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Abstract: The existing evaluations of the ““’Am neutron-induced fission cross section have been

questioned by recent measurements performed at the GNEISS facility. In the neutron energy range from 1
to 6 MeV, the GNEISS data present deviations of more than 15% with respect to the evaluations. In order
to solve this problem, we have measured this cross section in reference to three different standard cross
sections. The first standard reaction used corresponds to the neutron on proton elastic scattering cross
section, which is known with a precision better than 0.5 % over a wide range of neutron energies (1 meV
to 20 MeV). The other two experiments were conducted in reference to the *°U(n,f) and ***U(n,f)
reactions. The comparison between these three standard reactions ensures that systematic parameters
have been correctly evaluated. Moreover, a sensitivity analysis of parameters and correlations of
parameters is described and a complete variance-covariance matrix of the measurements is presented

and discussed.

1 Introduction

241

A rather large amount of **Am is present in the waste generated by current nuclear reactors. **'Am and

*$Am are among the Am and Cm minor actinides and are the only isotopes that can be fully separated
and extracted from spent fuel rods; they are the only nuclei for which fast neutron incineration could be

seriously considered in the near future. A reliable incineration reactor can only be designed if the neutron-



induced fission cross section of *>Am in a fast neutron spectrum is known precisely (with better than 5%
accuracy) [1]. However, in the 1 to 6 MeV neutron-energy range, the existing data show systematic and
significant discrepancies. These data can be categorized into two groups as follows: the first by Knitter et
al. [2], Fursov et al. [3] and Seeger et al. [4], and the second by Behrens et al. [5] Goverdovsky et al. [6]
and Laptev et al. [7]. The second group finds systematically higher fission cross sections than the first
group. Most of the data were obtained in reference to the fission cross section of 25y, only Fursov et al.
have used “*Pu(n,f) as a reference. The most recent data from Laptev et al. is above the current
evaluation values by more than 15%. As pointed out by Talou et al. [8], the discrepancy between the two

group’s results seems to be related to a normalization problem.

In order to solve this controversy, we have measured the ***Am fission cross section in reference to the
neutron-proton (n,p) elastic scattering cross section, which is known with a precision better than 0.5%,
over a wide neutron-energy range of1 MeV to 20 MeV [9,10]. This is the first time such measurements
have been performed. The high precision allows us to qualify these measurements as “quasi-absolute”. In
addition, we have conducted measurements in reference to the **U and ***U fission cross sections, which
are known with an accuracy of 1 to 3%, in the fast neutron energy range of 0.1 MeV to 10 MeV. These
data allowed us to compare the normalization procedures using three different standard reactions. This
paper is organized as follows: sections 2 and 3 describe the experimental setups and the analysis
according to the standard reactions chosen, section 4 presents the results in comparison with existing

data and evaluations, and section 5 is devoted to the variance-covariance analysis.

2. Quasi-absolute neutron-induced fission cross section of ?*Am: experiment in
reference to the (n,p) elastic scattering cross section

The measurements were performed at the 7MV Van-de-Graaff of the Institute for Reference Material and
Measurement (IRMM) in Belgium and at the 3.54 MV accelerator facility AIFIRA at the Centre d’Etudes
Nucléaires de Bordeaux- Gradignan (CENBG), France [11]. Fast neutrons from 1 MeV to 4 MeV were
produced with the T(p,n)SHe reaction using a TiT solid target. Neutrons with energies from 4 MeV to 8

MeV were produced with the D(d,n)3He reaction using a gaseous deuterium target. In these two neutron-



energy ranges, we obtained a mono-energetic neutron beam [12]. The experimental set-up is illustrated in

Fig. 1.
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Fig. 1. (Color online) Experimental set-up for determining the fission cross section of *3Am in reference to
the neutron-proton elastic scattering cross section: 1- Neutron source (D(d,n) or T(p,n) reactions). 2- Two
back to back ***Am targets. 3- Fission fragment detectors. 4- Polypropylene foil (in blue) with the two Ta
screen positions: a) background measurement or, b) neutron flux measurement. 5- AE-E Si telescope. 6-

External *He monitor.

