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� Introduction

The aim of the present document is to summarize recent quantitative studies of the ef�
fect of a non�Maxwellian neutron �ux component in the measurement of thermal neutron
cross sections �Maxwell averaged or at En � ������ 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 ��	 �	 �
 We focalize our interest to the proposed or realized measurements
in the frame of the Mini�INCA project at the HFR of ILL�Grenoble ��	 �
 Thermal neu�
tron capture and �ssion cross sections are measured in two experimental neutron channels
where di�erent measurement techniques are operational�

� the H� super�thermal channel where capture and absorption cross sections are mea�
sured	 thanks to o��line � and � spectroscopy performed on irradiated samples


� the V� variable spectrum channel where online �ssion rates are measured with micro�
�ssion chambers
 Sample activation experiments followed by mass spectrometry are
also performed o��line


We present the contributions of non�thermal neutrons to the measured capture and �ssion
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 �ux based on the MCNP modelization of the ILL reactor ��
 Six irradiation
positions have been studied �

� the nominal irradiation position in the horizontal H� channel �at � �� cm from
the fuel element�	 providing a ��� thermalized ����C� neutron �ux with a total
intensity of ������ n�s�cm�


� positions at �	 ��	 ��	 �� and ��� cm from the bottom of the vertical inclined �V��
channel	 corresponding to the nominal �ssion chamber irradiation positions
 The
bottom position is at � �� cm from the fuel element and provides a ��� thermalized
neutron �ux with a total intensity of ��� ���� n�s�cm�
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� Experimental approach

��� Neutron �ux simulations

The following results are based on high statistics ������to������ �ssion neutrons� MCNP
simulations of the ILL neutron �ux at di�erent irradiation positions
 These simulations
are based on a precise modelization of the HFR core �� that reproduce correctly the
history of the fuel cycle of �� days
 Neutron �ux simulations with a statistical accuracy
better than �� have been performed at the � most widely used irradiation positions by
the Mini�INCA project �

� H� channel

� V� channel at �	 ��	 �� �� and ��� cm from the bottom position

Those simulations have been done with two sets of cross section libraries prepared at two
di�erent temperatures ���� C and ���� C� for the D�O moderator in order to interpolate
the e�ective neutron energy distribution at the averaged temperature of the moderator�
T � ��� C
The calculated �ux intensities and the proportion of thermal neutron in the total �ux are
presented in table � and �gure �
 Simulation of the neutron �ux inside the fuel element
�core� is also given here for comparison
 As shown in the table	 there is no signi�cant
di�erence in the �uxes calculated at T � ��� C and T � ���� C
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Table �� ILL neutron �ux simulations for � di�erent neutron temperatures of ���C and
����C� The proportion of thermal neutrons is obtained by integrating the neutron �ux
corresponds in the range � � En � � eV �

��� 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�O moderator � T � ���C

Assuming a �p

En
behavior of the cross sections at low energy	 one generally derives the

thermal cross sections �� at En � ������ eV �T � ����K� from the Maxwell averaged
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Figure �� Flux intensities expressed in n�s�cm� for logarithmic bins of energy� calculated
for various positions in the HFR core�

cross sections � � �T
Max at temperature T	 with the following formula �

�� �� � �T
Max �

s
T

���
� �p

�
���

Note that in H�	 the hypothesis of a Maxwellian �ux is relevant and con�rmed by Monte�
Carlo calculations of the �ux at ���C and ����C	 showing that the simulated �uxes �t
very well Maxwellian distributions �cf �g �� at low energy

However	 the complementary non�Maxwellian component of the �ux	 can play a non�zero
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 �ux
represents only a few percents of the total neutron intensity

The averaged cross section is de�ned in the following way�

� � ��

R�
�
��E����E�dER�
�
��E�dE

���

where ��E� is the di�erential cross section derived from the evaluations	 and ��E� the
calculated neutron spectrum
 This equation can be discretized using the neutron intensity
�i in the energy bin i	 instead of �ux density ��E�	 and divided in two separate terms�
thermal and epi�thermal


