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Thermal Scattering Experiments Overview

« Overall objectives:

— Use double differential thermal scattering and vibrational spectroscopy
measurements to benchmark and improve thermal scattering evaluations.

» Preform measurement at SNS (ORNL):
— Use ARCS and SEQUOIA for double differential scattering.

— Use VISION for phonon spectrum measurements.

» Key collaborators at ORNL.: Goran Arbanas, (Mike Dunn).

 Scientists at SNS: Alexander Kolesnikov, Doug Abernathy, Luke Daemen,
Yonggiang Cheng.

« Advantages:

— New measurements have much better energy and angle resolution compared to old
data.

— Can measure different type of samples (liquid, solid, mixtures, compounds).
— Measurements can be done at variety of temperatures starting from 5K.

— Tremendous amount of different experimental information helps constrain and
overcome modeling deficiencies.
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Completed Experiments

ARCS
Moderators SEQUOIA (Q: 3-125%in 1° VISION
(Q: 3-58°in 1° increments) - (at 5 K)
increments)
E,: 55, 160, 250, 600, 1000,
Light Water (H,0) 3000, 5000 meV YES
Temp: 300 K
E,: 55, 160, 250, 600, 1000,
E,: 50, 100, 250, 700 meV
Polyethylene (CH.,) 3000, 5000 meV ! B YES
Temp: 300 K P>
E,: 50, 100, 250, 700 meV
: Temp: 5, 295, 573, 823, 873
Quartz (Si02) P YES

K
Thickness: 3.175, 6.35 mm

E,: 50, 100, 250, 700 meV.
Teflon ((CoFa)) " Temp: 5, 300, 500 K NO

: Ei: 50, 100, 250, 700 meV
Lucite (C;0,Hy) Temp: 5, 300, 400 K YES

. Ei: 50, 100, 250, 700 meV
Concrete (mixture) I Temp: 5, 300 Kme NO
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Thermal scattering — evaluation methodology

CASTEP DFT code oCLimax
output: Calculates S(Q,®) from DFT
Atomic displacements for VISION instrument geometry
and frequencies Output: S(Q,) VISION
‘4 experimental
S(Q.0)
NO YES , "
Adjust phonon MO SIO)) Transform
frequencies SEUEIE LS e S(Q,m) to GDOS
q DFT S(Q,0) ? 2@ I .
C NJOY2016 )
output:
ENDF thermal librar
SICH:) S Y
Serious Problem: Compa_rable ‘
Improve Theory to Experimental <
(and NJOY) DDSCS and o,? S(a,B)
RED = Experimental data used ¥ YES

DONE: NEW S(a.,f)

=
[ . 8 N 0 0 | -
MHUCLEAR CRITICALITY SAFETY PROGRAM The Gaerllner lI“nc ce“ler




S(Q.)

Total Cross Section (b)

Polyethylene Experimental Data and Evaluation

H-(C,H,), DFT+oClimax adjusted 1 QE
—— ENDF VIIl.b5 GDOS

200
Energy (meV)

40 T T T T j !
| 0.08
35 (C2H4)n (C,H,),
VISION 5K 0.07+
304 —— DFT+oClimax 2 0061
] Location of vibrational % 005
409 modes (peaks) now match 2 0044
] VISION experimental data  |<
20 A 2 0.03
i [a)]
o
15 4
10
5 -
0 T T T '\
0 100 200 300
Energy transfer (meV)
250 T T T
(C,HY,
Granada et al., 1987
- ENDF/VIL.1 + absorption
200 —— ENDF/B-VIII.5b + absorption
—— RPI (H+C)-(C,H,), DFT+oClimax 1QE
150 +
100 |-

Energy (meV)

v) Rensselaer

z?(%\ 500

VISION data used to validate
and adjust the evaluation

Experimental data used fq
validation:

« Double differential
scattering

e Total cross section from
the literature
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102 J

Ej=100 meV

MCNP6.1 ENDF/B-VIL1 (CaHal,
—— MCNP6.1 ENDF/B-VIIL.5b (CaHa), n=1 (NCSU)
—— RPI {CzH4), DFT+aClimax n=1

102 i

1014 .

100 d

—  MCNPE.1 ENDF/B-VIL1 (CaH4),
—— MCNP6.1 ENDF/B-VIIL5b (C3H4), n=1 (NCSU)

O Exp. Data
0 25 50 75 100 125 150 175 200
Scattered Energy (meV)
Ei=250 meV

—— RPI(C3Hy), DFT+aClimax n=1 QO
O Exp. Data
0 50 100 150 200 250 300 350 400

Scattered Energy (meV)
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Polyethylene Criticality Benchmarks

« The new RPI evaluation and the ENDF/B-VII1.0 give similar results.
« There are some discrepancies between the benchmarks and simulation.

