2" Workshop on neutrons in medicine and homeland security, 12-13.09.2019, Krakdw, PL
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MCNP - a short overview

MCNP — Monte Carlo- N-particle transport code for simulation of various processes:
* Particle tracking

* Interaction with matter

* Reaction rates analysis

e X-ray fluorescence

* Neutron activation analysis

* Radiation safety

* Energy spectra generation in detectors

e Static heat calculations

* and many, many others

For those interested in MCNP programming, | recommend great lecture for MCNP beginners:
J. K. Shultis, R. E. Faw ,,An MCNP primer” (free and open access)
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MCNP - basic structure

1. Comment single line

2. Cells definition and its relations with surfaces

3. Surfaces definition (size of a cells)

4. Source definition (SDEF card) — setting any type of source and its energy

5. Physics cards (phys:x, where x is a particle type)

6. Importances cards (imp:x, where x is a particle type: n, p, e or other)

7. Tally settings — generally, the tally is a parameter which we want to calculate.
It can be a number of particles crossing a surface, average flux, pulse height distribution
or even radiation map (mesh map).

8. Stop condition: number of histories or time elapsed

Syntax is rather user unfriendly, however, it is just a matter of getting used to that.
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MCNP — main focus in this presentation

1. Neutron generator flux estimation from D-T neutron generator [1], [2]
2. Underwater chemical threat detection using neutrons in SABAT project [3]
3. Beam dump modelling and radiation safety in PolFEL project

It is only a small part of MCNP possible applications!

[1] P. Sibczynski et al., ,New perspectives for undoped CaF, scintillator as a threshold activation neutron detector”,
EPJ Web of Conferences 170, 07012 (2018)

[2] P. Sibczynski et al., ,,Application of fluorine-based threshold activation detector for neutron flux calculation
from D-T neutron generator”, submitted to EP) Web of Conferences (2019)

[3] P. Sibczynski, M. Silarski et al., ,Monte Carlo N-Particle simulations of an underwater chemical threats detection
system using neutron activation analysis”, JINST (2019) 14 P09001
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Real time neutron generatora flux estimation with
CaF, scintillator

[1] P. Sibczynski et al., ,New perspectives for undoped CaF, scintillator as a threshold activation neutron detector”,
EPJ Web of Conferences 170, 07012 (2018)

[2] P. Sibczynski et al., ,,Application of fluorine-based threshold activation detector for neutron flux calculation
from D-T neutron generator”, submitted to EP) Web of Conferences (2019)
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C-BORD test trials at Gdansk DCT seaport

Picture taken from: https://www.cbord-h2020.eu
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Real time neutron generator flux estimation with
CaF, scintillator

CaF, crystal — low light yield, slow light decay time and poor energy resolution
scintillator. However, due to significant amount of fluorine content, can be applied for
threshold activation itself.

The CaF, detectors, designed at NCBJ, were initially used for Nuclear Material
detection at Rotterdam Maasvlakte Port trials in the frame of C-BORD project.
Detection of fast neutrons and delayed gamma rays by photofission of nuclear
materials in cargo containers [4].

New idea:
Use the same CaF, scintillator for real time neutron generator flux estimation.

[4] P. Sibczynski, Photofission of nuclear materials and fission signatures detection with application in border
monitoring, PhD thesis
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Estimation of DT neutron generator flux with the CaF, detector
Experimental setup in NCBJ TJ2 hall

| ~— ; .
e ‘ JDetector

Yerator
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Neutron flux estimation with CaF,

Method:

Neutron detection by means of °F(n,a)'®N
threshold activation reaction (2.5 MeV)

16N decays into beta particle with endpoint at
10.4 MeV (branching ratio: 28%, T,, = 7.1s)

Obtaining (n,a) reaction rate with MCNP
simulations with the exp. geometry:

e Use of F4:n tally

e Use FM4 with parameter 107 for (n,a)

Fitting beta curve to the obtained distribution
with the MCNP R(n,a) rate result
(NG duty time = 0.5)

