LLNL-PRES-2005932

National Ignition Facility

Simulation of the Radiation Environment at the

National Ignition Facility

Consultancy Meeting on the Preparation of a Major Release of the
Fusion Evaluated Nuclear Data Library (FENDL)

May 13-16, 2025

Hesham Khater

Lawrence Livermore National Laboratory

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344



-
Outline

Detailed 3-D modeling of the NIF facility is developed to accurately simulate
the radiation environment at the NIF

Prompt dose during high yield (20 MJ) shots

Post-shot dose environment following high yield shots

Nuclear data needs for diagnostics development
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NIF Layout “
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Features of the current NIF facility model

» Based on the facility as-built drawings

* 10-cm-thick Al Target Chamber (TC) wall
surrounded by 40-cm of borated concrete

* 1.83-m -thick concrete Target Bay (TB) wall
* 99.1-cm-thick concrete Switchyard walls

 All Target Chamber, Target Bay and
Switchyard wall penetrations are modeled

* Final Optics Assemblies (FOASs) are
modeled

 All DIMs, TANDMSs, positioners, and major
diagnostics are modeled

MCNP model of the Target Chamber
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Sectional view of the Target Bay
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Horizontal view of TB at TCC (7 m above ground level)
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Vertical views of TB and SY walls

Argon Penetration

Laser Beam Path Laser Beam Path

Personnel Doors

Vertical View of Q1 and Q4 of TB Wall Vertical View of East Wall of SY1
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Simulation approach

» Radiation transport simulations performed using the MCNP6.3 and the
FENDL-3.2b neutron cross section library

» The Automated Variance Reduction Parameter Generator (ADVANTG) software
was also used to create mesh-based weight windows (FW-CADIS method)

* Mesh tallies are used to produce prompt dose maps of the entire facility
* ICRP-74 fluence to effective dose conversion factors

* High yield shots of 20 MJ or 7.1x10"8 neutrons per shot

 Maximum annual yield of 1200 MJ

* The NIF radiological design goal is to limit the maximum prompt dose in any
occupied area to < 50 uSv per shot and <1 mSv per year
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Prompt dose map for the ground level during
a 20 MJ shot
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A new tool is developed to estimate post-shot
dose rates

 AAMI (Automated ALARA-MCNP Interface) is a coupling scheme
between radiation transport and neutron activation codes

— Step 1: Neutron transport calculation using the MCNP 3D model to
obtain 175-group flux spectra in each component of interest

— Step 2: Activation analysis of components using the activation
code, ALARA, to compute the y-ray intensities and spectra for
each cell and at different cooling times after a shot

— Step 3: y-rays computed in the second step are sampled and
emitted from each activated component, and propagated by a
transport simulation through the entire TB model

* Photon transport performed with user provided source subroutine NE

 y-ray fluxes are tallied using a fine 3-D grid over the entire Target

Bay, and are converted into dose rates ICRP-74 or
Si Kerma

National Ignition Facility m

« Volume-based sampling used with weight adjustment to correct bias
for source strength
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Model of the Target Bay during a shot

Equatorial view of the Target Bay MCNP model of inside of the TC
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Dose rate map at Target Chamber equatorial plane

following a 20 MJ shot (5 days cooling)

mSvh 27Al(n,a) is the dominant
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Dose rates are dominated by the decay of *Na (T,,=15 h)
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Two neutron diagnostics compromise the NIF yield of “
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The well neutron activation detectors

The Well Neutron Activation Detectors (“Well NADs”) are Zirconium disks

fielded on NIF yield experiments that are absolutely calibrated

90Zr(n,2n)%Zr
t1/2 =3.3d

N220919-001-099 RT-NAD fit to L<»2 Velocity Correcied

Fig. 10. The NAD in a well is designed to hold up to three

e
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Three activated Zr foils are retrieved and counted
after the shot

Each sample is counted on multiple High
\ Purity Germanium (HPGe) detectors, and at
multiple source-detector distances

