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Low pressure wire ion plasma discharge source, and application to electron

source with secondary emission

The present invention concerns a low pressure wire ion plasma
discharge source, in particular for use as an ion source for secondary emission
electron beam, especially for a pulsed X-ray source. This type of pulsed X-ray
generator is typically used as a pre-ionization source for high energy excimer
lasers.

Principle of such an X-ray source is described for example by Friede et
al. in US patent n°4,955,045. Typically, with reference to Figure 1 which
schematically represents a wire ion plasma (WIP) discharge source used in a
secondary electron emission X-ray generator, a positive pulsed voltage (1-5 kV) is
applied from a pulsed high voltage + U source to one or several parallel wires 10
(forming the anode of the device) extending longitudinally in an ionization chamber

with a low gas pressure, typically helium. Application of the pulsed positive voltage

creates a plasma of positive ions (for example He™) formed along the wire(s).

Following the creation of the ion (He") plasma, a negative high voltage pulse

(typically about 100 kV) is applied to a cathode 20 positioned in the same
enclosure. Positive ions are attracted towards the cathode 20 and, upon collision
with the cathode 20, create secondary electrons forming an electron beam that
propagates away from the cathode 20. A metal target 30 can be positioned in the
electron beam path thus creating X-ray emission by slowing down the electron
beam.

To obtain a reliable ion source for X-ray generator, in particular to be
used in high energy excimer lasers, the WIP discharge has to meet several
requirements:

- A high density of positive ions must be created to subsequently create a
high density of secondary electrons resulting in a high enough X-ray dose. This
typically necessitates high discharge current of at least 1 A/cm or more, typically 2
Alcm, for the WIP discharge.

- A reliable triggering (low pulse-to-pulse jitter) and good pulse-to-pulse
stability for reliable and stable X-ray emission.

- A good spatial uniformity of the created plasma especially in the

direction of the wire which can be longer than 1 meter in the case of an X-ray
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source for a high energy excimer laser.

Experience shows that it is rather difficult to fulfill these requirements
altogether.

Creating an ion plasma in a low pressure gas such as helium by applying
a high voltage pulse leads to a large statistical uncertainty linked to the presence
of the free electrons necessary to initiate the gas breakdown. This causes a large
jitter between the time the pulsed voltage is applied to the wire(s) and the
inception of the plasma. Such jitter can depend on external conditions such as
applied voltage, changing conditions of the surface of the ionization chamber walls
and time between the applied voltage pulse and the previous discharge (see
“Helium memory effect”, Kurdle and al., J. Phys. D: Appl. Phys. 32(1999), 2049-
2055).

Makarov in EP-2.079.092 is proposing a solution to this problem where
instead of a single pulsed WIP discharge, several successive discharges (at high
repetition rate, typically 100 Hz) are applied to the wire(s) before applying the
negative pulse to the cathode. Due to the “memory” effect of low pressure gas
(typically helium) discharge, the jitter is reduced for each successive discharge,
improving the stability (in time and intensity) of the plasma created by the last
positive pulse. However, this solution has several drawbacks:

- It forces to generate several WIP discharges for each electron beam
pulse which reduces the reliability and lifetime of the device.

- It has been observed that the successive discharges in a long WIP
source (>1m long) tend to cause unwanted longitudinal confinement of the
plasma, thus degrading the uniformity of the ion source (see Figure 2).

In this case, stability and low jitter come at the expense of uniformity.

On the other hand, it is also known from Gueroult et al., “Particle in cell
modelling of the observed modes of a DC wire discharge”, Journal of Physics D:
Appl. Phys., Vol. 43, N° 36, that WIP discharge can be sustained continuously at
low (DC) current (typically <1 m A/cm). Gueroult et al. also shows (see Figure 3
which represents discharge profiles viewed through the lateral window) that under
specific conditions of current and pressure, a DC WIP discharge can be sustained
in a so-called “constricted mode for low pressure” (Figure 3 (a) constricted mode —
p =1.10?mbar, | =1 mA) where the plasma is confined radially around the wire

and elongated uniformly along the wire or a “diffuse mode” for higher pressure
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(3(b), 3(c), 3(d) diffuse mode p = 2,8.10 mbar longitudinal expansion with current

for 1=1, 1,5 and 2 mA) where the plasma expends radially but exhibits non-

uniformity in the longitudinal direction (i.e. along the wire). In any case, for both
modes of operation, the DC WIP discharge cannot produce a sufficient ion density
to be directly used for an X-ray generator.

