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from the thermal electron velocity distribution.

15



WINEE M. ARSI, SRR -2 FUT A A AL 2 SR AT B S R JR 5 1) S M A 7 9PA

4.2 ERBEFHEESE0E

4}

421 TR RAEETHEIAS TR

B

AT B PPA 1R R ot AT S A B AR AV S AR VR TR [ T U R A
FIUG Y 8- TARRT S SR 1 s TR EE S B TR SHCh ne = 1 x 10 em™, T, = 10 &V,
R EAE oy /ne = 107 — 107 JEREIANAEAL . FrAEs R anEARTR o

5.0x107 5.0x107

n;=1x10° cm™ b n,=1x10" cm™
(a) Thermal Electrons ( ) Thermal Electrons
4.0x10° [T Return Electrons 4.0x10° [N Return Electrons
-5 :': ---- Total -5 . ---- Total
6' :l 6 I’ \\
E 3.0x10° F =N E 3.0x10° F R
(==X =N
g —\ g =\
= —————\ B =N
22.0x10°F =\ 22.0x10°F S
=it .\ Folan L —
‘; ————————\ g l.:\
=<1 e\ = %
1.0x107 | p— 1.0x10° | —‘E\
0.0 P ik L o 0.0 e i = L T
0.0 2.0x10%  4.0x10% 6.0x10% 8.0x10% 1.0x10° 0.0 2.0x108  4.0x10% 6.0x10% 8.0x10% 1.0x10°
Collision Velocity (cm/s) Collision Velocity (cm/s)
5.0x107 — 5.0x10” —£3
n,=1x10"" cm” d n,=1x10"~cm”
(C) E Thermal Electrons ( ) ‘ ' Thermal Electrons
4.0x107 F [ Return Electrons 4.0x107 F Return Electrons
'g ---- Total g ---= Total
S S
£3.0x10°F £3.0x10°F
=3 =3
= =
S Leen =
22.0x10° N 22.0%10°
ko S ==, B
a L é\\ A
. \
1.0x10° % 1.0x10°
00 ‘HHWHW R R——— 't 00
0.0 20x10% 4.0x10° 6.0x10° 8.0x10% 1.0x10° 0.0~ 20x10% 4.0x10° 6.0x10° 8.0x10% 1.0x10°
Collision Velocity (cm/s) Collision Velocity (cm/s)

H4  FEn.=1x10" cm™, T, =10 eV RSB FRrh,  AN[R 85 B A BE N I AR B - e il fi
HIXTIZ B E R .
Fig. 4. Relative motion rate distributions for ion-electron collisions at different beam densities in a plasma

with n. =1 x 10" cm™2 and 7, = 10 V.

Vel P 21 (0 SR TS DR R A S 1 S R T A A SR A fre(g), W QI TE IR vl

16



T ORI fin(g), FEESINZ N I 515 20 i S E 2 20 1 . TER R LR (ny =
1x 107 em™®) , JUFHRS BEAR GBON, (HAERMROV ORI 0 L, SRSk St IR
I, BEEARFEEHRE np =1 x 10" em = X[H], RIS o = (ny/ne)? (my/me)"/ Mg, 5
HL I RS B PR I R R, - P T A A ARG R A A R T RS . MR B2 T
FE n, =1x 10" cm™® W, KEH S TFOEOREIEEA BIRA 5, XS ZE R R BB S K A B
WU . L R AR ARSI, R S R TR A, RS R R e eSS . R
IR, MU B R AR B AR R, SR AR E PRI I AR T, A S
SR AT np < 0.1n, PRI 15180,

%

4.2.2  BURE TR H TSR R

REF RS, TR T RERTEREN 30-100 keV T HAE Hy S MAH S & B8 i P35 i
RS Zavge SFETHRSHPREN: BHTHE (GFREETSEHBT) ol =2x10% em™, H
T T, =10 eV, BEFEN 50 %. NFELEIGAREERZ, 7558 TR EL T4 58 T A%
JERURA TR E M (RMEGE A TR ) DARCE TR TR e AR E R ny = 0.1n, PHAMELL T HFH
S, TR AMESHR .