Two targets of 23Am were placed back to back in a vacuum chamber at 39 mm from the neutron source
and at 0° with respect to the incident neutron direction. The targets were prepared at the Lawrence
Berkeley National Laboratory by electroplating techniques. The *3Am was deposited onto a 0.6 mm thick
stainless steel backing with a deposit diameter of 6 mm; the sample thicknesses were 546(12)pglcm2 and
564 (+2)ug/cm’. The isotopic purity of the Am targets was 99.96 (+0.01)%. The target characteristics were
measured by alpha spectrometry. The alpha spectrum of the targets revealed the presence of a very small

quantity of 2*°Cf.

We define the I measurement of the fission cross section a(ln ) as the ratio below:

F /€
D,/Q,

O,y (En)= (En) ™)



243
f

Where Q, and € are the solid angle of the I target o Am and the solid angle of the neutron

detector, respectively, F,is the I" normalized fission rate, and @, represents the neutron flux. In the

literature, almost all >**Am fission cross section measurements have been done in reference to ***U(n,f)
and 2*U(n.f). The particularity of our new measurements is the independent normalization of our data to
the well know (n,p) elastic scattering cross section, which is evaluated with a precision better than 0.5 %

over a wide range of neutron energies (1 meV to 20 MeV).

2.1 neutron flux measurements in reference to the (n,p) elastic scattering cross section

The neutron flux measurements were done with a proton-recoil telescope. It consists of a polypropylene
(PP) foil ((C3He)n) and a silicon AE-E Telescope, see Fig. 1. The PP foil (diameter: 1.50 + 0.02 cm) was
placed at 80 mm from the neutron source and at 0° with respect to the incident neutron beam. Recoiling
protons emitted from the neutron-proton elastic scattering reaction occurring in the PP foil, were detected
at 74.4+0.2 mm downstream, by the silicon telescope consisting of an energy-loss detector of 55 um
positioned in front of a residual-energy detector of 700 um. Several thicknesses (10 to 50 ym) of the PP
foil were used to keep the energy loss of the recoiling protons below 15% for all incident neutron energies
[15]. We define the neutron flux @, as follows:

NP
q)n(En): (En) (2)
O-(n,p)'gp‘NH At

Where N, is the number of recoil protons detected with a proton detection efficiencysp,a(nyp) is the

average n-p elastic scattering cross section for the corresponding neutron energy spectrum,

N g corresponds to the number of hydrogen atoms in the PP foil, and At is the acquisition time.
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Fig. 2. (Color online) Light charged-particle energy loss (AE) as a function of their residual energy (Eesigual)
detected in the silicon telescope for a 7.35 MeV incident neutron beam. The dashed line corresponds to

the selection of the proton events. The background reactions in the telescope are identified

The main concern in this experiment was to perform a background subtraction of detected protons
generated by neutrons scattered from the surroundings of the Telescope detector. The recoiling proton
spectrum was measured at each energy with two separate measurements, namely, a standard
measurement followed by a background measurement. For the standard measurement, the Telescope
was in front of the polypropylene (PP) foil. For the background measurement, the recoiling protons were
stopped in a tantalum screen placed between the PP foil and the Telescope, see Fig. 1. The tantalum
thickness was adapted to stop the highest-energy protons. The recoiling proton events are graphically
selected on a AE-E plot (Fig. 2). In addition to the above-mentioned background, charged particles
originating from the direct interaction of neutrons with the AE-E Silicon were also detected by the Si-
Telescope. For high neutron energies (E,, > 4,5 MeV) the background is mainly due to the (n,p) and (n,a)
reactions within the Telescope (the silicon layers and the conducting bondings of Al and Sn). The number
of protons as a function of the total kinetic energy before and after background subtraction is shown in Fig.
3. The spectrum that results from the background subtraction presents only one peak corresponding to the

protons produced by the interaction of the quasi-monoenergetic incident neutrons with the PP foil. A *He



neutron monitor placed at 0 degrees with respect to the incident-neutron beam at 4.21(+0.01) m from the

neutron source was used to normalize the standard and background measurements.
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Fig. 3. (Color online) Number of protons detected as a function of their total kinetic energy (AE+E). (a) The
standard measurement spectrum shows a pronounced proton peak around 7 MeV and a background
corresponding mainly to the interaction of neutrons in the silicon Telescope. (b) Result after background

subtraction. The latter shows the proton peak associated with the incident neutron flux.

