p a ra m e te rs  of line w id th , in ten sity  a n d  position 

from  th e  th re e  profile envelope. The re su lts  were im pressive; every p a ra m ete r  agreed 

w ith  th e  in itia l value to  b e tte r  th a n  a  to lerance of 10'^. The equivalent line positions 

could be found to  b e tte r  th a n  ~5pm. This suggested th a t  th e  20pm  m ap digitiser 

a ccu racy  did n o t lim it the  final accu racy  in  the  profile fitting  process. The sam pling 

h a d  little effect once a m inim um  of 2 0 p ts/p ro file  h a d  b een  exceeded.

• The reso n an ce  lines of DITE sp ec tru m  #20, u sed  in  th e  d ispersion  function  

ca lib ra tion  in  C hap ter 2, were determ ined  with a  p la te  m easu ring  device, w ith  2- 

d im ensional read o u t to ±5pm. The m easu red  position  of th e  first two lines \  

from  Table 2.2 were separa ted  by  1.750±0.008m m . T hese two lines were digitised and  

ana lysed  u sing  G aussian  profiles (C hapter 5) an d  th e  sep ara tio n  of th e  centro ids 

determ ined  to  1.743±0.001m m . W hen the  digitising e rro rs  were included, the  

se p a ra tio n  w as finally se t a t 1.743±0.004m m . The agreem ent betw een th e  two 

different m easu rin g  techn iques w as excellent.

The d ig itisa tion  a n d  analysis  p rocesses were fu rth e r te s ted  w hen  com pared  to  d irect 

d ig itisa tion  m e th o d s  a t th e  Laser Division, RAL and th e  N uclear Physics D epartm ent, 

Oxford U niversity. In  all cases, the  final w avelength ca lib ra tio n  accu racy  w as in trin sic  to 

th e  d a ta  a n d  n o t th e  d igitisation process ou tlined  above.
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4.3 Filters and Transmission Calculations
M uch w ork  w a s  sp en t early th is  cen tu ry  in  experim entally  ch arac te ris in g  th e  abso rp tion  

p ro p ertie s  of different materials^®. The abso rp tion  of x -rad ia tio n  by  a m eta l layer w as 

observed to  b e  strongly  dependen t upon  th e  m ateria l th ick n ess  a n d  its abso rp tion  

coefficient a t  th a t  w avelength. For w avelengths less th a n  th e  K -absorp tion  edge, th e  m ass  

a b so rp tio n  coefficient c a n  be w ritten  em pirically as^^:

M-a =  | i / p  = F%3 +  c o n s t .  ( 4 .3 )

w here p  is  th e  lin ea r abso rp tion  coefficient of the  absorb ing  m ateria l, p is  th e  density  of the  

m ate ria l a n d  F  is a lm ost co n stan t. The genera l abso rp tion  law  for the  a tte n u a tio n  of 

m onochrom atic  rad ia tio n  th rough  m ateria l of th ickness  x  c a n  be  w ritten  as:

I = lo exp(-px) (4.4)

w here is th e  inciden t beam  in tensity  an d  I is the  filtered b eam  intensity . The 

tra n sm iss io n  coefficient TfX), w hich is d im ensionless, is  defined as:

T[X)  = ^  = exp(-px) (4.5)

an d  is  re la ted  sim ply to the  absorp tion  coefficient AfX) by:

T(X) = 1 - A[X] (4.6)

Generally filters or w indow s are  used  w ith  spectrom eters to  p a s s  o r regu late  ce rta in  

w avelengths of in te rest w hilst excluding o th e r  rad ia tion  ou tside  th is  ban d . In  practice, the  

unw an ted  rad ia tio n  is no t excluded completely, b u t the  in tensity  c a n  be reduced  to an  

alm ost negligible level by abso rp tion  in  th e  filter m aterial. Possib le rea so n s  for using  

filters a re  varied  an d  m ay include:

• R educing  h e a t load from  infra-red  a n d  visible rad ia tion  on  the  c rysta l by  placing a 

filter be tw een  the  therm al x-ray  sou rce  and  crystal. A th in  A lum inium  reflecting 

layer on  a  p lastic  base  is u sua lly  sufficient.

• M inim ising c rysta l fluorescence ca u se d  by b road  b a n d  x -ray  em ission  from  source.

It is o ften  difficult though , to filter o u t a  "hard" x -ray  com ponent w ithou t resorting  

to  a  geom etrical solution.

• P ro tec ting  a  visible (or ultra-violet) light sensitive d e tec to r from sca tte re d  or direct

rad ia tio n  from  the  source.

• Sim ply reducing  th e  signal in tensity  to  prevent de tec to r sa tu ra tio n .

• M inim ising strong  h igher o rder reflections or ad jacen t lines.
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C iy sta l fluorescence w as no t a  problem  here  because  of th e  choice of low Z c ry s ta ls  an d  the  

sp ec tro m ete r geom etry. The x -ray  signal in tensity  w as never h igh  enough to  drive the  film 

resp o n se  in to  sa tu ra tio n , optical densities being less th a n  Do.i=2. The m ain  u s e  of Alters in  

th is  w ork  w as to  prevent film fogging from visible and  UV ligh t a n d  to reduce  c ry sta l 

h e a tin g .

Som e usefu l form ulae can  be derived, based  on equation  (4.5). Two exam ples a re  given 

below .

F am ily o f T ransm ission  Curves

A fam ily of tra n sm iss io n  cu rves T2(A.) of m ateria l th ick n ess  x^ c a n  be ex trapo la ted  given 

th e  tra n sm iss io n  TJX) for th ick n ess  x^. They a re  related  b y  th e  expression:

T zW  = exp In(TW)] (4.7)

F irst Order Supression

A nother s itu a tio n , w here it m ay be desirable to  su p p ress  a  firs t o rder w avelength Xi while 

looking for th e  second order Xg, can  be achieved a s  follows. The tran sm issio n , of a  m aterial 

of th ick n ess  x, is TJX) for Xi a n d  T̂ fX) for Xg so th a t  a  ratio  R= TJX)/ Tg(X) can  be  defined for 

th e  relative tra n sm iss io n  for th e  two w avelengths. It is th e n  n ecessa ry  to  ca lcu la te  x ' th a t  

will give th e  su p p ress io n  ratio  R' where R '=TJX )/T '2(X). Again th is  is a sim ple relation:

W here tra n sm iss io n  cu rves were no t already available, filter ab so rp tio n / tra n sm iss io n  

in form ation  w as calcu lated  from  the  atom ic cross-section  d a ta  tab u la ted  in  Veigele^'^. 

C om parisons betw een ca lcu la ted  and  m easu red  tran sm iss io n  d a ta  usually  agreed  to 

L ight-tight filters for the  film casse tte  were m ade from 2pm  M ylar (CioHgOJ coated  w ith 

1500Â of A lum inium  a n d  were su itab le  for the  x-ray  b a n d  below 10Â Thin  polypropylene 

(CHg) w indow s, for above 10Â, could be s tre tched  from  a n  in itial 22 .5pm  th ick n ess  to  less 

th a n  0 .5pm , tes ted  by  geom etrical and  x-ray tech n iq u es^ . These were rendered  light-tight 

by a  g raph ite  sp ray  w hich added  ~ 1.5pm carbon  to  the  overall th ickness. T ransm ission  

cu rves for th ese  filters are  show n in  Fig 4.3 (a), (b) and  (c) for different th icknesses.
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4.4  Instrument Sensitivity
W hen ana lysing  th e  profile of a  spectral line, it c a n  be  a ssu m ed  th a t  th e  in s tru m e n t 

resp o n se  w ith  w avelength effectively rem ains c o n s ta n t an d  is free from  d isco n tin u itie s  

provided  th e  x -ra y  line is  n o t coincident w ith  abso rp tion  edge c h a ra c te ris tic s  of th e  filters, 

c iy s ta l o r de tector. The in stru m en t response c a n  vary  considerab ly  over th e  b a n d p a ss  and  

is  re lev an t w h en  in te rp re ting  resonance line in ten s ity  ra tio s  a n d  c o n tin u u m  em ission . For 

a n  a c cu ra te  in te rp re ta tion , the  relative in s tru m e n t response  m u s t  be ca lcu la ted . The film 

resp o n se  fu n c tio n  from  C hap ter 4.2 can  be com bined w ith  th e  d ispersion  re la tio n  in  

C h ap te r 2 to  determ ine the  to ta l num ber of pho tons u n d e r  an y  given line reg ard less  of th e  

profile sh ap e . The in tegrated  pho ton  coun t is  directly re la ted  to  th e  crysta l in teg ra ted  

reflectivity w hich  together w ith  o ther facto rs can  be u sed  to  define th e  relative 

in s tru m e n ta l  sensitiv ity  S,(X). T his is a  m odification of th e  ab so lu te  in s tru m e n ta l 

sensitiv ity  d iscu ssed  in  C hap ter 2. Sj(X) can  be w ritten  as;

SiiX]  = K RcW m )  F(l) sine (4.9)

The c o n s ta n t K c a n  be appropriately chosen  to  include o ther factors no t considered  here, 

like sou rce  solid  angle collection and  crysta l rad iu s , to  convert th e  relative sensitiv ity  into 

a n  ab so lu te  m easu rem en t. The o ther pa ram ete rs  In equation  (4,9) include th é  to ta l filter 

tra n sm is s io n  T(X) an d  a  factor of sinG for th e  geom etrical effect on  the  d iffracted crystal 

a rea . The film  sensitiv ity  F(X) is defined here  a s  th e  inverse x -ray  pho ton  d ensity  in  u n its  of 

ph /p m ^  needed  to reg ister a n  image optical density  of Do.i=l. The overall u n c e rta in ty  In the  

to ta l efficiency is a  com bination of erro rs in  th e  above, b u t is likely to be m ain ly  d u e  to the  

film a n d  c ry s ta l calib ration .

The p a ra m ete r  S,(^) w as calculated for PET (002) and  ADP (101) used  in the  la se r  a n d  

T okam ak  w ork. The in tegrated  reflectivity m ea su rem en ts  w ere tak e n  from  th e  two crystal 

ca lib ra tion  w ork  of H all"  for new  and  aged c rysta l sam ples w hile the  re su lts  from  H enke et 

a f °  gave th e  film  sensitivity. S,(X) w as determ ined  a t d iscrete  w avelengths a s  sh o w n  in 

F igures 4 .4  a n d  4.5. A line is draw n through the  points to guide the  eye and  aid 

in terpo la tion . A lthough not show n, som e d iscon tinu ities  a t  abso rp tion  edges a re  p resen t 

b u t are  un likely  to  vary  by m ore th a n  5%. The exception to th is  is the  P h ospho rous K-edge 

a t  5.79Â  for ADP (101). The effect of crystal ageing on th e  low w avelength region o f PET is 

c learly  show n  on  Fig 4.4.
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4.5  Line Profiles and Analysis
T his sec tion  d ea ls  w ith th e  m echan ism s w hich  con tribu te  to  th e  overall profile of th e  x-ray 

line. S ince in fo rm ation  concerning the  env ironm en t of th e  em itting  ion  in  th e  p lasm a  can  

b e  derived from  th e  line shape, it is im portan t to u n d e rs ta n d  a n d  quantify  th e se  processes. 

Specific top ics, for exam ple relevant to  h igh  d ensity  la se r  p la sm a s  like S ta rk  broadening  

a n d  opacity  effects, are reserved to C hap ter 6 . Likewise, b roaden ing  effects w h e n  observing 

a  Beam-foil source  are d iscussed  in  C hap ter 7.

Before co n tinu ing  fu rth e r, a  spectral line in  genera l c a n  be  described  by severa l param eters:

(a) The w avelength of th e  peak  in tensity .

(b) I ts  profile.

(c) T o tal line  in tensity .

The FWHM m ay  w a rra n t special m ention  u n d e r  som e cond itions an d  c a n  be calcu lated  

from  (b) a n d  (c).

4.5.1 Natural Line Broadening
The n a tu ra l  o r rad ia tion  line w idth, due to  th e  rad ia tion  p rocess itself, is defined a s  the  

in trin sic  w id th  of th e  spectra l line em itted by a n  u n d is tu rb ed  a tom  or ion a t re s t. This is 

linked to  th e  finite energy w idth AE of the  u p p e r a n d  lower s ta te s , b u t for a  tra n s itio n  to the  

g round  s ta te , th e  line w idth is equal to the  w id th  of the  excited sta te  alone. T his energy 

w id th  AE is  re la ted  to  th e  lifetime of the  s ta te  x th ro u g h  th e  principle of indeterm inacy , by:

A E t = ^  (4.10)

h  being  P lanck 's  con stan t. The lifetime c a n  also  be approxim ated  by the  su m  of the  

rad ia tive  tra n s itio n  ra te s  Aj, to the  lower levels:

(4.11)
KJ

For sa te llite  lines, it m ay  also be necessary  to  include th e  au to ionization  ra te s .

For H ydrogen, th e  radiative tran sitio n  ra te  for th e  ls -2 p  reso n an ce  line is A=6.25xl0®s’  ̂

co rrespond ing  to  a  lifetime of x=1.6nsec. The line profile is Lorentzian, described  

analy tically  in  eq u a tio n  (4.21). The rad iative tra n s itio n  p robab ilities scale a s  Z^, therefore 

by  com bining the  previous equations, the  n a tu ra l  line w id th  of the  l s - 2 p tra n s itio n  for any 

atom ic n u m b er can  be  expressed as:

AE = 4.114x10-7 Z4 (4.12)
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w here AE is th e  full w idth  a t h a lf m axim um  FWHM energy. Typical exam ples of h igh 

tem p e ra tu re  x -ray  resonance  lines observed in  T okam aks o r so la r  flares below  10Â would 

be from  Silicon (Z=14) an d  Iron (Z=26). The tra n s itio n  energy sca le s  a s  approxim atefy 

th u s  giving a  n a tu ra l  line w idth  (E/AE)n=(AyAX)n of 1.27x10® a n d  3.7x10^ resp ec tiv e^ . This is 

considerab ly  sm alle r th a n  o th e r  p lasm a b roaden ing  m ech an ism s, p rinc ipally  D oppler 

broaden ing , a n d  in  m ost cases  n a tu ra l b roaden ing  is negligible u n til Z>36.

4.5.2 Doppler Broadening
D oppler B roaden ing  of spectra l lines is u su a lly  the  dom inan t b roaden ing  m ech an ism  in 

m o st p lasm a  x -ra y  sources. It can  resu lt from  th e  b u lk  m otion  of th e  p lasm a  o r from  the 

th erm al ran d o m  m otion  of th e  rad ia ting  particles. A lthough th e  m otion  o ccu rs  in  th ree  

d im ensions, D oppler m otion  c a n  only be observed w hen th e  rad ia tin g  ion is  m oving along 

th e  line of s ig h t of th e  spectrom eter. For a n  ion moving w ith  velocity v, th e  w avelength of 

th e  em itted  pho ton  is shifted w ith respect to the  res t fram e value  by a n  a m o u n t A X :

AX

X o

V

c (4.13)

w here c is th e  velocity of light. If the velocities of the  ions of m a s s  M have a  th erm al 

M axwellian d is tr ib u tio n  of tem pera tu re  T„ th e  m ean  th erm al velocity v, is given by:

r 2kTi11/2
M J

and  the  velocity d istrib u tio n  function  for ion density  n< is:

(4.14)

F(v) =
n i

Vi
exp

V

L Vi
(4.15)

Neglecting th e  n a tu ra l  line w idth  and  su b stitu tin g  for v and  v, in  (4.15) gives th e  in tensity  

directly a s  a function  of wavelength:

F(X) = Ao exp
c2 M

■ U o  J 2kT ,
(4.16)

where A  ̂ is  th e  p eak  line intensity . F(X) h a s  the  characteristic  G au ss ian  sh ap e  w here the AX 

(FWHM) can  be defined as:

AX, =
2 X o 2kTi ln(2) 

M
1/2

(4.17)

This can  be conveniently  expressed as:

1/2
(4.18)

where the  ion tem pera tu re  T, an d  the ion m ass  M have the u n its  of the  eV an d  am u  

respectively. Table 4 .4  show s th e  line b roadening  pa ram ete r (X/AX) a s  a  function  of the  ion
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tem p e ra tu re  for elem ents likely to  be found in trinsically  o r in jec ted  in to  a  Tokam ak; eg ion 

tem p e ra tu re  Ti=1000eV, corresponding to  11.6xlO®K, gives D oppler b roaden ing  (X;aX)d=1841 

for Ne, 2172 for Si and  3063 for Fe. The last two elem ents were routinely  observed as  

in tr in s ic  im p u ritie s  in  DITE Tokam ak.

M easu rem en t of th e  spectra l line Doppler w idth can  determ ine th e  th erm al ion tem pera tu re  

T,. D oppler spectroscopy is  one of the  s ta n d a rd  m ethods for m easu rin g  very h igh  T>10®K 

te m p e ra tu re s  experim entally . The sta tis tica l accu racy  of th e  ion  tem p e ra tu re  evaluation 

c a n  also be im proved by  u s in g  all th e  d a ta  po in ts  in  the  line profile to  determ ine th e  shape 

an d  line w id th  of th e  ch arac te ris tic  G aussian . Also, co n trib u tio n s  from  o th e r 

in s tru m e n ta l, in trinsic  or p re ssu re  b roaden ing  m ech an ism s m u s t  be included  in  the  

an a ly s is  to  ex trac t th e  th erm al broadening.

It is c lea r th a t  to  resolve th e  line profile in som e detail, th e  in s tru m e n ta l resolving power 

m u s t  be  several tim es g rea te r th a n  the  D oppler w idth, requ iring  X/AX=10'  ̂o r be tte r. A 

fu rth e r  criterion  is  th a t  th e  chosen  line shou ld  be in tense a n d  sep ara te  from  ad jacen t lines.

4.5.3 Voigt Profile
The m easu red  profile of th e  spectra l line is often determ ined  by  several fac to rs w hich can  

be regarded  a s  independen t param eters  to be m athem atically  superim posed . Since these 

different b roaden ing  m echan ism s have largely Lorentzian Lfx) o r G au ss ian  G(x) spectra l 

profiles, th e  com bination  tak e s  on the  p roperties of bo th  functions  an d  canno t be described 

easily. The spectra l line in tensity  d istribu tion  of the  sup erp o sitio n  c a n  be w ritten  a s  a  

folding in teg ral:

+00

\l/(x,ri) = I L(y) G(x-y) dy (4.19)

know n a s  a  Voigt profile, w here the  pa ram ete rs  x,y rep resen t w avelength or energy about 

th e  line centroid . The G au ss ian  profile G(x), for example in  D oppler broadening , c a n  be 

rep resen ted  by:

G(x) = A exp
.P2.

(4.20)

w here Pg is  th e  G aussian  w idth an d  A is a con stan t. The Lorentzian  profile Lfx) for intrinsic, 

in s tru m e n ta l and  p ressu re  broadening  can  be  described by:

L(x) = ^  (4.21)

" W
where Pi is th e  Lorentzian w idth and  B is a  constan t. The p a ram ete r q in  (4.19) describes the  

relative w id th s  of the  two functions by q=p2/Pi-
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C om bining V oigt Profiles

It m ay  be no ted  th a t  w hen  two Voigt profiles of p a ram ete r q ' an d  q" are  folded together, th en  

a n o th e r  Voigt profile q is  form ed where:

Pi = Pi + Pi (4 .22)

(P2)2 = (P2)2 + (p2)2 (4 .23)

P2Tl = —  (4 .24)
Pi

E ssen tia lly  th e  Lorentzian  line w idths add  linearly  while th e  G a u ss ia n  co m ponen ts  add 

quadra tica lly . The overall Lorentzian pi an d  G au ssian  Pg com ponen ts  give th e  new  Voigt 

profile. T h is  is  a n  im p o rtan t property  w hich allows th e  different co n trib u tio n s, for 

exam ple th e  Lorentzian  function  from bo th  th e  in trinsic  a n d  in s tru m e n ta l w id th s, to  be 

tre a te d  quan tita tiv e ly .

V oigt Profile S yn th esis

P erh ap s  one m ajor problem  w ith the  Voigt profile lies in  th e  com pu ta tiona l tim e needed  to 

p roduce  th e  function. The various form s of v(x, q), show n below, are  in tegrals w hich  cannot 

be described  analytically, b u t  have to be ca lcu la ted  num erically . T his requ ires th e  

evaluation  of a n  in tegral over the  lim its described in  equation  (4.19) for each  p o in t in the 

spectra l profile. Some a u th o rs  W ertheim  et a l^  an d  R ichard  et al̂ ® have proposed the  use  of 

a  "pseudo-Voigt" profile (this au th o r 's  description) com posed of a  linear add ition  o f a 

L orentzian  a n d  G au ssian  functions of th e  sam e line w idth  b u t  w ith relative in ten sity  

p a ram ete r. A lthough th is  function  can  be quickly syn thesised , th e  com posite functions  do 

no t have th e  sam e m eaning  as  a  Voigt profile. It is also  only a  c ru d e  approx im ation  to the  

voigt line sh ap e . For these  reasons, it does n o t m erit fu rth e r  d iscussion .

An accu ra te  tabu la tion , b e tte r  th a n  10"*, h a s  been  calcu lated  by  Davies and  Vaughan^®

w hich describes th e  Voigt profile as  a  series of w idths as  a  function  of th e  FWHM a t various

in tensities . They do th is  for a  range of Voigt p a ram ete rs  q= 0 .1 -^10 .0  in  logarithm ic

in te rvals , b a se d  on the  following definition of th e  Voigt integral:
+00

\}/(x,Tl) = r e x M - [ ( ^ y ) / r ia d y  (4 .25)

They u se  th e  convention of the  Lorentzian function  of (l+x^)‘* of FWHM 6=2u n its  folded w ith 

th e  G a u ss ia n  function  (q exp{-[x/q]^} of FWHM 6=2q(ln2) *^^units: th is  defines a 

L o re n tz ia n /G a u ss ia n  width ratio  of 1 .2112/1  for q= l .  T his convention is adop ted  here, also. 

An a lte rna tive  form^® for \y(x, q) w as used  in  th is  w ork an d  can  be w ritten  as:
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+00

y(x,Ti) = cos(xÇ) exp (4.26)

0

A copy of th e  F o rtran  com puter code w ith com m ents is given in  A ppendix II. T he m ain  

objective w as to  create  a  fast, accura te  (better th a n  5x10 ®) voigt profile code w hich could 

syn thesise  th e  function  for any value of the  p a ram ete r q. It w as  te s ted  ag a in st th e  

tab u la tio n  of Davies and  V aughan, whose accuracy  w as quo ted  a s  being u n c e rta in  in  the  

fifth decim al place, an d  agreed to  w ith in  10 ® FWHM for any  ch o sen  p a ra m e te r  q . Leicester 

U niversity C om puter C entre 's DEC V ax8650 w ith VMS 5.1 softw are w as u sed  for all th e  data  

ana lysis  in  th is  work. The code could be ru n  on  th is  m achine a n d  dup lica te  th e  com plete 

tab le , con ta in ing  27x21 en tries, w ith in  80 seconds of CPU tim e. T his w as th o u g h t to  be a 

very respec tab le  tim e for th e  calculation, though  obviously n o t a s  fa s t a s  a  p u re  Lorentzian 

o r G a u ss ian  function . C om putation  tim es are not listed  for s im ila r functions in  the  

l ite ra tu re .

F igure 4 .6  gives an  exam ple of th e  Lorentzian, G au ssian  an d  Voigt (q=l) profiles for 

com parison . T he peak  in tensity  and  w id ths have been  no rm alised  a n d  th e  logarithm ic 

in ten sity  p lo t in  Figure 4.6(b) show s clearly th e  wing fea tu re  o f the  Voigt a n d  Lorentzian 

line sh ap es .

4.5.4 Spectral Line Profile Fitting
Finally, th e  th re e  profiles: L oren tz ian /H o ltzm ark ian  (two specific exam ples of a  power law 

function); G a u ss ia n  and  Voigt were all included in  a  general fitting code. This accepted the 

experim en tal d a ta  as  linear x -ray  in tensity  w ith position  o r w avelength . A su itab le  

spectral function  could be selected on the  g rounds of the  Une sh ap e  appearance , leaving the 

code to optim ise  th e  profile pa ram ete rs  of line w idth, in tensity , cen tro id  position , 

backg round  a n d  possibly Voigt pa ram ete r q or power n  if appropriate . A sloping con tinuum  

backg ro u n d  cou ld  be accom odated in the  fit. The m ulti-d im ensional p a ram etric  space w as 

carefully  defined by choosing sensible u p p e r an d  lower lim its for each  variab le  in  order 

th a t  th e  code w ould ru n  efficiently.

The effectiveness of the  fit could be exam ined by looking a t th e  residua ls , th e  differences 

betw een  th e  code sim ulation  an d  the  ac tua l experim ental d a ta . A figure of m erit, sum m ing 

th e  sq u are  o f th e  differences betw een th e  d a ta  an d  th e  fit, w as also available for quickly 

a ssessin g  th e  quaUty of the  fit. As m any  as  tw enty  spectra l lines could be sim ultaneously  

fitted w ith th e  assum ption  th a t each line had  the  sam e w idth a n d  shape. Since the  

d ispersion  w as co n s ta n t to w ith in  1% for sm all w avebands th is  a ssu m p tio n  w as 

acceptab le . L inew idths which were different for reasons o th e r  th a n  d ispersion  were fitted
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Com parison betw een G aussian , L orentzian  an d  Voigt functions.

(a)
10

8

,Q 6
c3
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Figure 4 .6  The above are exam ples of G aussian , L orentzian  an d  Voigt (11= 1) functions
norm alised  for in tensity  and  FWHM. In tensity  an d  w avelength  sca les  are in  
a rb itra iy  un its . D iagram  (b) is the  sam e a s  (a) b u t  w ith  in tensity  plotted on  a 
logarithm ic scale. The w ing fea tu res of th e  Lorentzian  a n d  Voigt functions  are 
clearly  visible. The Voigt profile shou ld  converge to  th e  G au ss ian  function  by 
Increasing  th e  p a ram ete r r \ .
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separately . E xam ples of th is  were encountered  in  the  la se r p lasm a  sp ec tra  w here resonance 

lines w ere optically  th ick  while th e  sa te llites  rem ained  optically  th in .

C om plicated sp ec tra  of m an y  lines, w ith varying degrees of b lend , w ere fitted  in  stages. 

Single lines, well-resolved or partially  blended, were fitted  a t firs t to  get a n  a c cu ra te  profile 

width and  shape. The n u m b er of lines w as gradually  increased  to  include b lended  lines. 

This could  b e  done successfully , provided th e  m ost com plex envelope w as obviously 

blended, ie asym m etric , a n d  con tained  no m ore th a n  th re e  ind iv idual lines.

4.6 Discussion
Before leaving th e  in s tru m e n ta tio n  section  of P art I, final co m m en ts  on  in s tru m e n ta l 

resolving pow er for any  w aveband are d iscussed .

There is  som e scope for im proving the  perform ance of th e  p re se n t J o h a n n  spectrom eter to 

achieve a resolving pow er of XyAA.~40000; th is  w ould be of considerab le  benefit In precision 

spectroscopy of Beam-foil sou rces (see C hap ter 7), or ion tem p era tu re  m ea su rem en ts  of 

Tokam ak p la sm a s  (C hapter 5).

In th e  p u rsu it  of extrem ely high reso lu tion  in  any  p a rticu la r  x -ray  b an d , a  J o h a n n  

i^ec trom ete r is  lim ited in  two fundam en ta l areas; nam ely  th e  d iffraction profile of the 

crystal an d  th e  spa tia l reso lu tion  of the  detector. The form er app lies to  all B ragg crystal 

spectrom eters, while the  la tte r  is often replaced by a requ irem en t for x -ray  b eam  

collimation. T he o ther p a rts  of the  in stru m en t e.g. the  bend ing  jig  m u s t also be able to 

m atch th is  perform ance.

Overview on C rystal R esolving Power

The m ain  q u es tio n  here  is  typically w hat can  crystal spectroscopy  achieve in  resolving 

power for a  p a rtic u la r  w aveband. An inspection of Table 4.1 o r Table V of Burek^^ indicates 

that there  a re  several likely cand ida tes  in  th e  low w avelength region b u t difficulties occur 

in the  longer ban d . S tarting  a t th e  lower end of the  1-^25À b an d . Q uartz  c ry sta ls  w ith the 

dffracting p lan e s  (2023) w here 2d=2.750À, and  (2243) w here 2d=2.028Â, have resolving 

pDwer of an d  X/AA.=2xlO® respectively. The correspond ing  in teg ra ted  reflectivities

fir each p lane  are R^~1.5xlO‘®rad and  R^~6xl0'®rad. In  th e  first in stance, the  w aveband for 

vîiy high resolving pow er ap p ears  to be lim ited to below 2.5Â.

A though th e re  are  m any  exam ples of c ry sta ls  w ith m oderately  h igh resolving pow er 

XaX=10^ in  th e  region below 10Â eg ADP (101), finding c ry sta ls  w ith h igher resolving power 

tl apply to  th e  region above 2.5Â is difficult. However, theo re tica l c a l c u l a t i o n s s e e  

Fgures 4 .7  a n d  4.8 for the  crystals ADP (101) of 2d=10.6Â an d  PET (002) of 2d=8.74Â, show 

tla t  considerab ly  h igher resolving powers X/AX=5xl0‘̂ a re  available in  th e  h igher order 

dffraction p lanes. T his could potentially  extend the  region up  to 5Â, o r even 6.2À using
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M ica (006) w ith  2d=6.61A, w ith th e  proviso th a t  th e  c rysta l d iffraction profile sh o u ld  be 

verified by  m ak in g  2 -crysta l m easu rem en ts .

KAP (001) gives m edium  resolving power -1 5 0 0  w hich is a s  expected for 10->25Â, b u t  is not 

sufficiently  h igh  to  m ake ion tem pera tu re  m easu rem en ts . T here  a re  exceptions to  th is , an d  

th ey  ex tend  h igh  reso lu tion  spectroscopy above 1QÂ. Beryl (1010) is  extrem ely usefu l 

b ecau se  it h a s  b e tte r  resolving power, X/AA.=2500~^3000 for 1 2 ^ 1 5 Â  KAP (002) is reported  

to  have resolving pow er approach ing  -9 0 0 0  to  13Â by Burek^^ a n d  th is  is  largely confirm ed 

in  C hap ter 7.

It c a n  be concluded  th a t  h igh reso lu tion  crysta l spectroscopy, X/AX ÎO* ,̂ is possib le below 

13Â.

Spectrom eter Geom etry

P erh ap s a  conven ien t s ta rtin g  point is the  crysta l bend ing  Jig itself, w hich w as show n to 

genera te  c ry sta l cu rv a tu res  corresponding to X/AA^SOOOO in  C h ap te r 3. The achieved 

s tab ility  of th e  crysta l jig  w as of equal im portance. Secondly, all J o h a n n  a n d  o th er 

geom etrical a b e rra tio n s  (C hapter 2) have to be held  a t a  negligible level, X/AX ÎO®. This is 

readily  a tta in ed  by  using  a  crysta l curvatu re  g rea ter th a n  R=2m, choosing the  correct 

crysta l ap e rtu re  and  recording the  spectrum  a t a  high Bragg angle 0>6O® by appropriate  

choice of c ry sta l lattice spacing. For beam-foil sources, th e  sm all source sp a tia l em ission 

profile, reg a rd le ss  of axial or perpend icu lar observation, also a s s is ts  here.

O ptim ised D etector System

The p roperties  of an  x-ray  film like Kodak DEF 392 w hen  u sed  for recording sp a tia l 

in fo rm ation  c a n  be briefly sum m arised  in Table 4 .5 . C om parison  w ith o ther de tec to r 

system s, show  th a t  CCD detectors in p a rticu la r are superio r to  film in m ost of th e  aspects of 

th e  above.

The choice of de tec to r is b ased  ideally on good 2-D spa tia l reso lu tion  Ax< 100pm , though

1-D is sufficient, and  high q u a n tu m  detection efficiency coupled  to  a n  inheren tly  low S /N  

ratio . X -ray film  satisfies th e  form er, w ith  typically Ax=5-> 10pm , b u t  is low in  sensitivity  

a n d  S /N  ratio . The recen t developm ent, however, of CCD detec to rs  for x -ray  application®® 

have in tro d u ced  exciting new  possibilities, p a rticu la rly  w hen  considered  in  con junction  

w ith w avelength dispersive spectrom eters. They have a large Q D E-50%  over th e  I ^ I O Â  

b a n d , especially  th e  high resis tance  large depletion devices, a n d  th e  pixel size is 2 2 x2 2 pm^.

A full fram e of th e  s ta n d a rd  TV com patible devices can  be read  ou t every 20m sec, an  

exam ple of a  sp ec tru m  is show n in  C hap ter 5. T his tim e reso lu tion  can  be im proved to 

1m sec  by clocking ou t only p a rt of the  fram e displaying a  sm all n u m b er of spectra l lines. 

T h is is ex trem ely  usefu l for m easu ring  Tokam ak p lasm a  instab ilities, for exam ple the  saw  

te e th  phenom enon , occurring on the  sam e tim e scale.
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Table 4.5 Summary of X-ray Film Properties.
A dvantages:

(a) Good sp a tia l reso lu tion , often described a s  th e  M odulation  T ransfer F unction  MTF 

a n d  expressed  in  lin es /m m , is un m atch ed  by all p re se n t photoelectric ^ s te m s  in

2 -D  (3-D  if film layers are stacked  b u t  only for h igh energy  pho tons o r particles).

(b) C h a rac te ris tic s  are  well established; accu ra te  pho ton  d en sity  a s  a  function  of optical 

d e n s ity  available for m o st p resen t x -ray  films.

(c) Good dynam ic range -10® in  x-ray ph o to n  densities  from  detection  th re sh o ld  to 

sa tu ra tio n . In  practice, the  useful region w here profile an a ly sis  is  needed  ex tends to 

a b o u t a  factor of fifty.

(d) E ase  o f use; a p a rt from  need of light tigh t filters to  s top  visible and  UV rad ia tio n  

from  fogging film. (These filters are  a lso  needed in  m an y  photo-electric  detectors).

(e) Low cost.

(f) Large range in  exposure tim e by about sixteen orders of m agnitude 10‘“ -^10® secs for 

th is  w ork.

D isadvantages:

(g) No tim e  reso lu tion .

(h) No p h o to n  energy resolution; im portan t in  noise rejection  a n d  a  fea tu re  of 

p ropo rtiona l co u n te rs  a n d  pho ton-counting  CCDs. It is u sefu l for identifying higher 

d iffraction  o rders from th e  spectrum  an d  add itional in fo rm ation  from  th e  source.

(i) Low Q u a n tu m  D etection Efficiency QDE; m uch  less  efficient th a n  all photo-electric 

d e tec to rs .

(j) Low S /N  ratio; a s  w ith (i), extracting detailed  inform ation  ab o u t th e  line sh ap e

re q u ire s  considerably  larger pho ton  densities w hen  com pared  w ith  photo-electric 

de tec to rs . Generally, 10® photons w ould be needed in  a  single spectral line recorded 

on  film  w here 10^ pho tons would be sufficient on a n  optim ised  detecto r system . It 

m ay  be  noted  th a t  the  geom etry of th e  J o h a n n  spectrom eter is  very effective a t 

reduc ing  the  background  source related  noise. The detecto r does no t view th e  x-ray 

so u rc e  d irectly  while x -ra y  fluorescence from  th e  c ry sta l is  very sm all. V irtually  all 

th e  sp e c tra  p resen ted  in  th is  w ork are  lim ited by  in h eren t film g ra in  noise.

(k) N on-linear response  a n d  procedure needed  to digitise in form ation  onto co m pu ter for 

a n a ly s is , m ake film a n  inefficient m edium .
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n-1

N ote  th a t  re so n a n ce  Une 
ex c ita tio n s  a re  n o t  in c lu d ed .

Figure 4.7 1-reflection resolution for reflection orders n=l->-4 of ADP (101), after Hall11
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Figure 4.8 1-reflection resolution for reflection orders n=l->'4 of PET (002), after Hall” .
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w h e n  cooled to  -100®C an d  used  with a  low photon  em ission source, coun t ra te s  of 

0. Ip h /p ix e l/(in te g ra tio n  period) over the  CCD area , they  becom e a n  energy d ispersive 

ph o to n  coun ting  device w ith  energy reso lu tion  of AE^OOeV. T h u s  b ack g ro u n d  no ise , h igher 

o rders  a n d  c ry sta l fluorescence can  be d iscrim inated. By m atch in g  the  sp ec tro m e te r 

d ispersion  to  th e  pixel size of th e  CCD, the  in s tru m en t c a n  be  optim ised. F o r exam ple, high 

in s tru m e n ta l resolving pow er of X/AA.~40000 could  be achieved by  allowing 

~4pixels/FW HM , choosing a  2m  de tec to r/crysta l chord length  a n d  a  Bragg angle 8-60°.

O ne critic ism  concern ing  CCD devices is th e ir  sm all TV com patib le fo rm at giving a n  active 

a rea  of -8x6m m ^, w hich effectively lim its th e  in stru m en ta l b a n d p a ss . The ad v en t o f large 

fo rm at 27x25m m ^ ch ips from  EEV®  ̂ are  beginning to overcom e th is  re s tric tio n  a n d  

therefore  a re  m ore usefu l for spectrom eter applications.
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Introduction
T his c h a p te r  dea ls  w ith  th e  following topics:

• In tro d u c tio n  to  atom ic processes in h igh  tem p era tu re  p lasm as  giving rise  to 

c o n tin u u m  and  line em ission. M odels relevan t to  th e  p lasm a  density  regim e are 

discussed.

• B rief in tro d u c tio n  to controlled n u c le a r  fusion  a n d  different confinem ent schem es.

• D esc rip tion  of T okam aks.

• Ion tem p era tu re  m easu rem en ts  and  observations of DITE during  n e u tra l beam  

in jection  u s in g  th e  J o h a n n  spectrom eter.

• Ion tem p era tu re  m easu rem en ts of DITE using  th e  Bragg ro to r 2 -crystal 

spectrom eter.

• In itia l tim e-resolved sp ec tra  using a com m ercial CCD detector.

• Som e conclusions and  general d iscussion .

5.1 Introduction to Atomic Processes.
5.1.1 The Emission Spectrum.
The electro-m agnetic  spectrum  em itted from a high tem p era tu re  p lasm a is charac te rised  by 

reso n an ce  lin es  and  con tinua. The atom ic p rocesses w hich give rise  to th is  spon tan eo u s 

em ission  of a  pho ton  of energy hv can  be described in  th ree  categories:

(i) Free-Free:

+ e(E) => -H e(E') + hv (5.1)

w here E, E' refer to the initial and  final energies of the  electron su c h  th a t E>E' an d  E=E'+hv. 

This p rocess is called b rem sstrah lung  and  is produced w hen a free electron m ak es a 

tran s itio n , w ithou t becom ing bound, in the  p resence of a n  ion X of charge Z. C ontinuum  

em ission  is observed for a  M axwellian d istrib u tio n  of in itial e lectron  s ta te s .

(ii) Free-Bound:

RR
+Z+1 = >  +z

Xn + e(E) ^  X .̂ + hv (5.2)
PI

w here E is th e  initial energy of the  free electron, hv = E+x„. an d  is the ionization potential 

for a n  ion X** in  a n  excited s ta te  n'. This is a recom bination  process, called radiative 

reco m b in a tio n  (RR), producing  con tinuum  em ission  for e lec trons in a  M axwellian 

d istribu tion . Since hv > there  are d iscon tinu ities in  th e  em ission  corresponding  to the  

different charge  s ta te  ionization po ten tia ls of th e  n  levels.
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(iii) Bound-Bound:

+z +z
Xn => X^. + hv (5.3)

w here a  b o u n d  electron of ion X m akes a transition  from  sta te  n  to  n '. S pon taneous 

em ission  of a  p h o to n  o ccu rs w here hv = M ultiple em ission  from sim ilar ions  gives a

sp ec tra l line.

I t c a n  be  m en tioned  here  th a t  for bound-bound  electron tra n s itio n s , sp o n tan eo u s  em ission 

is  one of several connected  processes. Photo-absorption is th e  reverse p rocess of equation  

(5.3) an d  is d iscu ssed  in  ch a p te r  6  for dense laser p lasm as. S tim ula ted  em ission follows the 

sam e form  in  equa tion  (5.3) b u t depends on photons of the  sam e energy before th e  

tra n s itio n  a n d  a popu lation  inversion in  the  excited s ta te s .

5.1.2 Ionization. Recombination and Excitation Processes.
The following p rocesses  of ionization, recom bination an d  excitation  are described  w here 

a n  ion X of charge  z in te rac ts  with the free electron gas. Mewe®  ̂gives a  recen t survey of 

c u rre n t re se a rc h  in  th is  field.

Collisional ion ization  (Cl) occu rs w hen an  electron of energy E collides w ith a n  ion an d  

rem oves a b o u n d  electron from level n:

Cl
+z +z+ 1

Xĵ  + e(E) ^  X .̂ + e + e (5.4)
TR

The ion positive charge increases to z+1 . The above is sa tisfied  if the  initial free electron 

energy E is above the  ionization th resho ld  energy X n  for the  b o u n d  sta te . The ion m ay  be left 

in  a n  excited s ta te  n'.

The p rocess m ay  be reversed where two free electrons in te rac t w ith an  ion X ^'’̂  to  reduce its 

charge to +z, leaving one free electron to carry off the excess energy. This is referred  to a s  

th ree-body  recom bina tion  (TR) and  m ay be neglected for low density  T okam ak p lasm as.