105 ] I I I ] ] 1 1 ] 1 I
® = ENDF/B-VII.1
. = ENDF/B-VIII.O
1.04 - ~ 11 Vv RPI-DFT/VISION
= ° ® Free Gas Model
1034 o e . || * Experimental K
° o
x“q—) 102 . - o .
1.01 4 3 -
| I % vw ¥ M
1.00 J % * % = ;
0.99

| | | |
o0y 0% M0 V2 0{3 2 3’5 20&5‘ 0\,5 o&% 03\/ 0’55‘

Criticality Benchmark [HEU-MET-THERM-]
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o(Ej, Es)

o(Ej, Es)

Lucite (C:O,Hg) DDSCS

« ENDF/B-VIII.0 glves better representation of inelastic region

Ei=250 meV
103 Q =10.5 deg
102 4
101 3
100 -
—— MCNP6.1 ENDF/B-VIIIl (C5O2Hg),
—— MCNP6.1 RPI (CsO;Hg)s DFT+aClimax n=1
O Exp. Data
1071 ; . : : .
50 100 150 200 250 300
Scattered Energy (meV)
10¢] Ei=100 meV
102 5
102 4 ?‘,‘- o
10]. o
103 MCNP6.1 ENDF/B-VIII (CsO2Hg),
—— MCNP6.1 RPI (C50:Hg), DFT4allimax n=1
O Exp. Data
10!

25 50 75 100 125 150 175 200
Scattered Energy (meV)

Total Cross-Section (b)
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900
soll (Csosz)n
800- o Sibona et. al.
RPI DFT+oClimax

700+ —— ENDF/VIIIL.O
600+
500+
400-
300+
200-
100 - : '
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Energy (meV)

. |

v - S P I n a cme Gaerttner LINAC Center



Lucite Criticality Benchmarks

« RPI TSL file represents a clear improvement to K-effective
 ENDF/B-VIIIL.0 is similar to free gas treatment

1.10 T T T T T

= ENDF/B-VIII.O
® Free Gas Approx. |
v RPIDFT/VISION

* Experimental Data

1.08 - §

K-effective
e |
o o o
N D o

1 1 |
1

1.00 + ¥ x ¥

0.98

pst024 pcm002 hst0O03 hmt0O03 hcmO001

Criticality Benchmark
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GDOS (arb. units)

Quartz Evaluation

Use VISION data to fine

tune mode locations.
» Separate files for Siand O
0.025 — : : : . ,
SlO2
VISION 5 K

0.020 r| —— DFT+oClimax 10QE scaled .
0.015 H |
0.010

0.005 H

0.000 T T r . ; , .
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GDOS (arb. units)

GDOS (arb. units)
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0.05 +
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0.00

0.09
0.08
0.07
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—— O-SiO2 ENDF VlIl.b4
—— O-SiO02 DFT+oCLimax 1QE GDOS

|| — Si-Si02 NCSU ENDF Viil.b4
|l — Si-Si02 DFT+oCLimax 1QE GDOS
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Quartz Evaluation

Ei =250 meV
5 o ¢ Q=405d
« The RPI evaluation is in better 2] To296K
agreement with the differential .
scattering experiment g 100]
5
10° 4 o o 5%
10_1 aod ' c') Exp D'ata ' ' ' \
50 100 150 200 250 300 350 400
Scattered Energy (meV)
20 e T
g 101 Ww
« Arguably better agreement with the 5
literature total cross section below g
15 meV 5
(04,5102 DT +oCimes 10 (abs. nc)
—— ENDF/B-VIII NCSU SiO2 293K (abs. inc.)
1

LA | LA | LA | LA | L
0.1 1 10 100 1000
Energy (meV)
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Quartz Criticality Benchmarks

« Found only two sensitive

benchmarks LOCSN ' '
1.008 - .
« ENDF/B-VIII.0 and the RPI ;
evaluation show similar b ° FreeGas
1.004 - v RPI-DFT/VISION
performance for HEU-MET- ! = ENDF/B-VIIILO
THERM-001 which iscloseto £ +%%%7 *  Experimental K-eff |
free gas (low sensitivity to S(a,B)) & “°%°"
R  0.998 -
« The RPI evaluation is slightly X -
. 0.996 -
better when there is high :
. : 0.994 -
sensitivity to thermal scattering - ’}
(HEU-MET-THERM-014) 0'990_- v

001 014
Criticality Benchmark [HEU-MET-THERM-]
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Progress of Concrete

Experiment vs. Library (pick which one?)

