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Nuclear interactions — Overview (1)

w100

General properties

“Microscopic” interactions models for nuclear
reactions (except low energy neutrons)
Consideration of 60 different particles and (any) heavy
lons

Nuclear interactions (hadron-nucleus and nucleus-
nucleus) in wide energy range (from threshold up to
10000 TeV/n)

Detailed treatment of photonuclear interactions (GDR,
guasi-deuteron, delta resonance, VMD)

Predictions for nuclide production follow directly from
these models for (almost) arbitrary projectile-target
combinations and energy (predictive power!)
Detailed and comprehensive benchmarks of
radionuclide production available
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Nuclear interactions — Overview (3)

. Cu(n,Xt), <E>=542 MeV

> 68° x84

a4
0E 121° x4 o

Peanut

* Originally, model for nuclear interactions below few GeV,
including a sophisticated generalized intranuclear cascade
and nuclear models (interactions at high energy using a more

simplified intranuclear cascade and nuclear models). 2 [
* Recently, its extension to high (all) energies, by including R
Glauber-Gribov multiple interactions and the Dual Parton Model o
(DPM), has become the default in FLUKA. oL
» Sequence of interaction steps (in time) considered in Peanut: ‘f

107" . |

1. Glauber-Gribov cascade with formation zone and DPM = 100 150 o 250

2. Generalized intranuclear cascade e T

3.  Preequilibrium stage with current exciton configuration and
excitation energy

4. Evaporation / fragmentation / fission

5.  Gamma-deexcitation

1 GeV/n 2%8pPb+p
LA LN LI LIS LI L LI LI L LA L L LU L L L L L L L L
! « Data ) .
« FLUKA Quasi-elastic
« FLUKA after cascade
« FLUKA after preeq

All steps embedded in detailed description of target nucleus
(density distribution, Fermi motion, etc.) y
Production of nuclides is result of last step of the interaction
sequence, influenced by all previous stages. Very universal,
however, production of individual nuclides might be influenced .
by specific models features (or short-comings..).

1 N 1 N T T T T T A A T A
20 40 40 80 100 120 140 140 180 200
Mass number
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Nuclear interactions — Overview (4) o, = T T
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+ Different models depending on energy

10 R ‘F:"""":'L
> 5 GeV/n : Dual Parton Model (DPMJET-III) 10:?-_1 208P+Sn
0.1 - 5 GeV/n : Relativistic Quantum Molecular Dynamics 1321_3' ik
model (based on RQMD-2.4) I T AN 13
< 0.1 GeV/n : Boltzmann Master Equation theory 10: | 208pp+ A
10 £
. . 1023; -E—LLII—.J‘L,_. —_— ‘_I—_nFH___I'L-—y—_ nn.,n'l_"ﬁllt:l{:j W
* Model implementations of stand-alone codes adopted and il B M S e ek AT
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«  Extensive benchmarking of individual codes and within FLUKA ||| 1m e i g7 W
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Nuclear interactions — Physics improvements (1)

Spin-parity in Fermi Break-up

* Fragmentation by A<17 fragments by Fermi break-up model

» Considered fragment configurations include all stable states and particle unstable levels with sizable
gamma-decay branching

* Final configuration selected from probability distribution of the configurations and kinematics following
n-body phase space distributions and Coulomb effects

« New: if spin and parity of excited nucleus are known conservation laws, constraints on available
configurations and centrifugal barrier are enforced in fragment production (presently limited to specific
channels, e.g., GDR, as FLUKA event generators are not tracing consistently spin-parity evolution)

« New: broad 8Be* 1st excited state accounted for in Fermi break-up

Example: 2 |

12C(g,n)C at GDR energies 1o’

> initial state is J* = 1

> disintegration into 3a or o+8Be energetically
favored but impossible in |=0

» branching of a-channels suppressed and
those of n,*C increased

sigma (mb)

— Factor 3 on YC production 10




Nuclear interactions — Physics improvements (2)

Direct (p,a) and (p,d) reactions

« New: model for “first interaction” deuteron production for light nuclei

« Effect on production of * emitter, important for medical applications (online PET simulations)

Example 1:

Angle-integrated p, d, and a spectra by 62 MeV protons on Oxygen

Example 2:
Excitation function C(p,X)1C

nat-C (p,x) 11-C
102 20145clhvold: 16-0(p,x), 61.4 MeV 102 20145¢c Thv: 16-0(p,x), &1.4 MeV 160 T T p-’ —T T T T
LIS L L N O N O N L O B O B B B
72 L ] ] - a
: old o] new o ]
« [ 2-H x1 ] 2-H x1 ] 140 |- ]
2 4-He x1 A -
120 | i
10 i 10’ A
? ]
] 100 | i
s 4 s .
2, 2 C
w w 280 ~ 1
N N &
5 10° 4 5 i R -
2 7 2 .
el 7 o ] &0 L B
‘ ] B i
16 13 40 L -
2 O(p,a)**N 1
107" i 107" a
5 ] 1 20 | _
< ] B Data: CSISRS, NNDC
i R L1l N T T T Y 0 ! | L L | |
60 70 0 10 20 30 40 50 &0 70 ] o
£ MeV) 2 3 <4 s 810 2 3 <4 s 810
k lab E, (GeV)
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Nuclear interactions — Physics improvements (3)

Example:

BME (< 0.1 GeV/n): Excitation function for the production of
radioisotopes from a interactions on Au
T . 1 197-Au (a,xn)
* Pre-equilibrium particle spectra pre-computed 1 T
following BME theory for certain configurations and
energies only (presently mostly for 160 and 12C
projectiles and various targets) 2
« For all other configurations: coupling to Peanut for 10°
pre-equilibrium emissions
* In particular, very light projectile reactions are not <
included in BME database. However, pre-equilibrium )
emissions dominate high energy tail in excitation
functions (see example)

007
°T1 %
198T‘ %
197T‘ %

19571 1
1411«

T TTTTT
IO

* a (re)interactions important for many applications:
hadron-therapy, damage to electronics, radiation
protection) 102

* New: A=3 projectile interactions now also simulated
with BME through Peanut for pre-equilibrium .
emissions 2 | ]

uBit

Ek (MeV)
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Radioactive decays — Overview (1)

General properties

» The generation and transport of radioactive decay radiation (y, B, B*, X-rays, Conversion Electrons
emissions and new «) is possible during the same simulation which produces the radio-nuclides
(one-step method).

« It uses a database of decay emissions created for FLUKA, based mostly on information obtained
from NNDC, sometimes supplemented with other data and checked for consistency.

» The FLUKA simulation can proceed in two modes

1. Semi-analytical mode (“Activation study case”)

>  Prediction of residual nuclei by FLUKA models
»  Radioactive built-up and decay calculated for certain (arbitrary) irradiation pattern and fixed cooling time(s)
analytically (run-time) with an exact solution of the Bateman equation

sz, i = — . d — —|. ﬂd, Decay constant nuclide i->j
==X | A+ ajip V. + 2 A+ oije V. 0 Cross section for transmutation of nuclide i->j

0= I@(E)dE aﬂ.—':‘: éj@(E)O'(E)dE
2. Semi-analogue mode (pure Monte Carlo method)

»  Each radioactive nucleus is treated like all other unstable particles
»  times are sampled randomly from the correspondent exponential distribution, radiation and daughters also
randomly, all secondary particles/nuclei carry time stamp (“age”)

Stefan Roesler, CERN ARIA 2015 11



Radioactive decays — Overview (2)

Decay radiation

» Up to 4 different decay branching for each isotope/isomer

« All gamma lines down to 0.1-0.01% branching, including X-ray lines following conversion electron
emissions

» All beta emission spectra down to 0.1-0.01% branching, sampling of the 37/B* spectra includes
screening Coulomb corrections

« Auger and conversion electrons included

Isomers

* The production of metastable states is not yet simulated by the FLUKA nuclear models (it would
require spin/parity dependent calculations in evaporation).

« Thus, isomer production is based on a rough estimate: equal sharing among states

« Exception (New): isomer production by neutrons below 20 MeV (see next slide)

* Metastable states in the subsequent decay chain are always populated and decayed according to
the correct branching ratios.

Stefan Roesler, CERN ARIA 2015 12



Radioactive decays — Physics improvements

New

- Emission of a particles in radioactive decays, however no re-interactions considered in
analytical mode (“Activation study case”)

+  New masses/half-lives/decays/radiations database

Old database: last update many years ago (>15 years for masses, >3 years for levels, etc.). Since then,
significant amount of new data has become available

New database based on RIPL (Reference Input Parameter Library), using ENSDF to complete missing
information (e.g., EC/B* branchings) and solving numerous inconsistencies

Now available: increased precision on excess masses, additional isotopes (15%) and isomers (50%)

- Branchings for isomer production by neutrons below 20 MeV now based on JEFF activation
file and no longer on the assumption of equal sharing among the different states

- Special decay model for °C

Stefan Roesler, CERN
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Radioactive decays — Geometry features (1)

Contributions by different parts of the geometry
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Radioactive decays — Geometry features (2)

Effect of different shielding material
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Radioactive decays — Geometry features (3)

Permanent vs. temporary shielding
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Application — Large Hadron Collider

YA I
I
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Application — LHC long-term schedule

High
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Application — LHC present situation (1)

Comparison calculation vs. measurement for ATLAS

Courtesy: C.Urscheler et al.
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Point 5

R51/R52/R531

Application — LHC present situation (2)

Comparison calculation vs. measurement for CMS
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Application — LHC dose rate evolution (1)
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Application — LHC dose rate evolution (2)
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Application — LHC dose rate evolution (3)

Courtesy: I.Bergstrom and K. Zabrzycki
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(Future) application... — Future Circular Collider at 100TeV
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Distance along ring clockwise from CERN (km) http://indico.cern.ch/event/340703/
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Summary

* FLUKA continues to provide unique features for activation studies

* Recent improvements include

>
>
>
>

Extension of energy range at which detailed nuclear model (Peanut) is used

Use of evaluated isomer production cross sections for low-energy neutron reactions
(Re)interactions of light nuclei

Geometry modifications between simulation of activity production and decay

» The code is being used extensively for all radiological studies at the LHC

>

Best adapted: direct link to DPMJET-III, used since first days of design, very convenient
for residual dose rate assessments (one-step calculations!), extensively benchmarked,
well-known to authorities..

Comparison of FLUKA predictions with measurements for highly non-trivial setups (like an
LHC experiment) show remarkable agreement

Now applied to design the LHC Upgrade and predict evolution of radiological quantities for
the next two decades of LHC operation
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