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Abstract

Re¯ection of ions at a tungsten target was investigated experimentally in a linear plasma device. The tungsten target

plate was set perpendicular to the magnetic ®eld, and irradiated by hydrogen and helium plasma. The experiment

measures a current as a function of sheath potential for a ®xed angle. The re¯ected neutral particles from the target

plate are measured by neutral-negative charge convertor made of Cu. The experimental results show good agreement

with the results calculated with TRIM Monte-Carlo simulation code. A possibility to estimate the ion temperature is

shown through the sheath potential dependence of the ion re¯ection in the low energy range. Ó 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Ion re¯ection is one of the particle recycling processes

in fusion devices. Some of ions striking the plasma fac-

ing surface are backscattered with a large fraction of the

incident ion energy. Usually the energy of the re¯ected

particles is much higher than that of the particles emit-

ted by desorption from a surface and those dissociated

by Frank-Condon processes. Thus it is necessary to take

a contribution of the ion re¯ection into account to study

the recycling, the energy balance, heat load on the di-

vertor plate or limiter and core plasma performances.

The ion re¯ection has been studied numerically by

computer simulations and experimentally using ion

beam devices. Recently, measurement of the energy

distribution of the re¯ected particles was performed with

an ion beam incidence [1]. This result has shown a good

agreement with the calculated result by TRIM code [2].

The data of the ion re¯ection, such as energy or angular

distribution of the re¯ected particles under the plasma

condition including the e�ects of the magnetic ®eld and

®nite ion temperature have been not studied systemati-

cally.

The aim of this work is to study systematically the

energy distribution of the re¯ected particles from the

plasma facing surfaces. The energy distribution of the

re¯ected particles is a�ected by the experimental condi-

tion, such as components of plasma ions, plasma facing

materials, the angle between the material surface and

magnetic ®eld line, potential drop between the plasma

and material surface. Almost all the re¯ected particles

are neutral in the energy range of the edge plasma [3]. To

measure the re¯ected neutral particles, a neutral-nega-

tive charged particle converter is used. This method is

suitable because of its good sensitivity to low energy

particles (>20 eV) [4]. In this paper, a comparison be-

tween experimental results of steady state re¯ected par-

ticles and calculation results based on TRIM.SP. code is

given. The expected energy distribution of the re¯ected

particles is discussed.

Journal of Nuclear Materials 266±269 (1999) 1072±1077

* Corresponding author. Tel.: +81-572 58 2222/1221; fax:

+81-572 58 2618; e-mail: hasegawa@rouge.nifs.ac.jp

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 6 2 9 - 1



2. Experimental setup

The experiment has been carried out in the linear

plasma device TPD-I [5]. Steady state hydrogen and

helium plasmas are produced by arc discharge under the

condition of magnetic ®eld B � 0.2 T. Fig. 1 shows the

schematic drawing of the experimental setup TPD-I. The

target plate is made of tungsten with a size of 10 ´ 10

mm and produced by hot press. Before plasma irradia-

tion, the target surface was treated by electrolys pol-

ishing. After series experiments, target surface is

analyzed by SEM and EDX. From this results, the im-

purity is not observed on the target surface. The back

side of the target plate is coated with ceramic to avoid a

di�usion ¯ow from the back side. The target plate is set

perpendicular to the magnetic ®eld line. A 1 mm /
tungsten wire, covered by ceramic tube, supports the

target plate. The ceramic tube plays a role of the electric

isolator from plasma current. Electron density, temper-

ature and space potential were measured by a fast

scanning Langmuir probe located 20 mm away from the

targetplate. In the present series of experiments, the

range of electron density and temperature are 3.2 < ne <
5.5 ´ 1017 mÿ3 and 6.4 < kTe < 14.4 eV for hydrogen

discharge, 1.1 < ne < 2.3 ´ 1018 mÿ3 and 1.9 < kTe < 8.5

eV for helium discharge in present experiment, respec-

tively. In TPD-I plasmas, the incident ion energy is

dominated by the potential drop of electrostatic sheath

in front of the target plate. Impact energy distribution is

detected by ion temperature and sheath potential. The

bias voltage gives the change of incident ion energy. The

sheath potential is determined from bias voltage and

space potential which measures the fast scanning La-

rgmuir probe. The pressure in discharge was measured

with a diaphragm gauge.

The detector system for the re¯ected particles is set

with an angle of 65 degree to the magnetic ®eld on TPD-

I. It consists of a ®xed slit, ¯ight tube and detector

chamber. The distance between target plate and the ®xed

slit is 567 mm. The slit size is 6.6 ´ 0.2 mm. The detector

chamber has a separate pumping system and is di�er-

entially pumped with this slit. The pressure in the ¯ight

tube is kept in the order of 10ÿ4 Pa. The distance be-

tween target plate to detector chamber is �2.6 m to

avoid in¯uence of the magnetic ®eld in the detector

chamber. The solid angle between target plate and

neutral-negative convertor in the detector chamber is

always ®xed. The solid angle is de®ned by two slits. The

size of target plate (10 ´ 10 mm) is smaller than length

between target plate and slit near the gate valve (567

mm). The solid angle is 4.1 ´ 10ÿ6 sr (� 6.6 ´ 0.2/5672).

