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Numerical non- relativi stic c a l culations o f  internal 
brems strahlung s pectra are d e s c r ibed and comrrf ed with recent 
experiments . The spectra of the nufjfi Pt ( where f rom m 
l imits have a l ready been obtained ) and I have been mef��red� 
both agreeing we l l  with theory . From the measurements o f  I i t  
i s  p o s s i b l e  t o  deduce limits on the mixing parameter f o r  heavy 
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nuc leus for neutrino mas s mea surements us ing internal 
brems strahlung . 
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1 . I ntroduction 
Internal brems s trahlung f o l l owing e l e ctron capture ( I B )  i s  

t h e  s econd -order p r o c e s s  in w h i c h  a photon i s  emi tted in a 
normal nuc l e a r  e l ectron ca pture : 

( 1 )  

The final s tate thus cons i s t s  o f  the d aughter nucl eus with a 
hole h in an atomic s he l l  ( norma l l y  an s -hole or a p - h o l e ) ,  an 
e l ectron neutrino and a photon . I n  genera l , only the photon i s 
measured . The end point of the photon spectrum , which 
corresponds to emi s s ion o f  neutrinos o f  low energy , carries 
information on the neutrino mas s  i n  the same way as the t r i tium 
end point carries information on the anti- neutr ino .mas s .  U s e  o f  
I B  i s  the mos t  obvious wa y to obtain d i r e c t  ma s s  l imits o n  
neutrinos t o  compl ement t h e  l imits on anti - neutrinos f rom 
trit ium decay . 

Interesting ma s s  l imits require I B - spectra with high r e l ­
ative intens i ty at t h e  end point . T h i s  wi l l  occur for nuc l e i  
wher e  t h e  Q-value equa l s  an a tomic s - s tate binding energy B . 
The r eason is that a l l  p - I B  s pectra ( f inal s tate with a p-atoi!c 
ho l e )  exhibit r e s onances at l ow photon energi e s , name l y  the x­
rays . X- ray emi s s ion after el ectron capture i s  norma l l y  treated 
a s  a two - step proce s s , but is covered by eq . ( 1 ) . The x-rays are 
an integral part o f  the I B  spectrum . Requiring the inte rnal 
brem s s t rahlung end point to l i e  at the posi tion o f  an x - ray 
gives the mentioned re l ation Q=B . For the r e sonant enhanc ement 
to work ful l y ,  this relation s h881 d  be ful f i l l ed within the 
width of an x - ray , i . e . , 0 ( 1 0 eV ) . Unti l l  now no nuc l e i  has 
been found for which this is the cas e ;  the s eemip�JY most promising candidate for neutrino mas s  measurements i s  Ho with 

) Q-B - 7 5 0  eV . 
ExP�rimenta l l y  the I B - technique o f f e r s  s everal adva ntage s , 

as photons are detected instead of e l ectrons , and as the shakeup 
and s hake - o f f  problems which p l ague the tritium experiments are 
virtua l l y  nonexi sting here . The two main d i s advantages are as 
f o l l ows . F i r s t  the total I B - s pectrum i s  intri n s i c a l l y  compo s i t e . 
Many atomic f i na l  sta tes ( though a f i nite number )  are a l l owed in 
eq . ( 1 ) ,  each with an as s ociated partia l I B - s pe ctrum . The end 
points o f  the d i f ferent spectra do not coincide . Howeve r , this 
can Pffetimes be turned int� an advantage ( th i s

.
was the case for 

the I experiment o f  s ection 4 )  as a neutrino · s i gnal must 
occur at s everal correl ated p o s i tions i n  the spectrum . Alterna­
tively coincidence measurements can be u s ed to p i ck out a s ingle 
spec trum . S econd we need to have r e l i a b l e  c a l culations o f  the 
matrix e l ements . The r e s onances which make I B - experiments pos­
sible s tem f rom the atomic matr i x  e l ement s . These matrix e l e ­

ments c a n  in princip l e  be ca l culated , t h e  next s e ction sum­\Il§lf i z e s  op:f ( partia l ) solution o f  this probl em . Experiments on 
Pt and 5 r  to test these ca l cu l ations a r e  then d e s c r i bed , 

the l imits one can extract on neutr ino ma s s e s  f rom thes e  exper i ­
ments a re a l so given . A t  l a s t  some con c l u s i on s  on t h e  future 
work with I B  wi l l  be g iven . 

