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ABSTRACT 
 
 

    Systematic study of the radioactive waste minimisation problem is subject of the SPHINX 
project. Its idea is that burning or transmutation of the waste inventory problematic part will 
be realized in a nuclear reactor the fuel of which is in the form of liquid fluorides.  
    In frame of the project, several experiments have been performed with so-called inserted 
experimental channel. The channel was filled up by the fluorides mixture, surrounded by six 
fuel assemblies with moderator and placed into LR-0 reactor vessel. This formation was 
brought to critical state and measurement with activation foil detectors were carried out at 
selected positions of the inserted channel. Main aim of the measurements was to determine 
reaction rates for the detectors mentioned.  
   For experiment evaluation, comparative computations were accomplished by code 
MCNP4a. The results obtained show that very often, computed values of reaction rates differ 
substantially from the values that were obtained from the experiment.  
   This contribution deals with analysis of the reasons of these differences from the point of 
view of computations by Monte Carlo method. The analysis of concrete cases shows that the 
inaccuracy of reaction rate computed is caused mostly by three circumstances: 
-  space region that is occupied by detector is relatively very small; 
-  microscopic effective cross-section σR(E) of the reaction changes strongly with energy just 
   in the energy interval that gives the greatest contribution to the reaction; 
-  in the energy interval that gives the greatest contribution to reaction rate, the error of the 
   computed neutron flux is great. 
   These circumstances evoke that the computation of reaction rate with casual accuracy 
submits extreme demands on computing time.  
 
 
 

1. INTRODUCTION 
 
 
   Subject of the project SPHINX is systematic study of the radioactive waste minimisation 
problem. The main idea is that the burning of fissionable part and the transmutation of other 
problematic part of the waste inventory will be realized in a nuclear reactor the fuel of which 
has the form of liquid fluorides. In frame of the project, experimental program has been 
realized that concerns experiments with inserted channel on reactor LR-0 in Řež. Several of 
these experiments were performed already and the results obtained as well as the results of 
respective comparative computations were published [1 - 4]. 
   Fig. 1 shows configuration of such an experiment. The channel is surrounded by six fuel 
assemblies with moderator and placed into LR-0 reactor vessel.  The fuel assemblies are 

  



standard LR-0 ones with enrichment 4.4% by isotope U235. The experimental inserted channel 
is composed of supporting container and of seven shaped pieces that are filled up by mixture 
of fluorides LiF(60%)+NaF(40%). Geometry and physical parameters of the whole formation 
are described in details in documents [5 - 7]. 
  Main aim of the experiment was to bring the formation to critical state and to carry out 
measurement of neutron field parameters at selected positions of the inserted channel. Then 
on the basis of the measurement, reaction rates of the reactions: 
 
         197Au (n,γ) 198Au ,   
           115In (n,γ) 116mIn,   
              55Mn (n,γ) 56Mn, 
              58Ni (n,p) 58Co 
 
were to be determined. The reason why the main result of experiment is just determination of 
reaction rates is as follows: these quantities do not demand extra-complicated conversion of 
the activation measurement results and they can be computed by MCNP code directly. 
   Monitoring of the reactions mentioned was carried out by means of activation foils. They 
were placed on aluminium carrier at five different positions of the inserted channel inside the 
shaped pieces (see Fig. 2) at the height 25 cm above the fuel column lower end. The reason 
for application of activation foils is that foil monitors are sufficiently small and so they do not 
disturb quantity measured too much. The foil monitors should also detect expected high 
changes of thermal neutron flux (transmutation process takes place in a great amount just in 
thermal region of neutron energy). 
 For purpose of evaluation of the experiment, comparative computations were carried out 
using the code MCNP4a [8] and nuclear data from library ENDF/B-VI. It appeared that the 
differences between the values of reaction rates computed and the values obtained from the 
measurement by activation monitors exceed the sum of errors indicated by computation and 
experiment frequently and substantially. 
   Following part of the contribution deals with the analysis of the reasons of differences found 
and it concerns computations only.       
 
