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Computed electron oscillation inside the duct of a vacuum arc source
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A three-dimensional numerical model has been developed to simulate the motion of electrons inside
the duct of a vacuum arc metal source. It is found that electrons will travel back and forth along the
center axis inside the duct tube. This phenomenon of electron oscillation can be explained by the
combined effects of the electric and magnetic fields. The electron oscillation will increase the charge
state of the positive ions and the ions will gain more energy. Due to the influence of electron
oscillation, the plasma throughput of the duct will be different from that of a duct under the
influence of only the magnetic field. This finding should be taken into account when designing metal
arc sources and optimizing their performance. 1@99 American Institute of Physics.
[S0021-897€09)05209-3

I. INTRODUCTION biased platé® The maximum transport occurs at a biased

voltage of about+20 V.>1%12The combination of magnetic

. Vacugm arc or cat.hodic arc metal sources can deposit,\q electric field can give rise to an increase in the plasma
high quality thin metal films and metallurgical coatings A transport efficiency on the order of 25%.

metal plasma consisting of positive metal ions and electrons |, previous works, the electron motion in a vacuum arc
is created when an arc discharge is triggered between W, ot heen probed but it is an important factor. The elec-
metal electrodes in vacuum. Metal plasma immersion 0y, gensity is usually two or three times that of the ion
implantation and depositioMEPIIID), a hybrid process  yensity16 The magnetic field generated by the duct is usually
combining cathodic arc deposition and plasma immersion,..nd a few tens of milli-tesi®:45The field strength is
ion implantation, is a novel surface modification gy ong enough to magnetize the electrons but not the ions.
t_echnologyf This technique which encompasses coimplanta-rhe magnetized electrons will follow the magnetic field line.
tion of gaseous and metallic ions can improve the wear ang e 1q the internal electric field in the plasma, the ion mo-
corrosion resistance of the treated surface. tion will be coupled to that of the electrons, and the plasma

_ The plasma generated by the metal vacuum arc comg rotate along the central axis of the dumodel of
prises electrons, ions with charge states betweemol5+, a “plasma optics’). 10

small fraction of neutral atoms<(1%), andmacroparticles In this article, we will present our simulation results on
typically micrometers |n.S|zé..Contam|r.1at|o.n of the thin  he electron trajectories inside the duct of the vacuum arc
metal films by macroparticles is the major disadvantage pregorce. Different working conditions will be investigated.
cluding a wide application of vacuum arc plasma sources iy results show that under the combined effects of the elec-
the industry. The macroparticle velocity is in the range ofy;ic ang magnetic fields, the electrons will oscillate along the
100 m/s, and th6e7 plasma velocity is typically much higher atgner axis inside the duct tubBig. 1(a)] and drift to the z

1 to 2x 10" m/s>’ Consequently, they can be rem5°§’1e0q12y direction (Fig. 2) of the duct tube. This phenomenon and its
magnetic field using either a stra@ﬂt_or curved>* effects will be discussed. Electron oscillation will increase
geometry. The magnetic field can guide the metal plasmg,e propability of collision with ions and increase the

from the source to the target while.the macroparticles Ca””CEharged state of the positive ions. This phenomenon should
reach the target because they collide with the duct walls dug, ;5 he taken into account in metal arc source design and its
to their inertia. One drawback of the magnetic duct is theoptimization.

reduction of the plasma flux on account of recombination at

the duct walls. In order to increase the throughput of the

metal plasma, the curved magnetic duct wall can be biasety SIMULATION MODEL AND FORMALISM

with a positive voltag_é_f1 Alternatively, a quarter of the duct We use a three-dimensional model to simulate the elec-
wall area can be positively biased at its outer major CircUMyy o, trajectory along the duct filter using cylindrical coordi-
ference by inserting a curved plate electrode such as a Bilek,aq p, &, 2) as illustrated in Fig. 1. The symmetry axis of
the curved duct is rested in the=0 plane of Fig. 2. The
dCorresponding author; Electronic mail: paul.chu@cityu.edu.hk center of the major curvature is placed at the origin. As
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2 2
y 4 The duct wall Ei(p@)—l—ig-i-g:a (4)
/ pap\"apl p?ag? o7
The bias plate

