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Outline
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• Chi-Nu Prompt Fission Neutron Spectrum (PFNS):
– Revisit 239Pu
– Updates on 235U, 238U, and 240Pu

• Neutron Scattering at LANL
– Revisit n-γ technique with liquid scintillators
– Results from carbon measurements
– Extension to CLYC scintillators



The Chi-Nu Arrays
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Recall 239Pu PFNS: Published in 2020
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• Kelly, et al. PRC 102 034615 (2020)
• Kelly, Marini, et al. NDS 173 42 (2021)

2 4 6 8 10 12 14 16 18 20

Incident Neutron Energy (MeV)

2.05

2.1

2.15

2.2

2.25

2.3

2.35

M
ea

n 
P

F
N

S
 E

ne
rg

y 
(M

eV
) Chi-Nu: Total Unc.Chi-Nu: Stat. Unc.

ENDF/B-VIII.0

JENDL-4.0

JEFF-3.3

 = 0.01-10.0 MeVout

n
): Ef,nPu(239

2 4 6 8 10 12 14 16 18 20

Incident Neutron Energy (MeV)

0.2

0.4

0.6

0.8
1

1.2

1.4

1.6
U

nc
er

ta
in

ty
 (

%
) Stat. Total



235U PFNS: Results Finalized, Pub. in Prep.
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238U PFNS: All DAQ Completed; Prelim. Analysis
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Scattering: Liq. Scint. n-γ Coincidence Analysis
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• γ-tag for Einc
n and Eout

n

• Good liq. Scint. timing reveals
inelastic level structure

• Simple case: carbon
– shown last year
– also measured Fe and Pt

• Random coincidences are easily
removed†

• What are the backgrounds?

†O’Donnell, NIMA 805 (2016) 87



Backgrounds from γ-Anticoincident Neutrons
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• The elastic scattering 12C(n,n) reaction is a likely source
• Do a simple Monte Carlo calculation for this background:

– Sample incident neutrons from WNR FP15L flux shape
– Calculate Eout

n from sample Einc
n , convert to TOFs

– Vary TOFs according to random γ timing, recover new Einc′

n and Eout′

n

– Fill histogram with counts = σ(Einc
n )

• Possible to extract cross sections from this background?...maybe...
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Extract n, γ, and Correlated n-γ Distributions
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Measurement of 9Be and 56Fe Neutron Scattering ...
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Figure 4: Experimental results for n, �, and correlated n-� angular distributions for measurements of
neutron reactions on natural carbon as described in the text are shown in panels (a), (b), and (c), respec-
tively. Panels (a) and (b) correspond to an incident neutron energy of ⇡ 14 MeV, while panel (c) corre-
sponds to ⇡ 6.25 MeV. Recent ENDF/B-VIII.0 [2] and relevant literature data are shown where applicable.
The correlation matrices calculated from the experimental result covariance matrices are shown in panels
(d), (e), and (f) for the n, �, and correlated n-� distributions at E inc

n ⇡ 14 MeV.

the environmental neutron detector response. Additionally, these same carbon data were ultimately
analyzed to produce n, �, and correlated n-� angular distributions for incident neutron energies from
6.5–16.5 MeV for carbon inelastic scattering to the first excited state, i.e., the 12C(n,n01) reaction,
and the associated covariances were calculated for each of these distributions. Examples of each of
these distributions and a representative covariance matrix are shown in Figs. 4a–4f. These carbon
results are summarized in Ref. [25], soon to be submitted to the journal Physical Review C. As
stated earlier, correlated n-� measurements are essentially nonexistent for all nuclei, though a few
low-statistics measurements exist for 12C [8, 9, 10]. Thus, essentially all measurements of these
correlated distributions are entirely new, and can be vitally informative for extracting accurate in-
elastic scattering cross sections. Finally, elastic scattering appears in the data as a �-anticoincident
neutron yield, and thus elastic scattering cross section can be extracted after proper treatment of
the accidental detection of inelastic or other neutron detections.

While liquid scintillators are clearly capable of producing high-quality results, they have pro-
hibitive limitations for extensions to more complicated nuclei. First, the PSD capabilities of liquid
scintillators are generally limited to neutron energies from ⇡0.5–12 MeV or so, and thus there must
a cut placed on the data to eliminate overlapping neutron and �-ray counts. Second, the �-ray
energy resolution of liquid scintillators is very poor, making the identification of any specific �-ray

3



Corr. n-γ Distributions for Wide Range of Einc
n
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CoGNAC Array of CLYC Detectors for Scattering
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Very Early Data from CoGNAC + Liq. Scint.
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Summary
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• Scattering measurements this run cycle:
– Al, Fe, and Be, with C for calibration

• CoGNAC array of CLYCs in progress
• More to come in the future!

• Chi-Nu Results and Future:
– 239Pu PFNS full results published in PRC in 2020
– 235U PFNS finalized and publication in progress
– 238U full data set collected, and preliminary analysis has been applied
– 240Pu(sf) PFNS collected with liquid scint.

• In-beam PFNS delayed due to PPAC delays and beam loss

—————————————————————
• Funded US DOE under Contract No. 89233218CNA000001
• Initial scattering work funded by LDRD Project 20190588ECR
• Meas. and Dev. funded by LDRD Project 20210329ER
• γ-production cross section measurements funded by NA-22