In principle, the neutron flux on the PP foil is obtained by integrating the spectrum of recoil protons
combined with the well known n-p elastic cross section and the telescope efficiency. By computing the
ratio of the solid angles subtended by the **Am targets and the PP foil we infer the neutron flux on the
*3Am targets. However, the neutron spectrum at the PP-foil is not monoenergetic and one has to consider
an average n-p cross section. Moreover, it is not obvious to determine precisely the telescope efficiency in
an analytical way. For this reason, Monte Carlo simulations of neutrons and protons passing through the
experimental setup have been done. They have allowed us to determine the neutron energy spectrum
hitting the 2**Am targets or the PP foil. The simulations took into account the resolution of the charged
particle beam, the energy loss of the charged particle beam in the deuterium or tritium targets, the angular
distributions of the neutron beam, the angular distribution of the (n,p) elastic scattering cross sections [9]

[10], the proton energy loss in the PP foil, and the energy resolution of the Si telescope. When the



simulated proton spectrum is in agreement with the experimental result (Fig. 4a) it means that the
simulation includes all the effects that influence the neutron path up to the PP foil as well as the tracks of
recoil protons and their detection in the telescope. We can then deduce the neutron spectrum (Fig. 4b),
the mean value of the (n,p) elastic scattering cross section and the proton detector efficiency as a function
of neutron energy. The (n,p) elastic scattering anisotropy has been taken into account in the calculations
of the proton detection efficiencies [14]. Fig. 5 shows these efficiencies for different neutron energies and
for each neutron source. The results (proton spectrum and efficiency of the proton detector) of our Monte

Carlo simulation code are in good agreement with the ones obtained with the code MCNPX [16].

—_
N
>
—_
(=]
<]

2’ - experiment (a)

9 10 —simulation

=

a1 [

£ 8

o OF

]

& 4t

wn

s 27 .

S —

o O BN W el v I I I I S L

© 6 62 64 66 68 7 72 74 76 78 8
Proton energy (106 eV)

8 x 103+ (b)

©

g 6f

<

<

o 4 +

-

2

2 2

=

g O L L L Il L L Il Il L

S 6 62 64 66 68 7 72 74 76 78 8

Neutron energy (100 eV)
Fig. 4. (Color online) (a) Experimental and simulated spectra of recoil protons as a function of their kinetic

energy. (b) Simulated neutron spectrum as a function of neutron kinetic energy.
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Fig. 5. (Color online) Simulated proton detector efficiencies as a function of neutron energy - taking into

account the anisotropy of neutron emission and the anisotropy of (n,p) elastic scattering. Results are
presented in comparison to isotropic proton emission and neutron beam at normal incidence (black
line). The standard deviation is due to the geometrical uncertainties of the silicon Telescope (yellow area

and red bars).

2.2- Fission rate measurements
The I™ normalized fission rate associated with the | target is given by the following equation:
/
N
Fi(Ey)=——2—(&,) 3)
£ s N A

Where N%p is the number of fission fragments detected by the I”

target-detector ensemble with an

efficiency 82, , Nilm represents the number of americium atoms in the I" target. As said above, we have
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used two “"“Am targets for most of the measurements. The index /=1 stays for the first “°"Am target and

I=2 for the second one.

The fission detectors were composed of two sets of photovoltaic cells. The photovoltaic cells [13] allowed
a complete separation between alpha particles and fission fragments (Fig. 6). The double humped

structure was not observed in the fission fragment spectrum because the energy resolution was spoiled by



the target thickness. The photovoltaic cells have no sensitivity to the neutron beam and an intrinsic
efficiency of 95(x1) %. Fission detectors were placed in front of each Am target in a very compact
geometry to obtain a geometrical efficiency of about 70%. At neutron energies above 1 MeV, one cannot
neglect kinematics effects resulting from the moving fissionning system. This is illustrated in Fig. 1 for
target 1 (the detected fragments are emitted forward) and target 2 (the detected fragments are emitted
backward). The efficiency plotted values correspond to fragments isotropically emitted in the Center of

Mass system (Fig. 7).
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Fig. 6. (Color online) Fission fragment spectra for the four solar cells used in our experiments. The energy
resolution allows a complete separation of alpha particles and fission fragments in the four fission

detectors.