Cross section (barns)

[ N(E)dE
R(n, )

Flux estimation: ¢n ~
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—_— detector
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Counts

Neutron flux estimation with CaF, scintillator at NCBJ
Results with Sodern Genie 16D D-T neutron generator

T ¥ T v T v T 1.2x10° T v T r T T I T T
10 —— measurement DT 90 kV / 40 pA m CaF,, DT current 40 pA
- . " 2?
fit to 10.4 MeV beta continuum 1.0x10° Manufacturer neutron flux data
4.3 MeV beta continuum X
3 / 6.1 MeV gamma-rays T
10 / I s.ox10"
10.4 MeV beta continuum :_E,
X
10? 2 6.0x10" |
c
o
=
o 4.0x10" |
10" Z
2.0x10" |
100 . . 1 . 1 . 1 M [] " 1 i 1 " 1
0 500 1000 1500 2000 70 75 80 85 90

Energy (ch) Neutron generator VHV (kV)

Good agreement of the neutron flux in comparison with the data provided by Sodern!
Flux estimation time: about 10 minutes.
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Underwater chemical threat detection with neutrons
SABAT

[3] P. Sibczynski, M. Silarski et al., ,,Monte Carlo N-Particle simulations of an underwater chemical threats
detection system using neutron activation analysis”, JINST (2019) 14 P09001
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SABAT Insplratlon

* UNCOSS project — underwater small submarine for detection of explosives [5, 6]. But, not
used for detection of chemical munition.

* Use of neutron generator with associated alpha particles — coincidence only with neutrons
emitted in demanded angle for background reduction

¢ State-of-the-art 3” x 3” LaBr;:Ce gamma-ray detector (FWHM: 2.9% @662 keV)

Central tagged neutron beam Overall tagged neutron beam
(opening angle ~9 degrees) (3x3 pixels)
.
ING-27 Neutron
27.6 degrees 37.3 degrees generator
, : 31 cm of lead
: . Seawater
10 cm of lead
- y Calculationpoint Air
Calculationpoint for the 5"x5"x10"
for the 3"x3” Nal(T1) detector
LaBr; (Ce) detector aL)
Detector
Graphile Target shielding

Taggedneutron beam

Nal(Tl) 5”x5”x10” PMT

[5] C. Eleon et al., Nuclear Instruments and Methods in Physics Research A 619 (2010) 234-239
[6] C. Eleon et al., Nuclear Instruments and Methods in Physics Research A 629 (2011) 220-229
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SABNT Rationale

e About 300 kilotons of munition were

sunked into the Baltic sea after Map of chemical munition dump sites

; ) .
2" World War, about 40 - 65 kilotons (J. Betdowski et al., CHEMSEA project)
are chemical agents

* Aging of munition shells — risk of -~ _
leakage of chemical agents e i o
SWEDEN .5
* Dangerous for environment and s _ /LATVIA
humans — several accidents reported CotlandDeep | _
DANMARK /7
I L LITHUANIA
Bornholm Basin 1

* Non-destructive analysis using
neutrons (NAA — neutron activation A man
analysis) — a method of classification /"
of such threat, much more effective - germany
than sonars or divers. e

) Gdansk Deep, / J
—. W )
| RUSSIA

) POLAND *
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SABNT MCNP simulations

Prompt gamma rays detection — inelastic scattering

,Delayed” gamma rays from neutron capture
(in fact, the gamma rays are prompty emitted, however, neutron
thermalization takes some time)

Continuous beam — not considered here
Study of sulfur mustard detection; known also as mustard gas

Beam parameters  taken for  ThermoScientific P385
Deuterium-Tritium neutron generator (14 MeV neutrons)

@2” x 2” LaBr;:Ce scintillation gamma ray detector
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SABAT  Prompt gamma rays detection

MCNP beam settings: 5 us pulse, measurement only during the first 2 us of
each pulse — prevention of neutron capture gamma rays detection