 
 

2. DESCRIPTION OF COMPUTATIONS 
 
 
  We are to find numerical solution to the problem of criticality for neutron transport equation 
in case of the configuration mentioned above. However from the reason of easier solution, the 
problem is simplified. Namely the formation considered is bordered not by the walls of the 
reactor vessel but by surface of cylinder of proper radius and height. In our model the radius 
of the cylinder R=60 cm, the height of it H = 208.12 cm while its bottom lies 56.12 cm below 
the fuel column lower end. The axis of the cylinder coincides with coordinate axis z and, 
simultaneously it is the axis of symmetry of the formation. The cylinder is surrounded by 
vacuum and we assume that no neutrons impact the cylinder walls from outside. 
   For computation the shaped pieces and the container of experimental channel were 
modelled according to collection of documents [5]. Geometrical and physical parameters of 
fuel rods as well as of spacer grids and of fuel assemblies including their positioning in the 
reactor vessel were retired from document [6]. For moderator level height the value Hkr = 
47.955 cm was used according to report [7] (this height was found experimentally and it is 
related to the lower end of fuel pellets column). 

  



   The problem of criticality was solved by the method of generations. This method is 
numerical application of source iteration one: individual iterations are computed by Monte 
Carlo method while each of iterations is represented by a generation of particles in the 
computation (see [8]). For the solution 505 generations were employed with 10000 particles 
in each of them (30°- sector of symmetry of the configuration was taken into account) and 
contributions of the first five generations were not included into the result. 
   The aim of computation was to determine the multiplication coefficient, the neutron flux 
distribution with respect to space coordinate and energy and the reaction rates at positions of 
measurement demanded. In addition the reaction rate of reaction 115In(n,n’)115mIn was 
calculated for these positions. 
 
 
 

3.  RESULTS OF COMPUTATIONS AND DISCUSSION 
 
 
3. 1. THE RESULTS 
 
   Computed results of the reaction rates and of integral neutron fluxes are summarized in 
tables 1 – 5 and they correspond to the value of multiplication coefficient kef  = 0.995642 with 
relative uncertainty 0.0004.  
   Radial position of monitor is numbered from 1 to 5 in the same way as on Fig. 2 and it is 
indicated in the first column of the tables; number 6 in this column denotes position in the 
driving zone. The second column of the tables contains energy intervals considered. The 
values of reaction rate (RR) and of integral neutron flux (Φ) are placed in the 3-rd and 5-th 
column respectively. They are defined by relations  
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where the following notation is used: 
 
ϕ     ...          neutron flux, 
σR   ...          microscopic effective cross-section of reaction,  
x     ...          position vector of neutron, 
E     ...          kinetic energy of neutron, 
ω    ...          direction of neutron velocity, 
Ω    ...          the unit sphere surface.  
 
At positions 1 – 5 the letter S denotes circle of radius r = 0.451 cm that is perpendicular to    
z-axis and coordinate of which is z = 25 cm (coordinate of lower end of fuel pellets column is 
z = 0 cm), S means its area. At position 6 the surface S is identical with the cross section of 
driving zone at height z = 25 cm. E1 and E2 denote boundaries of energy interval considered. 

  



   Relative errors (Err.) concerning the reaction rate and integral neutron flux are located in the 
4-th and 6-th column, respectively. 
 
 
3. 2. THREE NOTES 
 
Note1.  Monte Carlo method that is employed in code MCNP is based on the relation  
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(the limit theorem, see e.g. [8]) where x is an arbitrary nonnegative number and where the 
following notation is used: 
 
P      ...  probability,  
N     … the number of random trials, 
ζ      ...  random variable, 
Mζ  ...  expectation,  

                                  Mζ = x d F
−∞

∞

∫ ζ (x),   

Fζ    … distribution function of the random variable ζ,     
ζ k   … mutually independent random variables with common distribution function Fζ, 
Dζ  …  variance of the random variable ζ,  
 
                                 Dζ  = M(ζ - Mζ )2 . 
 
