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Atoms for Health: Disease Prevention and Control

™% v Nutrition

ﬂ " v/ Nuclear Medicine
7NN v Radiobiology and
Radiotherapy

v" Dosimetry and
Medical Physics

% Fighting Global
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NON-ENERGY APPLICATIONS

Non-energy ? Anything? A fuzzy definition...

1 Medical applications: radionuclide production
1 Astrophysics

] Planetary defence

1 Space exploration

1 Space safety

1 Geological applications
d ...
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ND needs in space propulsion

Nuclear thermal propulsion is an in-space propulsion technology being
evaluated for crewed Mars Missions
= Major components:
» Moderators: metallic hydrides (ZrH,, YH,), beryllium compounds (Be, BeO, Be,C) or
combinations there-of
» Control: Be, B,C
» Fuel forms: refractory U-ceramics (UO,, UC,, UC, UN, UC-ZrC), coated fuel particles
) » Structural materials: Refractory ceramics (carbides, graphite), refractory metals (W,
Mo)
1+ Unique design features:
» Reactor design requires unique materials to enable operation at extremely high
temperature
» Wide temperature range needed for cross sections to inform the reactor design
% Coldest regions of the reactor are cooled by liquid hydrogen
« Hottest regions operate as a heat exchanger above 2700 K
» High Assay Low Enriched Uranium (HALEU)
+ Synergies with ongoing advanced, small, or microreactors?
» Use environment: in-space background radiation and impacts to overall system design
» Nuclear data needed for both reactor and shielding design
« Reactor design requires accurate prediction of reactivity over a range of operational modes

+ Shielding design must ensure that critical components, systems and crew are not exposed S
to neutron and gamma sources above design limits Fuel Element Reactor Engine
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Workshop on Applied Nuclear Data Activities (WANDA) 2021 5

Taken from WANDA 2021 presentation by K. Palomares
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ND needs for planetary defense

Nuclear data is the ' vewnsunsnswoansn on of this work. ;MFIT

« For a given problem geometry and material composition, =
nuclear cross sections are how bulk neutron interactions
are mapped to energy deposition profiles.
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:&BE g Qg} 2%%3&%’3{329\ 1. cross section magnitude
. — ENDF/B-VIL1: SI-28(N.D)AL-27 { 2. mean-free-path
i 3. spatial extent/distribution
4. energy deposition profiles

Cross Section (barns)

1
' changing the neutron energy changes:
1 1. open/closed reaction channels
| 2. endothermic/exothermic reactions
3. energy coupling efficiencies
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Nuclear data ultimately determines the end results of asteroid deflection. 8
Taken from WANDA 2021 presentation by Lansing Horan
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NUCLEAR DATA FOR
MEDICAL APPLICATIONS

 The utilization of radiation in medicine for
diagnosis and treatment dates from the 19%
century, almost from the time x-rays (atomic data)
and radioactivity (nuclear data) were discovered

d Now its use is deeply embedded in medical
practice. For many purposes, it is indispensable
— both for diagnosis and for treatment
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https://nds.iaea.org/publications/indc/indc-nds-0776/
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THREE DISTINCT MEDICAL FIELDS

* Diagnostic radiology
» 100% diagnostic

* Radiotherapy
» 100% treatment

 Nuclear medicine
» 80% diagnostic
> 10% treatment
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Radionuclide | Clinical use | Application | Decay mode (used emission) T;
99mTc ~80% Imaging IT (y 140keV) 6.0h
133Xe ~1% Imaging B~ (y 81keV) 5.3d
HiTn ~1% Imaging EC (v 171, 245keV) 2.8d
= ~0.5% Imaging EC (y 159keV) 13h
2017 ~0.1% (1) Imaging EC (y 135, 167keV) 3.0d
SiCp ~5% Blood tests | EC (y 320keV) 28d
18F ~2% (1) PET imaging | B*(y 511keV) 110min
nc ~0.6% PET imaging | B* (y 511keV) 20min
150 ~0.3% PET imaging | B* (y 511keV) 2.1min
1241 Research PET imaging | B*(y 511keV) 4.2d
=l ~5% Therapy B~ (806keV: y 364keV) 8.1d
32p ~0.2% Therapy B-(1706keV) 14d
1535m ~0.2% Therapy B-(810keV; y 103keV) 47h
89Sr ~0.1% Therapy B-(1480keV) 51d
177y Research Therapy B-(497keV; y 208keV) 6.6d
21AYL Research Therapy a. (5870, 7450keV) 7.2h
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NUCLEAR DATA FOR
RADIOISOTOPE
PRODUCTION
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IAEA projects on radioisotopes: Overview