A two s tep  p ro cess  is a  possib le alternative to direct ionization; collisional excitation  (CE) 

followed by  au to ion iza tion  (AI). The electron m akes a tra n s itio n  from a lower level th rough  

electron  im p ac t excitation to a  bound  doubly excited s ta te  (autoionizing level) above the  

firs t ion ization  lim it. The excited ion th en  stab ilises th ro u g h  autoionization:

CE
+ Z  + Z  * ♦  + Z + 1

+ e(E) => (X^,) + e  ^  X^ + e - i - e  (5.5)
DR

In  th is  in s tan ce  th e  excited electron above the ionization lim it is ejected leaving the  ion of 

charge z+1 in  th e  ground state .
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P h o to -Ionization is th e  reverse p rocess of rad iative recom bina tion  a s  show n in  

eq u a tio n  (5.2). It occurs w here a  photon  of energy hv>x„. (the ionization po ten tia l for excited 

s ta te  n j  in te rac ts  w ith an  ion X of charge z to rem ove one electron, producing th e  charge 

s ta te  z+ 1 .

M any of th e  recom bination  p rocesses are sim ply the  reverse of th e  ionization processes; for 

exam ple Cl an d  TR or RR an d  PI. There are two o ther recom bination  processes, dielectronic 

a n d  charge  exchange recom bination, th a t have no t b een  m entioned .

D ielectronic recom bination  (DR) is a re so n an t recom bination  p rocess w hich s ta r ts  with the  

rad ia tio n le ss  c ap tu re  of a  free electron into a  doubly excited autoionizing level while 

s im u ltan eo u sly  exciting a b ound  electron from  s ta te  n->n';

DR
+z = 6  +Z-1 * *

Xn +e(E) ^  (X .̂ ) (5.6)
AI

The in itial s ta te  n  is u sua lly  the  ground sta te . The recom bination  is com pleted w hen  the 

doubly  excited s ta te  stab ilises e ither by a radiative tran s itio n  (or cascades) to  a  final s ta te  

below  th e  firs t ionization lim it of ion X ^ ' or by rad ia tio n less  au to ionization . F or radiative 

decay, th ese  lines are observed a s  "satellites" (due to the  p resence of the  specta to r electron) 

to th e  long w avelength side of the  paren t resonance  line from  the  ion of charge z. 

D ielectronic recom bination  requ ires a bound  electron to be excited, therefore the

H ydrogenic ion is the highest charge sta te  for any  atom ic n u m b er where th is  p rocess occurs.

C harge-exchange recom bination  (CXR) is often observed du ring  n eu tra l beam  heating  of 

T okam ak p lasm a s, w here an  ion recom bines to  X**”  by a n  electron exchange from the  

n e u tra l H ydrogen atom  H°. This electron Is tran sferred  into a  highly excited s ta te  n';

0 C X R  +
Xjj + H  Xn' + H  ( 5 . 7 )

5.2 Line Emission.
5.2.1 Introduction
The osc illa to r s tren g th  or f-num ber is a d im ensionless q u an tity  which can  be applied to the  

p rocess of ab so rp tio n  or em ission. For an  u p p e r level j  and  low er level i th e  em ission 

oscilla to r s tre n g th  fj, is rela ted  to the  abso rp tion  oscillator s tren g th  f,j by:

= (5-8)

w here g„ g, a re  the  s ta tis tica l weights of the respective levels. Also the su m  of the  f-num bers 

of all t ra n s it io n s  from one s ta te  is equal to unity:
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2 ; f ik  =  1 ( 5 .9 )
k

As s ta te d  in  C h ap te r 4 .5 ,1 , th e  lifetime of a  s ta te  is rela ted  to  th e  radiative tra n s itio n  

p robab ility  Â , (s” ) from  level j-^ i. The decay ra te  Â , is linked to  th e  a b so rp tio n  oscillator 

s tren g th  w here X,, is the  tran s itio n  w avelength (Â), by^:

Aj i — ( 5. 10)
Xj i SJ

As a n  aside, it is  useful to relate  th e  tran s itio n  energy Ej,(eV) to th e  w avelength by:

Aji Aji (A)

w here th e  e rro r b a r  is largely determ ined  by the  accuracy  of P lanck 's constant^®.

5.2.2 Electron Impact Excitation.
The in tensity  of a  resonance line Ij, (cm'^s'^l can  be expressed as:

Iji = nzj A ji = iizg  Re Cgj(Tg) (5 .12)

w here n^ is th e  u p p er s ta te  population  density  of an  ion X^, popu lated  by collisons with 

ions in  th e  g round  s ta te  n ^  by free electrons n , a t the  collisional excitation ra te  Cg, (TJ 

(cm®s"‘) from  th e  ground level. Collisional effects on the  excited s ta te  can  be a ssu m ed  to  be 

negligible w hich is in fact the  conditions for the  coronal m odel (CM) described  in  the  next 

section. The excitation ra te  Cy is determ ined  by the  collisional cross-sec tion  Gy(v):

OO

Cy = < V  oij(v) > = Jv Oij(v) f(E) dE (5.13)

w here th e  p ro d u c t is averaged over the M axwellian d istribu tion  f(E) of th e  relative velocity 

V of the  colliding ion and  electron. The ion velocity is u sua lly  ignored since th e  electron 

velocities are  considerably  greater. The calcu lation  of C,j th en  depends on Oy. The cross- 

section  for excitation  of optically allowed tra n s itio n s  can  be approx im ated  by (Van 

Regemorter®®, G abriel and  Jordan®^, an d  Gabriel®®):

^ij = ^ÿ^ E Ey  ̂ ^0 (5.14)

w here % h  Is th e  ionization po ten tia l of H ydrogen, E is the  energy of the  colliding electron, 

g(E) is a  sem i-em pirical factor which varies slowly with electron energy E an d  a„ is  the B ohr

rad ius. Cy can  be written as:

Cij(Te) = 2.17x10-8 %H
kXe  J

1 / 2
exp -Eji.

kT, (5.15)
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w here g, is th e  sta tis tica l weight of the initial level an d  X  is  th e  e lectron  tem p era tu re  of th e  

M axwellian d istr ib u tio n . The d im ension less p a ram ete r Dy is th e  average collision 

streng th :

^ij gi G (5.16)

w here G is th e  average of the  function  g(E) over th e  M axwellian d istribu tion . G h a s  typical 

values of -0 .2  n e a r  th e  threshold®®, for Tc<Ey. The previous equa tions c a n  be com bined to 

give:

Cij(Te) = 3 .15x10-7 fy kXe J

1 / 2
( 5 .1 7 )

E quation  (5.17) is approxim ate  and  requ ires fu rth e r  m odification. T his is  reviewed in  

de M ichelis a n d  Mattioli® an d  D ubau  an d  Volonté®®. Briefly th e  oscilla tor s tre n g th  is 

trea ted  a s  a n  ad ju stab le  pa ram ete r depending on the  type of tra n s itio n  (allowed or 

forbidden), tem p era tu re  an d  o th er p lasm a conditions.

5.2.3 Dielectronic Recombination - Satellite Lines.
As d iscu ssed  in  C h ap te r 5.1 th e  radiative tran s itio n  of a  dielectronic sate llite  line 

co rresponds to th e  s tab ilisa tion  phase  of dielectronic recom bination . The sate llite  state , 

denoted by th e  su b scrip t s, is autoionizing and  excited by dielectronic cap tu re  from  the 

co n tin u u m  by  the  recom bining ion in  its g round  s ta te . (The o th er popu lation  m echan ism  

is  inner-shell excitation d iscussed  in 5.2.4). The population  n , of the  satellite  s ta te  is 

ba lanced  betw een  dielectronic cap tu re , autoionization an d  rad iative decay su c h  that:

rigz itg Cd(Te) = Rg ( ^  Ask + Es ) (5.18)
k<s

w here U g ^  is th e  g round  s ta te  population  density  of the  recom bining ion, Cd(TJ is th e  rate 

coefficient fo r dielectronic cap tu re . Â  ̂ is the  radiative decay  probab ility  for th e  tran s itio n  

s~^k while r ,  is the  au to ionization  ra te  back  into the g ro u n d  level con tinuum .

The satellite  line in tensity  to a final s ta te  j can  be expressed  as:

I s ( j ) = n s A s j  (5.19)

w hich can  be com bined with the  previous equation:

IsO) = ngz ne Cd(Te) „  '------  (5.20)
^ k  + Es

k<s

In  coronal equ ilib rium  conditions, detailed  ba lance  gives:

rigz Re C(t(Te) = Rs Es (5,21)
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assu m in g  th a t  radiative decay is negligible in  com parison  to  au to ion iza tion . T h is  ind icates 

th a t  local therm odynam ic equilibrium  (LTE) exists betw een th e  co n tin u u m  a n d  th e  

sa te llite  s ta te s . The population  n , is defined by the  S aha-B o ltzm ann  equation :

rig = 3.3xl0"24 ngz ne ê s
kT,

3 /2
exp

-E<
kXe  J

(5.22)

w here g, a n d  gg refer to the  sta tistica l weights of the satellite s ta te  an d  the  g ro u n d  s ta te  of 

th e  recom bining ion. and  Eg is the  energy difference betw een them . The dielectronic cap ture  

ra te  can  be expressed as:

"3/2
Cd(Te) = 3.3x10-24 M

kX , exp
-E,
kX,e J

(5.23)

D u b au  a n d  Volonté®® sta te  th a t  since Cj and  T, are atom ic coefficients for two exactly 

inverse p rocesses, equation  (5.23) is generally tru e  for a  M axwellian e lectron  d istribu tion  

in  the  p lasm a  an d  is also applicable w hen the  radiative decay ra te  is non-negligible. 

F inally  th e  sate llite  line in tensity  can  be w ritten  as:

3 /21Ig(j) = 3.3x10-24 ngz He
k X e j

w here q^ is  th e  satellite in tensity  factor defined as

exp
-E,
kT,e  J

q s (5.24)

q s  =
g s  A g j  r  s

^  A sk  + Eg 
k< s

(5.25)

It m ay  be no ted  here th a t the autoionization ra te  F, rem ains a lm ost c o n s ta n t along the 

isoelectronic sequence while the  decay ra te  Aĝ  increases a s  Satellite line in tensity  

therefore  in creases  progressively from low values a t Oxygen (Z=8 ) to  a  level com parab le  

w ith  th e  resonance  line a t Iron (Z=26). The satellite line in ten s ity  c a n  be com pared  directly 

w ith th e  resonance  line by com bining equations (5.12), (5.17) a n d  (5.24):

M l
Ir

= 1 . 0 5 x 1 0 - 1 7 1
G fr

E o
kXe  J

exp
E o"E g
kXe  J

q s (5.26)

w here E„= Ey, f^= fy in equation  (5.17). This in tensity  ratio  is independen t of electron 

density  n , a n d  ionization equilibrium  and  is a  function only of electron  tem p era tu re . 

T herefore, for satellite  lines p roduced  only by dielectronic recom bination , th e  e lectron 

tem p e ra tu re  can  be determ ined from the  relative in tensity  of th e  dielectronic sate llites as  

long a s  th e  radiative decay an d  autoionization ra tes  are understood . It can  be  seen  th a t the  

m ain  tem p era tu re  dependence in  (5.26) comes from the X  * term .

5.2.4 Inner-Shell Excitation - Satellite Lines.
A different w ay of producing satellite  lines is by the process of excitation of a n  in n er shell 

e lectron  in  a n  ion. The s im u ltan eo u s excitation of two e lec trons becom es likely in  ions
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with th ree  or m ore electrons, b u t h as  very low probability  in  He-like system s. T h u s  He-like 

satellite  lines to  the  long wavelength side of th e  L ym an-a are p roduced  m ain ly  by 

dielectronic cap tu re . As in  C hap ter 5.2.4, the  satellite  s ta te  c a n  decay e ith e r by  radiative 

tra n s itio n  o r au to ionization , an d  therefore th e  satellite  line in ten s ity  d ep en d s  on  the  ratio  

betw een th ese  p rocesses. Inner-shell excitation gives a  line in ten sity  I,.(î):

Is'O) = ngz- ne Ce(Tg) _  ------  (5.27)
A s'k  +  Eg' 

k<s*

w here nĝ . is the  population density  of the  ion of charge z’=z+l in  the  ground  s ta te  an d  C, is 

th e  ra te  coefficient for electron im pact excitation. An equa tion  sim ila r to  (5.26) c a n  be 

w ritten  for th e  sate llite  to resonance  line in tensity  ratio:

Is'O) ngz' Ce Ag’j fc OQI
' r  -  n g z C .  Y A , k + r ,

k<s'

where is th e  excitation rate  for the resonance line. It m ay be noted  th a t  since  th e  

excitation energ ies are  approxim ately equal, th en  the ratio  C J C r  is largely d ep en d en t on 

th e  values of th e  effective oscillator s treng th s , and  h a s  little dependence on  X .

The ratio  (for example a Li-/He-like ion) is dependen t on th e  electron tem pera tu re

and  the  p lasm a  ionization conditions. For coronal p lasm as w here th e  g round  s ta te  

popu lation  c a n  be considered to rep resen t th e  to ta l ion population  density , th is  ratio  

reflects th e  ion ab u n d an ce  for the  charge s ta tes . In  ionization equilibrium , ngg /rigg is  a 

function  of electron  tem pera tu re , X , b u t strictly  speaking  is determ ined  by  th e  ionization 

tem pera tu re  X- Gabriel®® defines X  as the  value of w hich w ould exist in  a  p lasm a a t

ionization equilibrium . T hus the conditions X  = X , X  < X  and  X  > X  co rrespond  to  an  

equilibrium  p lasm a , an  ionizing p lasm a an d  a recom bining p lasm a. In n er-sh e ll excited 

satellite  lines are  therefore useful for determ ining  the p a ra m ete r  X  an d  c a n  provide 

in form ation  of the  tem poral varia tion  in th e  p lasm a ionization.

5,3 Plasma Models
Several p lasm a m odels have been developed w hich best describe the  charge s ta te  

d istrib u tio n  a n d  excited level populations of the  ions. These allow in te rp re ta tio n  of the  

x -ray  em ission  from  the  p lasm a source. The m odel is chosen  from  th ree  approx im ations 

and  is m ain ly  determ ined  by the  electron density: the Coronal E quilibrium  m odel (CM), the  

Local T herm odynam ic  E quilibrium  m odel (LTE) an d  th e  Collisional R adiative 

E quilib rium  Model (CRE).

5.3.1 Coronal Ekiuilibrium Model.
The CM m odel, applied to low density  p lasm as, is a balance betw een the  p rocesses of 

collisional ion ization  and  recom bination  giving the charge s ta te  distribution® as:
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rie Hz Sz(Te) — rie riz+i ctz+l(^e*rie) (5 .29)

w here S, a n d  cx̂ +i are  the  ionization and  recom bination  ra te s , respectively for ad jacen t 

charge s ta te s  o f ion density  n^ and  n^+i. The ions are m ostly in  th e  g round  sta te . The 

p o p u la tio n  d en s itie s  of the  excited levels are  ba lanced , for optically th in  p lasm as, betw een 

th e  co llisional excitation  ra te  Cg, (X) {from th e  g round  state) a n d  sp o n tan eo u s  radiative 

decay

=  » e n ^ f i i ( T e ) , ( 5 .3 0 )

I  All
i<j

T h u s  th e  m e a su re d  line lum inosity  (photons /  cm  ®s' ̂  s te rad ” ) is:

He Hz Cgj(Te) ^  ds (5 .31)
2  ̂A ji 
i<j

w here th e  ra d ia tio n  is isotropic, the  in tegration is perform ed over th e  p lasm a  dep th  an d  g, j 

an d  i refer to  th e  ground, upper and  lower levels of ion X^.

The CM m odel is only appropriate  to the  low density  regim e for all excited levels w here the  

p robab ility  of de-excita tion  by radiative decay is considerab le  g rea te r th a n  by  collisional 

processes:

5 ;, Aji > ne Cj(Te) (5 .32)
K j

w here Cj (TJ refe rs  to the  collisional de-excitation ra te  in cm®s'\ It m ay  be no ted  th a t  there  

will be a v a lu e  of j  (equivalent to the  collision lim it n J  even a t a  low density , w here 

equation  (5.32) does not hold as  a resu lt of the  reduced  radiative decay probability  w ith 

increasing  q u a n tu m  n u m b er n. Using one o rder of m agn itude  in  equation  (5.32) for levels 

w ith p rin c ip a l q u a n tu m  n u m b er n <6  of H-like ions, th e  CM m odel is relevant for density  

co n d itio n s  (from  McWhirter®^) :

0 . 1  Z 2 -
He < 5.9x1010 Z6 Te exp (5 .33)

T e

for T, (eV) a n d  n , (cm'“). The nuclear charge Z m ay be replaced w ith Z+1 for o ther

isoelectronic sequences. As an  example, coronal conditions c a n  be easily ca lcu la ted  for 

H -like A lum in ium  at a p lasm a tem pera tu re  X ~1000eV . typical of the  ion em ission  

observed in  th is  work. Coronal conditions still hold for density  nc<10^®cm ®, an d  m ay be 

u sed  for T o k am ak  p lasm as (this chapter) b u t is not applicable to laser p roduced  p lasm as in 

C hap ter 6 .
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F or com pleteness, dielectronlc recom bination should  be Included  in  the  m odel, th o u g h  the  

dielectronlc ra te  coefficient, will be reduced  by th e  process of au to ion iza tion  Into a n  excited 

s ta te  of the  recom bining  ion. Charge exchange recom bination  m ay  have to b e  included  

w here it is considered  to be a significant recom bination  schem e (eg where h igh pow er 

n e u tra l hydrogen  beam s h e a t Tokam ak plasm as).

5.3.2 Local Thermodynamic Equilibrium Model.
The LTE approx im ation  is opposite to CM an d  applies to h igh d ensity  p lasm as w here 

excited s ta te  p o p u la tions  are  effected p redom inan tly  by collisional ra th e r  th a n  radiative 

processes. E ach  atom ic process is balanced by  the  reverse p rocess a t equal ra te s  an d  so the 

popu lation  o f excited energy levels are in  com plete therm odynam ic  equilibrium . The 

charge  s ta te  d istrib u tio n , for ions im pacted by  free e lectrons hav ing  a M axwellian velocity 

d istribu tion , is  described by th e  Saha equation;

He
(riz+ l,g ) ^  (êz+ l.g ) ■ 27t me kTe ' 3 /2 - %z

(Hz.g) (gz.g) J e x p [k T e  J (5.34)

w here X z  is th e  ionization poten tia l for charge s ta te  z, g refers to  the  sta tis tica l w eight of the  

appropriate  charge  s ta te  and  the  subscrip t g indicates the  g round  s ta te  level. The excited 

level p o p u la tio n s  for an  ion of charge z follow th e  B oltzm ann equation:

AE
kT

Ü
e J

(5 .35)

where AEj, is th e  energy separa tion  of the i a n d  j levels. The m easu red  line lum inosity  is 

defined as:

Lji = ^  Jrij Aji ds (5.36)

w here the  in teg ra tio n  is over the  p lasm a dep th  along the in s tru m e n t line of sight. The 

conditions to  satisfy  LTE are su ch  tha t the  inequality  of equa tion  (5.32 ) is reversed  and  

collisional p ro cesses  are  a t least a factor of ten  m ore likely th a n  radiative processes. 

Therefore, th e  condition  for density^ is:

1 / 2  3
He > 1.8x1014 Te AEy (5.37)

w ith Te m ea su red  in eV. A fu rth e r condition is needed w here AE,j is  the  largest separa tion  in  

th e  energy schem e. The LTE conditions, for th e  A lum inium  L ym an-a tra n s itio n  for p lasm a 

tem p era tu re  Te=1000eV, would require ne~3xlO“ cm'^.

5.3.3 Collisional Radiative E)quilibrium Model.
The previous CM and  LTE m odels apply in the  low and high density  lim its w here e ither 

com pletely rad iative or collisional processes need  to be considered . However, in  m ost laser 

p roduced  p la sm a s  a n  in term ediate  density  regim e requ ires th e  Collisional Radiative

114



E quilib rium  m odel, first p roposed by Bates, K ingston an d  McWhtrter®®, w here bo th  

collisional a n d  radiative effects m u st be considered for the  p o p u la tio n  d is tr ib u tio n  of 

excited s ta te s . The CRE m odel is based  on the CM m odel w ith th e  addition  of electron 

collisions in  th e  u p p e r levels, and  the additional p rocesses of th re e  body recom bination  

a n d  radiative recom bination. The CRE model m u st reduce to  th e  LTE m odel a t th e  high 

d en s ity  lim it.

5.4 Controlled Nuclear Fusion and Tokamaks.
5.4.1 Nuclear Fusion Programme.
The m ain  objective of fusion  research  is to solve the w orld’s  long te rm  energy dem ands. The 

n u c le a r  fu sion  reaction  is th e  opposite of the n u c lea r fission process: by  u sin g  iso topes of 

hydrogen, nam ely  D euterium  (D) and Tritium  (T), the  nuclei com bine together to  create a  

new  n u c leu s  a t a  lower nuc lea r binding energy. The energy released  in  the  reac tion  is 

divided am ongst the  fusion  p roducts  and  potentially can  be h a rn essed . However, th e  fusion 

partic les  m u s t  be confined in  som e way to overcome the Coulom b repu ls ion  of th e  positive 

nuclei for th e  reaction  to take  place. In the su n 's  core, fusion is  con tained  by  th e  

g rav ita tional force, b u t  dup lica tion  of these conditions is not' possib le  for labo ra to ry  

devices. In stead , the  fusion particles have to be given high enough kinetic energy in  a  way 

th a t  non-fusion  scattering  processes are reduced.

F usion  P rocesses.

There are a large range of fusion processes, b u t the m ost prom ising ones are  listed  below on 

a cco u n t of th e  high reaction  ra te s  and  relatively low initial tem p era tu re  th resh o ld .

D + D => 3He (0.817MeV) + n (2.45MeV) (5 .38)

D + D => T (l.OOSMeV) + H (3.024MeV) (5.39)

D + T => 4He (3.517MeV) + n (14.069MeV) (5 .40)

D + 3He ^  4He (3.67MeV) + H (14.681MeV) (5 .41)

The DT reac tion  in  equation (5.40) is the m ost useful because  it h a s  the  largest cross-section 

an d  a t a  lower th resho ld  energy th an  the others. T ritium , however, is radioactive w ith a 

sh o rt half-life r , /2=12 years and  therefore occurs only in trace  ab u n d an ces . This 

d isadvan tage  is outweighed by the fact tha t 80% of the  high reaction  energy yield goes to the  

n eu tro n . The energy can  be extracted from the fast n eu tro n  w hich, after slowing, can  

genera te  T ritium  from Lithium . The universal ab u n d an ce  of D eu terium  a n d  L ith ium  favour 

th is  schem e.

The fusion  p rocess requ ires an  initial injection of energy to get the  reaction  going p lu s  

sufficient individual reac tions to su s ta in  the process by sim ply adding m ore fuel. The 

collision p ro cess  and  high tem pera tu res  completely ionize th e  low Z nuclei p roducing  a
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p lasm a  w ith  M axwellian d istribu tion  ch arac te rised  by tem p e ra tu re  T. The "Lawson 

Criterion" often u sed  a s  a  theoretical b en ch m ark  for n u c le a r  fusion , ie th e  reac tion  will 

p roduce m ore energy th a n  it consum es, is defined as:

n X > 1Q14 cm'2 s (5 .42)

w here n  is th e  p lasm a density  and  x is the  tim e where the  p lasm a  delivers n u c le a r  energy. 

The p a ram ete r m  is a t a m in im um  for tem p era tu res  kT=5->'25keV. O utside th is  

tem p era tu re  range, nx increases indicating a  decrease in  th e  fu sion  ra te  coefficient. At high 

tem p era tu re s , p lasm a losses th rough  b rem sstrah lu n g  becom e significant.

The ignition criteria  is a  m ore realistic p a ram ete r to ju d g e  th e  fusion  reaction . It s ta te s  th a t 

th e  partic les  rem ain ing  in the p lasm a after th e  fusion  p rocess, for exam ple th e  a -partic les

from  equation  (5.40), have sufficient energy to su s ta in  the  fusion  b u m  in th e  event of power

losses, a fter external heating  sources have been  sw itched off. T his depends o n  th e  in ternal 

p lasm a pow er balance w here the inpu t power from the  a -partic les  ba lances lo sses  due to 

conduction , convection, b rem sstrah lu n g . recom bination  an d  line rad ia tion . S p e th ^  

rep o rts  the  ignition p a ram ete r a s  nx^T , where Xe is the  confinem ent tim e for th e  p lasm a 

energy, for a  m in im um  ignition tem p era tu re  T ~4.7keV as:

n x E T > 3 x l 0 i 5  cm'3 s keV (5 .43)

C onfinem ent Schem es.

Two schem es have been  researched  which are practicable an d  show  prom ise for satisfying 

th e  ignition criterion:

• In e rtia l confinem ent.

• M agnetic confinem ent.

Inertia l conftn em en t utilises the  density  advantage by s ta rtin g  w ith solid hydrogen  fuel. A 

sm all spherical pellet of rad iu s  R containing a solid or p ressu rised  D-T m ix tu re  is heated  

a n d  fu rth e r  com pressed  by a sym m etrical irrad ia tion  from a particle  or la se r  beam . A 

ch arac te ris tic  tim e x for the  nuclei to rem ain  in the reaction  core, w here x~R /v for particle 

velocity v, c a n  be defined to replace equation  (5.43) with: 

pR
V

T > 3x1015 cm-3 s keV (5 .44)

A ssum ing a D euterium  tem pera tu re  T -lO keV  and  noting  th a t  th e  particle velocity is 

p roportional to T*^ ,̂ th en  the density  rad iu s  p roduct pR for ignition is:

p R > 2x1022 cm'2 (5 .45)

The m ajor th ru s t  of laser p lasm a fusion h a s  been  to increase the  density  psince th e  energy 

needed to h e a t up the pellet volume scales as  R  ̂and  therefore p laces a  co n stra in t on  the 

rad iu s . A fu rth e r  trend  is the use of sho rte r wavelength lase r light to increase  th e  coupling 

of the  laser energy to the  target.

116



Confinem ent Schem es. 

M agnetic confinem ent 

> Inertial con finem ent
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Figure 5.1 Lawson diagram  showing confinem ent p a ram ete rs  for various inertia l an d  
m agnetic confinem ent schem es. Solid dots, eg PLT, Asdex, JETT indicate 
T okam ak devices, while ha tched  a reas, eg Gekko XII, Shiva an d  Argus, are 
confinem ent resu lts  for high power lase r p lasm as. A reas su rro u n d ed  by 
b roken  lines represen t the potential of p resen t s ta te  of the  art m ach ines.
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Figure 5.2 (next page) is a cut-aw ay schem atic of the Jo in t E u ropean  T orus (JET). The 
vacuum  cham ber is su rro u n d ed  by the transform er, toroidal an d  poloidal 
field coils an d  the  supporting  m echanical s tru c tu re . Not show n are  th e  
additional heating  supp lies  or the  diagnostic in s tru m en ta tio n . P lasm a 
tem pera tu res  in excess of lOkeV (120 million degrees Celsius) have been  
achieved for p lasm a densities of n , ~4xl0'^cm '^. Overall pu lse  len g th s  last for 
g rea ter th a n  15 seconds, w ith a  confinem ent time of ~1 second.

Inse t p icture  is a general d iagram  of the  T okam ak m agnetic  field 
con fig u ra tio n .
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M agnetic confinem ent deals w ith low density  dilute p lasm as an d  u ses  the  fact th a t  charged 

particles c a n  move parallel b u t  no t perpend icu lar to a m agnetic  field B. A ra d iu s  of gyration 

r  abou t the  m agnitic field lines due to the Lorentz force m ay be w ritten  as:

r = ^  (5.46)

where vj_, m  an d  e are the  particle velocity perpendicular to B, th e  particle m a ss  an d  charge.

A consequence  of m agnetically  confined p lasm as is th a t in creased  p lasm a  k inetic  p ressu re  

induce p lasm a  c u rre n ts  w hich m odiiy the externally applied hom ogenous m agnetic  fields. 

The p lasm a is  th en  confined by a m agnetic p ressu re . In stab ilities  in  the  p la sm a  for non- 

uniform  fields th e n  lim its the  confinem ent.

Figure 5.1 a fte r Witkowski®^ ind ica tes the  confinem ent p a ra m ete rs  v e rsu s  tem p era tu re  of 

various inertia l and  m agnetic  confinem ent schem es.

5.4.2 Tokamak Devices.
M agnetic confinem ent devices include linear and  toroidal configurations, th e  la tte r  being 

a lm ost un iversally  favoured. T here are  two m ain  toroidal configurations. T he S tellerator 

u tilises ex ternal field coils which are  su itab ly  shaped  to p roduce the  poloidal field. The 

o ther design belonging to the  "closed" or toroidal configuration is the  Tokam ak, a  R ussian  

acronym  for toroidal m agnetic cham ber. Its m ain  fea tu res are  show n in F igure 5.2. The 

m ain  difference from the S te llera to r design is the Iron tran sfo rm er core w hich  couples the 

p rim ary  w inding, consisting  of th e  inner poloidal field coils, to th e  p lasm a itse lf which 

form s the  single tu rn  secondary. This p lasm a cu rren t bo th  h e a ts  the  gas an d  genera tes one 

of the  m ain  com ponents of the  m agnetic field. This cu rren t, of up  to SMAmps, p roduces a 

poloidal m agnetic  field w hich com bines w ith the field from th e  toroidal coils to  confine the 

p lasm a. A dditional o u te r poloidal field coils are  used  to s te e r  the  p lasm a position  centrally 

in  the  to ru s  aw ay from the vacuum  walls.

Heating M ethods

There are fou r different w ays of heating  toroidal p lasm as w hich are  com bined together in 

the  presen t large m achines such  a s  JE T  and  TFTR:

• O hm ic heating as the nam e suggests comes from O hm 's law where the  p lasm a is 

p roduced  and  heated  by the toroidal curren t. This cu rre n t ac ts  like a  o n e -tu m  

secondary  winding in a transfo rm er a s  a resu lt of large c u rre n ts  being p assed  

th ro u g h  the (primary) m ain  field coils. The T okam ak h a s  in trinsic  O hm ic heating, 

b u t th e  process canno t be used  with S tellarators. The effectiveness of O hm ic heating 

is reduced  w ith increasing  p lasm a tem pera tu re  becau se  the  p lasm a resistiv ity  scales 

as  The discharge pulse leng ths is also lim ited, w ith the  general conclusion  th a t 

th is  hea ting  alone is not sufficient to reach  ignition conditions.
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• A diabatic com p ression  is sim ilar to  th e  ad iaba tic  com pression  of a n  ideal gas. This 

hea tin g  p rocess relies on  the  conservation  of to ro idal a n d  poloidal m agnetic  fluxes 

in  th e  p lasm a. T hus, plasm a volume reduc tion  (and heating) occurs w ith  th e  increase 

in  th e  m agnetic  field.

• Radio-frequency RF heating of the  p lasm a is p roduced  by the  absorp tion  of high 

frequency  electro-m agnetic waves. The p lasm a  ions a n d  electrons m ove quickly in  a 

helical tra jecto ry  along the m agnetic field lines. Energy m ay be given to  th e  particles 

if th e  rad io  wave frequency m atches the  gyration  frequency: for ions th e  

corresponding  radio  wave frequency is 20->50M H z referred  to as  ion  cyclotron 

resonance  heating  (ICRH) while the  frequency  range for ECRH is several lOGHz. 

15MW of ICRH is used  on JET m aking it one of the m ajor energy in p u t m ethods, 

second  only to n eu tra l beam  injection.

• Neutral beam  heating, reviewed recently  by S p e th ^ , u tilises high energy >10keV 

n e u tra l Hydrogen o r D euterium  beam s w hich p a ss  easily  th rough  th e  m agnetic  field 

to h e a t the  p lasm a directly. The high energy beam  is ionized and  energy is 

d is tr ib u ted  to the  p lasm a ions and  e lec trons by collisions. N eutral b eam  Injection 

(NBl) is a successfu l heating m ethod a n d  h a s  been  em ployed on m any  toroidal 

devices, see Table 5.1. On JET for exam ple, two injection u n its  produce a  to ta l of 

20MW heating.

5.5 Ion Temperature Measurements.
5.5.1 Different Methods.
There are several m ethods available for m easu rin g  th e  cen tra l ion tem p era tu re  T, of 

T o k a m ak s:

• N eu tra l particle  analysis  (NPA).

• N eu tron  spectrom etry .

• C harge exchange recom bination spectroscopy  (CXRS).

• X -ray spectroscopy.

Figure 5.3, after G risham ^, indicates good ag reem en t betw een the  four d iagnostic m ethods 

for the  ce n tra l ion tem p era tu re  in PLT T okam ak.

NPA m ea su res  the  energy d istribu tion  of n e u tra l (charge exchange) particles escaping  from 

th e  p lasm a. There is alw ays a residual density  of n e u tra l hydrogen atom s everyw here in  the 

p lasm a, w hose velocity d istribu tion  m irrors the  ion velocity d istribu tion  due  to  charge 

exchange processes. The neu tra ls  are not confined to the  p lasm a and  so can  be analysed. 

However, in  large p lasm as the central n eu tra ls  m ay be a tte n u a te d  on the way to  the  plasm a 

edge, th u s  m ak ing  T, m easu rem en ts  more difficult.
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Neutron Spectrom etry can  be utilised w hen D euterium  p lasm as are  studied. A 

characteristic  n eu tro n  energy is produced by the  fusion reaction , see equations (5.38) and 

(5.40), and  th u s  the  n eu tro n  coun t rate  wül indicate the  D euterium  tem peratu re .

CXRS for study ing  im purity  em ission in the visible ban d , requ ires  a  n e u tra l beam  to 

populate  the  h igh principal q u a n tu m  nu m b er levels of the  em itting  ion. D oppler 

broadening  of the  spectral lines th en  gives the  ion tem pera tu re . The u se  of th e  fas t neu tral 

beam  is no t a  problem  since n eu tra l heating  is a lm ost a  s ta n d a rd  fea tu re  of large 

Tokam aks. However, low Z ions, eg Carbon (Z=6 ), or Oxygen (2^8), are  d is tribu ted  from the 

core to the  p lasm a edge an d  em ission features from  these  regions are  superim posed. Thus, 

background  em ission  from the  cold p lasm a edge is alw ays p re se n t an d  m an ifests  itself as  a  

narrow  G au ss ian  profile on th e  b road  shifted G au ssian  line o f th e  h o t cen tra l core.

X-ray spectroscopy  is also a Doppler spectroscopy technique, b u t is appropriate  to the  

highly ionized (to th e  He-like and  H-like charge state), high Z im purities of th e  p lasm a core. 

D oppler b roaden ing  of x -ray  lines for the de term ination  of th e  ion tem p era tu re  in  

T okam aks w as first m easu red  by the Princeton P lasm a Physics G roup, see B itte r et al^ .

The m ethod  in  principle is straightforw ard becau se  it only req u ires  knowledge of the  

in s tru m en t d ispersion , a ssu m in g  high in stru m en ta l resolving pow er of course , to in terpret 

th e  line profiles. No fu rth e r inform ation is needed  from the  o th e r p lasm a param eters . It 

c a n  also be applied  to different p lasm a conditions: the He-like ion h a s  a  h igh ionization 

potential and  is th e  m ost a b u n d a n t charge s ta te  over a large range of electron tem peratures. 

Hydrogenic ions m ay  be stud ied  for higher tem pera tu res . O bservation of th e  appropriate  

im purity  ionized in  the  ho t core gives the peak  ion tem pera tu re .

A final im p o rtan t point w hen  com pared with the  o ther m ethods, is th a t  x -ray  spectroscopy 

directly m ea su res  the  p lasm a im purities which are responsib le  for power losses through 

rad ia tive  cooling.

Impurity Ion Temperatures.

It can  be noted th a t  the observed Doppler broadening  determ ines the im purity  ion 

tem p era tu re  w hich m ay be different from the b u lk  Hydrogen ion tem pera tu re . T his effect, 

u sua lly  sm all an d  calculable, occurs w hen the different ion species are no t in  therm al 

equilibrium . The way in w hich the  external heating  sou rces  a re  applied to th e  p lasm a, 

together w ith the  density  an d  tem pera tu re  conditions, are  th e  dom inan t facto rs here.

In  Ohmic heating  of T okam ak p lasm as, the e lectrons and  ions are accelerated  by the 

induced  toroidal electric field. The electrons preferentially  ga in  kinetic energy a t  a rate 

fas te r  th an  the  ions by a factor of the  m ass ratio. T hus, the  e lectrons are prevalently  heated 

and  electron-ion collisions couple power to the  b u lk  ions. The electron-ion an d  ion-ion 

collisions also couple  energy to the  various im purity  ion species.
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For n e u tra l beam  heating, and  ICRH, the converse hap p en s w here the  beam  pow er is coupled 

directly  to  th e  ion species. The delivered pow er to th e  ions is p roportional to  n  ̂Z,^/M„ so 

a lthough  th e  to ta l power transferred  to the im purities  is sm all, th e  pow er p e r  ion scales as 

Z,^/M,. F o r low p lasm a densities and  high ion tem p era tu re s , th e  coupling tim e betw een the 

im purity  io n s  an d  Hydrogen m ay be sufficiently long for a  tem p era tu re  d ifferential to  exist. 

For low d en s ity  conditions, the p lasm a m ain ly  due to  C arbon  an d  Oxygen, all 

im purity  io n s  are  well coupled to  each o ther so th a t  th erm al equilibrium  ex ists  giving a 

com m on im p u rity  ion tem pera tu re .

Som e in d ica tio n  of these  effects can  be gauged from  th e  "self-collision tim e" t<. for a n  ion 

species. T h is  is  defined a s  the  tim e in which collisions betw een sim ilar partic les  change the  

d is tr ib u tio n  of kinetic energies to th a t  app roach ing  a M axwellian d istribu tion . S p itzer^  

w rites as:

_  M l / 2  ( 3 k T ) 3 / 2  _  1 1 . 4 A 1 / 2 T 3 / 2

 ̂ 8x0.714 7t n InA nZ^lnA

w here T is in  ®K, n  is the  particle density  cm'^ an d  A is the  atom ic m ass  in  am u. For electron 

collisions, A= 1 /1 8 3 6 , and  the  self-collision tim e for e lectrons t^, requ ires 0 .2 6 6  to be 

su b s titu te d  for the  factor 1 in the above equation. T hus, is 1 /4 3 , = (Aç/Ap)^^ ,̂ 

lower th a n  th e  p ro ton  self-collision time. Sp itzer also p red ic ts  th a t  the  eq u ip artitio n  tim e 

tcq betw een  two groups of particles, say  electrons an d  p ro tons, via e lectron-pro ton  

collisions c o n ta in s  a factor (A,/Ap]'^^. It is evident th a t  these  collision p rocesses are  fairly 

ineffective a t  exchanging energy. Therefore, t̂ q is 43  tim es longer th a n  the  self-collision 

tim e for p ro to n s  and  1836 tim es longer th a n  th e  co rresponding  self-collision tim e t̂ c for 

e lec trons.

DITE C o n d itio n s .

For typ ical DITE conditions, n^=5xlO'^cm'^ and  Tg=800eV, the  self-coUision tim e for 

e lectrons is tce~8 |isec and  the equivalent p a ram ete r for p ro tons t^ , assum ing  Z,n=3, 

co rresp o n d s to  1msec. A lum inium  ions, a rep resen ta tive  im purity  s tud ied  in  th is  work, 

p resen t a t a  concen tra tion  of 10"*n„ have a self-collision tim e calcu lated  to be  tcAi~ 1msec. In 

th e  case  of O hm ically heated  p lasm as, the  eq u ip artitio n  tim e t,q for e lectron-pro ton  

co llisions is -4 0 m sec . Sim ilarly, p ro ton-A lum in ium  ion collisions have a n  equ ipartition  

tim e of ~ 5m sec while electron-A lum inium  ion co llisions have a m uch  longer equ ipartition  

tim e of - 2 0 0 m sec.

It is evident th a t  all of the im purity  ion species are  in therm al equilibrium  w ith  each  o ther 

w ith in  a few m illiseconds. The electron-pro ton  equ ilib ra tion  tim e is m uch  longer a t 

-4 0 m se c  a n d  is the  determ ining time co n stan t for heating  the  im purity  ions. H igher 

te m p e ra tu re s  T,, T  ̂w ith lower im purity  co n cen tra tio n  an d  electron density  will increase 

th e  tim e for th erm alisa tio n  betw een the  p lasm a particles.
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5.5.2 Instrument Description for DITE Measurements.
An ADP (101) 2d=10.648Â crystal, R = 1 2 0 0 ^  1300mm, w as u se d  on  DITE T okam ak In two 

observing positions a s  Indicated  in  the  p lan  view of F igure 5 .4  a n d  sectional view of 

F igure 5.5:

A The spectrom eter h ad  a horizontal line of sight th ro u g h  th e  cen tra l chord  of the

p lasm a on a port betw een segm ents 15 and  16; th is  in tersec ted  the  n e u tra l injection 

b eam  A. Most of the  d a ta  from th is  view were sh o ts  w ith  add itional h ea tin g  by 

n e u tra l beam  injection (NBI). The viewing port angle w as offset by  12° to  th e  m ajo r 

ra d iu s  of the  m ach ine  in  the  toroidal direction.

B A vertical line of sigh t from  above DITE observed th e  c en tra l chord  of th e  p lasm a

th rough  a slot port betw een segm ents 14 and  15. The view of the  p lasm a w as 

com pletely rad ial to th e  m ajor axis. The slot port allowed a rad ial sc a n  along the  

m ach ine  m inor rad iu s. Additional heating  by ECRH is p resen t on som e of th e  data . 

(The Bragg ro to r spectrom eter show n a t position C in  Figure 5 .4  h ad  a  horizontal line of 

sigh t, looking radially  to the  to ru s , and  could observe the  p lasm a  spatia lly  righ t o u t to  the  

edge. T his in s tru m e n t w as converted for 2 -crystal operation  w ith  high reso lu tion  a s  

d iscussed  in C hapter 5.6).