105! " L L 1 a1 P | I | | P

mustard gas
background

4
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snBAT  Delayed gamma rays detection

MCNP beam settings: 5 ps pulse, measurement in time gate from
10 - 100 ps after neutron pulse start

106 Eb) 1 v LI I L v ) v I v LI LI J L v
F mustard gas

background

Time gate: 10-100 ps

Counts / 10 keV

Energy (MeV)
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SABAT

Results

Peak ratios for system 10 cm above mustard gas in sea water:

Inelastic scattering prompt y-rays - system with gamma guides

Peak ratio

Energy (MeV)

Threat

Mustard gas

Background

Clro 2.12/6.13 Mustard gas | 0.37 = 0.04 0.22 + 0.03

S5/0 2.23/6.13 Mustard gas | 0.41 £ 0.04 0.23 + 0.03

C/O 4.44/6.13 Mustard gas | .24 + 0.03 0.13 + 0.02
Neutron capture y-rays - system with gamma guides

Cl/H 6.12/2.23 Mustard gas | 0.078 £ 0.003 | 0.014 £ 0.002

Inelastic scattering prompt y-rays - system without gamma guides

Peak ratio

Energy (MeV)

Threat

Mustard gas

Background

Cro
S/0
C/O

2.12/6.13
2.23/6.13
4.44/6.13

Mustard gas
Mustard gas
Mustard gas

0.23 £0.02
0.27 £ 0.03
0.20 + 0.02

0.17 £ 0.02
0.19 £ 0.02
0.13 £ 0.02

Neutron capture y

-rays - system without gamma g

nides

CI/H

6.12/2.23

Mustard gas

0.062 £ 0.002

0.014 £ 0.002

CI/H ratio

Relation of CI/H

ratio and distance

0.09 T T T T v T T T

0_03_. = Cl/H mustard gas + guides _
4 % ® CI/H background + guides

0.07 4 CI/H mustard gas wthout guides |
1 v CI/H background wthout guides | 1

0.06 _

0.051 -

0.04 4 -
1 L]

0.03 4 -
0.02 : -
1 v ¥ ¥ H 2
0.014 -
0.00 T T T T v T T T

10 20 30 40 50

Distance from object (cm)

The most efficient way of mustard gas detection is to compare neutron capture gamma rays Cl / H ratio

and use neutron and gamma guides [3].

[3] P. Sibczynski, M. Silarski et al., ,,Monte Carlo N-Particle simulations of an underwater chemical threats detection
system using neutron activation analysis”, JINST (2019) 14 P09001



PolFEL — Polish Free Electron Laser
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Layout of PolFEL facility

Cryomodule ] Cryomodule
2 x TESLA sc cavity Cryogenic plant 3 x TESLA sc cavity

g v v Experimental Hall

: IO TE - RO 5 o8 .,z. VUV undulator . VUV, IR, THz

pior €2 € eo R .

s Eh . 8 4 2 Rog oack ()  een a{S}

o el -—ou
SRF electron gun Bunch compressor {  THz undulator DIAG TH BXP THe

DIAG NUC

Electron beam
CwW: up to 130 MeV
Lp: up to 187 MeV

Here is the beam dump!
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PolFEL — general overview mm%@l

A free-electron laser (FEL) consists of an
electron beam propagating through a
periodic magnetic field

Intense laser light source for chemistry,
medical and material science and solid-
state physics

Oscillating electrons in  undulator
produce light

Light amplification with Self-Amplified
Spontaneous Emission (SASE)

3 x 1013 electrons/s @ 180 MeV

After light production, electrons must
be utilized in beam dump
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Sketch of the self-amplification of spontaneous emission
(SASE) in an undulator (permament magnet) resulting
from the interaction of the electrons with the synchrotron
radiation they emit.