Radioisotopes for medical applications:
accelerator and reactor production

—_— L

I. CRP on “Charged Particle Cross-Section Database for
Medical Radioisotope Production: Diagnostic Radioisotopes

and Monitor Reactions”-completed in 2002 ( updated in 2007)

I | IAEA-TECDOC-1211

I1. CRP on “Nuclear Data for the Production of
Therapeutic Radionuclides” 2003-2007

Q IAEA TRS 473 (2011)

CRP on “CP monitor reactions and nuclear data for
non-standard positron emitters”, 2012-2017
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Diagnostic radioisotope production

https://nds.iaea.org/medportal/

Medical Radioisotopes Production
o T 7' Nuclide

- ¢ —EEE.

ok = o

« Use the numeric keypad to zoom and move
= Use the mouse wheel to zoom
= Double dlick on a line to get details
Legend
Target o Product e
Charged
Neutral

L TOVAGT VA v emitters for diagnostic ll e* emitters for diagnostic i Therapeutic radionuclides

Decay data of nuclides denoted by green band were evaluated within TAEA CRPs._
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Radioisotope production data

https://nds.iaea.org/relnsd/isotopia/isotopia.html

. ) v Examples 1Incident - Exit energies Previous run:
'y Medical Isotope Browser 2 Incident energy - Thickness, and user 0
-~ |AEA Nuclear Data Section X 3 Energy scan 4 Composite target
Product ? Projectile ? Target ? Density [g/cm?| 2
0O @p OD Oa OT O 3He blank = default
all products
@ Thickness(O)[mm] @[ma/cm?] 2 O MeV] 2 @ Incident energy [MeV] ? O ?
Current [cpA| Irradiation T ? Post EOBT ? Cross section
d 0 h m d 0 h e IAEA + TENDL
Data Guide [

Medical Isotope Browser

“.pick one example to start
1Incident - Exit energies
2 Energy scan
3 Composite target
4 Incident energy - Thickness, and user o

A
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Beam monitor reactions (reference XS)

Monitor Reactions 2017
A. Hermanne et al., Nucl. Data Sheets 148 (2018) 338-382

Protons Deuterons SHe-particles Alpha-particles

3-'Al(p,x‘)::.\la r‘Al(d:x)::.\Ia :‘-Al( 3 He,x)::.\la :TAl(a,x)n.\Ia

2T A1(p.x)**Na 27 A1(d.x)¥*Na 27A1CHe x)**Na 27 Al(e.x)**Na

n2tTip x) ¥V natTi(d x)*Sv natTi 3He x)*¥V n2tTi(e.x)° ICr
na"Ti(p,.\:)"és;c natTid x)*0sc 12ty (He x)%0Ga 2ty (ax)%Ga
n2tNi(p.x)” Ni n2tEe(d.x)°9Co 22Cy 3 He x)% Zn 23tcyiax)® Ga
na"Cu(p,x)&Zn n2tNid x)5lCu 2240y He x)%°Zn 12t Cy(a.x)Zn
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Main Monitor Reactions 2007 Gamma Emitters Positron Emitters Therapeutic Isotopes

Last edited by: S. Takacs: Aug. 2019.
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Gamma Emitters

K. Gul et al., JAEA TECDOC 1211, Vienna, 2001

F. T. Tarkanyi et al., J. Radioanal. Nucl. Chem. 319 (2018) 487-531

Sicr
Sty payier
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Main H Monitor Reactions 2017 H Monitor Reactions 2007 H
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Mo-99 production via (n,2n) reaction

(deployed in Japan)

Selected experimental data for 11""'?\[0(11,211 “*Mo reaction
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lsO(p:n)lSF

BatNe(d.x)!°F
44Sc
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4c a(dzln}“Sc
43 Ca(dtn)'”Sc
43 Se( p:ln)'“Ti
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OCr(a,20) 2Fe

3¢ 1r(p:nj:~5 Zon g

32C1e(d 2n) 2 MMn

Positron Emitters

K. Gul et al., IAEA TECDOC 1211, Vienna, 2001
F.T. Tarkanyi et al., J. Radioanalytical and Nucl. Chem. (2019) 319. 533-666
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F-18 production in small cyclotrons