Japanese patent application JP-4-255654A discloses a pulsed electron
gun comprising a low pressure gas ionization chamber housing an anode wire for
generating positive ions by pulsed ionization of the gas. A DC voltage is applied in
advance to the anode wire and a pulsed voltage is further applied to the anode
wire. Thus, the plasma density inside the ionization chamber is increased and the
number of positive ions extracted from the plasma and reaching the surface of the
cathode is also increased. However, applying both the DC voltage and the pulsed
voltage to the same anode wire presents the following drawbacks:

e The application of the high voltage / high current pulse on the wire can
destabilize the continuous plasma ;

e In JP-4-255654A, the continuous high voltage applied to the wire is a
significant fraction of the pulse high voltage and no provision is made to avoid
the continuous plasma to become unstable;

e The DC plasma discharge presents a negative resistance, and thus must be
resistively ballasted in order to be stable. Consequently, superimposing the
pulsed supply and the DC supply is not satisfactory because any stray
capacitance (stray capacitance of cables and diodes) will induce oscillations of
the DC discharge.

Therefore, the aim of the present invention is to provide a low pressure
wire ion plasma (WIP) discharge source, in particular for use as an ion source for
secondary emission electron beam, especially for a pulsed X-ray source,
overcoming the prior art drawbacks.

In particular, the aim of the present invention is to provide a low pressure
wire ion plasma discharge source ensuring easy plasma establishment with a low
jitter, a good stability and uniformity (constricted phase).

The above goals are achieved according to the invention by providing a
low pressure wire ion plasma (WIP) discharge source that comprises an elongated
ionization chamber and at least two anode wires, preferably parallel, extending

longitudinally within the ionization chamber, wherein a first of said at least two
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anode wires is connected to a direct current (DC) voltage supply and a second of
said at least two anode wires is connected to a pulsed voltage supply.

In operation, the first anode wire supplied with a DC voltage serves as an
auxiliary source that provides excited or ionized species. These species serve as
seeds for establishment of a pulsed high current plasma when the second anode
wire is supplied with a high pulsed voltage, thus ensuring low jitter, stability and
uniformity of the final main plasma.

Preferably, the direct current applied to the first anode wire is a low
current (typically <1 mA/cm) to obtain and maintain the final main plasma in a
uniform mode (constricted phase).

The low pressure WIP discharge source of the invention can comprise
more than two anode wires. Either the DC voltage supply or the pulsed voltage
supply can be connected to two or more parallel anode wires.

A typical configuration comprises a single anode wire connected to the
DC voltage supply and two parallel anode wires connected to the pulsed voltage
supply. The anode wire(s) can be connected to the pulsed voltage supply by one
or both ends, or in case of multiple anode wires by alternating opposite ends of the
anode wires.

In a preferred embodiment, the ionization chamber comprises a main
elongated chamber and an auxiliary elongated chamber which are in fluidic
communication along their lengths, preferably their entire lengths through a slit. At
least one longitudinally extending anode wire, connected to the DC voltage supply,
is housed within the auxiliary chamber and at least one longitudinally extending
anode wire, connected to a pulsed voltage supply, is housed within the main
chamber of the ionization chamber. With such an arrangement cross-talk or short
circuit during application of the main high current pulse is avoided.

The present invention will now be described in detail with reference to the
drawings which represent:

- Figure 1, a schematic representation of the functioning of a classical
secondary electron emission X-ray generator using a wire ion plasma discharge;

- Figure 2, a schematic representation of the ion plasma confinement
using a single pulse WIP discharge or a multiple pulses WIP discharge;

- Figure 3, the configuration of DC wire plasma discharges depending on

DC current value and gas pressure;
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- Figure 4, a schematic representation of an ionization chamber
according to the invention;

- Figure 5, a schematic representation of the DC voltage supply and the
pulsed voltage supply;

- Figure 6, a schematic representation of an embodiment of the ionization
chamber according to the invention, comprising main and auxiliary ionization
chambers;

- Figure 7, a representation of a sequence and waveforms for operation
of the ionization chamber according to the invention; and

- Figures 8A and 8B, voltage and current curves on the pulsed anode
wire with application of a DC current according to the invention (7A) and without
DC current (7B).

