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ABSTRACT 

The L to K rat ios  in the electron capture decay of the isotopes T a  179 

and W have been redetermined. Thin (0.060 in. ) NaI crys ta l s  with thin 

(0.002 in.) Be windows were  used to detect the L and K x rays.  The partial  

f luorescent yields of the L sub shel ls  of Hf and T a  were  a l so  measured  by 

determining the coincidence ra tes  between the L and the K x rays  emitted by 

the sources.  I t  i s  necessary  to know the fluorescent yields if the L to  K ra t ios  

a r e  to be determined f r o m  the measured  intensities of the L and the K x rays.  

The L to K ra t io  of ~a~~~ was found to be 0.63 0.06, which implies a total  

decay energy of approximately 115 * 5 kev for  this isotope. This energy i s  

consistent with the observation that no gamma rays  accompany the decay of 

Tii 79 since the first excited level of ~f 179 has an energy (122 kev) exceeding 

the total decay energy of ~a~~~~ The L to K rat io  of W 18' was found to be 

0 .23  * 0,05 f rom which a decay energy of approximately 260 kev i s  computed. 

This re.sult i s  in agreement  with the fact  that two weak gamma rays  are emit-  ' 

ted by the source,  one a t  137 kev and the other a t  152 kev. These gamma rays  

181 ' 
correspond to excited levels  . i n  T a  These gamma rays  a r e  in coincidence 

with the L x rays emitted by the source  but not with the K x rays ,  which means  

that the total decay energy of W must  exceed 166 kev. The L to  K capture 

rat ios  reported he re  a r e  not in good ,agreement with previously reported values. 
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INTRODUCTION 

. . 

Whenever a nucleus is  unstable against positron emission but does not 

have the decay energy necessary to create the positron, then it decays by 

capturing an orbital electron and emitting a neutrino. The most prominent 
. . 

electromagnetic radiations observed in an electron-capture decay a r e  usually 
. . . . .  

the characteris t ic  x rays of the daughter nucleus, These may be either the 

Kg L, o r  higher-shell x rays, depending upon which electron i s  captured in 
. . 

. the decay. The relative number of vacancies created in the various atomic 

sub shells by the decay process depends on the nature of the P decay and on 

the total energy of the transition. 

If the decay energy i s  very much l a rger  than the electron binding energy 

in the various sub shells, then, for allowed and first-forbidden transitions, 
. .  . , 

the ratios of K to L to M capture depend only on the electron densities in 

these shells at the nucleus. On the other hand, if the decay energy i s  com- 
i 

parable to the binding energy in the K shell, then the L to K capture ratio i s  

a function of the decay energy, the dependence being such that the emission of 
. . 
1 '  

high-energy neutrinos' i s  favored. Since no other way exists to determine the 
. . 

decay energy for  electron capture processes, it is  of some importance to 

measure  as  accurately a s  possible the L to K capture ratios. 



I t  i s  difficult to determine the relative number of L and K vacancies f rom 

the relative intensities of the L and K x rays emitted by the source. In the 

case of K capture, most of the K x rays emitted also create an L-shell  va- 

xancy, and the L x rays emitted by the filling of these, va:cancies must somehow 

be distinguished from L x rays which follow L electron. capture. In addition, 

every K o r  L vacancy created does not always result  in the emission of the 

corresponding x ray'. The energy of the transition call be dissipated by thc 

emission of one of the outer electrons of the atom, (Efleclrulls ~;esu l t i i~g  from ' 

such processes a r e  called Auger electrons.) F o r  the isotopes studied here,  

this effect was not too important for  K electrons since only about 7% of the 

K vacancies lead to the emission of an Auger electron. However, over 70% 

of the L vacancies decay by emitting electrons, and i t  i s  therefore very im-  

portant to know the rat io of electrons to  x rays emitted by L'vacancies since 

only the x rays a r e  counted. The usual way in which Auger transitions a r e  

taken into account is  to define a quantity called the "fluore.scent yield" which 

i s  the ratio of the number of x rays emitted to the number of .vacancies created 

in  a given shell. P a r t  of the object of the present experiment i s  to measure  

the fluorescent yields of the various atomic shells which take part  in the elec- 

t ron captu.re decay. 

