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Table 1.  Comparison of low-energy electromagnetic models in Geant4.
RERLZ R Standard Low Energy EM Livermore Penelope MicroElec
kAL T g 1 keV 250 eV #ltev 2450 eV #yJLeV
PRI A LA AT LA AT LA AT L AL 2R
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Table 2.  Energy ranges implemented for interactions in the Geant4 MicroElec module.

P HITEIEH B4R Geant 4 it 1
Electron Elastic scattering G4 MicroElecElasticModel new 1.1 eV—0.5 MeV
Electron Tonisation G4 MicroElecIneasticModel _new 1.1 eV—0.01 MeV

Proton, ions Tonisation G4 MicroElecIneasticModel _new 100 eV/u—10 MeV /u
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Fig. 1. Schematic of the geometric model for simulation.
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Fig. 2. Simulation of SEE from a 100 nm carbon foil bom-
barded vertically by a 5 MeV /u carbon ion.
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Fig. 3. Spatial distribution of secondary electrons (SEs) emitted from the surfaces: (a) Forward direction; (b) backward direction.
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Fig. 4. Energy spectrum distribution of low-energy (E < 50 eV) SEs: (a) Forward direction; (b) backward direction.
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Fig. 5. Full energy spectrum distribution of SEs: (a) Forward direction; (b) backward direction.
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Fig. 6. Polar-angle-differential yield distribution of SEs: (a) Forward direction; (b) backward direction.
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Fig. 7. (a) SEY and (b) proportion of high-energy SEs as a function of foil thickness.

G TR LA A, LRI A Gk B e R
10000 >, JEFEEEE & 100 nm. 7] WL, {RAER 7
Y KB, P EE R (T Enay ) LT IOHER
WA, Sk [22] FIFHIZBHI AT 10 eV—10 keV
HLFTEZ R RN B SR, X 11 keV LT,
HY B B v A oK L

106

10°

104

10°

Count

102

10t

100
0 5000 10000 15000

Primary SE energy/eV

€l 8 5 MeV /u fif B 7E i M5 o 7= A B W) 1R IR R ¥ R i
Pt
Fig. 8. Energy distribution of primary SEs generated by a

5 MeV /u carbon ion in the carbon foil.
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(a) Forward direction; (b) backward direction.
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%3 R TERIh R

FOAPARAEC.

3R T XFREE VBN CHB IS R,
FEWA R T LET {5 . SRIM 155 ik 77 i b1
B AR L MicroElec 5 SRIM 43 51155 1 fig i
PO R H A, T 100 nm 595 BE 76/ T 5 e
K% 3 1 SRIM i+ RE R DU LET {5 55
BTG R, M7E Geantd 1, i ik T At
WA S 1) e 25 AR B AR R TR

1% 3 AT UL, B 5 5 A2 F i 5004 o % it o
fit, MicroElec 55 SRIM AR 2 RE R IIA 2= 7 2
B, JLh 1 MeV /u B Bi & Ficoh 3 (22
2y 23%). 54 (1) R0, %2R FERTHAEF
KT AR ) SR LAy TSR Ry R A B S B
YR G B 25 5, AR5 LT 2 B UERY SRIM 72 7
REE VTR L1, XT MicroElec flk H TR
TREFPRET TIBIE. B IE S R
H5EF LET E/ R A 10 fin. il aix
M 511, %45 R 5 Rothard 25 23 SCBGA5 3] (0041
TEHEL) 30% 5%,

DURAIBAUZE AT LY (d = 100 nm)

Table 3.  Comparison of simulated energy deposition for various ions in carbon foil (d = 100 nm).
HFHSE R/ (MeVu?)  LET/(keV-emiug?) B4R /um ﬁblél«c?igg}iv S{%&iﬁ% (Micrcligl%c/ /O/QRIM)
1 0.230 12.37 5.00 5.18 96.4
H 5 0.0711 179.21 1.58 1.60 98.5
9 0.0447 503.57 1.02 1.00 101.6
1 0.942 13.34 19.08 21.19 90.1
He 5 0.285 179.34 6.17 6.41 96.1
9 0.179 503.84 3.96 4.02 98.5
1 6.00 8.42 121.59 135.00 90.1
C 5 2.51 68.60 53.00 56.41 94.0
9 1.57 178.97 35.59 35.42 100.5
1 25.5 9.02 479.60 574.65 83.5
Ar 5 16.1 44.93 345.77 362.25 95.5
9 11.9 97.02 266.70 267.08 99.9
1 50.1 11.54 932.76 1127.25 82.7
Kr 5 45.1 42.25 901.96 1013.85 89.0
9 37.5 78.66 784.13 842.63 93.1
1 97.7 15.63 1690.70 2198.25 76.9
Bi 5 116 47.92 2254.60 2619.00 86.1
9 106 81.34 2234.30 2380.50 93.9
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Fig. 10. Total SEY from a 100 nm carbon foil as a function
of ion LET.
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Fig. 11. (a) SEY and (b) proportion of high-energy electrons as a function of incident angle.
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Abstract

Secondary electron emission (SEE) is a fundamental surface phenomenon, but its accurate experimental

characterization remains challenging due to high sensitivity to surface conditions and environmental factors.

This study utilizes the Monte Carlo simulation method to investigate the SEE process induced by medium- and

low-energy heavy ions incident on thin foils, aiming to provide theoretical guidance for the design and

application of SEE-based beam diagnostic detectors in accelerator facilities. Taking the thin foil detector for the

Xi’an 200 MeV Proton Application Facility (XiPAF) as the application background, we utilize the recently

extended MicroElec module of Geant4d to quantitatively study the secondary electron yield (SEY), energy

spectra, and angular distributions from carbon foils bombarded by heavy ions in the energy range of 1-

10 MeV /u. The relationships between SEY and foil thickness, linear energy transfer (LET), and incident angle

are systematically explored. Key findings are as follows:
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1) The evolution of forward and backward SEY with foil thickness, as well as their asymmetry, is
dominated by & electron transport. Specifically, forward SEY increases rapidly with thickness up to ~600 nm
and then saturates, while backward SEY saturates at a smaller thickness (~300 nm), consistent with the
different escape depths of § electrons.

2) For a 100 nm carbon foil, the total SEY exhibits an approximately linear dependence on the incident
ion’s LET over three orders of magnitude (0.1-100 keV-cm?pg!). After normalizing the simulated yields with
SRIM- calculated energy deposition, the fitted SEY- LET coefficient deviates by less than 30% from the
experimental data compiled by Rothard et al., which is well within the reported experimental uncertainty
(a factor of two).

3) With increasing incident angle, both forward and backward SEY increase monotonically, but their
sensitivities differ: power-law fitting yields f = 0.95 for forward emission and f = 1.12 for backward emission in
v (¢) =~ (0) (cos )~ . This disparity originates from the forward-peaked angular distribution of é-electrons and
their asymmetric transport in the foil, corroborated by the depth distribution of emitted-electron track vertices.

The simulated electron energy spectra and angular distributions agree well with theoretical expectations.
The energy deposition calculated by MicroElec shows a deviation from SRIM results (up to 23% for low-energy
heavy ions), which is attributed primarily to the different effective-charge models adopted by the two codes.

This study demonstrates that the Geant4-MicroElec module is an effective tool for simulating heavy-ion-
induced SEE in the medium- and low-energy regime. The systematic data and physical insights obtained here
provide valuable references for the design of thin-foil detectors, particularly for online monitoring of low-energy

heavy-ion beams.
Keywords: secondary electron emission, heavy ions, thin foil, Monte Carlo simulation
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