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1 Introduction

The aim of the present document is to summarize recent quantitative studies of the ef-
fect of a non-Maxwellian neutron flux component in the measurement of thermal neutron
cross sections (Maxwell averaged or at £, = 0.0253 eV), in highly thermalized neutron
spectra. The studies presented here have been performed on minor actinides whose nu-
clear parameter measurements show a demonstrated interest for the transmutation of the
nuclear wastes [1, 2, 5]. We focalize our interest to the proposed or realized measurements
in the frame of the Mini-INCA project at the HFR of ILL-Grenoble [6, 7]. Thermal neu-
tron capture and fission cross sections are measured in two experimental neutron channels
where different measurement techniques are operational:

o the H9 super-thermal channel where capture and absorption cross sections are mea-
sured, thanks to off-line v and « spectroscopy performed on irradiated samples.

o the V4 variable spectrum channel where online fission rates are measured with micro-
fission chambers. Sample activation experiments followed by mass spectrometry are
also performed off-line.

We present the contributions of non-thermal neutrons to the measured capture and fission
cross sections and the correction factors to be applied to the results, depending on the
actual neutron energy spectrum. This study lay on new high statistic simulations of the
neutron flux based on the MCNP modelization of the ILL reactor [4]. Six irradiation
positions have been studied :

e the nominal irradiation position in the horizontal H9 channel (at ~ 50 ¢m from
the fuel element), providing a 98% thermalized (50°C') neutron flux with a total
intensity of 6.10"* n/s/cm?.

e positions at 0, 25, 50, 75 and 100 cm from the bottom of the vertical inclined (V4)
channel, corresponding to the nominal fission chamber irradiation positions. The
bottom position is at ~ 10 ¢m from the fuel element and provides a 84% thermalized
neutron flux with a total intensity of 1.6 10'° n/s/cm?



2 Experimental approach

2.1 Neutron flux simulations

The following results are based on high statistics (5.10%¢020.10° fission neutrons) MCNP
simulations of the ILL neutron flux at different irradiation positions. These simulations
are based on a precise modelization of the HFR core [4] that reproduce correctly the
history of the fuel cycle of 50 days. Neutron flux simulations with a statistical accuracy
better than 1% have been performed at the 6 most widely used irradiation positions by

the Mini-INCA project :
e H9 channel
e V4 channel at 0, 25, 50 75 and 100 cm from the bottom position

Those simulations have been done with two sets of cross section libraries prepared at two
different temperatures (30° C and 130° ') for the DO moderator in order to interpolate
the effective neutron energy distribution at the averaged temperature of the moderator:
T =50°C

The calculated flux intensities and the proportion of thermal neutron in the total flux are
presented in table 1 and figure 1. Simulation of the neutron flux inside the fuel element
(core) is also given here for comparison. As shown in the table, there is no significant

difference in the fluxes calculated at 7' = 30° €' and T" = 130° C.

Flux 0 % H130 ﬁgz

core 0.2210E+16 | 0.1048 | 0.2232E+16 | 0.1114
V4(0) | 0.1712E416 | 0.8418 | 0.1706E+16 | 0.8440
V4(25) | 0.1356E+16 | 0.8971 | 0.1350E+16 | 0.8987
V4(50) | 0.7301E+15 | 0.9686 | 0.7348E415 | 0.9643
V4(75) | 0.2893E+15 | 0.9966 | 0.3001E+15 | 0.9974
V4(100) | 0.9645E+14 | 1.0000 | 0.9962E414 | 1.0000

H9 0.6781E415 | 0.9811 | 0.6818E+15 | 0.9806

Table 1: ILL neutron flux stmulations for 2 different neutron temperatures of 30°C' and
130°C. The proportion of thermal neutrons is obtained by integrating the neutron fluzx
corresponds in the range 0 < K, <1 V.

2.2 Non-thermal neutron contribution

Due to the high level of neutron thermalization at ILL, the integral cross sections measured
are generally presented in term of Maxwell averaged cross sections at the temperature of
the D,0 moderator : T ~ 50°C.

Assuming a \/% behavior of the cross sections at low energy, one generally derives the
thermal cross sections o¢ at F, = 0.0253 eV (T = 293°K) from the Maxwell averaged
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Figure 1: Flux intensities expressed in n/s/cm? for logarithmic bins of energy, calculated
for various positions in the HFR core.

cross sections < o >1, at temperature T, with the following formula :

T y 2
293
Note that in H9, the hypothesis of a Maxwellian flux is relevant and confirmed by Monte-
Carlo calculations of the flux at 30°C" and 130°C', showing that the simulated fluxes fit

very well Maxwellian distributions (cf fig 2) at low energy.
However, the complementary non-Maxwellian component of the flux, can play a non-zero
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role due to the presence, in some cases, of huge resonances close to the thermal region.
The contribution of the epi-thermal (non-Maxwellian) distribution to the averaged cross
section could therefore be non-negligible, even if the epi-thermal component of the flux
represents only a few percents of the total neutron intensity.

The averaged cross section is defined in the following way:

[ o(B).¢(E)dE
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where o(F) is the differential cross section derived from the evaluations, and ®(F) the

(2)

calculated neutron spectrum. This equation can be discretized using the neutron intensity
®,; in the energy bin i, instead of flux density ¢(F), and divided in two separate terms:
thermal and epi-thermal.

2

anin Uzq)z
g (3)

< o>

3



x 101
1000

® Crosssectionsat 300 K
¢ O Cross sectionsat 400 K

800
600

400

Neutron flux density (n/cm“/s/eV)

200

PN R N NSRS NSO RSSO N R P
002 004 006 008 01 012 014 016
Neutron Energy (eV)

Figure 2: Fit of the thermal component of the neutron flures in H9 calculated with MCNP
(symbols) and cross section libraries prepared at 30°C and 130°C, with Mazwell averaged
distributions (continuous lines).
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assuming < o >pq=< 0 >4.
From the last relation one can calculate the ratio between the experimental cross section
and the Maxwell average cross section:

(6)

This equation shows that the hypothesis < ¢ >=< o0 >p7,, 1s satisfied only by two
conditions: either the epi-thermal component of the flux is negligible or epi-thermal and

< o> (I)epi (1 <0 >epi )

< 0 >Max (I) < 0 >Maz

thermal averaged cross sections have the same values. Depending on whether the shape
of the neutron spectrum and the shape of the cross sections, a correction factor will have
to be applied to extract correctly the thermal cross sections from the data measured.