W here possible, the Rowland circle was placed in the p lasm a a n d  perpend icu lar to  the  

toro idal field to m axim ise the  in stru m en ta l sensitivity  an d  e n su re  a un iform  so u rce  

function  ac ro ss  a line profile. Bragg angles 0=35->55°, corresponding  to w avelengths 

6 -^ 8 .SA, were chosen  over the  whole observation program m e. High in s tru m e n ta l resolving 

pow er w as given priority an d  crysta l ap e rtu res  of 5 -^25m m  (in the  length  an d  heigh t 

dim ension) were used  to m inim ise Jo h a n n  defocusing erro rs. The in s tru m e n ta l resolving 

pow er ) J A X = 9 0 0 0  was determ ined  by the crystal rocking curve w idth (Table 4.1). A large 

w aveband A \ / X = 7 ^ 9 %  could be covered and  all observed sp ec tra l lines were em itted  w ith in  

a region 5cm  from the p lasm a centre  for core ion tem pera tu re  m easu rem en ts .

Choice o f W aveband.

Survey spectra  of the Bragg Rotor were stud ied  before setting  th e  J o h a n n  in stru m en t. The 

fac to rs considered  of im portance for choosing the  w aveband were:

• The ion of in terest shou ld  be ab u n d an t, have a high atom ic n um ber an d  have strong

em ission  below 10À.

• It sho u ld  be m ainly in the  high tem pera tu re  core.

• It shou ld  be ionized to the  He-like or H-like charge sta te .

V arious in trin sic  im purities like Iron, Silicon and  M agnesium  were u su a lly  p rese n t b u t the  

level of em ission  changed on a day to day b as is  as a re su lt of different p lasm a conditions.
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Figure 5.4 (next page) Plan of DITE Tokam ak indicating positions A an d  B for J o h a n n  
spectrom eter. Bragg Rotor spectrom eter position is show n a t C.

Figure 5.5 Sectional view of DITE Tokam ak (page after next); J o h a n n  spectrom eter h a s  
horizontal line of sight (A) and  vertical view of p lasm a  a t (B). Radial scans of 
p lasm a  perform ed at position B.
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JOHANN SPECTROMETER ARRANGEMENT ON DITE TOKAMAK

Vertical Port Set-up:
Position B

Curved Crystal , Crystal Chamber

Vacuum Chamber 

Flat Film Holder Spectrometer Turbo Pump

Sightline Hand Valve

Spatial Scan Bellows ±20'Alignment
Bellows

9=60 To Sightline Turbo Pump

4------- Slot Port

Horizontal Port Set-up:
Position A

9=60

Alignment Bellows 

Sightline

/  ' '  
Rowland Circle 

0  1300mm

DITE Minor C 
radius 26cm

Plasma

1
^Sighdine Pump /  y^.bo Pump 

Rowland Circle
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Figure 5.6 (next page) S pectrum  of Mg XII Lym an-a and  Fe XXIII an d  Fe XXIV I^shell 
em ission  lines 8 .2 “̂ 8 .8Â.
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Iron L-Shell E m ission .

Figure 5 .6  is a  typical spectrum  of the 8.2->8.8Â region. The Mg Lym an-a lines a re  strong 

b u t  are  b lended  w ith in tense Fe XXIII and  XXIV L-shell em ission  (individual lin es  are 

identified from  Brom age et al^). This sp ectru m , while in te resting  for atom ic spectroscopy 

a n d  line identification, is of lim ited use  for T̂  m easu rem en ts . U nresolved Iron  lin es  form  a 

co n tin u o u s  b lend  and  con tribu te  asym m etries to th e  M agnesium  spectrum . T he ionization 

po ten tia l for th e  Li-like Fe XXTV ion, the  h ig h est ionization s ta te  observed on  DITE, is 

2045eV (Kelly and  Palumbo^®) suggests th a t  th ese  L-shell lines continue to 6.06Â. It w ould be 

preferab le to s tu d y  x-ray lines below th is  w avelength b u t in prac tice  th e  Iron lines rapidly 

drop  in  in te n s ity  below 8Â.

Tim e Variation o f Electron Temperature.

Figure 5.7 from  the  Bragg Rotor spectrom eter^  gives the  tem poral em ission of th e  n=2 

Mg XII an d  Mg XI ion lines during Ohmic heating  on  DITE. The electron tem p era tu re  can  be 

calcu lated  from  the  line ratios w hen the charge s ta te  ab u n d an ces  an d  the excitation  ra tes  

are  considered . It is clear th a t the electron tem pera tu re  T, rises very quickly (w ithin the  

first 50msec) to its peak  value of GOOeV for th is  sho t and  rem ains constan t for th e  res t of the  

shot. This ind ica tes th a t the  x-ray  em ission recorded  by the tim e-in tegrated  J o h a n n  

spectrom eter reflects the peak  p lasm a tem p era tu re  conditions. For n eu tra l b eam  injection, 

th e  tim e-in tegrated  record again  is weighted to the high tem pera tu re  conditions du e  to the  

increased  line em ission at the  peak  of th is heating  (see Figure 5.3).

5.5.3 He-like Ion Emission.
Figure 5.8 show s a typical high resolution n=2 He-like A1 XII ion spectrum  7.75~>7.9Â 

recorded du ring  ~ 1MW of NBI heating 350m sec into the sho t lasting for -lO O m sec. This w as 

a n  injected ion im purity  p roduced  by lase r ab la tion  during  the  n eu tra l beam  h ea tin g  phase. 

The m ain  sp ec tra l lines resu lt from radiative decays from th e  first excited levels to  the  

g round  s ta te , show n in the energy level d iagram  of Figure 5.9. The three in tense  lines are:

• The resonance  line Is^ 'Sq - ls2 p  (w) is usually  the  m ost in tense line in  th e  

sp e c tru m  whose decay probability scales as  7 ^ .  T his is a n  allowed electric dipole 

t ra n s i t io n .

• The in tercom bination  line Is^ ‘So - ls2 p  ^Pj (y) w hich is an  electric dipole tra n s itio n  

by th e  spin-orbit in teraction  where the  decay rate  scales as Z®. The o ther 

in tercom bination  line Is^ ’Sq - ls2 p  ^Pg (x) h a s  low em ission for A lum inium , b u t is 

j u s t  visible for Silicon in  Figure 5.11. (The im proved reso lu tion  of th e  beam -foil 

m ea su rem e n t for Silicon in C hap ter 7 show s the  line clearly resolved). T h is  line 

decays via a m agnetic quadrupole  tra n s itio n  a t a  probability  scaling a s  Z®. It occurs 

to  the  sho rt wavelength side of the ®P, line b u t is blended here. The sep ara tio n  and
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em ission  increase w ith atom ic n u m b er so th a t it c a n  b e  resolved easily for He-like 

C hlorine (Z=17).

• The forbidden line Is^ *Sq - ls 2 s  ®Pi (z) decays by a relativ istic  m agnetic dipole 

tra n s itio n  as z ‘°.
The line betw een  y an d  z is the  He-like Mg XI ls3 p  ^Pj tra n s itio n  w hich m ask s  th e  Li-like 

A1XI in n er-sh e ll an d  dielectronic satellite lines. The low in ten s ity  lines to th e  long 

w avelength o f the  resonance  line w are n>3 dielectronic sa te llites. (The line a t 7.77Â is the  

d l3  tran sition . Table 7.1 C hap ter 7).

The ion tem p era tu re  X is ex tracted  from a profile fit to the  resonance  line a s  show n in 

Figure 5.10. T he line fit is stopped  at the  long wavelength side so a s  not to  include satellite 

lines. This is a  s ta n d a rd  p rocedure for dealing with resonance  lines from  high Z w ith  strong  

unresolved sate llites, for exam ple Fe (Z=26) and  Ni (Z=28), see B om barda et al®®, b u t 

satellite  co n trib u tio n s  are  no t likely to be a serious problem  here. The lines fitted with 

Voigt type functions are a lm ost completely G aussian  in shape.

F u rth e r  sp e c tra  from the in trinsic  im purity  He-like Silicon (Figures 5 .11-^5.14) recorded 

in  su b seq u en t days show  changes in the line w idths and  in tensity  ratios. The in tensity  of 

th e  He-like A1 XII Is^ 'S q - ls3 p  ‘P, line a t 6.635Â follows the  changing  injected A lum inium  

im purity  co n cen tra tio n  w ith p lasm a conditions. The ion tem p era tu re s  observed on DITE 

are  tabu la ted  on Table 5.2.

It c a n  be seen  th a t there  are differences in the  in tercom bination  line y and  forbidden line z 

ratios for the  two ions (Figure 5.8 and Figures 5.11, 5.13). T hese are long lived s ta te s  which 

c an  have th e ir  popu lations depleted by collisional tran s itio n s  to  nearby  s ta te s  a s  the  

density  increases . They are, therefore, useful density  d iagnostics in the corresponding 

in term ediate  density  regim e. As n , increases from the low density  limit, w here lines are 

populated  by electron  im pact excitation from the ground  level, collisions deplete the  

forbidden line 2 ®Si“>’2 ‘Pi u n til z van ishes completely. Collisional tra n s itio n s  affect the  

longest lived levels w ith rising  density, so th a t  the  forbidden line of low Z He-hke ions is 

affected first. T h u s, the  He-like Oxygen (Z=8 ) forbidden line is no t observed on  Tokam aks.

The R-ratio ( =z/[x+y] ) is the  defined pa ram ete r which is sensitive to density, w ith  the  

R -ratios for Mg, A1 and  Si being  the  m ost useful for the  DITE density  range 

rie=5xl0'^->’1 0 '‘’cm ‘̂ . It m ay be noted th a t for Tokam ak densities  the  G-ratio ( =[x+y-t-z]/w ) 

is independen t of density  b u t is affected by electron tem pera tu re .

B oth the R- a n d  G-ratios have been  m easu red  on DITE an d  com pared with theoretical 

ca lcu la tions for Silicon®^ and  Magnesium®®. The ability to m easu re  the  density  an d  

tem p era tu re  independen tly  is essen tia l here. Agreem ent for th e  m easu red  an d  theoretical 

line ratios is w ith in  10— 15%. The m ain  use of th is d iagnostic  is  its application  to  rem ote 

astrophysica l p lasm as for in te rp re ta tion  of density  and  tem p era tu re  conditions.
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Te Measurements from the Bragg Rotor Using Mg XII; 
Mg XI Line Ratios on DUE
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F i g u r e  5.7 B r a g g  R o t o r  M e a s u r e m e n t  o f  t h e  t e m p o r a l  e m i s s i o n  o f  n = 2  M g  x n  a n d  M g  X I  
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Excited n=2 levels of 
the He-like Ion ls2p"P
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Figure 5.9 E nergy  level d iagram  of n=2 excited s ta te s  for He-like ion.
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Spatial Profiles of Electron Temperature Tg and Ion Temperature Tj
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Figure 5.15 R adial sc an s  of the  p lasm a tem pera tu re  from T hom son scattering , th e  Bragg 
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Spiatial Scans on  DITE.

Spiatial sc a n  re s u lts  of the  p lasm a tem p era tu re  from T hom son scattering , th e  B ragg Rotor 

anid ftie J o h a n n  in s tru m e n ts  are given in Figure 5.15. The d a ta  rep resen ts  p lasm as  heated  

O hm ically a n d  by  electron cyclotron resonance  heating  (ECRH). There is good agreem ent 

betw een th e  T, an d  th e  T, rad ial profiles. The effect of ECRH on  th e  electron tem p era tu re  is 

ap p aren t.

5.5.4 Toroidal Rotation during Neutral Beam Injection.
B u lk  toroidal m otion  of the p lasm a correla ted  w ith H° beam  in jection  h a s  been  repo rted  on 

DITE T okam ak  by H aw kes an d  Peacock^^. Using a 1 m etre norm al-incidence grating- 

diflfraction sp e c tro m e te r viewing a fixed tangen tia l chord  a lm ost paralle l to th e  A-line 

injection b eam , em ission  line profiles an d  sh ifts  could be m ea su red  in  th e  sp ec tra l range 

250~^6000Â. A m u lti-ch an n e l detection system  with th is  in s tru m e n t could read  o u t a  

portion of th e  sp ec tru m  at 2 .5m sec intervals. Through s tu d y  of em ission  lines from  highly 

ionized in tr in s ic  im purities  in the  p lasm a core, toroidal ro ta tio n  velocities u p  to  

1 .5 x l0 ^cm /s  were observed during  co-directional beam  injection w ith the  b u n d le  divertor 

sw itched off. Lower ro ta tional speeds of <2xl0® cm /s were reported  w ith no rm al operation  

of th e  bun d le  divertor. In the  case of no beam  injection, toroidal ro ta tion  w as reported  to be 

zero.

An increase in  th e  line w idth and  asym m etry  in the  profile w as n o te d ^  w hich could  not be 

a ttribu ted  p u re ly  to an  ion tem p era tu re  increase. W idths corresponding  to  T,>2.5keV could 

only be explained  a s  ro ta tional sh e a r  along the tangen tia l line of sight.

A sim ilar exp lana tion  can  be given to the ion tem pera tu re  re su lts  m easu red  on  consecutive 

days in position  A during  NBI (See Table 5.2), though the 12° angle of observation from  the 

rad ial chord  sh o u ld  reduce  the observed toroidal velocities to v s in  12°. Since line em ission 

is observed to  rise  strongly  during  NBI, the m easu red  resonance  line in tensities  com e 

m ainly from  here . The A lum inium  em ission  is only during NBI. F igure 5 .10 for #17 

exhibits a G a u ss ia n  profile corresponding to an  ion tem pera tu re  Tj'-l.SkeV. The bun d le  

divertor BD II w as on th roughout th is exposure. Figures 5.11 and  5.12 show  a  dram atic  

increase in  th e  line w idth (~1; 1200) and  a d istorted  non-G aussian  line shape. The T, value 

increases to -2 .5 k eV  even w hen broadening  is included due to p eak  toroidal velocities of 

l.SxlO^cm. T h u s  sim ilar re su lts  to H aw kes and  Peacock have been  observed, co n sis ten t 

with the  b u n d le  d ivertor sw itched off du ring  H° injection. A rep ea t sp ec tru m  F igures 5.13,

5.14 the  following day  with lower power NBI and  the bundle  d ivertor on for all b u t  6  sho ts  

indicates th a t  ro ta tiona l sh e a r  in less th a n  25% of the sh o ts  is sufficient to  in crease  the ion 

tem peratu re  m easu rem en t by a fu rther 300eV.
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5.6 The Bragg Rotor 2-Crystal Spectrometer.
A second h igh resolution spectrom eter w as used  a t a la te r  da te  to  m ake independen t ion 

tem peratu re  m easu rem en ts  an d  verify the previous J o h a n n  d a ta .

5.6.1 Instrument Description and Experiment.
Thî Bragg ro to r spectrometer'® , norm ally used  as  a  single crysta l, low reso lu tion , 

tine-reso lved  survey  in stru m e n t, w as modified®^ to give h igh  sp ec tra l reso lu tio n  on a few 

lines. The b e a m  collim ator, com posed of Mylar slo ts FWHM of 0 .0 0 2 rad  defining the  

instrum enta l resolving pow er (X/A^=l 100 at 0=65°), w as rem oved an d  a  second  s ta tic  crystal 

was added. The spectrom eter geometry w as used  in the  (1 ,4-1) dispersive m ode a s  showm in 

Figure 5 .16, b u t  w ith only the  first crystal rotating. The MWPC detector recorded  th e  x-ray 

photon b eam  from  crystal 2 an d  the wavelength ca lib ra tion  cam e from  the  ab so lu te  angle 

encoder on crysta l 1. A spectrum  was obtained by tu rn in g  crysta l 1 during th e  shot, th u s  

bu ld ing  th e  sp ec tra l coverage with time. This m ean t th a t  th e  in s tm m e n t line of sigh t w as 

scanned a t 30 th rough  the  p lasm a, different p a rts  of the  p lasm a  sequen tially  giving the 

spectrum.

Two identical PETT (002) crystals, cleaved from the sam e block, were used  to observe the 

Magnesium Ly-a doublet (8.42Â) a t the Bragg angle of 74.5°. As observed earlier, th is  

waveband w as dom inated  by the  strong Iron L-shell em ission  a lm ost form ing a con tinuum . 

The M agnesium  ion im purity  w as introduced by a probe on th e  edge of the  H elium  plasm a. 

The best re su lts  for ion tem pera tu re  stud ies were achieved w here the  doublet w as free from 

other c o n tam in a tin g  lines.

5.6.2 Results and Analysis.
Figures 5 .17 an d  5.18 (DITE sho ts  #32836 and #32849.respectively) were recorded on the 

sam e day u n d e r  sim ilar p lasm a conditions and  rep resen t the  b es t da ta  w ith th is  

instrum ent. They show  Mg Ly-a spectra  em itted from the  cen tral p lasm a chord  ab o u t 275 

m secs into the  sho t and  in tegrated  over lOOmsecs. The peak  signal coun t ra te s  are  high 

(sevenl MHz), giving good S /N . with the detector show ing no sign  of sa tu ra tio n .

E xperm ental d a ta  po in ts are  show n with the b est profile fit (G aussian  in  th is  case) for the  

doubht. The quality  of the  fit is excellent. There is no ind ication  of Voigt-type wing features 

on the profile. This is co n sis ten t with the  m easu rem en ts  of th e  J o h a n n  in s tru m e n t. The 

m easired  line w idths are also observed to vary on a sho t to sho t basis: the  two resu lts  here 

differ by 10%. w ith 1:1975 and  1:1780. respectively.

145



Schematic of 2-C rystal Spectrometer

Plasma

Crystal 2

X -rays Crystal 1

MWPC Detector

Figure 5.16 S chem atic  of Bragg Rotor spectrom eter in  2 c rysta l configuration.
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Figure 5.17 Mg XII Lym an-a spectrum  recorded with Bragg R otor 2 -crystal spectrom eter, 
sh o t #32836 on DITE Tokam ak. Bottom  window show s res id u a ls  to  G au ssian  
line fit.
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In  order to m easu re  the ion tem pera tu re  T„ the difference betw een the  resolving pow er of a  1 

an d  2 -crystal spectrom eter m u s t be considered. The resolving pow er of a  2 -crysta l 

spectrom eter can  be w ritten as:

(5.48)
Aa a Wc

w here w<, is th e  single crystal rocking curve w idth and  a  depends upon  the  profile shape. 

Therefore, for a<2 the 2-crystal in s tru m en t is superior. The PEfT (002) rocking curve profile 

ten d s  to  becom e m ore G aussian  as  a resu lt of increased abso rp tion  of the  rad ia tio n  w ithin 

th e  crysta l lattice  w ith w avelength. This will give a value for a  closer to 1.4 th a n  2.0. A 

resolving pow er X/AX-5000-^7000 can  be assum ed  depending on  the  crysta l condition.

The ion tem pera tu re  is estim ated to be T,=925eV, 1165eV with e rro r b a rs  ±40eV for #32836 

a n d  #32849, respectively. T hese values are in  close agreem ent w ith th e  J o h a n n  in s tru m en t 

m ea su rem en ts  with no NBI an d  in  fact indicate a higher ion tem pera tu re  for #32849. As 

show n by the  high x-ray in tensity , the p lasm a had  a high Mg im purity .

The fin e -stru c tu re  separation  AXpg and in tensity  ratio (3 (see C hap te r 8 ) have also  been  

m easu red . Som e differences w ith the Jo h a n n  m easu rem en ts are  revealed w hich c a n  be 

a ttr ib u ted  to varia tion  in the source function for the spectral lines as  a re su lt of th e  30 scan. 

The #32836 ap p ears  to be affected m ost with AXpg 4% sm aller th a n  th e  theo re tica l value. 

This resu lt is well outside the estim ated  erro r b a r  of ±0.4%. T hese are sub tle  effects which 

will no t invalidate the  ion tem p era tu re  m easu rem en ts  b u t do highlight a n  in s tru m e n ta l 

charac te ris tic . Rotation of bo th  c rysta ls  s im ultaneously  w ould give no m ovem ent of the 

line-of-sigh t th ro u g h  the p lasm a, while ro ta tion  of crystal 2 only would s c a n  a t 0 

(B arnsley  .

5.7 Time-Resolved Spectra Using CCD Detector.
5.7.1 Description.
An opportun ity  presented  itself to ru n  the spectrom eter with a s ta n d a rd  TV fo rm at CCD 

d e tec to r’°°. The detector's active area  m easu red  8.5x6.5mm^ (lengthxheight) w ith  

individual pixel sizes of 22x22|im^. The detector readout w as a t  s ta n d a rd  video ra te s  of 

50Hz, corresponding to a fram e every 20m sec. The small detector size restric ted  the  

in s tru m e n t w aveband. The following p a ram ete rs  were given priority:

• High signal th roughpu t w as essen tia l to utilise the 20m sec tim e reso lu tion .

• An in jected  silicon im purity  w as needed for strong  x-ray  em ission.

• A w aveband AX/AA,=0. 15 w as needed to record the Si XIII ion resonance  lines a t

6 .6 4 8 -^6 .740Â in each frame.

T his led to the  in stru m en t specification:
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• ADP (101) crystal rad iu s  R = 6 5 7 i T i m  w as chosen  w ith active area  28x22m m ^ and  set to 

a Bragg angle 0 = 3 8 . 9 5 ® .

• The CCD chip w as m ounted on the Rowland Circle, b u t perpend icu lar to  the  

diflracted x-ray  beam  instead  of the  u su a l tangen tia l geom etry. A tra n s p a re n t 0.5pm  

polypropylene window w as placed over the CCD ap e rtu re  to  pro tect it from  d u st. A 

light tigh t 2pm  M ylar filter with 1000Â A1 coating w as u se d  to p ass  th e  diffracted 

rays.

• Resolving power w as reduced to X/AA.=2500 due to  th e  d om inan t J o h a n n  height error. 

The CCD w as also useful for focusing the crystal in visible light. An optical focus of 60pm  

FWHM w as easily achieved. The visible and  x-ray  light im ages were recorded onto  video 

tape  using  a com m ercial video cassette  recorder. Individual fram es were analysed  w ith  a 

fram e-store . The S /N  ratio  w as improved by com pressing  th e  2 -d im ensional height 

in fo rm ation  in to  1-d im ension .

5.7.2 Results.
Figures 5 .19(a) and  (b) indicate the spectra taken on the sam e day by the  Bragg Rotor and  

Jo h a n n  CCD in s tru m e n ts  for the Si XIII ion resonance lines. The Bragg R otor PET (002) 

spectrum  show s h igher signal ra tes  as a resu lt of good sensitiv ity  b u t h a s  low spectral 

resolution, the  'P, line resolved to 1:540. In con trast. Figure 5.19(b), a  20m sec fram e from 

th e  J o h a n n  spectrom eter, exhibits higher spectral reso lu tion  by a factor of th ree  b u t  h a s  

low S /N  ratio . The line in tensity  ratios are  sim ilar for th e  m ain  tran s itio n s .

The observed spectra l reso lu tion  m ay have been higher for th e  J o h a n n  in stru m e n t, h ad  the 

crysta l cu rv a tu re  no t been  d isturbed  during insta lla tion  on th e  Tokam ak. F igure 5.19(c) 

d isplays the  optical focus quality  in visible light; the u su a lly  narrow  single line focus h a s  

m ultiple defocussed fringes featured to one side. These fringes are m anifested  on the  x-ray 

spectrum  of Figure 5.19(b), b u t as m entioned previously in C hap ter 3, defects in  the  visible 

light focus are  d im inished  in the  corresponding x-ray image.

T im e E vo lu tion  o f S pec tra l E m ission.

Figure 5 .20 ind icates the tim e evolution of the He-like Si ion resonance  line w during  the 

shot. The top g raph  show s the integrated line in tensity  a t 20m sec intervals. The lower 

g raph  is the  line w idth tim e history. This sho t is not typical becau se  the Si concen tra tion  is 

m uch  h igher th a n  previous DITE plasm as. A consequence is a  m inor d isrup tion  a t 220m sec 

resu lting  in  a su d d en  drop in the line em ission.

The m ain  fea tu res  to be noted in the time history of shot #34150 are:

• A varia tion  of a factor of six of the  line in tensity .

• A change in the  observed line width of m ore th an  a factor two during  the  shot; 

observed spectral resolution ÔX/A. lies betw een 1;950 an d  1;2250.

150



Figure 5.19 (a) (over the  page) show s a typical slow scan  Bragg Rotor PET (002) Si Xin n=2 
spectrum  at 6.65~^6.74Â. M ain line fea tu res are labelled according to  Gabriel. 
The m easu red  spectral reso lu tion  5A/X is 1:540.

(b) show s the sam e wavelength region recorded in  a  2 0 m sec in tegration  period 
337m sec into sho t #34150 by the  J o h a n n  spectrom eter w ith a  com m ercial TV 
form at CCD chip. Spectral reso lu tion  on the resonance  line w is a  fac to r of 
th ree  better. S /N  ratio  is lower th an  in (a) due to h igher m easu red  background 
noise on the detector.

F ea tu res m arked  by • on the resonance line w an d  the forbidden line z indicate 
defocused fringing due to d istu rbed  crystal during  spectrom eter insta lla tion .

(c) show s the optical focus quality  of the crystal cu rva tu re  recorded  m  visible 
light on the CCD detector. This image w as recorded after the  x-ray  spectrum  in 
(b). Defocused fringing to the left hand  side of the m ain  image is due  to 
d istu rbed  m icrom eter setting  during  the spectrom eter m sta lla tio n  on DITE 
Tokam ak. D efocused fringing is visible on the x-ray  spectrum  b u t  to  a  
dim inished extent. Normal focus quality shou ld  be single line fea tu re  with 
FWHM less th an  60pm.

151



o>»
CM

lO

LL

OCO

D .

OinoC\Jco

(Sjjun -qjB) A1ISN31NI

Q)
n
E
D

O
X

(/) o

m
n
E
3
Z
"ô)
X

coc
o
(Ôcca

X

w

o
DC

D)
D)
00
m
"co

o<co
lO
C3>

O

O

o<
O

CO

co

O .00 co CM O

O

0
O)
C
<
O)
O)
0
L_

CD

(S»!un -qjB) A ilS N S iN I AVU-X

152



0)4-»
‘E
3

n
k_
co

co
c
o

CD
C

■D
CD

4 —»
COk.
O)
CD

Time History of Line Intensity and

80

60

40

20

o <

E

<1
s z
4—»
"O

5

6.0

4.0

? 2.0

Width of the 6 .648A SIXIII 1s2p P, Line

J I L J L

VAX =2000

100 200

Time (msec)

300

Figure 5.20 show s the  tim e history  of the 6.648Â Si XIII ls2 p  *Pi line for sh o t #34150 
1 4 /4 /8 8  on DITE Tokam ak. These resu lts  have been  m easu red  w ith the  
J o h a n n  CCD spectrom eter a t 20m sec intervals.
The top  g raph  ind ica tes the  in tegrated  line in tensity .
The bo ttom  graph  illu s tra te s  line w idth evolution.
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The observed line w idth changes are very in teresting an d  ap p ear to correlate  reasonab ly  

well w ith the  line in tensity . The best observed spectral reso lu tion  converges on th e  expected 

in stru m e n ta l resolving power suggesting a m inim um  ion tem p era tu re  of T,= 100"^200eV. 

T his is an  acceptable resu lt. However, the  broader lines, corresponding  to a peak  ion 

tem p era tu re  Ti~4keV. are difficult to explain as  genuine tem p era tu re  re su lts  from  only 

Ohm ically heated  p lasm as. The gradual increase in  the  line w id th  to  th e  peak  value a t 

2 2 0 m sec is co n sis ten t w ith the tim escale for therm alisa tion  am ongst th e  ion species and  

follows a p a tte rn  observed on o ther Tokam aks ( see for exam ple th e  review by 

B artirom o^°‘).

The low spectrom eter resolving power and  the fact th a t  th e  crysta l is n o t properly focused 

m ake  th is  difficult to in terpret. It is possible th a t the defocused c ry sta l w hen com bined 

w ith em ission from  a large spatial region of the p lasm a cau ses  in creased  line broadening.

B ackground Noise.

The cause  of the  h igh  background noise on the CCD spectrum  Figure 5 .19(b) is no t exactly 

clear b u t there  are  several areas th a t could be studied:

• Electrical no ise  from the high level of electro-m agnetic activ ity  in  th e  T okam ak 

area is possib le  and  would need investigation.

• Inheren t de tec to r electronic noise in the form of a d a rk  c u rre n t ap p ears  unlikely 

since the sam e CCD chip h as  been used subsequently  a s  a n  x-ray  pinhole cam era in 

recen t la se r p lasm a e x p e r im e n ts E x tr e m e ly  low b ackg round  levels were recorded 

on later occasions. It can be noted th a t the da rk  cu rren t is halved with every 9°C of 

cooling®’.

• Visible light from  the  Tokam ak w as filtered in the  u su a l way. However, the  

increased  sensitiv ity  of the CCD to visible light and  its c loser position  to th e  crystal 

cham ber w ould increase the flux on the detector surface.

5.8 Conclusions.
The following conclusions can  be m ade from the J o h a n n  spectrom eter for tim e-in tegrated  

opera tion  on DITE T okam ak.

• Ion tem p e ra tu re s  of T,=750-> lOOOeV have been  observed for th e  cen tra l p lasm a 

chord  d u ring  ohmic heating. This h a s  been  confirm ed by  th e  2 -crysta l spectrom eter 

for a  1 0 0 m sec  tim e-resolved m easu rem en t during the  m iddle of the  p lasm a shot. 

H igher ion tem p era tu re s  have been noted T,= l 165eV in cond itions of high im purity  

concen tra tion . A ccuracy of 5-^10%  can be a tta ined .

• A spatia l sc a n  reveals a 30% drop in the ion tem pera tu re  (T,=960->-690eV) for x -ray  

em ission a t 10cm from the p lasm a centre. This is in  good agreem ent for spatia l 

profiles of e lectron  tem p era tu re  T, from o ther d iagnostics.
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• The u se  of beam  injection (~1MW) at n^=5xlO’®cm ® h e a ts  th e  observed im purity  

ions to an  es tim ated  T,= 1300~> 1400eV for a cen tral cho rd  m easu rem en t. These 

va lues  are  repeatab le  an d  accu ra te  for norm al opera tion  of th e  bun d le  divertor.

• NBI w ithou t the  bun d le  divertor working, gives b roadened  n o n -G a u ss ia n  x -ray  line 

profiles w ith a p p a re n t ion tem p era tu res  reaching  T,=1.6~>2.5keV. T hese  high values 

a re  a ttr ib u ted  to  differential toroidal ro ta tion  ac ro ss  th e  p lasm a  rad ia l profile. The 

m agn itude  of th e  effect on tim e-integrated exposures is dependen t on b eam  power 

a n d  percentage opera tion  of BDll. An increase in  th e  ion  tem p era tu re  of 30%  w as 

observed w ith BDll sw itched off for 20% of DITE sh o ts  in  exposure  #20. Time- 

in tegrated  ion tem pera tu re  m easu rem en ts are not a s  accu ra te  u n d e r th ese  

co n d itio n s .

The m easu rem en ts  p resen ted  here are an  average ion tem p era tu re  for n u m ero u s  sho ts. They 

do not, however, reflect the range of values w ithin a DITE sho t or from  one sh o t to  another. 

The operation  of the  CCD detecto r gave an  insight to the tim e varia tion  of th e  p lasm a 

em ission  for several s trong  spectra l lines. A lthough not optim ised for high reso lu tion , 

sufficient sensitiv ity  w as achieved to read  out the signal a t 20m sec in tervals. F u r th e r  

im provem ent would be possible with an  optim ised CCD detecto r system  a s  ou tlined  in  the  

previous ch ap te r, giving highly resolved spectra  with possib ly  1m sec tim e reso lu tion .

Choice of Im purity .

It is evident from  the re su lts  for T okam ak p lasm as th a t dielectronic sate llite  lines are a 

low in tensity  featu re  of the  spectra l em ission from m edium  Z ions. Satellite lines to  the 

Si XIV L ym an-a were only a few percen t of the paren t line in tensity  a t T ^-lkeV , barely  

observed above the  b ackg round  noise. Similarly, Li-like Si Xll an d  A1 XI sa te llite s  to the  

corresponding  He-like ion n=2 line, a lthough stronger th a n  the  He-like sa te llite s  to  the  

Lym an-a, were alw ays in te rspersed  with low level Iron L-shell lines. The fac to r of 

unresolved sa te llites  affecting the m easu red  line width of the  resonance  line, a n d  therefore 

T, m easu rem en ts , w as very low.

This advantage, however, w as coun ter balanced  by the inability to  u se  th e  d iagnostic  

po ten tia l of th e  dielectronic sate llites for m easuring  the e lectron  tem p era tu re  a n d  the  

ionization cond itions. A h igher Z im purity  like Argon, C alcium  or T itan ium  (Z=18~^22) 

could still be  observed in  the He-like charge sta te  for the cen tral core tem p era tu re s  of a 

sm all T okam ak  like DITE or COMPASS. Sufficient theore tical d a ta  is available from 

T okam ak a n d  so la r corona p lasm as to in te rp re t the satellite  line em ission  of th ese  ions.

The s tu d y  of th is  h igher Z ion em ission below 4Â conveniently allows the  u se  of c rysta ls  

w ith veiy high resolving power. A com pact (R =1500^2000m m ) spatia lly  scan n in g  J o h a n n  

in s tru m en t covering the  n =2  resonance  spectrum  would produce very in teresting  p lasm a 

in fo rm a tio n .
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Introduction.
The following topics are  d iscussed  in th is  chapter:

• The p roduction , applications and  x-ray em ission of la se r  p roduced  p lasm as.

• A dditional line b roaden ing  m echan ism s appropriate  to  h igh  density  p lasm as.

• The op tim isa tion  of the  J o h a n n  in stru m en t to th e  la se r  p lasm a  a n d  descrip tion  of 

th e  "S u p ra th e rm al E lectron  T ransport" experim ent.

• E xperim ental re su lts  of th e  He-like A1 ls^ - ls2 p  and  th e  H-like A1 ls -2 p  sp ec tra  and  

a sso c ia ted  sate llite  lines.

• An escape  facto r opacity  m odel for estim ation  of th e  optical dep th  of resonance  and  

sa te llite  lines.

• E lectron  density  m easu rem en ts  from  the  observed spectra .

• C onclusions abou t th e  in terp re ta tion  of the  spectra  a n d  im provem ents for fu tu re  

experim en ts .

The a u th o r h a s  included  significant reference m aterial in  th is  c h a p te r  since th ere  is m uch 

inform ation  available on  high density  lase r p lasm as. De M ichelis a n d  Mattioli^'® are  an  

excellent genera l s ta rtin g  point; m ore recen t reviews in the  "Laser P lasm a In terac tions 

series" , St. A ndrew s U niversity Sum m er Schools’̂ ® cover tre n d s  in  theory  an d  experim ent. 

F inally th e  "A nnual R eports to the  Laser Faculty  Com m ittee"’̂  docum en t th e  diverse, high 

pow er lase r experim en ts  perform ed at the  C entral Laser Facility, R u therfo rd  A ppleton 

L aborato ry .

6.1 Introduction to Laser Produced Plasmas.
6.1.1 High Power Lasers: Brief History to the Present Day.
The laser w as invented in 1958 by Schawlow and Tow nes’°®, an d  la se r action  w as first 

dem onstra ted  by M aim an’°®, two years la te r with a Ruby laser. The N eodym ium :glass 

laser, still th e  m ain  high power laser in use  today, w as first opera ted  in  1961 by Snitzer’°̂ . 

It becam e c lea r alm ost i m m e d i a te l y th a t  th is  device could  h e a t sm all volum es of m atte r 

to  high tem p e ra tu re s  capable  of initiating the  nuclear fusion  reaction . O ther applications 

of the  laser w ere realised  where m atte r could be studied  u n d e r  the  s im ultaneous conditions 

of high tem p era tu re , p re ssu re  a n d  density  in  a laboratory environm ent. T hese could  have 

been  achieved previously only in  chem ical or nuclear explosions. The fusion  application 

w as to lead to  the  rap id  developm ent of high power pulsed g lass lase rs  in  th e  second half of 

th e  1960's a t  m an y  na tio n a l laboratories, b u t  principally a t th e  Lawrence Livermore 

N ational L aboratory (LLNL), USA and a t the  Lebedev Institu te  in  Moscow, USSR. This 

p rogression  h a s  con tinued  with the estab lishm en t of h igh pow er la se r  labora to ries  in  

m any  o ther co u n tries  including  Britain, C anada, France, J a p a n  an d  Germ any.

To date, the  w orld 's m ost powerful laser is Nova at LLNL w hich is capable of producing  

20kJou les of 0 .35pm  UV light. Energies g rea ter th a n  50kJou les are  likely in  th e  nex t few
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y e a rs ’®®. F or com parison, pu lsed  laser energies of lOOkJoules a re  calcu lated  to  be needed to 

p roduce  n u c le a r  fusion by inertia l confinem ent in  spherical D-T m icroballoons.

6.1.2 Plasma Production.
L aser p roduced  plasm as are generated w hen the  focused beam  of a  high power laser 

in te ra c ts  w ith  th e  solid surface of the  targe t and  the  energy deposited  in  th a t  sm all volume 

exceeds th e  ionization th resho ld . This occu rs typically w hen  th e  la se r irrad iance  o r power 

density  I of th e  focused beam  is greater th a n  10’®Watts/cm^ in  sm all 01O~>’lOOO|im focal 

spo ts . (M uch h igher laser Irradiances of u p  to lO ’̂ W atts/cm^ are  possible). S uch  high power 

la se r  p u lse s  c a n  only be achieved by sh o rt pu lse leng ths of FWHM 10 ’^^lO '^secs, th e  p lasm a 

existing for approxim ately the  sam e length of tim e after th e  la se r  h a s  been  sw itched  off.

The tim e evolution of the  lase r produced p lasm a can  be described  a s  follows. E ssentially , 

th e  electrom agnetic  field vector of the la se r rad iation , w hich c a n  be as  high a s  lO ’V o lts /m  

(H ughes” ®), in te rac ts  with the  a tom s on the  target surface initially creating a  cool dense 

p lasm a. T h is p lasm a abso rbs fu rth e r energy from  the lase r by th e  process of inverse 

b re m ss tra h lu n g  where a la se r photon is abso rbed  in the  tw o-body in terac tion  of a  free 

e lectron  w ith a n  ion. This absorbed  energy increases the  kinetic  energy of th e  free electrons 

th u s  ra is ing  th e  electron tem pera tu re  T,. F u rth e r  ionization is p roduced  cau sin g  a  rise in 

b o th  the  e lectron  density  an d  th e  rate  of absorption.

T his is a n  iterative process un til n,. increases to the value of the  critical density  n^ a t a  

su rface  in  th e  p lasm a. At th is  density  the  electrom agnetic wave propagation  s to p s  and  the 

light is reflected. The p lasm a refractive index becom es zero becau se  the  re so n a n t frequency 

of th e  p lasm a  electrons in  a n  oscillating electric field m atch es  th e  laser frequency. The 

critical density  n,. (cm ®) can  be expressed in  term s of the  laser w avelength X i  (pm) by:

1 0 2 1
n c  =  — —  (6 . 1 )

X \

A lthough the  p lasm a is now opaque for densities  g rea ter th a n  n^, the  heating  an d  expansion 

of the  p lasm a continue to the  end of the  la se r pulse. A bsorption of the  laser energy no longer 

h a p p e n s  a t th e  solid surface b u t is tran sferred  to the layers im m ediately in  front of the  

c ritica l su rface .

F igure 6 .1 a fte r  Key” ’ show s a schem atic  d iagram  of the  spa tia l variation  of th e  p lasm a 

density  p an d  the  electron tem peratu re  T, after lOOpsecs w hen the p lasm a flow is in  a  steady 

s ta te . It in d ica tes  the shock  front travelling th rough  the solid. Betw een the  sh o ck  front and  

th e  th erm al conduction  front (at the initial solid surface) is a  region of shock  h ea te d  and  

com pressed  solid. As the  ab lation  front is approached , the  density  rem ains approxim ately 

c o n s ta n t b u t  is fu rth e r heated  by therm al conduction. There is a  steady  fall in  th e  p lasm a 

density  u n til th e  boundary  of the critical su rface  is reached  a t density  n,. a t w hich the  laser 

wave p ropaga tion  stops.
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Figure 6 .1 S chem atic  d iagram  after Key' ' ' showing spa tia l v a ria tio n  of th e  p lasm a  for 
density  an d  tem pera tu re  param eters.
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Figure 6.2 C om parison  of abso lu te  spectral b righ tness of a IT eraw att N d:glass la se r  and 
sy n ch ro tro n  rad ia tion  source, after Key“ .̂
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Beyond th is  surface, is the  lase r light absorp tion  zone and  th e  electron density  decreases as  

th e  p lasm a expands outw ards into the  vacuum .

The c rea ted  p lasm a is dense, 10'^<n^<10^'' cm'^, m any  orders of m agnitude  g rea te r th an  

T okam ak densities  (see C hapter 1. Figure 1.1). The fact th a t ho t (T,~lkeV) m a tte r  can  be 

observed a t  electron densities m uch  g rea ter th a n  the  critical density  is d iscu ssed  la te r  in  

th is  ch ap te r.

6.1.3 X-Ray Emission and Comparison with Other Sources.
The rap id  h ea tin g  of m a tte r  n e a r  the  surface of the  target is sufficient to  ra ise  th e  electron 

tem p era tu re  T , locally to betw een 50eV and  SOOOeV. The re su lta n t p lasm a c o n sis ts  of highly 

s tripped  H-like, He-like and  Li-like ions of m edium  Z atom ic n u m b er, typically less  th an  

Z=26 (Iron). T argets w ith h igher atom ic n u m b ers  (Z<40) produce a  dense Ne-like line 

sp ec tru m  for L-shell ionization while for Z>40 a q u asi-co n tin u o u s Ni-like sp e c tru m  is 

observed for M -shell ions. In tense  line and  co n tinuum  rad ia tion  are  em itted  in  th e  XUV 

an d  x-ray  energy band  (0. l<E<10KeV). (X-ray production occurs betw een th e  therm al 

conduction  fron t and  the  critical density  surface, see Figure 6,1).