Selected experimental data for "SO(p.n']"SZ-' reaction
700
i 18 18 & Bair (bd)cor
i O(p.n) F x  Bair (73)con
600 . ¢ Hess (01)
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Therapeutic Radionuclides

E. Betak et al., IAEA Technical Reports Series no. 473, Vienna, 2011
J.W. Engle et al., Nuclear Data Sheets 155 (2019) 56-74
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(n,Y) Neutron data for production in a nuclear reactor

(n,f) — production of neutron excess radionuclides
(n,p) — experimental data and comparison with theory
(p,xn) Charged-particle data for production at a cyclotron
(d,xn) — production of neutron deficient radionuclides
(o,xn) — crucial role of nuclear data to check impurities
(*He,xn)  — experimental data and comparison with theory

ESTABLISHED: %°Sr,”YY, 13!1,153Sm,186Re, 85Re
32P, 1251, 105pd, 137Cs, 19°Tr (brachytherapy)

EMERGING: %Cu,’Cu, 7Ga, 80Y,!05Rh,!11In, 114mp,
1241 1491)11/l 166H0 169Y”177Lu

21TA L 25B1,22°Ac (o emitters)
Nuclear Data for the Production of
Therapeutic Radionuclides
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REACTORS

Neutron-induced reactions
(n,y)
(n,p)
(n,f)
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130Te(n,y)!31Te — 131] reaction
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130Te(n,y)131Te — 131 reaction
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130Te(n,y)131Te — 131 reaction
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64Zn(n,p)**Cu (raw EXFOR data)
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64Zn(n,p)%4Cu reaction
Integral Validation

Average cross section, mb
Neutron fields C/E
Calculated [A] | Measured [*]

38.9 £0.7 38.9+2.8 |1.000

235U thermal fission

neutron spectrum (1.7%)
252Cf spontaneous 42.7 + 0.80 42.3+0.9 1.009
fission neutron (1.9%)

spectrum

[A] — Zolotarev, INDC(NDS)-0526, Vienna, Austria
[*] — evaluated experimental cross section
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summary on RN production

U Experimental data compilations and data selection,
theoretical calculations and the final evaluations for
each of the reactions producing therapeutic radionuclides,
have been undertaken

dData will help to define strategies for the production of
radioisotopes both at cyclotrons and reactors

U The resulting completeness and accuracy of the cross-
section data for the production of these nuclides, along
with a re-definition of their decay data, should be
extremely beneficial in ensuring their safe and efficient
application both in nuclear medicine and cancer therapy.
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HEAVY CHARGED PARTICLE
INTERACTIONS
FOR RADIOTHERAPY
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In 1946 Harvard physicist Robert Wilson (1914-2000)
suggested that protons can be used clinically

Proton therapy Facilities
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Protons vs Photons
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Special case: Paediatric patients

Photons Protons
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Bragg peaks vs exp. : 2'Ne @ 670 MeV/n

Dose vs depth ~ Exp. Data Jpn.J.Med.Phys. ]
distribution for 670 0.4 L 18 (1993) 1 p -
MeV/n 2°Ne ions on a i 1 3
water phantom. 0 - g’ §
The green line is the —0.3 | ¢ |
FLUKA prediction i - B ]
The symbols are exp L r n
data from LBL and 500 [ N
GSI o | or < ]
CE(_ i (045 @m@_.__‘o__a_é% _6_5,- A ]
- d —
0.7 - Better fragmentation =
i data are .needed o %
- Fragmentation products ]
0.0 T T T T T T O O
0 10 20 30 40 20
: .. Z (cm)
Taken from A. Ferrari presentation in 2010
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PROBLEMS IN EVALUATED
GAMMA SPECTRA

Nuclear data needs of gamma spectra (D. Lawrence & P.
Peplowski)

 Carbon sequestration ()

1 Active neutron interrogation (C. Romano et al)

1 Non-proliferation applications (D. Matters)

[ Planetary science (T. Prettyman et al)

1 Subsurface exploration (M.-L.Mauborgne et al)

[ Shielding and criticality safety (Miller et al.)

see WANDA 2021 presentations at:
https://conferences.lbl.gov/event/504/
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ND needs in planetary gamma spectroscopy

Tour of Planetary Gamma-ray/Neutron Experiments in the Solar System

Psyche
Psyche
(launch 2022)