The kinematic effects and the uncertainties on geometrical parameters have been taken into account to
define precisely the value and the uncertainty of the fission efficiency, which is one of the most important
sources of uncertainty in this experiment. The large angular acceptance of the fission detectors implies a
low sensitivity to the angular anisotropy of the fission fragments. For an anisotropy W(0°/W90°) < 1.10, the

variations of efficiency are consistent with the standard deviations plotted on Fig. 7 [14].
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Fig. 7. (Color online) Simulated efficiencies of the fission fragment detectors with the kinematic correction

as a function of incident neutron energy.

3- Neutron-induced fission cross section measurements of 2*Am relative to 2>28y

Cross-section measurements of ***Am(n,f) relative to >*U(n,f) were performed at the new 3.54 MV facility
(AIFIRA) at the CENBG (see Fig. 8). The fast neutron flux with energy over the range of 4 to 6 MeV was
produced by the D(d,n)3He reaction using a deuterium gas target. Back-to-back targets, consisting of
283Am (546 ug/em? (£0.5%) thick) and **U (462 pg/cm? (+1.5%) thick), were placed at a distance of 40
mm from the neutron source and perpendicularly to the incident-neutron beam. The fission detectors
consisted of two sets of photovoltaic cells in a very compact geometry. The ensemble “Am target + fission
fragment detector” was the same as the one used for the cross section measurements relative to the (n,p)

elastic scattering. The ensemble «238

U target + fission fragment detector” formed our second neutron flux
detector. Consequently, the determination of the neutron flux was completely independent of the previous
method.

The cross-section measurements of >*Am(n,f) relative to **°U(n,f) were performed at the 4MV Van-de-

Graaff facility of the CENBG using the same method above (Fig. 8). For these measurements, two targets
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of **Am (106 pg/cm? (£0.5%)) and **°U (409 ug/cm? (+1%)) were used. Thus, these data are independent

of all other measurements as shown in Table 2.

neutron source 243Am Target 235U or 238U Target

and and
fission fragment fission fragment
detector detector

Fig. 8. (Color online) Experimental set-up for determining the fission cross section of ***Am in reference to

the *°U and ?**U neutron-induced fission cross sections.

4- Results in comparison with experimental data and evaluations

Our results are represented in Fig. 9 in comparison with earlier measurements and the existing
evaluations. In this figure the error bars of our data correspond to the maximum standard deviations,
which are obtained when no solid angle correlations are considered. As can be seen in Fig.9, our
measurements contradict those of Laptev [7] which are about 15 % higher than the existing evaluations.
Our additional measurements (relative to ***U and ***U) are fully compatible with these findings. Our
results are in close agreement with the data of Knitter [2] as well as the evaluated data files. Table 1
presents our results including the statistical and the total standard deviations for each measurement. The
latter is given without considering solid angle correlations. A complete description of our results involves a

calculation of the variance-covariance matrix which will be presented in section 5.
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Table 1: **Am fission cross section measurements relative to three standard reactions: (n,p) elastic

scattering, *°U(n,f) and ***U(n,f). The standard deviations are given without solid angle correlations (see

part 5).

Statistical

En Standard S standard Total standard
(MeV) deviation (b) deviation on deviation on
on E, (MeV) S (%) S (%)

Set n°1, Van de Graff, IRMM — in reference to H(n,p) — neutron source *H(p,n)°He
1.84 0.10 1.51 1.1 34
2.36 0.09 1.58 1.3 34
2.88 0.09 1.60 1.0 3.3
2.88 0.09 1.62 0.6 3.3
3.39 0.08 1.55 0.7 3.3

Set n°2, Van de Graff, IRMM — in reference to H(n,p) — neutron source “H(°*H,n)’He
5.12 0.07 1.50 0.6 2.9
5.72 0.06 1.55 0.7 2.9
6.82 0.05 2.19 1.3 3.7
7.35 0.04 2.29 1.1 2.9

Set n°3, AIFIRA, CENBG — in reference to H(n,p) — neutron source “H (°H,n)°He
3.59 0.20 1.59 2.4 4.6
4.07 0.12 1.60 2.1 4.5
4.77 0.07 1.54 1.5 4.2
6.00 0.05 1.64 1.8 4.4
6.21 0.04 1.82 1.9 4.4
Set n°4, Van-de-Graaff, CENBG - in reference to “*°U(n,f) - neutron source “H (°“H,n)°He

4.00 0.05 1.48 2.3 6.2
4.59 0.05 1.55 2.5 6.3
5.31 0.05 1.38 1.7 6.0

Set n°5, AIFIRA, CENBG — in reference to “°°U(n,f) — neutron source “H (°H,n)°He
4.39 0.05 1.53 2.6 4.8
4.70 0.05 1.54 2.2 4.6
5.50 0.05 1.40 1.4 4.3
6.00 0.05 1.72 1.7 4.4
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Fig. 9. (Color online) Results of **’Am neutron-induced fission cross sections in comparison with the

evaluated data files and the experimental data from Knitter [2] and Laptev [7].