The re¯ected particles went through the ¯ight tube and

struck the neutral-negative convertor made of Cu.

Negative particles means not only electron but negative

ion. We introduce express `negative particle' in accor-

dance with reference [6]. Negative particle emission co-

e�cient of the Cu plate by neutral particles (cÿ) is an

important parameter to evaluate the energy distribution.

We have used the values reported by Verbeek for H and

by Hayden for He. An analytical equation has been

Fig. 1. Experimental setup for measurement of the re¯ected particles from the tungsten target plate in TPD-I. In this ®gure, the

magnetic coils is hidden.
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obtained for the relation between cÿ and impact neutral

energy in the range from 10 to 1000 eV. This relation has

been utilized for the calculation as following [6,7]:

Y �
Xn

k�1

akX k ; �1�

where Y� log cÿ and X� log E, E is the incident energy

with a unit in eV. The ak values are shown in Table 1.

The ®tting error increases in the course of lower ener-

gies. The negative charged particles emitted from the Cu

plate are collected by a electron multiplier (+500 V)

which is a micro channel plate (MCP) with a gain

GMCP� 104 at 1000 V. The electron current from the

MCP is converted to voltage by a loading resistor (10

kX), ampli®ed with voltage gain (GPA� 105). The output

signal Vout shows below:

Vout�Es� �
Z1

0

cÿ�E�g�E� dN
dE dX

dE
X
4p

GMCPGPAIsat; �2�

where dN/dE dX [/eV sr] is distribution of the energy

distribution, Isat is ion saturate current to the target

plate, Es is sheath potential in front of target plate and

g(E) is the product of the fraction n(E) of the re¯ected

neutrals not scattered by the background gas and the

e�ciency e of electron collection by the MCP. The fac-

tion n(E) is depend on the energy of the re¯ected par-

ticles, and e is a constant.

3. Calculation

The Monte-Carlo simulation code TRIM.SP. (ver-

sion TRVMC) is utilized for calculation of the re¯ected

particles ¯ux [8]. The parameters needed for calculation

are assumed as follow; the Krypton-Carbon potential as

the screened Coulomb potential between incident and

target atoms, the local and continuous electronic energy

losses as Oen±Robinson model and Lindhard±Schar�

model, respectively, and a planner surface potential as-

sumption with a binding energy of 1 eV for chemical

binding force is used. The density of tungsten was given

as 19.29 g/cm3.

The direction of the incident angle of the magnetic

®eld is assumed to be normal to the target plate. There

are three regions in the model as follows; (1) the plasma

region (hydrogen and helium plasma), (2) the sheath

region and (3) the target plate (tungsten target). The

energy distribution of ions is assumed to be isotropic

three-dimensional Maxwellian in plasma region. In the

sheath region, ions are accelerated by the sheath po-

tential, and assumed to be collisionless. The target plate

surface is considered to be ¯at and pure. The incident

ion ¯ux from the plasma to the sheath region can be

expressed as below:

C�Ti� � 1

2p
m
kTi

� �2Z1
ÿ1

dvx

Z1
ÿ1

dvy

Z1
0

dvz vz

exp ÿ mi�v2
x � v2

y � v2
z �

2kTi

( )
; �3�

where k is the Boltzmann's constant, mi is the ion mass,

x and y is the parallel direction to target surface, z is the

perpendicular direction to target surface. The azimuthal

symmetry is assumed for the re¯ected particles. The

normalized ¯ux to the sheath region is below:

dC�E; h; Ti� � E

�kTi�2
sin 2h exp ÿ E

kTi

� �
dE dh; �4�

where E is the kinetic energy of particles, v?�� �v2
x �

v2
y�1=2� and vjj�� vz� is the parallel and per-pendicular

velocity, respectively. E � mi�v2
? � v2

jj�=2, and h is the

pitch angle in plasma region. In the sheath region, the

energy distribution is shifted Maxwellian due to the

acceleration by the sheath potential qUs in which q is ion

charge and Us is sheath potential. Pre-sheath potential is

included. The incident ion energy Et to the target can be

obtained by E + qUs. The incident angle H of ions to the

target in this region can be obtained using the pitch

angle h, ion kinetic energy E and sheath potential qUs as

below:

tan H �
����
E
p

sin h������������������������������
E cos2 h� qUs

p : �5�

The incident ion ¯ux to the target can be obtained as

below;

dC�Et; h; Ti;Us� � Et ÿ qUs

�kTi�2
sin 2h exp

�
ÿEt ÿ qUs

kTi

�(

dE dh�Et P qUs�0�Et < qUs�
)
: �6�

The incident angle and the energy ¯ux of ions to the

target are given by Eqs. (5) and (6), respectively. A

large sheath potential reduces incident angle of the

particles.

