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Fig. 1. Schematic drawing of the ion-plasma interaction setups at IMPCAS.
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Fig. 2. The change of (a) electron density and (b) electron

temperature with input power in RF plasma.
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Fig. 3. At 80 Pa pressure, the position of the outgoing O'*
ion was measured to change with the increase of the input
power, the original experimental results (a) were converted

to obtain the outgoing O'* ion energy spectrum (b).
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FEREATIGBESE T A, S0 M HRES: T %
BT S TREARBR B, 0% T
P Fh B AR TR ) 38 TSR A . 4R
T, AU B T B T Rt B T s 7

e /N S G, DR 5 S 58 0 7 I S el
ORI AR N LS 27 N 17 N FU R
DB 30 322 S A1 45 1 AR IX 1 P B IR T 0.01%,
Pt H R I TR, THANE TS
AR HL T AH ELAE R SR 2 B et i 2 AL
(BRI, 25 B AR B B 5 R A i A EAE
IR A M R0, I T BE R A RE T .
BRI = B HE AN 1) [ FR H X 5 25
F IR ; 2) B F- I F AL VERT, Rl Barkas
EIE. T SCRHER XTI BT 30 Je T F ke

3.2 FHEBETHRFHRRY

MR LR RE B ARSI R, 18] T R
JEFNR A S, AT LATHRAS B S PR
S5 B TR f, FEFECE Mo, 4300010

1 <’I’Lc€2 N nie?

Jo

1
2
- = ) ~ 0.9%10°—2.8 x10%s 71,
21

(2)

E0Me Eomy

nee? n;e? ~2
Ap=| —— ! ~0.4x107°—1.2x10°m.
D (EokTe+£0kTi> X X m
(3)

SRS TSR TR R R R RSN, A
HTHL 11 1/ fy B[R] J]ORE P b S i 17, W) 7 7 ]
N Debyet< B 7r4 588 1~ 15 SU4E it 71 1 7
r, AT LU Debye $5506F 5 il 46 5508 1 1 FH 55

TR 07
Zpe r
Sl - 4
47‘[60Texp ( >\D> ’ ( )

Hrp, Z, RIsREs e s, r R ai i 1 SR
B2 IaERE. Bohr ZEERHHEM 241 Coulomb
PN T B TR TR 0 sh 5k R

Zpe?
APCoulomb (b) r ) (5)

- 2mequpb
Horp b REERHESEL, BUESERE Y 107 —10"m 19,
F# Debye # B 744 1) Coulomb #iknl LIS 3%
BRI T B 1 sl AR

Zpe? 1 1 b
APpepye (b) = ﬁ Kb - )\D) exp (>\])>
P

()

X HRE B AR UL, Ao 5 b SR/,
A5 BT UR BRSO 2 1 B R T READ TR
JEFBS TR, b < Ao, A5 BTSRRI N S
REFL A4 52 Wi AR AT BR. Bl 48 2 8 b=2r¢ (Bohr 2

¢Debye =

043401-4



Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 4 (2023)

043401

e, r0=5291x10""m) i1 B T, APpevye 5
APcoutoms HLAEBEE Ao ZE0 21 (WKl 5): BE&
Debye B 1780/ V% B FEAR, BG5BT
J5 R 3 9 Bl Debye 1B 34 KX LU
UET 1, LI B A B R b S5 8 R 0 X
BT RER AR TS

1.00

0.98
0.96
0.94
0.92
0.90
0.88 |

A Ppebye/ A Pcoulomb

0.86
0.84
0.82

2 4 6 8
Ap/(107° m)

5 il = 8 b= 2ro I APDebye/APCc)ulomb% H

Debye & J£ 1) 28 1k 34

Fig. 5. APpebye/APcoutomb as a function of Debye length

at the collision parameter b = 2rg.

S vh R A S R AF R R, Mo &
1075 m, AHI Y A Ppebye/ APcoutoms = 1, P L 7EAS
A v R A5 B AR e RSN X 5 - AR A L il
TEREPUE AR S AR, 7T LLZ W28 4 52 M.

3.3 BF-ETFHRLBA

MG TS H0A B AR, 40
Zy/(vp/v0) >1, 2 L BF 1 HE 401 215 By — By
Born T (Z,/ (vp/v0) < 1) REK. MUY, 752
1A B T TR AR & E 3 Barkas & 1F
I, X B RE P ERIE A Tpb 8 1619,

XH ARSI H T Makarov 55 2 ) Barkas

ek
1 o (A—1\7
L(Z,)= 22A-14+0 =171 ,
)= g g [P 1 O (35 )]
(7a)
L(Z)-L(-Z

ALBarkas ( P) 2 ( P)

nx

1+ e "
» 14 6)2 . (7h)

A 4.5
1 —0.5A2n?2
* <0.477 1+ 1-5n)> ¢

= 2.369 J2& ¥l i i 38 A FH B 2 40

3
ez "7

1.062

o=

Hor v =0.5772 & Euler ¥ %, A\ = Zp/[(vp/vo)Qa]
Fin=Zy/(vp/vo) DT RNSEL, L(Z,) 2
1ar¥iCh Z, BT Coulomb XL, ALp,.s &= Barkas
B IET. 725 Makarov H) Barkas 16 1E 35 Bohr
2 LRERTA AT L5 G0, R EIPE Y Coulomb
MR ATEA R, BFRSGIA T —METE
FHU Lpone/ Lvtakarov , 19 %75 J& Barkas 18 1IE J5 &+
[ENESINE W)
A Zje!