Two isotopes which decay by pure electron capture w e r e  studied, W 181 

179 
and 'l'a Both of these have long e~luugli half-lives s o  that vcry detailed 

experiments can be performed. Previous work on W is  somewhat contra- 

dictory. Bisi, Terrani ,  and zappa2 have measured the L to K ratio and find 

a number (C /cK = 1.54 * 0.1) which implico a decay energy of 7 2  ksv. On 
L 

the other hand, Cork, Nester,  LeBlanc, and   rice) have observed internal 

conversion electrons emitted by a W 181 source corresponding to energy levels 

i n  Ta  81 at 137 and 152 kev.  he observed intensity of these lines i s  about 



0. 2% of the total number of decays. Debrunner, Heer,  ~ G n d i g ,  ~ G e t s c h i ,  

4 
and Lindquist have also observed these gamma rays with a scintillation 

spectrometer.  These workers.have als,o shown that the gamma rays a r e  in 

coincidence with L x rays emitte,d by the W 18,1 source,  indicating that the 

gamma rays a r e  not due to impurities. If these gamma rays correspond to 

levels in ~a~~~ at 137 and 152 key, then the decay en.ergy must exceed 164 

kev and the L to K ratio mus.t be considerably smal ler  than the value ,reported 

in reference 2. ,The results reported in the present work confirm the exist- 

ence of the high-energy gamma rays and the value obtained for  the L to K. 

capture ratio i s  .consistent with the higher decay energy required by the ex- 

istence of the gamma rays. The present work therefore resolves the contra- , . .. . . 

181 
dictory situation with regard to W 

In the case of ~a~~~ , ,the decay i s  s impler  since no gamma rays a r e  1'. 

emitted by the source. The measured L to K ratio i s  sufficiently large  so . 

that the decay energy computed.from this resul t  does not exceed the energy . . ; ,( 

of the f i r s t  known level in ~f~~~~ However, the L to K ratio reported here  . s o )  

i s  not as large ,as the value ( 1.4 * 0.4) given in reference 5. 

EXPERIMENTAL .METHODS . 

Scintillation counters were used in all. the measurements reported here,  

There a r e  two important features which a scintillation crystal  'sensitive to low- 

energy x rays must  possess.  The f i r s t  is  that the light output per  ion pair 

must be as large  as possible so that pulses due to  low-energy quanta can be 

distinguished f rom phototube noise. This requirement means that Nd(T1) ' 

crystals  must be used. The second requirement. is  that absorption of the low- 

energy quanta in the window of the crystal  must be minimized. (Csl  cPystalsb 

which a r e  not hygrnscopic, 'could be operatcd without ally wi~lclow s; however, 

their  light output i s  not sufficiently large for  the .purposes of this experiment. ) 



The mos t  successful c rys ta l s  were  made a s  follows: A l a rge  piece of sodium 

iodide was taken and thin (=0.060 in.) s l ices  were  cleaved f r o m  i t  using the 

usual  techniques. A s l ice  was then placed into a b r a s s  holder with a g lass  

face  on one side. Optical contact with the g lass  face was made with s tandard 

Dow Corning silicone grease .  A 0.002-in. -thick beryllium window was then 

cemented to  the top of the holder in such a way that the container was airtight. 

The g lass  face was attached to  the p h o t u r ~ ~ u l l i y l i e ~ ~  with mine ra l  oil whcn the 

c rys t a l  was used. I t  was found that i t  was not necessary  to  polish the faces  

of the c rys t a l  if i t  had good cleavage surfaces.  In fact, bet ter  resolution was 

usually obtained with unpolished crys ta l s .  No levigated alumina was used a s  

a light ref lector  since a l aye r  of this ma te r i a l  on the surfac.e of the c rys ta l  

would introduce a la rge ,  unknown absorption factor  f o r  the. low-energy x rays.  

The pulse -height spec t r a  obtained with the W 18' and T a  179 sources  a r e  shown 

in  Fig.  1. Three  peaks a r e  clear ly visib1.e in each spectrum, one a t  about 60 

kev corresponding to  the K x ray, one at  about 30 kev corresponding to  the 

escape peak of the high-energy x rays,  and finally a peak a t  about 9 kev co r -  

responding to  the L x r ays  emit ted by the source,  The resolution obtained for  

the 59-kev ~m~~~ gamma-ray  peak  with this  sys tem was 16%. The r a the r  

prominent escape peak i s  observed because the c rys ta l s  were  thin, Thin 

c rys t a l s  give lower backgrounds and a lso  give a sliglltly l a r g e r  light output 

f o r  the ve ry  low-energy x rays.  

