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The antineutrino spectrum of fission products from thermal neutron induced fission of 24tpu was derived from a measurement 
of the correlated beta spectrum. The energy range 1.5 MeV to 9 MeV was covered and a precision 0f4% was achieved at 4 MeV. 
A revised version of the antineutrino spectrum from 239pu fission is also presented. 

A variety of fundamental  problems in charged and 
neutral current reactions with low energy ant ineutr i -  
nos can be investigated with reactor 9o under  the fa- 
vourable condit ion of a high source strength [ 1,2]. A 
nuclear reactor emits approximately 2 × 10 ~ 7 Ve per 
megawatt of thermal power with energies up to about 
10 MeV, s temming from the beta-decay of fission 
products in the core. For such investigations an ac- 
curate knowledge of the emitted 9e spectrum, both in 
intensity and in shape, is of major  importance as 
demonstrated by recent neutr ino oscillation and in- 
verse beta-decay cross section studies [ 3 ]. 

For a power reactor the dominan t  contr ibut ions to 
the total an t ineut r ino  spectrum stem from the ther- 
mal neutron induced fission of 235U and 239pu. The 
contr ibut ions from 23sU and 241pu are both less than 
10%, with the 241pu component  varying strongly as a 
consequence of breeding. The spectral shapes of these 
various components  are very different and thus the 
total spectrum alters with the t ime evolution of the 
reactor core. 

In earlier studies we have determined experimen- 
tally the % spectrum Nv from thermal neutron in- 
duced fission of-~35U and 239pu [4 -6] .  In the present 

paper we present our final results on the 9,. spectrum 
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from 241pu fission. Some preliminary data, without 

an absolute calibration were already given in ref. [ 6 ]. 
A revised and improved version of Nv for 239pu, based 

on the experimental  results presented in ref. [4],  is 
also given here. 

The procedure followed to determine the ant ineu- 
trino spectrum of 241pu fission products was carried 

out in two main  stages as in our earlier experiments 
on 239pu and 235U [4,5]. The cumulated beta spec- 

t rum of fission products from a sample of 24~pu ex- 

posed to a constant flux of thermal neutrons was 
measured first. The experimental spectrum was then 
converted into the correlated ant ineutr ino spectrum 
N,,. 

The experiment was performed at the beta spec- 
trometer BILL of the ILL High Flux Reactor [7]. A 
layer 0.13 m g c m  -2 of PuO2, 83% enriched in 241pu, 
was evaporated on to a 2 × 6 cm 2 area of a 7 mg c m -  2 

nickel foil. The PuO2 layer was then covered by an- 
other Ni foil of 7 mg cm 2. The target was exposed 
to the thermal neutron flux of 3 X 10~4 n cm 2 s ~ at 

the in-pile target site of the spectrometer. Fission 
products from the 241pu (n~h, f )  reaction were con- 

tained by the Ni foils while the beta particles could 
emerge and were momen tum analysed in the 13 m 

distant spectrometer magnets. A 32 wire propor- 
tional counter in coincidence with a rear-mounted 
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plastic scint i l lator  recorded the electrons in the focal 
plane. The energy range of  1-10 MeV was covered,  
in steps of  50 keV, several t imes during the 45 hours 
of  exposure to neutrons.  The counting rate in the 
spectrum was ~ 500 counts per  s per  wire at 4 MeV. 
After  one day the beta act ivi ty was in sa tura t ion at 
least for energies above 2 MeV. For  the spect rum be- 
low 3.5 MeV only data  from the last run (exposure 
t ime > 37 h)  were adopted.  

The background in the measurements  came mainly 
from the Ni  foils in the intense radia t ion  field at the 
target site. It was de te rmined  using a target of  iden- 
tical d imensions  to those of  the 241pu target, but  with 
the fissile material  replaced by a layer of  bismuth. The 
signal to background ratio was measured as 0.8 and 
0.1 at 2.5 MeV and 8 MeV, respectively. 

To obta in  absolute cal ibrat ions of  the spectra per  
fission compara t ive  measurements  of  internal  con- 
version electron ( ICE)  lines with well-known part ia l  
neutron capture cross sections a, were performed.  
Since the react ion rate in the target is p ropor t iona l  to 
a,0nm, (0n neutron flux, rni number  o f  target a toms)  
this method  allows a normal iza t ion  of  the beta  emis- 
sion rate per  fission without  measuring the absolute 
efficiency of  the spectrometer .  As in our earl ier  work 
[5] ,  ICE cal ibrat ion lines in the ~ 'mIn beta  decay, 
2°TPb(n,e-)  and l~3Cd(n,e ) were used in order  to 

cover the energy range from 1.2 to 9 MeV. The neu- 
tron flux was moni to red  to a precision of  bet ter  than 
0.5% throughout  the measurements .  The measured  
efficiency curve showed an increase o f  ( 10_+ 3)% 
from 1.5 to 7 MeV. The absolute cal ibrat ion was pre- 
cise to 2.9% and 3.2% (90% CL)  at 1.5 MeV and 7 
MeV, respectively. These uncertaint ies  a l ready in- 
clude those arising from the 24~pu mass and 241pu(n, 

f )  cross section. The 241pu mass in the target was de- 

te rmined after the i r rad ia t ion  by mass spectroscopy 
with an accuracy of  1%. It was found that  the target 
was con tamina ted  with the fissile isotope 239pu at a 
level of  6.7%. A value of  1075(9)  b was adop ted  for 
the 241pu(n, f )  cross section including the non 1/v 
correct ion for a maxwell ian neutron spect rum in the 
50 °C heavy water  modera to r  of  the reactor. 