1.0
T=10eV
n=n,,,=10" cm ee=

0.8 'nh:10'2 em? -

0.6 |
v d
i s
N <
04F
02F
0.0 L 1 L L L 1 L L
20 30 40 50 60 70 80 90 100 110

Ion Energy (keV)

B5  FEn.=1x10"cm™?, T, =10 eV BAEE TR, HUOREEE ny = 0.1n, I, ARIFE S FHB
TP e S AR B AR A R L
Fig. 5. Average charge state of proton beams as a function of energy under different conditions in a

plasma with n, = 1 x 10'® em ™3, T, = 10 eV, and beam density n, = 0.1n..

17



FEUARHEA, 30-100 keV RERE YR TR AP LA A 0.08 392 0.59; fEHLESAN 50 % (4755
TR, TR TR A R TS T, AR AR AR F B R T Ry, P RATES BT 0.26-
0.89. SR, 2475 JENURATEEHEAFAERS, 0130 L 0 7 A G0 A 2 - i RIS P B AR P DT Iy , T
FRPSHAREEANZZ W, FECHGFS AT T A B EARE R T TR A PR,

TSR Aoy = 2250 — 750181 | 315 ZPhasma g W fEh A SH AL A5 LR # A FEG 7

7No

14.0%

12.0% F

10.0% F

plasma
avg

8.0%

AZE‘V'“‘;‘“"‘/Z

6.0%

4.0%

2.0% F

0.0%

30 40 50 60 70 80 90 100
Beam Energy (keV)

6 TEHEICRAREEREL T, AFEBEE T AR E PRS2 b &

Fig. 6. Relative change in the average charge state of incident ions as a function of energy when two-

stream instability is considered.

£ 30-100 keV PYRER XA N, BEE ASSE TRER TS, BURARE RS HER AT S FEIEA 11.9%
GUREAR R 2.2%, X 20 PUOMRE RE R 1 SR i AR, R b AL 1 f) S M e 55
JE AT S BUE BB X — 2B A IR, B T8 e & A i P ARG5S I A S - F
Z3og WERURIELG, PR RIS BAT SO 22, WE 520088 T 3 o A SR DURR i e A g
X —HPREN], TR TR A Hz S R R TR A AAZ50R ) TS5 SRR 5 | A O AR A
FIE, A NACET A% G AP B Y TS0 IR T R G 2

N RE R SRR BN AR SR AR BERY SO, FEARE RIS E S 50 keV MZEPET, 15 T ANFR
T T PP, SE R TR R

THR PSR AL A FE B S A B IR T R 107° & 1071 . SERRE], PR SRR

18



0.57
R 100.00%
0.56 ROV
A . 0,
055k 98.00%

o N .S
N \ 5
0.54 } Y =4 96.00%
0.53 F No__ 194.00%

0.52 . . .
107 104 107 107 107!
n,/n,

B7 AEn.=1x10"%cm™?, T, =1V AR TT, B IERATE EXURAFLE PR AGT T A
I R A 25 1R R UL A2 AR
Fig. 7. Average charge state of incident ions as a function of the beam-to-plasma density ratio, with and

without considering two-stream instability, in a plasma with n, = 1 x 10® cm™2 and T, =1 eV.

TR PE R Y B N FRRHE . 24 no/ne > 107° B, BATSC A0 R E IR FE R

<

HE—B RN R ny /ne = 2.3% PR, THEMZR AL AL, OIS T AR I o i 35 2 L 4 K 22
N E BTN E B BEAT S AR B R, AR RIS b 51 4% F A A 4 1 Y S 5 R
HITTRR. I, S8 ORI B I 8 S L B A 5 B R A