2.3 Cross section determination

Actually, the determination of these coefficients is a bit more complex as cross sections
measured in H9 or V4 at ILL are generally determined in comparison with reference
materials (flux monitors or reference deposits) irradiated in the same conditions as the
actinide samples, and chosen for their well known cross sections:



e 90 for capture and absorption cross sections in H9
e P Nb for capture and absorption cross sections in V4

e 2%5( for fission and absorption cross sections in V4 (with fission chambers)

In this scheme, what actually account is not the amplitude of the correction for a given
isotope, but how it compares to the reference material correction factor.

We present here the analysis method. Particularly, one can be convinced that the de-
termination of ® is implicit, leading to an averaged measured cross section for isotope X
expressed as a function of a reference averaged cross section for isotope Ref:

a(X) _ alX)

<o(X)>= ®  a(Ref)

x < o(Ref) > (7)

where, o for isotope X and Ref, depend only on experimental parameters (masses, count-
ing rates, detection efficiencies, duration of irradiation, etc...). The thermal cross sections
(Maxwell averaged and o) can thus be derived from the measurements with these rela-
tions:

Oé(X) AMax(Ref)
X ax: T N R axr R 8
<o(X)>u oz(Ref)x<U( ef) >m ><( Narer(X) (8)
where, Apjoe = % are the correction factors determined by Monte-Carlo simu-
0 > Max

lations. Note that if equation 1 isn’t verified (due to the effect of closed resonances),
thermal cross section oy has to be extracted with:
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2.4 Calculation of averaged cross sections

We have determined the averaged cross sections from the interpolation of averaged cross
sections calculated at 30°C" and 130°C'. Using a linear hypothesis, we can thus derive the
averaged cross section at the actual temperature of the moderator (50°C'):

A<o>

< 0 >5o>=< 0 >3 —I_T R (10)

where A < 0 >=< 0 >3 — < 0 >39

The above formula is justified by the facts that A < o > are generally lower that 10%
and the total flux intensities at 50°C' and 30°C' are identical (see table 1). With respect
to the evolution of pure Maxwell averaged cross section with a % behavior, this formula
shows an agreement at the level of 0.5%.

Fach averaged cross section is determined (see equation 2) from the integration of the
differential cross sections (see the followings figures) tabulated in the ENDF-B6 library,
on the base of 1000 simulated flux values over 10 neutron energy decades. The uncertainty
on the averaged cross section, which is mainly correlated to the importance of the epi-
thermal reaction rate and the number of generated simulated neutrons at these energies,
can reach 9% for ?** Pu(n,v), but is generally equal to 2% for the other isotopes.
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3 Results

3.1 Effect of the non-thermal component of the flux

For a exhaustive set of minor actinides, for which an experimental campaign of thermal
neutron capture and fission cross sections has been initiated at ILL [3, 5], we have cal-
culated (from equation 10) the averaged cross sections < o >59. For each irradiation
position, we have determined the ratio with the corresponding tabulated cross sections
oo and opf,,, respectively at E, = 0.0253 eV and Maxwell averaged at 50°C'. In the last
column of the table we recall the contribution of the thermal neutrons (E, < 1leV) to
the reaction rate R''. All these calculations have been performed using the differential
cross sections tabulated in the ENDF-B6 [8] evaluated data bank, except for 23*2347T'h,
M Am, 3 Pa, 2321 Cm and **°Bk for which we have used JENDL3.3 [9] evaluations.

The first table is relative to capture cross sections, whereas the second one is for fission

cross sections.

3.1.1 Capture cross sections
AZ Flux <0 >30 | <O >130 | <0 >59 0o OMaz <C;—z50 % %toht
core 4.61 4.59 4.61 0.123 | 0.146 | 0.455
V4(0) 27.36 24.22 26.73 0.717 | 0.845 | 0.962
V4(25) 29.04 25.52 28.33 0.760 | 0.896 | 0.976
90 V4(50) 31.51 27.67 30.74 37.30 31.62 0.824 | 0.972 | 0.992
V4(75) 32.48 28.37 31.66 0.849 | 1.001 | 0.999
V4(100) 32.68 28.50 31.84 0.854 | 1.007 | 1.000
H9 31.86 28.06 31.10 0.834 | 0.984 | 0.996
core 0.52 0.52 0.52 0.448 | 0.529 | 0.126
V4(0) 0.94 0.84 0.92 0.791 | 0.934 | 0.873
V4(25) 0.95 0.84 0.93 0.802 | 0.946 | 0.926
BNb V4(50) 1.00 0.89 0.97 1.16 0.98 0.839 | 0.990 | 0.978
V4(75) 1.01 0.89 0.99 0.850 | 1.003 | 0.998
V4(100) 1.02 0.89 0.99 0.855 | 1.009 | 0.999
H9 1.00 0.88 0.98 0.842 | 0.994 | 0.986
core 3.28 3.26 3.28 0.442 | 0.525 | 0.124
V4(0) 6.52 5.83 6.39 0.861 | 1.022 | 0.798
V4(25) 6.41 5.77 6.28 0.847 | 1.006 | 0.875
B2 V4(50) 6.48 5.76 6.34 7.42 6.25 0.854 | 1.015 | 0.955
V4(75) 6.46 5.60 6.29 0.848 | 1.007 | 0.995
V4(100) 6.47 5.63 6.30 0.849 | 1.009 | 1.000
H9 6.44 5.66 6.29 0.847 | 1.006 | 0.975




Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot

core 93.57 93.96 93.65 0.065 | 0.076 | 0.868

V4(0) 1027.52 911.12 1004.24 0.692 | 0.820 | 0.993

V4(25) | 1104.57 971.11 1077.88 0.743 | 0.880 | 0.995

337, V4(50) | 1214.29 | 1059.28 | 1183.29 | 1450.58 | 1224.36 | 0.816 | 0.966 | 0.998
V4(75) | 1258.55 | 1099.62 | 1226.76 0.846 | 1.002 | 1.000

