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Re la t i ve  r a d i a t i v e  decay ra tes  o f  vacancies i n  L-subshe l ls  were measu- 

red f o r  a l a rge  number o f  heavy elements w i t h  a S i  ( L i )  de tec t i on  sys- 

tem. A graph ica l  method was employed t o  analyse the x- ray .  spectra so 

obtained.  Systematic r e s u l t s  a re  presented together  w i t h  o the r  a l ready 

publ ished r e s u l t s  obtained i n  our l a b o r a t o r i e s  i n  recent  years. This 

covers the i n t e r v a l  74<Z<93. Resul ts are compared w i t h  t h e o r e t i c a l  

p r e d i c t i o n s  and experimental data from o the r  authors,  and some general 

fea tures  are  noted. 

Mediram-se taxas r e l a t i v a s  de decaimentos r a d i a t i v o s  de lacunas em sub- 

-camadas L , para um grande número de elementos pesados, com um sistema 

de d e t e ~ ã o  de S i  ( ~ i ) .  Empregou-se um método g r á f i c o  para anal i ç a r  os 

espectros de ra ios- x  obt idos .  Apresentam-se resu l tados s is temát icos  jun-  

tamente com out ros  já  conhecidos, também obt idos  em nossos l abo ra tõ r i os  

nos Úl t imos anos, o que cobre o i n t e r v a l o  74<2<93. Comparam-se os re-  

sul tados com previsões teó r i cas ,  como também com dados experimentais de 

out ros  autores, chamando-se atenção sobre cer tas  c a r a c t e r í s t i c a s  gera is .  
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1. INTRODUCTION 

L x-ray spectra a r  

vacancies i n  the L 

w i t h  only a s ing le  

ise f o l  

levels 

K leve 

lowing the transference o f  electrons t o  f i l l  

. Since there are three L subshells, compared 

1, there w i l l  be a f a r  greater complexi t y  i n  L 

spectra than i n  K spectra, and normally about 15 t o  20 l i nes  are obser- 

ved from the higher atomic number elements w i t h  a good reso lu t ion  Si(Li) 

detect ion system. These spectra contain mainly normal (diagram) l i nes  

but a few forbidden M l  and E2 t r ans i t i ons  are sometimes iden t i f i ed .  Mo- 

reover, the presence o f  t r ans i t i ons  r esu l t i ng  from other  more complica- 

ted processes can introduce fu r ther  d i f f i c u l t i e s .  S a t e l l i t e  l i nes  occur 

both on the high-energy side and on the low-energy side o f  the referen- 

ce l ines. In  the f i r s t  case, the s a t e l l i t e  l i nes  are due t o  double va- 

cancy product ion e i  ther by Auger (KLX) o r  Coster-Kronig (L-L .x) t rans i - 
' f  

t i ons  o r  by d i r e c t  double ion iza t ion  by charged p a r t i c l e  impact. I n  the 

second case, the sate l  1 i te  1 i nes are due t o  radi  a t  i ve Auger transi t ions. 

i n  the case o f  mu l t ip le  ion iza t ion  by d i r e c t  impact, the i n t ens i t i e s  of  

the s a t e l l  i t e  1 ines r e l a t i v e  t o  the reference (normal) 1 ine are obvi-  

ousl y dependent on the creat ion mechanism o f  the vacancies (e.g., the 

charge and the energy o f  the ion iz ing  pa r t i c l e ) .  The r e l a t i v e  impor- 

tance o f  s a t e l l i t e  l i nes  due t o  outer vacancies fo l l ow ing  Auger and 

Coster-Kronig t rans i t i ons  are a lso  dependent on the primary d is t r ibu t ion  

o f  vacancies, i.e., on the creat ion mechanism. On the other  hand, an in-  

dependente o f  the mechanism o f  the L- shel l  vacancy i s  t o  be expected i n  

the case o f  rad ia t i ve  Auger t rans i t i ons .  

The analysis o f  such complex spectra requires a h igh  reso lu t ion  detec- 

t i o n  system. Though S i  (L i )  detectors are worse i n  energy reso lut ion than 

c rys ta l  spectrometers, they o f f e r  some advantages, spec ia l l y  f o r  measu- 

rements a t  higher x-ray energies, e.g., higher overa l l  detect ion e f f i -  

ciency, absence o f  spurious peaks, and simultaneous accumulation o f  the 

e n t i r e  energy spectrum, which r esu l t s  i n  much be t te r  s t a t i s t i c s .  

