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Abstract: The helium (He) implanted by the solar wind serves as a critical carrier for recording the solar wind
evolution and is also a key resource for the future nuclear fusion energy. However, because the retention
capacity of helium is controlled by the difusion beheavior of helium within the crystal lattice, there are
pronounced differences in the retention capacity of helium among different mineral phases in lunar regolith.
Currently, the lack of quantitative microscopic parameters for the diffusion mechanism and isotope
fractionation of helium in lunar silicates has limited the quantitative researches on the solar wind signals and
the assessment of lunar helium resources. By taking o-quartz (tectosilicate) and forsterite (nesosilicate) as
representative structural endmembers, and using the first-principles calculation method, we conducted a
systematic investigation of the stable interstitial sites, diffusion pathways, migration energy barriers, and kinetic
isotope fractionation effect of helium, and revealed the control mechanism of crystal structure on the helium
diffusion. Our results demonstrate that a-quartz has low diffusion energy barrier varying from 0.147 eV to
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0.396 eV, high diffusion coefficient and weak anisotropy, whereas forsterite has high diffusion energy barrier
varying from 1.43 eV to 1.86 eV, low diffusion coefficient, and significant anisotropy. The diffusion of helium
is accompanied by the significant kinetic isotope fractionation of helium. The isotope fractionation effect of the
diffusional helium in forsterite is strongly temperature-dependent, while that of the diffusional helium in
a-quartz is dominated by the diffusion channel structure and is relatively insensitive to temperature. This study
provides fundamental microscopic constraints for evaluating helium resources in lunar regolith, interpreting
solar wind isotope records and supporting the in-situ extraction of lunar *He.
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10~12 5. EX—BLEBI N EERERAT P38 0 ZUA7 77 30 2% 76 [R) 5 v [l 1 A BH XUCR 5 & 1T
RN, TEARER SRR R S TE RO K R 2. TR AR S A A B8, IR SN R
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2007) :

D = afd’r 2
A, IR 5T BRI, o R T HUAEEUW JURTE 7 f R Rl e S kR 2 [A) AH DA PR A ¢
FH (Leclaire, 1956) ; d 24 BUR F MAIAS BRI 2R HBRER IR B9 o % T 3248 g v iR TRI B AT B,
T FUIE B R B SO 2 AR K FEM O, BP f=1. 72— fUEN T, JUTHET a=1/2, R
ARIR T HAEMR WA TR ERE, SO SR BT Ay
D =—d*r 3)

1.1.2 Bz 82 ¥R R WEAN (Diffusive Isotope Effect, DIE) o] HH A%



S5RFEMET BRI (DYD) F£on. EHB-BAMGBIEUT, ARFEAL R KB A58 A .
DRI, 47 BRI 7 26008 SR R 2 i) S I A 2 IR iR 2 R g 22, TR T S IR RE 22 e .

EARKRHIAET, AMRERARZREBFRTHE K, AR TR SRR T,
HARSIE 780N 5.3 . 154011 Vineyard (1957) i1 Leclaire (1956) RS %A I T i i ol,
R T O R A S A L M E ARSI T RS R R I H RAREIA S Py o
P, JRIIRAED KRN3R o WA R, X — Bl n] fg P U R

PRIk, ASHFSUSRA Li%s (2022) %67 Wert 71 ZBHGE (1949) . Vineyard (1957) 7EFRiSH:A L
SRR R 20 Z A IE AR R BB T, 58 T HIE 5 A e IR E)
i, oy

3N e—ui/z

r=p* mi:l?_./uzi)” e~AEelec/kpT o—PAV/kpT (4)
(H?ﬁ’lf_eiui)ls

A, v R IE VR AR T RSN B wy e B IR R IR (y; =%) ; N2k
AWEFEG TS A1IS 3 FR/RiLIEA (Transition State) 542 (Initial State) X N FIHRE SN AL 53 bR
I AEee AL WS EVISZ M ETREZE, XN T #EE2; kgal/R%E2HE; AVETHT
T b A BB A S R AR AR 2 R

H, BEMEY AR (D*/D) 5E., RRAMEFENL (m*/m) @iy #E AR 51
1 (B KBk:

—ul/2 —u;
3N € 3 1-e L
m B _ D* _ r _ pE (Hz=1e_ui/21_e_u;)TS
—_— == T = — (5)

Ui

vE —u’Lf/Z -
M=, s
TERBTMITH AT, TR R TEIE38EE (0 GPa) , JEIE LA 2% (e PAV/keT)
R, AFEFRMREASEMENE TRES. Fik, JEFEARMEAET (f) EehE, 8H

fr 2R R Bh 22 57 otk

1.2 %

W S5 R R IET Materials Project 5 /E . o-A I @ T =R, A0 Sio,, BEAHMTF
PEXTI R AR CR AR P3121 A P3221) , fE&RARY E5E4T (Page & Donnay, 1976) . AR
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1.3 HERHERSHINE

