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PENELOPE (version 2003)

FORTRAN 77 subroutine package

MC simulation of coupled e*/gtransport

Energy range between 100 eV and 1 GeV

Arbitrary material systems (elements, compounds)
Tracking:

detailed simulation of ginteractions
mixed (class Il) simulation of e* interactions



ginteractions

Fluorescencx

Rayleigh scattering Photoelectric absorption

Compton scattering Pair production




Limitations

No photonuclear interactions

Photon polarization is neglected

Anomalous Rayleigh dispersion not included
Triplet production simulated as pair production



e® interactions
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Inelastic scattering of e*
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Inelastic cross section
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G5} (E) (barn)

Inner-shell ionization by e*impact
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Bremsstrahlung emission






Atomic relaxation

lonization of outer shells (M, N, ...):
secondary e-
no fluorescent radiation

lonization of inner shells (K, L1, L2, L3):
secondary e~
fluorescent radiation (x rays, Auger e~)



Mixed simulation algorithm

Hard collisions : g>q ., W >W,
Soft events : g<q ., W <W,

In a step of length - we have

and




Random-hinge method

*Multiple-scattering moments are accurately reproduced

sEasy to implement for the MW DCS

sInterface crossing poses no difficulty

*The energy dependence of S and W,? is easily implemented

*Variation of the hard mfp with energy is accounted for by
fictitious “dinteractions” (defining s,.,)

sAngular deflections in soft inelastic events are incorporated



Auxiliary tools

* Geometry package PENGEOM
« Geometry viewers
e Variance-reduction technigues

e Simulation In static Eand § flelds
e Program SHOWER



Benchmark simulations
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Backscattering coefficients

electrons




Transmission coefficients
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Bremsstrahlung photon energy distrib. /




X-ray microanalysis (EPMA)




Effect of the Bremsstrahlung emission model on EPMA spectra



X-ray Kk ratios




New features in PENELOPE 2005

Training course, sponsored by NEA
Barcelona, 4-7 July 2005



Physics models

e Partial-wave elastic DCSs

e Improved inner-shell ionization model
 M-shell ionization & relaxation

e Energy range extended down to 50 eV



Electron elastic scattering cross sections

Static-field approximation (partial-wave analysis; EL SEPA code)

Interaction potential: The projectile “feels” the electrostatic potential of
the target

Nucleus: Fermi charge distribution

Electron cloud: Self-consistent Dirac-Fock density (numerical)



Electron exchange effects:

The projectile electron is indistinguishable from the target electrons
(the global wave function must be antisymmetric)
Exchange scattering

Important only for low energies, |EEGN

Static-exchange approximation:

Local approximation to the exchange interaction (Furness & McCarthy)

for electrons
for positrons

Reliable results for energies larger than a few keV




Calculation of the DCS

Scattering amplitudes: direct and spin-flip

Radial Dirac equations:

Boundary conditions: P, (0)=0, Q:/(0)=0

Asymptotic behaviour: _




Elastic DCSs in Si and Pt

—— Partial-wave
- — - Screened Rutherford



Elastic and transport mean free paths in Si and Pt

—— Partial-wave
- — - Screened Rutherford



Effect of the elastic DCS model on EPMA spectra



Code structure & operation

e Main program PENVAI N
e Improvements in PENGEOM



Structure of the input file of PENVAI N

I
TI TLE

SKPAR

SENERG
SPECTR
SPOSI T
SDI REC
SAPERT

| PSFN
| PSPLI
EPMAX

NVAT
SI MPAR
PFNAME

GEOVFN
DSMAX

| FORCE

N

T T~ . P SUTTTIY TUUAUEUE JUUSVEN - TAUER SO ¢ T
Title of the job, up to 65 characters.

>>>>>>>> Source definition.

KPARP [Primary particles: 1=el ectron, 2=photon, 3=positron
SEO [Initial energy (nobnoenergetic sources only)]
Ei , Pi [E bin: lower-end and total probability]
SX0, SYO0, SZ0 [ Coordi nates of the source
STHETA, SPHI [ Beam axi s direction angles, in deg
SALPHA [ Beam aperture, in deg

>>>>>>>> | nput phase-space file (psf).

psf _fil enane. ext [ nput psf nanme, 20 characters]
NSPLI T [ Splitting nunber]
EPMAX [ Maxi num energy of particles in the psf]

>>>>>>>> Material data and sinulation paraneters.