During the past severa1 years, a number o f  experiments have permit ted 

the measurement o f  the r a t i o s  o f  L-subshell emission rates. Vacancies 

can be produced by interna1 conversion, by e lec t ron  capture, o r  by co l -  

1 is ions. The f i r s t  method was employed i n  t h i s  laboratoryl-' t o  measu- 



r e  r e l a t i v e  r a d i a t i v e  decay ra tes  i n  TR, Bi,Ra, Rn, Ac and Np. We are  

now r e p o r t i n g  r e s u l t s  obtained by i o n i z i n g  W, Au, TE, Pb, B i ,  Th and U 

atoms, w i t h  pro tons  i n  the energy range from 0.5 t o  3.5 MeV. For these 

energies, m u l t i p l e  i o n i z a t i o n  by d i r e c t  impact i s  shown t o  be n e g l i g i -  

and so comparison w i t h  previous r e s u l t s  and w i t h  t h e o r e t i c a l  p r e d i c t i -  

ons i s  poss ib le .  These t h e o r e t i c a l  r e s u l t s  a re  based on the r e l a t i v i s -  

t i c  se l f - cons i s ten t  Hartree-Fock-Slater  p o t e n t i a l .  S c o f i e l d ' s  ca lcu la-  

t i o n s 5  a re  f o r  a p o i n t  nucleus, wh i l e  Rosner and ~ h a l l a ~  included the  

e f f e c t  o f  f i n i t e  s i z e  o f  the  nucleus. They both inc lude the e f f e c t  o f  

r e t a r d a t i o n  and t h e i  r numeri cal  resu l  t s  

cant  f i gu res .  More recen t l  y, ~ c o f  i e l d 7  

separate Hartree-Fock c a l c u l a t i o n s  f o r  

t i o n s .  Assuming a Coulomb p o t e n t i a l  and 

t i ons ,  ~ a b u s h k i n '  ca l cu la ted  the  in tens  

agree t o  w 

improved h 

the i n i t i a l  , 

r e l a t i v i s t i  

t h i n  th ree s i g n i f i -  

s resu l  t by us ing  

and f i n a l  wave func- 

c screened wave func- 

i t y  r a t i o s  o f  severa1 K and L 

x- ray t r a n s i t i o n s  f o r  many elements. Except f o r  the choice o f  the  po- 

t e n t i a l ,  a11 o f  these c a l c u l a t i o n s  bear c l ose  assoc ia t i on  onetoanother .  

Previous systemat ic measurements, on the L x- ray emission ra tes  o f  e l e -  

ments w i t h  h igh  atomic numbers (2>60), were p e r f o r m e d  b y  V i  c t o r  ', 
~ o l d b e r ~ "  and Salem e t  aL. ""' w i t h  c r y s t a l  spectrometers. The i r  r e -  

s u l t s  a re  presented together,  g raph i ca l l y ,  i n  two recent  compi la t ions  

by Salem 13> ' '  and w i l l  be not  reproduced here. As a ru le ,  the  expe- 

r imenta l  p o i n t s  a re  scat te red around the  t h e o r e t i c a l  curves o f  Scof ie ld ,  

as i s  i l l u s t r a t e d  i n  Fig.  1.  

2. EXPERIMENTAL METHOD AND DATA ANALYSIS 

I n  t he  present experiment, the  vacancies were produced by pro ton impact. 

The PUC/RJ 4 MeV Van de Graaf acce le ra to r  has provided the pro ton beam 

f o r  the experiments. Currents were maintained between 3 0 - 2 0 0  nA to 

avo id  extreme dead t ime w i t h  consequent peak deformat ion and e l e c t r o n i c  

p i  l e  up problems. The t a r g e t  t h i  ckness was always kept  smal 1 (%50pg/cm2), 

i n  order  t o  minimize pro ton energy loss  and s e l f  absorp t ion  o f  the x- 

- rays i n  the ta rge t .  Both e f f e c t s  were neglected i n  the  fo l l ow ing .  The 

t a r g e t s  were prepared by vacuum evapora t ion  o f  W, TR, Pb, and B i  on to  

t h i n  Formvar f i lms,  and Th and U on to  100 g / c m 2 ~ ~  backing f o i l s .  The Au 



f o i l  was s e l f  support ing.  The p u r i t y  o f  the  ta rge ts  was b e t t e r  than * 
99.98% (99.8% f o r  Th and U) according t o  the manufacturer . Targets we- 

r e  o r i e n t e d  a t  45' wi t h  respect  t o  the  beam. The x- rays were detected 

by a S i ( ~ i )  de tec to r  w i t h  a measured r e s o l u t i o n  o f  190 eV a t  6.4 keV. 