The preparation of the sources  used f o r  these experiments  required 

considerable c a r e o  The W 181 source  was made by bombarding ~a~~~ with 

7-Mev protons in the LRL Live rmore  90-inch cyclotron. The ta rge t  was made 

of four  0,00025-in. T a  foils. These foils were  then dissolved and the W 
181 

was chemically separa ted  using c a r r i e r - f r e e  methods s o  that the number of 

heavy atoms in the source  was reduced to a minimum, The tungsten was 
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prepared in a water solution as  an ammonium salt. Some drops of this solu- 

tion were then placed on a 0,001 -in. Mylar backing and evaporated. Another 

0,001-in. Mylar piece was then glued to the top of the source to make the seal. 

The Ta  179 source was made by bombarding hafnium metal  with 24-Mev deu- 

terons at the 60-inch Crocker 'Laboratory cyclotron.' The Ta  was again sep- 

a'rated chemically by ca r r i e r  -free methods and the sources were prepared 

a s  described above. Since many short-lived activities due to Ta  isotopes r e -  

sult f rom this bombardment, old (= 2 years)  sources were used for  this work. 

(The half ;life of ~a~~~ i s  about 660 days. ) , 

Standard electronic equipment was used throughout the experiment. 

RCA 6810A photomultiplier tubes were employed and the tube base circuits 

+were modified so  that the resis tances between the cathode, the focusing grid, '  

and the f i r s t  two dynodes could be varied to adjust the tubes for maximum 

resolution. F o r  the coincidence measurements on the L and K x rays,  circuits 

with a resolving time of about 1 psec were used. 

EXPERIMENTAL RESULTS 

In order  to interpret the results obtained in the measurements to be 

1 

described, certain relations between the observed counting rates  and,the ac-  

tual L and K vacancies created by electron capture must be derived. ., These 

relations involve the fluorescent yields of the L and K shells. The object of 

some of the experiments described in this paper i s  to make new measurements 

of the fluorescent yields of the L and K sub shells'of these materials.  

Let  D be the number of disintegrations per  second of the source, C~ 

the fraction of K-shell vacancies produced by the decay, and CL the fraction 

of L-shell  vacancies produced by the source, so  that the L to K ratio i s  
I 

\f C L /cK. If nK,  EK and AK a r e  the geometiical factor,  efficiency, and 



t r ansmiss ion  fo r  the K x-ray counter and 52 
L '  and AL a r e  s imi l a r  

quantities fo r  the L x-ray counter, then the number of K counts p e r  second i s  

where  w i s  the f luorescent  yield of the K shell .  The expression f o r  the nurn- 
K 

b e r  of L x rays observed i s  complicated by the fact  that the L x r ays  a r i s e  

f r o m  two sources:  x-ray emission af ter  L capture which i s  proportional t.o 

(CLD), and L x-ray emiss ion  following K x-ray emission which i s  proportional 

to  (CKD) The number of L counts observed i s  therefore: 

In  this formula,  ALL,  E L L .  and w a r e  the t ransmission,  efficiency, and L L  

f luorescent  yields for  L x rays  following L capture,  and AKL , EKL and 

w a r e  s imi l a r  quantities fo r  L x rays  following the emission of K x rays.  KL 

The reason for  distinguishing between the two species  of L x r ays  i s  that the 

L capture process  c rea te s  vacancies mainly in the L ( 2 ~ ] , / ~ )  shel l  and hence 
I 

leads  to  t ransi t ions into this level?  whereas the K x-ray emission c rea te s  va- 

cancies  only in the L II ( l p l / z )  and LIII ( 1 ~ ~ / ~ )  shells.  Since the energies  of 

the resulting t ransi t ions a r e  slightly different ( 8  kev ts 10 kev) , t h e  trans - , 

miss ions ,  efficiencies, and f luorescent  yields will a l so  differ. These  differ- 

ences must  be taken into account if accura te  resu l t s  a r e  desired.  The quantity . 

nKL in Eq. ( 2 )  i s  equal to  thc nurnbcr of L vacancien c r e a t e d  per I< vaiaf i iy .  

This  quantity i s  defined in  detail in  the review paper by Robinson and Fink. 6 

F o r  the present  computations, values given.in that review ar t ic le  were  used. 

