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Outline

A Neutron Induced Capture and Fissisray Spectra and Yield Measurements
(I. Parker, KKeparutig

A Thermal neutron diaway measurements (B. Wang)
A Elemental zirconium thermal capture experiment (G. Siemers, |. Parker)
A Photonuclear Production Yield Measurements at the RPI LINAC (D. Fritz)

A Other talks about RPI evaluation work in evaluation session:
I New?92Zr Evaluations (G. Siemers)
i 999%Zr evaluation in the unresolved Resonance RegioG(ag
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Neutron-Induced Capture and Fission
o-ray Spectra Measurements:atithe:RPI LNAC

|. Parker and K. Keparutis

This material is partially based upon work supported by the U.S. Department of Energy, This work was partially performed under appointment to the Rickover Fellowship Progra
Office of Science, Office of Nuclear Physics, under Award Numbe&@ID24679. in Nuclear Engineering sponsored by Naval Reactors (NR) Division of the National Nucl
iDevel opment of Benchmark Measurements for Captur e GammdecOityAadmanctaton(NNSA).
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RPI 9-ray Spectra Measurements:

Measurements coupled with updated simulation methods provide a tool that can be

used toassess the accuracy afray production data stored in nuclear data
libraries.

Updated simulation methodiod-MCNP6.2/DICEBOX

Primary motivatiori To test evaluateo-ray production data.

App | i c adyiheating, reactor and shielding calculations, isotope identifica_
via active neutron interrogation, nuclear structure studies, etc.

Devel op methods to separ at e -rayespestra.r e
Develop test suite/benchmark to assess quality of evaluated data.

Measured Samples0 . 01 gV 1@ 0E 0 eV
>%Fe >SMn/"aCu >Co
natTq nat( J 239
nath natAu natln
natCu >Mn natZr
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Measurement & Sim

RPI 2-Ray Multiplicity Detector:

ulation Capabillities:
Mod-MCNP6. 21412

A ~4 16 segmenNal(TI) detector array. A UsesCascading-RayMultiplicity (CGM) module to
A 1 cm thick BC liner enriched to 99.5 atom ¥B to produce correlated secondary emissions.
absorb scattered neutrons. A Implements ability to read externally masieay cascade
A Up to 96% efficient to detectray cascades. files in place of CGM generated gamma cascades.
A Located 25.6m from neutron production target. A Outputs energy depositéor each detector segment per
A Digitizer collects energy depositidar each detector JIEUoH hlsto.ry. _
segment and event time, used for TOF method i Enables simulation and measurements to be processed
. ' identically.
A Historically used for neutron capture yield : :
measurer%/ents in energy rangepfrom% 0T @keV A Cascades files are generated with DICEBDXGIDI*4!
' ' or other cascade generation codes.
16 Nal(Tl)
ampie Segments 030 X 1005 —— DICEBOX  _%_ EGAF CapGam
B4C liner = 1 -5 0251 :ZEZ‘;MY'
99.5 atom% °B o :Zf‘; )
% 0.10.
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e Livermore Nati

nal Laboratory. (n.@)DI+ (Gen n Data Interface Pl

RPI

ufFomputer st

oftware]. GitHub. https://github.com/LLNL/gidiplus
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Method Validation with °%Fe;

DICEBOX Spectra (. 1] £)

