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Overview

« ND-1- Resonance Region Nuclear Data Measurement

— Development of a new mid energy capture detector
« 45m flight path and capture detector are operational, planned energy range from 1 keV to 500 keV
« Performed measurements of Fe and Ta, demonstrated capture measurements up to 1 MeV.

— Neutron scattering measurements for Fe
« 30m flight path, 0.5 MeV to 20 MeV
« Obtained the ratio of inelastic to 1% state to elastic scattering.
« Obtained elastic scattering angular data to improve ORNL fit to extend the RRR to 2 MeV
« ND-2 Thermal Neutron Scattering Measurements

— More details in the next talk

« ND-3 LINAC 2020 Refurbishment and Upgrade Plan
— Klystron order was sent to vendor
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Capability Development
» Developed Mid energy (1 - 500 keV) capture detector
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Resonance Capture

« Resonances represent excited states Reaction Product Nucleus
within the newly formed compound N

nucleus.

« Following neutron capture the
compound nuclide deexcite by emitting
a gamma cascade (typicaly1-5 gammas).

A

V
I
»

« The total energy of the gamma is about LU
equals the neutron binding energy (few A Y .
MeV) N

« The multiplicity depends on the nuclide
(Z,A) and the resonance spin state (J) A7 +1pn A+17*
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Why New Capture detector

« RPI has a multiplicity Detector Multiplicity Detector
— ~41 gamma detector

— At E>2 keV resonances exhibit much higher
scattering than capture cross section

— Neutron will scatter to the Nal scintillator and
produce a capture like gamma cascade

— Uses a 1 cm thick 1°B,C liner designed to /
absorb neutron that scatters from the sample. W

— Above 2 keV the liner is no longer effective

— This detector is heavily shielded and
located on a 25m flight path distance

« For measurements of highly scattering resonances in
the keV region a different approach is needed
— Use CyDg detectors

« For keV neutrons better energy resolution is required
— Translates to longer flightpath
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Mid-Energy Capture Detector

System Overview
« 4 C,D, detector modules
manufactured by Eljen
Technology

« Low mass, low neutron
sensitivity design
» Located at 45m flight path

In newly constructed flight
station

 Measurements made from
1eVtol MeV




Mid-Energy Capture Detector
Design Criteria
» The ideal capture detector meets the

following criteria [1,2]: :
1. The efficiency to detect a capture event | I I
Is independent of the multiplicity and
energy distribution of the capture |
cascade. | P

2. The detector is minimally sensitive to b
the effects of scattered neutrons.
« Additionally, any detection system
should have:
» Good speed and timing resolution |
» Low background
» High overall detection efficiency

C¢D¢ liquid scintillator

1. A Borella, G. Aerts, F. Gunsing, M. Moxon, P. Schillebeeckx, and R. Wynants, “The use of CzDj detectors for neutron capture cross-section measurements in the resonance region,” Nuclear
Instruments and Methods in Physics Research A, vol. 577, pp. 626-640, April 2007.
D. Gayther and R. Thom, “Prompt gamma-ray detectors for the measurement of neutron capture cross-sections,” in Proceedings Meeting on Fast Neutron Capture, A. N. Laboratory Ed., April 1982,
pp. 205-238.
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Mid-Energy Capture Detector
System Overview

« Sample Changer

— Velmex BiSlide linear translation table
w/ stepper motor and magnetic position
encoder

« Data Acquisition

— 8-channel SIS3305 digitizer w/ 10-bit,
1.25GHz functionality

« Beam Flux Monitoring

_ g.Channel MDE T =
Delay/Gate Generator & Scaler |

« Detector Bias
— 2 Dual-channel 3kV NHQ-203M high
voltage supplies
« Software

— Custom C/C++ libraries for system
control, data acquisition, visualization
and data analysis
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Mid-Energy Capture Detector
Principle of Operation
Uses the “Total Energy” detection principle:

1. Detect only a single photon per capture
cascade

2. Assert that the detection efficiency Is

proportional to the incident photon
energy ,,/

3. Given1and 2, it can be shown that the /
total efficiency to detect a capture event
IS proportional to the total excitation
energy of the compound nucleus, and
Insensitive to the cascade.
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Mid-Energy Capture Detector
“Total Energy” Principle

In general, the total detection efficiency for a capture event is

given by:
¢, — Capture Detection Efficiency
€. =1-— 1_[(1 — €yi) e,; — it" Photon Detection Efficiency
, E,; — i" Photon Energy
E — Incident Neutron Energy
Sn — Neutron Separation Energy

E, — Total Excitation Energy
Sl €yi k — Proportionality Constant

For €,,;<<1:

i
Assert that the efficiency to detect an individual photon be
proportional to its energy:

E)/i = kEyi

Under these assumptions (Eqg. 2, 3), the detection efficiency for
a cascade is proportional to the total excitation energy of the
cascade:

< szyi ~ kEy =R
i
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Mid-Energy Capture Detector
Need AWeighting Function

« With few exceptions, the
efficiency of a detectorisnot ¢

proportional to the incident ! | ;’Vﬁel'cglzaidy
photon energy.