The L to K capture ratio,  cL/cK , can now be expressed  in t e r m s  of 

the quantities defined in Eqs.  (1) and ( 2 ) .  If the rat io  of the number of L 

counts to  K counts (NL/N ) i s  measured,  then the L to  K capture rat io  i s  
K 



given by . 6 

In order  to compute C L /C K  from N ~ / N ~  . all the quantities in the 

on the right-hand side of. the equation must be evaluated. Since the same 

counter i s  used to detect both the K and L x rays,  QK = QL if the distance be- 

tween the source and the counters i s  large enough so that edge effects can be" 

neglected. F o r  the beryllium window crystals  used here,  the ratios of the 

A's and the E g s  a r e  quite close to unity. The most important correction 
I 

which must  be 'applied is. the absorption in a i r  of the L x rays which'appears 

in ( A ~ / A ~ ~ )  and this ia only of t h e o r d e r  of '5% for the geometries used in ... . , I, 

the experiment.   ow ever, the L-shell  fluorkscent. yields ' a re  not well known 

and it i s  therefore necessary to perform another experiment to determine them. , 

The partial  fluoresc.ent yield, ' w K L '  can be obtained by mea'suring the . . .'. , 

coincidence ra te  between the L and the K  x rays. This counting r a t e  is  ,given by 

where N  i s  the observed K  x-ray counting rate  in the K  x-ray counter and 
K  

the expression in the' parentheses i s  the probability that the L counter will 

detect an x ray. Solution of Eq. (4) for  w gives KL 

The factor a must be included in Eq. (5)  because the K  x-ray counter cannot 

resolve the Ka from the K  x rays. The number a i s  therefore the fraction 
P 

of the observed K  x-ray counts due to K  x rays. To compute w K L  " the values a  

-, of ;a given. in reference 6 were used. 



The arguments made in  the l a s t  paragraph a r e  t rue  only if there  i s  no ,.. ,, 

angular correlat ion between the L and the K x rays emitted following K cap- 

ture .  The assumption of isotropy i s  implicit  in Eq. ( 4 ) .  Severa l  experiments 

w e r e  performed with both sources  to m e a s u r e  the coincidence r a t e  a t  180" 

(back-to-back) and 90". The coincidence ra te  in these two positions was 

found t o  be the s a m e  to within 5% . .This resu l t  i s  not surpris ing since a 

g r e a t  many atomic levels  a r e  involved in the t ransi t ions,  and the counters 

a r e  not able to resolve the individual K and L x-ray fine s t ruc ture  in the spec-  

tr 'um. Es t ima tes  of the expected distribution show that i t  should be nearly 

isotropic.  

The decay of ~a~~~ proceeds direct ly  to  the ground s tate  of ~f~~~ *. N o  

radiations other than the Hf K and L x rays  were  observed f rom this source.  

The t ransi t ion i s  most  probably an allowed transit ion since the ground s tate  

of ~f~~~ has  the spin 9/2+ and the ground s tate  of ~a~~~ probably has  a 

sp in  7/2+. The decay energy can be computed f r o m  the L to  K capture ratio 
I 

using the formula given in reference 1. The decay energy obtained in this 

manner  i s  consistent with the fact  that the f i r s t  excited level in Hf 179 i s  a t  

122 kev, an energy exceeding.the computed decay energy. The resu l t s  a r e  

summarized  in Table I. 

In  the case  of W 181, the decay i s  m o r e  complex since i t  proceeds to the 

ground s tate  about 99. 7 %  of the t ime.  In the .remainder of the t ransi t ions,  

two energy levels  in  T a  I t ( '  at 1'37 kev and 152 kev a r e  populated. A weak 

composite peak corresponding to  these t ransi t ions i s  observed in the scinti l-  

lation pulse-height spectrum. The 152-kev gamma ray  is about twice as 

intense a s  the 137-kev line. Both gamma rays  a r e  in coincidence with the L 

x r ays  emitted by the source  but a r e  not i n  coincidence with the K x rays .  The 

two gamma rays a r e  a l so  not in coincidence with each other.  The decay scheme 



for  this isptope given in reference 4 i s  therefore confirmed and the intensities 

of the gamma-ray lines relative to the x rays-  quoted by these authors a r e  

181 
.found to be correct .  The transition to the ground state of Ta  i s  a f i r s t -  

farbidden transition since the spin  of ~ a l  81 i s  7/2+ and the probable spin of 

w 18' i s  7/2-. T h e  decay to the 137-kev level also proceeds by a f i rs t -  

t forbidden transitibn since t h l  spin of the 137-kev level i s  9/2 The decay ' 

energy for this isotope a s  obtained from the L to 'K ratio i s  computed using 

the formula for  allowed transitions. This procedure i s  justified by the fact 

that first-forbidden transition probabilities apparently do n i t  contain any 

energy-dependent t e rms  other than those introduced by phase space c'onsid- 

erat ionsO7 It follows therefore that the energy dependence of the L to K cap- 

ture ratio for  these transitions also is  due only to the phase space factor  which 

means that the formula of reference 1 i s  applicable. The decay energy com- 

puted from the L to K ratio using this method is  sufficiently large (260 kev) 

to explain the existence of the observed gamma rays. The electron wave 

functions used to compute the decay en'ergies a r e  tabulated in reference 8. 