   Distribution function of random variable ζ is used to choose in such a way that expectation 
Mζ equals a proper functional of solution to a neutron transport problem (e.g. mean reaction 
rate in a space region). Then determination of Mζ is the result of the solution to this neutron 
transport problem and, in agreement with relation (3), standard deviation 
 
 
                                              ε = √ (Dζ / N) / Mζ                                                                (4) 
 
 
is considered as a measure of accuracy of this determination. In general, solution to the 
problem of criticality by using MCNP code is biased while one of the reasons of this bias is as 
follows:  
  In the code the random process is constructed in such a manner that each of iterations is 
computed with an error (that depends on the number of particles used in corresponding 
generation - according to the limit theorem). The error takes across the next iterations and so 
accumulate error can increase with the number of iterations.  
 
Note 2.  During the computations by MCNP code, expectation Mζ as well as standard 
deviation ε are not known usually in advance (they are subject of the solution). That is why 
these quantities are replaced by estimations 
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precision of which, according to the limit theorem (3), depends on the number of trials N and 
on behaviour of distribution function Fζ of random variable ζ. Consequently, optimisation of 
computation by MCNP code consists in setting up random process parameters properly so that 
the computation is as short and accurate as possible. On the contrary, when the random 
process is chosen inappropriately, estimations (5) and (6) can differ considerably from the 
correct values Mζ and ε even for large N. 
   Let us add, that there exists optimal random process. However such a process cannot be 
realized in practice because, to its construction, knowledge of exact solutions to certain 
inhomogeneous neutron transport equations is necessary (see e.g. [9]). 
      
Note 3.  In computation, the foil monitors were modelled as surface monitors the size of 
which is sufficiently small (application of FM card). The fact that only dosimetry data were 
available for most of reactions in MCNP code application was one of reasons for the use of 
this model. As the ratio of monitor area and area of driving zone cross section is very small 
(<10-3) the probability that a particle hits monitor in analog random process is small too for 
the most of starting positions of the particle. Consequently, according to previous note we can 
expect that estimations (5) and (6) will be erroneous. It is known effect of relatively small 
regions that must be treated properly in the computation (e.g. by appropriate choice of the 
monitor surroundings importance using IMP card). Let us remark that MCNP code does not 
react by itself on surface monitors when probability density is generated.   
   According to definition (1) energy dependence of microscopic effective cross-section of 
respective reaction and of the neutron flux computation error play an important role in 
computations of reaction rates: Let for instance a significant contribution to reaction rate be 
bound to a certain energy interval (E1, E2). If microscopic effective section-section of a 
reaction depends strongly on energy in this interval (e.g. in the case of resonance behaviour) 
probability of realization of this reaction can be strongly energy dependent too. By virtue of 
Note 2 we expect that estimations (5) and (6) for respective reaction rate will be erroneous 
(effect of strong dependence of the reaction cross-section on energy). Inaccuracy of 
estimations (5) and (6) for the reaction rate can be high also in case that computed estimation 
of integral neutron flux error is high (effect of neutron flux error). Such event can happen for 
instance, in virtue of strong dependence of neutron flux on energy in interval (E1, E2). 
  In computations with MCNP code, both these effects can be suppressed to a certain degree 
by a proper choice of weight windows in energy and space variables ( e.g. by application of 
cards ESPLT, WWE,…). 
 
     
3.3. DISCUSSION OF THE RESULTS 
 
   Geometric model, nuclear data library and numeric method applied to the solution affect the 
results of computation considerably. Thus uncertainty of the computation in the tables does 
not mean a deviation from the exact value. In accordance with Note 2, the values of reaction 
rate, of the neutron flux and of error in the tables mean estimations of these quantities only 

  



(they are defined by the right sides of relations (5) and (6)). Let us remind that the results in 
the tables correspond to the value kef  = 0.995642 of multiplication coefficient so the assembly 
is not actually in critical state. 
  Tables 1 – 5 show that the errors of neutron flux determination in 6-th position are ever 
smaller than in other positions, in all groups respectively. Let us point out that solving the 
problem nonanalog method was employed in order to heighten importance of the detector 
surroundings (application of card IMP≠1). However the running time increased ninety times. 
Obviously the effect of relatively small regions is concerned.  
   Let us notice the results obtained for the monitors of individual reactions:  
 
