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【【【【abstract】】】】 The mass distribution data of 252Cf spontaneous fission were evaluated based on 7 
sets of available experimental data. The measured data were corrected for the standards and γ 
intensity used by using the new evaluated ones. The errors were made necessary adjusting. The 
evaluated experimental data were fitted with spline function without any restriction and with 
symmetric restriction. These two sets of fit data were recommended as reference data of the mass 
distribution of 252Cf spontaneous fission. The errors of the recommended data were considerably 
reduced comparing with the measured ones. The light and heavy peaks are not completely 
symmetric. Also there are fine structures on the right side of the light peak at A=109~111 and left 
side of the heavy peak at A=137~139. These should be paid attention and studied further. 
 
 

  Introduction 
 
   As well known, the average neutron number and 
spectrum of 252Cf spontaneous fission are used as the 
standards in the neutron data measurement and 
evaluation, the data were recommended 
internationally[1]. The mass distribution data of 252Cf 
spontaneous fission play the same role as mentioned 
above in the fission yield data measurement and 
evaluation, they are also used as reference. So the 
data were evaluated. This is the continuation of our 
reference fission yield data evaluation of 235U and 
238U[2] in 2001. 
   The data were evaluated based on the 
experimental data available up to now and 
summarized in this paper. The collection, evaluation 
and processing of the experimental data are described 
in sections 1 and 2, the results are given and some 
problems concerned are discussed in section 3, and 
finally, conclusion remarks are given in section 4. 
 
1  Collection and Evaluation of 
   Experimental Data 
 
   The data, concerning the mass distribution, 
including “chain yield”, “cumulative yield” and 
“fragment mass yield” were retrieved from EXFOR 
master library and collected from CINDA and 
publications concerned. As the data were evaluated 
for mass distribution, the “chain yield” and “fragment 
mass yield” measured for more product nuclides were 
collected first, but “chain yield” measured for less 
product nuclides and “cumulative yield” were also 
collected. The later were reviewed in the evaluation 
to see if need and can get some supplement 

information and data from them. As a result of 
collection and primary selection, following 8 sets of 
data were taken and evaluated. 
1.1  H. W. Schmitt[3]    
   The kinetic energy and time-of-flight of fission 
fragments were measured by means of surface barrier 
semiconductor detector. The linear signal of the 
detector was used to determine the energy E, and the 
fast timing signal, taken from the transformer 
secondary, was used as the stop signal of the 
time-of-flight. The energy and mass distribution were 
deduced from these energy and time-of-flight spectra. 
The energy was calibrated with Tandem for 79,81Br 
and 127I. The mass resolution of the measurement was 
1.8 amu for 79Br(2.25%) and 3.2 amu for 127I(2.5%). 
The post neutron emission mass distribution of the 
fission fragments was given. The data were corrected 
for mass resolution with the following formula: 
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where NC, NU are the corrected and uncorrected 
yields respectively, and σ is the mass resolution (full 
width at half maximum).  
   The measurement was completed with so called 
kinetic energy method. The yields of all fragments 
were measured simultaneously, so the systematic 
error introduced due to the measurement for 
individual product nuclides in the radionuclide 
method can be avoided. Comparing radionuclide 
method with mass spectrometry method, more 
nuclides can be measured and the mass range is wider. 
Due to this is a two-dimensional measurement and 
furthermore the intensity of the source used is lower 
(3×105 fission per minute), so the count statistic is 
poorer (maximum at peak only ~350) and the statistic 
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error is larger. No error was given by the authors 
either in the paper or in the EXFOR entry. The main 
error is from statistic and assigned as 5% at peak Y0, 
and others were given as 5(Y0/Y)1/2 %.  
1.2 Thierens[4]  
   The chain yields of 43 product nuclides were 
determined with the catcher foil technique and γ 
Ge(Li) spectrometry method. The intensity of the 
source used is 1.2×106 fis/min. The efficiency of the 
detector was calibrated and the error was about 5%. 
The error from γ peak area statistic was neglected. To 
give the chain yield from measured cumulative yield, 
the measured data were corrected by using the charge 
distribution formula with c=0.8 
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   Due to the data were measured in earlier date, the 
γ decay data used were taken from Nuclear Data 
Sheets, Nuclear Physics and other literatures in 
1972-1975. Most of them have been updated now. So 
the data were corrected for γ decay intensity by using 
the newly recommended data, first taken from CNDC 
evaluation and then “Table of Radio Isotopes”(eighth 
version). Due to the yields were determined from γ 
ray measurements in different ways, the correction 
factor β were calculated correspondingly: 
   (1) The yield was determined by one γ ray, 
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0I  is for the γ intensity used by the 