5- Variance-covariance analysis of cross section measurements

In this section we illustrate how the uncertainties and the correlation matrix for the uncertainties of the
previous measurements are obtained. The latter are extremely important for evaluation purposes [17]. The
variance of the measured cross section can be strongly affected by possible inter-dependency between
the different parameters involved in the determination of the cross section. In addition, when cross
sections are measured at different energies with the same (or partly the same) set-up, the results are not
completely independent. An important particularity of this experiment for the uncertainty assessment is
that for most of the energies we have used two 3Am targets (see Fig. 1). Accordingly, the mean fission

cross section value at neutron energy E; corresponds to the following equation:

(F/Q)

m(Ei) 4)

(O, fED) =0, f)i =

243

Where (F/Q)is the mean value of the I" ratio F,/Q; . The index I=1 stays for the first **>Am target and =2

for the second one. The variance-covariance study is performed in the generalized perturbation theory
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framework, which assumes a linear propagation of uncertainties. Thus, the variance of the fission cross

section measurement (O(n,ryi atneutron energy E; is given by the following equations [18]:

(O, ryi = filas.sap; Ep)

Var((o, fyi 4 4 C sap
P01 () = 9 (5?97, C0 i)

(O(nfyi k=1 (az) 1<k<k' Af-ag'
Cov({o . (o S P - (5)
ov({(O(n, fYi; (O(n, 1) j) _ zSik ~Sjk~%a§)+ Z(Sik~5jk' S0 0). Cov(ay;ay)
<O-(n’/)>[ . <O'(n,f)>J k=1 (ak) 1<k<k' aj.ay
o;(ar;3ap;Ep) ay

and Vk e [1;p], Si; =

day, 'f,-(al;...;ap;E,-)

Where aj- , are the different quantities involved in the determination of the cross section and
Var(O'(n,f))(Ei) is the variance of fission cross section measurement at neutron energykZ;,
COV(O'(nyf)(Ei);O'(n,f)(Ej)) is the covariance between measurement at neutron energy E; and Ej,

Var(ay) is the variance of the aj parameter, Cov(ay;ay') is the covariance of the a; and aj parameters
and Sj;is the sensitivity of the fission cross section measurement at neutron energy E; to the aj

parameter. The sensitivity parameters are defined without unity.

Therefore, the variance of the fission cross section measurement at neutron energy E; is defined by the

relations:

if VEjand V 1,I'e[L;m], F;/Q; ~F;'/Q;'and Var(F;/Q;) = Var(F;'/Q;")

Var((0 (n, 1)) Var(FIQ)) Var(®,) Var(Q,) 2 <whCov(Q,;Q))
then  ——— =L (Ej) = + . 2
<<7(n,f)>2 (F1Q))? (CDn)2 (Qn)2 m ;‘ Q,.Q (6)
; L) =~ < 1 i d COV(QI;QIV)
Var((F/Q))( 2 ZVar(Fl/Ql)+ 2 Q,.9Q

I=1 o<I<!'
Where m is the number of ***Am targets used in the measurement (i.,e. m = 1 implies that the
measurement was done with only one ***Am target and m = 2 with two ***Am targets). In equations (1)

and (2), all the parameters are independent except the solid angles of the ™ Am targets Q; and the
neutron detector Q,, . We can rewrite the variance on the term (F/Q) like a sum of the variance without

14



correlation  Var((F/€2))independent and the contribution of the covariances of the target solid

angles f.(;;Qp;VI#1):

Var((F/€2)) = Var((F/Q))independem + [ (VI (7)

The solid angles depend on the distance between the neutron source and the Am targets and the distance
between neutron source and the PP sample. The determination of the exit point of the neutron source is
subject to an uncertainty of about 0.5 mm. Therefore, in addition to the variance of each parameter, the
covariances of the solid angles have to be evaluated (egs. 6 and 7). The target solid angles and the
fission-fragment detector efficiency depend also on the target surface. However, the sensitivity of the
fission cross section to the target surface is only S= -0.003 %/%. Since the uncertainty associated to the
target surface is of about 3%, this implies a variation of the fission cross section of 0.01 %, which is

considerably smaller than the total uncertainty of our results.

