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Figure 5. Configuration B: j, values in comparison with the L, values (image on the left), and , values in comparison with L, values
(image on the right): in red I:t%‘“l, inblue L, /4 of the primary, and in black the corresponding microdosimetric quantities /D
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Hadrontherapy Physics Lists used

HADRONTHERAPY _1

- standard_opt4
- G4DecayPhysics()
- G4RadioactiveDecayPhysics()

- G4lonBinaryCascadePhysics()

- G4EmExtraPhysics()

- G4HadronElasticPhysicsHP()

- G4StoppingPhysics()

- G4HadronPhysicsQGSP_BIC_HP()

- G4NeutronTrackingCut()

HADRONTHERAPY_2

- standard_opt4
- G4DecayPhysics()
- G4RadioactiveDecayPhysics()

- G4lonBinaryCascadePhysics()

- G4EmExtraPhysics()

- G4HadronElasticPhysics()

- G4StoppingPhysics()

- G4HadronPhysicsQGSP_BIC()

- G4NeutronTrackingCut()

HADRONTHERAPY_3

- standard_opt4

- G4DecayPhysics()

- G4RadioactiveDecayPhysics()

- G4lonElasticPhysics()

- G4lonPhysicsPHP()

- G4AEmExtraPhysics()

- G4HadronElasticPhysicsHP()

- G4StoppingPhysics()

- G4HadronPhysicsQGSP_BIC_AIIHP()

- G4NeutronTrackingCut()
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SEQUENCE OF TESTS:

LET_dose total was reproducing experimental data in version 10.6.2 with AlIHP
https://doi.org/10.1088/1361-6560/ac776f

We noticed LET_dose total with AlIHP totally changed in version 11.2.1. The problem does NOT involve:
- LET _dose of the primary (tested with He4)
- LET track total and of the primary

TENDL table (1.3.2in 10.6.2 and 1.4 in 11.2.0) were exchanged (used 1.3.2 with 11.2.1) but the problem
remained — the issue is not caused by the change in the TENDL data tables

Several hadrontherapy versions were compiled and run with their corresponding version of geant4 to identify
when the change started to show up:

- until version 11.1.3 of 10 Nov 2023 it was OK

- from version 11.2.0 of 08 Dec 2023 the problem started

Hadrontherpy downloaded from version 11.1.3 was compiled and run with geant4 version 11.2.0: the result is
NOT OK — the issue is not inside the example

Also the versions subsequent to 11.2.1 were tested to verify the issue was not solved in the newest releases:
- 11.2.2: the problem is still there
- 11.3.0.beta: the problem is still there

Hadrontherapy from 11.3.0.beta was compiled with geant4 11.3.0.beta and was run with another hadronic

physics model and the result was compatible with that one of versions from 11.1.3 and older and so OK
Serena Fattori LNS-INFN Catania - ltaly serena.fattori@Ins.infn.it
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LET_track: track-averaged Electronic Stopping Power:

- Li is the tabulated electronic stopping power at a given energy in the given medium, directly retrieved from Monte Carlo;
- li is the the track length of the particle in the given volume;

- The index i runs over the total number of steps N carried out by the particle in the volume considered;

- The index j runs over all the particles travelling in that volume, including the secondary ions

