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FIG. 4

and/or power of a radiation beam comprises: a chamber for containing a gas;
one or more sensors; and a processor. The chamber is provided with a first
opening and a second opening such that a radiation beam can enter the cham -
ber through the first opening, propagate through the chamber generally along
an axis, and exit the chamber through the second opening. Fach of the one or
more sensors is arranged to receive and detect radiation emitted from a re-
gion of the chamber around the axis. The processor is operable to use the ra-
diation detected by the one or more sensors to determine a position and/or
power of a radiation beam propagating through the chamber generally along
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Radiation Sensor Apparatus

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority of EP application 15157391.2 which was filed

on March 3, 2015 and which is incorporated herein in its entirety by reference.

FIELD

[0002] The present invention relates to a radiation sensor apparatus for determining

a position and/or power of a radiation beam. In particular, but not exclusively, the
radiation sensor apparatus may form part of an EUV lithographic system.

BACKGROUND

[0003] A lithographic apparatus is a machine constructed to apply a desired pattern
onto a substrate. A lithographic apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). A lithographic apparatus may for example
project a pattern from a patterning device (e.g. a mask) onto a layer of radiation-
sensitive material (resist) provided on a substrate.

[0004] The wavelength of radiation used by a lithographic apparatus to project a
pattern onto a substrate determines the minimum size of features which can be formed
on that substrate. A lithographic apparatus which uses EUV radiation, being
electromagnetic radiation having a wavelength within the range 4-20 nm, may be used
to form smaller features on a substrate than a conventional lithographic apparatus
(which may for example use electromagnetic radiation with a wavelength of 193 nm).
[0005] For lithography and other applications, it may be desirable to be able to
measure one or more properties of a radiation beam.

[0006] It is an object of the present invention to obviate or mitigate at least one
problem of prior art techniques.

SUMMARY

[0007] According to a first aspect of the invention there is a provided a radiation
sensor apparatus for determining a position and/or power of a radiation beam, the
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radiation sensor apparatus comprising: a chamber for containing a gas, the chamber
being provided with a first opening and a second opening such that a radiation beam
can enter the chamber through the first opening, propagate through the chamber
generally along an axis, and exit the chamber through the second opening; one or more
sensors, each arranged to receive and detect radiation emitted from a region of the
chamber around the axis; and a processor operable to use the radiation detected by the
one or more sensors to determine a position and/or power of the radiation beam
propagating through the chamber generally along the axis.

[0008] As a radiation beam passes through the chamber it may interact with matter
within the chamber such as, for example, a gas. The gas within the chamber will emit
secondary radiation and, in general, there may be a combination of different processes
contributing to this secondary radiation. If the radiation beam has a sufficiently high
frequency, it may cause ionization of a gas within the chamber. In turn, the resulting
free electrons may ionize or excite gas molecules and/or radiate energy by photon
emission. Excited gas molecules will undergo spontaneous radiation via photon
emission. Therefore, the secondary radiation may be produced by a combination of
bound-bound transitions, free-bound transitions and free-free transitions.

[0009] The secondary radiation that is emitted by the gas is generally geometrically
confined to the region of the chamber which the radiation beam passes through. That
is, a volume which is swept out by the radiation beam as it passes through the chamber
and which may be referred to in the following as an interaction region. Further, the
intensity of the emitted secondary radiation is dependent on the flux of the radiation
beam (i.e. the power per unit area). Therefore the first aspect of the invention uses this
secondary radiation emitted from the interaction region to determine a position and/or a
power of the radiation beam.

[0010] The one or more sensors may be provided with filtering optics arranged to
filter out one or more bands of radiation.

[0011] This is advantageous since in addition to the secondary radiation, the one or
more sensors may receive stray radiation, for example from the radiation beam, which
may form a significant background signal. For example the filtering optics may

comprise one or more optics arranged to reduce the amount of radiation from the
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radiation beam that is received by the one or more sensors. Further, there may be
several processes which result in the emission of secondary radiation from the
interaction region. In some embodiments, the filtering optics may be arranged to filter
out one or more bands of radiation so as to leave one or more bands of radiation which
are most strongly and/or accurately correlated with the intensity distribution of radiation
beam. The filtering optics may comprise transmissive optics (e.g. lenses), which are
arranged to absorb the one or more bands of radiation that are to be filtered out and
transmits other bands of radiation. Additionally or alternatively, the filtering optics may
comprise reflective optics (e.g. mirrors), which are arranged to absorb the one or more
bands of radiation that are to be filtered out and reflects other bands of radiation. Such
reflective filtering optics may comprise a mirror provided with a (e.g. dielectric) coating
that transmits the one or more bands of radiation that are to be filtered out and reflects
other bands of radiation.