KT A Be S 5 152 )RR T % B2 B i2 (Density Functional Theory, DFT) ,
K B = 5 — SR B A R %S (Atomic-orbital Based Ab-initio Computation at USTC,
ABACUS) 5/ (Lietal., 2016; Lin etal., 2024) . § &4 % &A1 Hfid ABACUS-ASE
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KRR R O 70 s, ot BBk K 4 BRI 2R 2018 AR B R ] 2 o R T RS 4
SR BEAH B AE M SR T SRR B JE L ( Generalized Gradient Approximation , GGA ) K [
Perdew-BUlke- BIEEIE (PBE> 75 (Perdew et al., 1996) . HL¥W i 50U FH B {8 )5 T 5hié
(Numerical Atomic Orbital, NAO) JE4 g, Al H EH LILH S H35k B ABACUS B bR
HEE . KIuRMBEFHESHN: He 1s2 Q2 MrET) « O 252p* (6 MIHF)  Si 3s23p* (4
M)« Mg3s2 2 MYET) .

FETHE A, S AP A% RE AT 100 Ry, i HLK X R A 3x3%3 [¥] Monkhorst-Pack k i/
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AR T 152 578 /N F 0.1 eVinm, gL 1840/ T 0.5 GPa. A 5048 F 1) 6 -5 52 1 sloha
#2250 R RIGTHE RS, (RIE T PR30 45 I (0 B B Fa e M (Wang et al., 2015; Lin et al.,
2016) .
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L VLA T A AT EARN SIS SEL IS5 ORI — MR 545 R S ie il & Hs gt 47
TR . SIS, o-A RS HEECN a=b=0.500 nm, ¢=0.552 nm; BERUNA IR kg B 2y
a=0.481 nm, b=1.035 nm, ¢=0.607 nm. A TAEMTHHE R EGHT A AEA RIFMH—31E, %Mk
SHIN BRI ZE N T 2%, RWFTRA TR I AR S 505 B G805 R B R 411 b R 2
.

R1 ARSHEESASBSERESHIALGRIER
Table 1 The lattice parameters of a-quartz and forsterite and comparison with experimental and theoretical
results of literatures

S5 ZH EN T DFT DM PR

N \ 0.121 0.113
a-fr 5% V (nm”) 0.120 (Lin et al., (Levien et al.,

a (nm) 0.500 0.503 0.492

¢ (nm) 0.552 0.553 0.541

o s 0.299 0.289
R V(nm) 0302 (Lora et al., (Fujino et al.,

a (nm) 0.481 0.480 0.475

b (nm) 1.035 1.030 1.019

¢ (nm) 0.607 0.604 0.598

o1 JE AR B Si04 DU T4 I8 I 36 FH U5 e 4z, TR PRSI /S Je R IR 454 (B 1a)
AN FEAI G R B AE 5t 55 PSR R — A2 I RIBE A 2L (B 10D, M BRIERAE N 0.53 eV, FRE )
He J5 ¥ SR THRESAS 03 By, S0 OorfiE, S0 BE i 2 mrEEL N 24 A, X
— g5 O MR B FE — 2 (Liwetal.,, 2021 .
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Fig.1 (a) Typical Si-O six-membered ring in a-quartz; (b) the most stable interstitial He site within the Si-O ring of
a-quartz; (c) the most stable interstitial sites of He in a-quartz
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Fig.2 Schematic diagram of the most stable interstitial sites of He atoms in forsterite
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Table 2 Formation energies of single He interstitials in 0-quartz and forsterite (eV) and they are compared with
previou literiture results

AR eV A ST EIPNCiF
052053
R 0.53
NES (Tin et al, 2016)
A 1.00
BEHA 1.02

(Lora et al., 2024)

22 R BB R R RS

fEo-F e, Helf F1E 2 Ak M BRARE S AT BORESEN0.53 eV, FREFIXLL 5 7 7F 5 4 2
RIS . DX SeHe S5 AR e (] B AU (B3, g5 1-6) , ARFRMENHE T HAEE
REMEMHe R T ERIT I, THESEREY, ZlEa-A Iy BERILH B3 s M asire, T
e 22 EHEAEFLE0.15 eVAI0.40 eVHIAN X [H] .