2 Nbe L, (8a)

dz  dregmevp

LB hr
> X ALBarkas’ (Sb)

Makarov

I ! 26_"’mev§ g
Bohr = 1N m ) (8c)

L= LBohr +

L (Zp) +L (_Zp)
5 ;
Hh, Z, s s i A, Segh, mT
R A B B EAER AR (<0.01%), BT
Jir—F P9 L iy S 48 Ao TR DR T 0 5L 5 1 P A A
A 22 Horh B 5 R R [ e R A T 23 LA
PRI SE R AR 2 i B A A B TR T He 55
TR R A RS 3 BOA 28R ar 25 LA KORT 0L 1) R i
R A XBIT IR TAE, HTARS h 45 &+
TR B AL BERRAR, T L2006 ) i F - S0 s i)
VEFH, MBS T (R B e 3R 2% 78 4 H Ao 5 e ™
A=W S 520, T ) ER F 2 R R A R A e
PR NI T BT I 1) Barkas & 1E 502E,
DL R ) S0 A8 Ak, X R AR S F R
5. ARSCNRAE P SRR S5 5 RS, g
BT HAMFE A SRR, LT Schiwietz 4255
AR AT 1.07 MeV ) O 148 5 ik
H, SUASERY B FAROBAAS Z, = 1.740.1.
HAEHR T O B AShE Hy SURIEER T,
% B MAS [ Barkas & 1E B TH5 25 F RE #1119 22
.6 SRR T IHEEE AR LI A5 R X L, AT R
F 3. £ A% JE Barkas B 1ER, TFEEH BT
SHRAE; SN A Barkas B 1E )5, THE45 R AR
SR BESARLF AT . Horh Barkas & 1E g R Y
BT RERL A 25 4T 30%, M IAE Bohr 3 JE fiE [X
4 e HL Ay A B 5 P R AR A AR, -
JEF AN, (Barkas 181 ) Ki47 8 52 19 f (4.

Lvakarov = (8d>

043401-5



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 043401

300
= Exp. (0 W)
250 b -~~~ With Barkas correction
---- Without Barkas correction

200 - _]—
150 b
100 - '
50 F +

0 20 40 60 80 100 120
SJE/Pa

BTRER keV

6 PSR, R % B Barkas B 1E (ZLHE LK) FIE
1% Barkas 15 1E /5 (B 2% ) BB T RE 83045 50 15 90 g
RAY L

Fig. 6. In a neutral gas target, the calculation results of ion
energy loss without Barkas correction (red dashed line) and
with Barkas correction (black dashed line) are compared

with the experimental results.
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Abstract

Energy loss of ions near the Bohr velocity in plasma is one of the important topics in intense heavy ion
beam driven high energy density physics and inertial confinement fusion. Based on the ions-plasma interaction
experimental platform at HIRFL, this work shows the new experimental energy loss results of 1.07 MeV
(~66.9 keV/u) O° ions penetrating through a low-density partially ionized hydrogen plasma target (radio
frequency plasma). The decrease of energy loss with free electron density increasing is found, which is very
different from our previous result. The new experimental results are discussed by considering the theoretical
models which involves the charge screening of projectiles in the partially ionized plasma and the target
polarization effect-Barkas correction term. For the charge screening , the comparison between the momentum
transfer under the Coulomb potential and that under the Debye potential is given, but due to the low ionization
degree, the plasma screening effect seems not to be the main reason for the decrease of energy loss. For the
target polarization effect , in the Bohr velocity regime, the Barkas correction term can play a key role in the
ion-atom collisions. Modeling the Barkas correction term based on the proposed classical energy loss formula,
the experimental data of ions in the gas target can be well fitted by the calculated values. In the partially
ionized plasma, the frequent thermal electron collisions can give rise to the atomic excitation of plasma target,
correspondingly the Barkas correction term changes: it decreases with the fraction of excited atoms increasing.
As a result, the energy loss decreases in our experiment. In the stopping of highly charged ions in a partially
ionized low-density plasma, the collisions between ions and free electrons can produce an enhanced energy loss
according to previous studies. However, the target polarization effect, especially the atomic excitations, can
significantly reduce the energy loss, which is observed in our experiment. Therefore, the interaction between
ions and partially ionized plasma should be further studied, and the Barkas correction can be a very important

term.
Keywords: highly charged ions, Bohr velocity, low density hydrogen plasma, energy loss, Polarization effect
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