2 .  Calculations o f  I B  s pe ctra 
The s tandard tr�atment o f  internal brem s s trahlung is due to 

Gl auber and Mar t i n ) .  They were mos t l y  interested i n  predicting 
the spect rum above tre x - ray region and used hydrogenic wave 
functions . D eR u j u l a  ) extended their work to inc l ude the l ow 
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photon energies as well and sugges ted an empirical procedure in 
order to place the x rays at their experimental l y  observed 
positions . In subsequent works4 ) s creening has been taken into 
account by use o f  non-re lativistic wave functions . Thi s brings 
the predicted x -ray energies in much c l o s er agreement with the 
exper iments than by use of hydrogenic wave functions . 

A detai l ed discuss ion of the theory of p - I S  i s  given i n  
ref . 4 , w e  h e r e  j u s t  give the f inal f ormula . The intens i ty of np­
I S  ( f inal s tate atomic np-ho l e )  per decay as a function of 
photon energy K i s : 

1 dwnp 2 e2 S 1 Mnp-( K J l 2 

s 

dK rr�
J
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( 2 )  

Z - 1  Z �'np d T  

( 3 )  

Here Q i s  the nuc l ear Q-value , S and ljJ ( O ) the atomic binding 
energy and wave function at origin values with the subscript 
giving the atomic orbital and the superscript the nuclear charge 
( Z  in the mother atom , Z - 1  in the daughter atom ) . S i s the 

kinema t i c  factor which depends on the neutrino mas s . Here the 
general formula is given for s everal neutrino mas s e s  m .  o f  
relative strength c .  ( this i s  o n l y  rel evant i f  neutrino mi*ing 
occurs ) . M i s  th� second-order matrix e l ement , the integra l s  
s tem f r omnfhe atomic dipo l e  matrix e l ements . Only t h e  wave 
functions for the occupied levels are used , the last term in 
eq . ( 3 )  is approximated by a term T / ( K+ t  ) ,  which is evaluated 
by means of sum rules ( s ee r e f . 4  f 8� deta�£s ) . 

The corresponding formula for n s - I S  is simply : 

( 4 )  

with S given in eq . ( 2 )  and the same notation as above . 

1 9 3  3 .  The IS- spectrum �f Pt 
The i sotope 1 Pt i s  idea l l y  suited for a test of the l ow 

energy IS theory as its QEC= 5 6 . 6±0 . 3  k�V is l e s s  than the 1 s ­
binding energy . For ?¥r measurements 4 ) of its IS- spectrum we 
used a source of 7 x 1 0  atoms PfOduced at the I SOLDE facil ity at 
CE�N . The s etup used a 200 mm intrinsic Ge detector and a 1 00 
mm S i ( Li )  detector so that the total I S - spectrum as well as the 
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IS coincident with L x- rays ( i . e .  2 p- I S )  could be measured . 
R e f s . 4 , 5  give the experimental detai l s . 

A comparison of the experimental and theoretica l  total I S  
spectrum i s  given i n  f igure 1 a  on a n  absolute scal e . The shape 
i s  reproduced very w e l l  b y  theory , whi l e  the absolute magnitude 
is good to within a factor of 2 only . Figure 1 b  gives the 
corresponding compari son for the 3 p+ 4p+ . . .  IS- spectra . Again the 
shape f it s  wel l ,  whi l e  the absolute magnitude is somewhat o f f . 
Note the interference dip at 20 keV which arises when the 
amp l i tudes i n  the matrix e l ement in eq . ( 3 )  sum to z e ro . As 
a l r eady reported

5
) a 90\ conf . upper l imit on the el ectron 

neutr ino mas s  ( m  o f  eq . ( 2 ) ,  as suming c �1 ) o f  500 eV can be put 
from this experifuent . 
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Fig . 1 .  The internal bremsstrahlung spectra o f  
1 9 3 Pt 

taken f rom ref . 4 .  The solid l ine i s  the theoretica l  
curve ( s ee section 2 ) ,  d o t s  are exper imental points . 
Figure 1 a  shows the total IS s pectrum , f igure 1 b  shows 
the ( 3p+4p+ . . .  ) - IS s pectrum . 