� � � �

Pnbin
i �i��iPnbin
i �i

���
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assuming � � �Max�� � �th

From the last relation one can calculate the ratio between the experimental cross section
and the Maxwell average cross section�

� � �

� � �Max

� �� �epi

�

�
�� � � �epi

� � �Max

�
���

This equation shows that the hypothesis � � ��� � �Max is satis�ed only by two
conditions� either the epi�thermal component of the �ux is negligible or epi�thermal and
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


��� Cross section determination

Actually	 the determination of these coe�cients is a bit more complex as cross sections
measured in H� or V� at ILL are generally determined in comparison with reference
materials ��ux monitors or reference deposits� irradiated in the same conditions as the
actinide samples	 and chosen for their well known cross sections�
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� ��Co for capture and absorption cross sections in H�

� ��Nb for capture and absorption cross sections in V�

� ���U for �ssion and absorption cross sections in V� �with �ssion 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 �

� ��X� ��
��X�

�
�

��X�

��Ref�
� � ��Ref� � ���

where	 � for isotope X and Ref 	 depend only on experimental parameters �masses	 count�
ing rates	 detection e�ciencies	 duration of irradiation	 etc


�
 The thermal cross sections
�Maxwell averaged and ��� can thus be derived from the measurements with these rela�
tions�

� ��X� �Max�
��X�

��Ref�
� � ��Ref� �Max �

�
�Max�Ref�

�Max�X�

�
���

where	 �Max �
� � �

� � �Max

are the correction factors determined by Monte�Carlo simu�

lations
 Note that if equation � isn�t veri�ed �due to the e�ect of closed resonances�	
thermal cross section �� has to be extracted with�

���X� �
��X�

��Ref�
� ���Ref��

�
���Ref�

���X�

�
���

and �� �� �Max


��� Calculation of averaged cross sections

We have determined the averaged cross sections from the interpolation of averaged cross
sections calculated at ���C and ����C
 Using a linear hypothesis	 we can thus derive the
averaged cross section at the actual temperature of the moderator ����C��

� � ����� � ��� �
� � � �

�
	 ����

where � � � ��� � ���� � � � ���

The above formula is justi�ed by the facts that � � � � are generally lower that ���
and the total �ux intensities at ���C and ���C are identical �see table ��
 With respect
to the evolution of pure Maxwell averaged cross section with a �

v
behavior	 this formula

shows an agreement at the level of �
��

Each averaged cross section is determined �see equation �� from the integration of the
di�erential cross sections �see the followings �gures� tabulated in the ENDF�B� library	
on the base of ���� simulated �ux values over �� 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 �� for ���Pu�n	 ��	 but is generally equal to �� for the other isotopes
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� Results

��� E�ect of the non�thermal component of the �ux

For a exhaustive set of minor actinides	 for which an experimental campaign of thermal
neutron capture and �ssion cross sections has been initiated at ILL ��	 �	 we have cal�
culated �from equation ��� the averaged cross sections � � ���
 For each irradiation
position	 we have determined the ratio with the corresponding tabulated cross sections
�� and �Max	 respectively at En � ������ eV and Maxwell averaged at ���C
 In the last
column of the table we recall the contribution of the thermal neutrons �En � �eV � to
the reaction rate Rtot
 All these calculations have been performed using the di�erential
cross sections tabulated in the ENDF�B� �� evaluated data bank	 except for �������Th	
���Am	 ���Pa	 �������Cm and ���Bk for which we have used JENDL�
� �� evaluations

The �rst table is relative to capture cross sections	 whereas the second one is for �ssion
cross sections


����� Capture cross sections
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��� E�ect of sample temperature