[0012] The radiation sensor apparatus may comprise two sensors. Each sensor
may be arranged to receive and detect radiation emitted from the region of the chamber
around the axis in a different direction.

[0013] Each of the one or more sensors allows a position of the radiation beam to be
determined in a direction in a plane perpendicular to the axis, which may be referred to
as the sensing direction of that sensor. The sensing direction of a sensor is generally
perpendicular the direction of the secondary radiation from the interaction region that
the sensor receives. Therefore, the provision of two sensors each arranged to receive
and detect radiation emitted from the region of the chamber around the axis in a
different direction, allows a two dimensional position of the radiation beam to be
determined.

[0014] The two sensors may be arranged to determine a position of the radiation
beam in different directions in a plane perpendicular to the axis. Each sensor may be
disposed such that it is pointing in a direction generally perpendicular to the axis. With
such an arrangement, each sensor may receive a projection of the interaction region

onto a plane parallel to the axis.
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[0015] The two sensors may be arranged to receive and detect radiation emitted
from the region of the chamber around the axis in two generally perpendicular
directions.

[0016] The one or more sensors may be provided with focusing optics arranged to
focus radiation emitted from the region.

[0017] The focusing optics may comprise a focusing lens for each or the one or more
Sensors.

[0018] Alternatively, the focusing optics may comprise an array of focusing lenses for
each of the one or more sensors.

[0019] Such an arrangement, using an array of micro-lenses will be less sensitive to
parallax errors, especially for embodiments wherein a diameter of the interaction region
is not negligible in comparison to a distance between the interaction region and the
focusing optics.

[0020] Each of the one or more sensors may be disposed outside of the chamber
and the chamber may be provided with one or more windows arranged to transmit
radiation from the region to one of the one or more sensors.

[0021] An advantage of such an arrangement may be that the one or more sensors
do not need to be formed from materials that are compatible with the environment of the
chamber. For example, the chamber may be maintained under vacuum conditions. It
will be appreciated that a chamber which contains a gas at a pressure below
atmospheric pressure may be referred to as being under vacuum conditions. By
locating the one or more sensors outside of the chamber they need not be formed from
materials which do not suffer from outgassing. Further, the one or more sensors can be
accessed (e.g. for maintenance or otherwise) without having to bring the chamber up to
atmospheric pressure. Alternatively, the one or more sensors may be disposed inside
of the chamber.

[0022] The radiation sensor apparatus may further comprise a gas supply
mechanism configured to supply a gas into the chamber.

[0023] The gas supply mechanism may be configured to maintain a constant
pressure of gas in the chamber.
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[0024] The gas supply mechanism may comprise: a gas supply operable to deliver
gas into the chamber; a pump operable to pump gas out of the chamber; and a
pressure sensor operable to monitor a pressure of gas within the chamber.

[0025] The first and second openings may be provided with a mechanism that allows
a pressure difference to be maintained across each of the first and second openings.
This mechanism may comprise a plurality of stages that may form part of a differential
pumping system.

[0026] Each of the one or more sensors may comprise a plurality of sensing
elements, each sensing element having a different position in a sensing direction of the
sensor.

[0027] For example, each of the one or more sensors may comprise an array of
sensing elements, each sensing element being sensitive to radiation, and the processor
may determine the position of the radiation beam in a sensing direction of each of the
one or more sensors to be a centroid of the intensity distribution received by that
sensor. For example, each of the one or more sensors may comprise a charged
coupled device (CCD) array.

[0028] The array of sensing elements may be a one dimensional array. Readout
and data processing of such a one dimensional array is relatively fast (in comparison for
example to a two dimensional array).

[0029] An axis of the one dimensional array may be disposed at oblique angle to the
sensing direction of the sensor. Placing the one dimensional array such that its axis is
disposed at an oblique angle to the sensing direction of the sensor allows the use of an
array with larger sensing elements, which results in a sensor with higher sensitivity.
Additionally or alternatively, it allows the use of an array with a greater number of
sensing elements, which results in a sensor with a higher effective resolution.

[0030] Alternatively, the array of sensing elements may be a two dimensional array.
A two dimensional array has a larger detection area (in comparison to a one
dimensional array), which results in an increase in signal-to-noise ratio.

[0031] Each of the one or more sensors may comprise two sensing elements, each
sensing element being sensitive to radiation, and the processor may determine the
position of the radiation beam in a sensing direction of each of the one or more sensors,
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as measured from a mid-point of the two sensing elements, to be proportional to the
difference in the signals from the two sensing elements. Each of the two sensing
elements may for example comprise a photodiode.