Laser p roduced  p lasm as are the  m ost in tense pulsed  laboratory  sources of x -rays by several 

orders of m agnitude . Figure 6.2 after Key"^, com pares the  x -ray  b righ tness of sou rces 

genera ted  by  synchro tron  rad ia tion  and  lO'^W att Neodym ium  .-glass lasers. The extrem ely 

high b rig h tn e ss  of XUV lasers is also illustrated .

F u rth e r  evidence, of the  x-ray  b righ tness of lase r p lasm a sou rces to T okam aks a n d  beam - 

foil in te rac tio n s , is given w hen the  in tegration  tim e to achieve th e  sam e signal o n  the  

J o h a n n  spectrom eter is considered. A single 20psec laser sho t of 5 J  on an  A lum inium  

(Z=13) ta rg e t genera tes H-like a n d  He-like ion resonance lines of peak  optical density  

Do i> l. A m in im um  integration of 5secs, 10 sho ts  of 500m sec d u ra tion  (see C hap ter 5) would 

be needed  to observe the sam e signal in tensity  for the  ion im purity  in  a T okam ak  plasm a. 

Finally, an  in teg ration  time of 5x10^secs w ould be typical for a  beam -foil sou rce  (see 

C hap ter 7). The in tense x-ray  em ission from laser produced p lasm as is evident, a lthough 

only a rough  approxim ation h a s  been  m ade w ithout provision for th e  different 

spectrom eter op tim isations for each source.

6.1.4 Applications of Laser Plasmas.
There are  fou r d istinct areas for spectroscopic s tudy  of laser p roduced  plam as:

(1) Hot, den se  p lasm as for nuc lear fusion research .

(2) X -ray la se r  research .

(3) X -ray light source.

(4) S tu d ies  of atom ic spectroscopy.

(1) Inertia l confinem ent fusion  (ICF) research  is an o th e r rou te  to  n u c lea r fu sion  (see 

C h ap te r 5.4). The action of m ultiple laser beam s on spherical ta rg e ts  filled w ith
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th erm o n u clear gas m ixtures genera tes com pressed, h igh tem pera tu re  cores. 

Spectroscopic Investigation of these  p lasm as can  m easu re  tem p era tu re , density , 

<pR> p roducts , ab lation  p ressu res  an d  o ther pa ram ete rs  necessary  to  charac te rise  

th e  im ploded core. R esearch on energy tran sp o rt from sim pler p la n a r  ta rg e t 

geom etries is useful in th is  context.

The physics of hot dense m atte r can  be studied a s  a  topic in  its  own right. These 

co n d itio n s  exist in  astrophysics, for exam ple in  s te lla r in terio rs, n e u tro n  s ta r  

a tm o sp h e res  an d  in  th e  vicinity of b lack  holes.

(2) X -ray  la se r research  h a s  developed extrem ely rapidly in  the  la s t te n  y e a rs  m ainly  

w ith  th e  advent of the  m ultite raw att lase r system . E xperim ents u se  m ultip le  high 

pow er lase rs  focused in a  line to crea te  a long (cm) cylindrical p lasm a  of sm all 

d iam e te r where am plification of sp o n tan eo u s  em ission occurs in  a  single p a s s  along 

th e  co lum n. The spectral line in tensity  is observed to increase  exponentially  w ith 

length . G ain x  length p roducts  approaching g l-14  have been  observed giving an  

am plification  of 10® in a single p a ss  for a collisionally excited Ne-like Se schem e a t 

207Â. (Laser action for Ni-like E u h a s  also been  dem onstra ted  a t 71Â u sin g  a  sim ilar 

schem e).

R ecom bination schem es have also been  show n to produce laser action  for F  IX a t 

8 1Â. The experim ents d iscussed  here  and  x-ray laser research  in  general are 

reviewed by Key"®.

(3) L aser p lasm as have applications as  a  sho rt wavelength light source, p roducing  

in te n se  resonance  line an d  co n tin u u m  radiation , to abso rp tion  spectroscopy, tim e- 

dep en d en t EXAFS stu d ies  and  x-ray  m icroscopy. They are u sed  extensively in  x-ray 

la se r  research . They are  considerably  cheaper th a n  synchro ton  sou rces  a n d  offer a n  

a lte rna tive  exposure program m e for x -ray  m icroscopy of biological sam ples.

(4) L aser produced  p lasm as can  be a source of very pure  spectra  from highly ionised 

elem ents. Line identification and  in tensity  factors can  be stud ied  easily  for a  range 

of ionization stages. This is relevant to atom ic physics an d  to h igh Z im purity  

identification  in o ther sources, eg Tokam ak p lasm as w here power loss th ro u g h  

im purity  ion rad ia tion  is significant. The la se r p lasm a p aram ete rs  a re  generally  not 

im p o rtan t here, b u t m ay  be tu n ed  for conditions producing  a  p a rtic u la r  ionization 

stage.

6.2  Line Broadening Mechanisms.
A dditional line broadening  m echan ism s to those d iscussed  in  C hap ter 4, occu r in  laser 

p lasm as. The effect of the source function  on in stru m en ta l line broadening  m ay  have to be 

considered  for flat crystal spectrom eters.

S ta rk  B roaden ing .

S ta rk  b roaden ing  h a s  been  extensively s tu d ied  as a density  diagnostic for d ifferent p lasm a
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sources. In la se r p lasm as the  m ain  in terest h a s  been in  x -ray  sp ec tra l lines of m edium  to 

h igh Z H-like an d  He-like ions. Hydrogenic line profiles have b een  s tu d ied  theoretically  by, 

am ongst o thers, Griem"'^, Griem et al"®, Lee"® and  Tighe a n d  H ooper"^; com parisons have 

been  m ade w ith experim ents (see Yaakobi et al"®, Kilkenny et a l ' l  for m ore th a n  ten  years. 

The theory  is well understood  an d  is the m ost reliable m ethod  for m easu rin g  high plasm a 

densities .

The b roadening  p rocess resu lts  from two processes:

(a) Q uasi-s ta tic  S ta rk  b roadening  due to  in teraction w ith th e  su rro u n d in g  ion 

m ic ro fie ld s .

(b) Im pact broaden ing  due  to  the free electron gas.

For n^ g rea te r th a n  lO^'cm ®, S ta rk  broadening usually  exceeds D oppler b roaden ing  for 

h igher series m em bers of the  Hydrogenic ion. The FWHM of sp ec tra l lines c a n  be w ritten  as:

A X ^ C X ^  (n^ -  n f )  n “ Z-2/3 (6 .2 )

where C is a  co n stan t, Z is the  charge of the emitter, n ,̂ n, are th e  p rincipal q u a n tu m  

n u m b ers  of th e  tran s itio n  an d  2 /3 < a < l rep resen ts  the index of th e  electron density  for a 

single species p lasm a. It c a n  be seen  th a t Al increases w ith density  an d  th e  principal 

q u an tu m  n um ber. T hus, the  increased S ta rk  broadening for h igh  n̂  is a  m ore sensitive 

electron density  diagnostic; also only one or two high n̂  va lues m ay  be in ten se  enough and 

optically th in  to be of use. G ases like Neon and Argon are often added  in  sm all traces  to 

spherical ta rge t gas m ix tures in order to m easure  the peak  electron density  of th e  

com pression  core. He-like ion profiles, a lthough requiring a m ore  com plicated  theoretical 

treatm ent, can  also be used  (see Lee"^.

Doppler broadening

Doppler b roaden ing  can  occur due to bu lk  m otion in the ab la tion  p lasm a. W here the 

viewing geom etry is perpend icu la r to the  p lasm a expansion, un ifo rm  G a u ss ia n  profiles can  

be observed. Ion stream ing  velocities v, can  often be several tim es g rea te r th a n  th e  therm al 

ion velocity v,. The com bination  of S ta rk  broadening an d  b u lk  p lasm a  m otion  m akes 

profile study  less useful for ion tem pera tu re  m easurem ents. If the  observed line w idths are 

fairly c o n stan t along the series of a Hydrogenic ion th en  D oppler b roaden ing  is probably 

th e  dom inan t line b roaden ing  m echanism .

Opacity Broadening

The effects of opacity are d iscussed  later in th is  chapter. It m ay be no ted  th a t  th e  

preferential se lf-absorp tion  of the  line centre  and  sm earing due  to  tim e-in teg ration  can  

increase  the  profile w idth, know n as "opacity broadening". T h u s, optically th ic k  S ta rk  

b roadened  lines m ay give an  overestim ate of the p lasm a density . Peacock'^® rep o rts  the line 

w ings are likely to rem ain  optically th in  and  can  still be fitted to  m easu re  density . The
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effect of opacity  on line profiles is trea ted  by Irons '^ '. McWhirter®^ h a s  show n th a t  th e  

profile sh a p e  (for a  G aussian) can  be w ritten  as:

I = S(1 -  e (6.3)

Tx = To exp (6.4)

w here  S is  th e  source function assum ed  to be co n stan t over th e  line profile, AXq is the  

D oppler w id th , Xq and  x;̂  are the  optical d ep th s  a t line centre  an d  A X  from  line cen tre , 

re sp ec tiv e ly .

6.3 Experimental Section.
6.3.1 High Power Lasers at the Central Laser Facility.
A sh o rt descrip tion  is given of the  high power lase rs  available a t  the  CLF (Central L aser 

Facility), R u therfo rd  A ppleton Laboratory. More detailed  in form ation  is availab le in  

recen t RAL A nnual Reports an d  references there in , see for example'®^. A review of the  

p h y sic s  of h igh  power lasers  is p resented  by Holtzrichter'^^,

There are  two high power laser system s at the CLF, each  of w hich h as  its own targe t area(s) 

for a  range of p lasm a studies. Most experim ents are  perform ed on the VULCAN laser, a 

N d:glass design, w hich is capable  of irrad iating  0 1 0 -)-1000pm  targe ts  w ith pow er densities 

of 10'®W atts/cm^ with up to 12 beam s. The ou tpu t for th is  system  is 2kJoules of 1.06pm 

light in  nsec  p u lses  and STeraW atts (5xlO'®Watts) in 20psec pulses. The laser light can  be 

frequency  converted  to 0 .53pm  green (2cù) light or 0 .35pm  ( 3 cù) blue light using  KDP crystals. 

The conversion  efficiency from the  fundam en ta l frequency is typically 3 0 ~ * ' 5 0 % .  The o ther 

h igh pow er la se r  is SPRITE, a Krypton Fluoride (KrF) gas excim er laser, w hich em its a t 

0 .248pm  in th e  UV region. It is m ainly a developm ent facility for testing  technology for the  

next genera tion  m ulti-kJou le  "SUPER-SPRITE" laser, destined  to replace th e  N d:glass as  

the  m ain  h igh  pow er laser. It h a s  a different o u tp u t specification, ranging from  two beam s 

of 4 0Jou les  of UV light in 20nsecs to a single beam  of 2 .5Jou les in  3.5psecs. The la tte r  ou tput 

w hen com bined  w ith sm all 0 1 0 pm  focal spot d iam eters, gives the  possibility  of 

illum inating  ta rg e ts  with a veiy high irrad iance of 10"W atts/cm ® , sh o rt w avelength beam . 

A few experim en ts  m ake use  of the  presently  un ique fea tu res of SPRITE. M ost of th e  spectra  

p resen ted  in  th is  chap te r were recorded from targe ts  irrad ia ted  with a single 2 0 psec, 

lO Joule 2 ( 0  beam  of the VULCAN laser.

6.3.2 Description of Instrumentation.
Two crysta l spectrom eters, a filtered pinhole cam era  an d  an  x -ray  diode a rray  w ere u sed  to 

m onito r th e  x -ray  em ission from  the p lasm a. A J o h a n n  type P en tae iy th rito l PET (002)
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(2 d = 8 .7 4 ^  crysta l spectrom eter'^^ w ith high resolving pow er (XyAX~7000) view ed th e  

p la sm a  a t  70® from the lase r beam  axis and  observed the n=2 tran s itio n s  of the  He-like an d  

H-like A1 ion in  the w aveband 7.Q->^7.9Â. A 2pm  M ylar window coated w ith 85Â of A1 w as 

p laced  in  fron t of the crystal to protect it from reflected la se r  light and  target debris. A tim e 

in teg ra ted  spectrum  was recorded in a single la se r sho t on K odak DEF 392 x -ray  film, which 

w as p ro tec ted  from scattered  visible an d  UV light by a 2pm  M ylar filter coated  w ith  1GG0Â 

of Al. The sp e c tra  of these resonance lines w ith sate llite  s tru c tu re  are  p resen ted  below.

A m in ia tu re  flat PET (002) c rysta l spectrom eter'^  w ith  m odera te  resolving pow er 

(X/A^-SOO). w as  placed in  front of the target angled a t 30® from  th e  la se r beam  axis. It 

recorded  (on K odak DEF film) th e  He-like an d  H-like resonance  lines o f A lum in ium  as  well 

a s  th e  K a-em ission from the  deeper Cl, K and  Ca layers. T his spectrom eter provided 

elec tron  density  n , inform ation from the S ta rk  w idth  of th e  Al XII Is^ 'So-ls3p line, 

m on ito red  th e  K a-em ission an d  the electron tem p era tu re  T, (from the  slope of th e  Al XIII 

reco m b in a tio n  continuum ).

6.3.3 Optimisation of the Johann Spectrometer.
The in itia l optim isation of the  J o h a n n  spectrom eter to m in ia tu re  x-ray  sou rces  w as to 

achieve th e  following goals sim ultaneously:

• To m axim ise in stru m en ta l resolving pow er in the  selected  w aveband.

• To m a in ta in  high signal th roughpu t.

• To s tu d y  the m ost in tense  lines of the Al spectrum ; the  n=2 tra n s itio n s  of th e  H-like

an d  He-like ions a t 7 .1~>7.9A.

The following in stru m en ta l p a ram ete rs  were ch o sen  accordingly.

Crystal Radius.

The crysta l cu rvatu re  could be set to any rad iu s  betw een R= 150-^5000m m . The following 

c o n s tra in ts  h a d  to be considered:

(1) The m inim um  so u rce /c ry sta l separa tion  w ithout obstruc ting  the  view of th e  p lasm a 

of o th e r  diagnostics w as -90m m .

(2) The in stru m en t could be m ounted  w ithin th e  laser target vacuum  ch am b er if a  

crysta l rad iu s  R < 500m m  was chosen.

(3) The DITE vacuum  version could be bolted externally to the  target cham ber, b u t  the

crysta l curvatu re  would then  be lim ited to R > 1000mm.

A 500m m  ra d iu s  ADP (101) in strum en t w as tried  first and  achieved an  ad equate  x -ray  line 

In tensity  for a long laser pulse length. However, th e  energy, an d  x-ray  em ission, dropped 

w hen th e  pu lse  length was reduced to 20psec. The signal th roughpu t w as th e n  increased  by 

rep lacing  th e  ADP (101) crystal with a sm aller rad iu s  R=300m m  PET (002) crysta l. The 

sm alle r ra d iu s  w as preferred in order to keep th e  x -ray  pho ton  density  high a t  th e  film 

p lane. The observed spectral resolution w as unaffected  by the  reduced crysta l rad iu s .
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Waveband.

To achieve a  b an d p ass  of 7 J A X  = 0.1, with an  x-ray  source of sm all (x < 100pm) spatia l 

d im ensions, the  Jo h a n n  spectrom eter w as used  in "defocused" m ode. This requ ired  placing 

th e  target, ab o u t 90m m  from the crystal (see Figure 6.3), inside th e  Rowland Circle as  

d iscu ssed  in  C hap ter 2.3. The crystal area  available for x -ray  diffraction w as 20x17mm^

(W X H); a  larger crystal w idth or rad ius could have been chosen  if th e  m in im um  

c ry s ta l/so u rc e  separa tion  h a d  been  im practical.

S en sitiv ity .

W hen using  th e  spectrom eter in "defocused" m ode, there is  a  com prom ise betw een the  

m onochrom atic  sensitivity  an d  the  defined b a n d p a ss  w hich is  in dependen t of th e  crystal 

rad iu s . A la se r  target placed on the Rowland circle would allow a  single spectra l line (or p a rt 

of a  line) to be  reflected from the fuU crystal w idth dim ension. It m ay  be no ted  th a t  the 

cond itions for Bragg reflection with the Jo h a n n  geom etry m u s t be satisfied. By placing the  

source  in side  the Rowland circle to increase the  b an d p ass , th e  m onochrom atic  sensitivity 

is  reduced  a n d  a spectral line is reflected from a fraction of the  original c rysta l w idth. T hus, 

th e  m onochrom atic  sensitivity  falls off faste r th a n  the  expected ratio  of so u rc e /c ry s ta l 

sep ara tio n  to  Rowland chord dim ension. This sensitivity loss m ay be com pensated  by 

reducing  th e  crystal rad ius. A positive consequence of th is  effect is th e  reduced  Jo h a n n  

ab e rra tio n s  w hich allow high resolving power to be m ain ta in ed  w ith sm aller c rysta l radii.

R esolving Power.

The in stru m e n ta l resolving power, independent of the source d im ensions, w as determ ined 

by a n u m b er of factors; the convolution of the  crystal line focus m easu red  optically during 

th e  focusing procedure, the crysta l diffraction w idth m easu red  on  the  Leicester 2 -crystal 

Spectrom eter by Hall*', the J o h a n n  aberra tions, see C hap ter 2 .3  for d iscussion , an d  the line 

defocus due  to the spectral im ages being recorded on a flat film plate tangen tia l to the  

Row land circle. Due to the sm all spatial extent of the  p lasm a a n d  reduced  m onochrom atic 

sensitivity , th e  Jo h a n n  aberra tions  were negligible. X/AA,>50000. The focus quality  gave a 

b roaden ing  of X/AX=34000 an d  the con tribu tion  from the line defocus w as typically be tte r 

th a n  X J A X = 2 3 0 0 0 .  Therefore, the  in strum en ta l resolving pow er w as m ain ly  determ ined  by 

th e  crystal diffraction w idth of 45 seconds of arc. corresponding  to X J A X = 7 0 0 0 .

6.3.4 Suprathermal Electron Transport Experiment.
The sp ec tra  were em itted from laser-irrad ia ted  solid 0 2 5 0 -^  1000pm  Al wire a n d  layered 

p la n a r  ta rg e ts . The la tte r were 0300pm  discs with a th in  A lum inium  lam ina  of 0 .2pm  

b u ried  u n d e r  a  plasic ab la to r top coat of variable 0 . 1. 0pm th ickness. A th in  A lum inium  

layer was c h o sen  to create a well ionized diagnostic p lasm a of sm all spatia l ex ten t an d  to 

m inim ise opacity  effects on the h igher series Lyman and  Helium -like resonance  lines. The 

p lasm a param eters , the electron density in particu lar, could be stud ied  a s  a  function  of the 

dep th  of the  buried  layer. Ka fluorescence from the deeper layers of Cl, K an d  Ca buried  in 

th e  p lan a r  ta rg e ts  were also used  to indicate sup ra th e rm al electron production . A single
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beam  of 20psec FWHM pulselength  from the VULCAN N diglass laser, frequency  doubled to 

0 .52pm  and focused to  a 050pm  spot size, illum inated the  ta rg e ts  w ith  a  peak  irrad iance of 

2xlO*®Watts/cm^. A typical sho t h ad  7Jou les of energy on  target.

This w as part of an  energy tra n sp o rt s tu d y  to show th a t  in add ition  to  th erm al electron 

conduction  heating  m a tte r  a t close to solid densities, th ere  w as in c reased  su p ra th e rm al 

electron pre-heating  due to the  n a tu re  of the  very sho rt pu lse leng th  o f sh o rt wavelength 

light a t high in tensity . Initial re su lts  from  Brown et al*'̂ '* ind ica ted  th a t  h igh tem p era tu re  

Te~500eV p lasm as a t n^ approaching 10“ /cm^ were being genera ted  in  th e  b u ried  layer 

targets. Detailed analysis of th e  da ta , Tallents et al"^^ show ed th a t  th e  density  range w as 

rp~6~^8xl0'^'^cm'^ a t tem p era tu re s  of typically IkeV. In addition , it w as show n th a t  only 5% 

of th e  incident la se r energy w as converted  into su p ra th e rm al e lec trons, having a 

tem p era tu re  T„ less th a t  lOkeV. This suggested th a t the  bu ried  layer p lasm a  w as principally 

hea ted  by therm al conduction.

6.4 Experimental Results from Johann Spectrometer.
6.4.1 He-like Aluminium ls^-ls2p Spectrum and Satellites.
The n=2 He-like Al ion spectrum  is show n in Figure 6 .4  for a  0 .2pm  Al b u ried  layer u n d e r 

0 .5pm  plastic  overcoat. The spectra l lines are labelled after Gabriel®^ a n d  th e  tran s itio n s  

show n in Table 6 .1. The strong He-like resonance line Is'^ *S„ - l s 2 p  *Pi (w) and  

in tercom bination lines Is'^ - ls2 p  ®P,.2 (x,y) are indicated  a t 7 .757Â  a n d  7.807Â, 

respectively. The m etastab le  forbidden line Is'^ *So - l s 2 s  ^Si (z) a t 7 .87Â  norm ally seen  in  

T okam ak spectra  (C hapter 5, Figure 5.8), which coincides w ith th e  Li-like Al ion j,k ,l 

d ielectronic sa te llites, is not observed in laser p lasm as due to co llisional de-excitation 

(Peacock*^®).

The o ther lines are  th e  Li-like dielectronic satellites of the  type ls '^ n l-ls2 p n l an d  Is'^nl- 

ls2 sn l. The n>3 sa te llites appear as  a continous b lend to the  long w avelength side of the  w 

line. (Since the  flat c rysta l spectrom eter did not observe resonance  rad ia tio n  beyond n = 6  

for th e  H- and  He-like ions, a sim ilar cut-off should  be expected w ith th e  m erging of the  

h ig h er order sa te llites  w ith the  resonance  line). The n=2 sa te llites fall in to  two groups: the  

w eak  n =2  sa te llites are  on either wing of the in tercom bination  line w hile th e  strong  n =2  

sa te llites  fall in to  th ree  resolved g roups (q,r), (a-d) an d  (j,k,l) w ith in creas in g  w avelengths. 

T his spectrum  shou ld  also be com pared with the Si XIII spectrum  of C hap te r 7, Figure 7.5.

The u p p e r level of th e  satellite lines can  be populated  e ither by d ielectronic  recom bination  

th ro u g h  electron cap tu re  by the  He-like ion or th ro u g h  d irect in n er-sh e ll excitation of the  

Li-like ion. The relative in tensities  of these  lines depend on th e  degree of ionization of the  

p lasm a  and  therefore the  electron tem pera tu re  T,. For a  recom bining  p lasm a , dielectronic 

recom bination  is u su a lly  the  m ain  excitation process though  in  co n d itio n s  of rap id  

ion ization  w here Tg<T,, inner-shell excitation m ay be strong. A uto ionization , w here the  

upperm ost excited electron is ejected from the ion leaving it in  a n  unexcited  sta te , is the
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Figure 6.4 He-like Al n=2 spectrum and satellites for 0.5pm plastic overcoated target.
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Table 6 .2  He-like Al x n  Resonance Lines.

Key T ra n s i t io n Theory
D rake
X(Â)

Theory 
V+S (II) 

X { A )

T h eo ry
G abriel

X { A )

E xpt
PHG
X(Â)

T h is
E xpt
X(A)

w ls 2 ISo - l s 2 p IPi 7.75730 7.75759 7.757 7.757 7.7573 calib.

X l s 2 ISo - l s 2 p 3p2 7.80388 7.80409 7.804 - -

y ls 2 ISo - l s 2 p 3pi 7.80696 7.80719 7.807 7.806 7.807

Lines labelled according to Gabriel®^.

C olum n 3 ind ica tes theoretical calcu lations of Drake^®.

C olum n 4. V+S (II), indicates theoretical ca lcu la tions of V ainsh te in  a n d  Safronova^^^. 

Colum n 6 , PHG, gives experim ental resu lts  from Peacock et al^^®.

C olum n 7 gives experim ental w avelengths for in tercom bination  line y, a ssum ing  D rake 's  
va lue  for resonance  line w. Agreem ent is w ithin 0.(X)lmÂ m ea su rem en t error.

Al XI satellites in  Table 6 .1 m easu red  relative to w.
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Al XI Dielectronic Levels  Showing  Trans i t ions

1s 2 p  ̂ %

m

Figure 6.5 Energy level d iagram  for the  Li-like A lum inium  dielectronic sa te llites . 
T ransitions  are labelled according to Gabriel.
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Figure 6.6 He-like Al n=2 spectrum and satellites for solid 01m m  wire target.

172



Al XI n=2 Satellite Structure at 7.85-^7.87A
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Figure 6.7 Profile fit to Li-like A lum inium  dielectronic sa te llite s  7.84->7.90Â  of sh o t 
#L37.
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inverse process to dielectronic cap tu re  an d  the com peting process to  radiative decay for 

s tab ilis ing  the  excited ion. The energy levels and  tran sitio n s  of th e  Al XI dielectronic 

sa te llite s  are show n in  Figure 6.5. The m ain  in te rest will be in  th e  well-resolved sate llites 

betw een  7.84->7.90Â.

Satellite  Profile and Widths.

Figure 6 .6  show s the  sam e spectrum  for a laser irradiated  0 1m m  Al wire. This w as an  

atypical spectrum  b u t w as in teresting  for several reasons:

• The spectral reso lu tion  vUA^=1770 ± 70 of the  satellite lines w as  considerably  h igher 

th a n  Figure 6.4 ( X/AX=1200). There is a clear difference in  th e  w id ths of th e  

resonance an d  satellite lines. The w line is b roader th a n  th e  sate llites, FWHM 

A^=6 .6 mÂ com pared to 4.5mÂ, probably  due to opacity b roaden ing  o r increased  

spatia l and  tem poral em ission.

• The line profiles were m ore Lorentzian. One explanation for th is  could  be lower 

p lasm a expansion  on th is  p a rticu la r  shot.

The im proved spectral reso lu tion  h a s  revealed m ore detail in the  sate llite  g roups a t 

7.84->7.90Â; the  strong  j ,k  lines are separa te ly  resolved and  th e  b lended  lines in  th e  o ther 

two groups are show n as asym m etries to the  strong lines. The sp ec tru m  could be fitted with 

pow er law or Voigt profiles, s ta rtin g  first w ith the  resolved j ,k  lines to  find th e  line shape. A 

pow er law fit with n=2.2 gave the best fit as show n in Figure 6.7.

Satellite  Transition W avelengths.

The spectrom eter d ispersion rela tion  (C hapter 2) and  PET (002) c iy s ta l ch a rac te ris tic s  

(C hapter 4) were used  to calculate the  wavelengths. The tem pera tu re  w as m onitored 

th ro u g h o u t the  experim ent and  rem ained  co n stan t a t T=19.5±0.2®C. No system atic  

differences were noted  betw een the inside and  outside target cham ber tem pera tu res . The 

final precision of ± lm Â  w as determ ined  by the  sta tis tica l fitting accuracy . The w avelengths 

are  show n in Table 6 .1 and  com pared w ith the  theoretical resu lts  of D uston  et al̂ ^®, 

V ainsh te in  and  Safronova^^^ and  the  experim ental re su lts  of Peacock e t al^“ . There is good 

ag reem en t w ith these  resu lts  confirm ing the  identification of the  sate llite  lines.

S ince th e  (j, k) dielectronic sate llites a t  7.878Â and  7.874Â, respectively, were well resolved, 

from  th e  sam e m ultip le t, due to d ielectronic recom bination and  th e  e lec tron  popu lations 

unaffected  by collisional effects u n tü  n^-lO^'^cm'^, they  could be u se d  to  com pare th e ir  

relative in tensity  factors q w ith theory . The satellite  in tensity  fac to r q is  defined in  

c h a p te r  5.2.3, equation  (5.25). and  depends on the  radiative tra n s itio n  probability  A,, an d  

au to -ion ization  ra te  Fj (listed in  Table 6 .1 from D uston  et al̂ ^®) for a  dielectronic line from  

th e  in itia l excited level j. T hus, the  experim ental value of the  in ten s ity  ratio  I(k)/[I(j)+I(l)] in 

F igure 6.7 w as m easured  to be 0 .654±0.006 where the tolerance included  th e  fitting, 

s ta tis tic a l and  sensitivity  errors. The ratio  agreed extrem ely well (to w ith in  1.5~^3.5%) 

w ith  th e  corresponding values 0 .631 from  V ainshtein  and  S a f r o n o v a a n d  0 .664  from

174



AIXIII L y m a n - a  a n d  S a t e l l i t e  S t r u c t u r e
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Figure 6.8 Al XIII Lyman-a and satellite structure for 025Onm solid target.
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AIXIII L y m a n - a  a n d  S a t e l l i t e  S t r u c t u r e
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AIXIII Lyman-ûf  and S a t e l l i t e  S t r u c t u r e
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Figure 6.13 Al XIII Lym an-a and  satellite s tru c tu re  for bu ried  layer ta rg e t w ith  0 .5 |im  
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D u sto n  et The w eak 1-satellite w as included in the theore tical in tensity  ra tio  because

of th e  b len d  w ith  the j-line. It only con tribu tes 2% to the la tte r  in tensity  b e cau se  of its low 

rad ia tive  probability . This w as fu rth e r confirm ation of the  accu racy  of th e  sensitiv ity  

ca lib ra tion  a n d  fitting techn iques  to the  data .

The He-like Al ion series em ission  was w eak for overcoat th ick n esses  0.7~> 1.0pm  an d  th is 

w as only w ith  th e  highest energy lOJ on target.

6.4.2 H-like Al ls-2p Spectrum and Satellites
The Al L ym an-a  spectrum  is show n in Figure 6 .8  for la se r irrad ia tion  of a  solid  Al 

0 0 .2 5 m m  w ire target. The m ain  observed differences to T okam ak  sp ec tra  for m ed ium  Z 

ions (C hap ter 8 ), are in the  fine-structu re  in tensity  ratio  an d  th e  strong  sate llite  lines 

m ostly  to th e  long w avelength side of the Lym an-a. The form er, d iscussed  in  sec tion  6.5, 

c a n  be largely  a ttribu ted  to opacity effects. The strongest He-like ion dielectronic lines fall 

in  the  7 .1 7 -^7 .27À w aveband though a m uch  w eaker satellite is  observed a t 7.37Â. The 

sa te llites are  due  to dielectronic recom bination  and  are in  principle m ore sim ple  to  

in terp re t. The line positions relative to the  resonance line follow th e  sam e p a tte rn  a s  the  

Li-like sa te llites; n>3 excited levels are observed as a b lend  to th e  resonance  line while the 

stronger n=2 lines tend to be b e tte r separa ted  and  at a longer w avelengths. The m o st intense 

satellite  is u su a lly  the ls2 p  'P,-2p^ 'Da tran sitio n  at 7.27Â. The n=2 dielectronic levels of 

Al XII are show n  in Figure 6.9.

Improved sp ec tra l resolution, see Figure 6.10, is noted on all lines for the  th in  b u rie d  layer 

ta rge ts  w ith  0 .1pm plastic  top coat, m ainly  because  of lower expansion  for th e  A lum inium  

plasm a. The n=2 satellite lines are  fitted with Voigt profiles a s  show n in  F igures 6.11 and  

6.12, in  o rder to  determ ine the w avelengths and  in tensities. The w avelengths are  tabu la ted  

on Table 6 .3  for com parison  w ith o ther theoretical and experim ental resu lts .

It m ay be no ted  th a t as  the  overcoat th ickness w as increased, th e  em ission of the  

Hydrogenic Al ion from the b u ried  layer decreased  rapidly u n til only the  He-Uke series was 

observed a t 0.7pm . This resu lt w as in terpreted  as a drop in the  electron tem p era tu re  T, due 

to reduced  th erm al conduction  w ith buried  layer depth. The u se  of density  sensitive  satellite 

lines to th e  Lym an-a could only be used  for overcoat th icknesses up to 0 .5pm  for bo th  the 

H e- and  Li-like satellites. Figure 6.13 show s the Al Lym an-a em ission  for b u rie d  layer 

targe ts  b u ried  u n d e r a 0 .5pm  overcoat layer. The line in tensity  is m uch  lower th a n  the  

previous sp ec tra  of Figures 6 .8 ^ 6 .1 2 . This is discussed in section 6 .6 .

6.5 Opacity Calculations.
An estim ate  is m ade of the optical th ickness  of the plasm a for th e  strong  n=2 resonance  

lines of th e  H-like and  He-like ions. An escape factor approxim ation, as  ou tlined  by  Keenan 

and  Kingston"^', is used. This h a s  been adopted from Holstein'®^ b u t does n o t include the 

full geom etrical trea tm en t of Irons
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6.5.1 Escape Factor Model.
T he escape facto r g of any tran sitio n  is the  probability th a t  a  pho to n  will escape from  a 

p la sm a  w ithout being scattered  from the observer's line of sight. T h u s  the  in tensity  of the 

sp e c tra l line of in terest is given by:

Iji — Aji Jrij dx (6.5)

w here  n̂  is the  u p p e r level population  (cm'^), (s'^) is the  rad iative tra n s itio n  probability

from  level j  to i an d  g(T„ ,j) is the  escape factor. This is  a  function of th e  optical dep th  a t the  

line centre. The in tensity  ratio of two lines originating from th e  sam e u p p er level j  can  be 

e^qiressed as:

i l l — IIi m L  A il  e i
Ijk ■ g(xo.kj) Ajk

F or sm all x, McWhirter®^ writes the  escape factor as:

g(xo) = 1 + ^  (6.7)
(-1)" (To)"
n! Vn+1

n = l

w hile forXo>2.5. Holstein'^'^ u se s  th e  approxim ation:

g(to) = ----- / = = -  (6.8)
Zo'SJn In To

A sh o rt F o rtran  code of 50 lines w as w ritten  using  equations (6.7) a n d  (6 .8 ) to  calcu late  the  

escape factor a s  a function of optical depth i„. The resu lts  are plotted in  Figure 6.14.

M itchell and  Zem ansky'^^ have show n, assum ing  a uniform  p lasm a, th a t  th e  optical depth 

To for the  line cen tre  of a therm al D oppler b roadened  profile is:

Xo.ij = 1.16x10-6 ĵi Hi fy 1 (6.9)

w here T, is in  Kelvin, M is the ion atom ic weight (in am u), is th e  tra n s itio n  w avelength 

(cm), rij is the  lower level popu lation  density  (cm ®), f,j is the  abso rp tion  oscillator s tren g th  

an d  1 is the  line of sight p lasm a th ick n ess  (cm). The population  density  n̂  c an  be w ritten  as:

w here:

n ,/n^ proportion  of to tal population  of charge s ta te  z in  level n,. F or the  g round  sta te , 

rij/rig can  be assum ed to be unity. 

ry/nEi p roportion  of elem ent (Alum inium  here) in  th e  relevant charge  s ta te  (Al XI, Al XII 

or Al XIII), strongly dependen t on T,. 

n£i/n^ fractional abundance  of elem ent to o ther p lasm a  co n stitu en ts .
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ng/rit ra tio  of p lasm a ion density  to electron density  n« (also referred to  th e  inverse of 

ZcfT, the  effective ion charge of the  plasm a).

As a  rough  indication , optical dep th  (for Xo>0.1) should  be ca lcu la ted  for th e  reso n an ce  line 

rad ia tio n  if th e  population  density  of ions in  the  lower level of th e  n =2 tra n s itio n  (in cm  ® 

units) X scale length  product n,l approaches 2x l 0 ‘®cm '̂ .

6.5.2 He-like Al ls^-ls2p Resonance Line
The optical d ep th  of the He-like Al Is^ ‘Sq - ls 2 p  resonance  line a t 7.76Â w as calcu lated  

for a  solid Al a n d  0.2pm  Al layer bu ried  u n d e r a  0 .1pm top coat. The proportion  of Al in  the  

Al XII charge  s ta te  w as estim ated  from the ionization ab u n d an ce  curves a s  a  fu n c tio n  of T, 

from  D u sto n  et al̂ '̂ ®. The charge sta te  population  w as assum ed  to  be m ainly  in  th e  ground 

s ta te . The tem pera tu re  Te=T,=500eV (5.8 x  10®K) w as adopted, w ith therm al e lec tron  

cond u c tio n  h ea tin g  ~ 1 .0 pm layer in to tal.

The p a ra m ete rs  for equations (6.9) and  (6 .10) are listed for the  two targets in  Table 6.4.

Table 6 .4  Parameters for Opacity Calculation of the He-like Al ls2 p  line.

Buried Layer Solid Al

ne (cm’3) 7x1022 4x1022

' î(K) 5.8x106

n i /n A lx iI 0.66 0.66

nAlXIl/no 0.4 1.0

Xk)/^ (—1 /Ze) 1/7.1 1/11.3

1 (cm) 0.24x10-4 l.OxIO'4
n il (cm '2) 5.2x1016 2.3x1017

The density  scale  length p roduct n l̂ for bo th  targets clearly ind ica tes th a t th e  resonance  

line is optically thick. Table 6.5 show s the  optical depth  Xq for the  Al XII n>2 lines.

Table 6 .5  Opacity x for He-like Al n>2 resonance lines.

n M Â ) fij B uried layer Solid Al

n =2 7.757 0.742 7.5 44.6

n=3 6.635 0.1506 1.3 5.8

n=4 6.311 0.0562 0.46 2 .0

n=5 6.173 0.0272 0 .2 2 1.0
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E rro rs  m ay  arise  a s  a  resu lt of the  tim e Integration and  u n ce rta in ty  in  the  exact va lues of n̂  

a n d  1. The level popu la tion  n̂  m ay be considerably lower if th e  m a in  em ission  is du ring  the  

p lasm a  recom bination  stage. Neglect of the p lasm a geom etry is likely to con tribu te  a  sm all 

e rro r in  com parison  w ith the above effects. Therefore, it can  be concluded  th a t  the  n=2 

reso n an ce  line is u n su itab le  for diagnostic pu rposes due to self-absorption.

6.5.3 H-like Al ls-2p Lyman-a Resonance Line.
A sim ila r ca lcu la tion  can  be perform ed for the H-like Al I s  ^Sj/2 - 2p  ^Pi/2.3/2 doub let a t 

7 .171Â  and  7.176Â. However, the  experim ental observation of th e  L ym an-a doublet 

in ten s ity  ratio  c a n  be  used  for com parison  with the  calcu lation . The principle w orks as  

follows. The optical depth  for the ^P,/2 line is different from  th e  u su a lly  m ore intense^P3/2 

line on acco u n t of th e  absorp tion  oscillator streng th  being ha lf of th e  ^Pa/2 value. T h u s  in  a 

un ifo rm  p lasm a, th e  Lym an-a rad ia tion  being em itted  from  the  sam e  spa tia l region, the  

^Pa/2 line will be preferen tia lly  absorbed  and the  in tensity  ra tio  will be  different from  the  

optically  th in  case .

The effect of opacity  on the  in tensity  ratio  of the L ym an-a rad ia tio n  for H-like ions h a s  

b een  trea ted  com prehensively by Irons '^ ’ ’̂  ̂for laser produced  p lasm as. He d iscu sses  the  

effect on th e  line profiles where differential p lasm a m otion re su lts  in  th e  overlapping of 

red- an d  b lue-sh ifted  com ponents of the  doublet. D ifferential m otion  becom es significant 

w here Xo exceeds 10. Sylwester et a l ’̂ ® d iscuss the effect of scattering  of the  Lym an-a 

rad ia tio n  in  re la tio n  to so lar flare p lasm as. The resu lts  here  are com pared  to  bo th  these  

papers.

The optical dep th  Xo(3/2) for the ^Pg/g line is calculated in Table 6 .6  u sing  the  pa ram ete rs  T, = 

Te = 500eV, rie = 7xl0^^cm'^ and n  ̂= 4 x l0 “ cm'^ for the th in  bu ried  Al layer and  solid Al 

ta rg e ts  respectively  a s  before. The absorp tion  oscillator s tren g th  f=0.275 for Al Ly-a 

ca lcu la ted  from  equation  (5.10) is in very close agreem ent w ith f=0.28 for Mg Ly-a 

(Sylw ester e t al'^®).

The ca lcu la tion  show s th a t the  optical depth  is ju s t  above un ity  for th e  th in  b u ried  layer 

and  x„~6 for th e  solid target. On th is basis  Figure 6 .14 show s th a t  j u s t  over 40% of th e  Al 

L ym an-a, rad ia tio n  is observed along the  line of sight form  th e  b u rie d  layer.

The opacities of th e  Al Lym an-a doublet can  be defined a s  Xo(l/2) a n d  Xo(3/2), respectively, 

such  th a t  th e  observed in tensity  ratio  Pq ,s can  be w ritten  as:

=  gSs/l)-
w here p is th e  in ten s ity  ratio  for the optically th in  case. Since th e  difference betw een th e  

two optical d ep th s  occurs with the value of the oscillator s treng th  f, th e n  Xo(3/2) = 2 Xo(l/2) 

and  the  p a ra m e te r  T|Opa representing  the  effect of opacity is defined as:
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The opacity factor iiOp, is plotted as  a function of Xo(3/2) in  F igure 6.15 and  tab u la ted  for 

com parison  w ith Sylw ester et al*̂ ® in Table 6.7. The table show s good agreem ent, except for 

th e  values of 0 .6  and  0 .8  for Xo(3/2) w here there  appears to  be a  typographical e rro r in  th is  

paper.