The de tec to r  was pos i t i oned  ou ts ide  the t a r g e t  chamber a t  an angle o f  
o 90 t o  the i nc iden t  beam d i r e c t i o n .  The vaccum separa t ion  was main ta i -  

ned by a 4m diameter Mylar  window 6 microns t h i c k .  A t h i n  All f o i l  i n  

f r o n t  o f  t h e  d e t e c t o r  was used t o  a t tenuate  the s t rong M x- rays. 

Although the presence o f  the absorber e l im ina tes  the sum peaks, i t  a l s o  

provokes a round ing- of f  o f  the  continuous background i n  the L&-La re-  

gion, i n t roduc ing  a supplementary d i f f i c u l t y  i n  the  ana l ys i s  o f  the  da- 

. t a .  Standard e l e c t r o n i c  modules were used. F igure  2 shows a t y p i c a l  

spectrum obtained a t  a bombarding energy o f  2 MeV. I t  i s  w e l l  known that  

the average separa t ion  o f  the  L x- ray l i n e s  increases w i t h  the atomic 

number. Thus, more p r e c i  s i on  should be expected i n measuri ng branchi  ng 

r a t i o s  f o r  h igher  Z elements. However, due t o  c ross ing iin the t r a n s i -  

t i o n  energies some o f  the more in tense l ines o f  the  h igh  Z spectra are 

l ess  w e l l  de f ined than i n  the spectra o f  lower Z element:;. 

Most o f  the i n d i v i d u a l  l i n e s  i n  the Lu, LB and L groups are no t  f u l l y  
Y 

' x t r a c t  accura- resolved and a peak f i  t t i n g  procedure has t o  be used t o  c 

t e  values f o r  the i n t e n s i t i e s  o f  the  l i n e s .  A graph ica l  s t r i p p i n g  me- 

thod was employed and f u l  l energy peak p r o f  i l e s  were dettsrmined expe r i -  

menta l ly  f o r  d i f f e r e n t  po r t i ons  o f  the spectra.  These standard peaks 

were gamma rays, o r  Ka I ines o f  1 i g h t  elements obtained by pro ton impact 

and decomposed i n t o  t h e i  r components by an i t e r a t i  ve procedure. The low 

energy t a i l  o f  the peaks was c a r e f u l l y  determined f o r  each i n t e r v a l  o f  

approximately 3 keV. The v a r i a t o n  o f  the  FWHMwith the photon e n e r g y  

wi t h i n  the l i m i  t ed  range o f  i n t e r e s t  was determined from the measured 

standards and i n t e r p o l a t i o n  a t  any energy value i s  poss ib le  w i t h  an un- 

c e r t a i n t y  no t  g reater  than 5%. 

* Koch-Light Labora tor ies  Ltd, Colnbrook, Bucks, England. 



FIG.l. Experimental branching r a t i o  R = L /LB Y l  1 

versus atomi c number (2) f rom Ref. 14  .The theo- 

r e t i c a l  curve from Ref.5 i s  a l so  shown. 



ENERGY ( K ~ v )  

F I G . 2 .  Pb L X-ray spectrum obtained by 2 MeV 

pro ton irnpact. 



The presence o f  auto- ionized s a t e l l  i t e  1 ines which are  no t  resolved 

e i  t he r  from t h e i r  parent 1 ines o r  from each o ther ,  c a n  i n t r o d u c e  a 

broadening t o  the high energy s ide o f  the l i n e s .  Th is  broadening i n  

observed i n  some L spectra from low Z atoms bu t  i s  seems unimportant 

f o r  elements w i t h  Z 1 70 when the spectra are recorded w i t h  S i ( L i )  spec- 

trometers. I n  Refs. 2 and 4, L x-rays f o l l o w i n g  the in terna1 conversion 

o f  magnetic d ipo le  nuclear t r a n s i t i o n s  were observed, namely the 38.85 

keV t r a n s i t i o n  i n  T R ' ' ~  and the 46.5 keV t r a n s i t i o n  i n  ~ i ' " .  Since i n  

these cases the number o f  p r  imary vacancies 

p i c a l l y  o f  the order  o f  1 t o  2% o f  the t o t a l  

c ies ,  and s ince the r a d i a t i v e  LILI I I t r a n s i t  

more than 4% o f  t he  t rans fe r red  vacancies, a 

emi t ted i n  the presence o f  a second vacancy. 