[0032] An advantage of such an arrangement is that sensor is very fast, compared,
for example, to an arrangement wherein each sensor comprises an array of sensing
elements. For example, such an arrangement may be suitable for use at a response
rate of the order of 1 MHz. Such an arrangement is particularly suitable for monitoring
fluctuations in the position of the radiation beam. In order to determine an absolute
position of the radiation beam, prior knowledge of the profile (intensity distribution) of
the radiation beam may be required.

[0033] According to a second aspect of the present invention, there is provided a
radiation sensor apparatus for determining a power of a radiation beam, the radiation
sensor apparatus comprising: a resonant cavity for containing a gas, the resonant cavity
being provided with a first opening and a second opening such that a radiation beam
can enter the resonant cavity through the first opening, propagate through the resonant
cavity generally along an axis, and exit the resonant cavity through the second opening;
a source operable to excite an electromagnetic wave within the resonant cavity; and a
processor operable to: measure a resonant frequency of the resonant cavity or a
quantity indicative of a resonant frequency of the resonant cavity; and use the
measured resonant frequency or quantity indicative of the resonant frequency to
determine a power of a radiation beam propagating between the first and second
openings.

[0034] The resonant frequencies of a resonant cavity are dependent upon the shape
and dimensions of the cavity, which determine the boundary conditions for
electromagnetic disturbances within the cavity. The resonant frequencies are also
dependent upon the speed of light within the cavity, which, in turn, is determined by the
permittivity and permeability of the matter within the cavity.

[0035] As a radiation beam passes through the resonant cavity it may interact with
matter within the resonant cavity. For example, if the radiation has a sufficiently high
frequency, it may cause a gas within the resonant cavity to ionize. In general, the
density of free electrons within the cavity caused by such ionization is dependent upon
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the power of the radiation beam. The density of free electrons within the cavity will
affect the permittivity and/or permeability within the cavity, which in turn will affect the
resonant frequencies of the cavity. In particular, the permittivity within the resonant
cavity is dependent upon the density of free electrons within the cavity. Therefore, the
first aspect of the invention allows the power of a radiation beam propagating between
the first and second openings to be determined from a determined resonant frequency
of the resonant cavity. In particular, the first aspect of the invention allows changes in
the power of a radiation beam propagating between the first and second openings to be
determined from changes in a determined resonant frequency of the resonant cavity.
[0036] The source may, for example, comprise a radio frequency supply, an antenna
and, optionally, a waveguide arranged to couple the radio frequency supply to the
antenna.

[0037] The provision of the first and second openings in the resonant cavity arranged
such that a radiation beam can enter the resonant cavity through the first opening,
propagate through the resonant cavity generally along an axis, and exit the resonant
cavity through the second opening allows the power of a radiation beam propagating
between the first and second openings to be determined with minimal attenuation of the
radiation beam. This is particularly the case if the radiation beam comprises EUV
radiation because EUV radiation is strongly absorbed by matter.

[0038] The processor may be operable to control the frequency of the
electromagnetic wave that is excited within the resonant cavity by the source.

[0039] The processor may be operable to control the source so as to sequentially
excite a plurality of standing waves with different frequencies in the resonant cavity
while simultaneously monitoring the amplitude of the electromagnetic wave within the
resonant cavity.

[0040] The processor may be operable to determine the resonant frequency of the
resonant cavity to be a frequency at which a local maximum occurs in the amplitude of
the electromagnetic wave within the resonant cavity.

[0041] The radiation sensor apparatus may further comprise a receiver operable to
monitor the electromagnetic wave within the resonant cavity. The receiver may be

operable to output a signal indicative of the amplitude and/or phase of the
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electromagnetic wave within the resonant cavity and the processor may be arranged to
receive the signal from the receiver.

[0042] In order to determine a resonant frequency of the resonant cavity, the
processor may be operable to control the source so as to vary the frequency of the
electromagnetic wave that is excited within the resonant cavity. The processor may be
operable to simultaneously monitor the amplitude of the electromagnetic wave within
the resonant cavity. The processor may determine the resonant frequency of the
resonant cavity to be a frequency at which a local maximum occurs in the amplitude of
the electromagnetic wave within the resonant cavity.

[0043] The radiation sensor apparatus may further comprise a directional coupler
operable to: monitor a reflected wave received by the source; and output a signal
indicative of the amplitude and/or phase of the reflected wave. The processor may be
arranged to receive the signal from the directional coupler.