Rear detector holder assembly
slides on rods to accommodate

shadow bar length \

Handle
fastened to well

Pivoting handle
extension

Front disk holder
assembly

B151 low background Nuclear Counting Facility “
Clamps secure rear disk holder (NCF) has >40 years experience

Shielding contained inside
aluminum housing

The technique employs the 2°Zr(n,2n)%%Zr reaction
— Natural abundance of *Zr is 51.45%
— Cross Section o(14.1 MeV) is 622.0 mb
— Half Life T, of Zr is 3.267 days
— Reaction threshold energy E,;,., is 12.1 MeV
— 89Zr decays to 8mY meta stable state
— 89mY has a half life of 15.663 seconds and is in equilibrium with 8°Zr
— Branching ratio of the internal transition 909 keV gamma ray is 0.992
— A high purity Ge detector is used to count the Ey=909 keV line
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The total number of counts is converted to incident “

neutrons based on MCNP modeling

SUMMARY OF PEAKS WITH SIGNIFICANT NET TOTALS
INDEX | CHANNEL| KEV | (+/-) - PEAK - CALC. PROP. [PHOTONS/MIN| BKGND | PCT
START| END [ COUNTS | COUNTS CTS/MIN | ERROR

22 | 1817.655 [909.011| 0.00 | 1807 | 1823 | 131134 | 131317 1.42E+05 0.088 0.64

MCNP model of the Target Bay MCNP model of the Well NADs

J! s A
Per incident neutron, —ﬂ‘fﬂﬂ = (136393 + 0.00053) x 1077 - atoms




We use nToF measurements to study different

sections of the fusion neutron energy spectrum

10!
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FIG. 5. An example of the components of the neutron energy specira produced In
an ICF experiment. This spectrum was produced from a simulation of a capsule

with a fuel pR = 0.25 glem?. The relative intensities of the different components
can vary with pR, but the basic shapes do not change significantly. The primary
reactions in Eqs. (1) and (2) are shown in red, down-scattering of neutrons as they
travel through the dense fuel results in the blue spectral component. Secondary

DT reactions in which the triton {<1.01 MeV) is generated by the D{D,T)p reaction
5 shown in purple, and NKN RIF reactions are shown in green.

A. Moore et al., Rev. Sci. Instrum. 94, 061102 (2023)
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South Pole nToF LOS

Port Collimator

-3'-6” Level

LOS vector at
161.37-56.75

-21°-9" Level

-33'-9" Level §

i

N

Detector Support
Structure

nToF detectors are fielded at the NIF to measure neutron yield, ion temperature,

and downscattering in the cold fuel for D-T implosions
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Recorded signal during a low yield shot (10'° neutrons)
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A small fraction of “reaction-in-flight” (RIF) neutrons (with energy up to ~ 30 MeV)

are produced by up-scattered deuterons or tritons undergoing D-T reaction with
thermal ions
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Comparison between simulated background and

recorded signal during a low yield shot
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Photon dose at the -33’ 9” floor during a 20 MJ shot m

mGy (Si)
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High photon dose due to streaming through the inner lower ring of beam ports
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Final design of the nToF detector shielding

Shielding to reduce BG by factor of 10
e Steel
v' 7.5 cm all around

« Borated polyethylene
v’ 20 cm on top
v 12.5 cm on sides

@

-
i
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Comparing simulated photon background to measured “

signals with shielding in place

SPEC-SP1
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We need to extend the nTOF diagnostics to 10x higher

D-T yields, and maintain linearity
* One approach is to add physical material in the
NnTOF LOS’s to reduce D-T neutron signals by 10x Il A

Cr
. . ;\3 0.2 L
* Must maintain measurements of the 4.4 MeV =
gammas (from target TMP) for timing/velocity 2 o
. n
inference and preserve DSR, D-D, and other £
2] 0.1
measurements S
=
 High-Z materials attenuate gammas and low-Z | e
materials have “bumpy” cross-sections that % 2 & e 8 0 1 1w 8 .
impact D-D and DSR neutrons Neutron Energy (MeV)
Attenuating the neutron beam lowers
 Silver appears to be a viable choice with smooth both signal & background
neutron cross-section, and acceptable Photodiode Output