« DDSCS (Double Differential Scattering Cross
Section)

« Benchmark K
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Concrete DDSCS - Single TSL File

10° : DAL L AL LA SO B B R L LI B — T T T " T " T " T °
] . 1 ] O Experimental Concrete
E. = 50 meV o | © Experimental Concrete % ENDF/B-VIII.b4 Ice
6= 10 deg = ENDF/B-VIII.b4 Ice ] 10° || |—— ENDF/B-VIILb4 H-H,0
s |0 e comar ST
T 10°- l_ C\DFBVIILD4 Sié)z | 7 0 =55 deg a5 ENDF/B-VIIl.b4 SiO,
2 : | 2
-} >
< S
) )
a 7% 10°
LU_C 103— E LU_C
w L
) 171
10° U g ' 10° H—— T T T T T T L B
0 10 20 30 40 50 60 70 80 90 100110120 O 10 20 30 40 50 60 70 80 90 100110120
Scattered Energy [meV] Scattered Energy [meV]

At 10 deg., ice and liquid water show good representation of shape
Water’s representation of the elastic peak decreases as angle
Increases, while ice Is consistent
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Concrete Criticality Benchmark

« International Handbook of Evaluated Criticality Safety

Benchmark Experiments (Dice)
« HEU-MET-THERM-018

« SIiO, & Free Gas are the simulations off from about 1 standard deviation

(all othef(l?k’)lli')aries are Kt [S)te?/ri]gggﬂ
ENDF/B-VII.1)

ENDF/B-VII.1 H,O 1.00048 0.00035
ENDF/B-VIIl.b4 H,O 1.00041 0.00037
ENDF/B-VIII.b4 CH, 1.00006 0.00035
ENDF/B-VIII.b2 SiO, 1.00073 0.00036

ENDF/B-VIIl.b4 H-ICE 0.99998 0.00035
ENDF/B-VIII.b4 H&O-ICE 0.99991 0.00035
Free Gas (No S(a,p)) 1.00110 0.00035
Experimental 1.0001 0.0041
® Rensselaer NCSP linac
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Concrete Criticality Benchmark

1.005 T T T T T T
1.003 S q
1.002 - 8
o 1.001 - a o
= y ® ® ]
© 1.000 A * o 5
@ | |
@ 0.999 - .
N | ® Benchmark Simulation ]
0.998 - Experimental K__ 0
0_997_' ffffffffff Experimental Error Range N
0,996 ------mmmrm oo .
0.995 T T T T T .

eNDF-T HZRDF-8 HERpF-8 CE\NDFESNS‘Q 180 1CF ree Go°

S(a,B) Library

« Bound hydrogen models (CH, and Ice) give the best representation
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Ice Phonon Spectrum
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2018 related publications

Journal

1. Kemal Rami¢, Carl Wendorff, Yonggiang Cheng, Alexander I. Kolesnikov, Doug L. Abernathy, Luke Daemen, Goran
Arbanas, Luiz Leal, Yaron Danon, and Li (Emily) Liu, “Thermal Scattering Law of (C2H4)n : Integrating
Experimental Data with DFT Calculations”, reply to reviews submitted, Annals of Nuclear Energy, 2018.

2. Carl Wendorff, Kemal Ramic, Alexander I. Kolesnikov, Douglas L. Abernathy, Yaron Danon, Li (Emily) Liu,
“Improved experimental data and analysis for accurate thermal scattering kernel evaluations of neutron moderators”, in
final review.

Thesis

1. Kemal Rami¢, “From Experiments to DFT Simulations: Comprehensive Overview of Thermal Scattering for Neutron
Moderator Materials”, Defended and thesis to publish in August, 2018.

2. Carl Wendorff, “Validation and Benchmarking of the Thermal Neutron Scattering Law Data Files for Neutron
Moderators using Experimental Data”, to defend in June and thesis to publish in August, 2018.
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Observation
Most of the times we assume the materials have
perfect crystalline structure, but with new
methodology (including measurements from
VISION) we can determine how much measured
material deviates from the perfect structure.
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Ice-1h (H,0)

Total cross section

NJOY 2016 NJOY 2016 NJOY 2016 NJOY 2016
o(H,0,t]=2x (o}, )+ (o5 +0,, )
240
o Torres 2006 T=115 K
220+ — RPIl ice-1h DFT+aClimax 1 _
— Ice-1h v imized °
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c meV and above 70 meV.
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