LET1rAcCK

220
2104 —— 0_hadrontherapyl1.3.0.beta_geant11.3.0.beta_le5.out 65 1 —— 0_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5.out
200 - 1_hadrontherapyll.2.2.beta_geant11.2.2_le5.out 1_hadrontherapyl1.2.2.beta_geant11.2.2_le5.out
190 4 2_hadrontherapy11.2.0_geant11.2.0_le5.out 60 1 2_hadrontherapy11.2.0_geant11.2.0_le5.out
180 1 3 hadrontherapy11.1.3_geant11.2.0_le5.out 3_hadrontherapy11.1.3_geant11.2.0_le5.out
170 4 — 4_hadrontherapy10.6.2_geant10.6.2_le5.out 95 = 4_hadrontherapy10.6.2_geant10.6.2_le5.out
1604~ 5_hadrontherapy11.0.0_geant11.0.0_le5.out 504~ 5_hadrontherapy11.0.0_geant11.0.0_le5.out
150 1 6_hadrontherapy11.1.0_geant11.1.0_le5.out 6_hadrontherapy11.1.0_geant11.1.0_le5.out
— 140 W= 7_hadrontherapyl11.1.3_geant11.1.3_le5.out 45 4 —— 7_hadrontherapyl11.1.3_geant11.1.3_le5.out
g 1301 — 8 _hadrontherapy11.2.1-Ale_geant11.1.3_le7.out E- —— 8 hadrontherapyl11.2.1-Ale_geant11.1.3_le7.out
§‘ 1204 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H1.out S 401 —— 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H1.out
g 110 —— 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H2.out % 55 —— 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H2.out
[— ¥ T
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As mentioned the issue does not affect the LET_track
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LET dose: dose-averaged Electronic Stopping Power: & is the eneray loss of the particle in the given volume

Another evident anomaly, beside the absolute value, is represented by the statistical fluctuations: all versions are run with

a 1075 histories and results are gxpected to be very noisy for LET_dose total, and so it is for versions before 11.2.0, while for

the subsequent versions (red, , and yellow curves) the fluctuations are unbelievably tiny, comparable with
statistics of the order of 1077 histories (run represented with blue curve)

LETpose

LETpr{mary[keV/lJm]

220
2101 —— 0_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5.out 115 9— 0_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5.out . i
200 1_hadrontherapyl1.2.2.beta_geant11.2.2_le5.out 1197 1_hadrontherapyl11.2.2.beta_geant11.2.2_le5.out A"H P Wlth
190 4 2_hadrontherapy11.2.0_geant11.2.0_le5.out 18(5) 2_hadrontherapy11.2.0_geant11.2.0_le5.out V >= 11 2 0
180 - 3_hadrontherapy11.1.3_geant11.2.0_le5.out o5 | 3 hadrontherapy11.1.3 geant11.2.0 le5.out e
170 4 — 4_hadrontherapy10.6.2_geant10.6.2_le5.out g0 I~ T 4_hadrontherapy10.6.2_geant10.6.2_le5.out
160 H— 5_hadrontherapy11.0.0_geant11.0.0_le5.out a5 — 5_hadrontherapy11.0.0_geant11.0.0_le5.out
150 - 6_hadrontherapy11.1.0_geant11.1.0_le5.out 80 1 6_hadrontherapy11.1.0_geant11.1.0_le5.out
404 — 7_hadrontherapyl11.1.3_geant11.1.3_le5.out 754 — 7_hadrontherapy11.1.3_geant11.1.3_le5.out
1301 — 8 hadrontherapy11.2.1-Ale_geant11.1.3_le7.out -E 704 — 8 hadrontherapy11.2.1-Ale_geant11.1.3_le7.out V > 11 2 0
1201~ 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5 H1.out I el 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5 H1.out . e
] 1 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H2.out % 604 1— 9_hadrontherapy11.3.0.beta_geant11.3.0.beta_le5_H2.out leferent
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Summary (before CM in Catania)

£ data

7 g4dev

£ GAMED

[ geant4-v10.6.2-version @
5 geant4-v11.0.0-version @
) geant4-v11.1.0-version <]
9 geant4-v11.1.3-version s}
[ geant4-v11.2.0-version @
7 geant4-v11.2.0.beta-version

) geant4-v11.2.1-version

[ geant4-v11.2....ersion-Hoang
[ geant4-v11.3.0.beta-version

= Installazione_...rocessore.txt
= Installazione_...ant4.11.2.1.txt
[ simulazioni_mie

