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OQutline

* The RPI Gaerttner LINAC Center
— Capabilities
« Examples
— U-235 fission and Capture
— Fe-56 and Fe-nat capture
— H,0 transmission
— U-238, Be, Fe, scattering
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Where is the RPI LINAC ?

* Itison the highest point in Troy, NY
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RPI LINAC History

« The RPI LINAC started operation in December 1961.
Working “continuously” since.

September 1997- LINAC was designated as Nuclear
Historic Landmark by the American Nuclear Society

GAERTTNER LINAC
LABORATORY

This was one of the first aboratories,

utilizing a high-power electron linear accelerator,
that generated accurate nuclear data for the design
of safe and efficient nuclear power reactors.

Graduated over 180 students who utilized the
INAC as part of their graduate thesis research

Many years of accumulated experience

2014 - Started a major refurbishment and upgrade project
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The RPI LINAC Facility
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Capability Matrix

RPI LINAC - Nuclear Data Measurement Capabilities 2019

In development
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Targets
ETT- Enhanced Thermal Target PAC - PacMan Target
BBT - Bare Bounce Target PN - Photoneutron target

BT- Bare Target on Axis
NAVAL NUCLEAR

JRensselacr  NESP R

| Photoneutron target

ETT | Multiplicity Detector Multiplicity Detector | BBT/PAC
Scatterin
J BBT | Multiplicity Detector BT| EJ301 Arrady
ETT [Multiplicity Détector || PAC [/Gress A <: KeV Neutron Scattering
Capture BBT/PAC || C.D,, Capture Detector
BBT | Multiplicity Detector

| . N 0B 0 N | -
I I n a cme Gaerttner LINAC Center



Neutron Production Targets

Bare Bounce Target (BBT) Enhanced Thermal Target (ETT)
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Detectors
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Current Activity

« Time of flight measurements
— Resonance Region
« Capture (0.01 eV -2 keV)
Transmission (0.001 eV — 100 keV)
Capture to fission ratio (alpha)
keV capture detector
Neutron scattering (E<0.5 MeV)

— H|gh energy (0.4-20 MeV)

Scattering (30 m flight path)

Transmission (100 m and 250 m flight path)
Prompt Fission Neutron Spectra
Photoneutron spectra

— High accuracy total cross section measurements using a filtered beam

» Lead Slowing Down Spectrometer

—  Simultaneous measurement of fission cross sections and fission fragment mass and energy distributions using the
RPI lead slowing down spectrometer

—  Measurements of energ% dependent (n,p) and (n,a) cross sections of nanogram quantities of short-lived isotopes.
(collaboration with LA

—  Capture cross section measurements

 Other

Research on medical isotope production
— Thermal scattering (S(ca.,)) measurements (at SNS in ORNL)
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Resonance Region
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Resonance Region Detectors

2 cm B,C Liner (98.4 atom% 1°B)
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235 Capture & Fission Yield Data

0.30 T T
* Challenges: 0.25 Normaizaton | T S TP e
* Normalization ,_fﬁjii: |
* False capture due to neutron scattering £ 0109 |
> Normalize experimental fission yield to a resonance | . liauiiii it w s diifUl L Ao o
r 0300——————————————— —
YNPF =k .Y, | Solve fork, @ 19.3 eV res (?20.63} 0.25] " Germmy Fission
0.20
» Use two equations for predominantly capture and | 5 o154
fission resonances " oehd

@ 11.7 eV res [%ZO-SGJ @ 19.3 eV res (%:0-6% X0 15 20 25 30 3 40 45 80

0.03 . Neutron l:rnnrgy I=\Vi|
ENDF ENDF —— RPI Capture
Yl}/ :k2 Yly —k3‘kl‘Y1f Y27/ =k2-Y2y—k3-kl-Y2f 0.02. *SammyCapture_
» Solve the two equations for k, and k, £ 001

» Need 2 resonances with known parameters« oo — — -

« Provided data to address WPEC subgroup 29 0.2 ——
report “Uranium-235 Capture Cross-section in the keV to MeV Energy =) | | (\
Region” s OOL b I il Jot s 1 Mo “m, NS 1

« The data were used in the U-235 CIELO evaluation oo L1 THRRE R M i S T
which was adopted to ENDF-8.0 = 700 Neutroniizrgy [eV] . <«
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Comparing U Fission and Capture with Evaluations

05 « Fission is in excellent
' ' - U] capwe agreement with
0.1 - R Deement 4  evaluations
: Ay 1 « Capture data has up to 8%

—— SAMMY ENDF7 Capture | 1

] multiple scattering that
g {  must be taken into
account during the

0-01-§ éiéé; analysis
0.005 - T e ' ~ '« Capture error is about 8%

- | - T T T [TRee || » 0.4-1 keV capture data is
0-13{* — T oeeno [ closer to ENDF/B-7.0

—— JENDL4 1 « 1-2 keV ENDF/B7.0 too

—— SAMMY ENDF7 Fission | 1

high JENDL 4.0 too low.

