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Outline

* Motivations
— Nuclear security

—_

— Nonproliferation

Myriad, high-impact; but we

— Criticality safety won't talk about these today

— Energy

— Basic science _
* R-matrix formalism & EDA g, code
* Overview of (a, z) evaluations [z = n, p, d, t, 3He, a]

* 170 system evaluation progress report:
— BC(a,n) evaluated data



Light-element R-matrix evaluation

Overview

* Main objective

— Provide continuous (energy, energy-angle)
representations of nuclear scattering and
reaction cross section data

* Theoretical basis [Wigner&Eisenbud *47]
— Quantum theory: unitary; causal; analytic
— Unitarity: exp’l QA/UQ
— Causal: ensures resonance parameter fidelity
— Analyticity: threshold physics is right
— Relativistic kinematics

* Why do “evaluation’?

— Correlate observables for processes coupled
to particular compound system
» ~10° data points (0, ~10) MeV < ~10? pars
— Adjust for systematics in different
experiments: e.g. resolution; norm; etc.

 High-fidelity data descriptions
— ~30 compound systems
= NN, 3H, 3He, “He, °He, °L1, "Li,
8.4, ..., 170, ..., ?°Si
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n +*He

Channels x

n +*He*

Compound system
AZy :A=N+2Z
e.g.’Hes
A=5
N=3,Z=2

Processes:
Elastic: “He(n, n)*He; *H(d, d)°*H
Inelastic: “He(n, n')*He*
Reaction: *H(d, n)*He



Light-element R-matrix evaluation
R-matrix formalism

EDA R-matrix
evaluation
procedure

/ R-matrix \
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e.g. EXFOR/CSIRS
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Solution/Postprocessing
1) Construct ENDF-6
formatted evaluated data file
2) Covariance data
3) Post-process break-up
spectra with SPECT code




Light-element R-matrix evaluation
Evaluation process

Reaction Data

T ® Energy, angle, energy-angle
/ Observation \ / Compilation \ / \ dependent data formatting
° e Combination of single- Evaluation ® Formats: ENDF-6, GNDS,

Single experiment _ | |
observations experiment differential data e Determination of initial etc.
of yield (EXFOR/CSISRS) parameters (E, V) from
e Unpolarized: oy, 0, o(6) ¢ Compound-system data | known/guessed resonance
e Polarization: ” 17 de?k 7| structure (ENSDF, TUNL-
P.(E,0), A,(E,6), K eg.: 110 =1°0(n,n;) NDEP)
n ) ) ) ) r 9 . . .
16% 160) +1C(a, @) 412 C(a, ms) 5 Optimization of Structure & Decay Data
eg.o(70(n,n) *0), e Resonance properties:

2
—|—16O(TL a) + ... X = Zexpt’s Xexpt
13 2116 ’
\P n (O (e, 1) O)/ vULE: Include alldata/ K J E;,Tiotjs Ljes Cie
e Formats: RIPL, ENSDF, ANR

1.EDA£f90 code handles all types of data [sources: EXFOR/CSISRS, publications, priv. comm.]
— total, integrated, diff’l, polarized, unpolarized; neutron- and CP-induced: (n,z), (p,2), (d,2), (¢,2), («,2), ...
.EDA£90 handles all the compound system (e.g.: 170) data simultaneously

2

3. Optimization over parameters simultaneously fits all the data with the same parameters
4 .EDA£90 - ENDF-6 formatted ENDF/B libraries for processing to CE & MG libraries
5

. Testing & evaluation by hand; future: automate

<



Light-element evaluations

Overview
* All compound systems A<20 (and a few above)
* Recent work 1n 2020/2021 (Charged-particle transport libraries FY20 L2 Milestone)

Projectile\ Target 'H ’H SH SHe “He °Li Li
n 2020  VIII.O  VIII.O  VIII.O VIII.O 2020 VIII.O
P 2020  VIII.O  VIII.O  VIII.O 2020 VIII.O VIII.O
d VIII.O  VIII.O 2020 VIII.0* VIII.O VIII.O
t VIII.O  VIII.O 2020 VIII.O TENDL19
h(*He) VIII.O VIII.O VIII.O TENDLI19
« VIII.O TENDL19 TENDLI19

B (a+’Li, at’Li", 8Be+t, n+19B); 'C (a+’Be, p+'B)

12C (®Beta, p+!'B)

13C (n+12C, n+12c*)

14C (n+130)

I5N (p+14C, n+14N, a+1'B)

160 (y+160, oi+12C)

170 (n+160, o+13C)

18Ne (p+'7F, p+7F*, a+140)

<



170 Preliminary evaluation

Preliminary results

* Configuration: channels, R-matrix parameters

* Observed data in data deck
— Channels: (n,ny), (n,n,), (a,ny), (a,n;), (a,n)
— Types: total, integrated, differential, polarization [A,, P,]

170 system channel/pars
* # channels: 45
o JE=1/2%, ..., 11/2*
* # parameters
* E;: 81 level energies
* Yic: 322 reduced widths
* # Normalizations
* ny: 95 norm scales
* AE,: 4 shift factors