V4(100) | 1266.73 | 1104.59 | 1234.30 0.851 | 1.008 | 1.000

H9 1230.95 | 1082.96 | 1201.35 0.828 | 0.981 | 0.999

core 3.23 3.20 3.22 1.840 | 2.179 | 0.030

V4(0) 2.98 2.41 2.95 1.453 | 1.722 | 0.477

V4(25) 2.27 2.03 2.22 1.268 | 1.502 | 0.585

) V4(50) 1.77 1.60 1.73 1.75 1.48 0.990 | 1.173 | 0.828
V4(75) 1.56 1.34 1.52 0.866 | 1.026 | 0.973

V4(100) 1.54 1.33 1.50 0.857 | 1.015 | 0.991

H9 1.67 1.49 1.63 0.933 | 1.106 | 0.888

core 25.61 25.41 25.57 0.639 | 0.774 | 0.089

V4(0) 41.79 37.84 41.00 1.025 | 1.240 | 0.660

V4(25) 40.28 35.14 39.25 0.981 | 1.188 | 0.737

33 Pq V4(50) 36.73 31.29 35.64 40.00 33.05 | 0.891 | 1.078 | 0.890
V4(75) 34.53 29.23 33.47 0.837 | 1.013 | 0.981

V4(100) 34.15 29.04 33.13 0.828 | 1.002 | 0.999

H9 35.41 30.51 34.43 0.861 | 1.042 | 0.936

core 6.36 6.41 6.37 0.139 | 0.160 | 0.439

V4(0) 35.41 32.32 34.79 0.760 | 0.874 | 0.939

V4(25) 37.34 33.69 36.61 0.800 | 0.919 | 0.958

B33 V4(50) 39.96 35.75 39.12 45.77 39.83 | 0.855 | 0.982 | 0.985
V4(75) 40.90 36.70 40.06 0.875 | 1.006 | 0.998

V4(100) 41.09 36.80 40.24 0.879 | 1.010 | 1.000

H9 40.29 36.36 39.50 0.863 | 0.992 | 0.991

core 23.02 22.84 22.99 0.222 | 0.266 | 0.235

V4(0) 81.06 75.27 79.90 0.772 | 0.924 | 0.881

V4(25) 84.90 75.42 83.01 0.802 | 0.960 | 0.907

B4 V4(50) 87.44 76.30 85.21 103.50 86.50 | 0.823 | 0.985 | 0.973
V4(75) 88.53 76.74 86.17 0.833 | 0.996 | 0.998

V4(100) 89.00 76.86 86.57 0.836 | 1.001 | 1.000

H9 87.67 76.09 85.35 0.825 | 0.987 | 0.985

core 8.97 8.91 8.96 0.090 | 0.108 | 0.567

V4(0) 70.69 61.35 68.82 0.694 | 0.830 | 0.971

V4(25) 75.47 64.72 73.32 0.739 | 0.885 | 0.981

B V4(50) 82.27 70.14 79.85 99.20 82.87 | 0.805 | 0.963 | 0.994
V4(75) 84.93 72.45 82.43 0.831 | 0.995 | 0.999

V4(100) 85.47 72.71 82.92 0.836 | 1.001 | 1.000

H9 83.19 71.50 80.85 0.815 | 0.976 | 0.996

10




Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot

core 9.55 9.48 9.53 1.857 | 2.197 | 0.031

V4(0) 8.93 9.13 8.97 1.748 | 2.068 | 0.406

V4(25) 7.25 8.03 7.41 1.443 | 1.707 | 0.538

el V4(50) 5.57 6.57 5.77 5.13 4.34 1.123 | 1.329 | 0.773
V4(75) 4.55 4.00 4.44 0.866 | 1.024 | 0.980

V4(100) 4.49 3.93 4.38 0.853 | 1.009 | 1.000

H9 5.49 4.82 5.36 1.044 | 1.235 | 0.794

core 32.95 32.81 32.92 0.069 | 0.084 | 0.751

V4(0) 333.40 292.48 325.22 0.683 | 0.829 | 0.987

V4(25) 358.16 311.40 348.81 0.733 | 0.889 | 0.992

B V4(50) 393.57 339.41 382.74 | 475.90 | 392.25 | 0.804 | 0.976 | 0.997
V4(75) 407.88 352.37 396.78 0.834 | 1.012 | 1.000

V4(100) | 410.54 354.05 399.25 0.839 | 1.018 | 1.000

H9 398.82 347.35 388.52 0.816 | 0.991 | 0.999

core 6.84 6.81 6.84 2.504 | 2,953 | 0.023

VA(0) | 6.13 5.76 6.06 2218 | 2.617 | 0.315

V4(25) | 5.15 5.07 5.13 1.880 | 2.218 | 0.404

B8 V4(50) 3.26 3.01 3.21 2.73 2.31 1.176 | 1.387 | 0.703
V4(75) 2.40 2.10 2.34 0.857 | 1.011 | 0.991

V4(100) 2.40 2.09 2.34 0.856 | 1.009 | 0.999

H9 3.03 2.73 2.97 1.088 | 1.283 | 0.767

core 32.64 32.51 32.61 0.180 | 0.214 | 0.509

V4(0) 141.04 125.60 137.95 0.761 | 0.907 | 0.940

V4(25) 147.35 129.74 143.82 0.794 | 0.946 | 0.958

BTNp V4(50) 154.63 136.04 150.91 181.20 | 152.10 | 0.833 | 0.992 | 0.986
V4(75) 156.75 136.07 152.62 0.842 | 1.003 | 0.998

V4(100) | 157.19 136.29 153.01 0.844 | 1.006 | 1.000

H9 155.11 136.25 151.34 0.835 | 0.995 | 0.991

core 13.08 13.05 13.07 0.064 | 0.077 | 0.828

V4(0) 143.09 125.82 139.63 0.685 | 0.817 | 0.991

V4(25) 153.85 134.06 149.90 0.736 | 0.877 | 0.994

BENp V4(50) 169.25 146.35 164.67 | 203.70 | 170.87 | 0.808 | 0.964 | 0.998
V4(75) 175.46 151.91 170.75 0.838 | 0.999 | 1.000