n the LIII subshel l  i s  t y -  

number o f  pr imary v a c a n -  

on i s  responsible f o r  no 

most a i  1 the  L x-rays a r e  
C1 

However, asynunetries and/ 

o r  energy s h i f t s  o f  the Lu l ine were not  observed w l t h  our semicondutor 

spect rometer . 

Special care was devoted t o  the determinat ion o f  the r e l a t i v e  e f f i c i e n c y  

o f  the x-ray de tec t i on  system, i nc lud ing  the i n t r i n s i c  e f f  i c i ency  as well 

as x-ray a t tenua t ion  by the  Mylar window, a i r  path,  AR absorber and Be 

entrance window. K x-rays produced by pro ton impact on 1 i g h t  elements 

and gamma rays f rom s tandard ca l  i bra ted rad ioact  i ve  sources were emplo- 

yed. The sources were mounted i n  the chamber a t  the ta rge t  l o c a t i o n  and 

the re fo re  had a geometry representa t ive  o f  the  ac tua l  experimental con- 

d i t i o n s .  Background due t o  the backing f o i l s  was considered, bu t  i n  a11 

cases i t  was n e g l i g i b l e  i n  the energy reg ion o f  i n t e r e s t .  

The e r r o r s  presented were est imated as the maximum dev ia t i on  from the 

average in tens i  t y  o f  each peak i n  var ious t r i a l s  o f  the f i  t t i n g  process. 

The main sources o f  e r r o r s  were the ana lys is  o f  unresolved p e a k s  and 

background subt rac t ions.  I n  our graphical  s t r i p p i n g  method, both opera- 

t i ons  were performed simul taneously. Peak areas, r a  t h e r  t h a n  peak 

heights,  were used i n  data ana lys is  i n  order t o  account f o r  the changes 

i n  the peak w id th . l n  these cond i t ions ,  count ing s t a t i s t i c s  introduced 

negl i g i  b l e  e r r o r  i n t o  a l  1 the  measurements. Cot rec t ions t o  the measured 

r a t i o s  f o r  the  overa l  1 spectrometer e f f  i c iency introduced e r r o r s  t h a t  

could be kept less than * 4%. 



3. RESULTS 

The values o f  the La/LR and L /L r a t i o s  as a func t i on  o f  proton ener- 
17 Y1 

gy were checked f o r  any v a r i a t i o n  w i t h  energy. Table I 1 i s t s  the slope, 

i n  ( M ~ v ) - ' ,  o f  a least-squares f i t t e d  s t r a i g h t  l i n e  t o  the values f o r  

La/LR and L / L  r a t i o s .  The quoted e r r o r s  were ca l cu la ted  from the ex- 
r1 

per imental  e r r o r s  a t  each p o i n t .  No systemat ic v a r i a t i o n  o f  the r a t i o s  

wi t h  the energy was found. Th is  constancy i s  not  s u r p r i s i n g  s ince they 

are branching r a t i o s  o f  t r a n s i  t ions t o  the  L and L subshel l s ,  res- I I I  I  I  
pec t i ve l y ,  and d i r e c t  m u l t i p l e  i o n i z a t  

gy protons are used f o r  exc i  t a t i o n .  

On the o the r  hand, t he  r e s o l u t i o n  a t t a i  

no t  enable the observat ion o f  any s a t e l  

on i s  not  expected when low ener- 

nable w i t h  our spectrometer d i d  

l i t e  l i nes .  Although some r e s i -  

dual counts were observed i n  the deepest va l l eys  o f  the spectra, the  

o r i g i n  o f  these counts was not  i d e n t i f i e d .  A11 experimental r e s u l  t s  

concerning the measured branching r a t i o s  are presented i n  f i gu res  3 t o  

TABLE I 

Coef f i c i en ts  a ( M ~ v - I )  and b, o f  i e a s t  squares f i t t e d  s t r a i g h t  l i n e s  

R = aE + b, f o r  some elements. R i s  e i t h e r  LR/La o r  L /li . Values o f  
1 Y i  

the proton energies E were taken i n  the i n t e r v a l  0.5 - 3.0 MeV. 