] « E>1 keV data is slightly
0.01 - { higher than evaluations
' 1 but within errors

100 1000
Energy [eV]
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Comparing U Fission and Capture with Evaluations

Fission iIs in excellent

0.030 : ; - ; - ; ; agreement with
—=— RPI - Experiment | evaluations
— JENDL4+MS - Capture data has up to 8%
0.025 —— SAMMY ENDF7 Capture |4 multiple scattering that
END of RRR |- must be taken into
in ENDE/B7.0 account during the
0.020 - T T - analysis
- | L= |« Capture error is about 8%
oo ! - 0.4-1 keV capture data is
o - ] closer to ENDF/B-7.0
t 1 * 1-2keV ENDF/B7.0 too
0.010 - ; . high JENDL 4:0 tqo low.
T « E>1 keV data is slightly
higher than evaluations
0.005 1L . | . | . | | but within errors
500 1000 1500 2000 2500

Energy [eV]
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Comparing 2*°U Fission and Capture

with ENDF-8.0
 ENDF 8.0 is a great improvement from ENDF 7.1

009 T I T T ! T ! T T T T 005 T T T T T T T T T
T Experiment norm to ENDF 7.1 Experiment norm to ENDF 7.1
0.08 - —— MCNP ENDF 7.1 i —— MCNP ENDF 7.1 ‘
0 07_' Experiment norm to ENDF 8.0} 0.04 Experiment norm to ENDF 8.04
' —— MCNP ENDF 8.0 —— MCNP ENDF 8.0
S 0.06 &
= > 0.03 - .
= 0.054 o
e =
3 0.04- =
i & 0.024 I .
0.03 1 -
B B 1 —I—I— 1
0.021 0.014 __%__L__?__l__¥___ |
001- . ] £
0.00 —— T T T o 0+—/——7m—m T —— T
100 500 1000 1500 2000 2500 3000 100 500 1000 1500 2000 2500 3000
Energy [eV] Energy [eV]

Y. Danon, D. Williams, R. Bahran, E. Blain, B. McDermott, D. Barry, G. Leinweber, R. Block and M. Rapp,
“Simultaneous Measurement of 2*°U Fission and Capture Cross Sections From 0.01 eV to 3 keV Using a
Gamma Multiplicity Detector”, Nuclear Science and Engineering, vol. 187, no. 3, pp. 291-301, 2017.
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Fe and Fe-nat KeV Neutron Capture

mid-energy capture detector system overview

« 4 C.D, detector modules
manufactured by Eljen
Technology

e Low mass, low neutron
sensitivity design

« Located at 45m flight path in
newly constructed flight station

 Measurements made from 1 eV
to 1 MeV

» Requires a weighting function

S
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*5Fe Results - MCNP Comparison

» Possible unresolved or 0.0010 | T -
Intermediate structure may o —— %%Fe
account for higher data yields ¢ 0005_ | —— ENDF/B-VIL.1| |

from 600-850 keV (self-

shielding)

0.0000 -
00
« ENDF/B VII.1 0.0010 . —— . —
overcompensates with its o — Fe
background treatment, JEFF > 0.0005 —JEFF-3.2

has no background treatment.

« Above 850 keV, the data 00

agree with the 3 evaluations 0.0010
presented. g

« ENDF 8.0 follows uses the 0.0000 !

|AEA evaluation for Fe-56 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]

McDermott, Brian, Blain, Ezekiel, Thompson, Nicholas, Weltz, Adam, Youmans, Amanda, Danon, Yaron, Barry,
Devin, Block, Robert, Daskalakis, Adam, Epping, Brian, Leinweber, Gregory and Rapp, Michael, <>Fe capture cross
section experiments at the RPI LINAC Center”, EPJ Web Conf., vol. 146, pp. 11038, 2017.
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Lead Slowing Down Spectrometer
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Lead Slowing-down Spectrometer at RPI

 Tantalum target in
the center
produces
neutrons.

* Neutrons scatter
elastically with the
Pb.

* Neutrons can pass
through the same
position several
times.