F rom  th e  optically th in  case, Tiop^rises rapidly from 1.0 to a  m ax im um  of 2.56 occuring at 

To(3/2)=6.0. There is a  slow decay with increasing opacity, reach ing  2.17 a t Xo(3/2)=100. It is 

c lear th a t  possib le am biguity m ay occur for Xo> 6  an d  so the  m ethod  is only usefu l where 

Xg<6 . It m ay  be noted th a t th e  profile sh ap es  w ould be readily opacity b roadened  for x̂  >10 

a n d  be  d istingu ishab le  from  optically th in  rad iation .

The p -ra tio  c a n  also be affected by non-opacity  m echanism s, see C hap ter 8  an d  th e  next 

section , w here collisional d istribu tion  of the  electron popu la tion  in  the  n = 2  levels is the  

m ost im portan t effect. It can  be estim ated  from the resu lts  of Boiko et al^^^, a s  show n in 

Figure 6 .16 , th a t  a t the densities here the Al XIII ^Pi/2.3/2 levels are  in  LTE an d  

Pcoi=0.51-^0.50 for n,=4xlO^^-)" lO^^cm'^. T hus, a value of p=0.5 can  be adopted in  equation 

(6 . 12) giving a n  observed ratio  Pobs=0  5 ^ 1 .3 ,  depending on opacity.

Table 6.8 show s the  resu lts  of Pobs from Figures 6 .8  and  6.10. The equivalent T]opa points are 

p lotted on Figure 6.15. The agreem ent betw een the calculated an d  observed values of Xg(3/2) 

is reasonab le , to w ith in  a factor of two, though  fortu itously  th e  b es t agreem ent is  for the  

solid target.

Ion S tream in g  Effects.

The m ain ly  G au ssian  profile of the  Lym an-a doublet in Figure 6 .8  is Doppler b roadened  by 

ion stream ing  effects. O ther spectra  recorded from irrad iated  solid targets u n d e r  th e  sam e 

laser p a ram ete rs , show a broadened  single line with no observed fine-structu re . Irons^^® 

poin ts ou t th a t  for conditions where Xq> 1 0  an d  the ion stream ing  velocity v , >v, (the therm al 

ion velocity), the  p lasm a differential m otion m u s t be considered  together w ith  opacity. 

Figure 6 .17 , a fter Irons, show s the effect of differential p lasm a  expansion  on  th e  Lym an-a 

profile for x^=10. The p aram eter rj in th is  paper is defined as  2v,/v,. For solid ta rg e ts  here, 

assum ing  a m inim um  ion tem pera tu re  T,=300eV. can give va lues of q=3-^10 an d  show s 

qualitative agreem ent w ith the observed profiles. Irons also rep o rts  th a t optically  th ick  

profiles c a n  be d istorted  by differential expansion  in such  a way as  to ap p ear optically thin. 

In  th a t s itu a tio n , an  increase in the fine-structu re  separa tion  Xpg of abou t 10% m ay be 

m easured .

Finally, th e  u se  of optically th in  targe ts  together w ith spatia lly  resolved sp ec tra l 

m easu rem en ts  w ith high reso lu tion  is the  m ost effective way of determ ining opacity  on the  

L ym an-a  tra n s itio n s .
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Figure 6.17 (after I r o n s ' shows  the  effect of varying the  s tream in g  velocity a n d  opacity  
To=10 (kept constant) on the  Lym an-a doublet profile. The p a ram ete r ii=2Vg/Vi 
refers to  the  ratio  of th e  ion stream ing  velocity V, to  th e  th e rm a l ion  velocity 
V, a n d  should not be confused with the param eter T]opa of equation  (6 .12).
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Table 6 .6  Parameters for opacity calculation of the H-like 2p ^ P i/2  line.

B uried Layer Solid A1

ne (cm'3) 7x1022 4xl022

'fi(K) 5.8x106

n i/n A i XIII 0.33 0.33

HAlXIIl/no 0.4 1.0

no/ne 1/7.1 1/11.3

1 (cm) 0.2x10-4 10-4

n il  (cm"2) 2.6x1016 1.2x1017

f 0.275

X  (cm) 7.17x10-6

Xo (3/2) 1.3 5.8

Table 6 .7  Values of T|opa as a function of Xo(3/2) = 0.1->1.0.

Xo(3/2)
Sylw ester et al^^® This w ork

0.1 1.036 1.0357

0 .2 1.072 1.0720

0.4 1.145 1.1464

0 .6 1.185 1.2228

0 .8 1.223 1.3009

1.0 1.379 1.3801

Table 6 .8  Observed Lyman-a Intensity Ratios.

0.2 |im  A1 B uried Layer Solid A1

Pobs
"HOpa
to(3/2)

0.95

1.90

2.4 ± 0 .3

1.28 

2.56 

6.0 ± 0.3

E rro rs rep resen t 5-+10% m easu rem en t accuracy in observed (3-ratio.
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6.5 .4  Satellite Lines.
The m ain  advan tage of satellite lines as p lasm a diagnostics a t h igh densities  is th a t  they  

u su a lly  are optically th in , on account of the  lower s ta te  of the  tra n s itio n  not being th e  

g ro u n d  sta te . T his m ean s th a t the  lower level popu lation  n, is considerab ly  less th a n  the 

g ro u n d  sta te . Opacity, however, should  not be neglected a ltogether for these  tran sitions , 

D u s to n  an d  Davis'^® have show n th a t the in tensity  ratio  of the  lines l( ls2 p  ®P->2p'  ̂

® P)/I(ls2s ®S-^2s2p ®P). a group of He-like dielectronic sate llites on  th e  long w avelength side 

of th e  Lym an-a resonance  line, can  be modified by opacity effects a n d  be m isin te rp re ted  a s  

a  d en sity  diagnostic. They calculate the ratio  for A1 to vary up  to  2 .0  for ng>10^®cm ® in  a n  

optically  th in  p lasm a, while being reduced to 1.1 a t a  lower density  of ng>4xlO'^'^cm'® in th e  

op tically  th ick  case . Different level popu lations an d  abso rp tion  oscilla tor s tre n g th s  

(f=0.2657, 0 .3974  for the  2p^ ®P. 2s2p ^P lines, respectively'®®) produce th is  resu lt as  

d iscu ssed  in the  previous section.

A udebert et al'®® a n d  Lunney'^'® point ou t th a t the in tense  He-like "singlet-D" satellite  to th e  

L ym an-a. labelled ls2 p  'P,-2p'^ 'Dg a t 7.274Â for Al. is m ost likely to  be  affected by opacity. 

T herefore, a  qu ick  estim ate can  be m ade of the  optical th ickness  of th e  satellite  lines 

generally  by com paring  the relative in tensity  of the  "singlet-D" line w ith o th er dielectronic 

lin e s .

A su itab le  Une. n o t affected by collisional processes, is the  ls 2 s  'So-2s2p 'P^ tran sition . The 

sa te llite  line in tensity  factors Qj,. see C hap ter 5.2. depend on the  au to ionization  ra te  Tj (s‘ )̂, 

th e  radiative tra n s itio n  rate  Â , (s ’) and  gj. the  sta tis tica l w eight of level j . The observed line 

in ten s ity  ra tio s are  com pared directly with theory"^®’ by using  th e  respective ra tio  q ( ls 2 p 

'Pi-2p'^ 'D g)/q (ls2s 'So-2s2p 'P,). tabu la ted  for sho ts  L I5 and  L19 in  Table 6.9. The 

ag reem en t is excellent to within 2 % of theory w hen the  following are  considered:

• The in ten sity  lost to forbidden lines from the  2s2p  'P^ line due  to S ta rk  m ixing a t 

high densities as  reported by B ahon et al"" '̂ '̂  is added.

• The increase  in  sensitivity of the spectrom eter (0 .091% /m Â  for 7.0-^7.5À) is 

included .

T he satellite  lines are  clearly optically th in . A sim ilar argum en t m ay  be p resen ted  for 

in te rp re tin g  Li-like satellites to the  He-like ls2 p  'P , line.

Table 6 .9  Al x n  Satellite Intensity Ratios.

Intensity ratio q(ls2p  IP i - 2p2 ^D2) /q ( ls 2 s  ^Sq - 2s2p IPi)

E x p erim en ta l T h e o ry
Raw Data S ta rk  Mixing Sens. Incl V+S DRDB

Solid targe t L I5 4.77 3.37 3.23 3.215 3.117
B uried layer L I9 4.09 3.42 3.28 3.215 3.117

Note: There is a  3% difference betw een the  two theoretical ca lcu la tions.
V+S refe rs  to the resu lts  by V ainshtein  and  S a f r o n o v a ^ ^ 7  

DRDB denotes D uston et al^^6_
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6.6 Electron Density Measurements.
The m easu rem en t of electron density  n , is d iscussed  for the  Al XII a n d  Al XIII n=2 resonance 

an d  satellite  line spectra . The different m ethods rely on the  in te rp re ta tio n  of th e  line 

in tensity  ratios. The su itab ility  of n=2 resonance  an d  satellite  line tech n iq u es  is  leirgely 

determ ined  by opacity  effects.

6.6.1 n=2 Resonance Lines.
(a) Relative Intensities of the He-like Al Ion Resonance and Intercom bination l in e s .

V arious authors'® ^"’® '"'' have reported the use of th e  a -ra tio  a s  a  density  sensitive 

d iagnostic  appropria te  for n , =10'®-^ 10 '̂*cm  ®. The ratio  is defined a s  the  relative in tensity  

of th e  resonance to th e  in tercom bination lines (a=I[ls® 'S q - ls2 p  'P J/I[ls®  'S q - ls2 p  ®PJ ), 

u sually  the  strongest lines in the He-like n=2 group. The ratio  c a n  be  observed over a  large 

range of electron tem p era tu re  T, conditions and is n o t affected by th e  degree of ionization of 

th e  p lasm a since b o th  lines are from the He-like ion stage. The A -values of 7 .6 2 x l0 '° s ' (®Pi) 

a n d  2 .74xl0 '® s'' ('P,) from Lin et al'"® indicate th a t  th e  "triplet" level is  susceptib le  to 

collisional effects w ith  increasing  electron density . T his is s im ila r to  collisional 

quench ing  of the  forbidden line a t Tokam ak densities®^. T hus, th e  "triplet" in tensity  is 

reduced  and  the a -ra tio  increases with n^. The a -ra tio  is also m odified, to a  m u ch  lesser 

extent, by  the  electron tem pera tu re  T ,̂ th rough the im pact excitation ra te s  determ ining the  

level popu lations.

Experimental R esults Interpretation.

The observed a -ra tio s  are in the  range 4.5"^9.5 for th is  experim ent. C alcu lations by 

K eenan '"" '"® for Si and  Al, respectively, include in n er shell ion isa tion  of th e  Li-like Al XI 

ion as well as  d ielectronic and  radiative recom bination  of the  H-like Al XIII ion on  th e  Al 

XII level populations. For Tg=540eV, the ratio h as  the values a=40, 100, 195, 281 for the  

density range n«=3xlO'^'. 10 ®̂. 3x10'^^. 10®®cm ®.

The m easured  ra tio  w ould appear to be low by a factor of 5-^20. T h is  anom aly m ay be 

explained w hen p lasm a  opacity is considered once m ore. From  th e  A -values or absorp tion  

oscillator s tren g th s  (fy= 2.08x10 ®, 0.742 (®Pi,'P,) from  Lin et al'"®), th e  optical dep th  of the  

"triplet" line is a  fac to r 3.55x10® lower th a n  the  "singlet" line. Therefore, in  th is  

expadm ent, th e  a -ra tio  is considerably reduced  by self-absorp tion  of th e  'P i line.

D uston  et al'®® note  th a t  the unresolved Li-like sate llites denoted m ,n  an d  s ,t  on  e ither wing 

of the ®P, line, significantly  increase the line in tensity  for rig>10®'cm'®. T his m ay lead to  a 

factor of 1 0 0  e rro r in  th e  m easured  p lasm a density.

It m ay be concluded  th a t  the  a-ratio , a lthough only needing m odera te  resolving pow er 

X/A^-500, is no t su itab le  for accura te  determ ination  of density  u n d e r  the  experim ental 

conditions encoun te red  here.
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(b) Intensity  Ratio p o f the H-like Al Ion Lyman-a Doublet.

T his topic is d iscussed  in detail in C hap ter 8 . Some com m ents p e rtin en t to lase r produced  

p la sm a s  are added here.

T he firs t investigation of the  in tensity  ratio  p for th e  Lym an-a fin e -s tru c tu re  com ponents 

o f m edium  Z Hydrogenic ions w as credited to Beigman et a l’"®, w here p=I(ls ’Si/g-2p 

I ( l s  ’S i/2-2 p ^Pg/g). They reported P-ratios reaching 1.7, at variance w ith  the  s ta tis tica l value 

o f 0 .5 . V inogradov et al'"® concluded th a t  for a p lasm a in  ionization equilibrium , th e  s ta te s  

w ith  n =2  were popu lated  by electron im pact excitation from th e  g ro u n d  state; the  relative 

p o p u la tio n s  of th e  ®S,/g, ®Pj/g and  ^Pg/g levels were determ ined  by collisional tra n s itio n s  

betw een  the ftne-structu re  s ta tes  of the  excited ions and  o ther ionised p lasm a constituen ts. 

T h is would account for values of P=0.5-^0.8, see Figure 6.16 from Boiko et al'®®. Ratios as  

h igh  a s  1.7 can  only be explained by the inclusion of p lasm a opacity®.

The advantages of the  P-ratio as a density  diagnostic m ay be sum m arised  as:

• the em ission comes from the ho ttest and densest part of the  p lasm a and  for th e  

resu lts  reviewed by Boiko'®®, it appears  to give accu ra te  densities  in  th e  regim e below 

10®®cm®.

• Low im purity  traces of various elem ents can  th en  be u sed  to  spatially  m ap  th e  

p lasm a .

• It also h a s  th e  streng th  of being relatively sim ple to ex tract th e  ratio  accu ra te ly  and  

occuring w ith in  a sm all w aveband.

T here are several d isadvan tages to th is  technique:

• Optically th in  p lasm as are absolutely  essentia l, achieved by reducing  the  ion 

concen tra tion  to the  level w here Xo<0 . 1 .

• X-ray spectrom eters  with high signal th ro u g h p u t and  resolving power XyAA.~5xlO® 

are needed  for good definition of the  fine-structu re  com ponents; increasing  th e  

target atom ic num ber Z is im portan t.

• EXen if the  first two are satisfied, the  P-ratio h a s  a low dynam ic range of 0 .6  

(p=0.5-^0.8) for density spann ing  3 orders of m agnitude (nç=10®°->’10®®cm ® for 

A IXIII).

6.6.2 Density Sensitive Satellite Lines.
T he u s e  of satellite  lines to in te rp re t electron density  for laser p roduced  p lasm as h a s  been  

d iscu ssed  by various au tho rs, for exam ple Bayanov et al'®°, Seely'®', Boiko et al'®®, in  th e  

la s t 15 years. T hese are  presen t in the  satellite g roups to the  n=2 H-like an d  He-like ion 

reso n an ce  lines, w here the upper level popu lations are determ ined  b y  collisional 

t ra n s it io n s .

The experim ental re su lts  presen ted  here  for an  A lum inium  p lasm a a re  prim arily  com pared  

w ith  th e  theoretical m odel calcu lations of Ja co b s  and  Blaha'"®, D u sto n  an d  Davis'®® an d  co-
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workers'®®. The strongest density  sensitive lines are ind icated  by (*) in  the  spectra. A 

collisional radiative equilibrium  CRE m odel (Bates, K ingston an d  McWhirter®®) is u sed  by 

D u sto n  et al'®®, w here the ra te  equations:

- ^ = X W j i n j - X W , j m  (6.13)
J 1

are  solved for each  energy level in the  m odel w here n, is th e  p o p u la tio n  density  for level i 

a n d  Wj, is the  tra n s itio n  ra te  from level j  to i. The la tte r coefficients a re  defined by the  

p lasm a  tem pera tu re , density  and  opacity. The left-hand side of equa tion  6.13 is zero for a n  

equilibrium  p lasm a. The ground s ta te s  and  the n=2~>4 levels for th e  H-like, ion and  

selected  levels for n=2->5 s ta te s  of the  He-like and  Li-like ions. (It m ay  be noted th a t  a t 

th ese  densities D uston  et al'®® report th a t ion-ion collisions sho u ld  populate  the  individual 

j-va lues of a  single nl level into sta tis tica l equilibrium  with each  o ther, th u s  only n l levels 

need  to  be trea ted  for collisional coupling).

(a) A l  x n  Satellite lines.

The principle of density  sensitive lines can  be explained by considering  the  2121' doubly 

excited levels of AIXII. At electron densities below 10'®cm ®, th ese  levels are m ainly 

popu la ted  by dielectronic recom bination where a free electron is c a p tu red  by the 

Hydrogenic ion while sim ultaneously  exciting the bound  electron. The doubly excited levels 

a re  above th e  ionization lim it for the  He-like ion. The ion s tab ilises  e ithe r by radiative 

decay giving rise to  these  spectral lines or th rough autoionization; th e  reverse p rocess of 

dielectronic recom bination  w here an  electron is ejected leaving a n  unexcited  Hydrogenic 

io n .

However, as the  e lectron  density  increases, levels with sm all au to ion iza tion  ra te s  and  

therefore long lived (see Table 6.3), particu larly  the 2p®®P s ta te s  w h ich  have a low 

dielectronic recom bination  ra te  com pared to ad jacent levels, becom e populated  by electron 

collisional tra n s itio n s  from the 2s2p  ®P and  2s2p 'P s ta tes. T h u s, in  a n  optically th in  

p lasm a a t Tg=500eV, the  2s2p ®P-2p® ®P to ls2 s  ®S-2s2p ®P line in ten sity  ratio rises from 

0 .24 -^1 .95  for rit= 10®°-^ 10®®cm ® using the CRE model predictions of D uston  and  Davis'®®.

Figure 6 .18 show s th e  predicted ratio  as a function of density  w ith  observed d a ta  indicated  

a s  points. This line ratio  is weakly dependen t on electron te m p e ra tu re  T  ̂an d  readily gives 

a n  indication of th e  electron density. It can  be seen  th a t  the  h ighest observed values are 

m arginally  g rea te r th a n  th e  m axim um  calculated  LTE ratio . The ra tio  is sa tu ra te d  above 

n«.= 10®®cm ®. The overall in tensity  ratio  1(1 s2p ®P-2p®®P+ls2s ®S-2s2p ®P/I(ls2p '?i-2p® 'D J  

referred  to a s  the  "triplet to singlet-D" ratio  can  still be u sed  for h ig h er densities. This m ay 

be  show n in  F igure 6 .19 w here the "triplet to singlet-D" ratio  stead ily  increases with 

overcoat th ick n ess. This is strong  evidence of high densities n,>10®®cm ® being produced  in  

th e  A lum inium  layer for the  0 .5pm  plastic top coat layered targe ts .
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Al XII S a t e l l i t e  Line In ten s i ty  R a t io s  v s  E lec tro n  D e n s i t y
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Figure 6.18 Al XII satellite  line in tensity  ratio a s  a  function  of e lec tron  density. Solid 
curves are  theoretical p redictions of D uston  an d  Davis^^®.
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Figure 6.19 "Triplet to singlet-D" in tensity  ratio  a s  a function  of e lectron  density.
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Figure 6 .20 Electron tem pera tu re  dependence of the  ls2 p  ^P^-Zp^ an d  ls 2 s  ^So-2s2p 
satellite  lines to the Al Lym an-a.
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Density Sensitive AI XI Satellite Line Ratios
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Electron Temperature T,.

The 2p^ *Dg tran s itio n  is no t affected by electron collisions u n til n,= 10*^^cm'  ̂ a n d  c a n  still 

be  u sed  a s  a  tem pera tu re  diagnostic if the Al XIII Lym an-a reso n an ce  line is  optically th in . 

An estim ate of T, using the  opacity calcu lations of C hap ter 6 .5  for th e  L ym an-a line is 

show n  for th e  different target configurations in Figure 6.20. The electron tem p era tu re  is 

estim ated to vary betw een 600eV and  1 lOOeV with error b a rs  of ±100eV. A drop in  the 

tem p era tu re  is associated  w ith increasing  overcoat th ick n ess  a n d  reduced  th erm al 

conduction .

(b) Al XI Satellite lines.

M uch of th e  previous section applies to the  Al XI satellite lines, though  irm er-shell 

excitation is equal to electron cap tu re  in populating the ls 2 s ( ’P)2p (q, r) levels, an d  

dom inan t in  the  ls2p^^S (m, n). ls2p^^P (a-d) levels. At low e lectron  densities  th ese  levels 

are  collisionally uncoupled  and  inner-shell excitation po p u la tes  th e  u p p e r levels. This 

process becom es greatly d im inished  as  the  density  (and collisional coupling) in creases  and  

th e  levels are populated  by electron collisions from the autoionizing s ta tes . S tudy  of the  

au toionization ra tes  F, in Table 6 .1. show  th a t the levels w ith low values will be populated  

m ostly by electron collisions. T hus, the (a-d) lines will be affected m ost followed by (q, r) 

and  (m, n). The (m, n) lines are less useful here because they are  unresolved from  the  ^P̂  

in te rco m b in a tio n  line.

Figure 6.21 h a s  the Li-like Al XI satellites groups (q, r) and  (a-d), respectively, plo tted  

against th e  (j, k, 1) group as a function of density after Ja co b s  an d  Blaha*^®. The levels 

(j, k, 1) and  (s. t) have the h ighest autoionization ra tes  and  are  unaffected by electron 

collisions u n til n,.= 10^'*cm'^. The experim ental da ta  confirm  th e  rise in  density  of the  buried  

A lum inium  layer w ith increasing  top coat th ickness. The m ea su red  peak  d ensity  

n ,=7-)-8x 1 O^^cm'^ appears to be slightly lower th a n  the L ym an-a satellite  observations.

6.7 Discussion and Conclusions.
6.7.1 Comparison of Density Measurements.
It is in teresting  to com pare the  density  m easu rem en ts (Figure 6.22) from th e  satellite  line 

in tensities w ith those from the  S ta rk  b roadened  Is^ 'S o - ls 3 p  *P, line’ ®̂. T his d a ta  w as 

recorded sim ultaneously  with the  flat m in iatu re  spectrom eter. Fairly good ag reem en t is 

achieved show ing the  general trend  of in c re ^ in g  density, well above the critical density  t \ . ,  
with overcoat th ickness. The electron density  values of the  sate llite  in tensity  ra tio s  are 

generally h igher, the Lym an-a exhibiting the h ighest overall density . The sh a d ed  area 

shows the  theoretical p red ic tions of the  1-d im ensional MEDUSA hydrodynam ic code for 

the layered target geom etiy and  laser irrad iation  conditions: th e  top and  bo ttom  su rfaces of 

the shad ing  represen t the inside and  outside surfaces, respectively, of the  bu ried  

A lum inium  layer.
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H igher d en s ity  m easu rem en ts  from the Lym an-a sate llites is no t unexpected. They are 

gen era ted  th ro u g h  dielectronic recom bination w ith the  H ydrogenic ion, w hich is no ted  by 

Boiko et a l ’̂  ̂ to  be p roduced  in hotter, d enser p lasm a cond itions th a n  th e  H elium  like ion 

stage. A udebert et a l ’̂ ® have stud ied  the sam e lines with a  space  resolving flat 

spectrom eter. They observed the  A lum inium  Lyman- a  sa te llites  to be em itted  closer to the  

ta rg e t su rface  th a n  the  He-like resonance lines. They found low er density  m easu rem en ts  

in ferred  from  the  S ta rk  broaden ing  of the He-like ls^ - ls4 p  line.

The conc lu sion  th a t can  be draw n from this, in the  absence of space-resolved 

m easu rem e n ts , is th a t the the satellite lines are  being em itted  from  a  dense p lasm a  region 

spatia lly  different from the  He-like ions. It is w orth no ting  th a t  sw itching to  sh o rte r  3(o 

0 .35pm  la se r  light target irrad iation  genera tes h igher densities  th a n  th e  2co 0 .52pm  

w avelength for sim ilar overcoat th icknesses. This ind ica tes b e tte r  coupling of th e  laser 

energy to th e  target, which is well known. This also h a s  been  observed by A udebert et a l’ ®̂, 

who no te  a n  increase  in the  density  sensitive satellite line ra tio s  w hen  th e  la se r light is 

reduced  from  1.06pm  to 0.27pm . F u rthe r inform ation of the  sp a tia l profile a n d  evolution of 

the  satellite  lines is needed during the laser pulse.

6.7.2 Observed Anomalous Spectral Features.
Additional lines were observed adjacent to the ls2 p  ’P,-2p^ ’Dg and  the ls 2 s  - 2s2p ’P̂  

satellite lines to  the  Lym an-a which could not be in terp re ted  from  the  pap ers  of Boiko et 

a l ’̂ ° or V a in sh te in  and  Safronova ’̂ .̂ These lines were sim ilar to fea tu res  observed by 

A udebert et a l’ ®̂, except the  lines here were b roader and  m ore intense.

Very recen t w ork  by B anon et a l'" '" '^  (1989) in te rp re ts  the  anom alous re su lts  of A udebert as  

due  to S ta rk  m ixing of the  s ta te s  resulting  in the  de-popula tion  of the  allowed dielectronic 

u p p er levels an d  the appearance of forbidden S ta rk  lines (Figure 6.23). These effects become 

strong  above i\=10^*^cm’̂  and  are readily observed on the sp ec tra  of Figures 6.11 an d  6.12 in 

several ways:

• ls2 p  *Pi-2p^ ’Dg and  the ls2 s  'S^ - 2s2p 'P, satellite lines become depopulated  and  

have reduced  in tensity  due to S ta rk  mixing. Table 6.9  show s th a t th is  strongly  

decreases the ls 2 s  'So - 2s2p 'P, line intensity.

• Low in tensity  spectral lines are observed to the long w avelength side of the  

tran s itio n  ls 2 s  'Sg - 2s2p ‘P, and the sho rt wavelength side of ls2 p  ’P^-2p^ ’Dg. The 

la tte r  a lthough  not individually fitted in the  analysis c a n  be seen  in  F igure 6.12.

• S ta rk  m ixing induces centroid shifts in  the  w avelength separa tion  A X  of th e  above 

two lines such  th a t A X  increases with density. T hus the  d iscrepancy in  Table 6.3, 

A>,=47.2mA, m ay be in terpreted  as due to density  n,~3xl0^^cm'^.

B anon et al report th a t S ta rk  mixing effects are likely to be observed for atom ic n u m b er 

Z<17 and  for Li-like satellite  lines.
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Electron D ensity M easurem ents from  Sate llite  
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Figure 6.22 D ensity  m ea su rem e n ts  from Al XI and  Al XII satellite line in tensities
com pared  w ith the S ta rk  broadened line w idths of the  He-like Is*̂  *So-ls3p ’Pj 
reso n an ce  line.
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Figure 6.23 Predicted  sate llite  spectrum  (top) of th e  Al XIII L ym an-a n=2 dielectronic 
sate llites a t  an  e lectron density  of 2 .5 x l0 “ cm ‘̂  an d  electron tem p e ra tu re  
Tg=600eV (after B anon  et B roken  curve in d ica tes  oscillator s tren g th
m ixing effect; full curve is w ithout S ta rk  mixing. Note th a t  th e  w avelength  
scale is increasing  from right to left.

S ta rk  splitting  of doubly excited 2121' a n d  singly excited ls21 energy levels of 
th e  A lum inium  He-like ion (bottom).
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Finally, th e  density  sensitive satellite lines observed in th is  w ork  are m u ch  h ig h er th a n  the  

observed o r calculated  spectra  of Audebert et al or B anon et al, indicating m u ch  h igher 

d en sitie s  (n^>3xl0^^cm'^). The line w idths are also considerably  broader. B anon  et al^“̂  ̂

rep o rt th a t  th e  relative w idths due to ion. electron and  D oppler b roadening  for th e  

cond itions n,=3xl0^^cm ^ and  Tg=600eV are 30%: 15%: 55%, respectively. A ssum ing  th a t  

th ey  m e a n  T,.=Ti=600eV, th en  the  sam e ratio  for the  ls2 p  ^Pi-2p^ line is 

1.44: 0.72: 2.65mÂ. The lines observed in the buried  layer ta rge t Figure 6.12 have a  m ore 

L orentzian  sh ap e  w hich reflects the  lower ion tem p era tu res  T,<350eV (2.0mÂ) a n d  g rea ter 

S ta rk  broaden ing . The m easu red  width of sh o t #L19 is in  fact 4.7mÂ, giving a n  estim ated  

S ta rk  com ponen t of 2.7m Â after the in stru m en ta l w idth is su b trac ted .

6.7.3 Instrumentation and Future Experiments.
T arget Design.

Som e ch an g es  can  be m ade to the  p lanar target design to confirm  the opacity calcu lations. 

By varying th e  th ick n ess  of the  Al diagnostic layer, one in principle shou ld  be  able to  

m e a su re  v a ria tions  in the Lym an-a in tensity  ratio. In addition , the  use of m icro-dot 

spectroscopy  would sim plify the geom etrical trea tm en t of opacity.

S p e c tro m e te r  O ptim isation .

The spectrom eter worked extrem ely well and  w as able to show  changes in  th e  observed 

sp ec tra l fea tu re s  from shot to shot. This was prim arily due to th e  com bination  of high 

in s tru m e n ta l resolving power, signal th ro u g h p u t and  op tim isa tion  of the S /N  ratio . Some 

of th e  advan tages th is  geom etry offers canno t be m atched  by the  flat m in ia tu re  

spectrom ete r design and  m ay be sum m arised  a s  follows:

• High resolving power which is independen t of the  p lasm a  geometry. Large m icro­

balloon  targe ts  -0 5 0 0 -^  1000|jm could be observed w ith th e  Jo h a n n  spectrom eter 

w ith  no reduction  in the in strum en ta l resolving power.

• A bsolu te wavelength calibration of X J b X  -2 0 0 0  from abso lu te  angle m easu rem en ts . 

Com plicated high Z L-shell spectra could be stud ied  an d  identified a s  possib le line 

co incidences for reso n an t photo-pum ped laser schem es.

• M ultiple exposures can  be tim e-integrated  with no loss in  spectral reso lu tion . Very 

w eak  line features could be studied by th is  m ethod.

• High in s tru m en t d ispersion, for exam ple the  p late  factor is 16m Â /m m  for 

7 .17->7.27Â  with R=300mm. m ay be varied w ithout changing  the w aveband  and  

resolving power. The crystal rad iu s is a  free p aram eter w hich can  be c h o sen  to  m atch  

th e  in s tru m en t d ispersion  to a s treak  cam era  (for tim e-resolved spectra) or a  CCD 

detector'®^.

• S pa tia l reso lu tion  of the p lasm a can  be achieved in the  direction p e rp en d icu la r to 

the  p lane  of d ispersion by placing a slit (~10 -^2 0 |im  wide) betw een th e  c ry sta l and  

the  p lasm a. The m agnification can  be ad justed  to su it th e  target geom etiy.
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F u tu re  E xperim ents.

It is c lear th a t the  in strum en t is limited by the use of film em ulsion  to  record th e  spectra . A 

p rio rity  w ould be to convert the spectrom eter to w ork with a linear, digital electronic 

system , eg an  optim ised CCD detector system .

Secondly, the  lack  of tim e-resolved da ta  gives an  average record  of th e  p lasm a conditions. 

O bservation  of appropria te  em ission lines, coincident w ith the  p e a k  p lasm a  density  an d  

tem p era tu re , m ay give a picture weighted tow ards the  peak  p lasm a conditions b u t is no t a 

s u b s ti tu re  for d irect tim e reso lu tion  with a s treak  cam era. A rep ea t experim ent w ith  tim e- 

resolved density  m easu rem en ts  would be extremely useful.

The J o h a n n  spectrom eter would be ideal for studying  the  line w id th s  of th e  H-like Is -n p  

a n d  He-like Is^ - lsn p  resonance lines w here n>3. In fact, w ith a  w aveband AX/X-O.l, 

coverage of the  He-like Al ls^ - ls3 p  line and  satellites and  the  H-like Al Al ls2 p  line p lu s  

sa te llite s  (6 .635-^7 .27Â) would allow sim ultaneous m easu rem en ts  of density  by  th e  sam e 

in s tru m e n t.
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Introduction.
T h is  final experim ental c h a p te r  describes the  w ork to  m easu re  th e  in trin sic  line- 

b ro ad en in g  m echan ism  of th e  Oxford Folded T andem  accelera to r by  record ing  high 

reso lu tion  spectra  of the  fast ion beam . The a reas  d iscussed  are:

• B rief in troduction  to  fa s t ion  beam  spectroscopy.

• The use of th is  x -ray  source to  te s t  Q uan tum  E lectrodynam ics (QED), specificalty the 

Lamb shift in  the  I s  g ro u n d  s ta te  of Hydrogenic ions.

• The techn ique of axial observation  of th e  source.

• A descrip tion of th e  experim ent an d  m ethod.

• The Silicon XIII observation .

• The Neon X observation.

• C onclusions an d  fu tu re  experim ents.

F o r a  m ore com plete in troduction , th e  reader is guided to a  recen t review by M artinson^“  

a n d  th e  references therein . O ther usefu l references are  "Fast Ion B eam  Spectroscopy" edited 

b y  K nystau tas  an d  Drouin^“ , "The Physics of Highly Ionised Atom s" edited  by Silver and  

Peacock^^ and  "Atomic Spectroscopy a n d  Highly Ionised Atoms" ed ited  by  Berry, D unford 

a n d  Young^®®. These give a  good overview of cu rre n t resea rch  in  experim ent an d  theory.

7.1 Introduction to Fast Ion Beam Spectroscopy.
7.1.1 General Description.
F a s t  ion  beam s an d  th e ir  in te rac tio n  w ith m atte r  re su lt in  th e  em ission  of electro-m agnetic 

rad ia tio n  from the  visible to  th e  x -ray  b an d , th is  being of g rea t im portance  in  th e  field of 

a tom ic spectroscopy. The fas t ion beam  accelerator c a n  p roduce v irtua lly  an y  elem ent, 

accelera te  it to a  chosen  energy in  a  p a rticu la r s ta te  of ionization. T he ion velocity is  

u su a lly  know n to  b e tte r  th a n  0 . 1% an d  th e  generated  m ono-energetic ions are  of high 

sp ec tra l purity , bo th  chem ically  a n d  isotopically. This gives th e  experim en tal 

spectroscop ist th e  opportun ity  to  s tu d y  a  chosen  tra n s itio n  from  a  p a rtic u la r  elem ent 

w hich  is free from various effects norm ally  a ttr ib u ted  to  th e  source. F o r exam ple in  la se r 

p roduced  p lasm as, th e  p lasm a properties  such  a s  opacity, high th e rm al tem p era tu re . S ta rk  

b roaden ing  (at high density) a s  well a s  th e  steep g rad ien ts  in  space a n d  tim e associa ted  w ith 

each  of th ese , c a n  have a  d o m in an t effect on th e  line rad iation . S im ilarly  w ith  T okam aks, 

w here th e re  can  be  h igh th erm al tem p era tu re  an d  p lasm a ro ta tio n  effects, th e  p lasm a  can  

also  c o n ta in  varying degrees of im purity .

The ion  b eam  particle  den sitie s  a re  typically 10®cm'^, considerab ly  lower th a n  in  T okam ak 

d ischarges  w here n , "  10^^~>^10^^cm‘̂ . As a  resu lt, th e  pho to-em ission  from  beam -foil 

so u rces  is  considerably lower th a n  o ther sources, b u t  h a s  th e  advantage of being a 

co n tin u o u s  source a s  opposed to  p u lses  lasting seconds for T okam aks a n d  nanoseconds or 

sh o rte r  for laser p roduced  p lasm as.
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7.1.2 Beam Ionization and Excitation.
T he ionization  of the  b eam  is produced  by the  in te rac tion  of th e  fas t m oving b eam  ions w ith 

th e  s ta tio n a ry  target m ateria l, u sua lly  by passing  th e  particle  beam  th ro u g h  a  th in  foil 

m ad e  o f C arbon or Beryllium . The p rocess of collisional ionization is dependen t on  th e  ion 

b eam  energy; generally, increasing  th e  ion beam  energy re su lts  in  h igher stages of 

ion ization . The Oxford Folded T andem  accelerator for exam ple, w here the  sp ec tra  in  th is  

c h a p te r  were m easu red , w orks by  th e  following principle.

A sp u tte rin g  source produces negative ions w hich a re  accelerated  ac ro ss  a  po ten tia l 

d ifference (up to lOMVolts), stripped  in  a  foil to becom e positive an d  a re  su b s e q u e n t^  

re -acce le ra ted  b ack  across th e  potential difference. The ion beam  c a n  be  stripped  to  h igher 

ion iza tion  stages by  passing  th ro u g h  fu rth e r foils u sing  th is  p ro cess  of collisional 

ion ization . The k inetic  energy of the  ions th en  d epends on  th e  po ten tia l difference a n d  the  

ion charge . A pure  ion beam  of the  preferred kinetic energy is selected  by m ean s  of 

m a ss -a n a ly s is , generally  in  a  bend ing  m agnet. The ion beam  is  flnalfy excited a t  th e  point 

of observation  by p assin g  th ro u g h  a foil or gas target.

In n e r-sh e ll excitation, charge-exchange recom bination  a n d  rad ia tive  recom bina tion  are  

th e  m a in  excitation  p rocesses. D ielectronic recom bination , w hich re su lts  in  sate llite  lines 

observed  in  bo th  astrophysica l an d  laboratory  p lasm as, is  no t a  strong  excitation  

m ech an ism  here. For m edium  Z^8  (Oxygen) in  a  H-, He- or Li-like ion stage, if th e  excited 

ion s tab ilises  by radiative decays to  the  g round  s ta te  th is  re su lts  in  pho to-em ission  in  the  

soft x - ra y  b a n d  below 25Â. The x -rad iation  is D oppler shifted , depending  on  the  viewing 

geom etiy, since th e  beam  velocity can  be 0.05~>0.2c (the speed  of light). The first o rder 

D oppler effects d isap p ear if th e  rad ia tion  is observed perpend icu larly  to  th e  ion beam  

direction. However, second order Doppler b roaden ing  of th e  specral lines is p resen t due  to 

th e  sp read  in  ion velocities an d  th e  angu lar divergence of th e  ion  beam . (This is described  in  

m ore de ta il in  section  7.3).

Excited State Lifetime M easurements.

A s ta n d a rd  techn ique for m easu ring  th e  lifetime of som e excited s ta te s  h a s  been  developed 

b e c au se  th e  regions of th e  beam  excitation an d  decay are  spatia lly  separa ted . Since th e  ions 

a re  m oving a t a  frac tion  of th e  speed  of light, by  viewing perpend icu larly  th e  in ten sity  of 

long-lived s ta te s , for exam ple Is^ ^So-ls2 p ^ 2  w hich is  a  m agnetic  quadrupo le  decay, is 

observed to  reduce  exponentially  a s  a  function  of d istan ce  dow nstream  from  th e  foil 

position . T h is  c a n  therefore give th e  lifetime to  a  h igh  degree of accu racy  a n d  allow 

co m p ariso n  w ith theory . The experim ents have to  be  perform ed carefully  a n d  p rob lem s 

like c a scad e  re-population  of th e  u p p e r level an d  line-blending c a n  c a u se  difficulties in  

in te rp re ta tio n , see  Pinnington*®®.
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7.1.3 Ion Charge State Distribution.
It is  im p o rtan t w hen  deciding u p o n  th e  program m e of observation  to  know  th e  equilibrium  

ch arg e  s ta te  d istribu tion  after foil excitation. The ca lcu la tions a t th e  N uclear Physics 

D ep artm en t, Oxford University, were b ased  on th e  Betz form ula a n d  th e  sem i-em pirical 

fo rm u la  b y  Ziegler, ex trapolated  to  th e  energies of in te rest. They relied  on th e  a ssu m p tio n  

th a t  th e  beam  charge s ta te s  settle  into equilibrium  during  passage  th ro u g h  the  foil. This 

cond ition  depends prim arily  on th e  beam  energy, b u t  also  on  th e  foil th ickness. A lthough 

th e  accuracy  of the  m ethod is uncertain , it can  be u sed  as  a  rough guide for th e  ion sta te  

distribution^®^. The equilibrium  charge s ta te  d istr ib u tio n  h a s  a lso  b e e n  calcu lated  a n d  

m e a su re d  by  various au th o rs . A sim ple form ula, given by  To a n d  Drouin*®®, can  quickly 

determ ine  th e  average charge q of the  beam  after foil excitation. It c a n  be w ritten  as:

f_ V Z-0-45]
= z h - exp (7.1)

w here Z is th e  atom ic n u m b er of th e  ion beam , v is  th e  ion beam  velocity an d

v’ = 3.6xl0® cm /s. The dependence of the  final s ta te  of ionization of th e  beam  w ith energy

a n d  atom ic n u m b er is  clearly show n.

T h is  h a s  been  dem onstra ted  in  th e  em itted spectra , see Stôckli a n d  Richard*®® for example, 

w here  th e  He-like satellite  s tru c tu re  to  th e  m ain  H-like resonance  lines is  reduced  w ith 

in creasin g  ion beam  energy. The two m ethods for determ ining  th e  charge  s ta te  d istribu tion  

ou tlined  above, give broadly  sim ilar re su lts  for th e  experim ents. T he ionization of th e  

b e a m  m ay  also be decreased depending on the  conditions. This can  h ap p en  w hen a  fully 

s trip p ed  ion beam  gains one or m ore electrons by a  process of electron cap tu re  as  th e  beam  

ex its th e  foil surface.

7 .2  Lamb Shifts in the Is Ground State of Hydrogenic Ions.
The firs t experim ental m easu rem en ts  of the  "Lamb shift" were perform ed by  Lamb a n d  

Retherford*®®'*®* in  1947 on th e  ^Si/a - ^P^/g in terval in  Hydrogen. D irac theory  p red ic ts  th a t  

th e  levels arc degenerate because  they  have the  sam e j= 1 /2  value. However, th e  sub tle  effects 

of QED b re a k  th is  degeneracy. The experim ent ind icated  th a t  th e  ^Si/g level is displaced 

h ig h er th a n  th e  ^Pj/2 level (see Figure 8 .1, C hap ter 8 ), th u s  a n  electron  tran sition  betw een 

th e m  p ro d u ces  a  radiative decay in  th e  radio-frequency region a t  1058MHz.