14. They are compared w i t h  the theo re t i ca l  p red i c t i ons  o f  Sco f i e ld  and 

~abushk in '  whenever avai  l ab le .  Experimental resul  t s  from o t h e r  au- 

thorsl  are a l so  presented f o r  comparison ( they were renormal ized for 

convenience, i n  some cases). I n  f a c t ,  we used the L , L and La 1  ines 
v1 v4 

as the reference 1 ine i n  the L I  and L ,  groups, respec t i ve l y .  These 

l i n e s  are we l l  def ined i n  a11 spectra and are a f fec ted  on l y  by n e g l i g i -  

b l e  e r r o r s  o f  s t a t i s t i c a l  o r i g i n .  Thus, the e r r o r  bars i n  the branching 

r a t i o s  are essen t ia l  l y  due t o  the e r r o r s  i n  the  determinat ion o f  t he  

second t r a n s i t i o n  and the e r r o r  introduced by r e l a t i v e  e f f i c i e n c y  o f d e -  

t e c t i o n  (maximum 4% f o r  the most d i s t a n t  p a i r  o f  t r a n s i t i o n s  as, f o r  

instance, L6,/La, Ln/Lyl, L,,/Lyi). We observe a  very la rge d ispers ion 

amng  the experimental p o i n t s  even when the e r r o r  bars are r e l a t i v e l y  

small.  Despi te t h i s  la rge spread, the  experimental data appear t o f o l l o w  

the same general t rend e x h i b i t e d  by the t h e o r e t i c a l  curves. Our r e s u l t s  

are i n  c lose r  agreement w i t h  Sco f ie ld ' s  than w i t h  Babushkin's ca l cu la -  

t i ons .  The rnost s i g n i f i c a n t  d iscrepancies are observed i n  the Ly,/Ly, 

and L /L r a t i o s  which are sys temat i ca l l y  l a r g e r  than theo re t i ca l  pre- 
B 6  a  

d i c t i o n s .  The behaviour o f  the "forbidden" L t r a n s i t i o n  i s  as re-  
@ 9 , 1 0  

gu la r  as t h a t  o f  t he  E1 t r a n s i t i o n s .  

Some spec ia l  branching r a t i o s  are  o f  i n t e r e s t .  I n  Fig.  15, t h e  q / B 1  

branching r a t i o  i s  presented. I t  i s  the  analog t o  the y,/yl r a t i o  o f  

F ig .  7. Both are  (ns1/2 -tp1/2) / (nd3/2 -t p1/2) r a t i o s  w i t h  n = 3 and 

n = 4  respec t i ve l y .  They are  almost Z-independent, wi t h  a  tendency t o  

exceed s l i g h t l y  the theo re t i ca l  p red i c t i ons .  The analog t o  the R/a ra-  

t i o  ( ~ i ~ . l l )  i s  the e,/@, ,, r a t i o  ( ~ i ~ . 1 6 ) ;  they correspond t o  (ns1/2+ 
9 

p 3 / 2 ) / ( n d +  p3/2) r a t i o s  w i t h  n = 3  and n = 4, respec t i ve l y .  A gent le  

increase wi t h  Z i s  observed i n  both cases. I n  t h i s  region o f  atomic num- 

bers, the  r)/@, and the y,/y, vs Z curves are almost p a r a l l e l .  The theo- 

r e t i c a l  r a t i o  between the curves decreases o n l y  8% from Z = 74 t o  2 =93. 

The same i s  t rue f o r  the f3,/B2, ,, and the R/a vs Z  curves. The absolute 

value o f  the r a t i o s  (but  not  t h e i  r s l  i g h t  Z dependente) can be exp la i -  

ned by the dependence o f  the t r a n s i t i o n  p r o b a b i l i t y  on the t r a n s i t i o n  

energy. 