a) Reaction 197Au(n,γ)198Au 
   Table 1 shows the results of computation. According to it the greatest contributions to total 
reaction rate has origin in the first and second energy group (i.e. in intervals 0 -  5×10-6 MeV 
and 5×10-6 MeV - 5×10-3 MeV) while the contributions from the second group predominate. 
Simultaneously the errors in group reaction rate override considerably the errors in 
responsible group neutron flux in these two groups. 
   However, depending of energy the microscopic effective cross-section of the reaction 
changes sharply in accordance with law E-1/2 in the first group and it has resonant pattern in 
the region of the second group (Fig. 3). Hence, very probably the effect of strong dependence 
of the reaction cross-section on energy manifests itself here. 
   Behaviour of the reaction rate and of neutron flux in the first two groups corresponds to the 
behaviour of total reaction rate and of total neutron flux: At position 6 the error of total 
reaction rate is four times higher than the error of neutron flux and this ratio of errors lies in 
boundaries 7 – 9 for remaining positions.  
    Tabular errors of reaction rate at positions 1 –5 are not small- they change within bounds 
4.3 % – 12.9 %. Therefore, the expectation of the reaction rate as well as the standard 
deviation can differ from respective estimates considerably (see Note 2).  
 
b) Reaction 115In(n, γ)116mIn 
   According to Table 2, at all positions the second energy group (5×10-7 MeV  - 10-3  MeV) 
gives dominant contribution to the total reaction rate. Simultaneously, in the second group the 
error in reaction rate exceeds considerably the error in neutron flux. 
On the other hand the microscopic effective cross-section of the reaction has resonance just in 
the region of the second group (Fig. 4). So we can conclude that the effect of strong 
dependence of the reaction cross-section on energy is concerned in this group. The effect 
influences the total reaction rate and integral neutron flux in the following way: At position 6 
the error of total reaction rate is eight times higher than the error of neutron flux and this ratio 
of errors lies in boundaries 7 – 50 for remaining positions.  
   At positions 1 –5 tabular reaction rate errors change within the interval 6.7 % – 45 %. 
Hence, these values as well as tabular values of reaction rate can give the estimation of 
respective expectations that is considerably biased (see Note 2).  
 
c) Reaction   58Ni(n,p)58Co 
   At all positions, essential contributions to the reaction rate have origin in the third energy 
group (2.5 MeV  -  20 MeV, see Table 3). These contributions are burdened by error that is 
considerable and that is comparable with error of neutron flux in the third group. 
   As microscopic effective cross-section of the reaction is sufficiently smooth function of 
energy in whole energy interval (Fig. 5), we can say: The error of reaction rate is the 
consequence of inaccuracy in determination of the neutron flux in the third group (in other 
words, effect of neutron flux error is concerned).      

  



  The facts that the greatest contribution to integral flux comes from the first energy group        
(0 - 1MeV) and that error of this contribution is relatively small take the following effect on 
both total reaction rate and integral neutron flux: at position 6 the reaction rate error is two 
times higher than respective integral neutron flux error and this ratio of errors varies from 3 to 
11 at the other positions.  
 
d) Reaction 115In(n,n’)115mIn 
  The third energy group (0.341 MeV  - 20 MeV) gives dominant contribution to the reaction 
rate (Table 4). The ratio of group reaction rate errors in this group and of respective group 
fluxes errors lies in interval (1.5, 2.5) depending on position. Microscopic effective cross 
section of the reaction changes strongly with energy in the range of the second and third 
groups (see Fig. 6). 
 Therefore, very probably the effect of strong dependence of the reaction cross-section on 
energy manifests itself here. Next this effect approves itself as follows: at position 6 the 
reaction rate error is 1.5 times higher than respective integral neutron flux error and this ratio 
of errors varies from 2.5 to 4.5 at the other positions.  
 