For all the measurements performed at different neutron energies, with the same set-up and the same
neutron source, the fission cross sections are obtained using the same values of systematic parameters
(those that are not subject to statistical fluctuations). In this case, only the statistical parameters are

different. Therefore, the relative covariance between two measurements at neutron energies E; and E;

of the #**Am fission cross section is defined as [14]:

ifVEi ;Ej and V 1,1' € [l;m] 5 F]/Ql(Ei):Fl'/Ql'(Ei) and Val’(Fl/Ql) zVar(Fl'/Q[')

Cov({O (n, Y380 (n,f) j) _| Var((F/ Q) | Var(@,) V@)
(O, i (1) j (FIO0E Jindependens | (@)2 we @)’ (8)

systematic

2 z Cov(Q,,;€2))

+2- £ (Qr:Qp VI £
Q9 Je Q159 )

Where the index “systematic” indicates that only systematic variances have been considered (without
statistical uncertainties). In our case, five experiments were performed with four different neutron sources

at the IRMM in Belgium and the CENBG in France.
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For two measurements made with the same set-up at two different facilities, only the systematic fission
rate variances and the systematic neutron flux variance have to be propagated, the solid angles being

independent. The covariance of two measurements is defined by the equation:

CovO(nsYisO s ) _| Var(F)) || var@y) ©)
@ i<on sy (F)? Jindependent | (@)
systematic syst
To compare these data, the best observable is the correlation ( Corr ) of two measurements defined as the
covariance divided by the square root of the product of variances. This dimensionless quantity gives the

degree of independence between the data and is limited to [-1;1].

Cov({a (n, 1) iXO o, ) j)
JVar(o o, py i) Var(o g, 1y ;)

Corr((o (n, 1Yi{On, £ j) = (10)

The main difficulties in evaluating equations (6) and (8) concern the assessment of the solid angle

covariances but these terms are bounded in the general case:

VLI e [Lm], = \Var(Q,)Var(Q)) < Cov(Q,;Q;) < JVar(Q,)Var(Q))

(11)
- \/Var(le).Var(le) < Cov(Qy;Qp) < \/Var(Ql).Var(le)

The geometry of the set-up leads us to consider only positive covariance. For these experiments, one or
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two “"Am targets have been placed in the set-up. Then, only the mean value of the solid angle

correlations A, has been considered and we can rewrite equation (8) as follows:

CovO(n, i3 f V) _| Var(F/Q) | var@y) || VarQy)
independent syst

(O Vil (n, 1) (F/))? : (@) Q)
systematic (1 2)
2 <& Con(Q,,:Q))
F Ay | —— Yy L0 £ (Q QY 2]
Am { m 1; Q,Q ciel>l .

As said above, the index m defines the number of ***Am target used in the set-up. Below, we use A, asa

free parameter limited to the only possible positive correlation term 0 < 4,, <1. In the next two sections we
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will discuss the impact of the solid angle correlations on the correlations of fission cross section

measurements.

5-1- Correlation analysis of 243Am(n,f) cross section measurements in reference to the (n,p) elastic

scattering cross section

In a first step, we assume that all the parameters are independent, i.e. 4 =4, =0. The results are

displayed in Fig. 10. For each set of measurements, we note a large correlation (>0.79), due to the
uncertainties on the solid angles and the intrinsic systematic parameters of the method: quantities of
matter, (n,p) elastic scattering cross section and detector efficiencies. Between two series of
measurements, only the intrinsic systematic parameters of the method have been propagated and the
correlations do not exceed 0.48 (Fig. 10). In a second step, full correlation has been assumed. The limits

of the fission cross section correlation matrix (Corr((a(,l,fp,-;<o(n,f)>j) <1) provide an upper limit on solid

angle correlations: for one 5Am target (m=1) we obtain a limit on solid angle correlation equal to 4; =1;
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for two ““Am targets (m=2), the limit on the solid angle correlation corresponds to A, =0.61 (Fig 11). The

possible range of mean solid angle correlation for one or two **>Am target is defined by the following

intervals:

0<
0<Corr((o(n, £Yi:{T(n, £y j) <1 Vi, j <:>{()< "
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Fig. 10. (Color online) Correlation matrix of fission cross section measurements in reference to the (n,p)

elastic scattering cross section without solid angle correlations (A =1, =0) as a function of neutron

energy (E,)). Correlations are maximal for a same set of measurements. A significant part of correlation of

uncertainties is due to the uncertainty on the position of the neutron source. Between two series, only

systematic parameters of the method generate correlations.
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Fig. 11. (Color online) Correlation matrix of fission cross section measurements in reference to the (n,p)

elastic scattering cross section with maximum solid angle correlations (4 =1;4, =0.61) as a function of

neutron energy (E,).