In fig. 1 the measured  beta spectrum from 241pu 
fission products  is shown. The 239pu contamina t ion  

has been subtracted using our da ta  from ref. [ 4 ]. The 
data  are explici t ly given in table 1 in energy bins of  
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Fig. 1. Experimental beta spectrum of-'4~Pu fission products. The 
error bars in the spectrum correspond to the statistical accuracy 
and variation between the series of measurements for 250 keV 
bins at 90% CL. 

250 keV. A compar ison  with various theoretical  pre- 
dict ions is shown in fig. 2. 

The conversion method  from N~ into Nv has been 
discussed in detail  in refs. [5,6 ]. Briefly, the experi- 
mental  beta spectrum is approx imated  by a set {a,, 
E{/), Z,(E~/))} of  hypothet ical  beta-branches with 
ampl i tude  a,, end-point  energy E~/~ and proton num- 
ber  Z,. In total thir ty allowed beta shapes with radia- 
tive correct ion were taken for this purpose and de- 
scribed the exper imental  spectrum by bet ter  than 1%. 
The mean proton number  Z varies with the end-point  
energy Eo u~ and is taken from semi-empir ical  data 
[ 10 ]. The ant ineut r ino  spectrum is then obta ined as 
the sum of  the individual ly  converted branches i. As 
in ref. [5] the % spectrum was corrected by a few 
percent  for higher Coulomb terms and weak magnet-  
ism, following the est imate in ref. [ 11 ]. The final v,. 
spectrum and its uncertaint ies  are given in table 1. 
The systematic error in the conversion procedure  in- 
cludes the uncertaint ies of  two units in Z.~, the varia- 
t ion by using different  sets of  {a,, E~o '~ }, and those 
associated with the weak magnet ism and Coulomb 
correction terms. In the case of  these correction terms 
an uncer ta inty  of  the order  of  the correction term it- 
self was assumed. 
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Table 1 
Measured beta spectrum N~ from 241pu fission products for an exposure time to neutrons of 1.8 days and deduced v~ spectrum Nv. Also 
listed is the v,. spectrum of 239pu deduced in a refined way from the beta spectrum in ref. [4]. All errors are given at 90% CL. 

E 241pu 239pu 

(kinetic 
energy N~ ANI3 (%) a) N,, AN,. (%) N,. a) AN,, (%) 
in MeV) (per fission statistical (per fission (per fission total 

per MeV ) error per MeV ) conversion total error b) per MeV ) error c > 

1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 
7.25 
7.50 
7.75 
8.00 
8.25 
8.50 
8.75 
9.00 

1.31 
1.10 
9 .1 ( -1 )  
7 .5 ( -1 )  
6 .19(-1)  
5 .05(-1)  
4 .07( -1)  
3.22( - 1 ) 
2.54( - 1 ) 
1.97(-1 
1.50( - 1 

1.12(-1 
8 .5 ( -1 )  
6.40( - 2  
4.75( - 2  
3.48( - 2  
2.50( - 2  
1.77( - 2  
1.24( - 2  
8 .8 ( -3 )  
6.OO(-3) 
3 .89(-3)  
2 .37( -3)  
1.43(-3)  
8.4(-4) 
4.58(-4) 
2.28(-4) 
1.18(-4)  
5 .5 ( -5 )  
2 .4 ( -5 )  
9 . ( - 6 )  

< 1.0 1.56 4 5.0 1.45 
1.42 1.26 

< 1.0 1.24 4.3 1.07 
1.06 8.9( - l 

< 1.0 8 .7 ( -  1 ) 2.5 4.0 7.1 ( -  1 
7 .5 ( -1 )  5.99(-1 

1.0 6 .23(-  1) 4.0 4 .91(-  1 
5 .20(-  1) 3 .97(-  1 

1.2 4 .20(-  t) 3.9 3.17(-  1 
3 .34(-  1 ) 2 .48(-  1 

1.5 2 .70(-  1 ) 2 3.9 1.90(- 1 
2 .10(-  1 ) 1.48(- 1 

1.9 1 .57(-1)  4.2 1.07(-1 
1.18(-1)  7 .9 ( -2  

2.1 9 .2 ( -2 )  4.4 5 .76(-2)  
6 .96( -2)  4 .41(-2)  

3.0 5 .25(-2)  2.5 4.9 3 .50(-2)  
3 .82(-2)  2 .66(-2)  

3.9 2 .76( -2)  5.6 1.77(-2) 
1.89(-2)  1.26(-2) 

4.5 1.39(-2)  6.1 9 .4 ( -3 )  
1.01(-2)  6 .94(-3)  