V4(100) | 176.63 152.63 171.83 0.844 | 1.006 | 1.000

H9 171.56 149.69 167.18 0.821 | 0.978 | 0.999

core 18.04 17.94 18.02 0.234 | 0.277 | 0.239

V4(0) 60.80 54.55 59.55 0.773 | 0.914 | 0.890

V4(25) 62.97 55.67 61.51 0.799 | 0.944 | 0.927

BINp V4(50) 65.89 57.77 64.27 77.00 65.13 | 0.835 | 0.987 | 0.977
V4(75) 66.98 58.54 65.29 0.848 | 1.003 | 0.997

V4(100) 67.28 58.63 65.55 0.851 | 1.006 | 0.999

H9 66.24 58.47 64.68 0.840 | 0.993 | 0.985
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 29.43 28.64 29.27 0.052 | 0.064 | 0.844

V4(0) 375.85 318.93 364.47 0.646 | 0.802 | 0.994

V4(25) 405.89 340.63 392.84 0.697 | 0.865 | 0.996

238 Py V4(50) 449.20 374.15 434.19 564.00 | 454.31 | 0.770 | 0.956 | 0.999
V4(75) 466.65 389.32 451.18 0.800 | 0.993 | 1.000

V4(100) | 470.00 391.43 454.29 0.805 | 1.000 | 1.000

H9 455.39 383.55 441.02 0.782 | 0.971 | 0.999

core 41.93 45.28 42.60 0.156 | 0.162 | 0.879

V4(0) 246.37 251.99 247.50 0.904 | 0.939 | 0.991

V4(25) 257.36 263.40 258.56 0.945 | 0.981 | 0.994

239 Py V4(50) 270.89 277.58 272.23 273.70 | 263.63 | 0.995 | 1.033 | 0.998
V4(75) 273.70 282.10 275.38 1.006 | 1.045 | 1.000

V4(100) | 274.42 282.64 276.07 1.009 | 1.047 | 1.000

H9 272.38 276.95 273.29 0.999 | 1.037 | 0.999

core 209.47 208.75 209.32 0.719 | 0.832 | 0.183

V4(0) 360.04 347.04 357.44 1.228 | 1.421 | 0.627

V4(25) 345.62 302.20 336.93 1.158 | 1.339 | 0.685

240 Py V4(50) 299.39 255.26 290.56 291.00 | 251.54 | 0.998 | 1.155 | 0.843
V4(75) 258.05 236.47 253.73 0.872 | 1.009 | 0.998

V4(100) | 258.51 233.17 253.44 0.871 | 1.008 | 1.000

H9 278.19 244.42 271.44 0.933 | 1.079 | 0.917

core 29.32 30.47 29.55 0.081 | 0.094 | 0.832

V4(0) 266.58 243.72 262.01 0.720 | 0.834 | 0.990

V4(25) 284.38 257.63 279.03 0.767 | 0.888 | 0.993

4L py V4(50) 309.50 278.96 303.39 364.00 | 314.30 | 0.833 | 0.965 | 0.998
V4(75) 318.47 287.96 312.37 0.858 | 0.994 | 1.000

V4(100) | 320.20 288.87 313.94 0.862 | 0.999 | 1.000

H9 312.79 282.35 306.70 0.843 | 0.976 | 0.999

core 34.55 34.31 34.50 1.788 | 2.106 | 0.034

V4(0) 36.14 31.53 35.21 1.825 | 2.150 | 0.382

V4(25) 30.33 29.66 30.19 1.564 | 1.843 | 0.489

242 Py V4(50) 23.35 22.46 23.17 19.30 16.38 1.201 | 1.415 | 0.699
V4(75) 17.15 18.58 17.43 0.903 | 1.064 | 0.987

V4(100) 17.02 14.99 16.62 0.861 | 1.014 | 1.000

H9 19.87 16.99 19.30 1.000 | 1.178 | 0.832

core 11.97 11.91 11.95 0.136 | 0.162 | 0.394

V4(0) 65.64 57.92 64.10 0.727 | 0.868 | 0.933

V4(25) 69.24 60.40 67.47 0.766 | 0.913 | 0.953

M43 Py V4(50) 74.10 64.12 72.10 88.11 73.87 | 0.818 | 0.976 | 0.984
V4(75) 75.80 65.63 73.77 0.837 | 0.999 | 0.999

V4(100) 76.25 65.92 74.19 0.842 | 1.004 | 1.000

H9 74.70 65.14 72.79 0.826 | 0.985 | 0.990
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 3.40 3.37 3.39 1.855 | 2.200 | 0.030

V4(0) 2.73 2.62 2.71 1.479 | 1.754 | 0.470

V4(25) 2.49 2.22 2.44 1.333 | 1.581 | 0.554

24 Py V4(50) 1.81 1.69 1.78 1.83 1.54 0.975 | 1.156 | 0.844
V4(75) 1.63 1.47 1.60 0.874 | 1.037 | 0.969

V4(100) 1.59 1.39 1.55 0.848 | 1.006 | 1.000

H9 1.72 1.67 1.71 0.936 | 1.110 | 0.897

core 89.59 91.38 89.95 0.145 | 0.171 | 0.736

V4(0) 486.29 443.40 A77.71 0.768 | 0.907 | 0.971

V4(25) 507.74 461.33 498.45 0.801 | 0.946 | 0.981

M Am | V4(50) 535.73 480.58 524.70 622.00 | 526.69 | 0.844 | 0.996 | 0.993
V4(75) 541.43 485.33 530.21 0.852 | 1.007 | 0.999

V4(100) | 543.34 485.15 531.70 0.855 | 1.010 | 1.000

H9 537.46 482.16 526.40 0.846 | 0.999 | 0.995

core 14.76 14.72 14.75 0.058 | 0.070 | 0.898

V4(0) 176.66 155.06 172.34 0.680 | 0.813 | 0.995

V4(25) 190.31 165.55 185.36 0.731 | 0.874 | 0.997

24295 A | VA(50) 209.85 181.17 204.11 253.50 | 212.11 | 0.805 | 0.962 | 0.999
V4(75) 217.79 188.31 211.90 0.836 | 0.999 | 1.000