The fission cross section correlation matrix can be further studied as a function of the mean solid angle
correlation values /1m using the singular value decomposition method explained in reference [19] and

presented according the following equations:

[Corr]=[UISIIVT
[Corr [t = [V )IST U]

Where [1'], respectively [U] is composed of right singular vector V;, respectively left singular vector U;,

(14)

associated to singular value S;. This transformation satisfies the following equations:

vul =1 (15)
vyl =1
And [V'] and [U]matrices are orthogonal. Each singular value represents a quasi-independent state of the
matrix associated with a singular vector. This singular vector corresponds to a mix of measurements or
measurement sets. This transformation provides a new representation of our data without correlation. Fig.

11 presents this decomposition for five matrices obtained by combination of two solid angle correlation
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limits (1;;4) . We observe that the singular values of five limit matrices are equivalent. Moreover, the
principal singular vectors are similar and correspond to different combinations of the sets of
measurements (see Table 1). The results suggest that, in our case, the variance-covariance matrix
provides the same information for all solid angle correlations 0< 4 <land0< A, <0.61. Therefore, the
standard deviations of fission cross section measurements are defined by two extreme values
corresponding to the extreme correlation matrices (Table 2). Finally, one can extract from the singular

values the number of independent measurements without solid angle correlation (4; =4, =0) and for
maximal solid angle correlations (4; =1; 4y =0.61). The number is defined as the rank of a matrix without

the zero value(s). This number varies between 12 to 14 for the 14 measurements in reference to the (n,p)
elastic scattering. Thus we can conclude that the solid angle correlations impact the number of
independent points and have to be considered when comparing data sets from different experiments.

Moreover, we can note that this analysis is needed for the generalized least square analysis used in the

cross section evaluation. The inverse correlation [Corr]_l (eq.14) is defined only without zero singular

values.

12
S, |
10- VY A Singular values
b (., A) = (0.00, 0.00)
- oA v Singular values
8- (A, A) =(1.0,0.61)
Singular values
67 (M, A,) = (0.0,0.61)
F A Singular values
(M, A,) = (1.0, 0.0)
4 - Singular values
I (A ) =(0.5,0.3)
2k B
L v & -
op AERRRIIXIODONGX
e b e e b e b e e e Iy
0 2 4 6 8 10 12 14

Singular value number 1
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Fig. 12. (Color online) Singular values S;of measurement correlation matrices as a function of the
singular value number i1=1;14 for different solid angle correlations 4,,. Each value represents a quasi-
independent state of the matrix. We can conclude that the information provided by the two matrices limits

is similar.
In conclusion, the limits on the correlation matrix of measurements have given the limits on solid angle
correlations (for the systematic variances used in this work). The limit on solid angle correlation

(0.61< 4 ) can be interpreted as an overestimation of solid angle standard deviations. Consequently,
without solid angle correlation (4 =4, =0), the standard deviation of cross section measurements is
overestimated. For a maximum of solid angle correlations (4; =1; 4, =0.61), the standard deviation on

cross section measurements is under-estimated. Thus, the limits on the standard deviation of
measurements lie within 2.1% to 3.4% for IRMM data and 3.2% to 4.6% for AIFIRA data (Table 2). These
values provide an indication of the uncertainties on the cross section standard deviations. Nevertheless,
the information provided by the matrices is consistent regardless of the solid angle correlations (see Fig.
12). Finally, measurement, variances, covariances and the number of independent points provide the

complete information of the experimental measurements.
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Minimal Standard
O(nh standard deviation on