[0044] The directional coupler may be further operable to monitor a wave generated
by a power supply of the source; and output a signal indicative of the amplitude and/or
phase of the wave generated by the power supply of the source, and wherein the
processor is arranged to receive the signal from the directional coupler. It will be
appreciated that although in some embodiments a directional coupler is used to monitor
a reflected wave received by the source and/or a wave generated by a power supply of
the source in alternative embodiments the directional coupler may be replaced with any
other device that is operable to monitor either or both of the reflected wave received by
the source and the wave generated by a power supply of the source.

[0045] The processor may be operable to determine a relative phase between an
electromagnetic wave supplied by a power supply of the source; and the
electromagnetic wave excited within the resonant cavity by the source.

[0046] At the resonant frequency of a damped driven harmonic oscillator (such as,
for example, a resonant cavity) the amplitude of the system is at a maximum and the
response of the system lags behind the driving signal by 90°. At frequencies below the
resonant frequency of the system, the phase lag is reduced, with the relative phase
tending towards 0° for frequencies well below resonance. At frequencies above the
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resonant frequency of the system, the phase lag is increased, with the relative phase
tending towards 180° for frequencies well above resonance.

[0047] The processor may be further operable to determine the resonant frequency
of the resonant cavity in dependence on the determined relative phase. Alternatively,
the processor may be operable to determine the power of a radiation beam propagating
between the first and second openings directly using the determined relative phase.
The determined relative phase may be considered to be a quantity indicative of the
resonant frequency of the resonant cavity.

[0048] The radiation sensor apparatus may further comprise a gas supply
mechanism configured to supply a gas into the resonant cavity.

[0049] The gas supply mechanism may comprises: a gas supply operable to deliver
gas into the resonant cavity; and a pressure sensor operable to monitor a pressure of
gas within the resonant cavity.

[0050] The gas supply and pressure sensor may form a feedback loop that is
operable to control the pressure of gas within the resonant cavity.

[0051] The gas supply mechanism may be configured to maintain a constant
pressure of gas in the resonant cavity.

[0052] The gas supply mechanism may further comprise a pump which is operable
to pump gas out of the resonant cavity.

[0053] The radiation sensor apparatus may further comprise a mechanism arranged
to maintain a constant pressure of gas in the resonant cavity.

[0054] The first and second openings may be provided with a mechanism that allows
a pressure difference to be maintained across each of the first and second openings.
[0055] This mechanism may comprise a plurality of stages that may form part of a
differential pumping system.

[0056] The source may comprise a first antenna. The first antenna may be disposed
within the resonant cavity. Alternatively, the source may further comprise a first
waveguide, which may couple the first antenna to the resonant cavity.

[0057] The receiver may comprise a second antenna. The second antenna may be
disposed within the resonant cavity. Alternatively, the receiver may comprise a second
waveguide, which may couple the second antenna to the resonant cavity.
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[0058] The resonant cavity may have any suitable size and/or shape. In one
embodiment, the resonant cavity may be generally cylindrical in shape. An axis of the
cylinder may extend between the first and second openings, which may be provided on
opposed surfaces of the cylinder.

[0059] The radiation sensor apparatus may be suitable for determining a power of an
electromagnetic radiation beam, for example EUV radiation.

[0060] The radiation sensor apparatus may be suitable for determining a power of a
pulsed radiation beam.

[0061] According to a third aspect of the invention there is provided a system
comprising: a radiation source configured to provide a main radiation beam; and a
radiation sensor apparatus according to any preceding claim, the radiation sensor
apparatus being arranged to determine a power and/or a position of the main radiation
beam or a portion of the main radiation beam.

[0062] The system may further comprise: at least one lithographic apparatus; and a
beam delivery system configured to direct at least a portion of the main radiation beam
to the or each lithographic apparatus.

[0063] The radiation source may be configured to provide an EUV main radiation
beam.

[0064] The radiation source may be configured to provide a pulsed radiation beam.
[0065] The radiation source may comprise a free electron laser.

[0066] According to a fourth aspect of the invention there is provided a lithographic
system comprising: a radiation source configured to provide a main radiation beam; at
least one lithographic apparatus; a beam delivery system configured to direct at least a
portion of the main radiation beam to the or each lithographic apparatus; and a radiation
sensor apparatus according to the first aspect of the invention or the second aspect of
the invention, the radiation sensor apparatus being arranged to determine at least one
of a power and a position of the main radiation beam and/or a portion of the main
radiation beam that is directed to one of the at least one lithographic apparatus by the
beam delivery system.