Link: http://photon-science.desy.de
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Application of MCNP in PolFEL

MCNP — used for estimation of:

Electrons, photons and neutrons energy distibution in beam dump and

surrounding space
Particle energy distibution in walls or virtual detectors

Average particle flux through cell can be calculated with F4 tally
Average pulse height in a cell can be calculated with F8 tally

We can provide a mesh map for photons using fmesh4:X tally (where X can be
set as p, e, n — photon, electron, neutron, respectively).
As a result, map of radiation is generated.
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MCNP model of a beam dump

Iron _
Iron Water for cooling

+ Electron beam

Beryllium window

Graphite
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Beam dump site
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Mesh map for electrons and photons after collection of 180 MeV electrons in
beam dump. Measurement point after passing 70 cm of Fe and 100 cm of

concrete.
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Mesh map for electrons and photons after collection of the 180 MeV electrons
in beam dump, analysis of side wall. Measurement point after passing 23 cm of
Fe and 135 cm of concrete.

19 mSv/year @ 250 pC/bunch

¥ PLOT WINDOW 3 . o
09/03/19 12:29:44
--= Polfel Beam Dump design, | WP | - ‘ N | " | Elrlgm\ ||.1 B . ;. ”

Pawel Sibczynski ---

probid = 08/23/19 10:45:22 cel
basis: ®Z
{ 0,000000, 0,000000, 1,000000) imp
( 1.000000, 0,000000, 0,000000) L rho
origing
( 9,99, 0,00, -26,69) den
extent = (260,00,  250,00) vol
- fel
Mesh Tally 4
nps 13924877070 -
runtpe = runtph 10000 put
dump 12336 mat
100
tmp
1 wwn
o1 ext
pd
+0001, e
L esh ta 4
Yalue for mesh tally 000001
Point outside of mesh tally, lat
XYz = 9,93, 0,00, -26,B3 fill
CURSOR Restore CellLine ijk
PostScript ROTATE
COLOR SCALES 0 LEVEL pac
HY YZ X tal
ABELS L1 off L2 off
MBODY on FMESH 4 LEGEND of f
PAR
N

Click here or picture or menu

Fundusze Rzeczpospolita Unia Europejska L

Euro DejSkie Polska Europejski Fundusz " .
Inteligentny Rozwdj - Rozwoju Regionalnego XX




Mesh map for electrons and photons after collection of the electrons in beam
dump, analysis of back wall. Measurement point at 115 cm of concrete, after
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Analysis of energy deposition in beam dump
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POLFEL - summary

e

O

* Ongoing simulations: FLUKA, MCNP, GENESIS, static heat analysis and many other
simulation tools

e Almost finished — facility layout

e Electronics, slow control — under development

* PolFEL deployment in the existing building starts very soon

* Several other tasks to start and complete!
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Final summary

MCNP is a powerful tool, very useful in broadly-known nuclear science!

* Using MCNP, we were able to estimate DT neutron generator flux by calculation of

(n,a) reaction rate on F in CaF, scintillator

* Using MCNP, we were able to evaluate the detection possibility of mustard gas in
water environment using neutron generator

* Using MCNP, we were able to calculate radiation beam maps after particle
collection in FEL's beam dump, good support for radioprotection task

* Using MCNP you can do many, many more!

But... MCNP is just a software! Trust yourself!

The research studies were partially supported by: GA no 653323, RPMA.01.01.00-14-8516/17,
LIDER/17/0046/L-7/15/NCBR/2016 and POIR.04.02.00-00-B002/18-00.
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PolFEL beam parameters

beam charge in bunch (pC)
electrons / s per bunch
bunches frequency (Hz)
electrons / s (duty factor = 1)
electrons / s (duty factor = 0.4)
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50000
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Introduction to beam dump MMF

polfe

Beam dump — device used for safe utilization of useless radiation beam.
Particularly important for use in Free Electron Lasers!

Electrons are accelerated to energy of several hundreds MeV (sometimes
GeV!), after production of intense laser light they are considered are useless
and must be utilized.

For the electrons stopping, materials like iron, graphite or water are widely
used.
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