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【【【【 abstract】】】】 The mass distribution data for 238U at En=1.5, 5.5, 8.3, 11.3 14.9, 22.0, 
27.5 ,50.0 ,99.5, 160.0 MeV, Ep=20.0, 60.0 MeV and 242Pu at En=15.1 MeV were evaluated and 
recommended based on the main available experimental data up to now. The experimental data 
were make necessary corrections and their errors were also made necessary adjustments. The 
problems concerned were discussed.  

 
 

 

   Introduction 
   The mass distribution data are very important for 
both practical application and physical investigation 
of fission mechanism, especially for the developing 
systematics of the fission product yield. As well 
known that the dependence of fission product yield 
on incident particle energy is still an open problem in 
terms of both microscopic theory and experimental 
measurement. The existing data can be used as base 
for both microscopic and systematics research.    
   There are some definitions concerning the “mass 
distribution”. “Cumulative yield” is the total number 
of the nuclide produced over all time after one fission, 
including produced in the fission and decayed from 
its precursor. “Chain yield” is the total of the 
independent yields of all products for a given mass 
chain (if there is no shielding nuclide). “Mass yield” 
is the total number of all nuclides in a given mass 
chain produced in one fission. If a product nuclide is 
stable, its cumulative yield is equal to the chain yield 
of the mass chain, where it is in. When a product 
nuclide is radioactive with very long half-life, its 
cumulative is approximately equal to the chain yield 
of it mass chain. The difference between chain yield 
and mass yield for a mass chain is after delayed 
neutron emission for the former and is before delayed 
neutron emission for the latter. Also the measured 
data by recording prompt fragment are concerning a 
concept “pre” and “post” neutron emission, in this 
case, it means prompt neutron emission, including 
from compound nucleus and fragments by 
evaporation of neutrons prior to and after scission. 
   In this paper, the mass distribution data for 238U at 

En=1.5, 5.5, 8.3,11.3, 14.9, 22.0, 27.5, 50.0, 99.5, 
160.0 MeV, Ep=20.0, 60.0 MeV, 239Pu at En=0.17, 7.9, 
14.5 MeV and 242Pu at En=15.1 MeV were evaluated 
and recommended on the basis of the main available 
experimental data up to now. 

1  Data Collection and Selection 

   The experimental data were collected from 
EXFOR Library as well as some recent publications.  
   As mentioned above, the mass distribution data 
may refer to the data of “chain yield”, “cumulative 
yield” and “fragment mass yield”. At the beginning, 
as the data collection, all these kinds of data, even 
“pre fission yield” data, were collected. More than 
200 subentries were retrieved from the EXFOR 
Master Library. 
   The valuable data were received from private 
communication, which were not compiled into 
EXFOR library or published, including the data of 
F.Vives, C.M.Zoller, J.H. Hamilton and I.Winkelman 
for 238U and 242Pu respectively.  
   Also some valuable data, which were not 
compiled into the EXFOR Library, were collected 
from the publications, including LIU Conggui’s and 
LIU Yonghui’s data in CIAE, the latter were just 
measured and published in INDC(CRP-056/L) in 
December of 2001.   
   The collected data were selected according to the 
following principles: 

a. As the data are for “mass distribution”, the data 
were taken in first priority, for which there are 
enough nuclides, whose yields were measured. Only 
in the case that there are no this kind of data, the data 
including less nuclides have to be taken. 
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b. According to the definition, only the “chain 

yield” or “mass yield” data can be used. But if there 
are no these kinds of data, the “cumulative yield” 
data were also taken. In this case, only the data in the 
data table, whose differences with the corresponding 
chain yields are smaller than the experimental data 
error bar, were used, namely in the case that the 
cumulative yield is equal to the corresponding chain 
yield within error bar. 

c. The data measured later and with reliable 
method were taken with high priority. If there are 
more data available, the data measured in earlier 
years and with outmoded method were abandoned.  

d. In the case that there are no enough data 
available, some data marked by “pre, FY” in EXFOR 
library were also taken at beginning, and then they 
were decided if they were used in the evaluation 
process through analyzing the data and comparing 
them with others. 

 

2  Data Analysis and Evaluation 
According to the principles mentioned above, the 

following data were taken at last. Some information 
about them, evaluation and processing of them are as 
follows. 