Channel a.(fm) Cinax
n+150(07;gs) 4.40 4
a+13C(5 ;5 gs) 5.40 5
n1+190(0%; 6.05 MeV) 5.00 3
no+150(37; 6.13 MeV) 5.00 2
Reaction Range E,,, Ngat  Observables
E, (MeV)
160(n,n)te0 (0.0, 7.0) 2,909 Ttots O,
o (6), Ay(0)
160 (n,n2)%0(37; 6.13 MeV) (6.6, 8.8) 45 a(0)
BC(a,a)3C (2.0, 5.7) 1,397 a(0)
BC(a,n)t%0 (.23, 8.0) 1,054 oy
BC(a,m0)*0(0T; gs ) (1.0, 6.5) 3,116 o,0(0)
BC(a,n1)0(0T; 6.05 MeV) (5.1, 5.6) 113 o,0(0)
Total 8,634 o types

* New data

— Ciani et al. (2021) (a,ny)

— Brandenburg & Meisel (2021) (a,n)
"Eebbraro, DeBoer et al. (2020) (a,ny), (a,n;)
<




170 Preliminary evaluation

Preliminary results: (a,ny)

13c(4he,n)160 do/dQ E=  5.275 MeV

T T T T T
calculated at E= 5.275

+ 13c-a-n0-deboer-pc-2021-05-13

do/dQ

T
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calculated at E= 5.895
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13c(4he,n)160 do/dQ E= 6.504 MeV

I I I I I

L calculated at E= 6.504
+ 13c-a-n0-deboer-pc-2021-05-13




170 Preliminary evaluation
Preliminary results: (a,n,)

13c(4he,n)1601 do/dQ E=

5.135 MeV

107 ‘ ‘

— calculated at E=5.135
+ 13c-a-n1-deboer-pc-2021-05-13
x 13c-a-n1-deboer-pc-2021-05-13

T T T T

T

L

10-3 | | | |
0 30 60 90 150 180
CM
13c(4he,n)1601 do/dQ2 E= 5.466 MeV

13c(4he,n)1601 integrated

200 T T T
*q 0-3

150 |~

50 |-
0
5.0 5.1 5.2 5.3 5.4 5.5 5.6
E (MeV)
13c(4he,n)1601 do/dQ E= 5.466 MeV

T T
calculated at E= 5.466

4O x +

do/dQ

T

T

L calculated at E= 5.466

13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13

T

4O x +

do/dQ

T

13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13
13c-a-n1-deboer-pc-2021-05-13




o (barns)

170 Preliminary evaluation o — w0

Preliminary results: low energy

13c(4he,n)160 integrated

13c(4he,n)160 integrated

[ Bochum (Harissopulos 2005)
[ Stuttgart (Drotleff 1993)
0.00022 A KRL (Brune 1992)

KRL (Kellogg 1989)

10—1 -

1073 -

10—5 -

10—7 -

10—9 -

10—11 -

—— EDAf90

t
f
f
f

LUNA (Ciani 2021)
Karlsruhe (Heil 2008)

Bochum (Harissopulos 2005)
Stuttgart (Drotleff 1993)

KRL (Brune 1992)
KRL (Kellogg 1989)
ORNL (Bair 1973)
KRL (Davids 1968)

0.4 0.6 0.8
E (MeV)

1.2

€ 0.00018 - /\
]
S
0.00016 A [
0.00014 4
0.00012 +
0-00010 T T T T T T T
0.9900 0.9925 0.9950 0.9975 1.0000 1.0025 1.0050 1.0075 1.0100
E (MeV)
Experiment Eq [MeV] | (4 [ub] | 1.000 MeV
KRL (Brune 1992) 1.0000 146(7) 146(7)
ORNL (Bair 1973) 1.0033 198(3) 179(4)
: Stuttgart (Drotleff 1993) 0.9939 169(2) 187(3)
1.4 Bochum (Harissopulos 2005) | 0.994 116(5) 136(7)
Bochum (Harissopulos 2005) | 1.005 152(6) -
KRL (Kellogg 1989) 0.9998 125(6) 126(8)

Measurements of (4 ,)(Eq = 1.0 MeV) for laboratory incident energies given in the first
column, the value quoted in the second column, and the values linearly interpolated from the
tabular data in the experiment’s publication in the right-most column. No re-normalization
factors have been applied to these values. In particular, the ORNL value of Bair & Haas[37]is
quoted as originally presented without the 0.8 factor mentioned in their Note added in proof.



170 Preliminary evaluation scope
Preliminary results
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Conclusion
* Main task in CY2021

— complete 7O evaluation for E,~ 10 MeV
= Check for additional low-energy (< 7 MeV) data
® [ncorporate (n,ar) data
» Check consistency of included data with normalization/energy-shift factors
* Provide low-energy extrapolation for (a,n)
» Publish R-matrix parameters (level energies, reduced widths, channel radii and BC)

* Ongoing work on (a,n) evaluations

— 2->2 body reactions
" 3H(a,n)’Li [E, ~ 11 MeV]
" 'Li(a,n)!'B [E, ~ 4.5 MeV]
» SHe"(a,n)’Be [Q>0]
" 3Li"(a,n)!'B [Q>0] (no 2B system evaluation yet)
" °Be(a,n)!?C [Q>0]

* Future capabilities
— Larger A > 20 compound systems
= 9F(a,n)2Na(2.3 MeV); “N(a,n)!"F(6 MeV); 'SN(a,n)'*F(8 MeV)
— 223 body reactions
= 13C(a,ny)'0
» °’H(a,np)*He [E, ~ 6 MeV]
> [ ]
‘:Q 9Be(a,n)3*He [E, ~ 2.2 MeV]