S ince w e are  dealing w ith  th e  sim plest atom ic system  consisting  of a  n u c leu s  an d  a  single 

b o u n d  electron, th e  energy levels c a n  be calcu lated  extrem ely accurately . They are 

de te rm ined  from  th e  su m  of th e  D irac energy, th e  correction for th e  reduced  m ass  of the  

n u c le u s  a n d  th e  Lamb shift. The la tte r  is the  collection of various sm aller effects, nam ely  

th e  fin ite  size of th e  nuc leus, relativistic and  QED effects. C o n seq u en t^ , by m easu ring  the  

tra n s it io n  energies accurately , th e  theoretical e lectron  energy levels c a n  be verified 

e x p e rim e n ta lly .
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T his effect is p resen t in  all Hydrogenic ions and  its  m agn itude  sca les rap id ly  w ith nuclear 

charge, approxim ately a s  Z^/n®, n  being the  p rincipal q u an tu m  n um ber. T hus, th e  Lamb 

sh ift associated  w ith the  n = l level is eight tim es g rea ter th a n  th e  n =2  level, an d  so the 

g round  s ta te  m easu rem en t is  a  m ore sensitive ind ication  of QED effects. The Lamb shift 

scaling w ith Z can  be dem onstra ted  by taking it a s  a  fraction of th e  I s  - 2p 

tra n s itio n  energy. Using th e  re su lts  tab u la ted  by Mohr^^, th e  frac tion  for Ne (Z=10), Cl 

(Z=17) an d  Zr (Z=40) is 146ppm , 318ppm  and  lO lS ppm , respectively. The tren d  is therefore 

to  m ake experim ental m easu rem en ts  a t a  h igher n u c le a r  charge in  o rder to  te s t  th e  theories 

m ore precisely. This is  p articu la rly  im portan t since  the  ca lcu la tions by  M ohr, above, w hen 

com pared  w ith Erickson*®^ show  a  sm all divergence w ith increasing  Z w hich is typically a t 

th e  1% level for Argon.

S im ilar con tribu tions to  th e  electron energies are  p re se n t in  He-like ions, b u t  these  are 

m ore com plicated to  determ ine due to  electron correla tion  effects. R ecent re su lts  have been  

p resen ted  for various theore tical m odels by Drake*®® an d  Indelicato*®^, a n d  references 

th e re in .

Experim ents.

To date, m ost I s  g round  s ta te  Lam b shift experim ents in  beam -foil spectroscopy have 

viewed the  source perpendicularly  to the  ion beam  direction. This techn ique h a s  been  used  

extensively to  m ake precise w avelength m easu rem en ts  for th e  ls -2 p  Hydrogenic resonance 

lines, as  well as  th e  ls^ - ls 2 p  He-like ion resonance  lines, from  m ed ium  to  high Z atom ic 

num bers. The m ost recen t s ta te  of th e  a rt experim ents have been  m easu rem en ts  of Cl XVII 

ls - 2 p  tra n s itio n s  by  R ichard  et al̂ ® using  a C hlorine beam  w ith C arbon  foil excitation. 

D eslattes e t al*®® have m ade I s  m easu rem en ts a t the  15% tolerance for the  sam e ion by 

reducing  th e  satellite lines cau sed  by  the  presence of specta to r electrons. This m ethod u ses  

e lectron cap tu re  of th e  b a re  Chlorine beam  in  a  H elium  gas target. S im ilar experim ents 

have been  perform ed in  a  gas  "recoil-ion" target, d iscussed  in  detail in  section 7.7, for I s  

m easu rem en ts  a t  the  1.5% to lerance of ArXVm ls -2 p  levels by  Beyer e t al*®®. Precison 

wavelength m easu rem en ts  a t  the  12ppm  level, corresponding  to 3.3%  accuracy  for the  I s  

Lam b shift, have been  repo rted  for th e  He-like A r XVII Is^ *So - 2 s2 p  ^ 1,2.*Pi tra n s itio n s  by 

D eslattes  et al*®̂ .

G enerally, th ese  m easu rem en ts  have been  achieved using  high reso lu tio n  J o h a n n  

spectrom eters  to  m easu re  th e  line rad ia tion  relative to  2 f̂1 Ka secondary  reference 

s tan d a rd s . New m ethods for im proving th e  quality  of th e  sp ec tra  a re  extrem ely relevant to  

m easu rem en ts  of Lam b shift in  h igh Z ions.
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Ion trajectory

Carbon foil

Beam axis

Axial observer

Perpendicular 
observer

Figure 7 .1 Schem atic  show ing beam -foil geom etry.

Carbon foil

Beam axis

Crystal

Figure 7.2 S ide view show ing In stru m en t sm all angle, a=1.9®, d e p a rtu re  from  purely  
ax ia l viewing.
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Multi wire Proportional counter

I

X-ray film

Rowland circle

Magnetic field

Curved crystal
Ion beam Carbon foil

Faraday cup

Schematic diagram of experimental apparatus.

Figure 7.3 The curved  c iy s ta l spectrom eter is show n relative to  th e  ion  b e a m /C a rb o n  
foil. T he foil is p laced  w ith in  th e  Row land circle to  in c rease  th e  w aveband. 
The ion  b eam  is  deflected onto a  F arad ay  cup  after foil excitation. A MWPC 
detecto r reco rds th e  diffracted x -ray  b eam  to  check  th e  spectrom eter 
alignm ent a n d  signal co u n t ra te  before rep lacem ent w ith  th e  film holder.
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7.3  Axial Observation.
It w as  first suggested  by  various a u th o rs  including  Désequelles^®®, th a t  for observation 

along  the  ion beam  axis, the  Doppler broadening  of spectra l lines w as  m ainly  due to  the  

sp re a d  in  the  ion beam  velocity, while viewing perpend icu larly  th e  sp ec tra l reso lu tion  w as 

d u e  to  the  ion beam  divergence. Figure 7 .1 show s th e  beam-foil geom etiy.

If a n  ion moving w ith  velocity pc, w here c is the  speed  of light, along th e  beam  axis em its 

e lectro  m agnetic rad ia tio n  of w avelength Xq, th e n  Special Relativity p red ic ts  th a t  th e  

doppler shifted w avelength seen  by an  observer a t a n  angle a  to th e  beam  direction can  be 

w ritten  as:

X' = y  X o i l  - p co sa ) (7.2)

w here 7^(1 - The line w idth due  to  the  sp read  in  ion velocity Ape an d  th e  ion beam  

divergence Aa is:

AX =
5 k '

5PJ
AP +

6k'
6a

Aa (7.3)

T hen, for typical cond itions on th e  Oxford Folded T andem  accelera to r w ith Ap-lO*^, p~0.06, 

Aa~5xlO*^, the  p red icted  spectra l reso lu tion  from  th e  two observation  positions is 

ca lcu la ted  to  be:

^ = 3 .0 x 1 0 " '^  (Perpendicular, a=9Qo) (7.4)
ko

Ak
—  = 1.0x10-4 (Axial, a=0o) (7.5)
ko

a n d  clearly  show s a n  im provem ent of a  factor of th re e  for axial observation. The value for 

Ap d epends m ainly  on fluc tuations  of th e  T andem  term inal voltage a s  well a s  beam  

collim ation th ro u g h  th e  90° bend ing  m agnets  im m ediately  after acceleration. The beam  

divergence Aa can  be m easu red  from  the  beam  guide up stream  from  th e  foil target an d  the 

b u m  spo t size on  th e  foil. A dditional con tribu tions, referred  to a s  straggling, due to  th e  

Stripping p rocess in  th e  foil a re  negligible in  com parison  w ith th e  accelera to r 

c h a ra c te r is tic s .

The re su lt of (7.5) above is  independen t of the  p rec ise  value of a , provided a  rem ains sm all. 

(If a  = 5°, th e  spectral reso lu tion  is reduced  by ab o u t 20%). For experim ental reasons, th e  

m in im um  viewing angle possible w as 1.9° to  the  b eam  axis. Figure 7 .2  show s the  side view 

of th e  experim ental layout.

7.4  Experimental Description and Method.
The experim ents w ere carried  ou t on the  Oxford Folded T andem  accelera to r in  late 1986, 

early  1987, an d  could  equally  well have been  tried  on  o th e r su itab le  particle  accelerators.
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Two experim ents using  a  Silicon (2^14) and  Neon (Z=10) beam , successfu lly  dem onstra ted  

th e  tech n iq u e  of axial observation:

(a) T he He-like resonance  an d  in tercom bination  lines of Si^^* w ere observed together 

w ith  m any  satellite  tra n s itio n s  from  Li-like an d  Be-like charge s ta te s  u sing  a  

PET (002) crystal.

(b) The N e^ Lym an-a doublet w as observed w ith  th e  b es t reso lu tion  to  date, from  any  

source, using  a KAP ((X)2) crystal.

The re su lts  of (a) and  (b) are  d iscussed  in  sections 7 .5  and  7.6, respectively.

7.4.1 Instrumentation.
The experim ental se tup , see Figure 7.3, indicates th a t  the  ion beam , having p assed  th ro u g h  

th e  C arbon  foil target, w as deflected by  bending m agnets  onto th e  F araday  cup  to  avoid 

dam age  to  th e  crystal. Vertical s lits  form ed a n  ap e rtu re  to  p a s s  only th e  x -rad iation , 

em itted  isotropicalty  after the  foil. T his also reduced  th e  backg round  noise an d  x -ray  

fluo rescence  from  the  beam  dum p. M ost of the  tra n s itio n s  from  th e  short-lived s ta te s  occur 

w ith in  th e  firs t few m illim eters a fte r th e  foil. The in s tru m e n t w as se t below th e  horizon tal 

ax is of th e  beam  to  allow undeflected lower charge s ta te s  to  p a ss  above.

W aveband an d  resolving pow er were th e  m ain  c riteria  w hich d icta ted  the  choice of th e  

in s tru m e n t param eters. The beam  diam eter of 0 4 m m  indicated  th a t  th e  source, the  C arbon 

foil, w ould  have to  be p laced inside th e  Rowland circle to  m axim ise th e  w avelength region. 

The c ry sta l to  source  separa tion  however, w as lim ited to  600m m  due to  th e  m echan ical 

res tric tio n  of the  in stru m en t v acu u m  cham ber an d  th e  bending  m agnets. The c rysta l rad iu s  

of cu rv a tu re  R, therefore, w as chosen  a t betw een 1 100m m  and  1300m m  to give adequate  

b a n d p a ss , see C hap te r 2, while still reta in ing  h igh in stru m en ta l resolving power. The 

g en era ted  optical focus in  the  active crystal ap e rtu re  of 20x25mm^ w as b e tte r  th a n  

A,/AX~60(X)0. The Rowland w idth an d  height aberra tio n s  were X/AX-30000 a n d  X/AX ~14CKX) 

respectively . The dom inan t in s tru m e n ta l b roaden ing  w as therefore th e  rocking curve of th e  

c rysta l u sed ; X/AX = 6000 for PET (002)" a t 6.2Â, X/AX = 9000 for KAP (002), (Burek^*) a t 

11 .4Â.

7.4 .2  Instrument Alignment to Source.
The crysta l w as focused and  th e  Bragg angles set, a s  described in  C hap ter 3, tak ing  accoun t 

of th e  b lue  D oppler shifted w avelengths from equation  (7.1). This w as perform ed on a  flat 

m etro logical su rface in  th e  beam  ha ll a  few m ete rs  from  th e  experim ental site. T his en su red  

th a t  tem p e ra tu re  varia tions, m onito red  a t  all tim es, betw een aligning and  ru n n in g  th e  

in s tru m e n t  w ere m inim ised.

The In s tru m e n t w as insta lled  on  th e  beam  line an d  th e  following optical p rocedu res  

perfo rm ed :
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• A telescope looking axially along the  beam  w as u sed  to align th e  crysta l pole onto 

th e  beam  axis.

• A second alignm ent w as needed  to  place th e  source a t th e  correct position in  relation 

to  the  crystal. This w as achieved by  shin ing  a  light down th e  b eam  guide, tow ards the 

crystal, from  ou tside  th e  Row land circle. The in stru m e n t bellows, u sed  for fine- 

tu n ing  the source to th e  correct Bragg angle, were th en  ad ju sted  while observing the  

reflected light from  th e  crysta l surface th ro u g h  th e  ap e rtu re  o n  th e  film back. The 

correct bellows angle w as found w hen th e  b rig h t reflected vertical image w as 

obscured  by  th e  vertical cross-w ire of the  film  back.

• Using the sam e optical technique, th e  vacu u m  tube  w as ro ta ted  so th a t  the  crystal 

pole w as inclined a t th e  angle a  from th e  vertical axis. T his cou ld  be observed visibly 

w hen  the  reflected light w as in  th e  m id-p lane of th e  c rysta l a n d  th e  horizontal 

cross-w ire of th e  film back .

The m easu red  sp ec tra  dem onstra ted  th a t  the  optical alignm ent p ro ced u res  were very 

accu ra te , setting th e  source to  the  correct angu lar position to b e tte r  th a n  1 m inu te  of arc. An 

add itiona l m ethod, described  in  th e  nex t pa rag rap h , w as em ployed to  verify the  alignm ent.

7.4 .3  MWPC Detector for Experiment.
It w as  decided th a t  usefu l inform ation abou t the  source , in  p a rtic u la r  th e  signal in tensity  

a n d  background  noise, could  be m easu red  by u sin g  a  1-dim ensional position  sensitive 

MWPC detector to look a t  th e  diffracted radiation. The detector w as designed a t the  

B rookhaven  Laboratory (Gordon^®®) an d  h ad  active region d im ensions of 19x10x1.8mm® 

fWxHxD). It w as a through-flow  design, n m n in g  a t a tm ospheric p ressu re , an d  used  either 

PIG  (A rgon/M ethane, 10% M ethane) or a  X enon /C arbon  Dioxide (10% COg) gas m ixture.

The la tte r  w as preferred for its  h igher absorp tion  characteris tic , b u t  i ts  u se  w as expensive 

in  th is  detector type.

The detec to r window w as u n su p p o rted  6 pm  M ylar coated w ith a  conducting  graphite  layer. 

T he de tec to r w as bolted  extem alty  to  th e  vacuum  cham ber via a n  a p e rtu red  bu lkhead . The 

v a c u u m  cham ber p ressu re  w as m ain ta ined  by 2pm  M ylar su p p o rted  from  atm ospheric  

p re ssu re  on  a  s ta in less  steel m esh , w ith 5 0 %  optical tran sm ission . The a ir gap, betw een the  

v acu u m  an d  detector windows, w as flushed w ith H elium  gas. A Co®̂  source producing 

Fe K -shell x -rays w as p laced  here  to  calibrate th e  energy scale of th e  detector.

The detecto r w as n in  a t a  h igh voltage in  the  region of 1050-^1150 Volts. Figure 7.3 show s 

th e  de tec to r p erpend icu la r to  th e  diffracted x -ray  beam , ju s t  ou tside th e  Row land circle. The 

sp a tia l reso lu tion  of th e  detecto r A x-500pm  w as insufficien t to  rea lise  th e  h igh resolving 

pow er of th e  spectrom eter an d  w as fu rther reduced by  th e  defocusing erro rs due to th e  

d e tec to r n o t lying tangen tia lly  to  th e  Rowland circle. However, it w as  adequate  to 

d istingu ish  line featu res. F igure 7 .4  show s the  detecto r o u tp u t w here th e  Silicon XUI
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Figure 7.4(a) Position readou t of MWPC detector for Si XIII experim ent. Indicated lines are 
th e  Si XIII resonance  and  in tercom bination  tran s itio n s . This shou ld  be 
com pared w ith th e  final spectrum  of Figure 7.5.

. i v

a a m &
a o t x j § ^ 9  9

Figure 7.4(b) Pulse height spectrum  of Si XIII ls^ - ls2 p  transitions. The spectrum  is
calibrated  against a Co®̂  source producing Fe K-shell x -rays a t -1.94Â , m ean  
channel position 203. M ean position of observed x -rays a t channel 62 
ind ica tes rad ia tio n  a t -6.4Â .
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re so n an ce  and  in tercom bination  lines are  resolved. This d iagram  sh o u ld  be com pared w ith 

th e  final result of Figure 7.5 in  th e  next section. Figure 7.4(b) is a  p u lse  height spectrum  for 

th e  Si XUI experim ent.

The bellows, aligning th e  spectrom eter to  the  source, were a d ju s te d  in  sm all increm ental 

s te p s  a n d  the x -ray  signal ra te  w as m easu red  in  each  position. The spectrom eter alignm ent 

w as  th e n  set a t th e  position  giving th e  m axim um  signal ra te . T h is  confirm ed th e  previous 

a lignm en t procedures. It also provided fu rth e r invaluable d a ta  u s in g  th e  detecto r energy 

reso lu tion  A E /E -0 .35 . The signal streng th  could be m easured , som etim es a s  low as  0 .2  

c o u n ts /s e c  for th e  Neon X experim ent, an d  o ther background  noise  so u rces  determ ined.

T h is  technique diagnosed on  one occasion th a t th e  strong  x -rad ia tio n  a t  8.3Â w as caused  by 

A1 K-shell fluorescence p roduced  w hen  th e  ion beam  h it th e  c rysta l b end ing  jig  body during 

th e  failure of the  pow er supply  to  th e  deflecting m agnets.

W hen  th e  experim ent w as determ ined  to be w orking property, th e  ab so lu te  signal in tensity  

w as calculated, tak ing  accoun t of th e  detector efficiency from  th e  m esh , filters an d  gas 

ab so rp tio n  charac te ris tics . The in tegration  tim e for th e  x -ray  film  w as es tim ated  an d  th e  

film  ho lder su b s titu te d  for th e  detector.

7.5 Silicon XHI Anal Observation
T he axial viewing techn ique  w as first dem onstra ted  w ith Si^^* w here th e  s trong  Is^ - 

l s 2 p  and  Is^ ^So - ls2 p  ®Pj 2 resonance  and  in tercom bination  lin es  of th e  He-like ion 

w ere observed together w ith n u m ero u s  satellite tra n s itio n s  in  th e  im m ediate  wavelength 

reg ion .

7.5.1 Experimental Details.
T he Folded T andem  operation  u sed  a  M iddleton sp u tte re r  w ith SiO to  genera te  negatively 

charged  Si ions w hich were th e n  accelerated up  to  th e  anode. T here it w as foil- or gas- 

s trip p ed  to  produce S f  ̂  or Si®* a n d  accelerated dow n the  o ther side to  a  final energy of 

63MeV. The Silicon beam  w as fu rth e r  ionised an d  excited in  a  lO pg/cm ^ C arbon foil. The 

observed x -rad iation  w as p roduced  a s  a  resu lt of th e  s tab ilisa tion  of th e  ion by radiative 

decay, m ostty  a  few m illim etres a fte r th e  foil. S ince th e  ion b eam  w a s  travelling tow ards 

th e  spectrom eter, th e  rad ia tion  w as D oppler shifted , p=0.0692 a fte r  energy loss in  th e  foil, 

to  6 .2 Â.

A PET (002) crystal (2dig=8.7358±0.(X)06Â) w as u sed  a t a  rad iu s  R= 1291mm an d  w as 

e s tim a ted  to  give a n  in s tru m e n ta l resolving pow er of X/AX=6000, lim ited  by  th e  crystal 

diffraction w idth. The Bragg angle 0o=45.22® w as se t after correcting  th e  lattice  spacing for 

tem p era tu re ; th is  rem ained  falrty co n s ta n t th ro u g h o u t the  experim ent a t  T=25.0±0.5°C and  

th e  lattice spacing w as ad ju sted  u sin g  th e  therm al expansion  coefficient of (110±10)xl0'®/K 

a n d  refractive index  value for th e  crysta l m ateria l of 8/X^= 1.98x10"®A' .̂ T hese PET crysta l
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p a ra m e te rs  were e ither m easu red  directly on the  Leicester 2 -cry sta l spectrom eter by  H all"  

o r ca lcu la ted  from  th is  d a ta  by the  p resen t au thor.

Signal Intensity .

T he proportion  of th e  Silicon beam  in  th e  charge s ta te  of in te re s t a fte r  foil excitation, 

n am ely  th e  He-like ion, w as estim ated  from  the  equilibrium  ch arg e  s ta te  d istribu tion . For 

a  63M eV Sf* beam , th e  d istribu tion  of charge s ta te s  Si®*: Si®*: Si'®*: S"*: Si'^*: Si'®*: Si'"* 

w as in  th e  ratio 0.1%: 1.9%: 13.2%: 36.6% : 36.1%: 11.1%: 0.9%®. T h is  agreed w ith a  value of 

q = l 1.6 fo r the  m ean  charge u sing  equation  (7 .1). The He-like ion  stage  w as slightty m ore 

th a n  a  th ird  of th e  beam , w ith th e  n =2  q u an tu m  n u m b er s ta te s  be ing  the  m ost in tense  in  the  

series. The to tal signal in tensity  ra te , th rough  th e  in stru m e n t a s  m ea su red  by  th e  gas 

detector, from the  400nA  Silicon beam  w as abou t 3 2 0 c o u n ts /sec  a n d  could be easily 

detec ted  above th e  background noise. The exposure tim e for th e  film  w as 15 h ou rs, giving a 

to ta l In tegrated  beam  charge of 21.6m C.

7.5.2 Results.
The film w as developed, th e  b a c k  em ulsion  rem oved, th e  d a ta  d ig itised  a n d  the  film 

resp o n se  ca lcu la ted  to  convert th e  im age optical density  Into x -ray  ph o to n  density . In 

accordance w ith C hap ter 4. Figure 7.5 show s the  re su lta n t sp ec tru m  of th e  two in tense  

H e-like resonance  a n d  In tercom bination  lines. The sp ec tru m  c a n  be  looked a t in  two 

groups:

• The co n tin u o u s b lend  of lines to  the  long w avelength side of th e  '?% resonance  line is 

m ainfy d u e  to n>3 Li-like, a n d  to  a  lesser ex ten t Be-like, sa te llite  tran s itio n s .

• The b e tte r  resolved lines a ro u n d  the  ®Pi in tercom bination  line are  only due  to  n=2 Li- 

like sa te llite  tra n s itio n s .

The observed resolving pow er w as m easu red  as X/AX=4000±200, w here th e  erro r re su lts  

from  th e  sp read  in  th e  linew idth values from  th e  two g roups a n d  u n c e rta in ty  in  unresolved 

sa te llite s  u n d e r  th e  strongest lines. T his group of lines have b een  s tu d ied  previously from 

v a rio u s  x -ra y  sou rces  includ ing  labora to ry  beam -foil experim en ts  u s in g  p e rp en d icu la r 

o b se rv a tio n  g e o m e try '^ ® 'b e a m -fo i l  o b se rv a tio n s '^  a t  a=45®, so la r  coronal 

p l a s m a s a n d  T okam ak p lasm as  a s  m entioned  in  D u n n  et a l '^  a n d  C h ap te r 5.

However, th e  com bination  of th e  h igh  in stru m en ta l resolving pow er a n d  th e  in h eren t 

red u ced  line  b roaden ing  of th e  axial observation techn ique  have given th e  b e s t resolved 

line m ea su rem e n ts  to date.

W avelength Calibration.

T heoretical w avelengths w ere ch o sen  for the  reso n an ce  a n d  in te rco m b in a tio n  lines from  

D rake“  a n d  were u sed  to calibrate th e  spectrum . The quoted u n c e rta in ty  for these  

w aveleng ths is ±2pÂ an d  a lthough  no  m easu rem en ts  have b een  m ad e  for Silicon, good 

ag reem en t h a s  b een  reported  for th ese  tran s itio n s  in  Ar'®* by  D esla tte s  et al'®^. The
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Silicon XIII n=2 Spectrum
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Figure 7.5 High reso lu tion  SI XIII n=2 spectrum  reveals In tense  tra n s itio n s  w ith
ad jacen t 8 1 XII a n d  81XI satellite s tru c tu re . A ten ta tiv e  Identification of th e  81 
Xin ®?2 quadrupo le  tran s itio n  Is m ade for th e  nex t s tro n g es t line, to  th e  sho rt 
w avelength side of th e  ®?illne. Lines a re  resolved to  X/AA^4000.
NB: W avelengths have been  corrected to  the  Ion beam  re s t  fram e.
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m e a su re d  w avelengths are  show n in  Table 7 ,1 w ith  likely identifications. The b e tte r  

reso lved  lines m ainly  ad jacen t to  th e  line (show n to  four decim al places) are  quoted  to 

± 0 . 0 0 0 2 Â  accuracy while th e  b lended lines (to th ree  decim al places) are  quoted  to ±0 .0 0 1À.

S a te llite  Structure Identification .

T he sate llite  s tru c tu re  Is very sim ilar to  th e  m ea su red  an d  theo re tica l re su lts  of 

M osn ier e t al^” . w ith  th e  difference th a t  th e  sp ec tru m  here  Is ab o u t a  facto r of two b e tte r  

resolved. The spectral reso lu tion  of th e  o ther SI beam -foil d a ta  Is too  low to  w arran t 

com parison , and  therefore d iscu ssio n  Is lim ited to  M osnier et al.

The con tinuous b a n d  of sa te llites to  the  long w avelength side of th e  ^Pi SI XIII Ion originate 

from  Is2 p 3 s , -3p, -3d configuration of th e  SI XII Ion w here th e  2p  electron m akes th e  

tra n s itio n . The featu re  labelled h7  In Figure 7.5, se en  by T râbert et al^^° an d  calcu lated  by 

T râb ert a n d  Fawcett^^\ h a s  been  labelled tentatively a s  one of th e  ls^2s^2p - l s 2 p ‘̂ 

t ra n s it io n s  in  B-Hke SI X Ion by Lam ing et al̂ ^®. T his Is unlikely to  be  th e  case  considering 

th e  low abundance  of th e  Si X charge sta te  a t th is  beam  energy.

F igure  7 .6  shows th e  ^P  ̂ SI XIII line In m ore detail together w ith Une fitting to  th e  ad jacen t 

line s tru c tu re . In  spite  of a  high S /N  ratio, the  fitting of th e  ^Pj line u sin g  different power 

law  a n d  Voigt profiles Is n o t exact. This can  be explained by unreso lved  sa te llites  o r m ore 

Ukefy, th e  observed line h a s  a  shape  determ ined  m aln ty  by  th e  c ry sta l diffraction w id th  

(see F igure 2.3, C hap ter 2). The lines m arked  n .m  according to  G abriel's n o ta tio n ^ , belong 

to  th e  SI XII ls^2p ^Pi/2,3/2 ■ ls2p^ ^Sj/2 tran sitions a n d  are in  good agreem ent w ith th e  

ca lcu la tio n s  of M osnier e t al. The tran s itio n  a t 6 .6852±0.0002Â  Is very  close to  th e  

Is^ ^So~ls2p ^ 2  Ihie p red icted  to  be a t 6.6850Â^®. T his is coincident, however, w ith a  strong  

sa te llite  line SI XII ls^3d ^Ds/2 - ls2 p (^ )3 d  ^Fy/2 an d  Is verified to  som e ex ten t by th e  p a ir  of 

lin es  appearing  to  the  long w avelength side of th e  ^P  ̂ Si XIII line. T hese lines agree w ith th e  

o th e r  tran s itio n s  ^Da/2 - ^Fg/2 and  th e  ^Ds/2 - ^Fs/2 of th is  m ultip let, b u t  also h ap p en  to  be 

co inc iden t with th e  SI XII decays ls*2s ^Si/2 - ls 2 p (^ )2 s  ^ 3/2.1/2 labelled s ,t  respectively.

T here  does not ap p ear to be a  w ay of identifying th ese  lines unam blguousfy , w ithou t 

rep ea tin g  th is  experim ent a t  different beam  energies, th u s  chang ing  th e  charge  s ta te  

d is tr ib u tio n . The line Identified a s  th e  ^P2 shou ld  th e n  rem ain  In th e  sam e in ten sity  ratio  

to  th e  ® P i  SI X i n  line, independen tly  of beam  energy. M osnier e t al^^ do n o t observe th e  ^ 2  

line b ecau se  It Is a  long-lived sta te  w ith x=4.4ns^^’̂ ®̂. This Is to be  expected, a s  suggested  by 

Lam ing e t  al̂ ^®, since th e ir  spectrom eter views a  0 .5cm  region a fte r th e  foil observing very 

little of th e  7.6cm  decay length  for th e  44MeV beam . In  co n tras t, th e  axial observation  will 

be  able to  m easure  th is  a n d  o ther long-lived decays.
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Figure 7 .6  illu s trâ te s  profile fitting to  th e  Si XIII Is^ ^So-ls2p®Piresonance line a n d
ad jacen t satellite s tru c tu re . On th e  sh o rt w avelength side is  th e  the  m agnetic 
quadrupo le  decay tran sitio n  of Si XIII Is^ ^So-ls2 p^P2. The o th e r lines n , m , s 
a n d  t  are  labelled according to  Gabriel an d  a re  Li-like Si X n  satellites.
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Figure 7.7 Neon X L ym an-a spectrum  from a  co n tinuous exposure of 31 h o u rs  w ith the
high reso lu tion  KAP (002) spectrom eter. The m easu red  w avelengths a t 1 1.37Â 
have been  D oppler shifted  from 1 2 .13Â. The sp ec tru m  h a s  extrem ely low x-ray  
con tinuum , w ith  th e  doublet essen tia lly  sitting  on  th e  backg round  film noise 
for a  single unexposed  em ulsion layer. R esiduals to  fit are  show n In window 
below spectrum .
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7.6 Neon X Axial Observation.
7.6 .1  Expérimental Details.
T he experiment w as repeated  using  a  beam  cu rren t of lOOnA of N e^ ions a t 39MeV energy. 

T he positive Neon Ions w ere genera ted  by a  radio-frequency source  a n d  accelerated  by  the  

O xford Folded T andem  in  "single-ended" operation. It w as decided to  observe the  Neon X 

Lym an-a doublet a n d  if possible resolve th e  I s  ^Si/2-2 p ^ 1/2 fine s tru c tu re  com ponent a t 

12.137Â, requiring a n  In stru m en ta l resolving pow er of considerab ly  b e tte r  th a n  

X/AX-2300. a  KAP (002), 2d=13.3164A ^\ crystal u sed  a t a  rad iu s  of R =1073m m  gave an  

e s tim a ted  in stru m e n ta l resolving pow er of X/AX=9000 lim ited b y  th e  crysta l diffraction 

w i d t h T h e  D oppler sh ift p=0.0642 w as calculated  after energy lo ss  In  th e  foil, th u s  

sh ifting  the  Neon Ly-a to  th e  b lue from  12.1Â to 11.4Â as  Indicated  b y  equation  (7.1). The 

Bragg angle 0=58.64® w as set after the  lattice spacing w as corrected for tem pera tu re  

(T=25.0±0.5®C, a=(40.5±2.0)xl0'® /K  an d  refractive index effects (5/A.^=(2.30±0.05)xl0 ®Â’̂ ) 

from  Table 4.1.

S ign al In ten sity .

T he signal In tensity  w as expected to  be lower th a n  the  Si XUI for a  n u m b e r  of reasons. The 

ion  beam  w as abou t 25%  of th e  previous experim ent though the  charge  s ta te  of in terest Ne X 

w as  proportionally  s im ila r to  81 XUI. The equilibrium  charge s ta te  distribution^®^ of the  

N eon beam  after foil excitation for Ne®̂ : Ne^*: Ne®*: Ne®*: Ne^°* w as  In  th e  ratio  of 0.8%:

1 1.4%: 43.8%: 37.8% : 6.2% . This w as in  good agreem ent w ith q=8.5 for th e  m ean  ion beam  

charge  calculated  from  equation  (7.1). The Integrated refelectM ty R^ of KAP (002) w as 

5.QxlO ®rad a t 11.4À®®, com pared w ith 8.5xlO  ®rad for PET (002) a t  6.2Â “ . Finally, Kodak 

D EF x-ray  film h a s  tw ice th e  sensitiv ity  to  rad ia tion  a t 6 À th a n  a t  1 1A^°. Therefore, even 

w ith  31 hours exposure th e  final in tegrated  Neon signal on film w as expected to  be abou t 

one o rder of m agn itude  sm aller th a n  th e  Silicon experim ent.

7.6.2 Results.
Figure 7.7 shows th e  sp ec tru m  of th e  I s  ^S^/g-^p ^Pi/2.3/2 tra n s itio n s  In Ne®*. The Lym an-a 

doublet is  clearty resolved, X/AX=4400. As expected th e  signal w as low; th e  Lyman-a^ peak  

In tensity  on film of 0 .13  pho tons/pm ^  corresponds to  roughly 2 .8 x l0 ^ h o to n s /m Â  for the  

1.4m m  high densitom eter scan . The experim ental d a ta  (points) a re  fitted  u sing  a  power law 

a n d  Voigt type functions. The res id u a ls  to  the  fit. F igure 7.7(b), a re  low an d  p red o m in an t^  

film  g ra in  noise. T he line profiles a re  m ainly  Lorentzlan  (n=2.0) a lth o u g h  a  m arginally  

b e tte r  least squares fit gave n=2.2. The apparen t discrepancy In th e  pow er n  could be 

explained by  e ither th e  c ry sta l diffraction profile n o t being pu rely  L oren tzlan  or a  

con trib u tio n  from  th e  convolution of th e  source b roadened  profile. T he Voigt fit confirm ed 

th is  w ith a  value of q= 0.67 , corresponding  to a  L oren tzian :G aussian  ra tio  of 1.8:1.0. This 

did no t w arran t fu r th e r  investigation  w ithout first try ing to  Im prove th e  s ta tis tic s . The 

back g ro u n d  x-ray co n tin u u m  w as extrem ely low w ith the  lines s ittin g  on  th e  single
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em u ls io n  unexposed fog level. It w as also  noted th a t  2 -electron sa te llites  to  the  L ym an-a 

lines, norm ally a  strong  feature  of a  beam-foil spectrum , were e ith e r ab sen t or too low to  be 

reg is te red .

N eon X  Fine-Structure.

T he flne-structure , see C hapter 8 , w as m easu red  a s  5.59±0.04m Â after th e  D oppler shift w as 

co rrec ted . The m ain  source of e rro r cam e from the  u n certa in ty  in  th e  beam  velocity a n d  

sp ec tro m e te r alignm ent, though  th e  possibility of unreso lved  sa te llite  lines w as no t 

com pletely  discounted. The L ym an-a in tensity  ra tio  f i a j / f t a j  w as 0 .513±0.006, w ith  e rro r 

c o n trib u tio n s  com ing equalfy from  s ta tis tic s  an d  th e  accu racy  of th e  film response  

fu n ctio n . This com pared very well w ith  th e  expected theoretical s ta tis tica l w eighting of 0 .5 , 

b u t  show s the  difference betw een re su lts  achieved for th e  L ym an-a in tensity  ratio  of 

M agnesium , A lum inium  and  Silicon em itted from d en se r sources. T his la tte r  group w hich 

in c lu d es  laser produced and  Tokam ak p lasm as c a n  be affected b y  electron a n d  ion 

co llisional excitation, d iscussed  in  C hap ter 8 , tran sfe rrin g  th e  e lectron  popu la tion  

preferen tia lly  from  the  2 s  s ta te  to th e  near-lying 2 p ^Pi/2 s ta te  resu lting  in  th e  observed 

in te n s ity  ratio .

7 .7  Conclusions and Future Experiments.
T his  sec tion  is divided into th ree  p a r ts  an d  su m m arises  th e  m ain  conclusions of th is  

c h a p te r  u n d e r  th e  following titles:

• D iscussion  on  p resen t experim ent.

• A pplication to  different b e a m /ta rg e t in te rac tions.

• In stru m en ta tio n  and  tech n iq u es  for fu tu re  experim ents.

7.7.1 Discussion on Present Experiment.
H igh Spectral R esolution.

T he m a in  conclusion is th a t  th e  axial observation techn ique  w hen  com bined w ith th e  u se  

of a  h igh  reso lu tion  spectrom eter p roduced  the  b e s t resolved sp ec tra  m easu red  from  any 

beam -foil source. These resu lts  also rep resen t th e  b e s t resolved N eon Lym an-a sp ec tru m  

a n d  Si X i n  resonance lines recorded  from  any source. For com parison , th e  b e s t resolved 

sp e c tru m  by  observing beam -foil ta rg e ts  perpendicular]^ , w as recorded  by  R ichard  e t a l^  

fo r a  m easu rem en t of th e  I s  Lam b shift in  Hydrogenic Chlorine. The Chlorine L ym an-a 

re so n a n c e  lines a t 4.2Â were resolved to  X/AX=2900 using  a  J o h a n n  spectrom eter w ith  a  

S i(l 11) crystal, 2d=6.248À, of ra d iu s  R~2.0m  a n d  a  position  sensitive backgam m on 

p ropo rtiona l counter. Since th e  horizontal divergence of th e  ion b eam  w as defined u sin g  a 

p a ir  o f s lits  u p s tream  Aa=7xlO'^rad an d  w as considerably  sm aller th a n  th e  sam e figure for 

th e  Oxford Tandem , the  line b roaden ing  w ould a p p e a r  to  be m ain ly  in stru m en ta l, p robab ty  

a s  a  re s u lt  of the  detector spatia l resolution. This is  confirm ed by  th e  m easu red  profile
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s h a p e s  being predom inan tly  G a u ss ian  th o u g h  a con tribu tion  from  th e  D oppler b roaden ing  

of th e  extended source is also  possible.

Spectral Line Profiles.

A part from pu tting  th e  p re se n t re su lts  into perspective, com paring  d a ta  from  different 

accelera to rs  u n d e r different operating  cond itions is  not usefu l for verifying th e  pred ictions 

o f section 7.3. The experim ent m u s t clearly apply  to  one accelera to r for th e  sam e ion  a t the  

sa m e  beam  energy, b u t u sin g  th e  two observation  geom etries. P erpend icu la r observation  

experiments^^® were perform ed on the  Oxford T andem  for Si XIII a s  m en tioned  in  section  

7 .5 , b u t  the  low reso lu tion  survey  sp ec tra  AyAX=660 were no t of sufficient quality  to  show 

th e  difference. However, since  th e  axial observation  h a s  been  perform ed here  for two 

different ions it m ay  be possib le to  draw  som e conclusions from  th e  techn ique.

T here  are a  few po in ts to  be  considered:

• The effect of the  sou rce  broaden ing  on th e  line profile is  n o t know n accurately . 

D iscussions in  section  7 .3  indicated  th a t  th e  sp read  in  the  b eam  energy w as th e  m ain  

cause, w ith sm all D oppler broaden ing  due  to  th e  sm all angle deviation from  the  

purefy axial geometry. A G aussian  shape c a n  be suggested for the  source function, b u t 

there seem s to  be a  lack  of h a rd  evidence to  sup p o rt th is  assertion .

• No to lerances w ere available for th e  Folded T andem  param ete rs .

Table 7 .2  Doppler C ontribution E stim ate using V oigt Profile A nalysis

Io n In s tru m e n ta l
X / M

M easured
X/Ak

G aussiang
X/AX

L o ren tz lan
X/AX

Voigt 1 
X/AX

N eX 9000 4400 5000 8600 6300

N eX 7000 4400 5700 11900 7300

Si XIII 6000 4000 5400 1200 7200

Voigt2
A./AX

10000

N.B. The in stru m e n ta l resolving pow er is  determ ined  by  th e  c ry sta l d iffraction  w idth.

§ This is no t a  good assu m p tio n  since a  G au ss ian  shape is n o t observed for th e
m easu red  line profile.

Table 7.2 show s estim ates of th e  source b roadened  con tribu tion  to  th e  m easu red  line profile 

b y  assum ing  G aussian , Lorentzlan  and  Voigt sh a p es  th roughou t for th e  in s tru m e n t and  

sou rce  function. O ther con tribu tions, for exam ple from  th e  n a tu ra l  line w id ths, a re  

negligible. The th ree  row s of d a ta  rep resen t two estim ates for th e  c rysta l diffraction w idth 

for th e  Neon X an d  th e  Silicon XIII resu lts . The first an d  second co lum ns give th e  m easu red  

line w idth  and  c rysta l d iffraction w id ths respectively, expressed  a s  a  resolving pow er. The
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n ex t co lum n gives th e  calcu lated  source  broaden ing  by  assum ing  th a t  all profiles are  

G a u ss ia n  a n d  can  be added quadratically. It can  be noted  th a t  th is  is no t a  good assum ption  

since  n e ith e r the  observed spectrum  n o r th e  c rysta l profile is a  s tro n g  G au ssian  function, 

b u t  does give a lower lim it estim ate  for th e  source broadening. The fou rth  co lum n repea ts  

th e  p rocess  for Lorentzlan profiles, w here th e  w id ths can  be added  linearly. Again, th is  

sh o u ld  be trea ted  a s  a n  u p p e r lim it estim ate. The fifth colum n sim pty a ssu m es a  Voigt 

profile for th e  m easu red  line an d  ta k e s  th e  c rysta l diffraction a s  a  Lorentzlan. The Voigt 

p a ra m e te r  *n is th en  calcu lated  using  th e  Lorentzlan a s  a  fraction  of th e  m easu red  line 

w id th . The final colum n is th e  resu lt achieved by doing the  converse. It u se s  a  Voigt fit to  the  

m e a su re d  line profiles to  estim ate  th e  G au ssian  con ten t j u s t  from  th e  line shape  

in fo rm ation  only. The la s t two co lum ns give a se lf-consisten t check  ab o u t th e  various 

a ssu m p tio n s  abou t the  line profiles u p  to  th is  point.