« A weighting function is applied '
to the detector response to

transform the non-linear
efficiency into a linear
efficiency

» The weighting function E,
satisfies the proportionality
requirement
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Mid-Energy Capture Detector

Weighting Function |
« Weighting functions are
sample and source
geometry-dependent 10 ==
- Detector responses from 107 s
0.1to 10 MeV are f ——2Mev
simulated in MCNP with ¢ 10°- —snev |-
each sample as a source 3 f e wev
LL 4 | -
« Responses were o =
compared to experimental 105 s
gamma spectrum of _ " \\ Z
several sources. 10°4 - LA

Deposited Energy [MeV]

-
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Weighting Function |

- For anincident y-ray with energy E , the probability that it deposits energy E is
given by the response function:
R(Eq, Ey)
« Integrating over the response function yields the total detection efficiency for that y-
ray, €,

(00]

€, = J R(E4 E,)dE,
0

« To satisfy the energy proportionality requirement, a weighting function W(E,) is
applied to the response function:

co

€, = kE, = j R(E4 E))W(E,)dE,
0

* Interms of the total cascade (m, gammas) detection efficiency, this becomes:

€, ~ sz zf R(E4 E))W(Ey)dE,
=1

=19
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Obtaining A Weighting Function

(0]

. f e Example: n =2 |
J « Use a polynomial W(E )

» Use least squares fit to

find the polynomial
coefficients.

(00}

kE]/,i = j R(Ed,Ey,i)(aiEdz + biEd + Ci)dEd
0

kE,;
P * « Use experimental data
~ a; | R(Bas By, )Ea*dEq + bi | R(Ea,Byi)EadBy and MCNP simulations
0 0 to get the gamma
. f R(Ea, E, ) dEa spectrum
OOO (0 0] (0/0) T
a, j R(E4 E,1)Eq°dEg by j R(E4 Ey1)EqdE; ¢ f R(E4 E,1)dE,
0 0 0 EV,l
: : = k|
a; j R(E4 Eyi)Es°dE; by j R(E4 Ey;)EqdEy ¢ f R(E4 E,;)dE,
0 0 0 i
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Effect of Sample Thickness on the
Weighting Function

« Location of neutron interaction affects T(E)A
the gamma cascade attenuation

« Capture events on the peak of a 2
resonance (where the transmission Is [ ‘ T
low) generate photon cascades near the
surface of the sample (1). 1|

A
v

« Capture events on the wings of

resonances generate photon cascades
deeper within the sample (2). Cl 2

« These differing geometries require a ) s
different treatment of the weighting —— -
function at different points on the —
resonance. N

&
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Weighting functions

Weighting functions for surface capture and volume capture were obtained
— Surface used for normalization to saturated resonance at 4.2 eV
— Volume used for weighting the filtered beam data.

Weight

4000 I . I : I : I . I : I . I

3500_- —— 6mm Ta - Volume (n=6)
1| —— 6mm Ta - Surface (n=5)
30004 N - Weight function polynomial order

2500 ~
2000 ~

1500 -
{600 keV LLD

1 2 3 4 5 6 7
Energy [MeV]
| . ‘R[Rk §RHLP
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Typical Experiment

» Collect data for a sample of interest

« Collect data with B,C to obtain the neutron flux shape
as a function of time-of-flight.

« Cycle sample and B,C in and out of the beam every 10
minutes

 Perform online processing to monitor the time- of -flight
Je=aiiin | |




Typical Data Analysis

« For every detected event j in TOF channel I:
— Obtain the pulse integral [;;
— Use the energy calibration to obtain E; ;

— Sum all weighted events for the sample Cs, its background CsB , the flux
C¢, and its background C%5:

n events n events

C’= ZW(EH) non weighted case: C' = Zl
J

- Calculate the capture Yield:

m°
sB
CI-C® — |
YiS — m n Where m*are the beam monitor counts
C? m_ _c® m’
b m? | ¢B
m m

— Normalize the yield (find n)

« To a known black resonance, or to a transmission measurement.