In Figure 4, there is schematically represented an ionization chamber 1
according to the invention. The ionization chamber 1 is of elongated shape
(typically of 1 m or more length) and houses two parallel anode wires 2, 3
extending longitudinally within the ionization chamber 1.

A first anode wire is connected to a DC voltage supply 4 intended to
apply to the wire a high DC voltage (typically 0,5 to 1 kV) and a low DC current
(typically <1 mA/cm).

The second anode wire is connected to a pulsed voltage supply 5
intended to apply a single high voltage (typically 1-5 kV) and high current (typically
>1 Alcm; < 10 us) pulse.

By continuously applying a high voltage to one anode wire, thus creating
a continuous current through said wire, when subsequently applying a high DC
voltage to the other wire, a stable WIP discharge with almost no jitter is safely
obtained. Of course, number and positioning of the anode wires of each type (DC
and pulsed) can be chosen to optimize ion density and uniformity. Also, when
several anode wires supplied with a pulsed high voltage are used, pulsed high
voltage can be supplied to a same single end of the wires, both ends of the wires
or an opposite end of each wire.

In a specific embodiment, as shown in Figure 6, the ionization chamber
10 comprises a main elongated chamber 11 and an elongated auxiliary chamber
12, auxiliary chamber 12 being in fluidic communication with main chamber 11

through an elongated slit 13 extending longitudinally along the length, preferably
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the entire length of the main and auxiliary chambers.

Main chamber 11 houses two parallel anode wires 14a, 14b extending
longitudinally within the chamber (of course, only one anode or more than two
anode wires may also be used).

Auxiliary chamber 12 houses an anode wire 15 extending longitudinally
therein (of course, more than one anode wire may be disposed within the auxiliary
chamber 12.

The anode wire(s) 15 located within the auxiliary chamber 12 is
connected to a high voltage/low current DC supply (as shown in Figure 4). The
anode wires 14a, 14b located within the main chamber 11 are connected to a
pulsed high voltage/high current supply (for example, as shown in Figure 5). In the
embodiment of Figure 6, anode wires 14a, 14b are connected to the pulsed high
voltage/high current supply through opposite ends. Of course, they also could be
connected through their same side ends or both ends.

The elongated main and auxiliary chambers may have any suitable
shapes such as parallelepipedic or cylindrical shapes. The overall longitudinal
length of the main and auxiliary chambers is typically 1 m or more.

In reference with Figure 7, a typical operation sequence of the ionization
chamber according to the invention will now be described when used for producing
a secondary electron emission beam.

1. lonization chamber characteristics

- lonization chamber: The chamber has a parallelepipedic shape with
the following typical dimensions: length 130 cm, width 4 cm and height 4 cm.

- Anode wires

DC voltage anode wire: one DC wire, typically 200 um in diameter
Pulsed voltage anode wire: two Pulsed wires, typically 300 ym in
diameter

- DC supply (HVPS-1) with the following characteristics:

- Output high voltage typically 2 kV;

- Controllable Output current that can be limited to typically 0.3 mA
for 1.30 m wire length (hence = 0.3 mA/m) thus keeping the DC
plasma in constricted mode;

- Pulsed power supply with the following characteristic (see Figure 5):

- a high voltage power supply (HVPS-2) with HV output of typically 5
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kV ;

- a capacitor C, typically 30 nF to store electrical energy and
subsequently deliver it to the pulsed wire ;

- a switch S, capable of closing rapidly and handle voltage of up to 5
kV and current of up to typically 500 A in order to deliver a high
voltage pulse to the pulsed wire (s). The switch can be formed of one
or several IGBTs. Alternatively MosFET transistors can be used.
Alternatively thyratron also can be used (it shall be noted that in the

case of a thyratron, a transformer must be used)

2. Operation

Upon startup (T0), a high DC voltage (typically 2 kV) is applied to one
wire.