1) F.Vives et al[1] The pre-neutron emission mass, 
kinetic energy and fission fragment angular 
distributions were measured with a double 
Frisch-gridded ionization chamber. The 238U samples 
were mounted in the center of the common cathode. 
The information about the fission fragment properties 
was obtained from anode and the sum of the anode 
and grid signals of the ionization chamber.  The 
kinetic energy of the fission fragments was obtained 
from the anode signal, whereas the emission angle 
was provided by the sum signal. The mass resolution 
of the chamber was about 2 mass units. The 
mono-energy neutrons were produced by Van de 
Graaff Accelerator in the energy range from 1.2 to 
5.8 MeV through different neutron source reactions. 
The prompt neutron emission was corrected to get the 
pre-emission mass distribution data.  

The measurements were completed simultaneously 
for all nuclides in the measured mass range, so more 
complete nuclides were included and there is no 
systematical error among the data of different product 
nuclides, the main error is statistical one. Due to the 
mass resolution, the measured yield for a mass 
number is not exact one, but its Gaussian extension 
with the corresponding width 2 mass units. So the 
measured mass distribution is also not exact one, but 
a summation over all Gaussian extensions of each 
mass number.    

 
There is no data given in the paper. The data were 

provided by Dr. M. Duijvestijn[2]. The pre neutron 
emission fragment mass distribution data at En=1.6, 
5.5 MeV were used. The data were renormalized to 
200% (originally, they were normalized to 100%). 
There are no errors given by author, they were 
assigned based on the method and the estimation 
from the figure in the paper (Fig. 9) as 2% for the 
yields larger than and equal to 4%, 6% for the yields 
less than 4% and larger than and equal to 1%, and 8% 
for the yields less than 1%.  

2) C.M.Zoller[3] The measurements were 
performed with LANL spallation neutron source 
WNR fed by 800 MeV protons from the LAMPF 
accelerator. The fragments were identified by a 
double energy measurement, using 38 silicon PIN 
diodes assembled to two detector arrays of 171cm2 
area each. The corrections were made for detector 
pulse-height defect, energy losses in target material 
and backing, and for linear momentum transferred to 
the compound nucleus. The corrections were also 
made to consider the average mass losses of both the 
compound nucleus and the fragments by evaporation 
of neutrons prior to and after scission to get 
pre-neutron emission mass distributions. The mass 
resolutions are 3.5 mass units at neutron energy 13 
MeV and 4 mass units at neutron energy 22 MeV. 
The fragment mass and kinetic energy distributions 
for 238U were measured in the energy range from 2.0 
to 450 MeV.  

This is the same kind of measurement and has the 
same advantage and disadvantage as F.Vives. In 
addition, this measurement was performed with white 
neutron source, the data were averaged over the given 
energy bins with the corresponding neutron spectra in 
the bins as weight. 

The fragment mass distribution of pre and post 
neutron emission data were taken at neutron energy 
13(11.5~14.5), 20(18~22), 27.5(22~33), 50(45~55), 
99.5(89~110), 160(145~175) MeV. The data were 
provided by Dr. M.Duijvestijn[2].  To compare, the 
data at neutron energy 5.0(4.5~6.5) were also used, 
take from Zoller’s thesis[3].  

3) S.Nagy[4] The chain yields of 44 mass chains 
were determined with Ge(Li) γ-spectrometry and 
radiochemical separation of the fission products 
followed by β counting and/or γ-spectrometry. The 
data were measured absolutely by recording the 
fission rates and normalized to 200%. The 
mono-energy neutrons at 1.5, 2.0, 3.9, 5.5, 6.9, and 
7.7 MeV were produced through 7Li(p,n) and D(d,n) 
reactions with ANL Fast Neutron Generator.  

This one and the measurements hereafter (except 
for J.H.Hamilton[11]) are another different kind of 
method from above. The radioactivity of the fission 
products was measured one by one at sometime after 
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the fissile nucleus was irradiated. So the yields 
measured are not prompt ones, but “delayed” ones, 
not only the prompt neutrons were emitted, but also 
the radioactive products decayed. The yields become 
“cumulative” (although they can be corrected to the 
“zero” time). There is no mass resolution problem for 
this kind of measurement. Due to the measurements 
are performed one by one, there are possibly 
systematical errors among the different nuclide yields, 
and in general, the product nuclides can not be 
measured as complete as “prompt fragment” method 
as described above.         

The data at neutron energy 1.5 and 5.5 MeV were 
used. The yield of mass number 107 at En=1.5 MeV 
was abandoned due to it is too small and not 
consistent with others. 

4) T.C.Chapman[5] The cumulative yields were 
measured with radiochemistry separation followed by 
β counting and Ge(Li) γ-spectrometry at neutron 
energy 6.0, 7.1, 8.1, 9.1 MeV for 235, 238U fission. The 
neutrons were produced through D(d,n) reaction with 
Van de Graaff Accelerator. 