Equation(4) can be solved by the finite difference method. A
rectangular mesh is applied to thp,£) plane[Fig. 1(b)].
. P The circular boundary of the duct wall will not lie on the grid
A line. We simply adopt the “irregular physical boundaries”
method to express the first and second order derivatives in
terms of the value at the boundary rather than at the hbde.
The potential of each grid point is obtained by iteration. The
trajectory of a charged particle under the influence of electric

The center axis

'\ d) E and magnetid fields can be described by the kinematic
g s equations
) v_ E+VxB 5
z 1 mg; =A(E+VXB), (5)
- Radius dr,
dl of duct E =V, (6)
R whereq is the charge of the particl®, is the velocity, and ,
¢ 4_ , is the position of the particleE and B are position depen-
0 ® 4 p dent. Usually, the electrons are well confined by the mag-
Radius of AP~ netic field. Equationg5) and (6) are simplified by incorpo-
major curvature > |  1hebiasplate rating theExB drifts of the electron. We will ignore the

FIG. 1. Schematic of the curved duct in cylindrical coordinates alanthe gyrating mPt'O” of the ele_CtronS and only gon5|der their av-
(p, ¢) plane, andb) the (p,z) plane. The bias plat field, andB field erage motion. The velocity and electric field are resolved

vectors are indicated. into two components, one parallel to the magnetic field and
the other perpendicular to the magnetic field. Equatien

becomes

shown in Fig. 1, the length of the duct is related#o The d(V,g+V.g)

magnetic field is generated by the coils surrounding the ducf” dt =q(EptEgtVigXB+V gXB).  (7)
The fielddB at a point due to an element of the duct coil is , o
represented by: V,gXB=0 and Eq.7) can be separated into two equations:

In(pde¢)dlr
e (pdo) , n
4qr3

where uq is the permeability| is the current in the duct
coils, nis number of turns per unit lengthd¢ is the length
of the element alon@, r is a vector between the point and
the element, andl is a vector tangent to the surface of the
duct as depicted in Fig. 1:

dl=Rnorda(cosak+sinap) (2

ion (m)

The ultimate magnetic field at a point in space can be calcu-
lated by integrating Eq(1) for all the duct coils.

The electric field is generated by the positive voltage
applied to the bias plate placed at the outer wall of the &
curved duct. The potentiab in space can be expressed by -0.04 3‘2 >
Poisson’s equation

Z direct

_ (2qini—ane)

€0

Ved = ®)

Y o 0.
dlrectio,, (m)
where q is the elementary chargg,is constituent charge; FIG. 2. Four electron trajectories under different conditions. Path 1 is the

is the dielectric constant, ang andn, are the ion and elec- trajectory without applying either the electric or magnetic field. Path 2 is the

tron density, respectively. In our work, the main concern istrajectory with only the electric field. Path 3 is the trajectory with only the

. magnetic field. Path 4 is the trajectory under the influence of both the elec-
the motion of the electrons anyg andn, are assumed to be y¢ and magnetic field, and the electron oscillates along the axis of the

zero. In cylindrical coordinates, it becomes curved duct.



J. Appl. Phys., Vol. 85, No. 9, 1 May 1999 Kwok et al. 6383

av 045 e T T
md—tHB =qE;g, (8a)
- — Electric field vector
Vs 040 ///}jmwllw'/ . h
M =a(E,5+V, 5XB). (80) : ,‘,ff,m"ffff'/j ,/f'/[/;'/'/'// ,
- ""n"":' / i
The solution of Eq(8b) is V, g=Vp+V,, WhereVy is the £ 035F "vvvvv....,,,":::::,':n ,{ éfvj’/"//’//////
drift velocity, i.e., g " '::",::'»,%’/’;7
5 030 "t ‘//;// .
E sXB > i "0y 008 %
D™ |B| > (9) ',»,:’:r:':"ﬁ ]
025} " .

and Vg, is the gyration velocity of the electron which is
ignored in our simulation. By solving E@8a), the final ve- i
locity of the electron becomeé=V,g+Vp . The position of 0.2_%0;‘- obo 0;)5 -6'16- 0'15 0'20 0'25 050 s
the electron is numerically updated by E§.) The iterative ) ) ’ 'x direc;ﬁon (m)' ) ) )
process is repeated at the updated position until the end or

the simulation. FIG. 3. Electric field vector along the symmetry plane of the curved duct
(z=0).