&
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Corrections to the URR Measured Capture Yield

In the URR corrections for two
effects are needed:

— Multiple scattering (results in
observed higher yield)

—  Self shielding (results in observed
lower yield)

The experimental yield is
corrected to obtained the cross
section.

exp

N - C

Oy =

Where N is the number density,

C the correction factor and n
normalization

The correction works better for
thin samples that minimize the
self-shielding and multiple
scattering

Correction Factor

[ - - - Self-Shielding (2mm)
1.3 —mme Mult. Scattering (2mm) | _
| — Total (2mm)
1.2 T R -
< M
1.0 / - — ,":
0.9 " END of URR — ! ]
0.8+ ' -
10* 10°
Inciden Neutron Energy [eV]
T
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Fe Capture

« Iron was used as a test to compare with evaluations and other measurements

— The RPI data (45m flight path) has good energy resolution compared to the
Spencer ORELA data (40m flight path)

— The RPI data provide information above 700 keV

0004 T T T T T T N T T T T T v T v T r T r 0003 T T o I ! I : I
—— This Work (150 keV cut)
SAMMY (ENDF-B/VII.1)
— Spencer 1994 (ORELA)

— This Work (150 keV cut)
—— SAMMY (ENDF-B/VII.1)

0.003 4 i - —— Spencer 1994 (ORELA)
% % 0.002 + Upper End of
p = the Spencer Data
% 0.002 - ‘ ‘ . % :
g \ | - ” ’ | § 0.001 1 } | .

ottt A

| ‘ \ I |1 “‘ ‘ ' * | ‘1 | nl i ”’| W“ } \‘ | &.,l ﬁr % 'uh
350 360 370 380 390 400 410 420 430 440 450 600 620 640 660 680 700 720
Energy [keV] Energy [keV]
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Mid-Energy Capture Detector
Experimental Results-"3'Fe

» New capture data obtained

above 847 keV and 1409 10 ; —— s Work (150 kev cu)
o - - ] —— This Work (1.4 MeV cut)
keV inelastic states in *°Fe 3 —howpgeresn
and 54Fe - 10_2_5 —— MCNP (ENDF/B-VIL.1)
Q2 :
. Captu_re S|gr!al separqted A
from inelastic scattering 2
@©
O

signal by post-processing
digitized waveforms with
different energy deposition

cutoffs 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]
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New Method - Fe Filtered Beam Capture

Results for 181Ta

« Measurements performed on 181Ta
using Fe-filtered beam technique

« 30cm thick Fe filter removes all
beam-related gamma and neutron
background

* Provides a quasi-monoenergetic _
neutron source corresponding to o

deep minima in the Fe cross section ;

10° 10* 10° 10° 10’
Energy [eV]

— 30cm Nat. Fe\'

Transmission
o
D




Mid-Energy Capture Detector
Experimental Results-1®'Ta

- Count rates for Ta and 2.0x10° T———— T —
B,C samples were | —13mmBC
summed under each filter m—
transmission peak. _ 1.5x10°1 !
€
-] . 0.0 fetuetl il Silbph o S0 b Sl
- 8 /6.8 7.0 7.2 7.4T70.:5 u75.8 8.0 8.2 8.4
 PDb scatterlng sample S 1.0x10°- |
used to confirm £
negligible neutron %—)
background 5 0x10" - |
! ”
OO l‘m_‘ d-..‘M’"':ﬁ:b;u“J '1.!1'-.._‘4. :_-al‘_m,{tfuﬁ_q‘_ R AR R Gl e Lo A RE RS e AT Mrlé-ﬁww'tt‘aa
5.0 7.5 10.0 12.5 15.0
TOF [us]
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Mid-Energy Capture Detector
Experimental Results-1%1Ta Normallzation

2.5x10°
72mm Ta (vol) |
- o — —— Open (Ta cuts)
« Unfiltered run performed to determine & 20a0" éspmm(gﬁ N
i . — Open (B,C cuts)| |
normalization factor from 4.2 eV saturated ¢, .
resonance g
3 1.0x10° A -
- Normalization factor determined fromthe ="\ et \\‘“w
ratio of B,C to Ta counts at the location of e e
the saturated resonance (Y, = 1) TOF [ps]
- A refinement of the normalization is based oof | | i,
on a SAMMY calculations < .