[0067] The radiation source may, for example, comprise at least one free electron

laser.
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[0068] The radiation source may be configured to provide an EUV main radiation
beam.

[0069] According to a fifth aspect of the invention there is provided a method for
determining a position and/or power of a radiation beam, the method comprising:
directing the radiation beam through a chamber containing a gas, the chamber having a
first opening and a second opening, wherein the radiation beam enters the chamber
through the first opening, propagates through the chamber generally along an axis, and
exits the chamber through the second opening; receiving and detecting radiation
emitted from a region of the chamber around the axis; and determining a position and/or
power of a radiation beam propagating through the chamber generally along the axis, in
dependence on the detected radiation.

[0070] The radiation beam may comprise electromagnetic radiation in the DUV or
EUV range. The radiation beam may be a pulsed radiation beam.

[0071] According to a sixth aspect of the invention there is provided a method for
determining a power of a radiation beam, the method comprising: directing the radiation
beam through a resonant cavity containing a gas, the resonant cavity having a first
opening and a second opening, wherein the radiation beam enters the resonant cavity
through the first opening, propagates through the resonant cavity, and exits the
resonant cavity through the second opening; exciting an electromagnetic wave within
the resonant cavity; monitoring the electromagnetic wave within the resonant cavity;
determining a resonant frequency of the resonant cavity; and in dependence on the
determined resonant frequency determining a power of a radiation beam propagating
between the first and second openings.

[0072] The radiation beam may comprise electromagnetic radiation in the DUV or
EUV range. The radiation beam may be a pulsed radiation beam.

[0073] Various aspects and features of the invention set out above or below may be
combined with various other aspects and features of the invention as will be readily
apparent to the skilled person.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0074] Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying schematic drawings, in which:

- Figure 1 is a schematic illustration of a lithographic system comprising a free
electron laser according to an embodiment of the invention;

- Figure 2 is a schematic illustration of a lithographic apparatus that forms part of
the lithographic system of Figure 1;

- Figure 3 is a schematic illustration of a free electron laser that forms part of the
lithographic system of Figure 1;

- Figure 4 is a schematic illustration of a first type of radiation sensor apparatus
which may form part of the lithographic system of Figure 1 in cross section in a plane
perpendicular to its axis;

- Figure 5 is a schematic illustration of the radiation sensor apparatus of Figure 4
in cross section in a plane containing its axis;

- Figure 6 is a schematic illustration of an embodiment of a sensor and focusing
optic which may form part of the radiation sensor apparatus of Figure 5.

- Figure 7 is a schematic illustration of the sensor of Figure 6 in a first orientation in
its image plane;

- Figure 8 is a schematic illustration of the sensor of Figure 6 in a second
orientation in its image plane;

- Figure 9 is a schematic illustration another embodiment of a sensor and focusing
optic which may form part of the radiation sensor apparatus of Figure 5;

- Figure 10 is a schematic illustration another embodiment of a sensor and
focusing optic which may form part of the radiation sensor apparatus of Figure 5;

- Figure 11 is a schematic illustration another embodiment of a sensor and
focusing optic which may form part of the radiation sensor apparatus of Figure 5;

- Figure 12 is a schematic illustration another embodiment of a sensor and
focusing optic which may form part of the radiation sensor apparatus of Figure 5;

- Figure 13 is a schematic illustration of a first embodiment of a second type of
radiation sensor apparatus which may form part of the lithographic system of Figure 1 in

cross section in a plane perpendicular to its axis;
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- Figure 13a is a schematic illustration of a second embodiment of a second type
of radiation sensor apparatus which may form part of the lithographic system of Figure 1
in cross section in a plane perpendicular to its axis; and

- Figure 14 shows a plot of the amplitude and relative phase lag (relative to a

driving force) of response for a damped driven harmonic oscillator.

DETAILED DESCRIPTION

[0075] Figure 1 shows a lithographic system LS according to one embodiment of the
invention. The lithographic system LS comprises a radiation source SO, a beam
delivery system BDS a plurality of lithographic apparatus LAs-LA, (€.g. eight lithographic
apparatus). The radiation source SO is configured to generate an extreme ultraviolet
(EUV) radiation beam B (which may be referred to as a main beam).

[0076] The beam delivery system BDS comprises beam splitting optics and may
optionally also comprise beam expanding optics and/or beam shaping optics. The main
radiation beam B is split into a plurality of radiation beams B,-B,, (which may be referred
to as branch beams), each of which is directed to a different one of the lithographic
apparatus LAg-LA,, by the beam delivery system BDS.

[0077] The lithographic system LS further comprises one or more radiation sensor
apparatus RS according to an embodiment of the invention. As shown in Figure 1,
lithographic system LS comprises a radiation sensor apparatus RS which is arranged to
measure one or more properties (e.g. the power and/or the position) of the main beam
B. Additionally or alternatively, lithographic system LS may comprise a radiation sensor
apparatus RS that is arranged to measure one or more properties of a branch radiation
beam B,-B,. Additionally or alternatively, lithographic system LS may comprise a
radiation sensor apparatus RS arranged to measure one or more properties of a
radiation beam within the beam delivery system BDS.

[0078] The optional beam expanding optics (not shown) are arranged to increase the
cross sectional area of the radiation beam B. Advantageously, this decreases the heat
load on mirrors downstream of the beam expanding optics. This may allow the mirrors
downstream of the beam expanding optics to be of a lower specification, with less
cooling, and therefore less expensive. Additionally or alternatively, it may allow the
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downstream mirrors to be nearer to normal incidence. For example, the beam
expanding optics may be operable to expand the main beam B from approximately 100
pum to more than 10 cm before the main beam B is split by the beam splitting optics.
[0079] In an embodiment, the branch radiation beams B,-B, are each directed
through a respective attenuator (not shown). Each attenuator may be arranged to
adjust the intensity of a respective branch radiation beam B,-B, before the branch
radiation beam B,-B, passes into its corresponding lithographic apparatus LA;-LA,.
[0080] The radiation source SO, beam delivery system BDS and lithographic
apparatus LAs-LA, may all be constructed and arranged such that they can be isolated
from the external environment. A vacuum may be provided in at least part of the
radiation source SO, beam delivery system BDS and lithographic apparatuses LA,-LA,
so as to minimise the absorption of EUV radiation. Different parts of the lithographic
system LS may be provided with vacuums at different pressures (i.e. held at different
pressures which are below atmospheric pressure).

[0081] Referring to Figure 2, a lithographic apparatus LA, comprises an illumination
system IL, a support structure MT configured to support a patterning device MA (e.g. a
mask), a projection system PS and a substrate table WT configured to support a
substrate W. The illumination system IL is configured to condition the branch radiation
beam B, that is received by that lithographic apparatus LA, before it is incident upon the
patterning device MA. The projection system PS is configured to project the radiation
beam B, (now patterned by the patterning device MA) onto the substrate W. The
substrate W may include previously formed patterns. Where this is the case, the
lithographic apparatus aligns the patterned radiation beam B, with a pattern previously
formed on the substrate W.

[0082] The branch radiation beam B, that is received by the lithographic apparatus
LAa passes into the illumination system IL from the beam delivery system BDS though
an opening 8 in an enclosing structure of the illumination system IL. Optionally, the
branch radiation beam B, may be focused to form an intermediate focus at or near to
the opening 8.

[0083] The illumination system IL may include a facetted field mirror device 10 and a
facetted pupil mirror device 11. The faceted field mirror device 10 and faceted pupil
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mirror device 11 together provide the radiation beam B, with a desired cross-sectional
shape and a desired angular distribution. The radiation beam B, passes from the
illumination system IL and is incident upon the patterning device MA held by the support
structure MT. The patterning device MA reflects and patterns the radiation beam to
form a patterned beam Bg'. The illumination system IL may include other mirrors or
devices in addition to or instead of the faceted field mirror device 10 and faceted pupil
mirror device 11. The illumination system IL may for example include an array of
independently moveable mirrors. The independently moveable mirrors may for example
measure less than 1mm across. The independently moveable mirrors may for example
be microelectromechanical systems (MEMS) devices.

[0084] Following redirection (e.g. reflection) from the patterning device MA the
patterned radiation beam B,’ enters the projection system PS. The projection system
PS comprises a plurality of mirrors 13, 14 which are configured to project the radiation
beam B, onto a substrate W held by the substrate table WT. The projection system PS
may apply a reduction factor to the radiation beam, forming an image with features that
are smaller than corresponding features on the patterning device MA. A reduction
factor of 4 may for example be applied. Although the projection system PS has two
mirrors in Figure 2, the projection system may include any number of mirrors (e.g. six
mirrors).

[0085] The lithographic apparatus LA, is operable to impart a radiation beam B, with
a pattern in its cross-section and project the patterned radiation beam onto a target
portion of a substrate thereby exposing a target portion of the substrate to the patterned
radiation. The lithographic apparatus LA, may, for example, be used in a scan mode,
wherein the support structure MT and the substrate table WT are scanned
synchronously while a pattern imparted to the radiation beam B, is projected onto a
substrate W (i.e. a dynamic exposure). The velocity and direction of the substrate table
WT relative to the support structure MT may be determined by the demagnification and
image reversal characteristics of the projection system PS.