In order to assess the e�ect of Doppler broadening due to the temperature of the samples	
we present in table � averaged cross sections for some isotopes	 calculated at ���� K
�normal analysis� and ���� K �temperature of the samples during irradiation in H��
 In
both cases	 temperature of the moderator is �xed at ����K	 but calculations performed
with Tn � ���� 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 H�
is expected to play a negligible role for the majority of the isotopes studied
 Same conclu�
sions are expected in V� where sample temperatures are estimated smaller �TV � � ����K�
than in H�
 We justify thus our study based on calculations of averaged cross sections at
a unique sample temperatures of ���� K


isotope � �c �
���K � �c �

���K R���

���

��Co ��
� ��
� �
���Am ��� ��� �
���Am ��
� ��
� �
���
���Pu ��
� ��
� �
���

Table �� Averaged capture cross sections for sample temperatures ����K and ����K� In
both cases� the temperature of neutron thermalization is set to ����K�

� Conclusions

We have performed an exhaustive analysis of the impact of the non�Maxwellian compo�
nent of the neutron �ux at ILL on the measurement of thermal neutron cross sections

This study is based on MCNP simulations of the HFR core providing calculated �ux dis�
tributions at various irradiation positions
 Averaged cross sections have been calculated
on the basis of di�erential ENDF�BVI cross sections and compared to the thermal �� and
Maxwell averaged � � ��� 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 V����� to V������ and H�
 However	
for some actinides for which a huge resonance is reported closed to the thermal region
�ex� �c����Pu� or �c���	U��	 discrepancy can reach more than ���	 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 �� to the �ssion rates in H� and V� or �ssile actinides	 which implies that the mea�
sured �ssion cross sections are representative of Maxwell averaged �ssion cross sections

As an example	 we present in table � some Correction Factors to be applied to the mea�
sured capture cross sections in H� ��	 �	 in order to derive the Maxwell averaged and
thermal cross sections


��



isotope X �Max�X� �Max�
��Co���Max�X� ���X� ���

��Co�����X�
���Am �
��� ����� �
��� �����
���Am �
��� ����� �
��� �����
���Pu �
��� ����� �
��� �����

Table �� Example of correction factors to be applied for some measured capture cross
sections in H�� �Max���Co� � ����� and �����Co� � �����

References

�� G
 Fioni	 M
 Cribier	 F
 Marie � al
	 Incineration of ���Am induced by thermal
neutrons	 Nucl
 Phys
 A ��� ������ �������

�� F
 Marie � al
	 Measurement of neutron capture cross sections relevant for nuclear
waste transmutation by alpha and gamma spectroscopy	 Proc of the ��th International
Symposium on Capture Gamma�ray Spectroscopy and Related Topics	 Prague	 Czech
Republic ��� sept ����	 in press

�� F
 Marie � al
 �Mesures Integrales des Sections E�caces de capture et Fission
d	Actinides	 DAPNIA�SPhN������	 CEA�Saclay ������


�� D
 Ridikas � al
	 �On the fuel cycle and neutron �uxes of the high �ux reactor at
ILL Grenoble�	 Proc
 of the �th Int
 Specialist�s Meeting SATIF��	 OECD�NEA	�
Paris������	 pg ���


�� F
 Marie � al
 Internal Report at of the DAPNIA�SPhN CSTS ��� dec �����

�� O
 Deruelle	 �Mise au point d	un syst
eme de spectroscopie pour mesurer des sections
e�caces neutroniques applicables 
a un possible d�eveloppement du nuc�eaire comme
source d	�energie�	 Th ese de doctorat	 DAPNIA�������T ������

�� M
 Fadil	 �Mise au point d	une m�ethodologie innovante pour la mesure du potentiel
d	incin�eration d	actinides mineurs sous des sources tr
es intenses de neutrons� dans la
perspective de la transmutation des d�echets nucl�eaires�	 Th ese de doctorat	 DAPNIA�
������T ������

�� http���www�nds
iaea
or
at�endf�end�rame
html	 �upd Jully �����

�� http���wwwndc
tokai
jaeri
go
jp�jendl�j���j��
html	 �upd Dec �����

��


