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ABSTRACT

The potential of laser ablation plasma was controlled successfully by using external ring 
electrodes. We found that an electron sheath is formed at the plasma boundary, which plays 
an im portant role in the potential formation. When the positively biased plasma reaches a 
grounded grid, electrons in the plasma are turned away and ions are accelerated, which leads to 
the formation of a virtual anode between the grid and an ion probe. We think that this device 
which can raise the plasma potential up to order of kV can be applied to the study of sheath 
dynamics and to a new type of ion beam extraction.
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1 Introduction

Since laser ablation plasma expands with 
extensive velocity and density, and can be 
produced from almost any kind of solid ta r
get, it has been applied to various industrial 
fields, such as Laser Ion Source, complex thin 
films made by Pulsed Laser Deposition, plasma 
etching and surface modification [1] [2].

Laser-produced plasma drifts adiabatically 
with its pressure gradient under the given 

boundary conditions. However, its dynam
ics when electric forces have been applied has 
not been clarified thoroughly yet. In this 
study, electric fields are applied to the drift
ing plasma, detached from the plasma bound
ary. Therefore, boundary conditions such as 

electrodes and walls give conditions to the 
plasma about how to raise self-consistent po
tential which affect the transportation of ions 
in plasma. When plasma touches a wall, it

keeps quasi-neutrality by forming a sheath 

which balances the total electron current and 
the ion current flowing toward the wall, and 
the plasma potential needs to be determined 
by the sheath currents.

We have investigated the behavior of plasma 
by changing the external environment, and 
succeeded in raising the bulk plasma poten
tial up to 1 kV by using external electrodes. 
This control was achieved because of the sta

ble formation of an electron sheath in front of 
the electrode.

This device which can control plasma poten
tial is useful for the research of plasma dynam
ics. With this device we observe the formation 
of sheaths, and an virtual anode formed by the 
extraction of ions from plasma.

In the end, we will show that we can ex
tract a stable ion beam which is not affected 
by the ion current supply similar to the grid
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2 Sheath

2.1 In te ra c tio n  be tw een  bu lk  p la sm a 
an d  walls

When plasma touches a wall,a boundary 
called sheath is formed between the wall and 
plavsma, and the total amount of electron cur
rent flowing to walls becomes equal to ion cur
rent so that plasma can ensure quasi-neutrality
[4]-

In general, positive charges remain in bulk 
plasma, and make the potential higher than 
the wall potential by forming an ion sheath 
at the edges because of small inertia of an 
electron. In this way, the total electron cur
rent balances an ion current flowing toward the 
walls.

For plasma between two walls, the bulk 
plasma potential approaches to that of the wall 
where electrons can flow easily, i.e. a positively 
biased wall, and ion sheaths axe usually formed 
at the both sides of walls.

However, if the electron current is limited 
in some situations, for example, the positively 
biased wall is small and/or the wall is distant 
from the plasma core, the plasma potential be
comes lower than that of the wall and forms an 
electron sheath. When the loss areas of ions 
and the electrons are different, the existence 
of an electron sheath is provided around the 
condition of E q .(1 )[6].

controlled ion ex trac tio n  [3].

2.2 Space charg e  lim ited  c u rre n t

One-dimensional space charge limited cur
rent when charged particles are emitted with 
zero velocity is obtained by solving Poisson’s

d ^  = ~ 7 '〇 ⑵

with a boundary condition

V = 0 and dV/dx = 0 at a: = 0,

V = oi x = a. (3)

Then, the following Child equation is derived.

J = 4e〇/9 \/2 i^F〇3/2/a 2 = X^〇3/2/〇2 ⑷

where p is charge density and x is a constant 
number.

When the condition dV/dx = 0 at the emit
ter is retained, but in which the emitted par
ticles are all given in an initial velocity v 〇

V = V〇 = m v 〇 2/ 2 e  at a: = 0, (5)

we obtain the relation between potential V at 
distance x and current density J  from Eq. (2).

{y/VJVo - l ) 1/2( y / V / V〇 + 2)V〇3/ 4

= (3®/2)(m/2e)l/4(J/e〇 )1/2 (6)

Figure 1 shows the schematic diagram of a 
spatial potential pronle between a grid and an 
ion collector. When plasma with a negative 
potential relative to the grid reaches the grid, 
electrons are turned away, and an ion sheath 
is formed in front of the grid.

On the other hand, ions are accelerated, and 
they pass though the grid. Thus, three types 
of potential profiles shown in r i g . 1 can be 
formed between the grid and the ion collector 
which is placed at x = a.

Id Case 1 ,potential gradient is negative at 
x = 0, and all ions with initial velocity are 
accelerated through the path.

In Case 2, potential has a peak between the 
two planes, but all the current flows into the 
ion collector. Potential distributions in both

equation
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Figure 1 : Schematic diagram of a spatial po
tential profile between a grid and an ion col
lector.

areas, the left and the right side of the peak, 
follow Eq. (6). Since the current in these two 
areas is same, we can obtain the maximal value 
and the position from a given injected current.

In Case 3, the maximum potential reaches 
plasma potential The maximum acts as a 

virtual emission-limited anode emitter, and re
flects the portion of the current. Both bound
aries of two areas separated at the virtual emit
ter are equal to the boundary condition (3). 
Since Poisson^ equation is about the distribu
tion of charges, the sum of the absolute value of 
injected current and reflected current is equal 
to space charge limited current even though 
opposing current flows in the left area of the 
virtual anode. In the result, current in both ar
eas is space charge limited, and can be solved 
by using two equations given by the Child 
equation (4), where transmission of a current 

is = ひ Jin，〇 < ひ <  1 .

f Ji„ +  ( l - a ) J in =  x̂ p3/2/a i2 
1 J〇ut = aJin = X(^p -  MP)3/2/(a -  〇i)2

⑺
Now we think tha t ions with an ion current 

density signal shown in Fig. 2(a) is injected 

from the left side of the grid as shown by Jxn 
in F i g . 1 . The current is assumed to be one
dimensional and static, and transition time is

Figure 2: (a) mjected current density Jin and 
transitions of emission current density J〇ut, (b) 
Emission current density J〇ut.

neglected for simplicity. The potential between 

the two planes changes depending on the time 
change of injected current density J\n as below.

i. While the injected current increases, the 
potential profile between the grid and the 
ion collector transits from Case 1 to Case
2. The peak of the potential appears in 
uase 2, and its value V〇 will increase until 
a maximum value called .

ii. When V〇 is near the current is in 
bistable condition, where the potential 

profile can take either of Case 2 and 
Case3. The profile transits from Case 2 
to Case 3 when the current reaches the 
maximum of Case 2. Note tha t ion cur
rent J〇ut which is collected at the ion col
lector in Case 3 is less than the maximum 

of ^〇ut in Case 2. If the injected current 
Jin then decreased, the aistance of virtual 
anode from the grid ai shifts toward the

i
e
i
oa.
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ion collector and the transm itted current 

J〇ut wiH increase.

iii. For the further decrease of the current 
becomes bistable condition again. The 
potential profile transits from Case 3 to 
Case 2 when reflection of the current is 
ceased, or the operation mode goes back 

to just before it happens.

As shown above, the potential transforms 
from Case 1 — Case 2 Case 3 — Case 2 

—> Case 1 j and the current has a bistable solu
tion when the transition between Case 2 and 
Case 3 occurs. The signal of current density 
J out observed at the ion current is predicted to 
be like Fig. 2(b).

3 Experimental setup

Figure 3 illustrates the schematic drawing of 
the apparatus. A copper target inside a vac
uum chamber was irradiated with a KrF ex- 
cimer laser (A =  248nm) a t an incident angle 
of 70° . The irradiation power density was 
108 〜 109 W /cm 2 and the pressure inside the 
chamber was 10-4 Pa. Plasma made by the 
laser ablation drifts toward electrodes while ex
panding. A tantgdum aperture with a diameter 
of 2 mm was placed in front of the target to 
limit the angle of plasma so tha t the plasma 
doesn’t  touch electrodes.

The cross-sectional diagram of external elec

trode is shown in Fig. 4. 4 mm-thick, 32 mm 
inner diameter ring electrodes and ring insu

lators were lined up alternately. Electrodes 
can change external electric field which inter
acts with the drifting plasma. A voltage in the 
range of 0 〜 +1 kV was applied to the elec
trodes. Langmuir probe was inserted 20 mm 

before the grid, between 4th and 5th electrodes 
from the target on a cylindrical axis. The

Figure 3: Schematic drawing of the experimen
tal apparatus.

foOKlIloscope

Figure 4: Cross-sectional diagram of elec
trodes.

probe can measure the plasma potential via a 
high voltage probe with the input impedance 
of 100 MQ.

A 100 mesh grid was placed 81 mm from 
the target at a side of grounded thimble on 
the downstream side of the electrodes. An ion 
collector was biased at -100 V to measure an 
ion current signal and its distance from the 

grid a can be changed.

When the plasma potential was measured， 

the voltage was applied to six electrodes on 
the left side in Fig. 4. When an ion current 
was measured, it was applied to the very left 
side of the electrode which was placed 24 mm 
from the target. From now, we call the voltage 
applied electrode u control electrode . The 
other electrodes were grounded.
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Figure 5: Time evolution of plasma potential 
when a positive voltage is applied to the con
trol electrodes.
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4 Results and Discussions
4.1 controlling the plasma potential

Figure D shows the time evolution of plasma 

potential when a DC voltage was applied to 
the control electrodes up to +1 kV. We can 
see tha t the plasma potential had more than 

80 percent of the control electrodes5 potential.

The plasma potential becomes close to the 
potential of the wall where electrons are easy to 
escape. We consider that the plasma potential 

rises when the plasma plume is detached from 
the grounded target and electrons become eas
ier to escape toward the control electrodes.