PD Charge Limit

attenuation of 1-20 neutrons, as well reasonable —
- 0 1 eutron beam
attenuation of the 4.4 MeV carbon gammas o 7 o attenuated
< Light
T

Signal & background

- Better evaluation of the silver cross sections will e e
Background:

be helprI 102 (1) y s;me amount

106 10" 1078 10°
Neutron yield
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Limited experimental measurements of total neutron
cross-section from 0.5-30 MeV for 1°“/Ag and '%°Ag

Total Neutron Cross Section: 197Ag

« We desire better evaluated total cross-

ENDF Request 24084, 2025-May-01,23:59:31
EXFOR Request: 139508-1, 2025-Mauy-02 2025:04:29

section measurements =
— 107Ag: 4.5-30 MeV e
— 109Ag: 0.5-30 MeV —E R
* There are subtle differences in cross
sections for different evaluations
* We need to understand the relative oo
signal differences at different energies Total Neutron Cross Section: '®Ag

LLNL-PRES-2005932 IAEA FENDL Consultants Meeting
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Locations of the real-time nuclear activation detector
(RTNAD) in the NIF chamber.




Using real-time nuclear activation detectors for

measuring neutron yields

Zl‘ Pulse height analysis

R To Serial
Database

« The RTNADs use a Zr cap as an activation material for inferring D-T neutron yields
via °20Z(n,2n)39Zr

* The Zr cap surrounds a LaBr; scintillator, which is sensitive to gammas emitted
from both the cap and the scintillator itself

« The LaBr; scintillators can be activated by lower energy neutrons, which is
problematic for D-T neutron measurements, as it creates a source of background
that can lead to high dead times immediately after the shot

 The fact that 2.5 MeV neutrons can activate the scintillator means the activation can
be used to infer D-D neutron yields via the two reactions; 7°Br(n,n’)’”*™Br and
81Br(n,y)®2Br

* More certain cross sections would enable more accurate understanding of
sensitivities to the spectra
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Good agreement between ENDF and measured cross

sections (EXFOR) for °°Zr (n,2n) reaction

1.4 1 O —— ENDF
4 Measured

e,

1.2 A

1.0 A

0.8 -

0.6 1

Cross Section (barns)

0.4 T O

0.2

0.0 1 O

0 5 10 15 20 25 30
Neutron Energy (MeV)
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Discrepancies between ENDF and measurements are

observed in the ®Br inelastic scattering reaction

* Inelastic scattering reaction with 7°Br
has a threshold-like behavior making it
a good candidate for measuring D-D
neutron yields

* The decreasing cross section with
decreasing energy makes the reaction
less sensitive to D-D neutrons that lose
energy through scattering

* The low-energy threshold behavior
enhances the ability of the reaction to
determine the angular distribution of
the 2.5 MeV neutrons from the ICF
implosion

B. Lahmann, et al., Rev. Sci. Instrum. 96, 033506 (2025)
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Neutron reaction with 3'Br is not suitable for inferring

D-D neutron yield

* The neutron absorption reaction with
81Br rapidly increases with decreasing
neutron energy

Cross section as a function of energy for
a neutron absorption with 8'Br

1 — ENDF
103'; # Measured

* While it is still possible to use this
reaction to infer D-D neutron yield, it
is a less ideal candidate as it is more
sensitive to scattered neutrons and
can compromise accurate

102 4

10! 4

10°

Cross Section (barns)

determination of the neutron source e
distribution 1072 4
f o
1077 5
104 : , , ; .
0 5 10 15 20 25 30

Neutron Energy (MeV)
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Inelastic scattering of neutrons (E > 6 MeV) is
important for development of gamma detectors