2 8 9 10 11 12 13
Energy [eV]
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Experimental Fe Filtered Beam Results: ¥'Ta

» As expected thick sample=problems
— Self shielding correction is high

2.0 ——————rry

— Multiple scattering correction is high . | ———
— Need to work on better understanding of 87  JenbLao ]
the weighting function and it validity 1.6 i Ei'ggr'j;}?@s) |
1.4-% . '\\(A;rﬂglr:érl: ?Igso) J
. g 1 2_' (i © Miskel (1962) 1
» Thin sample support the JEFF-  § "%@w Brzosko (1969 .
3.1/3.2 evaluation - 07T . " ot 014 cmm sampie |
0.8 - -
. G .
) W 0.6 - *fbp\%\ﬁ h
» Possible contamination from o N ]
inelastic scattering apparent in oy T, i
ENDF/B-VII.1 0.0- TN _ e N
10 100 1000 5000
Energy [keV]
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Mid-Energy Capture Detector
Future Work

« Complete development of
the data analysis methods

« Complete analysis and
publication of Fe and Ta
work

« Explore and implement
options for reducing ambient
background

* Improve the mechanical
stability of the detector array

Detector System MCNP
Shielding Geometries
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TOF Scattering Measurement
« Measure TOF: t=t, +t,; wheret; »t,

o All scattering events: E, <E;
* For elastic scattering with A» 1: E, ~ E,

« Assuming L =L, + L, than total TOF, t,
can be used to calculate the Iincident neutron

energy, E,(t) / \
L, t, By E (t)~mc’- L -1
QSH‘\ l ” \/ L)’
1-| =
L, ~30m (C-tj
: Ly 6, By \ /
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Fe Scattering Measurement - Setup
EJ-301 Liquid Scintillator Neutron Detectors

The neutron beam size is smaller than the sample.

.Q»
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Observations for NatFe

« The JENDL-4.0 evaluation had best overall

agreement with experimental data from 0.5 to
20 MeV with all angles.

« Experimental data can be analyzed further to
provide:

— Inelastic to Elastic Scattering Ratios
— Elastic (only) Scattering Contribution

&
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Inelastic to Elastic Ratio NatFe

Energy [MeV] 2 .
Boo 1.9 18 17 16 15 14 Inelastic
| | | | | | | A0 —— “'Fe ~ 2.0 MeV
at e~ Z. e
10000 ——""Fe Data - J Linear Combination ||
— ENDF/B-VII.1 200 Inelastic Contribution| |
5 20007 —— JENDL-4.0 1 8 1
= 2 JEFF-3.1 J]“"- g 150 - .
S 6000- A\ ~ E
ool SR CN e iy
¥ N ¥ < 7 ‘\‘\ Vu-, W . I
. kL.
2000+ 153 deg i 504 | Wil
0 T T T T T T T e o
1550 1600 1650 1700 1750 1800 1850 1900 1925 0 . n T i
0 500 1000 1500 2000 2500

Time of Flight [ns] pulse Integral [

 Select an energy region (shown between the two black vertical)

* Fit in-beam response functions, f(l) and f,.,(1), to known levels
(1-A)
A

A — Fitted elastic fraction

SR *
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Inelastic to Elastic Ratio
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Multiple scattering effects included in MCNP simulations
Statistical and systematic uncertainties included in analysis
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Elastic Scattering Contribution

» |solate only the elastic scattering:
— Cut pulses with integral less than the discrimination.
— Correct for the elastic shape that was discriminated.

* The contribution of elastic
scattering below the
discriminator leave can be
corrected for.

« Use the know pulse height
shape.

ZONTEGS
e
;-?‘ VA—;:. z ; nSS ae
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)
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>
3 ]
O 100- i
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50 A | — -
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0 2 . T . WMHF gER T WL ml,n dad cua
0 500 1000 1500 2000 2500
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Neap ] %
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Comparing Experiments and Simulation
Elastic scattering
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— The experimental data is reasonably represented by a simulation with ENDF/B-VII.1

Collaborating with ORNL to improve new °°Fe evaluation
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LINAC 2020 Refurbishment and Upgrade Plan

« SLAC team delivered:

— Design concept for the layout of the accelerator.
— Initial modulators design parameters

 An order for 5 Thales klystrons was sent to the
vendor.

e Planned for FY16

— Modulators order
— Accelerator sections design.
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Past Year Accomplishments

« Developed a new capability to measure capture cross sections in the mid energy
(keV) range

Performed a capture measurement for Ta and Fe samples.

Developed methods to generate weighting function and multiple scattering corrections in
the URR.

Developed a new method for filtered beam capture cross section measurements in the
URR

« Fast neutron scattering measurements

Completed analysis of fast neutron scattering from Iron

Obtained ratio of inelastic to elastic cross section for the first exited state.
Generated elastic scattering only data.

Delivered data to ORNL for inclusion in extension of RRR above 847 keV.

« LINAC 2020 refurbishment and upgrade plan in progress

Order for Klystrons was placed with Thales.
Developing the specifications for the replacement modulators
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