O ne w ould expect the  Voigt estim ates to  be som ew here betw een th e  G au ssian  an d  Lorentzlan 

ca lcu la tions. This c a n  be seen  to  be generally tru e  except for the  case  of X/AX=9000 for the  

N eon X spectrum . This theoretical value for th e  crysta l diffraction w id th  ap p ears  to  be 

optim istic . If a  slightly lower value of X/AX=7000 is su b s titu te d , th e n  a  co n sis ten t tre n d  for 

th e  sou rce  broadening  of X/AX=7xlQ-^ 10^ becom es apparen t. The to lerance, 

X/AX=8500±1500, reflects th e  u n ce rta in ty  in  the  va rious  assu m p tio n s , partly  for exam ple 

t h a t  th e  c rysta l profile is pu rely  Lorentzlan. Specifically, the  sp read  in  th e  value  for source 

b ro ad e n in g  arises from  differences betw een the  n u m b ers  derived from  th e  profile sh ap e  and  

line w id th  of the  m easu red  line. (M easured diffraction profiles, p a rticu la rly  for PETT (002), 

have  a  m ore  com plicated shape  an d  canno t be described  in  te rm s of sim ple functions).

I t is  c le a r  from  colum n four, th a t  if th e  in s tru m en ta l resolving pow er is over es tim ated  th e n  

th e  deconvolved source broaden ing  con tribu tion  rap id ly  decreases. It th e n  becom es alm ost 

im possib le  to  quote a  value for th e  source  b roaden ing  w ith any  accuracy . T his reinforces 

th e  following po in ts  regard ing  th e  m easu rem e n t a n d  in te rp re ta tio n  of line profiles:

(1) T he in stru m en ta l line profile m u s t be accu ra te ly  known.

(2) T he  in stru m en ta l line w id th  sho u ld  also be  several tim es sm aller th a n  th e  em ission  

line  to  be m easu red . Any un ce rta in tie s  in  th e  in stru m en ta l line w id th  th e n  have a 

m in im al effect on  th e  deconvolved line.

(3) T he  em ission  line profile sh o u ld  be  accu ra te ly  know n, p a rticu la rly  if  th e  em ission  

line  w idth  is  sm aller th a n  o r equal to  the  in stru m e n ta l w id th .

I t is  c le a r  th a t  all th ree  po in ts  apply to  th e  resu lts  p resen ted  in  th is  chap ter. However, 

su ffic ien t in form ation  is  available to  give b road  ag reem en t w ith th e  p red ic tions of 

sec tio n  7 .3 . The m ajor im provem ent to  th is  experim ent w ould be to  repea t it u sing  

c onside rab ty  h igher in s tru m en ta l resolving power. C hanges in  th e  sou rce  b roaden ing  could 

b e  observed  by  varying th e  beam  collim ation an d  energy spread .
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7.7 .2  Application to Different Beam-Target Interactions.
T here  are  two fu n d am en ta l lim ita tions to  beam -foil experim ents:

• Large D oppler sh ifts  for axial observation.

• The observed line w id th s a re  determ ined by  the  accelerator p a ram ete rs .

T he Im provem ents in  x -ray  spectroscopic techn iques  can  be applied  to  o th er types of heavy 

ion  beam  target in teraction . T here is som e in te rest in  u sing  beam -so lid  spectroscopy, w here 

h ighly  charged partic les of th e  ta rg e t m ateria l are  generated  p roducing  K a m ultip le- 

vacancy  spectra, to  s tu d y  p lasm a-su rface  in teractions. Some recen t re s u lts  have been  

p resen ted  by C han tie r an d  Silver*^®.

Beam -Gas Target In teractions.

P e rh a p s  m ore im portan tly  for te s tin g  relativ istic a n d  q u a n tu m  elec trodynam ical effects is 

th e  the  use  of beam -gas targe t spectroscopy . The heavy ions in  th e  beam , preferably a  high Z 

elem ent like Brom ine (Z=35) for m edium  sized accelerato rs or often U ran iu m  (Z=92) for 

h igh  energy accelerators, collide w ith  th e  atom s in  the  gas target, u su a lly  a  noble gas, 

leaving the  la tte r in  a  highly ionised an d  excited sta te . A sm all a m o u n t of energy, abou t 

5~^20eV, is given to  th e  targe t ions w hich alm ost completefy recoil in  th e  p e rpend icu la r 

d irection  to the  ion beam^®°. The su rro u n d in g  electrons, however, m ay  have energies of the  

o rd er of keV. T hus th e  gas "recoil-ions", a re  highly ionised an d  have low D oppler velocities 

in  th e  perpend icu lar d irection  to  th e  beam .

A xial Beam-Gas Target M easurem ents.

If one views th e  gas ta rg e t axially*®^ th e n  th is  recoil D oppler effect d isa p p e a rs  leaving the  

x -ra y  em ission line w id th  largely determ ined  by  room  tem p era tu re  th e rm a l effects an d  th e  

n a tu ra l  decay tim e of th e  excited s ta te . The advan tages of th is  m ethod  are  clear:

• The absence of large D oppler sh ifts, p re se n t for exam ple in  ax ia l beam -foil 

spectroscopy, allows precise  w avelength m easu rem en ts  to  be  m ad e  while looking 

a x ia lly .

• X -ray em ission lines below 4Â w ith  spectra l reso lu tion  of 5X/X~10 ® sh o u ld  th e n  be 

possible for H- an d  He-like Argon (Z=18) ions.

T he p recision  m easu rem en ts  shou ld  th e n  be lim ited by  th e  accuracy  of th e  reference lines, 

c iy s ta l refractive index  effects a n d  in stru m en ta l d ispersion . The n a tu re  of sa te llite  lines, 

p a r t ic u la r^  those  from  high n  q u a n tu m  s ta te s  occuring close to  th e  m a in  reso n an ce  line, 

could  a lso  be  revealed. T his is  of considerable im portance since th e  accu racy  of recen t 

"recoil-ion" gas ta rg e t experim ents a t  th e  1.5% level̂ ®® h a s  been  res tric ted  by  sate llite  line 

c o n ta m in a tio n .

M easurem ent o f Short-lived L evels o f High Z Ions.

Following th e  tren d  of s tudy ing  h igher Z e lem ents to improve th e  accu racy  of th e  g round  

s ta te  Lam b shift m easu rem en ts , th e  n a tu ra l line w id th  of th e  tra n s itio n  sh o u ld  becom e
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significantly  larger th a n  room  tem p era tu re  D oppler m otion. O ne c a n  envisage a n  axial 

observation  of a  K rypton (Z=36) "recoil-ion" gas ta rg e t experim ent perform ed on  th e  GSI 

(Gesellscaft fu r Schw erionenforshung) accelerator a t D arm stad t. In  add ition  to  m easu rin g  

th e  w avelengths a t the  Ip p m  level, it should  be possible to  m ea su re  th e  n a tu ra l line w id ths 

o f th e  Kr Lym an-a doublet a t 0.92À. The A-values for th ese  allowed resonance  lines 

generalty  scale a s  a n d  are  expected to be ~10^®s‘  ̂ for th is  level. T he spectra l reso lu tion  of 

th e  radiative decay will be  0X/X~5xlO ®, a  potentially  m easu reab le  quan tity . T his m ay  be  a 

v a lu ab le  technique for m easu rin g  sh o rt lived s ta te s  w hich otherw ise can n o t be detected  by 

th e  s ta n d a rd  beam -foil m ethod . C hap ter? . 1.

T he p rospects a re  in te resting  b ecau se  th e  in stru m en ta tio n  a n d  acce lera to r technology for 

th is  experim ent have now  becom e available in  recen t years.

7 .7 .3  Instrumentation and Techniques for Future Experiments.
T hese  im provem ents in  acce lera to r technology have refined th e  accu racy  of possib le Lam b 

sh ift experim ents to th e  po in t w here it now places g rea ter d em an d s  on th e  in stru m en ta tio n  

a n d  techn iques. These d em an d s  prim arily  require s im u lta n e o u s^ , h igh reso lu tio n  a n d  

h igh  precision from  th e  x -ray  spectrom eter, b u t also  high sensitiv ity  b ecau se  of th e  low 

em ission  from accelera to r b a sed  experim ents. The J o h a n n  spectrom eter h a s  been  u sed  

a lm o st exclusively for th is  pu rp o se  to  date.

However, the  problem s ca lib ra ting  th e  recorded sp ec tru m  w ith  th e  app rop ria te  x -ray  

s ta n d a rd s  to sufficient p recision , a s  perceived by one key experim entalist (D esla ttes '“ ), 

h a s  led to  the proposed u se  of a  h igh resolution X/AX=40000 two crysta l spectrom eter for the  

1Â region. This is undoub ted ly  th e  m ost precise m ethod  for ab so lu te  w avelength 

m easu rem en ts , b u t  th e  question  of adequate  b a n d p a ss  an d  sensitiv ity  still rem ain . 

N evertheless, th is  ap p ears  to  be th e  direction for fu tu re  research . As d iscussed  in  

C h ap te r 4.6, the  Jo h a n n  type spectrom eter can  be im proved to  th e  sam e h igh s ta n d a rd s  an d  

h a s  a n  im portan t role in  th ese  e:q)erim ents in  sp ite  of th is  tren d .

C alibration by Tw o-C hannel Spectroscopy.

The m a in  d isadvan tage of th e  axial observation tech n iq u e  for beam -foil in te rac tions , lies 

in  th e  calibration  of th e  D oppler sh ifted  x-ray  lines relative to  re s t  fram e x -ray  s ta n d a rd  

lines. The use of a  p a ir  of J o h a n n  spectrom eters to  correct for D oppler sh ifts  is  a  well 

docum en ted  techn ique, for exam ple Dietrich et al^“  for beam -foil so u rces  an d  

Aglitsky e t al̂ ®̂  for v acu u m  sp a rk  sources. Both spectrom eters  view th e  sou rce  sep ara ted  by  

180® so  th a t  the  D oppler shift is cancelled by the  two channel m easu rem en t aga inst the  

sam e  reference line.

T h is m ethod  is m o st effective w hen  th e  to ta l shift is sm all p-10*®-^10'* a n d  th e  x -ray  lines 

o ccu r w ith in  a  sim ilarly  sm all w aveband. A lthough it w ould be possib le  to  have two
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spectrom eters looking axially, one viewing u p s tre a m  while th e  seco n d  views dow nstream , a 

large waveband w ith d ifferent x -ray  reference lines w ould be  n e c essa ry  to  cover th e  to ta l 

sh ift of a t least (3-0.14 for th e  p resen t experim ents. D espite th ese  shortcom ings, th e  two 

c h a n n e l m ethod h a s  som e m erit for the  calib ration  of th ese  large D oppler sh ifts  a n d  should  

b e  attem pted.

"In-Beam" C alibration.

A novel and  sim pler m ethod  proposed by Silver a n d  co-workers^®® u s e s  "in-beam" 

ca lib ra tion  lines w hich a re  insensitive to  the  D oppler sh ifts. The techn ique, d em onstra ted  

b y  perpendicular observation, u se s  the  4:1 ratio  of the  w avelengths of th e  Balm er-p an d  

L y m an -a  tran sitio n s  to  com pare  th e  L ym an-a  lines diffracted in  fo u rth  o rder w ith  th e  

Balm er-p lines diffracted in  firs t order. It h a s  the  advantage of th e  lines occuring in  a  sm all 

w aveband, for exam ple X/AX-0.01 for Iron tran s itio n s . T heoretical values^®^ are  assigned  to 

th e  Bahner-p lines to  ca lib ra te  th e  spectrum . Initial results^®® for Iron  (Z=26) have 

m easu red  the L ym an-a tra n s itio n s  w ith a n  accuracy  of 107ppm , th u s  giving th e  ground- 

s ta te  Lamb shift to  17% an d  th e  ^Pi/2.3/2 fine-structu re  splitting  to  3%. The m easu rem en t 

h a s  been  repeated for G erm an ium  (Z=32) Lym an-a tran s itio n s  w ith  a n  accu racy  of 

75ppm “ .

Som e problem s have b een  encoun tered  w ith th is  m ethod, m ain ly  d u e  to  unexp la ined  sh ifts  

in  th e  line positions, w h ich  th e  p resen t a u th o r believes is p rincipally  due to  th e  

in strum en ta tion . The d u a l a rm  J o h a n n  spectrom eters R=300m m  record ing  th e  spectra  can  

really  only be used  a s  low reso lu tion  survey in stru m e n ts  w ith th is  type of x -ray  source. 

F irstly , Jo h a n n  a b e rra tio n s  a re  considerable, scaling as  R’̂ , a t  th is  sm all crysta l 

cu rva tu re . These m ain ly  effect th e  in stru m en ta l resolving power.

The x -ray  im ages along th e  film height will be curved  due to  th e  geom etrical effect described 

in  C hap ter 2. Therefore, th e  d ispersion  a t  various heigh ts  on  th e  film  will vary. T his is 

fu rth e r  com plicated b y  th e  D oppler effect w hen viewing perpendicularly . A slope is  

in troduced  to th e  x -ray  lines along th e  height d im ension  b ecau se  of th e  D oppler effect from  

rad ia tio n  slightly u p s tre a m  a n d  dow nstream . T h u s  anafysis of th e  line positions becom es 

com plicated  by va rious in te rac tin g  effects.

A larger Rowland circle in s tru m e n t viewing axially, w hen  com bined  w ith  several x -ray  

reference lines to  ca lib ra te  b o th  th e  g ross D oppler shift relative to  th e  Balm er-p lines a n d  

th e  d ispersion accuratety , sho u ld  increase the accu racy  of th ese  Lam b shift m easu rem en ts  

to  th e  level predicted b y  Deslattes^®®.
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Introduction.
In  th is  final chap ter, th e  L ym an-a  doublet from various H ydrogenic ions is analysed. 

T okam ak  and  beam -foil m ea su rem e n ts  are used , b u t  th e  la se r  p la sm a  re su lts  from 

A lum inium  (Chapter 6 ) a re  n o t su itab le  due to strong  se lf-abso rp tion  effects. The m ain  

top ics covered in  th is  c h a p te r  are:

• Scientific in te res t in  m easu rin g  th e  fln e -s tru c tu re  in terval.

• B rief definition of th e  f ln e -stru c tu re  splitting  in  H ydrogenic ions, its  m agn itude  and  

dependence on th e  atom ic n u m b er Z and  p rincipal q u a n tu m  n u m b er n.

• D escription of d ifferent experim ents an d  lim iting fac to rs  to  th e  overall p recision  of 

th e  m easu rem en t.

• In terp re ta tion  of an o m alo u s p-ratios observed for Mg XII, A1XIII an d  Si XIV ions on 

DITE T okam ak a n d  d iscussion  of th e  con tribu ting  fac to rs. T he Ne X resu lt is 

included.

• Review an d  com parison  of flne -structu re  sp litting  m e a su re m e n ts  w ith  o ther x -ray

sources.

• Conclusions ab o u t m easu rem en ts  p resen ted  in  th is  w ork.

8.1 Interest in Fine-Structure Measurements.
S pectra  of Hydrogenic io n s  have b een  observed from  a  n u m b e r  of h igh  tem p era tu re  p lasm a 

so u rces  like laser-p roduced  plasmas^®®, Tokamaks^®^, an d  so la r flares^®®. O ther n o n ­

p lasm a  sources, includ ing  fa s t ion  beam  target in te rac tio n s  (Martinson^®®), have allowed 

th e  observation of the  H-like charge s ta te  from m u ch  h igher a tom ic numbers^®®.

Growing in terest in  the  effects of q u an tu m  electrodynam ics (QED) o n  th e  energy levels of 

h igh  Z Hydrogenic ions h a s  p roduced  precision labora to ry  experim en ts  (for 

example^®’*®®'̂ ®̂) to  te s t  theo re tica l calcu lations. A ccurate  a b so lu te  x -ray  w avelength 

m easu rem en ts are  needed in  these  experim ents in  o rder to de term ine  th e  m agnitude of QED 

effects an d  the  scaling w ith  atom ic n u m b er Z. The relativ istic  D irac theo ry  is  assum ed  to  be 

co rrec t w hen the  sm all correc tions of QED are neglected.

In  p rincipal, by looking a t  th e  sp in -o rb it in te rac tion  sp litting  in  th e  energy levels of the  

excited sta tes, for th e  sam e  principal q u an tu m  n u m b er n  b u t  w ith  different j-va lues, th is  

a ssu m p tio n  can  be  tes ted  very  easily. The j= l /2 ,3 / 2  splitting , show n  in  th e  energy level 

d iag ram  of Figure 8.1, is  m o st readily  observed in  th e  first m em b er of th e  Lym an series by 

reso n an ce  transition ; th e  sp litting  in  the  energy levels scales a s  n  ®. F or th e  resolved 

doublet, a  relative w avelength o r energy m easu rem en t c a n  b e  m ade  a n d  th e  separa tion  

de term ined .

In  practice, few experim ents have been  able to  confirm  theo re tica l ca lcu la tions to  b e tte r  

th a n  0 .5% and  m an y  m ore show  considerable deviations.
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Excited n=2 levels of the H -like Ion

2s "St

Ml

Figure 8.1 Energy level d iag ram  for n=2 tra n s itio n s  of H ydrogenic ions.
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T he m ain  objective of th is  c h a p te r  is  to p resen t new  m easu rem en ts  of the  2p  sp in -orb it 

in te rac tio n  for m edium  Z elem ents. There are very few m ea su rem e n ts  of th e  L ym an-a 

d o u b le t separa tion  for th is  Z region of th e  periodic tab le , m ain ly  b ecau se  th e  sp litting  is 

sm all an d  the  lines are  b lended  by D oppler broadening . High resolving pow er X/AX=5000 is 

e ssen tia l, lim iting the  choice of available c ry sta ls  for Bragg diffraction tech n iq u es  to 

observing Z>10 (Neon) in  th e  w aveband below 13 À.

S p ec tra  of Hydrogenic Neon (Z=10, b lue-sh ifted  to  1 1.4Â) em itted  o n  a  foil-excited ion beam  

accelerated  on the  Oxford Folded T andem  (see C hap ter 7) and  Hydrogenic M agnesium , 

A lum inium  and  Silicon (Z=12-^14 a t 8.42Â, 7.17Â an d  6.18Â respectively ) em itted  from  

DITE T okam ak (C hapter 5) were observed w ith high reso lu tion . The fln e -stru c tu re  

com ponen t is resolved in  each  case and  th e  sp ec tra  are  generally free of satellite  lines, 

allow ing th e  flne-structu re  in terval to  be m easu red  to  b e tte r  th a n  0.5%  for th e  M agnesium  

sp ec tra . T his is  a n  im provem ent on th e  previous measurements^^® w here th e  M agnesium  

sp e c tru m  w as affected by  in tense  Iron L-shell tran sitio n s .

T he N eon beam-foil experim ent w as d iscussed  in  C h ap te r 7 (see Lam ing et al̂ ^®) principally  

a s  evidence of improved spectra l reso lu tion  by axial observation  of th e  source. It is  included 

h e re  for com parison w ith  th e  T okam ak m easu rem en ts .

The in tensity  of the  individual com ponents of th e  doublet have also  b een  accu ra te ty  

m ea su red . The Lym an-a in tensity  ra tio  p is different from  th e  expected s ta tis tica l value of 

0 .5  a n d  show s som e varia tion  w ith atom ic n u m b er Z an d  p lasm a  conditions. The observed 

p -ra tios here  have been  successfully  in te ip re ted  a s  a  resu lt of different effects an d  are  

d iscu ssed  in  section 8.4.

A com parison  of the  fln e -s tru c tu re  in terval is m ade  w ith th e  fu ll q u a n tu m  

electrodynam ical ca lcu la tions of Mohr^^, together w ith  a  review of f ln e -s tru c tu re  

m ea su rem e n ts  by x -ray  w avelength dispersive m ethods in  section  8.5.

8.2  Theory for Fine-Structure Splitting.
The enei]gy level s tru c tu re  of Hydrogenic ions h a s  b een  calcu lated  to  high accuracy  by  

various authors^^'“ ’̂ “ '^“  w here th e  abso lu te  w avelengths a re  sensitive to  th e  exact QED 

tre a tm e n t, b u t  generally th e  pu re  D irac re su lts  are in  close agreem ent w ith th o se  w hich 

include QED. The b inding  energy E^ (cm*^) of a n  electron in  n e u tra l H ydrogen o r H-like ion 

c a n  be described by the  Schrôdinger equation  a n d  w ritten  as:

En = - §7 (8.1)

w here th e  I^ d b e rg  c o n stan t R_ equals 109737 .31cm '\ By Including corrections in troduced  

b y  Som m erfeld, to  acco u n t for th e  relativistic m a ss  increase  of th e  electron, th e  D arw in 

te rm  (affecting the  S e lectron  only) an d  th e  sp in -o rb it in terac tion , th e  first te rm  in  th e  

re la tiv is tic  D irac eq u a tio n  is:
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Er = E n |^ |  (8.2)

w here a  is  the  Som m erfeld flne-structu re  constan t an d  equals 1 /1 3 7 .0 3 6 . S ubstitu ting  in  

tu rn , j = l / 2  and  3 /2  for n > 2 .  into equation (8.2) and  noting th a t  b o th  excited levels decay to  

th e  I s  ^Sj/2 ground state , th e n  th e  flne-structure  interval AE^ (cm'^) c a n  be expressed to first 

o rd er as:

R ^ Z 4 a2
AEfs = 2 n ^—  (8.3)

If th e  nex t h igher te rm s are  added, equation  (8.3) from  Schleinkofer e t al^“  becom es:

R Cx2
AEfs = — 2ÎÏ3— + |(Za)2 + ^ { Z a )4  4- -^^ Z a)®  + ...] (8.4)

F u r th e r  sm all corrections to  equation  (8.4) are needed  to include th e  effect of reduced  m ass. 

The m ost significant though , are the  addition of QED effects w hich increase  AE^s by 0.2% , 

a s  calcu lated  by M ohr^  for th e  range Z=10~^40.

It is  evident from  equation  (8.4) th a t  the  flne-structu re  interval sca le s  a s  a n d  n  ®, w here n  

is  th e  principal q u a n tu m  num ber. The tran sitio n  energy scales a s  Z^. therefore AEps/E is 

p roportional to Z^. This im plies th a t  the  flne-structu re  splitting  becom es b e tte r  resolved 

w ith  increasing atom ic num ber: for com parison, AEps/E equals -4.4x10'® a n d  -4 .4 x 1 0  '̂  for 

H ydrogen (Z=l) a n d  Neon (Z=10) respectively.

M easurem ents c a n  be easlty com pared for different Z if the  in terval AE^s is  expressed a s  a 

w avelength difference T hen  AXps rem ains v irtually  c o n stan t a n d  independen t of Z, see 

co lum n 4 of Table 8.3. T his is a  direct consequence of th e  inverse re la tionsh ip  betw een 

tra n s itio n  energy E  an d  w avelength For example, the  2p, 3p a n d  4p  spin-orbit 

in te rac tio n s  give rise to  AA.fs sp littings of ~5.4mÂ, ~1.14m Â an d  ~0.43m Â  respectively. The 

2p  sp litting  can  b e  resolved by  x -ray  spectroscopic techn iques for 2 ^ 1 0  (Laming et al̂ ^®) 

w hile th e  3p  splitting  shou ld  becom e easily resolved for Z ^ 6 . Therefore, m ost re su lts  are 

available for the  2p  sp litting  an d  is  th e  m ain  in te res t of th is  study . Finally, for th e  

rem a in d e r of th is  ch ap te r, AX,ps will refer to  th e  2 p sp in -orb it effect.

8.3 Experiments and Dispersion Calibration.
8.3.1 E ^erim ental Details.
I Tokam ak E xperim ents.

The experim ent w as perform ed on  the  UKAEA D ivertor In jection  T okam ak  Experim ent 

(DITE). O n different occasions using  a  Helium  p lasm a, a  M agnesium  a n d  Silicon probe were 

u se d  to  in troduce sm all am o u n ts  of these  e la n e n ts  into th e  T okam ak  v ia  th e  edge of the  

p lasm a . The p rim ary  m otivation w as to  m easu re  th e  cen tra l ion  tem p era tu re . The tem poral 

a n d  sp a tia l varia tion  of th e  elem ents are determ ined  by  th e  partic le  tra n sp o rt an d  th e
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re levan t atom ic collision ra tes . The H- an d  He-like ions are  observed  dom inantly  in  the 

h igh  tem pera tu re  core w here n e a r  coronal ba lance  conditions a re  obtained . The 

background  x-ray em ission  generally lasted  from th e  beginning to  th e  end of th e  shot*®^, 

a b o u t 600m sec. The A lum inium  w as injected into th e  p lasm a by  la se r  ab lation  375m sec 

a f te r  the  s ta rt; th e  d u ra tio n  of th e  x-ray  em ission (related to  th e  ion  confinem ent) w as 

sh o rte r, lasting for 100m sec. The electron density  w as in  th e  ran g e  n^=5xl0^^-^10^'^cm ® and  

a  core tem peratu re  of Te=Ti=700“̂ 10(X)eV w as rou tinely  achieved. Spectral line w id ths were 

largely  due to th erm al D oppler broadening, typically X/AX-2000. The spectrom eter, (see 

C h a p te r  5 for details of so u rce /sp ec tro m ete r geometry), viewed th e  p lasm a radially  through  

th e  central chord. The exception w as for M agnesium  d a ta  w here th e  line of sigh t w as 

sc an n ed  th rough  th e  m ino r rad iu s  tow ards the  p lasm a edge. T his gave a b e tte r  resolved 

spectrum  from th e  cooler p lasm a ion tem pera tu re  T,-690eV.

The Lym an-a lines were observed using  th e  high reso lu tion  (X/AX-9000) J o h a n n  ADP (101) 

c ry sta l x-ray spectrom eter, w ith a  crysta l rad iu s  of R = 1 100-> 1300m m . The x -ray  lines in  a  

w aveband AX/X-0.1 w ere recorded w ith Kodak DEF392 x-ray  film  in  a  flat casse tte  m ounted  

tangen tia lly  to th e  Row land Circle. A m in im um  of 10 DITE sh o ts  w ere in tegrated  to 

increase  the  optical im age density  on film and  gave a  peak  s ig n a l/n o ise  ratio  of -5 0 .

n  Beam -Foil E xperim ent.

T his experim ent w as perform ed on th e  Oxford Folded T andem  accelera to r a s  d iscussed  in  

th e  previous chapter. A 39MeV Ne®* ion beam  w as stripped  a n d  excited in  a  lOjig/cm^

C arbon  foil and  observed axially using  a high reso lu tion  (AX/X -7 0 0 0 ) J o h a n n  KAP (002) 

x -ra y  spectrom eter, w ith a  crysta l rad iu s  of R= 1073m m . A n e:q)osure tim e of 3 0 h o u rs  w as 

needed  as a  resu lt of th e  th e  low x -ray  em ission. The am bien t tem p era tu re  rem ained  

co n stan t during the  exposure a t 25 .0  ± 0.5®C. The spectrum  w as Doppler-shifted 

(v/c=0.0642).The observed lines were highly resolved (AX/X -50(X)) a n d  were essentially  

b roadened  by second order Doppler effects due to th e  sp read  of ion  velocities in  th e  beam . 

The fine-structu re  w as clearfy visible an d  could be accura te ly  determ ined.

8.3 .2  Spectrometer Wavelength Calibration and Errors.
F o r m easu rem en t of sm all w avelength in tervals, ab so lu te  w aveleng ths are le ss  im portan t 

th a n  th e  d ispersion  charac te ris tics . A relative w avelength m ea su rem e n t c a n  be m ade and  

th e  doublet separa tion  determ ined  to  good precision  if  th e  d ispersion  function  is  accurately  

know n. This can  be  b ased  on  knowledge of the  spectrom eter a lignm ent a t th e  1 m in u te  of 

a rc  level. Bragg's law a n d  th e  in stru m en ta l d ispersion  ch a rac te ris tic s  have b een  described 

in  C hap ter 2. The m ain  in te res t here  is to  determ ine th e  con trib u tin g  erro rs  from  all 

so u rces  which define th e  final accuracy  of the  m easu rem en t.

C alibration Errors.

Table 8 .1 exhibits th e  m agn itude  and  sources of e rro r w hich c a n  arise  firom th e  relative 

w avelength m easu rem en t of 5.4mÂ. The m ost significant, in  experim ent I, is th e  large 

u n c e rta in ty  in  the  crysta l 2d  spacing, d iscussed  below. For experim ent n ,  th e  crysta l lattice
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sp ac in g  is  known accura te ly  b u t a n  additional e rro r for th e  D oppler shifted  ion beam  m u st 

b e  Included.

Table 8.1 Error contributions to  th e fine-structure m easurem ent resu lting from  the  
crystal, instrum ent settin g , refractive index and tem perature effects.

E rro r  C ontribu tion  AX (mÂ)

Difference in  crysta l 2d  spacing  for ADP (see text): 0.021

S ta tis tica l accuracy  of cen tro id  fitting , film base  stab ility  &  d ig itisa tion  process: 0.012 

C rysta l rad iu s  e rro r of ± lm m : 0.005

Angle setting erro r ±0.03®: 0.003

Refractive index e rro r ±10% : 0.001

T em pera tu re  varia tions ±2®C: 0.001

Total erro r (added in  q uad ra tu re): 0 .025m Â

C rystal Lattice Spacing and C haracteristics.

Experim ent I: Idg X n, A1 x m  and Si XIV

A m m onium  D i-hydrogen P h o sp h a te  (ADP, NH^HgPOJ is a n  inorgan ic  crysta l grow n from 

so lu tion . A lite ra tu re  search  for th e  lattice spacing of ADP (101) reveals the  following 

values:

2di8=10.6402 ± 0.0012À, (Deslattes et al̂ ®).

2dz6=10.6425 ± 0.0005Â  and  a=(18.1 ± 0 .6 )x l0 ’®/®C, (Barrus et a f ) .
2d=10.658A, (W yckoff').

The first two resu lts  agree to  w ith in  th e  quoted e rro rs  w hen  th e ir  tem p era tu re s  are  

norm alised , b u t th e  th ird  lattice  spacing is considerably  different. B a rru s  et al®° point ou t 

th a t  th e re  can  be varia tion  in  th e  in te r-p lanar spacing  depending  o n  individual sam ple 

pu rity  an d  source of origin. It c an  be  show n th a t by  accepting th is  level of u n certa in ty  in  the  

lattice  spacing  (the difference betw een th e  upper a n d  lower values), con tribu tes  th e  m ajor 

e rro r to  th e  total budget (see Table 8 .1), b u t  is generally sm all (<0.4% of the  fine-structu re  

in te rv a l) .

The refractive index c a n  be  ca lcu la ted  for each w avelength from  C om pton a n d  Allison*®, 

see C hap ter 2.1.4, tak ing  into account the  Phosphorus K-edge a t  5.79Â, an d  expressed as 

Ô/X*. The resu lts  are:

• Ô/X^=2.34xlO’®Â‘* for Si Lym an-a a t 6 .18Â. 

ô/X^=2.40xl0'®Â'^ for A1 L ym an-a a t 7 .17Â.

• 6/X^=2.42x 10 ®A'̂  for Mg Lym an-a a t 8.42Â.

A dopting a  ±10% e rro r b a r  on  th e  refractive index correction, w hich in  fact covers th e  

sp re a d  in  th e  ca lcu la tions, m ak es  a  negligible con trib u tio n  to  th e  e rro r budget. Similarly, 

tem p era tu re  effects on  th e  lattice  spacing produce a  negligible error.
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Experim ent n  Ne X

M easured  values of th e  KAP (001) crystal lattice spacing  are  in  good agreem ent:

• 2d26=26.6328 ± 0 .000 1Â reported  by B earden an d  Hufi&nan®^.

2di8=26.6347 ±0 .0 0 1 2 Â an d  «=(40.5 ± 2.0)xl0'®/®C, (B arrus e t al®®).

T he refractive index  c a n  be  sim ilarly  calcu lated  from  C om pton a n d  Allison*®, tak ing  into 

acco u n t the Potassium  K-edge a t 3.437Â, and  expressed a s  Ô/X®. This com pares well w ith the 

p re se n t au th o r 's  ca lcu la tions b ased  on  th e  da ta  of o th er work:

• ô/X®=2.21xlO’®Â®, from  C hap ter 2.1.4.

• 6/X®=(2.30±0.05)xl0 ®Â'̂  , calcu lations b ased  on d a ta  from  B earden  an d  Huffman®^ 

for Cu Ka rad ia tio n  reflected in  m ultiple orders.

• Ô/X^=2.30xl0'®Â ® , ca lcu la tions based  on d a ta  from  B a rru s  e t al®®.

E rro r  b a rs  of ±10% again  have a negligible effect on  th e  to ta l e rro r budget.

T he nex t largest e rro r a rise s  from  a  com bination of several effects w hich are difficult to 

se p a ra te  individually. T hese include the  s ta tis tica l accu racy  of th e  centro id  location 

p ro cess  (dependent on th e  S /N  ratio), the  d igitisation process, unreso lved  satellite lines at 

th e  1-^ 2 % level (see 8 .6 ) a n d  th e  film stability. In  th e  la tte r  case , th e  overall film stability  

c a n  be assum ed  to  be a s  good a s  th e  base  stability. T his depends on film handling and  

processing, a s  well a s  th e  effect of tem pera tu re  an d  hum id ity  changes. The ne t resu lt can  

e ith e r be a n  increase or decrease  in  th e  film d im ensions from  th e  initial recording of the  

x -ra y  image. For K odak DEF film, a  180pm  polyester b a se  is  u sed  an d  an  u pper lim it of 

±0 .0 2 % c a n  be estim ated  for the  dim ensional stability*®®.

The crysta l bending  jig  a n d  th e  film holder are m o u n ted  on high precision  ro tary  stages 

(calibrated to  Im inu te  of arc=0.017®) a t opposite en d s of a  rigid steel tube , w hich also form s 

p a r t  of th e  vacuum  vessel. The in stru m e n t alignm ent p rocess is  p o te n tia l^  b e tte r  th a n  the  

a rcm inu te  level, b u t  for th e  re su lts  here  the  absolu te Bragg angle an d  wavelength setting  is 

de term ined  by th e  ro ta ry  stage  calibration . Allowing a n  angle se ttin g  e rro r of ±0.03°, 

in tro d u ces  a  sm all change of 0 .003m Â  in  the d ispersion  function  of equation  (2.38) an d  

(2.39) for th e  interval m easu rem en t. Likewise, th e  in s tru m e n t d ispersion  is im m une to  

fairly large to lerances in  th e  c rysta l rad iu s  R; a n  u n c e rta in ty  of 1m m  in  R  in troduces a  

0 .005m Â  erro r in  Table 8.1.

8.3.3 Results.
F igures 8 .2 , 8.3  an d  8 .4  show  th e  spectra  for M agnesium , A lum inium  an d  Silicon, 

respectively. The experim ental d a ta  are  labelled a s  p o in ts  w hile th e  fitted  functions are  

rep re sen ted  by solid lines. D ifferences betw een th e  experim ental d a ta  and  th e  fitted 

fu n c tio n s  are  show n in  th e  w indow below labelled "R esiduals to  Fit". The fit is extrem ely 

good in  all cases. B ackground  film g ra in  noise is  th e  m ain  con tribu tion  to  th e  res id u a ls  and 

sa te llite  line  in tensity  is  very  low. The M agnesium  a n d  A lum inium  sp ec tra  have th e  b es t 

S /N , m ain ly  b ecause  of th e  h igher recorded signal. The A lum inium  d a ta  w as also recorded
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DITE Mg XII Lyman - a  Doublet at 8 .42A
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Figure 8.2 DITE Mg XII Lyman-a Spectrum at 8.42Â.
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o< DITE Al XIII Lyman - a  Doublet at 7.17A
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DITE SiXIV Lyman - a  Doublet at 6.18A
o <

E
co 2.0

Lyman - aT| = 1050±100eV  

AXpg= 5 .45±0 .04m Â  

B  = 0 .5 3 9 ± 0 .0 0 6

O
X
û .

X

Lyman - a .>
h-
co
z
LU

z 0.5

cc

X
10-1 0 0

o <

E

WAVELENGTH (mA)

Residuals to Fitz
O
I - 5.0
0  
X  
û_1o
X

Li-“-
I - 5 . 0

-1 0

u s

10

Figure 8.4 DITE Si XIV Lyman-a Spectrum at 6. ISA.
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Neon X Lyman -Œ  Doublet
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Figure 8 .5  B lue-shifted beam -foll Ne X Lym an-a sp ec tru m  a t 11.4À.
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d u rin g  n eu tra l beam  Injection h ea tin g  of th e  T okam ak w hich h e a ts  th e  Ions directly and  

therefore h a s  the g reatest D oppler broadening. It can  be noted th a t  th e  doublet becom es 

b e tte r  resolved with Increasing atom ic n u m b er Z. Figure 8.5 show s th e  Neon spectrum  with 

th e  flne-structu re  clearly resolved.

8.4 Fine>Structiire Intensity Ratio.
8.4.1 Collisional Mixing of the n=2 Levels.
E arly  observation of th e  Mg L ym an-a em ission  from  so lar flares by  G rineva et al̂ ®®, w ith 

th e  flne-structu re  resolved, gave a n  In tensity  ratio  of p~0.6 where:

Ids 2S i/2 - 2p 2Pi/2)
P -  Id s  %Si/2 - 2p ^P3/ 2) (8.5)

a t  variance with the  expected s ta tis tica l value of 0 .5 . This resu lt for M agnesium  w as also 

confirm ed by Phillips et al®® w ho m ea su red  P=0.64 from  Solar M axim um  M ission data . 

These re su lts  were no t confm ed to  so lar flare p lasm as and  sim ilar effects w ere observed for 

low concen tra tion  H-Uke S u lp h u r  Ions In the  A lcator Tokamak*®® a n d  va rious H-llke Ions 

In dense la se r produced plasmas*^^. Vinogradov et al*®̂  p roduced  ca lcu la tions of p for 

optically th in  laser produced  p lasm a s  w hich ind icated  th e  effect w as due to  collisional 

red is tribu tion  of the  electron popu la tion  from  th e  2 s  ^S^/g m etastab le  level to  th e  2 p ^Pi/2.3/2 

levels. The effect w as dependen t on  th e  p lasm a particles, density  a n d  tem pera tu re .

At low densities and  coronal equilibrium , th e  ^ 1/2 a n d  ^Pa/2 levels c a n  be popu lated  by 

direct excitation from  the  g round  s ta te , by  recom bination  an d  cascad es  from  h igher levels. 

The observed line in tensity  by radiative decay to  th e  ground sta te , is dependen t on the  level 

popu lation , s ta tis tica l weight a n d  em ission  oscillator s treng th . The em ission  oscillator 

s tren g th  (proportional to  the  abso rp tion  oscillator strength) Is in  a  ra tio  of 2:1  for th e  ^P3/2 

•^Pi/2 ghdng a p-ratio of 0.5. The 2 s  ^Si/2 Is sim ilarly populated  here , b u t  m ak es  a  tran s itio n  

to  th e  ground sta te  by tw o-photon (2E1) decay. Figure 8.1, and  h a s  no  effect on  th e  ^P 

p o p u la tio n s .

At h igh density , w here th e  p robability  of collisional de-excltatlon betw een  th e  n=2 levels 

becom es of th e  sam e order o r g rea te r  th a n  th e  lifetime of the  ^P sublevels, th e  Individual 

j-s ta te s  a re  determ ined by  a  B oltzm ann  d istribu tion  an d  popu lated  according to  th e ir  

s ta tis tica l weights; the  p-ratio r e tu rn s  to  0.5. Tallents*®® identifies th e  low a n d  h igh density  

regim es a s  Z dependent by the  relation:

Low Density, P=0.5 if ne<10^ cm'^
(8 .6)

High Density, P=0.5 if r^>6xlOi4 z® cm'3

However, if th e  density  is  steadily  increased  from  th e  low density  regim e, th e  probability  of 

collisional de-excltatlon (by p lasm a  particles) of th e  *81/2 e lectron p o p u la tio n  becom es 

la rg e r th a n  th e  tran s itio n  probab ility  for radiative decay by  tw o-photon  em ission. The 2s
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level is very close to  th e  2p  level, th e  degeneracy of the  s ta te s  is rem oved by QED 

effects where th e  difference is  know n a s  the  Lam b shift, and  therefo re  particle  collisions 

preferentially  populate  th is  s ta te . The p-ratlo Is observed to  Increase from  0.5 . T h u s in  th is  

in term ediate  density  regim e th e  p-ratlo  can  be u sed  a s  a  possible density  diagnostic. 

E q u a tio n  (8 .6) gives th e  s ta r t  of th e  in term ediate density  regim e for Z=12->14 a s  

ng~6xlO*^->^3xlO*®cm ® w hich  is  w ith in  the  density  cond itions of DITE Tokam ak.

Collisional effects are  expected to  be  Im portant. F o r a  Hydrogen (or Helium) p lasm a w ith a 

sm all con ten t of th e  H-like Ion of in te rest, ion collisions are  m ore im p o rtan t th a n  electron 

collisions for close-lying levels a n d  so pro ton  (or He^*) Im pact excitation  Is th e  m a in  

collisional m echanism . T he m ax im um  value of p depends on th e  collision excitation  ra te s  

a n d  Is changed by th e  p lasm a  e lectron  and  Ion tem pera tu re . Tallents*®® rep o rts  th a t  an  

u n ce rta in ty  In p lasm a tem p e ra tu re  of a  factor of two c a n  lead, u s in g  th is  techn ique, to  an  

o rder of m agnitude e rro r In th e  In te rp re ta tion  of e lectron  density .