E. (MeV) (b) deviation on On (%)

O(n,f (%) with
,11 =1; /11 = ﬂ,z =0
A, =0.61
Van de Graff, IRMM — in reference to H(n,p) — neutron source
®H(p,n)’He
1.84 1.51 2.2 3.4
2.36 1.58 2.6 3.4
2.88 1.60 2.1 3.3
2.88 1.62 2.2 3.3
3.39 1.55 2.2 3.3
5.12 1.50 2.1 2.9
5.72 1.55 2.1 2.9
6.82 2.19 3.0 3.7
7.35 2.29 2.2 2.9
3.59 1.59 3.7 4.6
4.07 1.60 3.6 4.5
4.77 1.54 3.3 4.2
6.00 1.64 3.5 4.4
6.21 1.82 3.5 4.4
Number of independent points 14 12
for measurements in reference
to 'H(n,p)

’H(®*H,n)°He

Van de Graaff CENBG — in reference to °°U(n,f) — neutron source

4.00 1.48 5.4 6.2
4.59 1.55 5.5 6.3
5.31 1.38 5.2 6.0

’H(®*H,n)°He

AIFIRA CENBG - in reference to “°°U(n,f) — neutron source

4.39 1.53 4.4 4.8
4.70 1.54 4.2 4.6
5.50 1.40 3.8 4.3
6.00 1.72 3.9 4.4
Total number of independent 21 18

points for all measurements

Table 2: **Am fission cross section measurements relative to three standard reactions: (n,p) elastic

scattering, 2°U(n,f) and #**U(n,f). The measurement standard deviations are given for a maximal solid

angle correlations (A =1 ; A, =0.61) and without solid angle correlation (4, =4, =0).
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f

5-2- Correlation analysis o Am(n,f) cross section measurements in reference to ?>?**U(n,f)

cross sections and (n,p) elastic scattering cross section.

The correlation within a same set of measurements is defined between 0.53 and 0.87, while the
correlations between two sets of measurements do not exceed 0.17. The latter value is due to the

*Am fission rates. Correlations of the data in reference to the **°U(nf)

systematic uncertainties on the
cross section with other series are equal to zero as there were no common parameters between these

data. Table 3 details the correlations of these measurements (without solid angle correlations, 4} = 4, =0).

The measurements in reference to the (n,p) elastic scattering cross section, per group mean values of the

correlation are also reported in Table 3.

Standard 28am(n,f) /(n,p) 2BAm(n,f) #°U(n,f) 28am(n,f) #BU(n,f)
reaction
E./E, | setn°l | setn°2 | setn°3 | 4.00 4.59 5.31 4.39 4.70 5.50 6.00
(MeV)
0.98 0.41 0.46 0.14
set n°1
25 Am(n.) ] 0.41 0.84 0.46 0 0.10
I(n.p) set n°2
’ 0.46 0.46 0.95 0.16
set n°3
s 4.00 1 0.85 0.89
2£S(n}f)/ 4.59 0 0.85 1 0.88 0
) 537 089 | 0.8 1
s 4.39 1 0.53 0.80 0.81
23/3[}“(”%1‘)/ 470 1o o0 | ods 0 0.53 1 059 | 058
(n.f) 5.50 ' ' ' 0.80 0.59 1 0.87
6.00 0.81 0.58 0.87 1

Table 3. Complete description of the correlation matrix of *3Am fission cross section measurement for
different neutron flux normalizations. For the measurement in reference to the (n,p) elastic scattering cross

section, only per group mean values of correlations have been indicated for easier reading of the table.
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The results are obtained without solid angle correlation. The neutron energies related to data sets 1, 2,

and 3 of the measurement in reference to the (n,p) reaction are given in Table 1.

6. Conclusion

f 2 Am relative to

We have presented the first measurement of the neutron-induced fission cross section o
the neutron-proton elastic scattering cross section, 14 points between 1 MeV and 8 MeV were measured.
Additional measurements were made relative to ?2U(n,f) ( 4 points) and ?**U(n,f) (3 points). The overall
precision of our data is better than 5% for the measurements done in reference to the (n,p) and the
238U(n,f) reactions (the statistical uncertainty is about 1 to 2% depending on the measurements). However,
for the measurements performed in reference to the #*°U(n,f) reaction, the error associated to the solid
angles of the fission detectors was larger leading to higher total uncertainties (up to 6.3%). The agreement
between all these measurements and the per group independency of our data validate our normalization

methods and corroborate the evaluated data files. Our measurements are in agreement with those of

Knitter [2] and the data libraries.
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