Nn:lRF

t
R' ionize,n=1 +

ionize-total —

t t
N, R + Nn:3Rionizc,n:3

ionize,n=2

(28)
Riapture-total = Reapturen=1 T Reapture n=z T Reaptusen=s
Horr, AR ¢ ARRER TR, N FORA TR A SR AR A TR T R BT S TR A
PR R S R R R T LM E AR (I 8 LT oA 85 T I 1) 52 7l A T A SR A
TP A SR P R AR AR RS B, TR M 0 X 45 AP A P S 7o 3 B R A e 2 % T A R 2
RURTTREATILA, AE A R R B R 5 B R AR B

__ pe atom proton
Rionize—total - Rionize—total + Rionize—total + Rionize—total

(29)

4 e atom proton
Rcapture—total 7 Rcapture-total + Rcapture-total + Rcapture—total

BT BabsE X, AIVHRAS B S R N R AR RO - A B A B LA AL, AR AN TR .

19



340000 -(3) 608000 | (b)

E 9 101.00%
100.00% 607000 | o

335000 | 2606000 - 4100.80%

498.00%

330000 | 4100.60%

o & 605000
6

Ratlo

=)
£
=)
=3
S

Total Ionization 4100.40%

Reacnon Rate (s")
Ratio
Reaction Rate (s~

Total Capture

325000 496.00%

=N
=]
s}
=3
=3
S

4100.20%
320000 | 602000 |

494.00% +100.00%

601000
315000 . L L 1 L :
10° 10+ 10° 102 10! 10° 10 103 102 10!

/0, ny/n,

B8 FEne=1x10"cm™, T, =1eV MR TR, EHL RS SN HE S F7 DR S 3 i o i 25
BT B LU A2 A
Fig. 8. Total ionization rate and total capture rate as functions of the beam-to-plasma density ratio in

a plasma with n, =1 x 10" cm™3 and 7, = 1 eV.

B AR B R, R R R BT T M e T A B, FERS AL IR E R/ IMEL s i AR
A ARG BRI AR (~ 5.5%) BERNT BFHOERNAMIEE (2 1.1%), X2
T AR T B S TR AR, [0 R TS AR TR R Al AR R A 2 S O TR R
AR AT E B RE MR, MY F R TE AT, AN S S F B R R s M7 A I 2P TR A L T
DUk, PR Z DA T B, AR A S8 G T BT AR B ) AR RS S R A 2
AR . AE2FT7R, e80T keV REXIY, ot 1 J5i TR R B B SR R B R A8k, It
HUIRL RETE R TEA S B X R A —E A il o

TE np/ne > 2.3% DA, [ TG AL R B AL, O R iy H ey 28 P i R 2 PR Ay S 31 1 3 4
TBIRAE S LA . FESERFEEMIR . SR, ARAE A4, ASFES PRGE AR IR 28/ N T I A
R, HIAESE B B R S AR A -

Li BRI, SRR UE -5 AL L1 AR A 2 T SR R A TS A o 3 (4) AT, SRR T
PR o), 2B TS TR 2, MR N TR, PR R R SR A A2 e AR S M A
XA HLZT, BRE T PEA R REEE S AN TR R T, o2 R pdR, AL
SR T AT S 2 DR 3 o T L A 0B ) 3 355 e 2 MR T R 8 P B S P B R R AR 2
SR TSN EICR AR RN, SRR R TR T, O R TR SR S o s S B A R
HL T H S MAPRE S S



b RH&EHERE

RBE BT ARAE S B IR P U S AL, R T R S SR ARV A B A MY R . A S 4%
BUFAFRENE— IR T USSR XS, L TRFER AU A A S B 4 B A
2R BFFEERM], LA T A5 LAGE S - AR R AR R RE 7 T A% o bh T F TR P B A B A T
N, AR E S T R EIE A TR, SR AT SR R AR

TEMALSE B RSN (B 50%, T. = 10 eV, SFETRHR THE ne = 1 x 10 cm ™), B0UR
AN M PRI IR -3 P S 1 Pl > B A S BE R T s TR, HAR IR 2978 11.9% — 2.2% . %
JEENEE ARG AT AT P PO R R, AR 2 BOE B Y BB R TURZE 57, RIS B T 00 54 3
BT A E ORI P T B S SRR I B2 . A B A R I — a7, AT T R 2B
PRI BERAIE ,  HLS R 385 5 R Ay 258 A 1 30 FEL 1 ) AR R vy TR R AR 0o X — SR MR
oY S 711 Sl U e SR e o> S iU 11 L SR R 1T TR A SN N i p S0k 7/ SN