author, and Is is for the new γ intensity; 
   (2) The yield was determined by multi γ rays, 
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   (3) The yield was determined by M product 
nuclides and Nj γ rays for j-th nuclide, 
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and j is for nuclide.   
1.3  J. Blachot[5]  
   The chain yields of 27 mass chains were 
measured by using Al foil as product nuclide catcher. 
The intensity of the source used is 5×106 fis/s, and 
the time of irradiation is 1~17 days. The fission 
products were first separated chemically into 
fractions containing rare earths, alkalis, alkali-earth, 
ruthenium and zirconium and niobium, and then the γ 
rays for the individual nuclide of them were 
measured with Ge(Li) detector, whose energy 
resolution is 2.5 keV at 1.3 MeV. The yields of heavy 
peak were normalized into 100%, giving a yield 6.05 

pc/fis for 140Ba monitor, and the yields of others were 
normalized to 140Ba. The data were corrected for the 
contribution from the nuclides after the nuclide 
measured in the mass chain with charge distribution 
formula like equation (2).  
   As monitor, the yield for 140Ba (A=140 mass 
chain) were evaluated specially in this work (see 
below), as a result, 5.674±0.098 was obtained. So 
the data were corrected to this new monitor data. The 
data at A=99, 111, 117, 135,137, 149 were deleted 
due to they are too large (A=149) or too small 
(others).   
1.4  W. E. Nervik[6]   
   The R-values of 36 product nuclides (A=77~166) 
were measured with radiochemistry method. The 
product nuclides were collected with Al foil and 
separated chemically, and the γ or β radioactive were 
measured with NaI detector or β counter. The 
intensity of the 252Cf source used was 1×106/m, 
2×107/m or 7×107/m. The R-values were relative to 
the yields of 99Mo and the same nuclide as measured 
from 235U fission at thermal energy and 99Mo from 
252Cf spontaneous fission. The chain yields were 
calculated by using the yields concerned, they are 
6.14 pc/fis for 99Mo from 235U fission at thermal 
energy and 2.57 ± 0.03 for 99Mo from 252Cf 
spontaneous fission. The former was taken from the 
evaluated data, which is almost the same as recently 
recommended by us(6.15 pc/fis). The later was 
measured by the author(the average of three direct 
measurements). 
   The data were read from Table 1 of the paper 
(there is no entry in EXFOR Library). As monitor, 
the yield for 99Mo from 252Cf spontaneous fission was 
evaluated specially in this work(see below), the 
recommended value is 2.583±0.062. The data were 
corrected with this data. The errors given in the paper 
are the deviation of the multi measurements, 
furthermore, the time of measurements was not so 
much, only reflecting the repetition character of the 
measurements, not real one, so they  were not used 
and were assigned as 8% for yield Y≥1%, 15% for 
0.05% ≤Y <1% and 25% for Y <0.05%. The errors 
assigned are quite large, because the measurement 
was at quite early date, using NaI as detector. The 
data at A=112, 125, 137 were deleted due to they are 
too small.  
1.5  K.F.Flynn[7]   
   The cumulative yields of 39 product nuclides 
were measured with radiochemistry separation, 
followed by β counting or direct γ spectrum 
measurement. The absolute measurements were made 
by determining the fission rates for nuclides 99Mo, 
111Ag, 132Te, 140Ba. The data were normalized to yield 
2.60 pc/fis of 140Ba monitor, which is the average of 
three sets of data, one of them 2.48±0.13 was 