Moon .
: S Apolio 15 & 16
Titan Lunar Prospector

Dragonfly Kaguya
(launch 2027) Chang’E : 3
” : LRO , : Venus

* Venera (landed) y
. * MESSENGER (flyby)
Mercury /

Eros vw . MESSENGER k.
NEAR » BepiColombo

. (orbit/landed) (arrival 2025)

Mars

. * Odyssey MMX/MEGANE
Operating/ended * TGO (orbit) (launch 2024)

Implementation * MSL (landed)
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ND needs in planetary gamma spectroscopy
Elements of Interest

» The needs of the planetary nuclear spectroscopy Typical Gamma Rays (non- Psyche GRS | MEGANE

community are:
- (n,n’y) and (n,y) gamma-ray production cross sections,
- on natural targets of major and minor elements,
- for each gamma-ray emission of interest,
- over a wide range of neutron energies.

This information needs to be accurately provided
for use in radiation transport codes (Geant4,
MCNP6) via appropriate libraries.

- To date, no one library works for all gamma-ray lines.

- New does not mean better — benchmarks show that
ENDF VI is better than ENDF VIII!

The list to the right shows the required element
measurements for the three APL-led gamma-ray
spectroscopy investigations currently in

inclusive list) (M:h'i::;;on
(n,y): 2223 keV

(n,n" y): 4438 keV

(n,n’ y¥): 2312 keV

(n,n" y): 6129 keV
(n,n” ay): 4438 keV

(n,n’ ¥): 440 keV
(n,n’ ¥): 1369 keV
(n,n" y): 843, 1014, 2211 keV

(n,n" y): 1778 keV
(n,y): 3539, 4934 keV

(n,n’ y¥) 2233 keV
(n,n" y) 2232 keV
(n,y) 1951, 1960, 6111 keV

development. (n,n’ y) 2814 keV

- Itis complete in terms of elements, but it is not (n,n’ ¥) 1940 keV
exhaustive in terms of gamma rays. (n,y) 3736 keV

It also doesn’t cover the needs of prior missions. (n,n’ y): 846, 1238, 1408, 1809 keV

The list is not meant to imply that we do or don’t have (n,y): 7631, 7646, keV
the data we need for these elements. i (nn'y): 1332, 1454 keV

Taken from WANDA 2021 presentation by D. Lawrence and P. Peplowski
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ND needs in planetary gamma spectroscopy

Information content

Specific elements via gamma-ray spectroscopy (with help from neutrons)

Spectral unmixing — Lunar Prospector
e ——————— Lunar elemental maps

Fitted spectral —— MgO ] ENDF/B-VI - Mg library
: ] FeO (Wt.%) EEEE—— ; )
CMOMIME. £ T 2’5‘3’ ] (wt-%) 0 125 25 spectrum required correction
Measured To, ] OON SR e DL Gl > 1368.6 keV gamma-ray
e oy o Vg

—— Fitted - K
represented as a broad peak

o
SEERET

3 e %@5%5““‘% ‘
=S csos R e SLP s BOFO

180W 90w 0 90E 180E : sAl

Th (pg/g)o—E oAM

12}
N
Q
%10
C
p= |
Q
o

S A5

*A6

MgO (wt%)

A7

.
regolith breccias

eL18

=L

Sample soils and

L =5
90E 180E FeO (wt%)
Pulse height (MeV)

Peak analyses - Lawrence et al. (2000, 2002); Spectral unmixing - Prettyman et al. (2006) LP-GRS artwork: S. Storms, LANL document LA-UR 10-05410

Taken from WANDA 2021 presentation by T. Prettyman
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ND needs in planetary gamma spectroscopy

FW®, U.S. DEPARTMENT OF

@ ENERGY

Benchmark Data Needs .

= Active neutron interrogation techniques are employed in a variety of nonproliferation

applications

* Modeling of secondary y-ray emission from active neutron interrogation would benefit greatly
from quality assurance checks with benchmark datasets

* |mproved y-production cross sections Fm
are needed on priority elements & T = =
*» Benchmark data are primarily N Be P Np
required from radiative capture (n,y) 2 = S S
and inelastic scattering (n.n’y), :f' E'r Q’
depending on which cross sections si Mn -
dominate y-ray production Fe Ni T
Cu Ge As
Pb Br Kr
w Cd Mo

U
Pu

|
Cs
La

Sn
Sb
Xe

Taken from WANDA 2021 presentation by D. Matters
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Problems identified in inelastic/capture
gammas of many ENDF/B-VIIIL.0 evaluations

v-ray Emission from inelastic Reaction on Silicon
Emission Standards

10" § ' f ' ' , f ;s Sss T i o °
Experiment S l(n ) n y)