Ill. RESULTS AND DISCUSSION

The electron motion of a single particle inside the duct iswhen exiting the duct since the magnetic field lines are no
modeled based on the dimensions of the instrument at thienger concentrated at the center axis outside the duct. Under
City University of Hong Kong'® The duct in the cathodic the influence of the electrons, the positive ions will expand
vacuum arc source has a 45° filter tube. The major radius dbrming a wide and uneven distribution in concentration
curvature at its axis is 38 cm and the internal radius of thavhen exiting the duct tube. The degree of widening obvi-
duct is 4 cm. The curved Bilek biased plate is placed at the@usly depends on the distance away from the duct exit.
outer circumference covering a quarter of the inner surface Path 4 is the most complicated one. It shows the trajec-
of the duct. The number of turns of the duct coil is 10 350.tory of an electron under the combined influence of both the
When applying a coil current of 6 A, the maximum magneticelectric and magnetic fields. The electron is found to traverse
field at the center of the duct coils in the middle of the ductback and forth inside the duct tube along the center axis. As
tube is 240 Gauss. Five volts are applied to the biased plat¢he electron oscillates, it drifts to thez direction of the duct
An electron is normally fired at one end of the duct positionuntil it hits the duct wall. The electron stays in the duct tube
at the center with an initial velocity of 1:610* m/s. Figure  for 1.181x 10 ° s. The electron oscillation phenomenon can
2 displays the trajectories of the electron in the absence dfe explained as follows. Figure 3 is a vector plot of the
plasma effects under four conditions and the duct wall islectric field along the symmetry plane of the center axis of
represented by the dotted circles. the duct tube az=0. It shows that the electric field inside

Path 1 in Fig. 2 represents the electron trajectory withouthe duct tube is perpendicular to the curved duct. In other
the electric and magnetic fields. The electron goes straighwords, the electric field is perpendicular to the magnetic field
and is stopped by the outer duct wall at 1.¥810° s. The lines. Therefore, when the electron traverses inside the duct,
electron travels a total distance of 0.1772 m. This simplénstead of getting attracted by the electric field towards the
calculation verifies our model is simulating properly the mo-outer duct wall(path 2 in Fig. 2, it will drift due to the E
tion of an electron in cylindrical coordinates. X B force. From the right hand rule, theXB force will

Path 2 in Fig. 2 depicts the electron trajectory under thdorce the electron downward in thez direction. The electric
attraction of an electric field produced by applyid V to the field vectors at the start and at the end of the duct tube are
biased plate. It took only 9.04810 & s for the electron to be different. They expand radically outwards and are stronger
absorbed by the outer duct wall. The electric field created byhan those inside the tube. The electric field vectors of the
the biased plate will repel most of the positive ions but will entrance and exit of the tube are not mirror images as a
not provide a central stream of electrons when working on itgrounded mask is usually inserted at the entrance of the
own. Therefore, the “model of plasma optics” cannot be duct!® The radial component of the electric field at both ends
applied in this situation. will decelerate the electron and attract it back into the duct

Path 3 in Fig. 2 shows the electron trajectory under thdorming a “simple harmonic field trap.”
influence of a magnetic field. The electron is well confined  We do not believe that all the electrons inside the duct
and travels through the duct following the magnetic fieldwill oscillate because it depends on the initial position of
lines. The electron stays in the duct for abot 0°s and  each electron and the effects of the plasma have to be con-
takes 4<10°° s to arrive at the final position illustrated in sidered as well. In the presence of the plasma, the internal
Fig. 2. The initial position of the electron is assumed to haveplasma field will drive the electrons. Moreover, the electrons
a Gaussian distribution at the opening end of the duct planevill couple with the positive ions and scatter with other elec-
According to the model of plasma optics, a central beam ofrons. Nonetheless, even if some of the electrons are oscil-
electrons will pass through the duct tube but expand widelyating, they will produce a pronounced effect on the plasma
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motion. The oscillating electrons will increase the chance 0 ACKNOWLEDGMENTS
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