Using R.B. Firestorié gammaray data as the input to — oceRx + Eow G
cascade generators, simulations match experimental data
collected at the RPI LINAC. - 10
£
20000 =
Fe-56 (n,y) Spectra: =0 E |
15000 —— mod-MCNP6.2/DICEBOX —— mod-MCNP6.2/CGM —}— RPI: Detector 1-8 Average ‘
9 —— mod-MCNP6.2/GIDI+ —— MCNP6.3/ENDFS.1 e ‘
510000 ] ‘ ] I
8 1075~
5000 : Ey [IZ\L/IeV]
0.5
0 e RPl{avg = 2.22)
0 10 +  mod-MCNP6.2/DICEBOX (avg = 2.24)
0.4 «  mod-MCNP6.2/GIDI+ (avg = 2.24)
= mod-MCNP6.2/CGM (avg = 2.79)
300000 .
Total Energy Deposition: 2103
RPI: Measured Event Deposition §
1 2000001 — mod-MCNP6.2/DICEBOX 902
c —— mod-MCNP6.2/GIDI+ -
o —— mod-MCNP6.2/CGM
© 100000 0.11
. ! ! 00———————————— e =
% 2 4 6 8 10 ' . ’ " Multiplicity ! ° °
Ey,sum [MeV] R, B. Firestone et. al., Phys. Rev%; 014328 (2017).
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0.01 gO/ 1Q OE
Isotope|Abundancq, (0.0253 eV|, : (0.0253eV) 0.200 MeV o)
Cd113| 0.1222 | 19994.01 | 19969.33 2.0 Mg QOE
- .
Results:"aCd, "atAy
100 05 109 0.5
—— DICEBOX  _*  EGAF CapGam « RPl(avg = 3.63) —— DICEBCX  _*  EGAF CapGam ¢« RPI (avg = 2.75)
. +  mod-MCNP6.2/DICEBOX (avg = 3.66) . mad-MCNP6.2/DICEBOX (avg = 3.54)
: 0.4
Zo. z
g 00 LU 1 2 3 4 5 6 7 o
E, [MeV] ' : ’ ! Multizlicity ¢ ! ° ° E, [MeV] e 2 3 4 Multi[sllicity 6 7 8 9
113Cd onlyin DICEBOX, all other Cd isotopes in CGM
150000 -
20000 =
Cd (n,y) Spectra: % Au (n,y) Spectra:
11 100000 RRl:HindividualibetectorsI S Rinet CRAC S BICEROK ; 15000 t‘&:\ . RPI: Individual Detectors ~—— mod-MCNP6.2/DICEBOX
c + %
= S 10000
O 50000 S
5000
O ] ) ﬁ‘?%-\._
0 10 %% 1 2 3 4 5 6 7 8
E, [MeV]
400000 150000
Total Energy Deposition:
300000 RPI: Measured Event Deposition ~—— mad-MCNP6.2/DICEBOX
3 [0 100000
S 200000+ =
100000 Total Energy Deposition: © 50000
- RPl: Measured Event Deposition =~ —— mod-MCNP6.2/DICEBOX
0 i ; : : ‘ | ‘ . . . .
2 4 6 8 10 % 1 2 3 4 5 6 7 8

EY,Sum [MeV]

RPI NCSP

Ev,sum[MeV]-------.a» -
II nacThe Gaerttner LINAC Ce




Isotope | Abundance|, (0.0253 eV], - (0.0253eV)
Cu63 0.6915 6.61 4.47
Cu-65 0.3085 16.04 2.15
10° 05
—— DICEBOX _* EGAF _t_ CapGam

103

Results:"Cu,

0.4

Probability

0.1

maod-MCNP6.2/DICEBOX (avg = 2.59)
mod-MCNP6.2/GIDI+ (avg = 2.51)

RPI (avg = 2.51)

10—5 |

Ey [MeV]

8 .
001

2 3 4 5 6 7 8 9
Multiplicity

63Cuonlyin DICEBOX & GIDI+, 6°Cu in standard CGM

natMn

_* EGAF _t  CapGam

—— DICEBCX

\”

0.01 g0/ 1Q CE
0.200 MeV O
2.0 Mg) QOE
0.5
RPI (avg = 2.5)
mod-MCNP6.2/DICEBOX (avg = 2.42)
0.4
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100000
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—— mod-MCNP6.2/DICEBOX
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RPI
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20000
Mn (n,y) Spectra:
MCNP6.2/DICEBOX ~ —— mod-MCNP6.2/GIDI+ 15000 1 RPI: Individual Detectors —— mod-MCNP6.2/DICEBOX  —— MCNP6.3/ENDF8.1
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Test Suite/Benchmark Development:

A DOE Grant deliverables include a template, necessary tools, example inputs, and test
A With 56Fe/DICEBOX validation method, next step is uncertainty quantification.
A Preliminary list had been generated, with ongoing work into each source.