e) Reaction 55Mn (n,γ) 56Mn 
   Results in the Table 5 show: At positions 1 – 4 essential contribution to the reaction rate 
comes from the second energy group (10-4 MeV - 0.1 MeV), at position 6 the greatest 
contribution gives the first group (0 - 10-4 MeV) and at position 5 the greatest contribution 
comes from the first two groups. In the last case the contribution of the first group is burdened 
by considerable error. At positions 1 – 5 the group reaction rate errors in the second group are 
higher than respective group neutron flux errors more than two times. The same relation 
between the group reaction rate error and group neutron flux error holds for the first group at 
position 5. Group reaction rate error of the first and second group at position 6 is small though 
but it is more than 1.3 times higher than respective group neutron flux. 
     Microscopic effective cross-section of the reaction changes sharply with energy in 
accordance with law E-1/2 in the first group and it has resonant pattern in the region of the 
second group (Fig. 7). 
     The noted facts indicate that the effect of strong dependence of the reaction cross-section 
on energy is concerned in the first and second groups. 
  Reaction rate was computed with error that does not exceed 2.5% at positions 1 –4 
however this error reaches 5.8% at position 5. At position 6 the reaction rate error is two times 
higher than respective integral neutron flux error and this ratio of errors varies from 2 to 3 at 
the other positions.  
 
 
 

4. CONCLUSIONS 
 
 
   Computation of reaction rates with casual accuracy submits extreme demands on computing 
time.  
  Inaccuracy of the computation is mostly consequence of three circumstances:   
-   the space region occupied by a detector is relatively very small; 
-   microscopic effective cross-section σR(E) of the reaction strongly changes with energy in  
     the interval that gives significant contribution to the reaction rate;  
-   computed estimation of group neutron flux error is high in the group that gives significant 
     contribution to the reaction rate.  

  



 
  The reaction rates and respective errors obtained by MCNP code application to the solution 
of criticality problem represent an estimation of the real values. This estimation is biased in 
general. The bias can be considerably high due to the circumstances mentioned above.  
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Fig. 1.  Scheme of experimental setting. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Location of monitors in in
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Fig. 3. Microscopic effective cross section of reaction 197Au (n,γ) 198Au. 

 
 
 
 

 
 

Fig. 4. Microscopic effective cross section of reaction 115In (n,γ) 116mIn. 

  



 
 

Fig. 5. Microscopic effective cross section of reaction  58Ni (n,p) 58Co. 
 
 
 
 

 
 

Fig. 6. Microscopic effective cross section of reaction 115In (n,n´) 115In. 
 
 
 

  



 
 

Fig. 7. Microscopic effective cross section of reaction  55Mn (n,γ) 56Mn. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



7.  TABLES 
 
 
 
 
 
 
 

 
 

Table 1. Reaction 197Au(n,γ)198Au 

Position Energy [MeV]         RR Err. [%]           φ Err. [%]
0  -   5×10-6 .109813E-01 31.6 .215340E-04 13.8 

5×10-6   -   5×10-3 .187578E-01 6.5 .424504E-03 2.5 
5×10-3    -    20 .535658E-03 1.3 .145782E-02 1.2 

1 

0  -   20 .302748E-01 12.2 .190385E-02 1.1 
0  -   5×10-6 .664784E-02 6.2 .168671E-04 4.3 

5×10-6   -   5×10-3 .205726E-01 5.4 .428404E-03 1.1 
5×10-3    -    20 .544717E-03 .9 .151214E-02 .7 

2 

0  -   20 .277652E-01 4.3 .195741E-02 .6 
0  -   5×10-6 .102026E-01 17.4 .279554E-04 16.8 

5×10-6   -   5×10-3 .228548E-01 7.8 .433484E-03 1.4 
5×10-3    -    20 .534567E-03 1.0 .151834E-02 1.0 

3 

0  -   20 .335919E-01 7.5 .197978E-02 .9 
0  -   5×10-6 .897445E-02 13.3 .366378E-04 6.8 

5×10-6   -   5×10-3 .265440E-01 11.9 .469730E-03 2.1 
5×10-3    -    20 .526155E-03 1.4 .154444E-02 1.3 

4 

0  -   20 .360446E-01 9.4 .205080E-02 1.1 
0  -   5×10-6 .254612E-01 23.4 .142307E-03 7.3 

5×10-6   -   5×10-3 .287185E-01 13.0 .575868E-03 3.6 
5×10-3    -    20 .507557E-03 2.6 .164359E-02 2.3 

5 

0  -   20 .546872E-01 12.9 .236177E-02 1.9 
0  -   5×10-6 .615140E-01 .8 .533296E-03 .3 

5×10-6   -   5×10-3 .625262E-01 1.3 .539338E-03 .3 
5×10-3    -    20 .417724E-03 .3 .164364E-02 .2 

6 

0  -   20 .124458E+00 .8 .271628E-02 .2 
 
 
 