8.4 .2  Non-coUislonal Effects.
T he p-ratlo can  be  Increased  b y  o th e r non-colUslonal effects depending  on th e  p lasm a 

conditions and  atom ic n u m b e r  of th e  observed Ion. The observed ra tio  Pow c a n  be described 

accord ing  to Ljepojevic e t al*®®'^, w ho Include unreso lved  sa te llites  a n d  th e  I s  ^Si/2- 2s 

^Si/2 M agnetic Dipole (Ml) tra n s itio n  con tribu tion  In a  detailed stucfy, as:

P o b s  =  î lS a t  TlM l TlOpa P c o l ( 8 .7 )

The param ete r Pcoi Is d u e  to  collisional effects, *nsat rep re sen ts  th e  con tribu tion  from  satellite 

lines In a  sm all w aveband a ro u n d  each  flne-structu re  com ponent, Is from  th e  M l 

tra n s itio n  while "Hopa covers v a ria tio n s  for optically th ic k  p lasm as. A lthough T okam ak 

p la sm a s  are optically th in , th e  la t te r  p aram eter Is Included for com pleteness (see Sylw ester 

e t al*®®). The i \  fac to rs a re  u su a lly  g rea te r th a n  or equal to  1.0. U nresolved satellite  lines are 

p robab ly  the m ost sign ificant a t  low density  an d  low electron  tem p era tu re  b u t  are 

overtaken  by collisional effects a t  In term ediate  densities.

U nresolved S a te llite  C ontribution .

A contribu tion  to  th e  observed P-ratio can  be p roduced  by  th e  p resence of unresolved 

sa te llite  lines c au sed  by  a n  add itiona l specta to r e lectron  in  a  h igher q u a n tu m  level. The He- 

like sate llite  hnes a re  of th e  form  lsn l-2 p n l w ith  n>2. The n=2 sa te llites  are  easily  resolved 

to  th e  long w avelength side o f th e  doublet*®®. The n>3 sate llites, however, a re  b lended  with 

th e  L ym an-a resonance  lines, form ing two series w hich  app roach  each  line w ith  a  

sep ara tio n  scaling a s  n'® (D ubau et al^°*).

In  T okam ak  p lasm as, th e  u p p e r  level Is popu lated  by  dielectronic recom bination  of th e  

Hydrogenic ion. T his occurs w here  a n  electron is ca p tu red  from  th e  co n tin u u m  while 

s im ultaneously  exciting th e  g ro u n d  s ta te  electron. The re su lta n t doubly  excited s ta te s  are 

above the  ionization lim it fo r th e  He-llke ion. The ion s tab ilises  e ith e r by  au to ionization .
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w here  the excited electron is ejected leaving the  H-llke Ion In th e  g ro u n d  s ta te , or by a 

rad iative transition . The la tte r  a re  th e n  observed a s  sate llite  lines. T he sate llite  line 

in tensity  I. Is dependent on th e  dielectronic cap tu re  ra te  CjfTJ while th e  m ain  ls -2 p  

reso n an ce  line In tensity  Is determ ined  by the  collisional excita tion  ra te  Cy(Tj from  the  

g ro u n d  sta te . The In tensity  ra tio  I, /I^, assum ing  a  M axwellian d is tr ib u tio n  for th e  electron 

energy, can  be determ ined, a s  d iscussed  In C hap ter 5.2. The ra tio  Is independen t of electron 

d en s ity  an d  ionization b a lan ce  a t  low Tokam ak densities  a n d  v a ries  only w ith  th e  electron 

tem pera tu re  (Dubau and  Volonté®®).

At low Z, the  unresolved sate llite  con tribu tion  c a n  be sm all a t  h igh  e lec tron  tem p era tu res  

since  the dielectronic ra te  coefficient decreases w ith  increasing  e lec tron  tem p era tu re  T,. 

F o r example, a t Te=0.5~>lkeV th e  h igher q u an tu m  satellites in  a  5.4m Â  w aveband centred  

o n  each Lym an-a com ponent are  calculated®®® to  con tribu te  3 .6 -^1 .7%  to th e  observed 

P -ra tlo  for Silicon Lym an-a. T h is Is confirm ed by  th e  very low In ten sity  of th e  well 

resolved n=2 satellites ( ls 2 s  *So-2s2p *Pi, ls2 p  *Pj-2p® *DJ w hich a re  ju s t  visible above the 

background  noise. Satellite in ten sity  relative to  th e  resonance  line becom es significant for 

Z ^ O  because the  radiative tra n s itio n  probability  scales accord ing  to  Z^ w hile th e  au to- 

lon lzatlon  probab ility  v a ries  slowly w ith  Z.

O ptical Depth Effects.

O pacity  effects m u s t also be considered since th e  abso rp tion  oscillator s tren g th  for th e  2p 

®Pa/2 line Is twice th a t  of th e  2p ®Pi/2 line a s  d iscussed  in  som e detail in  C hap ter 6 . This gives 

increased  absorp tion  of th e  ®Pa/2 line with m odest optical d ep th s  ( r* ^ .! )  a n d  a n  observed 

increase  in the  p-ratlo (T)opa l̂ 04). Some p lasm a geom etries m ay  red u ce  th e  ratio. Sylwester 

et al*®® have investigated so la r flare spectra, from  th e  In tercosm os 7 sate llite , of th e  Mg 

L ym an-a  doublet in  som e detail. Their analysis show s th a t  th e  ra tio  falls w ith in  th e  

in terval p=0.38~>0.66 b u t  c a n n o t be explained by  sa te llites  o r collisional effects alone. 

(Solar flare density  of ne~10**cm® In th is  in stance  is  too low). They conclude th a t  

abso rp tion  of resonance  lines in  a  non-spherical p lasm a  volum e c a n  be  th e  only 

exp lanation  for all observed values.

As a  rough indication, optical dep th  shou ld  be ca lcu la ted  for th e  reso n an ce  line rad ia tion  if 

th e  population  density  of ions in  th e  lower level of th e  L ym an-a tra n s itio n , th e  g round  s ta te  

here , (In u n its  of cm'®) x  scalelength  product n^l, w here  1 is th e  length  of p lasm a  along the  

line  of sight, approaches 2xl0*®cm'®. In th e  case of DITE, nil~10*®cm'® will be  th e  u p p e r limit 

for the  ions stud ied  here a n d  therefore Tiop» can  be se t a t  unity .

The M agnetic D ipole T ransition.

The 2 s  ®Si/2 excited sta te  can  stabilise by an  allowed tw o-photon p rocess (2E1) to  th e  ground 

s ta te . However, th e re  Is a  com peting forbidden p rocess by  m agnetic  dipole decay (Ml) which 

becom es relevant a t  high Z. T h is (Ml) line canno t be  resolved from  th e  2p ®Pj/2 line and  

therefo re  wül Increase th e  P-ratio  in  proportion  to  its  In tensity . T he rad iative tra n s itio n

245



probabilities A^i, Ajei corresponding  to th e  M l an d  2E1 decays have been  derived by 

Drake®®® and  Breit and  Teller®®® as:

Am i  = 2.496x10-6 z io  (s-i)
(8 .8)

A 2 E 1  = 8 .228 Z6 (s-1)

T he Z '° dependence of th e  m agnetic  dipole tra n s itio n  rapidly  In creases  th e  rad iative 

probability  of th is  p rocess for h igh Z>20 ions. The In tensity  ra tio  o f th e  M l line to th e  

Lyman-Og line c a n  be w ritten  as:

I ( M 1 )  ( g . g ,
I(Ly-a2) AMI + A2EI

w here c refers to  th e  ratio  of th e  excitation ra te s  of th e  2 s  ®Si/2 an d  2 p  ®Pj/2 levels from  the  

g round  sta te  I s  ®Si/2, and  depends on T,. B itter et al*®̂  quote c=0.63 for Tg=2keV for Ti XXII; 

a ssu m in g  a value of c~0.5 c a n  give a  good approxim ation  for th e  m agnetic  dipole In tensity  

here . For Z=10“>14 In equations (8 .8 ) an d  (8.9), I(M l)/I(Ly-02) h a s  va lues  in  the  range 

0 .0015-^0 .0058  an d  is clearly a  veiy sm all con tribu tion  to  th e  observed p value.

8.4.3 Experimental Data.
T he experim ental T okam ak  va lues  of P a re  In th e  range 0 .54 -^0 .57  for th e  different Z and  

a re  listed  In Table 8.2 below. Average cen tral chord  In tegrated  elec tron  density  Is 

de term ined  w ith a  m icrowave interferometer®®^ a n d  th e  e lectron  te m p e ra tu re  Is m easu red  

from  Thom son scattering®®® d a ta . A dditional n , a n d  T« Inform ation com e from  th e  R- and  

G -ra tlo s  for He-llke Si described  by K eenan et al®®, w hich Is observed sim u ltaneously  w ith 

th e  L ym an-a em ission for A1 a n d  81. These different m ea su rem e n ts  show  som e varia tion  

giving -15%  error b a rs  for T, a n d  -20%  erro r b a rs  for n*. The genera l tre n d  of th e  observed 

p -ra tio  from DITE Tokam ak is to  decrease w ith increasing  Z b ecau se  of th e  expected higher 

d en s ity  th resho ld  for collisional m ixing. The experim ental p o in ts  a re  com pared  w ith  the  

ca lcu la tions of pobe of Sylw ester et al*®® for Mg an d  Ljepojevic et al®®® for Si. The re su lts  for 

Mg a re  plotted on Figure 8 .6 . The theoretical satellite  con tribu tion  is  ch o sen  for th e  

w aveband  5.4mA cen tred  on  each  Ly-a com ponent. All ca lcu la tions a re  corrected  for the  

sm all con tribu tion  from  th e  M agnetic Dipole tran s itio n . The A1 a n d  Si d a ta  p o in ts  are 

sca led  for density  using  th e  n*/Z® interpolation®®® a n d  plotted  on  Fig 8 .6 .

It c a n  be  seen  from  the  theo re tica l cu rves th a t  collisional m ixing becom es dom inan t 

ca u sin g  the  p-ratio to  Increase  rapidly  w ith  electron density . The e3q>erimental po in ts  show  

good agreem ent w ith the  p red icted  cu ives, though ten d  to  be slightfy high. T his could be 

exp lained  a s  a n  overestim ate of T* for th e  m easu rem en ts  o r m ore likely a s  a  re su lt of 

collisional effects from  o th e r  light p lasm a Im purities like C arbon  o r  Oxygen w hich  are  

m ore  ab u n d an t, a t  th e  level of -l"^2% n,.. The Injected elem ent Ion d ensity  is  typically 

- 0 .0  l% n ..
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Figure 8 .6  M easured p-ratios for Mg XII, AI XIII a n d  Si XIV ions (points) a re  com pared 
w ith  Mg X n  theo re tica l p redicitons (solid curves) for d ifferent e lectron  
tem p era tu res . The A1 an d  SI points a re  scaled  for density , see tex t. E rro r b a rs  
on  Si po in t show  typical to lerances for all o th er p o in ts , except previous Mg XII 
re su lt w ith  larger erro r b a rs  due to  Fe L-shell con tam ina tion . Mg po in ts  w hich 
e rfiib it h ig h est p-ratlos -0 .5 7  also h a p p e n  to  be p la sm a s  w ith  h ighest 
Im purity  concen tra tio n s . This co rre la tion  is  likely to  b e  verified w ith  fu rth e r  
in v es tig a tio n .
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Table 8 .2  Experim ental p values.

z E lem ent Ne (xlO^^cm'^) Te(eV) Pobs

10 Neon N /A N /A 0.513 ± 0 .006

12 M agnesium 2.7 900 0.571 ± 0 .0 0 4
2.7 100 0 0.567 ± 0 .002t
1.5 500 0.547 ± 0.006

13 A lu m in iu m 4.7->6.0 700 0.563 ± 0.004

14 S ilic o n 2.4->3.0 800 0.539 ± 0.004

t 2 -crystal spectrom eter m easu rem en t.

F or com parison  th e  Neon L ym an-a beam-foll observation h a s  a  v a lu e  of p=0.51310.006, 

w ith  a n  equal e rro r from  s ta tis tic s  and  th e  film calibration . The M l tra n s itio n  is  likely to 

be negligible here since its  m ax im um  Intensity  will be -0 .2%  of th e  ®Pi/2 over a  decay  length 

of -10®cm, assum ing  direct excitation from  th e  g round  sta te . T he likely co n trib u tio n  Is 

from  satellite lines tho u g h  th e  s trongest n =2 sa te llites were n o t observed.

8.5 Review of Fine-Structure Splitting Measurements.
8.5.1 Discussion of Measurements from Other Sources
Table 8.3 and  F igure 8.7 allow a  com parison betw een th e  fln e -s tru c tu re  Interval 

m easu rem en ts  an d  theo ry  for different atom ic n u m b ers  Z= 10-^36. A s s ta te d  earlier, there  

a re  very sm all d ifferences betw een th e  calculations; th e  theo re tica l re s u lts  of Mohi®® for 

th e  abso lu te  w avelength of th e  Ly-ai an d  flne -structu re  Interval a re  Ind ica ted  in  co lum ns 3 

a n d  4. The abso lu te  w avelength calcu lations are accu ra te  to  th e  la s t  significant figure. The 

flne -structu re  Interval expressed  a s  a  wavelength difference AXfs, a s  d iscu ssed  in  section  

8 .2 , varies very slowly w ith  atom ic num ber.

T he spectra  are observed from  various x -ray  sources; T okam ak p la sm a s  a n d  beam -foil are 

th e  m ost com m on, b u t a  few re su lts  also come from  beam -gas ta rg e t a n d  so lar flares. These 

a re  show n in  co lum n 5 an d  have been  converted to  a  w avelength difference. M ost of the  

experim ents are  specific a tte m p ts  to  determ ine QED effects, th e  f tn e -s tru c tu re  Itself or 

ad jacen t satellite s tru c tu re ; th ey  shou ld  therefore rep re sen t th e  b e s t  available 

m easu rem en ts .

After a n  Initial s tu d y  of Table 8 .3 , it is  su rp rising  th a t  b e tte r  a c cu racy  h a s  no t been  

achieved for th e  f ln e -s tru c tu re  in terval AXps. This is  particu la rly  t ru e  for Z^17 (Chlorine) 

w here the  doublet becom es clearly  resolved, X/AVs^800. The re s u lts  a re  g raded  from  A->D 

in  colum n 6  according to  th e ir  quoted accuracy: A Is for 0.5%  or b e tte r, B is  for 0 .5% ->l% , C 

is  fo r 1-^2% and  D signifies re su lts  w ith errors g rea te r th a n  2%. L ess th a n  h a lf  of th e  

re su lts  are quoted to  1% or better.
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Table 8.3 Comparison of n=2 ^P3/2-^Pi/g fme-structure interval AXps measurements with 
theory for different Z=10-»36.

z Elem ent Ly-ai
(A

Theory§ Experim ent
(mA (mA

Y# X-ray Source"^ and Reference

10 Neon 12.13208 5.4081 5.59 ± 0.04 B BF This W ork

12 M agnesium 8.419200 5.4096 5.7 ± 0.6 D T ok Dunn et al 1215]
5.39 ± 0.03 A T ok This W ork

13 A lum inium 7.176317 5.4104 5.4 ±0.1 C T ok Dunn et al [215]
5.48 ± 0.03 A Tok This W ork

14 S ilicon 6.180426 5.4112 5.5 ± 0.1 C T ok Dunn et al [215]
5.45 ±0.04 B T ok This W ork

16 S ulphur 4.727351 5.4131 5.40 ± 0.04 B BF Schleinkofer et al [193]
5.3 T ok Kâllne et al [196]

17 C hlorine 4.185329 5.4141 5.43 ± 0.04 B T ok Kâllne et al [206]
5.50 ± 0.04 B BF Richard et al [78]
5.38 ± 0.28 D BGT Deslattes et al [165]

18 Argon 3.731101 5.4152 5.3 ±0.2 D T ok Bartirom o et al [207]
5.7 ±0.5 D BF Brland et al [208]
5.37 ±0.04 B Tok M arm ar et al [191]
5.42 ±0.03 A BGT Beyer et al [166]
5.30 ± 0.05 B T ok Beiersdorfer et al [6 8 ]
5.5 ± 0.8 D BGT Beyer et al [209]

20 Calcium 3.018480 5.4175 5.35 ±0.11 C SFl Seely an d  Feldman [2 1 0 ]

22 T itan iu m 2.491198 5.4200 5.4 ±0.1 C T ok Bitter et al [187]
5.4 BF D ohm ann et al [2 1 1 ]

26 Iron 1.778016 5.4257 5.40 ± 0.05 B T ok Beiersdorfer et al [6 8 ]
5.5 ±0.1 C BF Halley et al [2 1 2 ]
5.6 ± 0.1 C BF Briand et al [213]
5.40 ± 0.05 B BF Briand et al [190]
5.49 ±0.17 D BF Silver et al [185]

28 Nickel 1.530340 5.4288 5.38 ±0.08 C T ok Bom barda et al [214]

30 Zinc 1.330516 5.4322 5.48 ±0.11 C BF Hailey et al [2 1 2 ]

32 G erm anium 1.166963 5.4358 5.44 ±0.02 A BF Laming et al [63]

36 Krypton 0.917794 5.4435 5.52 ±0.10 C BF Briand et al [190]

Key:

References are indicated In square brackets: [ ].

^Theoretical resu lts  from Mohr ^7.

#Grading of experiment accuracy, y . -  
A: Y < 0.03mA, better than 0.5%
B: 0.03 < y <  0.06mA between 0.5% and 1%.
C: 0.06 < Y < 0 .12mA between 1% and 2%.
D: 0.12mA < y ,  less than  2%.

1X-ray Sources:
BF Beam -foll.
BGT Beam Gas Target. 
SF l Solar Flare.
T ok  T o k am ak

249



Figure 8.7 (Over the  page) is a  com parison  betw een theoretical ca lcu la tions, by  Mohr®®, 
an d  experim ental m ea su rem e n ts  of th e  Lym an-a fln e -s tru c tu re  w avelength 
Interval AXfs for v a rio u s  atom ic nu m b ers . For clarity , e rro r b a rs  are only 
Indicated for th e  m ed iu m  Z d a ta  of th is  work; all re su lts  are  tab u la ted  on 
Table 8.3  w ith references. The experim ental d a ta  Is m ostly  from  Tokam ak 
p lasm as an d  beam -foll in terac tions. O ther re su lts  a re  available from  so lar 
flares and  beam -gas ta rg e t x-ray sources. Few experim ental re su lts  are 
available for low Z <16 o r h igh Z > 30  elem ents. C onsiderable sp read  In the  
experim ental d a ta  p o in ts  Is apparen t. Very few m easu rem en ts , however, are 
accura te  enough to  te s t  the  theory, though  there  m ay b e  som e evidence of 
h igher va lues for beam -foll sources.
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There also ap p ear to be system atic tren d s  which are source dependent. If th e  m easu rem en ts  

w ith  error b a rs  g rea ter th a n  10% are  neglected, then:

(1) Beam-foil m easu rem en ts , a lthough  w ithin experim ental e rro r of ca lcu la ted  values, 

are  m ainly  high. The 11 m easu rem en ts , ignoring the  fact th a t  they  com e from  

different Z, give a m ean  value  AX.ps of 5.4840m Â  w ith a s ta n d a rd  deviation of 

a=0.070m Â .

(2) Tokam ak resu lts  show  a  m ore even spread  around  th eo iy , b u t  ten d  to  be lower. The 

13 m easu rem en ts  give a  m ean  value of of 5.392m A  w ith  a  s ta n d a rd  deviation of 

0=0.065mA.

(3) The rem ain ing  th ree  m easu rem en ts  are very close to  th e  T okam ak  re su lts  w ith  AX̂ s 

of 5.383mA an d  a  s ta n d a rd  deviation of o=0.035mA.

(4) For comparison, a mean value of the theoretical results is AXps=5.425mA and 

0=0.013mA for all Z=10->^40.

These re su lts  have been  determ ined  independently  by  different experim ental g roups using  

different spectrom eters: th e  in s tru m e n ts  u se  single crysta l reflection techn iques, e ither 

collim ated flat c rysta ls  scan n ed  th ro u g h  the  w aveband sequen tially  or s ta tic  curved crysta l 

J o h a n n  spectrom eters w hich observe th e  com plete b a n d  sim ultaneously . Therefore, it can  

be concluded th a t  there  shou ld  be no system atic errors in  the  whole d a ta  set. A lthough there  

is  a n  overlap in  the  erro r b a rs  (±1.2%) for the  m ean  va lues  of th e  T okam ak  an d  beam -foil 

experim ents, th e  two m ean s  are  sep ara ted  by 1.7% of th e  interval. The T okam ak m ea n  is 

c loser (-0.033mA) to  the  theore tical calcu lation  th a n  the  beam -foil m ea n  (+0.059mA). This 

is reinforced by  the  sm aller d a ta  se t of o ther m easu rem en ts  (3) exhibiting close agreem ent 

w ith  th e  T okam ak d a ta  b u t show ing no overlap w ith beam -foil m easu rem en ts . There is 

sufficient evidence to  suggest th a t  th e  system atic difference betw een th ese  m easu rem en ts, is 

source dependen t and  m ay be due to  a  physical effect no t considered u p  to  now. S ta rk  shifts 

a n d  charge exchange in  beam -foü in terac tions m ay  co n trib u te  here.

8.5.2 Satellite Lines
The presence  of satellite lines or o ther contam inating  lines, b lended  w ith th e  doublet, can  

often  be observed a s  a n  asym m etry  to  the  line sh ap e  or a s  a  varia tion  in  th e  Lym an-a 

in tensity  ra tio  p. They m ay in troduce  sh ifts to th e  centro id  positions depending  on th e ir  

w avelength an d  in tensity . F as t beam  experim ents have som e advan tage here  since they  are  

chem ically  an d  isotopically p u re . T okam ak  p lasm as  te n d  to  c o n ta in  v a rio u s  im purities, 

often having  elem ents w ith spectra l lines superim posed  o n  th e  w aveband of in te rest.

However, sa te llite  lines in  fast b eam  experim ents are  u sua lly  m ore in ten se  th a n  in  

T okam aks an d  pose m ore of a  problem . (Compare th e  re su lts  for T itan ium  from  D ohm ann  

e t al^^  ̂w ith  those  from  B itter e t al^^ in  Figure 8 .8 ). In  low density  T okam ak  p lasm as, 

sa te llite  s tru c tu re  re su lts  from  dielectronic recom bination  of th e  H-like ion  an d  is  fairfy 

well understood . Charge exchange processes w hich occur in  beam -foil stripp ing , 

preferen tially  popu late  high n ' a n d  are  s ta te  selective p rocesses. F as t beam  spectra  also

252



S ’

01 Ol

2 E

2.4850 2.5025
w a v e l e n g t h  (Â )

Ti A. 8 M e V / Ns-

in"

2.48 2.50
W AVELENGTH

2.51 2.52

Figure 8 .8  Com pares the T, XXII Lym an-a from  a T okam ak p lasm a (a), w ith beam-foil 
sources (b). The spectral resolution is clearly b e tte r  in  (a). Reduced satellite 
contributions in (a) would be expected to  produce a  m ore accurate 
determ ination  of th e  fm e-structu re  sp litting  

.10*
1.2

( o l

0.6

I 372373375376

10

0.6

0.2

372373374
Wovelength (pm I

375376

Figure 8.9 Top fram e show s Argon XVIII Lym an-a spectrum  (full curve) from beam -gas 
target source (after Beyer et a l‘“ ), a n d  P o tassium  Ka calibration spectrum  
(broken curve). Bottom  fram e ind ica tes theoretical spectrum  with satellite 
con tribu tions as  b roken  curve. The Ar XVIII L ym an-a m easu rem en ts will be 
affected by the satellite lines.

253



exhibit a  greater spread of charge sta tes. The erro r in  th e  f in e -stru c tu re  m easu rem en t, 

w here th e  two resonance lines s it on  a con tinuum  of satellites, is  th e n  m odel dependen t and  

open  to  in terp re ta tion .

B eyer e t a l‘®® have used  th is  trea tm en t to analyse the  data , from  a  beam -gas target 

experim ent, to  determ ine the  Lam b shift for H-like Argon recoil ions. The L ym an-a lines 

a lthough  clearly resolved, sit on  a  con tinuum  of n>3 satellite lines, see  F igure 8.9. This is in  

sp ite  of m inim ising satellite p roduction  by  using  a  heavy U®®* 5 .9M eV /nucleon  ion beam . 

T heir fine -structu re  m easu rem en t agrees to good precision w ith theo ry  a t  th e  ~0.5%  level, 

b u t  is finally dependen t on th e  satellite  line in te rp re ta tion . They ap p roach  th is  problem  on 

two fron ts, b a sed  on a theoretically  calcu lated  satellite  spectrum , a n d  separa te ly  from  a  

sim ple em pirical viewpoint. The two m ethods, w hen  applied to  different su b se ts  of da ta , 

give very good agreem ent for th e  m ean  AXps to 0 .0 0  ImÂ, b u t w ith a  s ta te d  preference for the 

em pirical fitting procedure. However, it is  in teresting  to  note  th a t  no  com m ent is m ade 

ab o u t th e  different Lym an-a in tensity  (3-ratios of ~0.5 and  ~0.75 for th e  respective 

theo re tica l an d  em pirical p rocedures. T his is a  significant po in t w hich  a p p ears  to  have 

b een  overlooked and  w eakens th e  a rgum ent for th e  quoted high precision.

8.5.3 Satellite-Free Spectra
The b e s t w ay of overcoming th e  satellite  problem  is  e ither by c rea ting  satellite-free spectra  

o r by  im proving the  observed spectra l reso lu tion  a s  proposed  by  Lam ing et al̂ ^®. Some 

experim en ts have produced one-electron  spectra  largely free of sa te llite  con tam ination :

(1) A b eam  of fully stripped Cl nuclei cap tu re  a  single electron in  a  He gas ta rg e t 

(D eslattes et al*®®). Two electron cap tu re  is veiy  low.

(2) Varying the  energy of a  Cl beam  affects th e  degree of satellite  p roduction  in  foil- 

excitation experim ents (R ichard et al̂ ®). H igher beam  energies resu lt in  less  in tense  

sate llite  s tru c tu re . This is observed to reduce  th e  h igh fin e -s tru c tu re  value slightly 

b u t  is still w ith in  the  quo ted  experim ental error.

(3) Lam ing et al®® use a beam  of bare  Ge nuclei w hich cap ture  a  single electron a n d  are 

excited in  a  th in  foil target. He-like and  Li-like charge s ta te s  a re  observed to  be very 

low, b u t  a n  increase in  th e  flne-structu re  in terval of 0.04m Â  is  no ted  w ith  th ick n ess  

of th e  final exciting foil.

Satellite con tam ina tion  still h a s  to  be trea ted  carefully  in  fast heavy  ion  b eam s a n d  to  a  

le sse r  ex ten t for m edium  Z elem ents in  Tokam ak p lasm as.

8.6  Conclusions
Precision m easu rem en ts  of th e  2p fine-structu re  in terval a t  th e  0.5%  level are  given for 

m ed ium  Z ions. The accuracy of th e  resu lts  is com parable to  the  b e s t fine-structu re  

m ea su rem en ts  th a t  have been  m ade to  date. It is rem arkab le  to  be ab le  to  determ ine th is  

difficult reg ion  of th e  periodic tab le  accurately , w here previousty th e re  have b een  few 

m easu rem en ts . The u se  of a  J o h a n n  spectrom eter giving high sp ec tra l reso lu tion , good
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sensitiv ity  an d  s im u ltan eo u s  coverage of the w aveband (thus cancelling  tim e varia tions m  

th e  source emission) is essen tia l in  th is  respect. It m ay be com m ented  th a t  while th e  

ag reem en t with theo ry  is  very close for the  T okam ak data , it is n o t sufficien t to resolve the  

a p p a re n t d iscrepancy  betw een  different x-ray sources exhibited in  T able 8.3.

T he beam -foil Neon f in e -s tru c tu re  m easu rem en t, while being b e tte r  resolved, free from  

sa te llite  lines an d  de term ined  w ith  a sim ilar precision, is perplexing du e  to  the  fairly large 

difference w ith  theory . No o th e r  precise experim ental va lues a re  availab le  for com parison  

a n d  so  it m ay  be in te resting  to  rep ea t the  m easu rem en t for various a tom ic n u m b ers  on 

T okam ak, beam -foil a n d  beam -gas target sources w ith the  sam e c ry s ta l a n d  in strum en t.

T okam ak p lasm as have som e advan tages for u se  in  precision spectro scopy  w hen  com pared 

to  beam -foil sources; for exam ple they  are  an  in tense  x-ray  light so u rce  a n d  do n o t suffer 

from  large D oppler sh ifts . P la sm a  poloidal and  toroidal ro ta tio n  m ay  b e  considerable  

u n d e r  som e conditions b u t  in  p rinc ipal the  viewing geom etry c a n  b e  ch o sen  to  m inim ise 

th e se  effects. Beam -foil sou rces , however, are m ore com m only u se d  for precision  

spectroscopy on  acco u n t o f b e tte r  in trinsic  spectra l resolution.

The L ym an-a in tensity  ra tio  h a s  been  accurately  m easu red  an d  successfu lly  in terp re ted  for 

T okam ak  p lasm a cond itions a n d  beam -foil in teractions. The re s u l ts  described  for DITE 

suggest th a t  collisional a n d  sa te llite  effects con tribu te  equally to  th e  d e p a rtu re  of p from 0.5 

fo r Silicon. However, collisional m ixing dom inates by  a  facto r of 3  fo r M agnesium . It m ay 

be  possible to use  th e  P-ratio  of m edium  Z Hydrogenic ions a s  a  d en sity  diagnostic (up to 

ng=10*®cm'®) for T okam ak  o r o th e r  sim ilar low density  p lasm as. A n  a c cu ra te  in te rp re ta tion  

of th is  diagnostic req u ires  a  p rio ri knowledge of the  electron te m p e ra tu re  an d  satellite 

c o n tr ib u tio n s .

Finally, th e  p-ratio is  a  u sefu l guide to  the  presence of satellite lines in  all precision 

experim en ts  b u t  p a rticu la rly  for beam -foil and  beam -gas ta rg e t so u rces . P roper 

in te rp re ta tio n  of th is  ra tio  is c ruc ia l for accu ra te  m easu rem en t of th e  sp in -o rb it effect and 

sh o u ld  n o t be ignored.
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Final Conclusions.

In  sum m ary , th is  Jo h a n n  spectrom eter h as  been  u sed  to good effect on a nu m b er of 

d isp a ra te  laboratory  x-ray sources. The versatility  of th e  design h a s  been  clearly 

show n w hen  optim ised to th e  different experim ents. However, the  com m on fea tu re  in  

each  case  h a s  been  the  need for h igh resolving power. The in stru m en t h a s  been  m ore 

th a n  capab le  in  every experim ent: ion tem p era tu re  m ea su rem e n ts  from D oppler 

b ro ad en ed  em ission lines o n  DITE Tokam ak, e lectron  density  from  satellite  line 

in ten s ity  ra tio s  in  laser p roduced  p lasm as and  axial observation  of foil-excited fas t 

ion  beam s. In  th e  la tte r experim ents th e  full po ten tia l of th e  spectrom eter w as 

realised . The tran sitions of th e  He-like Silicon an d  H-like Neon ions were th e  b e s t 

resolved sp ec tra l lines in  th is  w avelength region to date.

High spectra l resolution h a s  allowed th e  study  of th e  L ym an-a fine-structu re  in  som e 

detail: the  m easu rem en t of n o n -sta tis tica l in tensity  p -ratios on  DITE h a s  been  

in te rp re ted  a s  a com bination of collisional and  unreso lved  satellite  line effects. The 

m easu red  p-ratios have also been  usefu l for estim ating  resonance  line opacity in  dense 

la se r p roduced  plasm as. M easurem en ts of the  f in e -stru c tu re  separa tion  Alps are of 

con tinued  in te rest in the  field of atom ic spectroscopy.

T his w ork c a n  be concluded w ith a  n u m b er of suggestions for the  im provem ent of the  

spectrom eter specification ou tlined  in  Part 1. These shou ld  be com bined w ith proposed 

fu tu re  experim ents th a t are  a  n a tu ra l  progression of th is  research . These c a n  be found 

in  th e  conclusions of the  c h a p te rs  in  P art 11.
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Appendix I.
Film Handling and Development Procedures.

The procedure, below, from  H enke et al^°, w as followed in  th e  developm ent of K odak 

DEF 392 x -ray  film:

Kodak Type DEF (DEF-392)
The Kodak DEF or DEF-392 (the difference being the sheet- 
film or 35-mm format) should be handled under Kodak 
Safelight Filter no. GBX-2 with a 15-W bulb, no closer than 
1 m from the film. This practice should be followed during 
processing as well. Special care should be taken not to bend 
the film too sharply, since doing so will result in many mi­
nute cracks in the emulsion. Fresh processing solutions 
should be used whenever possible; this is especially true for 
the developer because it will deteriorate when in an open 
tray or processing tank. The processing of the film is as 
follows, with all solutions, including the wash water, at 68®F 
in either a developing tank for roll film or a tray for sheet 
film;

1. Development: 5 min in Kodak GBX developer with 
gentle but continuous agitation.

2. Rinse: 30 sec in Kodak Indicator stop bath with gen­
tle but constant agitation.

3. Fixing: 6 min in Kodak Rapid Fixer or GBX fixer 
with constant agitation.

4. Wash: 30 min in running water then 30 sec in Kodak 
Photo-Flo 200 working solution.

5. Drying; At room temperature in still air, or at elevat­
ed temperatures not over 100°F in moving air.

In drying the film at elevated temperatures, care should be 
taken not to allow the relative humidity at the film to drop 
below 50%, as this can cause excessive shrinkage of the emul­
sion and a possible distortion of the image. The use of 
Photo-Flo wetting agent will help promote uniform drying of 
the film by either method, with a minimum of drying arti­
facts and water spots.

Kodak Type SB-5 (SB-392)
Recommended film handling and development procedure is 
that described above for Kodak DEF.

Kodak D -19 developer w as u se d  regularty Instead  of GBX, keeping tem pera tu re  an d  

developing tim e constan t, a n d  it w as found to  give sa tisfac to ry  resu lts . Ilford H ypam  

fixer for ord inary  b lack  an d  w hite  film w as often u sed  an d  no  deterio ration  in  th e  film 

quality  w as noticed.
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Appendix II.
Voigt Profile Synthesis.
The following F o rtran  code will syn thesise  th e  Voigt line p a ra m e te rs  of the  tab le  by 

T udor Davies and  Vaughan^®. The fast operation  of th e  code relies on th e  NAG rou tine  

DOIARF to evaluate th e  in tegral in  equation (4.26) C hap ter 4, for each  point on  th e  

Voigt profile. The Voigt p a ram ete r t| (ETA in  code) is chosen; th e  in tensity  position  on 

th e  profile, a s  a  frac tion  of th e  peak  in tensity , is also requested .

The h a lf  w idth  value is  expressed  in  absolu te  u n its  a n d  a s  a  frac tion  of th e  h a lf  w idth 

a t h a lf  m axim um  (HWHM). P eak  in tensity  for chosen  q is  also  given. The in tegral is 

evaluated in  Function  F I . M ost of the  code is needed to  express th e  h a lf  width/HW HM  

for a  given in tensity  position . This can  be easily m odified to  be  ru n  a s  a  su b ro u tin e  in  

a  line profile ana lysis  program m e.
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PROGRAM VOIGT

C
C J DUNN 10/8/88
C
C
C Voigt profile routine using the NAG routine DOIARF to evaluate the 
C integral. The Voigt code is accurate to 5 ppm; use of the DOIARF 
C routine is much faster (typically by a factor of 100) than other 
C integrating routines.
C
C Program asks for ETA value then will calculate the line width as 
C a fraction of the HWHM at the requested intensity.
C

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z)
REAL*8 ALPHA(390),BV(10000),0(10000)
INTEGER IFAIL,IPARM,N

EXTERNAL FI
COMMON /VAR/ X,ETA,PI

C
C ETA is the ratio of the Lorentzian width to the Gaussian width 
C

PRINT *, 'ENTER ETA COEFFICIENT VALUE'
READ *, ETA
PI=3.141592654
IF (ETA.LE.0.1) THEN

B=17.0
ELSEIF ((ETA.GT.(0.1)).AND.(ETA.LT.(0.8))) THEN 

B=17.0-(10.0*(ETA-0.1))
ELSE

B=8.0/ETA
ENDIF

35 CONTINUE
IF (NOGO.EQ.O) THEN 

AY=0.5 
ELSE

PRINT *, 'ENTER INTENSITY'
READ *, AY 

ENDIF

IPARM=0
DATA ABSACC,RELACC/0.0,5.OE-6/
DATA A/0.0/

RINC=1.0
IL=0
IU=1000
J=0

40 CONTINUE

DO 1 I=IL,IU
X=DBLE(I)/RINC
J=J+1
IFAIL=1
MAXRUL=9
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CALL DO1ARF(A ,B,FI,RELACC,ABSACC,MAXRUL,IPARM, 
+ACC,ANS,N ,ALPHA,IFAIL)
IF (IFAIL.EQ.O) THEN

* WRITE (2,*) X,ANS
* PRINT */X=',X/FUNCTION=\ANS

ELSE
PRINT */IFAIL=' , IFAIL
PRINT *,I/RINC,C(J)/C(1)-AY
ENDIF
BV(J)=X
C(J)=ANS

IF ((C(J)/C(1))-AY.LT.(0.0)) THEN 
GOTO 50

ELSEIF (DABS((C(J)/C(1))-AY).LE.(RELACC)*AY) THEN 
GOTO 100 

ENDIF
1 CONTINUE
50 RINC=RINC*10
* PRINT *,1,IL,IU

IL=1+(I-1)*10 
IU=IL+10 
IFLAG=IFLAG+1 
GOTO 40

100 IF (DABS((C(J)/C(l))-0.5).LE.(5.0E-6)) THEN 
SIG2=BV(J)
ELSE

ENDIF
N0G0=1

PRINT */HALF WIDTH=',BV( J) , ' AT INTENSITY:' ,C(J)
PRINT 'HWHM=',SIG2,'HALF WIDTH/HWHM=',BV(J)/SIG2 
PRINT *,'PEAK INTENSITY:',C(1)
GOTO 35 
END
REAL FUNCTION F1(Y)
IMPLICIT DOUBLE PRECISI0N(A-H,0-Z)
COMMON /VAR/ X,ETA,PI

VAL:(ETA*ETA*Y*Y)/4.0 
F1:COS(X*Y)*EXP(-Y-VAL)

•k PRINT * f !

* PRINT * 'COS(X*Y)=',COS(X*Y)
* PRINT * 'Y:',Y,'VAL=',VAL
* PRINT k 'FI:',F1
k PRINT k f r

RETURN
END
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Abstract. 

High Resolution X-Ray Spectroscopy of 
Laboratory Sources. 

Jam es Dunn.

A detailed  program m e of resea rch  is p resen ted  to  design, bu ild  a n d  operate  a  high 
reso lu tio n  A/AX^5000 cu rved  c rysta l Jo h a n n -ty p e  x -ray  spectrom ete r for th e  
w aveband  below  13Â. The spectrom eter is u se d  to  observe line em ission  fea tu re s  from  
different labo ra to ry  x -ray  sources. C h arac te ris tic s  of th e  J o h a n n  geom etry  a re  
d escribed  w ith  em p h asis  given to  th e  p roperties  of sensitiv ity , d ispersion , resolving 
pow er a n d  w aveband. The to lerance  of th e  in s tru m e n ta l p a ra m e te rs  is  defined for 
su ccessfu l h igh  sp ectra l reso lu tion  operation. The key fea tu re  of th e  spectrom ete r is 
th e  u n iq u e  c ry sta l b end ing  device w hich  c a n  genera te  a  h igh qua lity  cylindrical 
c u rv a tu re  of ra d iu s  R=150~>5000m m. The crysta l focusing  alignm ent a n d  tes tin g  
p ro ced u res  a re  evaluated . Choice of c ry sta ls  su itab le  for th e  observation  program m e is 
d iscu ssed  to g e th e r w ith  an a ly sis  tech n iq u es  for in te rp re ta tio n  of th e  x -ray  sp ec tra l 
line  profiles.

The in s tru m e n t is  op tim ised  for tim e-in teg rated  a n d  tim e-reso lved  ion  tem p e ra tu re  
m e a su re m e n ts  of UKAEA DITE T okam ak  a t  th e  C u lham  F u sio n  Laboratory. X -ray line 
em ission  re s u lts  from  m ed ium  Z He-like a n d  H-like im purity  ions a re  p re se n ted  for 
d ifferen t p la sm a  cond itions.

D ensity  sensitive  He-like a n d  Li-like A lum in ium  ion  sa te llite  em ission  fea tu re s  are  
s tu d ie d  fo r in te n se  tra n s ie n t la s e r  p roduced  p la sm a s  a t  th e  C en tra l L aser Facility, 
SERC R utherfo rd  A ppleton Laboratory. The p eak  p lasm a  e lectron  density  of 0.1 tim e 
solid d ensity  is  es tim a ted  from  th ese  line in ten s ity  ra tio s  a n d  is  in  good agreem ent 
w ith  S ta rk  line w id th  m easu rem en ts .

X -ray em ission  from  beam -foil in te rac tio n s  is  observed on  th e  Folded T andem  
acce lera to r of th e  N uclear Physics D epartm en t, Oxford University. The proposed  
im provem ent in  th e  in trin sic  sp ec tra l line b roaden ing  d u e  to  th e  acce lera to r is  
investiga ted  b y  h igh reso lu tion  axial beam  m e a su rem e n ts  of th e  He-like S ilicon an d  
H -like N eon n=2 tra n s itio n s .

The L ym an-a  in ten s ity  P-ratio  a n d  w avelength se p a ra tio n  AXpg is  s tu d ied  for th e  fine- 
s tru c tu re  of H ydrogenic Neon, M agnesium , A lum inium  an d  Silicon. The fin e -s tru c tu re  
sep a ra tio n  is  com pared  w ith  th e  D irac theo ry  a n d  o th e r  experim ental d a ta , w hile th e  
possib le  m ech an ism s giving rise  to  th e  n o n -sta tis tica l va lue  of th e  p-ratio  are  
a n a ly sed .