V4(100) | 219.26 189.21 213.25 0.841 | 1.005 | 1.000

H9 212.82 185.41 207.34 0.818 | 0.978 | 0.999

core 99.73 104.99 100.78 0.074 | 0.080 | 0.947

V4(0) 1072.38 | 1020.23 | 1061.95 0.781 | 0.840 | 0.997

V4(25) | 1152.20 | 1090.55 | 1139.87 0.839 | 0.901 | 0.998

2M2m Am | V4(50) | 1263.58 | 1188.11 | 1248.49 | 1359.00 | 1264.83 | 0.919 | 0.987 | 0.999
V4(75) | 1310.00 | 1236.18 | 1295.24 0.953 | 1.024 | 1.000

V4(100) | 1317.50 | 1240.19 | 1302.04 0.958 | 1.029 | 1.000

H9 1282.65 | 1212.34 | 1268.59 0.933 | 1.003 | 1.000

core 52.45 52.08 52.37 0.695 | 0.812 | 0.110

V4(0) 85.45 78.45 84.05 1.115 | 1.303 | 0.642

V4(25) 80.71 75.07 79.58 1.056 | 1.233 | 0.727

3Am | V4(50) 73.37 67.38 72.18 75.35 64.52 | 0.958 | 1.119 | 0.873
V4(75) 68.08 58.93 66.25 0.879 | 1.027 | 0.972

V4(100) 66.55 58.93 65.03 0.863 | 1.008 | 1.000

H9 69.39 63.31 68.18 0.905 | 1.057 | 0.935

core 42.40 43.01 42.52 0.071 | 0.082 | 0.850

V4(0) 437.24 394.21 428.64 0.714 | 0.828 | 0.992

V4(25) 469.44 419.81 459.51 0.766 | 0.887 | 0.994

24495 A | VA(50) 515.01 457.05 503.42 600.20 | 517.91 | 0.839 | 0.972 | 0.998
V4(75) 533.35 474.36 521.55 0.869 | 1.007 | 1.000

V4(100) | 536.50 476.08 524.41 0.874 | 1.013 | 1.000

H9 521.97 466.55 510.89 0.851 | 0.986 | 0.999
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 36.14 37.62 36.44 0.091 | 0.098 | 0.825

V4(0) 320.01 303.33 316.67 0.791 | 0.851 | 0.989

V4(25) 342.28 322.26 338.28 0.845 | 0.909 | 0.992

2m Am | V4(50) 373.15 348.96 368.32 | 400.13 | 372.24 | 0.920 | 0.989 | 0.997
V4(75) 385.47 361.96 380.77 0.952 | 1.023 | 1.000

V4(100) | 387.02 362.33 382.08 0.955 | 1.026 | 1.000

H9 377.98 354.62 373.31 0.933 | 1.003 | 0.998

core 4.53 4.49 4.52 0.268 | 0.319 | 0.199

V4(0) 13.32 11.72 13.00 0.769 | 0.916 | 0.887

V4(25) 13.77 12.37 13.49 0.798 | 0.950 | 0.925

20 V4(50) 14.44 12.56 14.07 16.90 14.19 0.832 | 0.991 | 0.974
V4(75) 14.67 12.67 14.27 0.844 | 1.005 | 0.996

V4(100) 14.80 12.73 14.39 0.851 | 1.014 | 0.994

H9 14.45 12.72 14.10 0.834 | 0.994 | 0.988

core 12.29 12.20 12.27 0.094 | 0.114 | 0.563

V4(0) 92.85 81.15 90.51 0.695 | 0.839 | 0.966

V4(25) 99.00 85.57 96.31 0.740 | 0.893 | 0.977

M3Cm | V4(50) 107.68 92.31 104.61 130.20 | 107.82 | 0.803 | 0.970 | 0.992
V4(75) 111.03 95.21 107.86 0.828 | 1.000 | 0.999

V4(100) | 111.71 95.61 108.49 0.833 | 1.006 | 1.000

H9 108.82 94.22 105.90 0.813 | 0.982 | 0.996

core 18.91 18.76 18.88 1.250 | 1.484 | 0.044

V4(0) 20.87 17.54 20.21 1.337 | 1.588 | 0.507

V4(25) 18.95 16.35 18.43 1.220 | 1.448 | 0.602

MCm V4(50) 14.79 12.49 14.33 15.11 12.72 0.948 | 1.126 | 0.851
V4(75) 13.50 11.41 13.08 0.866 | 1.028 | 0.968

V4(100) 13.17 11.44 12.83 0.849 | 1.008 | 0.999

H9 14.02 12.52 13.72 0.908 | 1.078 | 0.911

core 17.60 17.02 17.49 0.051 | 0.063 | 0.841

V4(0) 226.88 191.36 219.78 0.639 | 0.798 | 0.993

V4(25) 244.90 204.18 236.76 0.689 | 0.859 | 0.995

C0m | V4(50) 271.04 224.24 261.68 343.80 | 275.54 | 0.761 | 0.950 | 0.998
V4(75) 281.56 233.25 271.90 0.791 | 0.987 | 1.000

V4(100) | 283.59 234.51 273.77 0.796 | 0.994 | 1.000

H9 274.75 229.94 265.79 0.773 | 0.965 | 0.999

core 3.14 3.09 3.13 2.398 | 2.820 | 0.024

V4(0) 2.92 2.32 2.48 1.901 | 2.236 | 0.368

V4(25) 2.16 1.89 2.11 1.616 | 1.900 | 0.461

M6 V4(50) 1.50 1.31 1.46 1.30 1.11 1.121 | 1.318 | 0.733
V4(75) 1.16 1.01 1.13 0.866 | 1.019 | 0.983

V4(100) 1.15 1.01 1.12 0.858 | 1.010 | 1.000

H9 1.37 1.27 1.35 1.033 | 1.215 | 0.815
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 15.69 15.71 15.70 0.270 | 0.323 | 0.796

V4(0) 51.35 47.22 50.53 0.868 | 1.038 | 0.964

V4(25) 52.06 48.58 51.36 0.883 | 1.055 | 0.975

HCm | V4(50) 52.78 46.90 51.60 58.20 48.67 | 0.887 | 1.060 | 0.990
V4(75) 52.11 47.23 51.13 0.879 | 1.051 | 0.999