B1-example

chem3-example
chem6-example
dnadamage1-example
hadrontherapy-example
hadrontherapy-G4Med-example
moleculardna-example
radiobiology-example
RE03-example

gppoEREDEE®

scavenger-example
£ TEST-Alessandro @
£ UHDR-example

Vladimir suggestion: disentangle lonPhysicsPHP from AlIHP

[ Files-Serena

7 hadrontherapy-10.6.2

£ hadrontherapy-10.6.2-build-10.6.2

2 hadrontherapy-11.0.0

£ hadrontherapy-11.0.0-build-11.0.0

) hadrontherapy-11.1.0

£ hadrontherapy-11.1.0-build-11.1.0

2 hadrontherapy-11.1.3

[ hadrontherapy-11.1.3-build-11.1.3

) hadrontherapy-11.1.3-build-11.2.0

£ hadrontherapy-11.2.0

2 hadrontherapy-11.2.0-build-11.2.0

£ hadrontherapy-11.3.0.beta

£ hadrontherapy-11.3.0.beta-build-11.3.0.beta

£ hadrontherapy-Alessandro

£ hadrontherapy-Alessandro-build-11.1.3

£ hadrontherapy-G4Med_v20240214

) hadrontherapy-G4Med_v20240214-build-11.1.0
history.out

[ radiobiology_11.2.1

£ radiobiology_11.2.1-build-11.2.1

7 scavenger-11.1.0

&

scavenger-11.1.0-build

batch.mac ] HADRONTHERAPY_1

clean.sh ) HADRONTHERAPY_2
= hadronthera...ut_0000.pdf
= hadronthera...ut_0001.png

cmake_install.cmake
. CMakeCache.txt
£ CMakeFiles

£ data = hadronthera...ut_0002.png

£ field

M hadrontherapy

£ macro

_ Makefile

2 Modulators

£ ouTPuT >

- G4lonElasticPhysics()

- G4lonPhysicsPHP()

- G4HadronPhysicsQGSP_BIC_AIIHP()

Serena Fattori LNS-INFN Catania - ltaly serena.fattori@Ins.infn.it
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/] SF
else if (name == "HADRONTHERAPY_3") {
// HP models are switched ON
AddPhysicsList("standard_opt4");
hadronPhys.push_back( new G4DecayPhysics());
hadronPhys.push_back( new G4RadioactiveDecayPhysics());

// ION PHYSIC

hadronPhys.push_back(new G4IonElasticPhysics()); /] <—————
hadronPhys.push_back( new [64IonPhysicsPHP()); AR ——

1/

hadronPhys.push_back( new G4EmExtraPhysics());
hadronPhys.push_back( new G4HadronElasticPhysicsHP());
hadronPhys.push_back( new G4StoppingPhysics());

hadronPhys.push_back( new |GAHadronPhysichGSP_BIC_AllHP( )) 1//< *********

hadronPhys.push_back( new G&4NeutronTrackingCut());

G4cout << "HADRONTHERAPY_3 PHYSICS LIST has been activated" << Gé4endl;

Check for HP of protons and ions

else if (name == "HADRONTHERAPY_4") {
// HP models are switched ON
AddPhysicsList("standard_opt4");
hadronPhys.push_back( new G4DecayPhysics());
hadronPhys.push_back( new G4RadioactiveDecayPhysics());

hadronPhys.push_back( new |G4IonBinaryCascadePhysics()); /] <==mmmmm

hadronPhys.push_back( new G4EmExtraPhysics());
hadronPhys.push_back( new G4HadronElasticPhysicsHP());
hadronPhys.push_back( new G4StoppingPhysics());

hadronPhys.push_back( new [64HadronPhysicsQGSP_BIC_A11HP())] //<—————————

hadronPhys.push_back( new G4NeutronTrackingCut());

G4cout << "HADRONTHERAPY_4 PHYSICS LIST has been activated" << Gé4endl;

else if (name == "HADRONTHERAPY_5") {
// HP models are switched ON
AddPhysicsList("standard_opt4");
hadronPhys.push_back( new G4DecayPhysics());
hadronPhys.push_back( new G4RadioactiveDecayPhysics());

// ION PHYSIC
hadronPhys.push_back(new G4IonElasticPhysics());
hadronPhys.push_back( new|G4IonPhysicsPHP());

