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NeuCBOT

 Neutron Calculator Based On TALYS
- GitHub: https:/github.com/shawest/neucbot

- Paper: S. Westerdale, and P. D. Meyers. “Radiogenic Neutron Yield Calculations for
Low-Background Experiments.”
Nucl. Instrum. Methods Phys. Res. A 875, 11 (2017): pp 57-64

e Goal: Create a tool that low-background experiments can use for
estimating (a,n) neutron backgrounds, including neutron yields and spectra
* Design principles
- Easy to use: usable by non-experts out-of-the-box
- Easy to modify (written in Python!): adaptable to different needs

— Flexible: usable by experiments with different materials, contaminants, and
assumptions about secular equlibrium
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https://github.com/shawest/neucbot
https://www.sciencedirect.com/science/article/pii/S0168900217309622

Usage

./neucbot.py -h

Usage:

You must specify an alpha list or decay chain file and a target

material file.
You may also specify a step size to for integrating the alphas as they slow
down in MeV; the default value is 0.01 MeV

[alpha list file name]

[decay chain file name]

[material composition file name]

[alpha step size in MeV]

(to run TALYS for reactions not in libraries)

(download isotopic data for isotopes missing from database)
[vl,v2] (specify v1.0 (TALYS 1.6) or v2.0 (TALYS 1.95) database)
[output file name]

./neucbot -c Chains/Rn222Chain.dat -m Materials/Acrylic.dat -o output.dat

S. Westerdale (Princeton U.) IAEA Technical Meeting on (a,n) 3



Material composition

List of...
Chemical symbols
Mass number (O = nat. abund.)
Percent mass

# Example Ar+Xe Mixture
Ar 36 0.167

Ar 38 0.032

Ar 40 49.802

Xe 0 50
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User inputs

a source description

a energy list Isotope list (e.g. decay chains)
List of... List of...
a energies in MeV Isotope (e.g. Th232)

Percent relative intensity Percent relative abundance

# Example Alpha Source /|# Th232 Decay Chain Alpha-Emitters
5 100 Th232 100
6 50 Th228 100

Ra224 100

Decay info scraped from NuDat< Rn220 100
and compiled into a local library Po216 100

Bi2l1l2 35.94
\_|Po212 64.06
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-xample output
S fommesste

# Total neutron yield = 9.71666685097e-07 n/decay
cl2.0 0.0 )
cl3.0 8.55700532908e-07
hl1.0 0.0
h2.0 0.0 >> Contributions from different isotopes
o0l6.0 0.0

Neutron energy spectrum 017.0 1.23641936001e-08
0l18.0 1.03601958589e-07 _/
# Integral of spectrum = 9.89634575434e-07 n/decay

0 2.62220094277e-13
100 2.72591038813e-10 ‘ ‘
200 1.68369480721e-10 From integrating sum

300 1.26346507089e-10 neutron spectrum

[ooo]
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The calculation

Target nucleus mass number A Numeﬂcal integral over the a track
and mass fraction C (assuming the capture probability is small)

a weight (User input)
(User input + NuDat) ' /\

. W) ol o
Z Z S(T')

Anm T e{Tn,Ta—AT.,....0}

Oufgoing / Cross section \

neutron energy a energy (TALYS)  Mass stopping power

(User input + NuDat) (from SRIM)
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The calculation

6 5 4 3
0.30 d 1.0 d 0.20 d 0.90 d
Example o list /0 f(@)de + /0 flz)dz + /O f(x)de + /O f(z)dx

100 OR

20
90

Wk UTOYH

6 4
0.30/5 f(x)dx+1.3L5f(x)dx+1.5/3 f(a;)da:+2.4/03f(a:)dx

Two possible executions —

L NeuCBOT does this, because it is faster
Tradeoff: Loses information about the energy lost
by a prior to capture; relevant when (a,n) source is

the detector’s target medium, itself
Future updates will give option for slow calculation
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Databases: downloaded by default

 NeuCBOT comes with some data automatically, and generates a local
database with additional data as needed

» Elemental isotopic abundance in ./Data/abundances.dat :

- From P. De Bievre and P.D.P. Taylor, “Table of the isotopic compositions of the
elements,’Int. J. Mass Spectrom. lon Phys. 123, 149 (1993).

- Used for determining default abundances when “0” is specified for the mass number
in the material file - relevant for slowing and capturing a’s

» Elemental stopping powers ./Data/StoppingPowers/[Chemical Symbol].dat :
- Contains SRIM stopping power tables for a’s in pure element from 10 keV to 10 MeV
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http://www.sciencedirect.com/science/article/pii/016811769387009H

Databases: populated as needed

* Isotope decay data ./Data/Decays/ensdf|[Isotope].dat :

— Populated when NeuCBOT is run with an isotope list by retrieving ENSDF files from NNDC’s website

- Contains a-decay data about the isotope (energy and branching ratio) — can also be used to retrieve
data about correlated y emission, but not yet integrated into official release

« Cross section and neutron spectrum calculations ./Data/Isotopes/[Ele]/[Isotope]/...