Source: Description: Assessment Strategy:

Gamma rays emitted that lose energy ang Quantify the effect of gamrmaay transport on the
do not reach the detector. accuracy of energy deposition.

Gamma-Ray Attenuation

Capture in air, aluminum, or boron can en] Remove in simulation & assess results. Further analys

Non-Sample Emissions ) ) : )
gammarays. will focus on changing size, density, etc.

Nal False Capture Neutrons in system scattering & capturing Determine if negligible, predicted to be for thermal

in iodine. neutrons due to & liner.
Energy Calibration & Calculations performed to convert pulse cellukle ine gffect Rl Sl el B
: . for the comparison between measured and calculated
Detector Alignment integrals to energy.
gammaray spectra.
Individual & coincident discriminators. Identify the effects of analysis parameter choices on tf

JUBIEEEETIE SERINTE Coincidence time. resulting spectra.
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natl J Measurement...

Total Energy Deposition (Coincidence)

0 Thermal Region, E, = 0.01-1.0 eV 238Y(n,y) Resonance, E, = 6.67 eV
10 ¢ I RPI "*U Measurement: Thermal
RPI Experiment: "@'U(n,y) no 0 { — mod-MCNP6.2/DICEBOX(y)+CGMF(f): Thermal
—— ENDF/B-VIII.O 238lJ(n ’O) DICEBOX SpeCtra ( Fl r] 8) S RPI "#*U Measurement: 6.67 eV Capture Res
o /B- ) 102 \ —— mod-MCNP6.2/DICEBOX(y)+CGMF(f): 6.67 eV Capture Res
o 10~ 238(n,y) 30000 ‘ S,(238U) = 4.81 MeV
- iliCalls e s 2 Normallzed by the count ratio of the thermal
2 y
c S 25000
= 3 spectra to the capture resonance spectra
(@]
_§ 10~2] Ezoooo
© - -
a E 15000 Contribution
> 2 1
& i from 233U(n,f)
£ 1073 10000 . above §(z38)
Sample:20 mil, 1¥
3 5000 s
18.2 g, 0.798%U ;
& ; . = i ——
10752 10! 100 10! 102 107 1 5 3 4 5 L 2 5 5 7 5 3 10
En (EV) Ey [MeV] 0.45 Ey,sum [MeV]
/ . . \ / \ ' = RPI (thermal), i, = 3.52
Thermal ( 8 = [Hi 8 ) yield for Largecapture 2°8J(n,2) resonance at 0.40 i e T A=
. . . . o e RPI(6.67 eV res), m, = 2.67
hai Sample iIdlominated b)flSSlon 235U(n ,f) 6.67 eV ( 8 [ Hﬂ 38 ) 0.35 s+ mod-MCNP6.2/DICEBOX+CGMF (6.67 eV res), my = 2.67
10° 104 0.30
0.01 = En(eV)=< 1.0 5.5 = E,(eV)= 8.0 (6.67 eV Resonance) - = .
RPI ("@U(n,y) measurement) RPI ("atU(n,y) measurement) %0_25 M UItIpIICIty
3 4 —— mod-MCNP6.2/DICEBOX(y)+CGMF(f) 3 —— mod-MCNP6.2/DICEBOX(y)+CGMF(f) © = = =
élu —— mod-MCNP6.2/ENDF/B-VIII.1 §103 . —— mod-MCNP6.2/ENDF/B-VIII.1 g 0.20 DIStrIbUtlon
3 S,(338U) = 4.81 MeV @ S,(238Y) = 4.81 MeV =
e T pl 0.15
§ 10° Contribution from g N
g \ 235U(n f) aboveS, () || £ 102 w A e
ém? = s 0.05
& & 0.00 2 3 4 5 6 7 8 9 10 11 12
s 5 10 Multiplicity
210 , o
< | il <
- il (| | | Demonstrates fissiomrays can be removed
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 - .
E, [MeV] T\ E, [MeV] /| from spectrain a captuldnmlnated resonanc