!/

hadronPhys.push_back( new G4EmExtraPhysics());
hadronPhys.push_back( new G4HadronElasticPhysicsHP());
hadronPhys.push_back( new G4StoppingPhysics());

hadronPhys.push_back( new (4HadronPhysicsQGSP_BIC_HP()); VA

hadronPhys.push_back( new G&4NeutronTrackingCut()]);

G4cout << "HADRONTHERAPY_5 PHYSICS LIST has been activated" << G4endl;

110 1 — 1_hadrontherapy11.2.0 geant11.2.0_le5 H3.out
105 - 2_hadrontherapy11.2.0_geant11.2.0_1le5 H5.out
100 1 —— 3_hadrontherapy11.2.0_geant11.2.0_1le5_H4.out
95 + —— 4 _hadrontherapy10.6.2_geant10.6.2_le5.out
90 -
85 -1
80 1
75 A
70 1
65 1
60 1
55 1 14
50 1
45
404 10
35 8
30 1 I 7 f
251 /
20
15 4
10 1
54
0 4
=5 T T : T T . .
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depth [mm]
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1.

Additional Tests suggested from Alberto e Vladimir:

There is a change concerning the EM ionization of ions
(replacing _G4lonParametrisedLossModel  with _G4LindhardSorensenlonModel )
which occurred between G4 11.1 and 11.2, which would be worth to check:
In G4EmStandardPhysics_option4 — G4EmStandardPhysics option4::ConstructProcess()
// generic ion_
_ patrticle = G4Genericlon::Genericlon();_
_ G4ionlonisation™ ionloni = new G4ionlonisation(); _
____//_ionloni->SetEmModel(new _ G4LindhardSorensenlonModel() ) /1 11.2._

— (new __ G4lonParametrisedLossModel() ) // 11.1.

In the current ParticleHP code in several places there is a check if energy below 20 MeV.
This may mean that there is no nuclear fragmentation for alpha particles between 20 and 200 MeV.
The cross section exists but no final state is produced.

Edit G4lonPhysicsPHP.cc lines 99, 100:

const G4double maxPHP = 200.0*MeV — 20.0*MeV

const G4double overlapPHP_BIC = 10.0*MeV — 2.0*MeV

Serena Fattori LNS-INFN Catania - ltaly serena.fattori@Ins.infn.it
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1.

Results of those additional Tests:

| have found that:

- version 11.0.0 uses G4lonParametrisedLossModel

- version 11.2.0 uses G4LindhardSorensenlonModel

- BUT versions 11.1.0 --> 11.1.3 already use G4LindhardSorensenlonModel
And since by compiling the hadrontherapy example with 11.1.0 and 11.1.3 | did not encounter the
issue, | think the G4LindhardSorensenlonModel is not causing the problem.

110 { — 1_hadrontherapy11.2.0_geant11.2.0_le5_H3.out

| tried the suggested change in G4lonPhysicsPHP.cc lines 99, 100:
const G4double maxPHP = 200.0*MeV — 20.0*MeV ol e e
const G4double overlapPHP_BIC = 10.0*MeV — 2.0*MeV | i s
and recompiled Geant4.

Unfortunately, the change did not impact the result

LETror[keV/um]
v
vl

i.e. it did not solve the issue :( s
Just to remember: in this LET curve it is considered: g
- a wrong result when this curve is low at the entrance, i.e. 5 keV/um, and no noisy ;
- a high, 10 keV/um, noisy curve at the entrance is OK R ’ T el » 0

12
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@Today:

Discussing with Alberto and Vladimir, to who | sent a file of the std output of this last simulation, they noticed

plenty of warnings about duplication of the Decay process, such as:

WelWwW G4Exception-START WelWwW
*%* G4Exception : Run@11l
issued by : G4PhysicsListHelper::RegisterProcess
Duplication of processes
*+k This is just a warning message. *k*