* 14 MeV neutrons inelastically

10 prr—r P Tl il = == === == B B I By = === =
scattering on relevant elements () Auminkun | _» Rl o 10" g Tosen 1 __°_FRG™

JENDL-3.2 |

— C, Al, Si, W, etc. ?"1 NIY Y | e g,o
— Limited experimental data S AR S 151
available 5 1o T p 5|
— How accurate are the current % SRS DU O S = | W 7
libraries? o]

2

Flux / MeV / Source Neutron
b 1

Flux / MeV / Source Neutron
Q
N

: 10°L
10°
: 104
10—4 aalge ‘a E
0 2 4 [ 8 10 12 14 0

Gamma-Ray Energy [MeV)

F. Maekawa & Y. Oyama, Nuclear Science and Engineering 123, 272 (1996)
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List of reactions important for characterization of
measured neutron spectrum

Foil (thickness) Mass [g] Reaction Threshold [MeV] (@ 10 mb) Primary radiation [keV] (intensity) tiy
197 Ay(n,2n) %A e ml 8.1 (8.3) 355.7 (0.87) 6.17 days
Au-1 (0.05 zm) 1.853 197 An(n,g) ' Au Thermal 411.8 (0.9562) 2.69 days
_ SN, 2n) Ni 12.4 (13.3) 1378 (0.817) 35.6 h
Ni (0.23 mm) 4.073 BN (1, p) Cot ! 0 (1.3) 810.8 (0.9945) 70.86 days
13 {n,n') 13 ! 0.4 (0.7) 391.7 (0.6494) 99.5 min
In (0.27 mm) 3.665 15 [n{n,n') 1 o 0.336 (0.597) 336.24 (0.459) 4.49 h
115 [y g) ¥ n™ Thermal 1293.56 (0.848) 54.29 min
Al (0.73 mm) 3,793 T Ak n,a)*Na 3.25 (6.7) 1368.63 (0.9999) 15 h
Ti (n,2n) “5Ti 13.5 (14) 511.0 (1.696) 184.8 min
_ mat T, )46 Se 2.1 (6) 1120.5 (0.9999) 83.79 days
Ti (0.25 mm) 212 R 0.8 (10.5) 159.38 (0.683) 3.3492 days
R 3.3 (7.5) 1312.1 (1.001) 4367 h
W (0.12 mm) 4,304 186\ (n,g) 15T W Thermal 685.51 (0.332) 24 h
Zr (0,27 mm) 3.083 MNZr(n,2n)* Zr 121 (12.1) 909.2 (0.9904) 7841 h
Mg (0.09) 0.318 2Mg(n,p)**Na 4.9 (6.4) 1368.63 (0.9999) 15 h
197 Aua(n, 2n) 1% Aus+ ™1 8.1 (8.3) 355.7 (0.87) 6.17 days
Au-2 (0.05 mm) 1.884 97 Au(n,g)"Au Thermal 411.8 (0.9562) 2,60 days

N. Quartemont et al., Nuclear Inst. and Methods in Phys. Research, A 1016, (2021)
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Reaction-in-flight (RIF) neutrons as a diagnostic for

hydrodynamical mixing in double shell ICF capsules

* The neutron-induced RIF process involves a 14 MeV neutron elastically
scattering a D or T ion in the plasma

* The scattered ion undergoes a D-T reaction and RIF neutrons can be
produced with energies up to 30 MeV

* RIF spectra are several orders of magnitude lower than the 14 MeV neutron
signal

* RIF spectra are measured at NIF by nToF or by activation of foils made of
materials with energy thresholds > 14 MeV

« 169Tm(n,3n)'"Tm (E,, = 15 MeV) and 2%°Bi(n,4n)2%Bi (E,, = 22.5 MeV) reactions,
are used to measure the RIF spectrum
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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor Lawrence Livermore National Security, LLC, nor any of their employees
makes any warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or Lawrence vermore National Security, LLC.
The views and opinions of authors expressed herein do not ’ : se of the United States
government or Lawrence Livermore National Security, LL ert
endorsement purposes. ]
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