« About 103-104
times higher flux
than an equivalent
flight path TOF
experiment (5.6m).

67 tons of Pb
- 180 cm >

I/

Neutron Source
(He cooled Ta Target)

He Filled Drift Section

S -—_ @
N‘i’i Electron
Ti Window \ Vvacuum ElEEI

Fission Chamber
(60 cm from corner)

Crossed | beam + Li,CO,
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Results — Ta Capture

« Good agreement up to 300 eV
— Some disagreement in the ENDF/B-VII unresolved resonance region
— RPI is Working on improving Ta RRR cross section in a project funded by NCSP
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High Energy Transmission Experimental
Setup

Water
Cooled Ta Sample EJ-301 Liquid Scintillator
Target Modular Detector

o S e )

Collimation Collimation Collimation L GOLm
9l1'cm

|
| 99.93m /

~ Graphite Samples

; | 33 Nominal thickness in cm

CT Ty -
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o, [barn]

w)Rensselaer  NESP R

Zr Total Cross Section Measurements (0.5-20 MeV)

: . : : : : l 5.5 ————————
—— RPI Experiment Arpil - May 2008 | ]| ® RPI Experiment Arpil - May 2008
—— ENDF/B-6.8 - ——— ENDE/B-6.8
ENDF/B-7.0 ] /B-7.0
—— JEFF 3.1 5.0 ENDF/B-7. -
JENDL 3.3 . JEFF3.1
JENDL 3.3

o, [barn]

3 T T T T 30+——m—————7—7—7—7
0.5 1.0 1.5 2.0 2.5 3.0 2 4 6 8 10 12 14 16 18 20

Energy [MeV] Energy [MeV]

Used low Hf (less than 100 ppm) Zr metal

ENDF/B 6.8 seems like a better fit for E<16 MeV

New partially resolved structure below 2.0 MeV

Data can be used to improve the unresolved resonance region evaluation.

NAVAL NUCLEAR I_------

I n a cme Gaerttner LINAC Center



S -

The Gaerttner LINAC Center

S

N NESP
Z g [

@) Rensselaer Ao

g 1540 NUCLEAR CRITICALITY SAFETY PROERN’!



Elastic / Inelastic Neutron Scattering

« Important for neutron (and gamma) transport calculations
— Applications: criticality, reactors, shielding, oil well logging, SNM
detection, others...
« Quantities of interest
— Neutron cross section and angular distribution
— Gamma production from inelastic scattering and its angular distribution
— Neutron energy transfer (requires inelastic levels)

» Energy range of interest - from URR to fast
— Inthe RRR, resonance parameters can be used to calculate both cross
sections and angular distribution.
— URR sometimes difficult for model calculations experimental data is
needed.
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Scattering Detection System:
Experimental Setup

. Detector Array
— Eight EJ301 Liquid Scintillation Detectors
- Eight A/D channels
— Pulse Shape discrimination in TOF
. Measures neutrons scattered from the sample at different
angles
. Measured scattered neutron energy 0.5 MeV - 20 MeV

. Results are compared with a Monte Carlo simulation of the
system

A. M. Daskalakis, E. J. Blain, B. J. McDermott, R. M. Bahran, Y. Danon, D. P. Barry, R. C.
Block, M. J. Rapp, B. E. Epping and G. Leinweber, “Quasi-differential elastic and inelastic
neutron scattering from iron in the MeV energy range”, Annals of Nuclear Energy, vol.
110, pp. 603 - 612, 2017.

A.M. Daskalakis, R.M. Bahran, E.J. Blain, B.J. McDermott, S. Piela, Y. Danon, D.P. Barry,
G. Leinweber, R.C. Block, M.J. Rapp, R. Capote, A. Trkov, “Quasi-differential neutron
scattering from 238U from 0.5 to 20 MeV”, Annals of Nuclear Energy, Volume 73, Pages
455-464, November 2014.

D. P. Barry, G. Leinweber, R. C. Block, and T. J. Donovan, Y. Danon, F. J. Saglime, A. M.
Daskalakis, M. J. Rapp, and R. M. Bahran, “Quasi-differential Neutron Scattering in
Zirconium from 0.5 MeV to 20 MeV?”, Nuclear Science and Engineering, 174, 188-201,
(2013).