Communication of Nuclear Data Progress No.29 (2003)   CNIC-01755 / 02 
 

 8

absolutely measured by the author, other two were 
taken from the literatures. The recommended data 
were cumulative ones, not corrected with the charge 
distribution to give out the chain yields, but the 
author declared that from the calculations the 
corrections for all were smaller than 1%. The errors 
given were estimated, they were about 10% in 
general, and about 5% for multi measurements. 
   First, the data were checked to see if they could 
be used as chain yields. It was found that the data of 
123,125Sn and 127,129Te are only for ground (the former) 
or isometric (the later) states, there are large 
differences from the corresponding chain yields. The 
data of the ground and isometric states of nuclide 
115Cd were summed to get the chain yield. Second, 
the data were corrected for the 140Ba monitor data by 
using the new evaluated data in this work (see below) 
2.583±0.062 pc/fis. Third, the data were compared 
with others, it was found that the data of light peak 
(A=121~129) are systematically small. They were 
deleted. 
1.6  LI Ze[8]  
   44 chain yields from mass number 85 to 157 were 
absolutely measured with Ge(Li) γ ray spectrum 
method. The efficiency of the detector was calibrated 
carefully and the energy resolution was 1.85 keV at 
1.332 MeV. Al catcher foil technique was used, and 
the collection efficiency of the catcher foil for fission 
fragments was studied precisely to get the fission rate. 
The 252Cf source used was 0.3µg, (1.226±0.018) 
×104 fis/s in the 0.374π sterad. The areas under the 
light and heavy peaks are 99.76% and 102.08% 
respectively. The data were corrected for the decay of 
the products during the collection, cooling, 
measurement, γ pile and cascade effect. To get the 
chain yields, the data were corrected by using the 
charge distribution formula (2) with constant c=0.8. 
The errors given in the data table include statistic, 
fission rate(1.5%), detector efficiency(2.4% or 4.2%), 
correction for pulse pile(0.5%) and γ cascade 
(0.2%~2.4%).  
   As regards as the data measured by 
radio-chemistry and γ spectrum method (not kinetic 
energy method), more nuclides were measured in this 
work. Furthermore, this is an absolute measurement, 
and the integral areas of the light and heavy peaks are 
in agreement with 100% within the error of the 
fission rate. Using new γ decay data, taken from 
CNDC evaluation or “Tables of Radio Isotopes” (8th 
version), the data were corrected. But for 117Cd, there  
may be something wrong for the γ intensity given by 
the author, the yield was not corrected. 
1.7  CHEN[9]  
   The chain yields of 35 mass chains were 
measured absolutely with radiochemistry method by 
using the source, whose intensity was already known. 

The recovery efficiency of chemistry separation was 
measured. The radioactivieies were recorded with 
proportional counter and scintillator for β and NaI for 
γ rays. The efficiency of the γ detector was calibrated 
experimentally. In the measurements of each nuclide, 
either the calibrated efficiency γ curve was used, or 
the efficiency of the γ and β detectors was measured 
directly. The errors of the data are about 3%~15%, 
including the errors of the detector, chemical 
recovery efficiency, fission rate and peak area count. 
   The data were read from Table 1 of the paper (no 
entry in EXFOR Library). Comparing with LI’s data, 
agreement between them is quite well, but there are 
fewer data in the valley range. The chain yields for 
A=113, 134, 135, which were deduced from 113gAg, 
134Te, 135I respectively, are too large. These nuclides 
are far from the corresponding stable nuclides of the 
chain by 2-3 charges. The correction factors, taken 
from the literatures, are quite large (calculated by 
using ENDF/B-6 data are more large), the yields 
deduced are not reliable, and their errors are enlarged 
10% for mass chains 113,135 and 13% for mass 
chain 134. Also the error for 99Mo was enlarged from 
3.5% to 5%. 
1.8  J.S.Fraser[10]  
   The fragment mass distributions of pre and post 
neutron emission were measured by using double 
time of flight method with a source of intensity 
6×104~3×105 fis/m. The flight paths were 144.3 cm 
and 146.2 cm, and the time resolution was 1.35 ns. 
The data were corrected for the mass resolution. 
   The mass yields were given for each mass 
number in the mass range from 80 to 172, which are 
quite complete. But the statistic of the data is poorer 
due to the weak source and long flight distance. 
Furthermore, there may be some problems for the 
energy and mass calibration. Comparing with others, 
for example LI and Schmitt, the light peak is “thin”, 
and the heavy peak is systematically somewhat move 
to right (Fig.1). The data were abandoned in the 
evaluation at last. 
   The all adopted, corrected, adjusted experimental 
data are shown in Fig.2. There are 7 sets of data 
altogether. It can be seen that they are in agreement 
within error bar, except for a few special data points.  
 
2  Processing  of  the  Evaluated 
   Experimental Data 
   The evaluated experimental data were processed 
as following. 
2.1 The Data at Mass Number 99 and 140 
   The data at mass number 99 and 140 were used as 
monitor in the measurements of Blachot, Flynn and 
Nervik, and these data need to be renormalized to 
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them. So, they were processed specially first. The 
data accepted at these mass numbers are listed in 
Table 1. They were averaged with weight by using 
code AVERAG[11]. The mean and their external, as 
given in Table 1, were recommended. It should be 
point out that the reduced χ2 (1.4) is larger than 1 for 
A=99, this is due to the  deviation of Schmitt’s data 
from others. 
 

