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Outline
• 235U

– Effects of the inclusion of higher partial waves (p- and d-wave) coupled
to the treatment of the (n,f) reaction channel with three fission widths

– Inclusion of the first inelastic state
– Attempt to describe energy-dependent fluctuating ν̄(E) coupled to

resonance parameters (RPs)

• 235U and 239Pu

– ν̄(E) fluctuations and RPs

• Open issues

– Generation of a validated experimental database
– Statistical treatment of RPs
– High-resolution measured data needs for neutron energy in the

keV range
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Higher partial waves (p- and d-wave)
• The inclusion of p- and d-waves increased the number of incident neutron

channels and outgoing fission channels

- s-, d-waves are present for channel spins s = 3− and s = 4−

• Γn is affected by the magnitude of the related penetrability factors (see fig-
ures below). This does not happen for the Γf (unitary penetrability)
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Higher partial waves (p- and d-wave)

• Test on the fitted RPs when s- and d-waves are included in the sequential
fit of three reaction channels: (n,tot), (n,f), and (n,γ)

- Specific case for three levels with total angular momentum J = 4− is in
the neutron energy range 15–17 eV

- Based on the values of the total cross section at the energy peaks,
(n,el) is about 30%

- Comparison between values of RPs is fitted by using channels with
both s- and d-wave and channels with only s-wave

- The test was performed with three fission widths (Γf1, Γf2, Γf3) for total
angular momentum J = 4− and leads to comparable fits

- The test shows the impact of the incoming neutron d-wave channels on
other channels such as capture and fission
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Higher partial waves (p- and d-wave)

`= 0 `= 2
s = 4− s = 3− s = 4−

` E(eV) Γγ Γn Γf1 Γf2 Γf3 Γn Γf1 Γf2 Γf3 Γn Γf1 Γf2 Γf3

s 15.4 47.4 0.22 1.1 51.6 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
s,da 15.4 46.5 0.15 2.3 15.5 13.4 0.07 5.13 7.71 8.88 0.0 0.0 0.0 0.0
s,db 15.4 46.3 0.10 3.2 7.9 7.6 0.05 5.17 6.80 5.97 0.067 5.6 5.5 5.7

s 16.1 37.5 0.33 -0.05 17.2 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
s,da 16.1 37.5 0.22 0.05 5.3 7.3 0.11 2.94 3.27 2.84 0.0 0.0 0.0 0.0
s,db 16.1 38.8 0.11 0.61 0.94 1.1 0.19 3.69 2.77 3.34 0.036 3.48 3.31 3.32

s 16.6 36.6 0.24 8.0 105.3 0.003 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
s,da 16.6 36.3 0.14 5.7 22.3 51.0 0.10 2.2 12.75 15.23 0.0 0.0 0.0 0.0
s,db 16.6 34.5 0.04 7.9 14.7 10.5 0.09 12.2 12.0 12.1 0.114 12.0 12.1 12.4

(a) RPs for J = 4− set to small values, i.e., 10−5 meV
(b) RPs for all J are considered
Note : Starting values of the RPs were set to 1 meV for incoming neutron channels and to 10 meV for outgoing fission channels
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Higher partial waves (p- and d-wave)
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Energy-dependent fluctuations in ν̄(E)
• The average number of neutrons from fission, ν̄p, is a key observable used to calcu-

late the reactivity of nuclear materials and is the one requested with the most stringent
accuracy, typically 0.25–0.5%

• ν̄p ≡ ν̄p(E) depends on the incident energy E of the neutron causing the fission event,
and in the low-energy range, it is usually evaluated as a linear function of E:

ν̄p(E) = νc+
∂ν
∂E

E

• However, departures from linear behavior have been shown in several measurements of
ν̄p in the resonance regime; fluctuations in ν̄p were experimentally observed and inter-
preted as a spin effects and a result of the competition of the (n,γf) process and the (n,f)
direct fission process:

ν̄p(E) = ν spin(E)−∆ν (n,γ f )(E) (1)

- Predominant in the epithermal range, the spin effect progressively decreases, and in the keV region, the
reduction of ν̄p(E) is due to the (n,γf) process only

• The effect of the (n,γf) process is a reduction of the energy available for fission by the
emission of a primary γ-ray, and hence is a reduction of ν̄p (negative sign in Eq. 1)

• In general, the impact of these fluctuations on reactivity coefficients can be significant
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On the (n,γf) reaction
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Target