ARILCTARIAE S TRIR: 55, B TR R AT SR TR E . AR TR H i 1
BEAh, AFPFVERIRT TR A E ARG, Jagnl 2 i TR R TIE: &a, BUETNFE S R
Ao RESIE AR AT UL B SR, e SR AR A AT A S 2R

MR AR, ASCITE /R SR I8 1 J A T J3E 7311 1 i §miy st ad A i — B
FEMGA AR I AL N AR TR WOES & TSSO ARG EESH O E. TR B 22 vl =F E
SHEARCPASF B TR 2 PG, HOH R TR R R R G A T IZ SR [ AR
Sk,

Bt

I R A S R R A R R (HEHE S 2022YFA1602500) L [H 58§ ARt (HHLifE5-: 12120101005,
U2430208) . 45 @ 1AM A S0t 4 (HUMES: 6142A04250101) FIH T4 B R F- B 4ER
el (S 26JRRAL10) XA TAEM BB

21



Sk

(1] Bk, KT, #28i, Hoffmann D, AR, FAAF, L, 24, MER, ARk, X8, 776, 578,
A AN, A, FEEE, B R, W, B ET, 2, DR, R, KN, K, K

B, SRHE, SKHET, BRARIE, BRAELL, JRAE, FBERH, F4ELS, BRLLT, @axad, RO, Bheas, WIEIR, &
2 fRIBEE, WG R, BOCR, WM, EERIE, BEE, MR, FREN, fSS0k 2020+ E A

. 32 H ¥ R F 50 112004 (in Chinese)

[2] Deutsch C, Maynard G 2016 Matter and Radiation at Extremes 1 277

[3] Pankin A, Bateman G, Budny R, Kritz A, McCune D, Polevoi A, Voitsekhovitch T 2004 Computer

physics communications 164 421

[4] Roth M, Cowan T, Key M, Hatchett S, Brown C, Fountain W, Johnson J, Pennington D, Snavely R,

Wilks S, et al. 2001 Physical review letters 86 436

[5] Sharkov B'Y, Hoffmann D H, Golubev A A, Zhao Y 2016 Matter and Radiation at Extremes 1 28

[6] Varentsov D, Ternovoi V'Y, Kulish M, Fernengel D, Fertman A, Hug A, Menzel J, Ni P, Nikolaev D,
Shilkin N, et al. 2007 Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment 577 262

[7] Janev R K, Reiter D, Samm U, et al. 2003 Collision processes in low-temperature hydrogen plasmas

(Forschungszentrum Jiilich, Zentralbibliothek), pp 8-22

[8] Janev R K, Langer W D, Douglass Jr E, et al. 2012 Elementary processes in hydrogen-helium plasmas:

cross sections and reaction rate coefficients (Springer Science & Business Media), pp 17-115

[9] Betz H D 1972 Reviews of Modern Physics 44 465

[10] Hansen S, Shlyaptseva A 2004 Physical Review E 70 036402

[11] Owocki S, Scudder J 1983 Astrophysical Journal, Part 1 (ISSN 0004-637X), vol. 270, July 15, 1983,
p. 758-768. Research supported by the Smithsonian Institution. 270 758

22



[12] Wang G D, Tao K W, Cheng R, Xu W W, Dong J Y, Zhen L H, Wang Z, Zhou Z X, Shi L L, Chen

Y P, et al. 2025 Physical Review E 112 045219

[13] Zhang Ly, Zhao X y, Qi X, Duan W s, Xiao G q, Yang L 2015 Physics of Plasmas 22 093107

[14] Ren J, Deng Z, Qi W, Chen B, Ma B, Wang X, Yin S, Feng J, Liu W, Xu Z, et al. 2020 Nature