Wl G4Except ion-END Whib And they are wondering if | have seen similar
G4PhysicsListHelper::RegisterProcess :Decay for xi(2030)@ with type/ Warnlngs also for G4 1113’
subtype =6/201 1is has same subType as Decay for xi(2030)0 i.e. when the results are good and
It will not be added !!
reasonable:
WelWW G4E tion-START WelWwW
T I e GiException CHECK THE LOG FILE IN THIS CASE

issued by : G4PhysicsListHelper::RegisterProcess
Duplication of processes
*** This is just a warning message. #kk
WiiWW G4Exception-END WeilWW

G4PhysicsListHelper::RegisterProcess :Decay for xi- with type/subtype
=6/201 1is has same subType as Decay for xi-
It will not be added !!

Are you using the hydrotherapy example "out-of-the-box", or do you use something slightly different?
If we compile hadrontherapy advance example using the current master G4 and run the default macro hadrontherapy.in will it work
out of the box or we need to add extra environment variables an do other manipulations?

What macro give a problem, what macro (if exist) work properly?

And also about “full analysis”

13
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@Today:

Discussing with Alberto and Vladimir, to who | sent a file of the std output of this last simulation, they noticed
plenty of warnings about duplication of the Decay process, such as:

UNDER CONSTRUCTION

Serena Fattori LNS-INFN Catania - ltaly serena.fattori@Ins.infn.it
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@ I Od ay else if (name == "HADRONTHERAPY_5") {

// HP models are switched ON
AddPhysicsList("standard_opt4");

Ok it is true: the example is the one released BUT with these additions: . . HitFarphyS. BushibAck( inew CADEGLYPRYSTES ()T

In the HadrontherapyPhySICSLISt Class must be added the PhySICS List “cocktail” — hadronPhys.push_back( new G4RadioactiveDecayPhysics());

That produces the issue
// ION PHYSIC
hadronPhys.push_back(new| G4IonElasticPhysics()); l] =
hadronPhys.push_back( neW G&IonPhySicsSPHP() )] /] <mm—mmmm——

1/

hadronPhys.push_back( new G4EmExtraPhysics());

hadronPhys.push_back( new G4HadronElasticPhysicsHP());
hadronPhys.push_back( new G4StoppingPhysics());

hadronPhys.push_back( new B4HadronPhysicsQGSP_BIC_HP()); /] <==mmmm—m
hadronPhys.push_back( new G&4NeutronTrackingCut());

G4cout << "HADRONTHERAPY_5 PHYSICS LIST has been activated" << G4endl; }

2. The macro to be use is “carbon_beamline.mac”.
To reproduce the issue: /Physics/addPhysics HADRONTHERAPY_1 — /Physics/addPhysics
Macro working properly: the same one with /Physics/addPhysics HADRONTHERAPY_1

Additional information about this macro:

- In the released version it shoots by default carbon ions:
/gpsl/ion 6 12 6
/gps/ene/mono 744 MeV
/gps/ene/sigma 0.740 MeV

- In my study | was using He4:
/gpslion 24 2
/gps/ene/mono 247.7 MeV
/gps/ene/sigma 0.248 MeV

Moreover:
- | have just noticed comparing the release macro and mine, that in the released one there is, in addition, this command:

# Set a very high time threshold to allow all decays to happen
/process/had/rdm/thresholdForVerylLongDecayTime 1.0e+60 year

- In my macro | added the commands to produce the LET output:
/analysis/secondary true
/analysis/computeLet

Serena Fattori LNS-INFN Catania - ltaly serena.fattori@Ins.infn.it
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@Today:

About “full analysis”: not really necessary. It is quite simple to spot the issue by looking at the LDT column, first ~100 rows, in the Let.out file

i

i k
triton_D
alpha_T
Li8_D
Be9_T
B12_D
C12_T
N13_D
N17_T
018_D
F19_T

o 0
4.59521
116.472
o 0
565.283
624 .45
505.15

68.8212
178.194
o o
533.426
676.68
867.87
o 0
e 0
28.8875
0 o

LDT LTT proton_D
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