(|J−1|, . . . ,J+1)−π

(|J−1|, . . . ,J+1)π

M1

E1
Iπ

Jπ = (I±1/2)π

A+1

A

continuum
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fission after primary γ
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Figure 1: Schematic diagram of the (n,γf) reaction (Lynn 1965). After the emission of a primary γ-ray (e.g., E1, M1,..), the compound
nucleus may still be in a highly excited state that may decay by fission as an alternative to secondary γ-ray emission. In the two-stage
decay, the compound nucleus can be in an intermediate state that differs from the initial state depending on the multipolarity of the
transition.
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Experimental evidence of (n,γf)1

FISSION-NEUTRON MULTIPLICITY AND TOTAL PROMPT. .. 1405

Figure 3 shows a striking, apparently linear rela-
tionship between E„and I/I'z. The intercept for
zero I/I"z should be 8.0 MeV" which is the total
prompt fission y-ray energy. This strong corre-
lation can be interpreted as evidence that the
(s, yf ) process is competing in the resonances with
narrow fission widths.
In Fig. 3 the plot of 7I vs I/I'& does not indicate

such clear results as in the case of F.„. The line
marked "energy balance" would be the result if it
were assumed that all the increase in E„with I/I'&
appeared as a decrease in P through the experi-
mentally determined relationship: (dv/dE„) = 0.128
neutron per MeV." This dv/dE was derived by
adding excitation energy via kinetic energy of the
incoming neutron and the applicability to the pres-
ent case is an assumption. The least squares fit
to the data does not show as steep a slope as the
"energy balance" line. However, a weighted least
squares fit shows a somewhat steeper slope. The
slopes of these lines must not be taken too serious-
ly because of the large uncertainties in the data as
compared to the variation of P from its average
value. There seem to be variations in the data
which are not explained by correlation with the
fission width of the resonance or with the statisti-
cal uncertainties. This is indicated by the poor fit
in Fig. 3 and examination of Fig. I indicates there

&10

may be variations in P with neutron energy over
ranges of energy which are large compared to the
resonance spacing.
Such a weak correlation between P and the spin

of the resonance is in contradiction with the data
of others. ' "' This difference between the pres-
ent experiment and the others is not understood.
Most of the other experiments used a quite differ-
ent technique. That is, they used a large liquid
scintillator tank loaded with gadolinium or cadmi-
um to detect fission neutrons with high efficiency.
After a coincidence between the fission chamber
and the tank signaled that a fission had occurred,
the pulses caused by neutron absorptions in the
tank were counted. Since the other experimental
results which used the scintillator tank method
are poorly correlated with each other, it is diffi-
cult to speculate that there are systematic differ-
ences between the two types of experiments. One
shortcoming of the present experiment is that the
neutron detectors are sensitive to the kinetic en-
ergy of the neutrons. If there were changes in the
energy spectrum of the neutrons from resonance
to resonance, this could cause uncertainties in the
measurement of P. Such variations in the energy
spectrum of the prompt fission neutrons are not
expected because a large part of their kinetic en-
ergy is derived from the motion of the fission
fragments from which they are emitted. An ad-
vantage of the present method is the very low back-
ground in neutron detection as compared to the
other experiments.
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FIG. 3. Total fission y-ray energy E& and fission
neutron multiplicity 7 as a function of the reciprocal of
the fission width of the resonance.

CONCLUSIONS

The present experiments shows a strong corre-
lation between the total prompt y-ray energy fol-
lowing fission and the fission width of the reso-
nance. This also correlates with resonance spin
since the J=1 resonances have narrower fission
widths. The total y-ray energy is higher for the
resonances of very small fission width where the
(s, yf) reaction can compete with the (II,f ) reac-
tion. These results are in agreement with those of
Shackleton et al.~
The present data show a possible correlation be-

tween resonance spin and P. The correlation is
not as strong or significant as with other experi-
ments. "' ' The present data give an average
weighted difference between the value of v for the
two spin states of -&'Po. Theoretical predictions
from nuclear models do not yield a unique rein-
forcement of any particular set of data.
In the resonance region of neutron energies the

data indicate that the variation of P from resonance
to resonance is small enough and random enough
that this effect could be ignored in reactor calcula-

1Picture taken from Phys. Rev. C 10, 1402 (1974).
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Calculating spin effect and (n,γf)
• Based on Fort et al., this formalism can define and compute the fluctuating behavior of

prompt neutrons based on the competition of (n,γf) and direct fission (n,f) processes

• The first and second term of Eq. 1 can be defined as

ν spin(E) =

[
∑
J

νc,J ∑
kJ

σ f ,kJ(E)
]
/σf(E)