Communications 11 5157

[15] Tokluoglu E K, Kaganovich I D, Carlsson J A, Hara K, Startsev E A 2018 Physics of Plasmas 25

052122

[16] Hara K, Kaganovich I D, Startsev E A 2018 Physics of Plasmas 25 011609

[17] Startsev E A, Kaganovich I D, Davidson R C 2014 Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 733 80

[18] Tokluoglu E, Kaganovich I D 2015 Physics of Plasmas 22 040701

[19] Cheng R, HuZ H, Hui D X, Zhao Y T, Chen Y H, Gao F, Lei Y, Wang Y Y, Zhu B L, Yang Y, et al.

2021 Physical Review E 103 063216

[20] Davidson N 2013 Statistical mechanics (Courier Corporation), p 135

[21] Roth J 1991 Suppl. J. Nucl. Mater. 1 63

[22] Atawneh S J A, T6kési K 2022 Atomic Data and Nuclear Data Tables 146 101513

[23] Hahn Y 1997 Reports on Progress in Physics 60 691

[24] Zhang Y N, Liu C L, Cheng R, Zhao Y T, He B 2020 Physics of Plasmas 27 093107

23



Effect of return-current electrons exupcited by
two-stream instability on the average charge state of

low-energy proton beams in a plasma*
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In this work, we investigate the influence of return-current electrons generated by two-stream instabil-
ity on the average charge state of low-energy proton beams propagating through partially ionized hydrogen
plasmas. A kinetic model is developed by coupling a parameterized beam distribution, a thermal-electron
component, and a drifted return-current-electron component into the relative collision-rate formalism.
The resulting relative speed distributions are then introduced into a multi-channel charge-exchange rate
equation system that includes ionization, excitation, de-excitation, electron capture, radiative recombina-
tion, and spontaneous decay among the hydrogen states with principal quantum numbers n < 3. This

framework makes it possible to evaluate how collective effects modify microscopic atomic rates and, in
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turn, alter the equilibrium charge-state population of the beam.

The calculations show that, when two-stream instability becomes important, the ion-electron relative
speed distribution is strongly reconstructed by the emergence of return-current electrons. Compared with
the conventional thermal-electron model, the return-current component shifts a significant fraction of
ion-electron collisions toward lower relative energies. As a result, part of the electron-impact ionization
channel is suppressed because the corresponding collision energies fall below or closer to the ionization
threshold, In contrast, the electron-capture rate increases only slightly, and this increase mainly comes
from the broadening of the beam-ion velocity distribution rather than from the return-current-electron
drift itself. This imbalance reduces the average charge state of the transmitted proton beam.

For typical plasma conditions with ionization degree 50%, electron temperature 7, = 10 eV, and
electron density n, = 1 x 10*® ¢cm ™3, the inclusion of two-stream-instability-induced return-current elec-
trons lowers the average charge state by about 11.9% at 30 keV and by about 2.2% at 100 keV. The
effect weakens with increasing beam energy because ionization progressively dominates over capture in
the higher-energy range. Calculations with varying beam density further show a two-stage reduction
behavior: the charge-state decrease first grows rapidly with increasing ny/n., and then becomes slower
after the return-current-electron contribution approaches saturation. In comparison, the broadening of
the beam-ion velocity distribution alone produces a much smaller correction to the total charge-exchange
balance.

These results indicate that, for intense low-energy ion beams in:plasmas, collective effects cannot
be treated as a correction to transport only at the macroscopic level. Instead, they also reshape the
microscopic collision-rate distribution and thereby modify the charge-state evolution itself. Since the
stopping power scales approximately with the square of the projectile charge state, even a modest reduction
in average charge state can lead to a noticeable change in energy deposition. The present study therefore
provides a physically transparent framework for incorporating non-equilibrium electron distributions into
charge-state calculations and offers useful guidance for ion-beam transport modeling in fusion and high-
energy-density plasma environments.

Keywords: ion beam-plasma interaction,low-energy proton beams, average charge state,
two-stream instability
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