5.5 6 .83(-3)  3 7 4 .68(-3)  
4 .11( -3)  3 .05(-3)  

6 2 .54(-3)  8 1.80(-3) 
1.59(-3)  8 .8 ( -4)  

9 8 .9 ( -4 )  5 11 5 .0 ( -4 )  
4 .36( -4)  17 3 .5 ( -4 )  

20 2 .35( -4)  24 2 .2 ( -4 )  
37 1.20(--4) 38 
90 4.70(--5) 90 

5.2 

4.5 

4.3 

4.3 

4.3 

4.4 

4.8 

5.2 

5.9 

6.8 

7.4 

11 
16 
19 
27 
35 
50 
80 

~' Includes the mean square variation within the series of the measurements. 
h Quadratic sum over the statistical, conversion and absolute calibration errors. The latter is 2.9% and 3.2% at 1.5 MeV and 7 MeV, 

respectively. 
Quadratic sum over all errors. The conversion error is similar to that of-'4tpu. For the other uncertainties see ref. [4]. 

The  c o n v e r s i o n  p r o c e d u r e  was  f inal ly t e s t ed  by 

c o m p a r i s o n  o f  the  ra t io  N,,(E~)/N~(E,o,), E,o,= 
EI~+ m :  2, with  theore t i ca l  spect ra ,  w h e r e  i nd iv idua l  

b r a n c h e s  are s u m m e d  together .  Th i s  ra t io  m u s t  be 

close to un i ty  a n d  s imi la r  for  all a p p r o a c h e s  (see  ref. 

[5] ). The  ra t ios  o f  our  da ta  to t hose  in refs. [2 ,9]  

were  f o u n d  to agree wi th in  a few percen t .  

Since the  r ad ia t ive  a n d  h igher  o r d e r  co r r ec t ion  

t e r m s  were  no t  i nc luded  in our  ear l ier  work  on 23'~pu, 

the  rev i sed  Nv for  239pu d e d u c e d  f rom the  exper i -  

m e n t a l  be ta  s p e c t r u m  in ref. [4]  has been  a d d e d  to 

table  1. C o m p a r e d  to ref. [4]  the  values  for  iV,. are a 

few pe rcen t  h igher  at e levated  energies,  but  wi th in  the 

e r ro r  range q u o t e d  there in .  

Wi th  the  p r e s en t  da ta  and  those  in ref. [ 5 ], the  ma-  

j o r  par t  o f  the  a n t i n e u t r i n o  s p e c t r u m  o f  a r eac to r  can  

n o w  be cons t ruc t ed ,  whe re  in general  the  f iss ion rates  

for  the  i nd iv idua l  i so topes  are we l l -known p a r a m e -  
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Fig. 2. Ratios of various calculated beta spectra of 24~pu fission 
products to the present spectrum. The total absolute uncertainty 
of the present work is indicated (90% CL). 

ters for a specif ic  reac tor  core. H o w e v e r ,  for  v~ f rom 

the fast neu t ron  induced  f ission o f  238U in power  re- 

actors  one  has still to rely on theore t ica l  predic t ions .  

A possible e x p e r i m e n t  on 23aU wou ld  be a c o m p a r a -  

t ive  m e a s u r e m e n t  o f  the be ta  spectra  f r o m  23sU (n~a~t, 

f )  and 235U(n,h, f )  using the  same  beta  detector .  In 

c o m p a r i s o n  wi th  the  precise  235U da ta  [5] the  re- 

sponse func t ion  o f  the de tec to r  system can be deter-  

mined .  The  abso lu te  rates could  be ca l ib ra ted  off- l ine 

v ia  long l iv ing ,{-activities o f  f ission p roduc t s  for 

which  the f ission yield is well known  in bo th  reac- 

t ions.  The  u l t ima te  l imi t  to our  knowledge  o f  the  9~ 

spectra r emains  the  NI~ to N,. conve r s ion  p rocedure ,  

a l though the uncer ta in t i es  g iven  here  inc lude  uncer-  

ta in t ies  in the spectra l  shape and the errors  are in 

general  smal le r  in eva lua t ing  integral  an t i neu t r i no  

cross sections.  

As an example  the integral  cross sect ion for the  re- 

ac t ion  a ( % + p - - , n + e + ) ,  be ing  p ropo r t i ona l  to 

( E , , -  1.8 MeV)2/T~,  can be p red ic ted  with the  pres- 

ent  da ta  for  the d i f ferent  con t r ibu t ions  to the reac to r  

neut r ino  spec t rum with a precis ion o f  3.2%, 3.9% and 

3.6% (90% C L )  for 235U, 239pu and 241pu f ission,  re- 

spectively.  The  er ror  for the neu t ron  l i fe t ime 

r n = 8 9 6 ( 1 0 )  [12]  is not  yet inc luded.  The  conver -  

s ion er ror  f rom the measu red  beta  spectra  to the an- 

t i neu t r i no  spectra  enters  here only at a level o f  1%, 

gove rned  by the uncer ta in ty  in Z o f  two units.  
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