1-2: AE;, = 0.396 eV
2—3: AEy, = 0.147 eV
2—4: AEy, = 0.384 eV
2-5: AEy, = 0.146 eV
5—6: AEy, = 0.399 eV

Bl 3 o-A s He JET 9 #sE CREHEL REE X IT# A
Fig.3 Schematic diagram for the diffusion pathways (black arrows) and migration energy barriers of helium atoms in
o-quartz

S A3 70 I 812 & EowlA B N D o et S48 AT 51 P W Y B N E = n IR NAm mAY i N il A S EEBT= S
010177 M FIF B (B4) , Helf FIESI-S1BKT I 2 i 75 BB — AN REE S TR, ST
ML RE22°0.396 eV TERE G IST—S1"BRIT I FEH, Helil+ M8 — > 2% 0] 58 9 I i i A4\
JEINEIE, TR RMKZE0.147 eV. %45 B 5Lin%: (2016) MIiHHE 45 H 3, LIRS
Pr#ne s A EEEHIER.
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Fig.4 The diffusion path along S1-S1'-S1”[010] for helium atoms in a-quartz and its relation to the Si-O six- and
eight-membered rings (a) and migration energy barriers of He atoms along [010] of a-quartz (b)

TEBERIMS A, Heli 7 1 e (A1 BR A4 2 A7 -9 [ 100177 [ AHABMg? BH &5 12 18] (6 1S,
SUAIST" AL o #F[10115 ), Helsi ¥ RIfEAHARFRE HIBE (S1-S17) Z M EERKIE (K5) , HiL
FRE2N1.43 eV, IZE R 5L (2022) AR M ZE/DNT1%. HTH[100]. [001]/%[101]77 1A
B3 BULE S 2 35060 T He SR 7 [RIFE A2 5 I Mg-Mg 7] B 2 18] () BRIE 37 B0 IE 1 T LART 45 #49 AH
Bh, DHIE R L2 dE AR — 5.
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Fig.5 The diffusion path of He atoms along S1-S1'[101] of forsterite (a) and migration energy barriers of He atoms along
[101] of forsterite (b)

HMEZT, Hel BRI 010177 M BUL RN A% o i1 31277 A b A7 7 fik 480 DY T A 1 28
(22 [ BHLAS .  Helid v JoVkAE RS E (BB 2 (8] ELRRRIE, 1 7 B o7 ek S D i 4 B 1 S248 D v
AT mie S2 AL BRI R RELIN2.29 eV, J& TR m e E M AR SRR SR . £ES1-S2-S1" %
(L AZ L AR, Helsl 1 75 Seid i S DU T 4 B 280 2 SRS R AR IR A I A2, 2 30y HRE 227 1 221,86
eV, W TRE IR I8 ) BRI A (El6) .
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2x D2 AT REAE — SRR Bl TR T HERE RE2R . SR, %45 RATE S T BMIE T A%
R B & R, X R S WangiE N (2015) FIBTFTAE 6 —2.
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Fig.6 The diffusion path of He atoms along S1—-S1'-S2—S1" [010] of forsterite (a) and migration energy barriers of He
atoms along [010] of forsterite (b)
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TEo- A ge T, FRAE S TOHAE ) I A G M e T BOETE ) T LRDIRE, ol fe
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A AL (EAHE RN R IR REARIR R RN, BT HeE 7 LTS &R[1011X — R AR ETE,
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Fig.7 Temperature dependences of diffusion coefficients of He in a-quartz and forsterite and comparison of experimental

and theoretical results from the literatures
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Fig.8 Temperature dependences of the isotopic diffusion coefficient ratios (D*/D) (a) and the isotopic fractionation factor
(b) for helium along different crystallographic orientations in a-quartz and forsterite over temperatures ranging from 0°C to
1500°C
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Table 3 Temperature dependences for ratios of heavy to light isotopic diffusion coefficients (D*/D) of helium
along different diffusion paths in a-quartz and forsterite

1°C o-f1 3¢ o-F19¢ R
(AE=0.147 eV) (AE=0.396 eV) (AE=1.439eV)

26.85 0.967 542 0.907 476 0.995 547
126.85 0.966 510 0.904 989 0.952 897
226.85 0.965 476 0.902 828 0.928 879
326.85 0.964 731 0.901 311 0.914 262
426.85 0.964 211 0.900 264 0.904 806
526.85 0.963 843 0.899 526 0.898 379
626.85 0.963 577 0.898 993 0.893 831
726.85 0.963 379 0.898 597 0.890 503
826.85 0.963 229 0.898 296 0.887 999
926.85 0.963 112 0.898 063 0.886 070
1026.85 0.963 020 0.897 879 0.884 554
1126.85 0.962 945 0.897 731 0.883 341
1226.85 0.962 885 0.897 610 0.882 357
1326.85 0.962 835 0.897 511 0.881 548

1426.85 0.962 794 0.897 428 0.880 874
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