Table 1  Data at A=99,140 

Author A=99 A=140 
Chen 2.52 0.13 5.77 0.20 
Lize 2.55 0.11 5.76 0.18 

Flynn 2.48 0.13 5.50 0.28 
Nervik 2.57 0.21 6.32 0.51 
Schmitt 3.10 0.22 5.81 0.31 
Thierens 2.67 0.12 5.35 0.22 

Mean 2.583 0.062 5.674 0.098 
 

2.2  Spline Fitting for Experimental Data 
   The adopted evaluated experimental data were 
fitted with code SPF[12], a spline fit code for multi 
sets of data with knot optimization. The primary 
knots were selected carefully based on the shape of 
the curve and optimized by the code automatically. 
The best result was got with 26 knots, and the 
reduced χ2 is 1.551. To distinguish the symmetric 
spline fitting (see below), this is called normal spline 
fitting hereafter. 
2.3  Symmetric Spline Fitting  
   Suppose that the all fission is binary one, on 
which is based all Gaussian model[13,14] of the fission 
mass distribution, the fragment mass distribution 
should be symmetric to the mass number 
A =(Af−ν )/2=124.1, where Af is the mass of fission 

system, and ν  is 3.7661, the average neutron 
number of the fission, recommended internationally[1]. 
To get the symmetric fitting, the experimental data 
under the light peak were reflected around A , that is 
A′=252−ν −A, and put them together with the data 
under heavy peak, then fit them by spline function, 
also of course, with carefully selecting and adjusting 
the knots to get the best fitting (the reduced χ2=1.795) 
as above. Finally, the fit data were reflected to the 
light peak, and get a symmetric fit data for the mass 
distribution.  

3  Results and Discussion  
   The spline fit data are shown in Fig.2 with 
comparing to evaluated experimental data.    
   To check the correctness of the spline fit curve, 
the total yields under the light and heavy peaks as 
well as ν , nu bar, were calculated. The borderline of 

light and heavy peak is taken 124, which was 
calculated from the mass number of the 252Cf and the 
nu bar 3.7661. The results are listed in Table 2. It can 
be seen that for the fitting with no restriction, the 
integral yield under heavy peak is very well in 
agreement with 100 %, and the total yield under light 
peak is in agreement with 100% within error 1.3 %, 
the nu bar is in agreement with the internationally 
recommended value 3.7661 within error 2.93 %. For 
fitting with symmetric restriction, the integral yield 
under light and heavy peaks is in agreement with 
100% within error 1.0 %, the nu bar is in agreement 
with the internationally recommended value 3.7661 
within error 1.86 %. 
   The comparison between the results of normal 
and symmetric spline fitting is shown in Fig.3. It can 
be seen that, in general, they are in agreement very 
well, but there are some difference at the peaks. For 
light peak, the peak of normal fitting is narrower than 
symmetric one, and for the heavy peak, the situation 
is opposite. Also the right side of the light peak is 
thinner for the data of normal fitting than symmetric 
one and the left side of the heavy peak is opposite 
(see Fig.3). The fact that the χ2 of the fitting is 1.551 
for normal fitting and is 1.795 for symmetric fitting 
shows that there is asymmetric mass distribution to 
some content. 
   Is there a systematic trend that the peak of light 
fragment is higher and thinner, and the area under the 
peak is somewhat smaller? The fit results show this. 
Also the individual experimental data by different 
authors show the same thing. In Table 3 is shown 
some results by different authors, who measured 
more product nuclides and the integral yields under 
peaks can be calculated more reliably. The data were 
given in the paper for LI and CHEN, and calculated 
in this work for Schmitt and Fraser by using the data 
given by the authors without any correction or 
adjusting. It can be seen that the yields under light 
peak of all four authors are smaller than ones under 
heavy peak.  Comparing the light and heavy peaks 
of LI’s and Schmitt’s data (Figs.4, 5), it can be seen 
that the light peak is thinner than heavy one. All of 
these could not be explained by experimental 
measurement error, and should say it is a systematic 
trend. Possibly, there is physical background. In the 
fission process, in addition to binary fission emitting 
neutrons, there may be some other fission processes 
like emitting α or other light particles or trinary 
fission. G. K. Mehta’s[15] investigation showed that 
the α-particle accompanied fission is 1% of the 
binary fission, and the mass distribution of α-particle 
accompanied fission shifts to the left of ordinary 
binary fission, but the shift is different, larger for 
light peak, and smaller for heavy peak. Also the light 
peak becomes thinner, the half width at the half 
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maximum changes from about 7.5 to 6.8 amu (see 
Fig.4 of the paper). α-particle or other light particle 
accompanied fission also makes nu bar increase, this 
corresponds to the nu bar (Table 2, no restriction) 
larger than the internationally recommended based on 
the measuring neutron. 
   The experimental and fit data show that there is a 
“shoulder” on the right side of light peak, at mass 
number 109~111, and correspondingly on the left 
side of heavy peak, at mass number 137~139. It was 
discussed in many papers[3,6,10] that there is fine 
structures on the mass distribution of 252Cf 
spontaneous fission, although the structures given by 
them were not completely same, and could not say 
certainly for each individual measurement due to 
these structures are only for one, two or three mass 
number and the errors of the data are quite larger, 
maybe statistical fluctuation. Now, the data are fitting 
of 7 sets of experimental data, and show a “shoulder”, 
a systematical behavior, there should be structures at 
mass number A=109~111, 137~139, although the 
shape of the structures could not say certainly due to 