∆ν (n,γ f )(E) =

[
∑
J

CJ ∑
kJ

σ f ,kJ(E)/Γ f ,kJ

]
/σf(E) ,

where the quantities νc,J and CJ are deduced by a least-squares of the measured data

• The resonance fission widths Γ f ,kJ (taken from ENDF/B-VIII.0) for each resonance are
used in SAMMY to calculate the partial energy-dependent fission cross section σ f ,kJ(E):

- The coefficients CJ = (∂νJ/∂E)Γγ, f ·Eγ, f are deduced from the linear dependence of ν̄p for the direct
process, assuming that Γγ, f , Eγ, f are constant due to the large number of independent
channels involved

- For 239Pu (having spins J = 0+,1+), the parameters used in the calculations are

νc,0+ = 2.8819±0.005 νc,1+ = 2.8689±0.0023

C0+ = (0.66±0.091) ·10−3 eV C1+ = (0.629±0.067) ·10−3 eV
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Examples: 239Pu up to 15 eV
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Figure 2: The ν̄p in the incident neutron energy up 15 eV plotted together with spin effect component. Calculations performed with
SAMMY and based on Fort’s formalism Eqs.2–2.
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Example: 239Pu 15–30 eV
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Figure 3: The ν̄p in the incident neutron energy 15–30 eV plotted together with spin effect component. Calculations performed with
SAMMY and based on Fort’s formalism Eqs.2–2.
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Example: 239Pu 30–50 eV
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Figure 4: The ν̄p in the incident neutron energy 30–50 eV plotted together with spin effect component. Calculations performed with
SAMMY and based on Fort’s formalism Eqs.2–2.
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Comparison with ENDF/B-VIII.0
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Figure 5: The ν̄p in the incident neutron energy up to 100 eV. Calculations (in red) performed with SAMMY and based on Fort’s
formalism Eqs.2–2, along with ENDF/B-VIII.0β5 evaluation (in black).
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Current situation for 239Pu in ENDF/B-VIII.0
• The new IAEA STD2017 values (σf=752.4±2.2) are discrepant at thermal energy for

fission cross sections, i.e., about 2σ lower (747.4 b)

• The 239Pu ν̄tot(Eth) is 2.8749 slightly lower than the recommended thermal neutron con-
stant (TNC)

• For 239Pu measured α value at the thermal by Lounsbury (as corrected by Beer) is equal
to α=0.3558±0.0057

• α (ENDF/B-VIII.0): 0.3614

• α (IAEA/STD 2017): 0.3585

• Softer thermal (neutron induced) PFNS was described in Nuclear Data Sheets 131, 1
(2016)

15 M.T. Pigni



Why ν̄ fluctuations very small for 235U?

• 235U has a much smaller level spacing than 239Pu. For close fission resonances with large
Γf widths, interference effects might decrease the effect of (n,γ f) reaction

• 235U has a spin I = 7/2− that gives channel spin resonances with J = 3− and J = 4−. The
ΓJ

γf widths are theoretically estimated to be in the range of 1–3 meV against 7–8 meV for
239Pu. The statistical quality of the current measured data is too low to permit any firm
conclusion to be drawn

• The spin effect for 235U might be small because the two spin states J = 3− and J = 4−

couple to two octupole channels K = 1−,2− with very similar properties (both symmetric).
Under these conditions, the fission properties do not vary much from resonance to res-
onance, but these small variations will not necessarily be correlated with the spin of the
resonances
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Example: 235U up to 50 eV
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Figure 6: The ν̄p in the incident neutron energy up to 50 eV. Calculations (in red) performed with SAMMY and based on Fort’s
formalism Eqs.2–2

17 M.T. Pigni



Experimental data needs

• Generation of selected experimental data (values and related
covariance information)

• Experimental data certified and compatible with other data sets,
i.e., same reference

• High-resolution measurement for neutron energies in the keV region for all
reaction channels (total, fission, capture)
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Conclusions

• Effects of the inclusion of d-wave channels for spin group J = 3−,4− were
investigated

- When the large value of the relative centrifugal barrier penetrability of
s-wave is compared with the same barrier of d-wave, the results of the
fit show the RPs are affected also by d-wave

• Studies on the effects to include the first excited state are ongoing

• The first attempt to couple resonance evaluation to fluctuations in the ν̄p

was initiated for 235U and 239Pu isotopes

• Emphasis was on a validated and certified experimental database

• High-resolution measurement is needed to improve fit in the neutron en-
ergies in the keV region
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