NVAT [ Nunmber of different materials, .le.10]
MEABS(1:3,M,Cl, C2, WCC, WCR [Sim paraneters for material M
mat _fil enanme. ext [ Material definition file, 20 chars]
>>>>>>>> Geonetry definition file.

geo _fil enane. ext [ Geonetry definition file, 20 chars]
| BODY, DSMVAX( | BODY) [I B, maxi mum step length (cm in body | Bj

>>>>>>>> | nteraction forcing.
KB, KPAR, | COL, FMFPR, WLOW VWHI G

3.

[I nteraction forcing]

T S T .6.. ..

N +. ... +. .. +. ...



NBE
NBTH
NBPH

| MPDET

| DPS

| DSPC
| DBODY K
| DKPAR

ENDDET
EDSPC
EDBODY

GRI DX
GRl DY
GRI DZ
GRI DBN

RESUVE
DUMPTO
DUMPP

NSI MsH
RSEED

T ME

F

s

N T T T O R S ETTUTTE - TR, R ¢ PR

' >>>>>>>> Enmerging particles. Energy and angul ar distributions.

EM N, EMAX, NBE [E-interval and no. of energy bins]
NBTH [No. of bins for the polar angle THETA]
NBPH [ No. of bins for the azinmuthal angle PHI]

>>>>>>>> | npact detectors (up to 5 different detectors).
EDI L, EDI U, NCHI , | PSF [ Energy w ndow, no. of channels and | PSF]

pn1psf |npdet #. dat [CUtput psf file nane, 20 chars]
pn1spc i npdet _#. dat [ Qut put spectrumfile nanme, 20 chars]
[ Active body; one line for each body]
KPAR [Kind of detected particles, one |line each]
>>>>>>>> Energy-deposition detectors (up to 5).
EDEL, EDEU, NCHE [ Ener gy wi ndow and nunber of channel s]
pm spc_enddet #. dat [ Qut put spectrumfile nane, 20 chars]
KB [ Active body; one line for each body]
>>>>>>>> Dose distribution.
XL, XU [ X coordi nates of the enclosure vertices]
YL, YU [ Y coordi nates of the enclosure vertices]
ZL, ZU [ Z coordi nates of the enclosure vertices]
NX, NY, NZ [ Nunbers of bins]
>>>>>>>> Job properties
pm dunpfil e_1. dat [ Resunme fromthis dunp file, 20 chars]
pm dunpfil e_2. dat [ Generate this dunp file, 20 chars]
DUMPP [ Dunpi ng period, in sec]
NTOT [ Desi red nunber of simulated showers, max=2**31-1
| SEED1, | SEED2 [ Seeds of the random nunber generat or]
| TI ME [Allotted sinulation tine, in sec

R T T B o N ST TTITE - TR, R ¢ PR



New geometry definition options in PENGEOM

INCLUDE ° inserts an existing geometry definition file
(useful to split a long geometry definition file into smaller pieces)

P%gg%%goo000OOOOOOO0000OOOOOOOO0000OOOOOOOOOOOOOOOOOOOOOOOOOOOOO
FI LE= filenane. ext)
0000000000000000000000000000000000000000000000000000000000000000

CLONE ° copies one module and moves it
(very useful to define repetitive structures)

0000000000000000000000000000000000000000000000000000000000000000
CLONE yyy copi es one nodul e and noves it

MODUL E XXX
1111111111111112211111122121111221111112221111112211111121111111112

OVEGA=( +0. 000000000000000E+00, 0) DEG DEFAULT=0. O
THETA=( +0. 000000000000000E+00, 0) DEG DEFAULT=0. O
PHI =( +0. 000000000000000E+00, 0) RAD DEFAULT=0. O

X- SHI FT=( +0. 000000000000000E+00, O DEFAULT=0. O
Y- SHI FT=(+0. 000000000000000E+00, O DEFAULT=0. O
Z- SH FT=(+0. 000000000000000E+00, O DEFAULT=0. O

0000000000000000000000000000000000000000000000000000000000000000

GVI EW2D can now visualize materials or bodies



GVIEWS3D: sat ur ne3




Ongoing work...



Electron Inelastic cross sections

—— Optical-data model
- - - PENELOPE



—— Optical-data model
- - - PENELOPE

- = Bethe formula



Electron impact ionization cross sections

—— DWBA
- —- PWBA

--—- BEB



—— DWBA
- - - PWBA

--— BEB