- NSpectra/ : Neutron energy spectrum, generated by TALYS
- Talyslnputs/ : auto-generated input files for running TALYS, currently using default model parameters
- TalysOut/ : detailed TALYS output file describing a reactions, outgoing y's, and excited daughters

- Database generation options:
« Auto-generated with local TALYS installation (-t option)

 Pulled from a pre-generated database (-d option): Available for all natural isotopes for a energies up to 10 MeV
- NeuCBOT-v1.0 uses database generated with TALYS-1 . 6 (Can checkout branch to access)
- NeuCBOT-v2. 0 uses database generated with TALYS-1. 95 (now default, on master branch)
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NeuCBOT-v1.0 vield comparisons with
data-driven calculations

(0,n) Yield Comparison
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NeuCBOT-v1: Neutron spectra consistent
with SOURCES-4C, but sharper features

5 MeV o on "B 6 MeV O on PatF
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NeuCBOT-v1.0 - NeuCBOT-v2.0

Relative change from vli—-v2: <10% 10-20%

vl

V2

vl

V2

~ 60-70% 70-80% >80%

natBe natB natc natN nato natF natAI natSi natAr natTi natFe natCu natXe
5.09 8.38 1.28 203 691 404 313 586 3./0
x10> x10°% x10% x10°¢ x10% x107 x107 x10* x10*
4.85 7.98 1.24 1.1/ 204 388 268 255 116
x10> x10% x10% x10° x10° x107 x107 x10* x10*
nat Be natB natC natN nato nat F nat Al natSi nat Ar natTi nat Fe natCu natXe
2./5 120 119 328 3.38 4.03 347 126 3.27 1.87
x10% x10*% x10°¢ x10° x107 x107 x10> x10° x10° x10H
272 104 119 205 342 2.14 3.3/ 106 3.32 2.40
x10% x10* x10¢ x10- x107 x107 x10> x10° x10¢ x101?
12
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

Materials

« Material compositions: for some proprietary materials, the exact
composition is left vague by the supplier; for others, industry
tolerances may allow for significant variation

- For 304L stainless steel, companies report compositions varying by ~5% for
most elements, and C, Mg, P, S, Si, N are reported as upper limits

- A few percent uncertainty in composition is small, but whether or not an
Isotope appears at all can make a bigger difference

» Natural abundances: some variance/uncertainty in isotopic
abundances between references; most consistent within errors
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

Contaminants (Mostly 232Th, 238U, and 23°U)

« Assay uncertainties: VVary with technique and
activity level, but often ballpark 10-100%

* Secular equilibrium: Typically measure heads of
decay chains or y-emitters, so it is not always
clear where to break secular equilibrium,
especially in 238U. This could be a 10-20% effect
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

Stopping powers

« SRIM: For d’s, 70% of data within 5% of calculations: 87% of data within 10%

- Model-based calculations with data-driven corrections

- Ziegler, James F., M. D. Ziegler, and J. P. Biersack. “SRIM - The Stopping and Range of lons in
Matter (2010).” Nucl. Instrum. Methods Phys. Res. B 268, 11-12 (2010): 1818-23

- Alternative approach to consider: ICRU 49

« Bragg’s rule: summing mass stopping powers weighted by mass fractions
— Usually agrees with data to within 20%
- Thrown off by chemical bonds - significant for simple molecular targets and light elements
- SRIM can account for this with “Koln Core and Bond” approach; not currently in NeuCBOT
» Future update: Different stopping power choices, with error estimates
S. Westerdale (Princeton U.) IAEA Technical Meeting on (a,n)
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

(a,n) cross sections

e Cross sections from TALYS based on theoretical nuclear models.

- Generally pretty good, but there are some isotopes where its predictions disagree significantly with
measurements

- What uncertainties should we assign to cross sections calculated by TALYS?
 Measurement compilations and evaluations in JENDL and ENDF/B-VIII

- Measurements not always available for isotopes at needed energies
- Uncertainties on measurements (when provided) are often in 10-20% range
- Different measurements of the same isotopes sometimes differ by up to 40%

Uncertainty evaluations inconsistent between measurements, often missing

e Future update: Data-driven corrections to TALYS cross sections, where available, with
uncertainty estimate
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

Neutron energy spectra

e |n theory, this is easy to calculate...

- ... If you know the structure of all relevant nuclei and
calculate anisotropies in the center-of-mass frame

e NeuCBQOT lets TALYS and its models handle all of this

* |n general, uncertainties and lack of knowledge
regarding nuclear structure can significantly impact
the neutron spectrum calculations
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(a,n) calculation uncertainties:
In NeuCBOT and more generally

Inhomogeneltles

Grains: Materials with grain sizes Films: Layers of materials thin compared to
comparable to or larger than a track lengths the a track length
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Planned new features

« Data-driven corrections to (a,n) cross sections and a stopping
powers, with uncertainty estimate

- Including options to choose between SRIM and ICRU 49 calculations, and to

include Core and Bond corrections
« Alternative cross section libraries, where available

« Correlated y-rays calculations as a function of neutron energy
» Total a energy loss calculations prior to capture
 Non-homogeneous contamination distribution yield calculations
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Useful inputs

« TALYS OMP parameters best-suited for low- & mid-Z targets, E_, ~ 4-10 MeV

- Data/model comparisons to optimize parameters

 More data and evaluations in this energy range
— Partial yields of excited final states (and how they de-excite) will also be very valuable

* Uncertainty estimates on cross section measurements/evaluations, treated in
a globally consistent way

- Moving forward, it is important for the low-background community that we have a
consistent and accurate estimate of the uncertainty in (a,n) yield calculations, both for
» estimating radio-contamination tolerances when designing experiments
 analysis techniques that profile/marginalize over background model uncertainties
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