Black data points = average

of 16 single detector spectra
Error bars = standard

deviation from the average

Note: ENDF/BVIII.1 is
the same as VIII.O0 for
2331 -ray production
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233 Capture and FissioniResonance-Ray Spectra((Uncofrected)

23
1025U(n,o) DICEBOX Spectra, [

TH

235U(ﬂ,v)
—— ENDF/B-VIIL.O DICEBOX —*_ EGAF CapGam
10°
E 1072 .
f M‘l%‘ﬂ.['m
=104 MH
10-6
-8 L1 |
107% 1 3 3 4 5 6 7
- E, [MeV]
11.4 = En(eV)= 11.9 (11.7 eV res)
RPI Measurement
8 103 —— mod-MCNP6.2/DICEBOX(y)/CGMF(f)
§ —— mod-MCNP6.2/ENDF/B-VIII.1
§ Sh (?3%U) = 6.5455 MeV
S 102
g = O
g Contamination
@ from 23%U(n,)
o 10 I
= 7, above {ZU)
7]
o W L
o
@ 0
z 10 235 11.7 eV
Capture Resonance
-1
107, 2 4 6 8

Ey [MeV]

10

PFGS (y's / fission MeV)

104

102

10!

10°

107!

1072

1073

235U(n.f)
1 —— CGMF —— FREYA LLNL Fission Libraries
‘\\
0 2 4

23(n,f) PFGS, . TH

E, [MeV]

103

102

10!

10°

Average Single Detector Response

10"

Fission Resonance

13.5 = Ep(eV) = 14.3 (14.0 eV res)
x  RPI Measurement
—— mod-MCNP6.2/DICEBOX(y)+CGMF(f)
—— mod-MCNP6.2/ENDF/B-VIII.1
—— mod-MCNP6.2/ENDF/B-VIII.0(y)+FREYA(f)
mod-MCNP6.2/ENDF/B-VIIL.0(y)+LLNL(f)
Sp (235U) = 6.5455 MeV

233 14.0 eV

2 4 6 8
Ey, [MeV]

103

10?

10°

1.0

0.8

0.6

Yield

0.4

0.2

04

11.7 eV Capture Resonance
14.0 eV Fission Resonance
—— ENDF/B-VII.O Capture

. RPI Capture (2021)
—— ENDF/B-VIIL.O Fission
= RPI Fission {2021)

11 12 13 14 15 16
Energy [eV]

Total Energy Deposition (Coincidence)

10*

. RPI Measurement: 11.7 eV Capture Resonance
—— mod-MCNP&.2/DICEBOX(y)+CGMF(f): 11.7 eV Capture
x  RPI Measurement: 14.0 eV Fission Resonance
—— mod-MCNP6.2/DICEBOX(y)+CGMF(f): 14.0 eV Fission
Sn(?**U) = 6.55 MeV

s -

l w‘i“
LT .' W .
/ WFI ” |hll
Contribution te?3%U spectra i MM\. W (s i ‘
from 23%U(n,f) above §(*3%V) w
2 4 6 8 10 12 14 16

|M||||||

Ey, sum [MeV]

Suggests ENDF/®/111.1 ACE PFGS is more accurate than the CGMF calculation in MCNP6.2 (discrepancy fr8ile%)
A correction needs to be made to remove the fissioays from the3U 11.7 eV capture resonammay spectra

RPI
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Average Single Detector Response