Another c lass  o f  i n t e r e s t i n g  branching r a t i o s  i s  t h a t  o f  p a i r s  o f  t ran -  

s i t i o n s  w i t h  the same i n i t i a l  s t a t e  o f  the vacancy and f i na l  s ta tes  w i t h  



the same R and j values but differing in the n quantum number as, for 

instance, the (4 d -+ 2~3/2)/(3d -+ 2p3/2) ( ~ i ~ .  12) and (5d -+ 2p3/2) / 

(4J -+ 2p3/2) (Fig. 17) ratios. The theoretical trends predicted by Sco- 

field are very different one from another, and the experimental points 

agree quite well with the calculations. It is worthwhile observing that 

the second ratio increases by a factor of 10 in the Z interval conside- 

red. The same pecul iar behaviour is observed both rxper i menta l l y and 

theoretically for the ( 4 d 3 / 2 - + 2 p 1 / 2 ) / ( 3 d 3 / 2 + 2 p 1 / 2 )  ( ~ i ~ . l O )  and 

(5d3/2 -+ 2p1/2)/(4d3/2 -+ 2p1/2) (~ig.8) ratios. The abrupt increase of 

the second branching ratio with Z is partially related with the increase 

in the number of electrons in the O shell. The sudden increase of the 

&/B2, 15 and y6/y1 ratios with Z in the region Z = 74 to Z = 90 is to be 

compared with the sudden increase of the p2, 15/a and ~ , / l 3 ~  ratios in 

the region Z = 40 to Z = 57, where the N shell is not yet complete1 y 

f i 1 led. When the 4f subshel l begi ns to be f i 1 led, a change in the slope 

of the rat ios is predi cted theoretical ly and observed experimental ly . 
The same effect is expected to occur when the 5f electronic leve1 begins 

to be fi lled at Z = 91. This si tuation, noted by salem", is well re- 

produced by recent calculations of the emission rates in the transura- 

nic elementsl'. A less striking effect is observed in the (4p -+ 2s1/2)/ 

(3p -+ 2s1/2) (Fig.18) and (5p + 2s1/2)/(4p + 2s1/2) (~ig.5) ratios, but 

the increase with Z of the branching ratio when the final state is in 

the O shell is still clearly observed. 

Of special interest are the ratios s,, s, 

and woodlg as the rat ios of the probabi l 

ticular Li subshell (i = 1,2,3) will be f 

and s, def ined by Rao, Palms 

ity that a vacaricy in the par- 

illed 

from a shell above the M shell to the probabi 

led by a radiative transition from the M shell 

tica17 and experimental results are given for 

atomic number. Whenever the experimental value 

on probability was not attainable, the theoret 

by a radiative transition 

ity that it will be fil- 

In Fig. 19, the theore- 

the S .  as a function of 
Z 

of the relative transiti- 

cal rato was recalculated 

after removing the corresponding theoretical value from the s ratio. i 
With the use of separate relativistic Hartree-Fock solutions, an extre- 

mely good agreement is reached as in.the case of the similar K /% ra- B 
tio2'. 



CONCLUSIONS 

The ana l ys i s  o f  the  complex L x- ray spectra o f  h igher  atomic number e l e -  

ments seems t o  be the u l t i m a t e  l i m i t  f o r  the  present c a p a b i l i t y  o f  the 

S i  ( L i )  de tec tors15.  Much o f  the  l a rge  spread i n  the  experimental da ta  d i -  

r e c t l y  r e f l e c t s  the  poor r e s o l u t i o n  o f  the  spectrometer and the i n t r i n -  

s i c  1 imi t a t i o n s  o f  the  s t r i p p i n g  procedure ( u n c e r t a i n t i e s  i n  background 

s u b t r a c t i o n a n d  i n  a h e d e t e r m i n a t i o n o f  l i n e p r o f i l e s ) .  S u r p r i s i n g l y  

enough, the  r e s u l t s  obtained w i t h  the  S i  ( ~ i )  spectrometer are  almost as 

good as those obtained w i t h  c r y s t a l  spectrometers. However, n e i t h e r  me- 

thod a l lows c lea r- cu t  conclusions about the  L x- ray emission ra tes .  The 

best  t h a t  can be sa id  i s  t h a t  they seem t o  f o l l o w  the  general t rends pre- 

dic ted  by r e l a t i v i s t i c  Hartree-Fock-Slater  ca l cu la t i ons .  Small systematic 

dev ia t i ons  seem t o  be f i r m l y  es tab l i shed  o n l y  i n  a few cases. The poss i -  

b l e  presence, i n  t he  L x- ray spectrum, o f  f u l l y  unresolved s a t e l l i t e  li- 

nes i s  a f u r t h e r  l i m i t a t i o n ,  o f  completely unknow extension,  i n  the  de- 

te rm ina t i on  o f  t he  i n t e n s i t i e s  o f  the  diagram l i n e s .  I n  f a c t ,  the t rans-  

ference o f  vacancies from the K t o  the  L s h e l l  by Auger t r a n s i t i o n s ,  and 

the in terna1 r e d i s t r i b u t i o n  o f  vacancies amng the  L subshel ls  by the 