 
 
 
 
 
 
 

  



 
Table 2. Reaction 115In(n, γ)116mIn  

Position Energy [MeV]         RR Err. [%]           φ Err. [%]
0  -   5×10-7 .120091E-03 44.3 .144956E-05 44.5 

5×10-7   -   1×10-3 .193818E-01 8.2 .315903E-03 3.4 
1×10-3    -    20 .671776E-03 1.1 .158650E-02 1.1 

1 

0  -   20 .201737E-01 7.8 .190385E-02 1.1 
0  -   5×10-7 .826010E-04 8.8 .102983E-05 9.0 

5×10-7   -   1×10-3 .177231E-01 7.0 .316248E-03 1.4 
1×10-3    -    20 .682543E-03 .7 .164013E-02 .7 

2 

0  -   20 .184882E-01 6.7 .195741E-02 .6 
0  -   5×10-7 .143493E-03 12.4 .178954E-05 12.8 

5×10-7   -   1×10-3 .394649E-01 45.9 .329309E-03 2.2 
1×10-3    -    20 .676240E-03 .7 .164868E-02 .9 

3 

0  -   20 .402846E-01 45.0 .197978E-02 .9 
0  -   5×10-7 .669888E-03 17.0 .797468E-05 17.6 

5×10-7   -   1×10-3 .381009E-01 18.4 .359540E-03 2.6 
1×10-3    -    20 .683030E-03 1.2 .168329E-02 1.2 

4 

0  -   20 .394538E-01 17.8 .205080E-02 1.1 
0  -   5×10-7 .763037E-02 13.4 .693219E-04 11.5 

5×10-7   -   1×10-3 .193588E+00 33.4 .474354E-03 3.9 
1×10-3    -    20 .723916E-03 3.0 .181809E-02 2.2 

5 

0  -   20 .201942E+00 32.0 .236177E-02 1.9 
0  -   5×10-7 .457048E-01 .4 .377248E-03 .4 

5×10-7   -   1×10-3 .222679E+00 1.9 .550747E-03 .3 
1×10-3    -    20 .598387E-03 .3 .178828E-02 .2 

6 

0  -   20 .268982E+00 1.6 .271628E-02 .2 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
Table 3. Reaction 58Ni(n,p)58Co  

Position Energy [MeV]         RR Err. [%]           φ Err. [%]
0  -   1 .463115E-07 5.2 .156713E-02 1.0 

1   -   2.5 .525088E-05 4.6 .236471E-03 3.5 
2.5   -    20 .319255E-04 13.9 .100258E-03 10.3 

1 

0  -   20 .372227E-04 12.0 .190385E-02 1.1 
0  -   1 .459748E-07 3.0 .158184E-02 .6 

1   -   2.5 .642029E-05 3.7 .265514E-03 2.0 
2.5   -    20 .329985E-04 5.5 .110053E-03 4.2 

2 

0  -   20 .394647E-04 4.6 .195741E-02 .6 
0  -   1 .465230E-07 3.8 .158432E-02 .7 

1   -   2.5 .618088E-05 3.3 .269495E-03 2.9 
2.5   -    20 .361377E-04 8.7 .125972E-03 8.3 

3 

0  -   20 .423651E-04 7.4 .197978E-02 .9 
0  -   1 .498227E-07 9.3 .162150E-02 1.0 

1   -   2.5 .723673E-05 7.9 .299453E-03 4.3 
2.5   -    20 .374728E-04 7.4 .129849E-03 6.2 

4 

0  -   20 .447593E-04 6.3 .205080E-02 1.1 
0  -   1 .572695E-07 9.3 .184156E-02 2.0 

1   -   2.5 .907734E-05 8.4 .358794E-03 5.5 
2.5   -    20 .475737E-04 7.6 .161415E-03 6.9 

5 

0  -   20 .567084E-04 6.5 .236177E-02 1.9 
0  -   1 .597877E-07 .7 .205507E-02 .2 

1   -   2.5 .107513E-04 .4 .403891E-03 .3 
2.5   -    20 .785621E-04 .4 .257318E-03 .4 

6 

0  -   20 .893733E-04 .4 .271628E-02 .2 
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Table 4. Reaction  115In(n,n’)115mIn 