After some time (T1), the plasma is created around the wire and
current flows. The power supply current limit is set at a value low
enough to maintain the DC plasma in constricted mode and high
enough to generate enough charges for the stable formation of the
pulsed WIP. Typical current setpoint may depends on wire diameter
and chamber geometry (distance wire — wall, distance between
wires). For a DC wire of 200pm diameter, 1.5 m length, positioned at
~ 1 cm of the chamber walls, current setpoint is 0.1 mA. Once the
said plasma is established, power supply voltage drops at a value
depending on the plasma impedance, typically 1 kV. This DC plasma
is sustained continuously during the operation of the device.

At T2, HVPS-1 is charging capacitor C to a set high voltage, typically
5kV.

Once the capacitor C is charged, at T3, the switch S is closed and
subsequently, the Pulsed wire is submitted to the same high voltage.
The voltage rise time depends on the circuit physical characteristics,
designed to be fast (typically < 1 us)

At T4, the high voltage appearing on the pulsed wire is forming the
pulsed WIP plasma and a high current starts flowing in the ionization
chamber, creating high ion density during a time that depends on the

pulse power supply design (typically a few pus).
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At T5, the electrical energy stored in capacitor C has been fully
transferred to the plasma and the pulsed current stops

At T6, after a time delay precisely controlled, a negative high voltage
pulse (typically -100 kV) is applied to the cathode, accelerating the ion
plasma, creating secondary electrons and subsequent X-ray
emission.

At T7, controlled depending on the desired repetition rate of the X-ray

source, the cycle (starting at T2) is repeated

Typical delays:

DC plasma inception (T1-T0): non critical (only at startup), typically
<1s

Charge time of the capacitor C (T3-T2): must be shorter than the
desired time between successive X-ray pulses, typically < 100 ms for
10 Hz operation.

Rise time of the voltage across the pulse wire (T4-T3): must be fast
enough to efficiently form the pulse plasma. Depends on the circuit
parameters (switch closing time, inductance), typically < 1 ys.
Duration of the WIP plasma (T5-T4): typically 2 us

Delay Pulsed WIP plasma — e-beam (T5-T6): typically 5 ps

Repetition rate (T7-T2): typically 1-100 Hz (0.01 -1 s)

The sequence and waveforms for operation are shown in Figure 7.

Figures 8A and 8B show the ion source voltage and current on pulsed

anode wire when a DC current is applied to the other wire (100 shots) (Figure 8A)

and when no DC current is applied (Figure 8B). Without DC current, there is a

large jitter and a poor stability of the WIP discharge.
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CLAIMS

1. Pulsed X-ray source including a low pressure (1-20 Pa) wire ion
plasma discharge source comprising an elongated ionization chamber (1) housing
at least two anode wires (2, 3) extending longitudinally within the elongated
ionization chamber, a DC voltage supply (4) and a pulsed voltage supply (5),
wherein one (3) of said at least two anode wires is connected to the pulsed voltage
supply (5)

characterized in that another (2) of said at least two anode wires is

connected to the DC voltage supply (4).

2. Pulsed X-ray source according to claim 1, characterized in that the
low pressure wire ion plasma discharge source comprises several anode wires
connected to the DC voltage supply (4) and/or several anode wires connected to

the pulsed voltage supply (5).

3. Pulsed X-ray source according to claim 1 or 2, characterized in that
the linear current density of the direct current generated by the DC voltage supply

(4) is equal to or lower than 1 m A/cm.

4. Pulsed X-ray source according to anyone of claims1to 3,
characterized in that the pulsed voltage supply (5) generates a pulsed large

current with a linear current density of 1 to 5 A/cm or more.

5. Pulsed X-ray source according to anyone of claims1 to 4,
characterized in that the elongated ionization chamber (10) comprises a main
elongated chamber (11) and an elongated auxiliary chamber (12) in fluidic
communication along their entire lengths through a slit (13), the at least one
pulsed voltage supplied anode wire (14a, 14b) extending longitudinally in the main
elongated chamber (11) and the at least one DC voltage supplied anode wire (15)

extending longitudinally in the elongated auxiliary chamber (12).