The large e r r o r s  quoted in the decay energy of W 18' a r e  characteris t ic  of 

small  (t 0.2) values of cL/cK, since the decay energy in this' region i s  a 

very sensitive function of C /cK. It should also be pointed out that the decay L 

energy of W 18' is  probably not quite as  la rge  as  the value given in Table I. 

since K capture to the excited levels would then be possiblk. .Since no K cap- 

ture  is  observed (i. e . ,  no K x rays a r e  observed in coincidence with the gamma 

rays) ,  the decay energy must be l e ss  than 210 kev, which is  within the limits 

of e r r o r  of the quoted energy. The above argument is  t rue  only if  K capture 

to the excited levels is  not forbidden for other reasons. 

The circumstance that W 181 can also decay to excited levels in Ta. 181 

by pure L-shell  capture makes i t  possible to measure  the partial  fluorescent 



UCRL -6 20 7 

yield w by a method s imi lar  to that used to determine w 
LL KL" 

The coinci- 

dence ra te  between the gamma rays and the L x rays i s  given by 

This formula i s  identical in form to Eq. (4). , The quantity b i s  the fraction 

of L capture to . LtMtN . capture and has the value 0.735. according to best 

est imates of electron densities given in reference 9. N i s  the gamma-ray 
Y 

counting ra te  in the gamma counter. Since the t~ans i t ion  lu lhe 13'i'akev level 

i s  also a first-forbidden transition, the value of .w computed f rom Eq, (6 )  LL 

can be. used in calculating, C /C  . f o r  the ground-state transition in Eq. ( 3 ) .  L K 

I t  should also be pointed out that the method outlined for the measure - 
ments of w and.w has the additional advantage that s.ome of the efficiency KL L.L 

and gransmission factors in Eq. (3)  a r e  cancelled. It i s  therefore not neces-  

s a ry  to compute them. 

The experimental resul ts  a r e  summarized in Table I. In order  to show 

how the final values of C / c ~  were obtained, all the important numbers L 

appearing in Eqs. ( 3) and (5) a r e  included. Tlrr i ~ i e a s u ~ e d  ratios of N ~ / N ~  

a r e  shown in the f i r s t  column. The next columns show the quantities n . KL 

and a ,  The measured fluorescent yields, w and w 
KL 

a r e  shown in the 
L L  

next two columns. Finally, the values of .cL/cK and the decay energies a r e  

listed in the las t  two columns. Since no measurement of the partial  fluores - 
cent yield, wLL , could b e  made in the case of r a i 7 ?  it was assunled that the 

values of w for  the two isotopes 'studied a r e  in,the same ratio a s  the values LL 

of w KL '  This assumption i s  not unreasonable since both w and o 
LL KL 

probably have the same Z dependence- 
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TABLE I:. Summary of results.  

Isotope Decay energy 
.(kev) . .  - . . . . .  
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Fig. 1. Pulse-height s ectra of ~a~~~ and W 181 P sources. Note that 
the K x-ray peak of the W 81 spectrum is larger relative to  the L x-ray 
peak than the K x-ray peak in the ~ a 1 7 9  spectrum. This difference i s  
reflected in the values of N ~ / N ~  listed in- able I. 
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T h i s  report was  prepared a s  a n  account  of Government sponsored work. 
Neither the United S t a t e s ,  nor the  Commission, nor any  person ac t ing  on 
behalf bf the  Commission: 

A. Makes any  warranty or representil t ion,  expressed  or implied, with 
respec t  t o  the accuracy,  completeness ,  or u s e f u l n e s s  of the information con- 
tained in th is  repor t ,  or that  the u s e  of any  information, appara tus ,  method, 
or p rocess  d i sc losed  in th i s  report may not infringe privately owned rights;  or 

B. Assumes any  l i ab i l i t i e s  with respec t  t o  the  u s e  of,  or for damages  
resul t ing from the u s e  of any  information, appara tus ,  method or p rocess  dis-  
c losed  in th i s  report. 

As  used  in the  above ,  "pe rson  ac t ing  on behalf of the Commission " 

includes  any  employee or contractor of the commission, or employee of such  
contractor,  t o  the  ex ten t  tha t  s u c h  employee or contractor of the Commission, 
or employee of s u c h  contractor prepares ,  d i s semina tes ,  or provides a c c e s s  
to,  any  information pursuant to  h i s  employment or contract  with the Commis- 
s ion ,  or h i s  employment with s u c h  contractor.  