V4(100) 52.20 47.04 51.17 0.879 | 1.051 | 1.000

H9 52.31 47.61 51.37 0.883 | 1.055 | 0.995

core 7.18 7.10 7.16 2.930 | 3.462 | 0.019

V4(0) 5.74 5.15 5.62 2.299 | 2.716 | 0.300

V4(25) 4.76 3.92 4.59 1.877 | 2.218 | 0.390

M8Cm | V4(50) 2.90 2.68 2.85 2.44 2.07 1.167 | 1.378 | 0.707
V4(75) 2.32 1.87 2.23 0.910 | 1.075 | 0.918

V4(100) 2.14 1.87 2.09 0.853 | 1.008 | 1.000

H9 2.90 3.03 2.93 1.198 | 1.415 | 0.716

core 190.15 228.05 197.74 0.265 | 0.212 | 0.841

V4(0) 928.47 1204.52 983.68 1.317 | 1.055 | 0.979

V4(25) 958.83 1266.93 | 1020.45 1.366 | 1.094 | 0.986

9B V4(50) 987.64 1312.20 | 1052.56 | 747.00 | 932.43 | 1.409 | 1.129 | 0.995
V4(75) 981.61 1383.62 | 1062.01 1.422 | 1.139 | 0.999

V4(100) | 974.83 1336.65 | 1047.20 1.402 | 1.123 | 1.000

H9 990.21 1308.88 | 1053.94 1.411 | 1.130 | 0.997

core 20.21 19.53 20.07 0.057 | 0.071 | 0.726

V4(0) 232.88 195.00 225.30 0.638 | 0.800 | 0.987

V4(25) 250.96 207.36 242.24 0.686 | 0.860 | 0.991

OB V4(50) 277.11 227.21 267.13 353.27 | 281.72 | 0.756 | 0.948 | 0.997
V4(75) 287.48 236.05 277.20 0.785 | 0.984 | 1.000

V4(100) | 289.58 237.29 279.12 0.790 | 0.991 | 1.000

H9 280.75 232.81 271.16 0.768 | 0.963 | 0.998

core 38.93 38.59 38.86 0.078 | 0.095 | 0.917

V4(0) 350.03 302.88 340.60 0.683 | 0.833 | 0.995

V4(25) 373.79 321.57 363.34 0.728 | 0.888 | 0.997

M0 f V4(50) 408.20 346.55 395.87 | 499.00 | 409.07 | 0.793 | 0.968 | 0.999
V4(75) 420.84 357.83 408.24 0.818 | 0.998 | 1.000

V4(100) | 423.48 359.13 410.61 0.823 | 1.004 | 1.000

H9 412.62 353.46 400.79 0.803 | 0.980 | 0.999

core 363.62 364.87 363.87 0.225 | 0.263 | 0.974

V4(0) 1389.10 | 1256.51 | 1362.58 0.844 | 0.983 | 0.996

V4(25) | 1396.60 | 1295.71 | 1376.42 0.852 | 0.993 | 0.997

WO f V4(50) | 1441.97 | 1288.54 | 1411.28 | 1615.00 | 1385.79 | 0.874 | 1.018 | 0.999
V4(75) | 1430.50 | 1275.22 | 1399.44 0.867 | 1.010 | 1.000

V4(100) | 1433.92 | 1265.48 | 1400.23 0.867 | 1.010 | 1.000

H9 1441.46 | 1269.98 | 1407.16 0.871 | 1.015 | 0.999
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Ay Flux <0 >30 | <O >130 | <0 >59 0o OMazx <C;—z50 % %toht
core 187.85 187.97 187.87 0.066 | 0.078 | 0.966
V4(0) | 2029.71 | 1787.66 | 1981.30 0.691 | 0.822 | 0.998
V4(25) | 2178.57 | 1906.10 | 2124.08 0.741 | 0.881 | 0.999
BLOf 1 VA(B0) | 2392.78 | 2072.91 | 2328.81 | 2867.00 | 2411.55 | 0.812 | 0.966 | 1.000
VA4(75) | 2476.74 | 2149.16 | 2411.22 0.841 | 1.000 | 1.000
V4(100) | 2492.83 | 2158.51 | 2425.97 0.846 | 1.006 | 1.000
H9 2423.89 | 2118.24 | 2362.76 0.824 | 0.980 | 1.000
core 2.61 2.59 2.60 0.126 | 0.151 | 0.415
V4(0) 14.97 13.22 14.62 0.710 | 0.848 | 0.956
V4(25) 15.86 13.82 15.45 0.750 | 0.896 | 0.973
B2 VA(50) 17.19 14.92 16.74 20.60 17.24 | 0.813 | 0.971 | 0.992
V4(75) 17.72 15.33 17.24 0.837 | 1.000 | 1.000
V4(100) 17.83 15.40 17.35 0.842 | 1.006 | 1.000
H9 17.39 15.15 16.94 0.822 | 0.983 | 0.995
3.1.2 Fission cross sections
Az Flux <0 >30 | <0 >130 | <0 >50 0o oM <C;—z50 <Z—;/150 ]]\\TTTTZ
core 49.29 49.30 49.29 0.093 | 0.111 | 0.609
V4(0) 381.67 338.98 373.13 0.706 | 0.840 | 0.972
V4(25) | 407.20 357.85 397.33 0.752 | 0.894 | 0.981
B3y V4(50) | 443.08 386.27 431.71 528.48 | 444.31 | 0.817 | 0.972 | 0.994
V4(75) | 457.06 398.68 445.38 0.843 | 1.002 | 0.999
V4(100) | 459.83 400.38 447.94 0.848 | 1.008 | 1.000
H9 448.21 393.84 437.34 0.828 | 0.984 | 0.996
core 37.55 37.31 37.50 0.064 | 0.077 | 0.805
V4(0) 405.92 353.82 395.50 0.675 | 0.814 | 0.992
V4(25) | 436.62 376.90 424.68 0.725 | 0.874 | 0.994
BT V4(50) | 480.59 411.82 466.83 | 586.00 | 485.74 | 0.797 | 0.961 | 0.998
V4(75) | 498.33 427.55 484.17 0.826 | 0.997 | 1.000
V4(100) | 501.71 429.58 487.29 0.832 | 1.003 | 1.000
H9 487.12 421.18 473.93 0.809 | 0.976 | 0.999
core 127.19 126.93 127.14 0.062 | 0.074 | 0.849
V4(0) 1427.84 | 1255.21 | 1393.31 0.685 | 0.816 | 0.992
V4(25) | 1535.95 | 1337.98 | 1496.36 0.735 | 0.876 | 0.995
8Np | V4(50) | 1690.49 | 1461.37 | 1644.67 | 2035.00 | 1707.71 | 0.808 | 0.963 | 0.998
V4(75) | 1752.95 | 1517.31 | 1705.82 0.838 | 0.999 | 1.000
V4(100) | 1764.61 | 1524.61 | 1716.61 0.844 | 1.005 | 1.000
H9 1713.73 | 1494.94 | 1669.97 0.821 | 0.978 | 0.999
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 78.09 82.41 78.95 0.105 | 0.118 | 0.897