23 Capture and Fis&manesamaﬂca-Ray S;px&atra(@ﬂﬁraat&ﬂ)
(| § =fraction of = B RN
2w [ oo

IR IR G | & = fraction of Cléagtlirle;ee\?
I ‘ Y

fissionin resonancé
) Fﬁ:lr ) Fﬁ:”_) I = Capture ONLY R T T QU,

Fission Res
E,=14.0eV

- 05B6
5 0.4% 4

104,
= 10° o .
| s e e L ‘ 13.5 = Ey(eV) = 14.3 (117 eV res) Total Energy Deposition (Coincidence)
K - RPI Corrected Measurement , “&\ RP| Corrected Measurement -
10% . o, mod-MChP6 2/BICESOX(Y)/NORUIR & 3 %\.,’, mod-MCNP6.2/CGMF(f) .+ RPI Corrected: 11.7 eV Capture Resonance
5 S (235U) = 6.5455 MeV e 107 S £ —— mod-MCNP6.2/DICEBOX(y)+NONU(f): 11.7 eV Capture
\ =% “"u Captureo rays were " = RPI Corrected: 14.0 eV Fission Resonance
| 9 | Th | - mad-MCNP6.2/CGMF(f): 14.0 eV Fission
, = not transported 10° R 5.U) = 6.55 Mev
105 S 102 | S
| 0 | I . : %
| o N’Wﬂm a | " ‘f’i’%w
10Y =y 101! Fe 510% ot ’ﬁ’;“f&
: c 'y S | F s.'h!g,# &t
w0 2 | 1t 4 | Soxsi o x
| x. . - t o 1 Gl :I‘x
| 23U Corrected s | 2 Corrected Mt | it ot e
10 o PR = Tl 1 | EE TR TR TVN TN 1 U TR R 4
| 11.7 eV Capture £ 10° 14.0 eV Fission 104 R RS SR ER 1Y '{'"ﬂ‘:‘ 4
Resonance Resonance i 1] | , L IR RE R
10-1 . - LU b L)
° ‘ ’ Ey [MeV] ° ° 010 2 4 6 8 10 0% 4 6 8 10 12 14 16 1B 20
v E, [MeV] Ey, sum [MeV]

Correction removesrays contributing tahe 11.7 eV capture resonarspectra abov8 (2°3U) = 6.55 MeV due to fissio
CGMF does not agree with the measured 3Raly spectra in the 14.0 eV fission resonance above 3 MeV
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Prompt Fissiond-Ray Spectra (PFGS)

104
B 13.5 = Eq(eV) = 14.3 (14.0 eV res) — s cutlh
F\ RPI Measurement 1011 - FREYA. . _ _
- —— mod-MCNP6.2/DICEBOX(y)+CGMF(f) S LLNL Fission Libraries
£ 103 —— mod-MCNP6.2/ENDF/B-VIII.1 s —e— Makii Measurement (2019)
= —— mod-MCNP6.2/ENDF/B-VIIL.O(y)+FREYA(f) = g Oberstedt Measurement (2013)
§ mod-MCNP6.2/ENDF/B-VIIL.O(y)+LLNL(f) % Peelle Measurement (1971)
§ 102 Sy (“2°U) = 6.5455 MeV i 10—1,
(m)] wn 1072
5 P
g 10* S
Q
o Fission Resonance 10-4
¢ 109 0
< Measurement and
Simulations
10—1 A
0 2 4 6 8 10
E, [MeV] >
There is an increase in counts from8 MeV in the RPI measured :
14.0 eV fission resonangeray spectra compared to simulations. =
=
: 0 LLNL Fission Librari
Other measurements Qberstedtand Peelle) seem to agree with T = Ve esu e (0LS)
the increase in counts in the PFGS compared to calculations wit bbb il el |
\ MCNP6.2 (CGMF, FREYA, and the LLNL fission libraries) 1074, 3 5 5 8 9
E, [MeV]
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Pulsed Neutron Die Away Experiments for TSL Validation at RPI

Benjamin H. Wang

Nuclear Engineering PhD Student
Department of Mechanical, Aerospace and Nuclear Engineering
Rensselaer Polytechnic Institute, Troy, NY, 12180

GaerttnelLINAC Centeii Rensselaer Polytechnic Institute
11/03/2025
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Motivation

A Provide Experimental Data to
verify and improve§(h | )
libraries for various moderators

A Non-Criticality Integral
measurement method

(I )

Z )

I Final comparison result:
(Experimentalys » (Simulation)
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