Table 1

The coe�cient for the g(E) in Eq. (1)

H He

a0 ÿ5.62 ´ 100 ÿ2.31 ´ 101

a1 4.51 ´ 100 2.76 ´ 101

a2 ÿ1.30 ´ 100 ÿ1.34 ´ 101

a3 1.45 ´ 10ÿ1 3.16 ´ 100

a4 ÿ2.99 ´ 10ÿ1
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4. Result and discussion

To evaluate the re¯ected particles, normalized value

PCu-e is introduced. This value is probability of the

negative charge release when incident particles go into

the target plate. Two PCu-e values are de®ned as follows:

P TRIM
Cu-e �

Z1
0

c�E�g�E� dN
dE dX

dE; �7�

P EXP:
Cu-e �

Vout�Es�
GMCPGPAIsat

X
4p

; �8�

PTRIM
Cu-e is calculated through Eq. (7) with the incident ¯ux

from Eq. (6) and incident angle from Eq. (5). From

Eq. (8), PExp:
Cu-e is estimated from experimental data of

Vout(E) and Isat. Fig. 2 shows a dependence of PExp:
Cu-e on

the sheath potential for various working gas pressure.

From this pressure dependence, scattering cross section

with neutral gas is obtained in this geometry. The scat-

tering cross section rsc is de®ned below:

P Exp:
Cu-e �P�1 exp ÿ Lfl

LMFP

� �
;

LMFP � 1

n0rsc

; �9�

where Lfl and LMFP is the ¯ight length and the mean free

path in the characteristic pressure, n0 is the neutral

particle density. It is found that through calculation that

the re¯ected particle energy distribution has a peak near

the incident energy with low impact energy. rsc is a

function of the re¯ected particles energy. The rsc values

are in the order of 10ÿ16 cm2 [9]. The average scattering

cross section changes in factor 2 between 50 and 150 eV

[9]. If n(E) is constant, PExp:
Cu-e values are underestimation

in the low energy region. The energy dependence of

cÿ(E) changes some magnitude of order under 150 eV

and is larger than n(E). We assume that n(E) is constant

with the energy in this energy region in this geometry at

®rst approximation. PExp:
Cu-e depends on only cÿ(E) from

Eq. (7). Experimental and calculation data have a good

agreement when g� 0.20 is given at 1.0 mTorr for hy-

drogen discharge and g� 0.21 at 0.9 mTorr for helium

discharge for Ti� 1 eV. This means that the re¯ected

energy distribution derived from the calculation agrees

well with that in the experiment. From the calculation,

energy spectrum of the re¯ected particles (� dN/dE dX)

does not change signi®cantly at low energy region.

However the PExp:
Cu-e value is changed. When the incident

energy distribution has a ®nite ion temperature, spread

of incident energy distribution is recognized from Es to

Fig. 2. The dependence of the sheath potential in various

pressure (a) hydrogen and (b) helium discharge case.

Fig. 3. Calculation results PTRIM
Cuÿe to estimate the ion tempera-

ture by using the re¯ected particles from the tungsten target

plate.
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about Es + 6kTi. This energy is a�ected to impact energy

distribution of the re¯ected particles. Spread in energy

spectrum of the re¯ected particles gives a�ected to PExp:
Cu-e

in low energy region in Eq. (1). Compared with experi-

mental and calculation data which is assumed some ion

temperature by Eq. (6), it is possible to estimate incident

energy distribution to the target plate in the low energy

region. Fig. 3 shows PTRIM
Cu-e for various kTi and cÿ(E) for

hydrogen in same dynamics range. PTRIM
Cu-e increases with

increasing kTi. When kTi is below 10 eV, ion tempera-

ture is estimated from this results. From obtained the

P
Exp:
Cu-e and PTRIM

Cu-e , ion temperature is estimated in TPD-I.

Fig. 4 shows the relation between experimental and

calculated results including g above mention with as-

sumption kTi� 1 eV case. In the case of the hydrogen,

ion temperature is estimated under 1 eV. The hydrogen

data of PExp:
Cu-e does not exist under the 40 eV in Fig. 2(a)

due to deep ¯oating potential. However in the case of

helium discharge, ion temperature is estimated over 1

eV. Fig. 5 shows the relation between sheath potential

and PCu-e in various kTi. This results suggest that ion

temperature is between 2 and 3 eV with helium discharge

at 0.9 mTorr in TPD-I.

5. Summary

The re¯ected neutral particles were measured in the

linear device TPD-I. Experimental data were compared

with calculated ones obtained by simulation code in-

cluding the e�ects of the ®nite ion temperature and

sheath potential in front of the target material. The

pressure dependence of the re¯ected particles is related

to the scattering cross section in this geometry and mean

free path. There is a good agreement between experi-

mental and calculated results taking account of scatter-

ing with neutral gas and collecting e�ciency of the

negative charge. From this feature, there is a possibility

to estimate the ion temperature using by the sheath

potential dependence of the PExp:
Cu-e value with an as-

sumption of energy distribution of the re¯ected particles

from the calculation. Finally, ion temperatures are un-

der 1 eV at 1.0 mTorr for hydrogen discharge and 2±3

eV at 0.9 mTorr for helium discharge.

For understanding the ion re¯ection, we plan to

measure the re¯ected energy distribution with the Time-

of-Flight technique in order to obtain more precise en-

ergy distribution of the re¯ected particles.
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