V4(0) 593.52 565.77 587.97 0.782 | 0.878 | 0.994

V4(25) 628.46 596.16 622.00 0.828 | 0.929 | 0.996

239 Py V4(50) 675.45 637.94 667.95 751.40 | 669.56 | 0.889 | 0.998 | 0.999
V4(75) 690.66 653.84 683.30 0.909 | 1.021 | 1.000

V4(100) | 693.82 655.93 686.24 0.913 | 1.025 | 1.000

H9 681.65 642.87 673.89 0.897 | 1.006 | 0.999

core 85.56 89.42 86.34 0.085 | 0.097 | 0.812

V4(0) 767.62 717.52 757.60 0.748 | 0.848 | 0.989

V4(25) 819.66 760.48 807.82 0.798 | 0.904 | 0.993

4L py V4(50) 892.69 823.95 878.94 | 1012.33 | 893.67 | 0.868 | 0.984 | 0.998
V4(75) 920.53 852.67 906.95 0.896 | 1.015 | 1.000

V4(100) | 925.41 855.30 911.39 0.900 | 1.020 | 1.000

H9 903.72 835.89 890.15 0.879 | 0.996 | 0.999

core 24.41 24.30 24.39 0.134 | 0.160 | 0.397

V4(0) 134.99 119.11 131.82 0.727 | 0.867 | 0.934

V4(25) 142.46 124.25 138.81 0.765 | 0.913 | 0.954

243 Py V4(50) 152.52 131.98 148.42 181.40 | 152.10 | 0.818 | 0.976 | 0.984
V4(75) 156.05 135.11 151.87 0.837 | 0.998 | 0.999

V4(100) | 156.99 135.70 152.73 0.842 | 1.004 | 1.000

H9 153.77 134.10 149.83 0.826 | 0.985 | 0.990

core 131.71 131.39 131.64 0.058 | 0.069 | 0.906

V4(0) 1589.68 | 1395.33 | 1550.81 0.680 | 0.813 | 0.996

V4(25) | 1712.66 | 1489.83 | 1668.09 0.731 | 0.874 | 0.997

24295 Ay | VA(50) | 1888.66 | 1630.56 | 1837.04 | 2281.00 | 1908.67 | 0.805 | 0.962 | 0.999
V4(75) | 1960.24 | 1694.92 | 1907.18 0.836 | 0.999 | 1.000

V4(100) | 1973.49 | 1703.04 | 1919.40 0.841 | 1.006 | 1.000

H9 1915.46 | 1668.75 | 1866.12 0.818 | 0.978 | 0.999

core 499.86 524.41 504.77 0.075 | 0.081 | 0.926

V4(0) 5264.98 | 4992.13 | 5210.41 0.778 | 0.840 | 0.996

V4(25) | 5654.42 | 5333.18 | 5590.17 0.834 | 0.901 | 0.997

22m Am | V4(50) | 6198.09 | 5807.05 | 6119.88 | 6700.00 | 6206.03 | 0.913 | 0.986 | 0.999
VA4(75) | 6423.77 | 6039.43 | 6346.90 0.947 | 1.023 | 1.000

V4(100) | 6460.57 | 6059.44 | 6380.34 0.952 | 1.028 | 1.000

H9 6290.31 | 5925.19 | 6217.29 0.928 | 1.002 | 0.999

core 165.90 168.68 166.46 0.072 | 0.083 | 0.847

V4(0) 1687.76 | 1527.60 | 1655.73 0.720 | 0.829 | 0.991

V4(25) | 1811.52 | 1626.47 | 1774.51 0.771 | 0.889 | 0.994

2495 Ay | VA(50) | 1986.44 | 1770.02 | 1943.16 | 2300.79 | 1996.98 | 0.845 | 0.973 | 0.998
V4(75) | 2056.78 | 1836.96 | 2012.82 0.875 | 1.008 | 1.000

V4(100) | 2068.63 | 1843.24 | 2023.55 0.880 | 1.013 | 1.000

H9 2013.20 | 1806.17 | 1971.79 0.857 | 0.987 | 0.999
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Rth

A Flux <0 >30 | <0 >130 | <0 >50 0o O Masr <C;—z50 % Rtot
core 144.09 149.88 145.24 0.091 | 0.098 | 0.824

V4(0) 1277.84 | 1209.89 | 1264.25 0.790 | 0.850 | 0.989

V4(25) | 1366.89 | 1285.48 | 1350.61 0.844 | 0.908 | 0.992

2m Am | V4(50) | 1490.39 | 1392.15 | 1470.74 | 1600.66 | 1487.35 | 0.919 | 0.989 | 0.997
V4(75) | 1539.67 | 1444.04 | 1520.54 0.950 | 1.022 | 1.000