The data at En=8.1 MeV were used. Due to the 
measured yields were cumulative ones, the data of 7 
product nuclides, whose difference with the 
corresponding chain yields are larger than the 
experimental error bar, were abandoned. Also the 
data for mass 137, 142 were abandoned for there is 
something wrong with the data (for the former) and 
the error is too larger (for the latter). 

5) LI Ze[6,7]  The chain yields of more than 30 
product nuclides for 238U fission were measured with 
HPGe γ spectrometry and/or radiochemical method 
(followed by β or γ counting) absolutely by recording 
fission rates. The measurements were performed at 
neutron energy 8.3 and 11.3 MeV at CIAE Cyclotron 
and Tandem Accelerator, respectively. The 
corrections were made for the recorded γ spectra and 
for the difference between the measured cumulative 
yield and corresponding chain yield. 

The two sets of data were all used. The yields at 
11.3 MeV were taken from the paper[7] and the 
average with weight was made for 5 yields, which 
were measured by using both methods at the same 
time. 

6) LIU Conggui[8]  The mass distribution for 
14.9 MeV neutron-induced fission of  238U was 
measured by using Ge(Li) γ spectrum method. The 
fission rate was absolutely measured by double 
ionization chamber. 39 chain yields and 1 cumulative 
yield were determined in the mass region A from 84 
to 151. Among them, 13 yields were measured 
relatively to the yields of 132Te or 140Ba. A fine 
structure was observed in the vicinity of the mass 
number 134. 

 
The data were used and taken from the paper. The 

yield for product nuclide 130Sb is cumulative one and 
is not equal to the corresponding chain yield, so it 
was abandoned. 

7) S.Daroczy[9]  The cumulative yield were 
measured by using Ge(Li) γ spectrometry at neutron 
energy 14.5 MeV relatively to 27Al(n,α) and 
62Cu(n,2n) reactions. The three sets of data measured 
separately were given respectively and were averaged 
with weight. To deduce chain yield, the averaged data 
were corrected by using charge distribution data and 
branching ratios for the formation of the measured 
nuclides from β decay of their precursors. The 
obtained chain yield data were used.   

8) LIU Yonghui[10]  The chain yields of 32 mass 
chain were determined for the 238U fission induced by 
22 MeV mono-energy neutrons, produced through 
T(d,n) reaction with CIAE HI-13 Tandem. The 
product activities were measured with HPGeγ 
spectrometry without radio-chemical separation. 
Absolute fission rate was monitored with a 
double-fission chamber. The data at this neutron 
energy were measured firstly. 

The data were used, but the yield of mass number 
A=128 was abandoned due to it’s too large error 
(checked with the author).  

9) J.H.Hamilton[11] The pre-neutron emission 
fragment mass distribution from 238U fission induced 
by proton at Ep=20.0, 60.0 MeV were measured by 
recording prompt fragment method. The mass 
resolution of recording fragments is about 4 mass 
units. The main error is statistical one, but was not 
given by the author. The relative errors were assigned 
as 1% for the yields larger than and equal to 4%, 3% 
for the yields lager than and equal to 1% and less 
than 4%, 5% for the yields less than 1%. The data 
were provided by Dr. M.C.Duijvestijn[2] and were used. 

10) J.E.Gindler[12] The cumulative yields for 
239Pu fission were measured absolutely by using 
Ge(Li) γ spectrometry and radio-chemistry separation 
followed by β counting with proportional counter at 
the neutron energies 0.17, 1.0, 2.0, 3.4, 4.5, 6.1, 7.9 
MeV. The neutrons were produced with ANL Fast 
Neutron Generator through 7Li(p,n) reaction for 
neutron energy less than 5 MeV and D(d,n) reaction 
for En larger than 5 MeV. The nuclides measured are 
not so many, but the data are only ones available in 
this energy range.  

The data at neutron energy En=0.17, 7.9 MeV 
were used. Only the yields, whose differences with 
the corresponding chain yields were smaller than 
experimental error bar, were taken. As a result, the 
yields of 4 nuclides at En=0.17 MeV and 3 at En=7.9 
MeV were abandoned. Also the data table was 
processed technically.  
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11) G.P.Ford[13] The cumulative yields for 239Pu 

fission were measured with radiochemistry method 
relatively. The 99Mo cumulative yield of 239Pu fission 
or corresponding cumulative yield from 235U fission 
was used as monitors. The 14 MeV neutrons were 
produced through T(d,n) reaction with 
Cockcroft-Walton Accelerator. 

There are two sets of data measured by same 
method and at same neutron energy but for the 
different product nuclides in the same paper[13] and in 
different EXFOR entries. Two sets of data were 
combined together, and the data were arithmetically 
averaged, if there are yield data for same product 
nuclide (111Ag) in both sets of data. There are no 
errors given by author. Considering the data 
measured by radiochemistry method and in the earlier 
year, also taking into account of the error given by 
author for R value, the relative errors were assigned 
as 10% for all product nuclides. Also the data tables 
were processed technically. 

12) J.Laurec[14]  The cumulative yields from 
233,235,238U and 239Pu fission induced by fission 
spectrum and 14.7 MeV neutrons were measured by 
radiochemistry method. The γ spectra were measured 
by Ge(Li) spectrometry and fission numbers were 
determined with plane ionization chamber. 

The data for 239Pu fission at 14.9 MeV were taken. 
Although the measured yields are cumulative ones, 
the differences between the yields of the measured 
nuclides and the corresponding stable nuclides are all 
within the experimental error bar, so all data were 
used except for nuclide 136Xe, whose yield is too 
small, possibly there is something wrong with it. 

13) I.Winkelmann[15]  The cumulative yields 
from the 242Pu fission induced by 15.1 MeV neutrons 
were measured for 65 fission product nuclides from 
85Kr to 151Pm. The fission product activities were 
measured by Ge(Li) γ spectrometry and chemical 
separation of the fission product elements Pd, Ag, Cd, 
Sn, Sb and Ce followed by β counting or γ 
spectrometry. The chain yields of 43 mass chains 
were obtained by dividing the measured cumulative 
yields by a correction factor, which is a ratio of 
cumulative yield of the measured product nuclide to 
the corresponding chain yield. 

The data were used after following processing: 
a. Some chain yields were obtained from 2 or 

more than 2 cumulative yields. In this case, they were 
averaged with weight to get the recommended chain 
yield. 

b. The data of product nuclides 126gSb, 111mPm 
were abandoned. It is an independent yield for the 
former, and is partial isomeric yield for the latter. 

c. The data of product nuclides 130gSb, 131Sb, 
131mTe were also abandoned. The chain yields 
obtained from the cumulative yields of these nuclides 

are too small. The fractions of the measured 
cumulative yields to the corresponding chain yields 
are too small, which could introduce large error into 
the obtained chain yields. In addition, there are large 
differences for the correction factors of these nuclides 
between the values given in the paper and calculated 
by us with the data from ENDF/B-6. 

3  Results, Recommendation and  
   Discussion  
   Based on the selected data of the collected 
experimental data available, and after their evaluation 
and processing as described above, the following 
evaluated mass distribution data for 238U, 239, 242Pu 
fission are recommended as given in Table 1. 

The recommended data are shown in Figs.1~4 for 
238U fission induced by neutron, proton and 239,242Pu 
fission induced by neutron respectively. 

As mentioned above that the data were measured 
by two kinds of measurement method for the mass 
distributions. One is the data measured by recording 
prompt fission fragments (data type 1 in Table 1) 
with double Frisch-gridded ionization chamber, 
silicon PIN diode detector arrays etc, as reported by 
Vives[1], Zoller[3] and Hamilton[11]. Another is the 
data measured by recording the radioactivity of 
fission product nuclides (data type 2 in Table 1) with 
Ge(Li), HPGe γ spectrometry and radio-chemistry 
method, as reported by Nagy[4], Chapman[5], LI Ze[6], 
LIU Conggui[8], Daroczy[9], LIU Yonghui[10], 
Gindler[12], Ford[13], Laurec[14], Winkelmann[15]. In 
general, the data measured by different laboratories 
but with the same kind of method, like data type 2, 
are in good agreement within the experimental error, 
as shown in Figs. 5, 6 for the data type 2. But there is 
systematical error between the two types of data (see 
Fig. 6). The reason is in physics and the measurement 
techniques. 