1 2 5 4 .  The IS- s pectrum �� I 
The i s otope 

1 
I has a Q c= 1 8 6 . 1 ±0 . 3  keV somewhat higher 

than atomi c binding energi e s . Fof thi s r eason both s - I S  and p - I S  
c a n  be seen1 4 the l a t t e r  dominating at lower energi e s . A source 
of a bout 7x 1 0  atoms was produced at 2 I SOLDE . The total IS­
s pectrum was measured with two 200 mm intrinsic Ge d etectors .  
R e f erence 6 gives the experimental detai l s . 

Figure 2 gives the theoretical and experimental IS-spectrum 
on an a bsolute scal e . Agai n  the shape is reproduced very wel l ,  
the absolut e  magnitudes agree within the 30\ , uncertainty on the 
normal i zation o f  the experimental spectrum . The data yield 
l imits on neutrino-mixing . Assuming that only two neutr ino 
mas s e s  are pres ent , one o f  them very l ight , we get 90\ conf . 
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upper l imits on the mixing parameter cL of eq . ( 2 )  of 1 - 2 %  for 
neutr ino pa s s e s  m in the range 1 5 -45  kev . This excludes t�e 
�ug¥��ted ) 3% 1 �  keV neutrino in accordance with exper iments ) 
on .. ') .  

101 ������������������-"-·-·2;_,4• 
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F ig . 2 .  The total I B  s pectrum o f  1 2 5 r ,  the inset gives 
the d ecay scheme . The experimenta l spectrum i s  unfolded 
for detector r e s ponse but not corr ected for p i l e -up , 
whi c h  gives the s t r ucture in the spectrum below 70 keV . 

5 .  Outl ook 
From the two compa r i s ons we conclude that theory can give 

the shape o f  I B - s pectra with high accuracy and absolute 
intens i t i e s  within a factor 2 as long as we are w e l l  awa y f r om 
inte r f er ence dips , wher e  we are very sensitfve to smr�! changes 
in atomic parameter s .  The predicted s pectrum ) for Ho , the 
mos t  pr omi s i ng candidate f o r  neutrino mas s  measurements , i s  
given i n  f igure 3 .  The mos t  noticab l e  f eature i s  the 
interfer ence dip r i ght at the end point . We can not determine 
the exact position o f  thi s inter f e rence d i p4 ) ,  however , i t  w i l l  
l i e  within 0 . 5  keV of t h e  s pectral end point , thus making 
neutr ino ma s s  measurements more d i f f i cu l t . We f e e l  tpft to put 
interes ting l imits on m f r om the I B - s pectrum of 3 Ho , it i s  
necessary t o  use high �f f i c i ency detectors with better 
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F ig . 3 .  The theoretical total 
d e t e c t o r  r e s o lution ( FWHM ) 
in . Predictions a r e  given f o r  
a n d  m . The exa c t  p o s ition 
uncertain by about 0 . 5  keV . 

IB s pe c trum of 
1 6 3 Ho . A  

o f  0 . 1  keV has been f o lded 
three s e t s  o f  values o f  Q 
of the inte r f e r ence d i p  i s  

r e s o lution tha n o f f e r ed by S i ( Li )  detecto r s . T h e  p o s s i b i l ity o f  
f inding a �etter

1 6
� sotop� should n o t  be

.
exc luded . Calor ime t r i c  

m e a s u r ements ) on Ho s t i l l  s eem promi s i ng a s  we her e mea s u r e  
b o t h  t h e  I B  ( " ta i l s  o f  x rays " )  a n d  e j ected el ectrons ( " ta i l s  o t  
A u g e r  l ine s " ) ,  the l a s t  p r o c e s s  being the domi nating one . 
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