V4(100) | 1545.95 | 1445.59 | 1525.88 0.953 | 1.026 | 1.000

H9 1509.68 | 1414.90 | 1490.72 0.931 | 1.002 | 0.998

core 75.04 75.09 75.05 0.121 | 0.143 | 0.512

V4(0) 459.21 410.46 449.46 0.727 | 0.858 | 0.951

V4(25) 485.58 429.40 474.34 0.768 | 0.906 | 0.967

M3Cm | V4(50) 522.02 457.76 509.16 618.00 | 523.84 | 0.824 | 0.972 | 0.988
V4(75) 535.44 469.70 522.29 0.845 | 0.997 | 0.998

V4(100) | 538.06 471.27 524.70 0.849 | 1.002 | 1.000

H9 526.55 465.92 514.42 0.832 | 0.982 | 0.993

core 120.87 117.61 120.22 0.054 | 0.067 | 0.834

V4(0) 1486.07 | 1261.16 | 1441.09 0.646 | 0.801 | 0.993

V4(25) | 1602.42 | 1345.16 | 1550.97 0.695 | 0.863 | 0.995

C0m | V4(50) | 1770.92 | 1474.72 | 1711.68 | 2231.00 | 1798.19 | 0.767 | 0.952 | 0.998
V4(75) | 1838.79 | 1533.18 | 1777.67 0.797 | 0.989 | 1.000

V4(100) | 1851.76 | 1541.22 | 1789.65 0.802 | 0.995 | 1.000

H9 1795.05 | 1511.47 | 1738.33 0.779 | 0.967 | 0.999

core 24.22 24.24 24.22 0.290 | 0.352 | 0.775

V4(0) 74.54 68.67 73.37 0.879 | 1.066 | 0.964

V4(25) 75.39 70.64 74.44 0.892 | 1.082 | 0.975

HCm | V4(50) 76.12 67.78 74.45 83.47 68.82 | 0.892 | 1.082 | 0.990
V4(75) 74.97 68.16 73.61 0.882 | 1.070 | 0.999

V4(100) 75.08 67.85 73.63 0.882 | 1.070 | 1.000

H9 75.37 68.79 74.05 0.887 | 1.076 | 0.995

core 144.01 143.33 143.87 0.088 | 0.106 | 0.910

V4(0) 1171.84 | 1021.37 | 1141.75 0.696 | 0.843 | 0.995

V4(25) | 1247.02 | 1082.24 | 1214.06 0.740 | 0.896 | 0.996

M0 f V4(50) | 1356.00 | 1159.59 | 1316.72 | 1641.00 | 1354.36 | 0.802 | 0.972 | 0.999
VA4(75) | 1394.70 | 1194.57 | 1354.67 0.826 | 1.000 | 1.000

V4(100) | 1403.00 | 1198.34 | 1362.07 0.830 | 1.006 | 1.000

H9 1369.43 | 1180.94 | 1331.73 0.812 | 0.983 | 0.999

core 403.18 404.28 403.40 0.076 | 0.090 | 0.959

V4(0) 3835.11 | 3390.91 | 3746.27 0.702 | 0.832 | 0.997

V4(25) | 4100.35 | 3607.70 | 4001.82 0.750 | 0.888 | 0.998

Blof V4(50) | 4483.25 | 3898.82 | 4366.36 | 5333.00 | 4504.99 | 0.819 | 0.969 | 0.999
V4(75) | 4627.95 | 4031.43 | 4508.65 0.845 | 1.001 | 1.000

V4(100) | 4656.72 | 4047.08 | 4534.79 0.850 | 1.007 | 1.000

H9 4536.30 | 3977.70 | 4424.58 0.830 | 0.982 | 1.000
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3.2 Effect of sample temperature

In order to assess the effect of Doppler broadening due to the temperature of the samples,
we present in table 4 averaged cross sections for some isotopes, calculated at 300° K
(normal analysis) and 600° K (temperature of the samples during irradiation in H9). In
both cases, temperature of the moderator is fixed at 300°KA", but calculations performed
with T, = 400° K give the same conclusions.

Except for some extreme cases like *? Pu capture cross section, which show a huge reso-
nance orders of magnitude above the thermal value, the temperature of the samples in H9
is expected to play a negligible role for the majority of the isotopes studied. Same conclu-
sions are expected in V4 where sample temperatures are estimated smaller (Tyy < 420°K)
than in H9. We justify thus our study based on calculations of averaged cross sections at
a unique sample temperatures of 300° K.

isotope | < g, >00K | < 5, 600K RS0
C0 31.8 31.8 1
21 Am 540 540 1
23 Am 70.6 70.4 0.997
M2 py 18.2 18.6 1.022

Table 4: Averaged capture cross sections for sample temperatures 300° K and 600°K. In
both cases, the temperature of neutron thermalization ts set to 300° K.

4 Conclusions

We have performed an exhaustive analysis of the impact of the non-Maxwellian compo-
nent of the neutron flux at ILL on the measurement of thermal neutron cross sections.
This study is based on MCNP simulations of the HFR core providing calculated flux dis-
tributions at various irradiation positions. Averaged cross sections have been calculated
on the basis of differential ENDF-BVI cross sections and compared to the thermal og and
Maxwell averaged < o >50 cross sections. The results of this study show an agreement
(at the level of a few %) between averaged and Maxwell averaged cross sections, for a
wide set of minor actinides, in irradiation positions V4(50) to V4(100) and H9. However,
for some actinides for which a huge resonance is reported closed to the thermal region
(ex: o.(***Pu) or o.(**®U)), discrepancy can reach more than 20%, even for irradiation
positions presenting few percents of non-thermal neutrons.

On the contrary, it has been shown that non-thermal neutron don’t contribute to more
than 5% to the fission rates in H9 and V4 or fissile actinides, which implies that the mea-
sured fission cross sections are representative of Maxwell averaged fission cross sections.

As an example, we present in table 5 some Correction Factors to be applied to the mea-
sured capture cross sections in H9 [1, 2], in order to derive the Maxwell averaged and
thermal cross sections.
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1501000 X | Az (X) | Marae (" C0)/Aaran(X) | MalX) | Ao("Co)/Aa(X)
24 Am 0.999 0.982 0.846 0.982
243 Am 1.057 0.928 0.905 0.918
242 Py 1.178 0.833 1.000 0.831

Table 5: FExample of correction factors to be applied for some measured capture cross

sections in H9. Apra:(*?Co) = 0.981 and Ag(*?Co) = 0.831
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