Coster-Kronig processes, c reate  L-vacancies accompanied by an externa1 

second vacancy which modi f ies  both  the energy and the  t r a n s i t i o n  ra tes  

fo r  the r a d i a t i v e  f i i l i n g  o f  the L vacancy. So, even i n  the  a b s e n c e  o f  

d i r e c t  m u l t i p l e  i o n i z a t i o n ,  and neg lec t i ng  second order  processes, sa- 

t e l l i t e  l i n e s  are  always present bu t  they a r e  undetectable w i t h  t he  usual 

experimental methods o f  measuring L branching r a t i o s  i n  the  h i g h e r  Z 

atoms. On the  o the r  hand, t he  t h e o r e t i c a l  c a l c u l a t i o n s  were n o t  made f o r  

r a d i a t i v e  t r a n s i t i o n s  i n  t he  presence o f  a second vacancy. The rough 

agreement between those c a l c u l a t i o n s  and branching r a t i o s  o b  t a  i ned  i n 

w ide l y  v a r i a b l e  circumstances suggests t h a t  the  pe r tu rba t i on  introduced 

by these secondary ou te r  vacancies i s  unimportant. I t  i s  however worth-  

wh i l e  observ ing  t h a t  w i t h  poor r e s o l u t i o n  spectrometers we a re  measuring 

"gross" branching r a t i o s  corresponding t o  the  p r i n c i p a l  p lus  s a t t e l  i t e  

1 ines. 

The authors would l i k e  t o  thank Dr. W. R .  Owens and G. 8. Bap t i s ta  f o r  

reading the  manuscript and f o r  h e l p f u l  comments. The s k i l l f u l  ass is tance 

o f  Mrs. T. Azevedo i n  the  data ana l ys i s  i s  k i n d l y  acknowledged. 



FIG.3 .  Experimental branching r a t i o  R = L /L, 
8 3  Y~ 

versus atornic nurnber ( 2 ) .  The open c i  r c l e s  are 

our r e s u l t s .  The o the r  exper imental  p o i n t s  a re  

frorn Ref.1-4 (squares); Ref. 16 ( so l  i d  c i rc les) .  

The s o l i d  curve i s  from Ref. 7. 



FIG.4 .  Experimental branching r a t i o  R = L g  /L  
4 X 

versus atomic number (2 ) .  The open c i  r c l e s  a re  

our  r e s u l t s .  The o the r  experimental po in t s  are 

f rom Ref . 1-4 (squares) ; ~ e f .  16 ( so l  i d  c i  rc les) .  

The so l  i d  curve i s f rom Ref. 7 .  



FIG.5.  Experimental branching r a t i o  R=L / L  
y4 Y:! , 3 

versus atorni c  number (2). The open c i  r c l e s  are 

our  resu l  t s .  The o the r  experimental po in t s  are 

from Ref. 1- 4  (squares); Ref . l 6  ( so l  i d  c i r c l e s )  

and Ref. 17 (crosses) . The s o l  i d  curve i s  from 

Ref. 7.  



F I G . 6 .  Experimental branching r a t i o  R=L 
610, 

versus atomic number (2). The open c i r c l e s  are 

our r e s u l t s .  The o the r  experimental po in t s  are  

f rom Ref . l - 4  (squares) . The so l  i d  curve i s  f rom 

Ref. 5 .  



FIG.7. Experimental branching r a t i o  R= Ly5/Lyl  

versus atomi c number (2) . The open c i  r c l e s  are 

our r e s u l t s .  The o the r  experimental po in t s  are 

f rom Ref . l - 4  (squares) ; Ref . I 6  (so l  i d c i  r c l e s )  . 
The so l  i d curve i s  f rom Ref. 7 . 



FIG.8. Experimental branching r a t i o  R = L / L  
Y 6  Y 1 

versus atomic number (2). The open c i  r c l e s  are 

our  r e s u l t s .  The o the r  experimental po in t s  are 

f rom Ref. 1-4 (squares) ; Ref. 17 (cresses) . The 

s o l i d  curve i s  from Ref. 7 .  