F.J. Saglime, Y. Danon, R.C. Block, M.J. Rapp, R.M. Bahran, G. Leinweber, D.P. Barry and
N.J. Drindak, “A system for differential neutron scattering experiments in the energy
range from 0.5 to 20 MeV”, Nuclear Instruments and Methods in Physics Research Section
A, 620, Issues 2-3, Pages 401-409, (2010)
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EJ-301 Detectors B
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Counts

) Rensselaer

2381 Scattering at 153 deg

Graphite experiment shows good
agreement with the simulations,

238 shows differences near 1 MeV

Newer IAEA evaluation provides the best 5990

fit
ENDF/B-VII.1 needs improvement
Energy [MeV]
20 10 5 2 1 0.5
14000 UL L T I | L T T T
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CALEY —— MCNP Results | ]
10000 4 153 deg
8000 - .
6000 -
4000 A
2000 -
0 1 T T T T T T T T T
500 800 1200 1600 2000 2400 2800 3128

Time of Flight [ns]
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Fe Scattering Measurement - Setup
EJ-301 Liquid Scintillator Neutron Detectors

| Fe Sample
. Dimensions 77.0 x 152.6 x
32.2 mm

Evacuated Flight Tube

The neutron beam diameter is smaller than the sample size.
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Iron Scattering

Measured the total scattering and compared with detailed simulation
« Method was verified with graphite

Energy [ MeV]

Energy [ MeV]
1 0.75 0.5 20 10 5 3 2 1
'Resonance Reglon 153 deg 153 deg
4000 ; = Experiment . 4000| - Experiment
- — ENDF/B-VII.1 —— ENDF/B-VII.1
----JENDL 4.0 1- - --JENDL 4.0
JEFF 3.2 JEFF 3.2
3000 - : — ENDF/B-VIIIb5| - 3000 1 —— ENDF/B-VIIIb5
2
5
&3 2000 -

1000

2200 2400 2600 2800 3000 500 1000 1500 2000
TOF [ns] NAVAL NUCLEAR T(i'i[_"i]____
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NatEe Elastic/Inelastic Scattering — example data

The JENDL-4.0 evaluation overestimated the elastic signal at 77°
It seems that the I/E ratio for JENDL is low because the elastic scattering is too

high. : :
J Elastic Scattering
Energy [MeV]
2 19 18 17 16 15 1.4
1.6 T T . T ) T " ! 3500 T T T T T T T
I/E Ratio JEFF-3.2 |
4 |/E Ratio ENDF/B-VII.1 30004 | ——  Fe E;ata (MWD)
. ENDF/B-VII.1
1o 4 |N/tE Ratio JENDL-4.0 —o— | _ NS
o "“Fe Ratio (Measured) 2500 1| —— JENDL-4.0
A
0.8 5 -
i A % A
% 1 . s
0.4 4 -
# Detector 2 at 77° Detector 2
77° i
0.0 T T T T T T T 0- Week 2
1.4 1.6 1.8 2.0
1550 1600 1650 1700 1750 1800 1850 1900

Incident Neutron Energy [MeV]
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Experimental Setup at LANL

« Motivation U-235 and Pu-239
 Relatively simple experiments
« Benchmark the simulation physics and
nuclear data.

4FP15UGSPI

> i =r s =
e Flight Path 5: Nuciear P o g =
/ g a‘Rag;ogm:) hy e . | P Asterix: Polarized Neutron
= R . Reflectometer/Diffractometer
HIPPO: High-Pressure-Preferred A
Orientation Diffractometer b 6\,9 Flight Path 12
= SMARTS: Spectrometer or Mal 2 i

earch

mperat and Stre:
Flight Path 13: Nuclear Phyics

DANCE Detector for Advanced
on Capture Experiments
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Counts

Preliminary Results — #°U and #*°Pu at 60 deg

« 49.5g of U enriched to 93% 235U,

« 249 0f 2%Pu

20000 1 L
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2
1
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20000 !
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1400
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12500 - 12500
3
10000 S 10000
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Time of Flight [ns] Time of Flight [ns]
Energy [MeV]
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1 20000 1 [’.H,’ | w\#ﬁ M
§ 15000 fiy [Ja\)v,?ﬁ J) 4 ‘ :
10000 -Wﬁ tlr M\
a0 Graphite ]
a T T T T
400 €00 00 1000 1200 1400
Tirme of Flight [ns]
NAVAL NUCLEAR -------@
I\Iﬂ‘sp LABORATO 34
1N1SSCIACT e S
NUCLEAR CRITICALITY SAFETY PROERN’]

The Gaerttner LINAC Center



Preliminary Results — #°U and %*°Pu at 150 deg

«  Similar results at back scattering angles, possible issues with both 23U and 23°Pu
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