Position Energy [MeV]         RR Err. [%]           φ Err. [%]
0  -   0.338   .125374E-02 1.2 

0.338    -   0.341 .112403E-11 18.4 .178434E-05 10.0 
0.341    -    20 .790267E-04 4.8 .648325E-03 2.2 

1 

0  -   20 .790267E-04 4.8 .190385E-02 1.1 
0  -   0.338   .126216E-02 .6 

0.338    -   0.341 .935493E-12 3.8 .155700E-05 2.6 
0.341    -    20 .891256E-04 2.2 .693692E-03 1.2 

2 

0  -   20 .891256E-04 2.2 .195741E-02 .6 
0  -   0.338   .126209E-02 .8 

0.338    -   0.341 .994893E-12 5.5 .173956E-05 5.6 
0.341    -    20 .939464E-04 4.0 .715954E-03 2.0 

3 

0  -   20 .939464E-04 4.0 .197978E-02 .9 
0  -   0.338   .129476E-02 1.1 

0.338    -   0.341 .115290E-11 32.1 .184748E-05 20.0 
0.341    -    20 .101779E-03 4.1 .754197E-03 2.3 

4 

0  -   20 .101779E-03 4.1 .205080E-02 1.1 
0  -   0.338   .146787E-02 2.1 

0.338    -   0.341 .849731E-12 54.1 .151767E-05 33.3 
0.341    -    20 .124727E-03 4.5 .892384E-03 3.5 

5 

0  -   20 .124727E-03 4.5 .236177E-02 1.9 
0  -   0.338   .166261E-02 .2 

0.338    -   0.341 .154080E-11 4.8 .258773E-05 3.5 
0.341    -    20 .166752E-03 .3 .105108E-02 .2 

6 

0  -   20 .166752E-03 .3 .271628E-02 .2 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

  



 
Table 5. Reaction  55Mn (n,γ) 56Mn   

Position Energy [MeV]         RR Err. [%]           φ Err. [%]
0  -   10-4 .908643E-04 7.6 .143282E-03 6.7 

10-4    -   0.1 .682809E-03 2.6 .865331E-03 1.3 
0.1    -    20 .486181E-05 .9 .895242E-03 1.6 

1 

0  -   20 .778536E-03 2.4 .190385E-02 1.1 
0  -   10-4 .799343E-04 2.1 .136069E-03 2.2 

10-4    -   0.1 .707622E-03 1.6 .872303E-03 .8 
0.1    -    20 .507338E-05 .7 .949038E-03 .9 

2 

0  -   20 .792630E-03 1.4 .195741E-02 .6 
0  -   10-4 .101171E-03 7.9 .147202E-03 4.1 

10-4    -   0.1 .716338E-03 2.0 .859263E-03 .8 
0.1    -    20 .513253E-05 .9 .973317E-03 1.5 

3 

0  -   20 .822642E-03 2.0 .197978E-02 .9 
0  -   10-4 .140493E-03 5.5 .169041E-03 4.1 

10-4    -   0.1 .769249E-03 2.8 .863729E-03 1.2 
0.1    -    20 .526238E-05 1.6 .101803E-02 1.8 

4 

0  -   20 .915004E-03 2.5 .205080E-02 1.1 
0  -   10-4 .731210E-03 10.7 .325921E-03 4.6 

10-4    -   0.1 .835257E-03 5.7 .874322E-03 2.6 
0.1    -    20 .564716E-05 3.4 .116153E-02 3.0 

5 

0  -   20 .157211E-02 5.8 .236177E-02 1.9 
0  -   10-4 .368311E-02 .4 .738959E-03 .3 

10-4    -   0.1 .722594E-03 .4 .669753E-03 .3 
0.1    -    20 .557636E-05 .3 .130757E-02 .2 

6 

0  -   20 .441128E-02 .4 .271628E-02 .2 
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