FIG.9. Experimental branching r a t i o  R = L / L  
Tl Y l  

versus atomic number (2). The open c i  r c l e s  are 

our r e s u l t s .  The o the r  experimental po in t s  are  

from Ref. 1-4 (squares); Ref .16 ( so l  i d  c i r c l es ) ;  

Ref. 17 (crosses) . The so l  i d  curve i s  f rom Ref. 

7. 



FIG.lO.Experimenta1 branching r a t i o  R=L /Lg  
Y l  1 

versus atomic number (2). The open c i  r c l e s  a re  

our  r e s u l t s .  The o ther  experimental po in t s  are 

f rom Ref . 1-4 (squares) ; Ref. 16 ( so l  i d  c i  rcles). 

The s o l i d  curve i s  f rom Ref. 7. 



FIG.11.Experirnental b r a n c h i n g  r a t i o  R = L /'L 
R n 

versus atornic number (z) . The open c i  r c l e s  a r e  

o u r  r e s u l t s .  The o t h e r  exper imenta l  p o i n t s  a r e  

f rom Ref.1-4 (squares ) ;  Ref.16 ( s o l i d  c i r c l e s ) ;  

Ref .  I 7  ( c rosses)  . The s o l  i d  c u r v e  i s  f r o m  Ref .  

7 .  



FIG.  12.Exper imenta l  b r a n c h i n g  r a t i o R = L  /La 
8 2  9 15 

versus a t o m i c  number (2). The open c i r c l e s  a r e  

o u r  r e s u l t s .  The o t h e r  exper imenta l  p o i n t s  a r e  

from Ref .  1-4 (squares) ;  Ref . i 6  ( s o l  i d  c i r c l e s ) .  

The s o l i d  cu rve  i s  f r o m  Ref .  7 .  



FIG.13. Experimental branching r a t i o  R= L / L  
B 6  

versus atomic number (2). The open c i r c l e s  are  

our resu l ts .  The other  experimental points are  

from Ref . l - 4  (squares) ;Ref . i 6  ( s o l i d  c i  rcles) .  

The sol i d curve i s f rom Ref . 7. 



F I G . ~ ~ .  Experimental branching r a t i o  R = L /L  
B5 

versus atomic number (2 ) .  The open c i  r c i e s  are 

our resu l  t s .  The o the r  experimental po in t s  are  

f rom Ref. 1-4 (squares) . The so l  i d curve i s  

from Ref .7. 



FIG.15. Experimental branching r a t i o  R = L /L;  
6 1  

versus atomic number (z) . The open c i  r c l e s  are 

our r e s u l t s .  The o the r  experimental po in t s  are 

from Ref . l - 4  (squares); ~ e f  .16 ( so l  i d  c i  r c l e s )  . 
The s o l i d  curve i s  from Ref.7, and the dashed 

curve f r o m  Ref .8. 



~ I G . 1 6 . E x p e r i m e n t a l  b r a n c h i n g  r a t i o  R=L /L 
B 6  B2,15 

versus a tomic  number (2). The open c i  r c l e s  a r e  

o u r  r e s u l t s .  The o t h e r  exper imenta l  p o i n t s  a r e  

from Ref. 1-4 (squares) ;  Ref .  16 ( s o l  i d  E i  r c l e s )  . 
The s o l i d  c u r v e  i s  f r o m  Ref .  7 .  



FIG.17. Experimental branching r a t i o  R=L / L  
85 '2,15 

versus atomic number (2). The open c i r c l e s  are  

our r e s u l t s .  The o the r  experimental po in t s  are 

from Ref . l - 4  (squares) ; Ref. 16 ( so l  i d  c i r c l e s )  . 
The s o l i d  curve i s  from Ref.7. 



~ l G . 1 8 .  Exper imenta l  b r a n c h i n g  r a t i o  R=L 
Y2,3'L~3,' 

versus atomi  c  number (z) . The open c i  r c l e s  a r e  

o u r  r e s u l t s .  The o t h e r  exper imenta l  p o i n t s  a r e  

f rom Ref . I - 4  (squares)  ; Ref .16 ( s o l  i d  c i  r c l e s )  . 
The s o l i d  cu rve  i s  f r o m  Ref .  7 .  



FIG.  19. ~ h e o r e t i c a l ~  and experimental r a t i o s  s,, s, and s,,Our resul ts 

a re  the open c i r c l e s ;  the  squares are  from References 1-4. 
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