Once the plasma potential has been raised, 
electrons can not escape to the grounded grid. 
When the plume reaches the grid, an ion 
sheath is formed in front of the grid. At this 
time, all ions escaping from the plasma core go 
to the grid and the ion collector, while all elec
trons escaping from the plasma core go to the 
control electrodes. We think that the electron 
sheath and the ion sheath balanced the total 

electron current and the ion current flowing to
ward walls, which determined and maintained 
the plasma potential as shown in Fig. 5.

Note tha t the plasma potential might not 
be measured correctly at the beginning of the 
signal due to dilute plasma a t tha t time.

10 15
Time [[is]

20 25

Figure 6: The ion current signal when 80 V is 
applied to the control electrode (a =29.5 mm).

4.2 Extraction of ions from plasma

Figure 6 shows the typical ion current signal 
measured with the ion collector when a posi
tive voltage was applied to the control elec
trode. Peaks were formed at the beginning and 
the end of the signal, and the current was sup
pressed between these two peaks. The second 
peak is needed to be examined more as we dis
cuss later.

Next, we changed the distance of the ion 
collector from the grid a, and the voltage ap
plied to the grid under the condition of higher 
laser irradiation power density. Figure 7 shows 
the ion current signal when the applied volt
age was changed with distance a fixed to 10 

mm. In this high plasma flux condition, we 
can see tha t Case 3 dominated over Case 2. A 
flat part appeared in the signal and the value 
seemed to be gained with the increase of the 

applied voltage. Here we know tha t only ions 
reached the ion collector because the current 
signal was not changed even though a positive 

voltage 3l . r  was applied to the ion collector.

Figure 8 shows the ion current signal when 
the distance a was changed and the applied 
voltage was fixed to 300 V. We can see that 
the current was gained with the decrease of 
distance a from Fig. 8(a). Furthermore,the
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Figure 9: Schematic diagram of the spatial 
profile of the plasma and ion potential at the 
whole apparatus.

ion sheath in front of the grid. Then after the 
extraction of ions a t the grid, a virtual anode 

was formed between the grid and the ion col

lector.

5 Conclusion
We succeeded in controlling the potential 

of laser ablation plasma up to order of kV. 
This was obtained by placing ring external 

electrodes away from plasma plume bound
ary so that the plasma could form an electron
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(a) Ion current signals at a = 7 〜 24mm when 
300 V is applied to the control electrode
(b) Ion current signal follows a -2 rule

Figure 8: Relation between Ion current and 
distance a.

e 1

Figure 7: Ion current signals when a  posi
tive voltage is applied to the control electrode 
(a =10  mm).

minima of the flat part of the signal fitted a 
a -2 scaling as shown in Fig. 8(b).

Because the flat part of the signal was gained 
with the increase of the applied voltage and 
was inversely proportional to the square of dis
tance a. we can say that the formation of a vir
tual anode is the reason why the flat part was 
shown. Furthermore, the virtual anode was 
formed during the increase of injected current 
and collapsed during the decrease of injected 
current as seen in Figs. 6 〜 8. However, the 
right peak of the the ion current signal has 
a rapid rise although it has to be Case 3, in 
which the virtual anode is still to be formed. 
At this time, almost all current is reflected at 
the virtual anode because of the large injected 
current. This dynamics of the injected cur
rent might be the cause of this early collapse. 
Further investigation is needed to clarify the 

reasons why the virtual anode collapsed early 
and the current was decreased after the right 
peak.

From the results above, the potential pro
file of plasma while ions were extracted in this 
apparatus is assumed to be like Fig. 9. An 
electron sheath was formed in front of the elec

trode where the positive voltage was applied, 
and plasma with positive potential formed an
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sheath in front of the electrodes. When the 
plasma reached a grounded grid, an ion sheath 

was formed in front of it besides the electron 
sheath.

One of the advantages this device has is that 
it can control the plasma potential easily be
cause of the steady formation of an electron 
sheath. Since the mass of electrons is much 
smaller than tha t of ions, we could raise the 
plasma potential even though there is a dis

tance between plasma and electrodes. This 
distance makes this device durable for a de
structive electric discharge. Another advan
tage is tha t this potential controlled plasma 

is unlikely to be affected by the discharge for 
the plasma production because the time scale 
for the laser irradiation is much shorter than 
the plasma drifting and adiabatic expansion 
time. We think that this simple and calm de
vice would become useful for the research of 
sheath dynamics.

Using this device, we observed the formation 
of a virtual anode. We found tha t the virtual 
anode was collapsed during the decrease of in
jected current, and the timing was dependent 
on a reflected current growth.

Also, it became clear that we can obtain flat 

ion current when the virtual anode is formed.

By utilizing this potential raising method, we 
expect that a new type of ion beam extrac
tion will become possible as a replacement of 
grid controlled ion extraction [3] in which a 
destructive electric discharge is likely to hap
pen. The challenges for the future would be 
the further investigation of beam physics us
ing potential controlled plasma source, includ
ing the dynamical behavior of unstable virtual 
anode.
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