so many sets data put together and the fine structures 
may be wiped to flat. The fine structures should be 
determined further by the measurements with high 
accuracy. 
   Comparing the errors of spline fit data without 
and with symmetric restriction with the errors of the 
evaluated experimental data (see Table 4), it can be 
seen that the errors of fit data are considerably 
reduced, especial for the data at peaks (from 
3%~10% to about 1.5% and 1.1%). This is due to the 
statistical reason. As well known that in the case of 
the statistical consistency of the data, multi 
measurements make the error reduced. In present 
case, there are 7 sets of data used for fitting, which 
makes the error reduced, roughly, 71/2=2.6 times. 
Furthermore, the cure fitting also makes the error 
reduce due to more data points are considered in the 
fitting. There are exceptional points, whose errors are 
larger than fitted experimental data. This is due to 
statistical inconsistency, there are large differences 
between the each set of data for them.  

 
Table 2  The reduced x2, total yield and nu bar from fit data 

Total yield 
Fit mode Reduced χ2

Light peak Heavy peak Total 
Nu bar 

No restriction 1.551 98.76 99.77 198.52 3.8764 

Symmetric 1.795 98.98 98.96 197.95 3.6962 

 
Table 3  The integral yields under light and heavy peak by different authors 

Author LI Ze CHEN Schmitt Fraser 

Light 99.76 98.43 99.88 97.34 

Heavy 102.08 100.97 99.99 97.98 

 
Table 4  Error comparison of the fit data with evaluated experimental data(%) 

Author Peaks Valley Wings Comments 

J.Blachot 5−7 40−100 10−21  

CHEN 3−5 20−50 10−16  

K.F.Flynn 5−10  ~10 No data at valley 

LI 3−5 ~20 10−15  

W.E.Nervik ~8 ~15 15−25  

H.W.Schmitt ~5 10−68 10−50 More nuclides at valley and wings 

H.Thierens 5−8 ~10 10−18  

Normal fitting ~1.5 10−28 10−25 Except for special points 123,124,167,168

Symmetric fitting ~1.1 10−28 10−25 Except for special point 124 
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Fig.1 Comparison of Fraser’s data with Lize’s and Scmitt’s data 

 

Fig.2 Mass distribution of 252Cf spontaneous fission 

 

Fig.2-1 Mass distribution of 252Cf spontaneous fission 

 

Fig.3 Comparison of normal and symmetric fit data 

 

Fig.4 Symmetry comparison of Scmitt’s data 

 
Fig.4-1 Symmetry comparison of Li’s data 

 

 

4  Conclusion Remarks 
   The mass distribution data of 252Cf spontaneous 
fission were evaluated based on 7 sets of available 
experimental data. The measured data were corrected 
for the standards and γ intensity used by using the 
new evaluated ones. The errors were made necessary 
adjusting. The evaluated experimental data were 
fitted with spline function without any restriction and 
with symmetric restriction. These two sets of fit data 
were recommended as reference data of the mass 
distribution of 252Cf spontaneous fission. The errors 

of the recommended data were considerably reduced 
comparing with the measured ones. 
   The light and heavy peaks are not completely 
symmetric to the mass number Af ν− . The light peak 
is somewhat thinner, and the area under it is about 
1% smaller than one under heavy peak. Also there are 
fine structures on the right side of the light peak in 
A=109~112 and left side of the heavy peak 136~139. 
There should be physical background for these 
phenomena, and should be paid attention to 
determine it accurately and to study the physical 
reason further. 
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