ENDF/B-VI

H - = = “ENDF/B-VII.1

Clounts

Hint:
ENDF/B-VI.8
was better for gammas

Energy (MeV)

Marie-Laure Mauborgne et al, CSWEG 2019 & EPJ WoC 239 (2020) 20007 (ND2019)
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Problems identified in inelastic/capture
gammas of many ENDF/B-VIIIL.0 evaluations

~-ray Emission from Capture on Iron
Raw modeling spectrum

>°Fe(n,Yy)

Hint:
ENDF/B-VI.8
was better for gammas

ENDF/B-VI

- - - ‘ENDF/BVIL1 | =
ENDF/B-VII.O |- : -
IAEA Database | - : -

2 3 4 5
Energy (MeV)

Marie-Laure Mauborgne et al, CSWEG 2019 & EPJ WoC 239 (2020) 20007 (ND2019)
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Problems identified in inelastic/capture
gammas of many ENDF/B-VIIL.0 evaluations

10 Manganese Mix Capture Signal I
| e Similar problems:
ol | —eoremol]  Mn(n,y), (Si(n,n’y),
| | | Fe(n,y), Fe(n,n’y),
g | Mg(n,y), Mg(n,n’y),
5 Ti(n,y), Ti(n,n’y)
Hint:
0-4 L
‘ ENDF/B-VI.8
N S I N S was better for gammas
0 1 2 3 4 5 6 7 8 9 10
Energy (MeV)
Fig.9: Comparison of capture y-ray spectra from the
manganese mix from experiment and modeled with various
libraries

Marie-Laure Mauborgne et al, CSWEG 2019 & EPJ WoC 239 (2020) 20007 (ND2019)
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Problems discussed, but not solved

GAMMA PRODUCTION LINES

With the help of IAEA/EGAF mesured values, MF6 for gamma
production lines for *¢Fe+n,, (2JEFF-3.2)
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>Mn update of thermal (n,y) gammas

26-Mn—- G6 MF 6 NT 9000
DDX at Ei 2.550E-2 eV AniZ25 deg.

-6. S cas [TTITTIITES ——————— e
10°, — — - nMn-55.80
g 2 e\ o INDEN files
Maximum Difference
% e | Over 100%
- - : at X= ©7630.0000
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>Mn update of thermal (n,y) gammas

Thermal capture photon spectrum updated

] | ]

105 = 5
S
()]
=
k7]
=P
s 107 5 3
Q E
= 5
e L
a i \'.LJ | :
g 10(J =
£ :
0] EGAF lines superimposed on a

y calculated continuum
10-1 T T T
0 2 4 6 8

Gamma Energy (MeV)

f

EGAF TAEA database:
Measured thermal capture vy

Quite challenging to
reproduce via modelling

!

But very well measured ©,
Let’s use it.

l

See description in INDC(NDS)-0810, performance restored
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>Mn update of thermal (n,g) gammas

L Mn-55 evaluation in ENDF/B-VIIIL.0 was criticized for poor
prediction of capture and inelastic gamma spectra (Marie-Laure
Mauborgne, CSEWG-2019, EPJ WoC 239, 20007 (2020).

U The data are important for oil-well exploration.

1 Using the information in the EGAF library and EMPIRE nuclear
model calculations the gamma production data were improved. High
resolution energy bins (~5 keV/bin)

U Good performance of updated file mn55e80p on proprietary
benchmark was confirmed by Marie-Laure Mauborgne (file
mnSS5e80p available at
https://nds.1aea.org/INDEN/data/mn55¢80p ENDF.zip )

U Documented in INDC(NDS)-0810 on "Evaluation of thermal capture
gamma spectra”

U Updated methodology tested to be applied to other evaluations, but:
PUBLIC EXPERIMENTAL BENCHMARKS NEEDED
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Summary

JA non-comprehensive (and biased) selection of
nuclear data priorities have been presented as a
motivation for nuclear data research

U Applications like radionuclide production of
medical radioisotopes, planetary exploration, space

nucl
geo

ear propulsion, planetary defense, and
logical applications have been discussed to

highlight associated nuclear data needs

dWorkshop for Applied Nuclear Data Activities
(WANDA 2021) 1s an excellent resource of
information: https://conferences.lbl.gov/event/504/
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