The essential difference of the two kinds of 
measurements is the time (days, hours, seconds etc.) 
delayed for data type 2, so the radioactive products 
decay (although which can be corrected to a certain 
time), and is “prompt” for the data type 1. Even 
though for the data type 1, the fragments measured 
are still ones after “prompt neutron emission”, so 
called post neutron emission, while to get the 
fragments before the prompt emission, so called pre 
neutron emission, must make necessary correction, 
which was described in the Vives's[1] and Zoller's[3] 
papers. So in the data file, the “post” and “pre” mean 
the prompt neutron for the data type 1. In Fig.7 is 
shown the difference between these two kinds of 
yields. Regards as the data type 2, the data are all 
ones of not only “post neutron emission” but also 
“delayed neutron emission”. As well know that in 
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Table 1 Recommended mass distribution data 

 

Fissile nuclide Energy point / MeV Data(author) Ref. Data type 

En around 1.5 Vives(1.6), Nagy(1.5) 1, 4 1, 2 

En at 5.5 Vives, Nagy 1, 4 1, 2 

En around 8.2 LI Ze(8.3), Chapman(8.1) 6, 5 2 

En around 11.3 LI Ze(11.3), Zoller(11.5~14.5) 7, 3 2, 1 

En around 14.5 LIU Conggui(14.9), Daroczy (14.5) 
Zoller(11.5~14.5) 8, 9, 3 2, 1 

En around 22.0 LIU Yonghui(22), Zoller(18~22) 10, 3 2, 1 

En around 27.5 Zoller(22~33) 3 1 

En around 50.0 Zoller(45~55) 3 1 

En around 100 Zoller(89~110) 3 1 

En around 160 Zoller(145~175) 3 1 

Ep at 20.0 Hamilton 11 1 

238U 

Ep at 60.0 Hamilton 11 1 

En at 0.17 Gindler 12 2 

En at 7.9 Gindler 12 2 239Pu 

En around 14.5 Ford(14.0), Laurec(14.7) 13,14 2 
242Pu En at 15.1 Winkelmann 15 2 

 
addition to β decay of the radioactive fission product 
nuclides, some of them also decay by emitting 
neutron, so called delayed neutron. For the data type 
2, the delayed neutrons are emitted, but for the data 
type 1 not, even the data are “post-neutron” emission 
ones.  

Another essential difference of the two kinds of 
measurements is mass resolution, which is more 
important for using the data to compare with the 
calculation ones. For second type of data, there is no 
this problem, but for first type of data, as mentioned 
above, the measured mass distribution is not exact 
one, but is a summation over all Gaussian extensions 
with the mass resolution width of each mass number. 
To confirm the point, the second type of data were 
“corrected” by following steps: 

a) The data were linearly interpolated for the 
mass number, where there is no measured data, so 
that there are the yields for all each mass A in the 
mass range measured. 

b) The data were made Gaussian extension with 
the width of 3 or 4 mass unit, which is the width of 
Vives or Zoller's measurement at the given energies, 
for the yields of each mass A. 

c) The all yields were summed over all mass 
number in the mass range measured. 

The results are shown in Figs. 8~9, marked 
“corrected”. It can be seen that the “corrected” 
second type of data are consistent with the fist type 
of data, e.g. Nagy corrected with Vives and Zoller in 
Fig. 8, LIU Conggui corrected and Daroczy corrected 
with Zoller in Fig. 9. 

 

4  Conclusion Remarks 
 

The mass distribution data were evaluated and 
recommended on the basis of available experimental 
data at the energies En=1.5, 5.5, 8.2, 11.3, 14.5, 22, 
27.5, 50, 100, 160 MeV and Ep=20, 60 MeV for 238U 
fission, En=0.17, 7.9, 14.5 MeV for 239Pu fission, 
En=15.1 MeV for 242Pu fission, respectively. The data 
measured by different laboratories but with the same 
kind of method, like data type 2, are in good 
agreement within the experimental error. Considering 
the difference between the two types of data in 
physics and measurement technique and make some 
corresponding corrections, the two types data are 
also consistent with each other within errors. The 
data are recommended to use as base for both 
microscopic and systematics research.   
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The difference between the two types of data 
must be paid attention to. The calculated data should 
be made Gaussian extension with the corresponding 
experimental width when they are compared with the 
first type of data. There is no this problem when the 
second type of data are used to compare. 
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Fig. 1 The mass distribution of 238U fission induced by neutron 

 
Fig. 2 Mass distribution of 238U fission induced by proton 

 
Fig. 3  Mass distribution of 239Pu fission 

 

 

 

 

Fig. 4  Mass distribution from 242Pu fission at En=15.1 MeV 

 

 

 

 

Fig. 5  Mass distribution from 238U fission at En around 8.2 MeV
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Fig. 6  Mass distribution from 238U fission at En around 14.5 MeV 

Fig. 7  Fragment mass distribution from 238U fission at En around 27.5MeV

Fig. 8  The comparison of mass distribution of 238U fission around 5.5 MeV measured with different method 
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Fig. 9  Comparison of mass distribution of 238U fission at En around 14 MeV measured with different method
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