[0086] Referring again to Figure 1, the radiation source SO is configured to generate
an EUV radiation beam B with sufficient power to supply each of the lithographic
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apparatus LAs-LA.. As noted above, the radiation source SO may comprise a free
electron laser.

[0087] Figure 3 is a schematic depiction of a free electron laser FEL comprising an
injector 21, a linear accelerator 22, a bunch compressor 23, an undulator 24, an
electron decelerator 26 and a beam dump 28.

[0088] The injector 21 is arranged to produce a bunched electron beam E and
comprises an electron source (for example a thermionic cathode or a photo-cathode)
and an accelerating electric field. Electrons in the electron beam E are further
accelerated by the linear accelerator 22. In an example, the linear accelerator 22 may
comprise a plurality of radio frequency cavities, which are axially spaced along a
common axis, and one or more radio frequency power sources, which are operable to
control the electromagnetic fields along the common axis as bunches of electrons pass
between them so as to accelerate each bunch of electrons. The cavities may be
superconducting radio frequency cavities. Advantageously, this allows: relatively large
electromagnetic fields to be applied at high duty cycles; larger beam apertures, resulting
in fewer losses due to wakefields; and for the fraction of radio frequency energy that is
transmitted to the beam (as opposed to dissipated through the cavity walls) to be
increased. Alternatively, the cavities may be conventionally conducting (i.e. not
superconducting), and may be formed from, for example, copper. Other types of linear
accelerators may be used such as, for example, laser wake-field accelerators or inverse
free electron laser accelerators.

[0089] Optionally, the electron beam E passes through a bunch compressor 23,
disposed between the linear accelerator 22 and the undulator 24. The bunch
compressor 23 is configured to spatially compress existing bunches of electrons in the
electron beam E. One type of bunch compressor 23 comprises a radiation field directed
transverse to the electron beam E. An electron in the electron beam E interacts with the
radiation and bunches with other electrons nearby. Another type of bunch compressor
23 comprises a magnetic chicane, wherein the length of a path followed by an electron
as it passes through the chicane is dependent upon its energy. This type of bunch
compressor may be used to compress bunches of electrons which have been
accelerated in a linear accelerator 22 by a plurality of resonant cavities.
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[0090] The electron beam E then passes through the undulator 24. Generally, the
undulator 24 comprises a plurality of modules. Each module comprises a periodic
magnet structure, which is operable to produce a periodic magnetic field and is
arranged so as to guide the relativistic electron beam E produced by the injector 21 and
linear accelerator 22 along a periodic path within that module. The periodic magnetic
field produced by each undulator module causes the electrons to follow an oscillating
path about a central axis. As a result, within each undulator module, the electrons
radiate electromagnetic radiation generally in the direction of the central axis of that
undulator module.

[0091] The path followed by the electrons may be sinusoidal and planar, with the
electrons periodically traversing the central axis. Alternatively, the path may be helical,
with the electrons rotating about the central axis. The type of oscillating path may affect
the polarization of radiation emitted by the free electron laser. For example, a free
electron laser which causes the electrons to propagate along a helical path may emit
elliptically polarized radiation, which may be desirable for exposure of a substrate W by
some lithographic apparatus.

[0092] As electrons move through each undulator module, they interact with the
electric field of the radiation, exchanging energy with the radiation. In general the
amount of energy exchanged between the electrons and the radiation will oscillate
rapidly unless conditions are close to a resonance condition. Under resonance
conditions, the interaction between the electrons and the radiation causes the electrons
to bunch together into microbunches, modulated at the wavelength of radiation within
the undulator, and coherent emission of radiation along the central axis is stimulated.
The resonance condition may be given by:

2
ﬂem = ﬂu2 [1+K_] L]
2y A

(1)

where A¢, is the wavelength of the radiation, A, is the undulator period for the undulator
module that the electrons are propagating through, y is the Lorentz factor of the
electrons and Kis the undulator parameter. A is dependent upon the geometry of the
undulator 24: for a helical undulator that produces circularly polarized radiation A=1, for
a planar undulator A=2, and for a helical undulator which produces elliptically polarized
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radiation (that is neither circularly polarized nor linearly polarized) 1<A<2. In practice,
each bunch of electrons will have a spread of energies although this spread may be
minimized as far as possible (by producing an electron beam E with low emittance).
The undulator parameter K'is typically approximately 1 and is given by:

27amc (2)
where g and m are, respectively, the electric charge and mass of the electrons, By is the
amplitude of the periodic magnetic field, and cis the speed of light.
[0093] The resonant wavelength Ao, is equal to the first harmonic wavelength
spontaneously radiated by electrons moving through each undulator module. The free
electron laser FEL may operate in self-amplified spontaneous emission (SASE) mode.
Operation in SASE mode may require a low energy spread of the electron bunches in
the electron beam E before it enters each undulator module. Alternatively, the free
electron laser FEL may comprise a seed radiation source, which may be amplified by
stimulated emission within the undulator 24. The free electron laser FEL may operate
as a recirculating amplifier free electron laser (RAFEL), wherein a portion of the
radiation generated by the free electron laser FEL is used to seed further generation of
radiation.
[0094] Electrons moving through the undulator 24 may cause the amplitude of
radiation to increase, i.e. the free electron laser FEL may have a non-zero gain.
Maximum gain may be achieved when the resonance condition is met or when
conditions are close to but slightly off resonance.
[0095] An electron which meets the resonance condition as it enters the undulator 24
will lose (or gain) energy as it emits (or absorbs) radiation, so that the resonance
condition is no longer satisfied. Therefore, in some embodiments the undulator 24 may
be tapered. That is, the amplitude of the periodic magnetic field and/or the undulator
period A, may vary along the length of the undulator 24 in order to keep bunches of
electrons at or close to resonance as they are guided though the undulator 24. The
tapering may be achieved by varying the amplitude of the periodic magnetic field and/or
the undulator period A, within each undulator module and/or from module to module.

Additionally or alternatively tapering may be achieved by varying the helicity of the
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undulator 24 (by varying the parameter A) within each undulator module and/or from
module to module.

[0096] A region around the central axis of each undulator module may be considered
to be a “good field region”. The good field region may be a volume around the central
axis wherein, for a given position along the central axis of the undulator module, the
magnitude and direction of the magnetic field within the volume are substantially
constant. An electron bunch propagating within the good field region may satisfy the
resonant condition of Eq. (1) and will therefore amplify radiation. Further, an electron
beam E propagating within the good field region should not experience significant
unexpected disruption due to uncompensated magnetic fields. That is, an electron
propagating through the good field region should remain within the good field region.
[0097] Each undulator module may have a range of acceptable initial trajectories.
Electrons entering an undulator module with an initial trajectory within this range of
acceptable initial trajectories may satisfy the resonant condition of Eq. (1) and interact
with radiation in that undulator module to stimulate emission of coherent radiation. In
contrast, electrons entering an undulator module with other trajectories may not
stimulate significant emission of coherent radiation.

[0098] For example, generally, for helical undulator modules the electron beam E
should be substantially aligned with the central axis of the undulator module. A tilt or
angle between the electron beam E and the central axis of the undulator module (in
micro-radians) should generally not exceed 1/10p, where p is the FEL Pierce
parameter. Otherwise the conversion efficiency of the undulator module (i.e. the portion
of the energy of the electron beam E which is converted to radiation in that module) may
drop below a desired amount (or may drop almost to zero). In an embodiment, the FEL
Pierce parameter of an EUV helical undulator module may be of the order of 0.001,
indicating that the tilt of the electron beam E with respect to the central axis of the
undulator module should be less than 100 prad.

[0099] For a planar undulator module, a greater range of initial trajectories may be
acceptable. Provided the electron beam E remains substantially perpendicular to the
magnetic field of a planar undulator module and remains within the good field region of
the planar undulator module, coherent emission of radiation may be stimulated.
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[00100] As electrons of the electron beam E move through a drift space between each
undulator module, the electrons do not follow a periodic path. Therefore, in this drift
space, although the electrons overlap spatially with the radiation, they do not exchange
any significant energy with the radiation and are therefore effectively decoupled from
the radiation. The bunched electron beam E has a finite emittance and will therefore
increase in diameter unless refocused. Therefore, the undulator 24 may further
comprise a mechanism for refocusing the electron beam E in between one or more
pairs of adjacent undulator modules. For example, a quadrupole magnet may be
provided between each pair of adjacent modules. The quadrupole magnets reduce the
size of the electron bunches. This improves the coupling between the electrons and the
radiation within the next undulator module, increasing the stimulation of emission of
radiation.

[00101] The undulator 24 may further comprise an electron beam steering unit in
between each adjacent pair of undulator modules which is arranged to provide fine
adjustment of the electron beam E as it passes through the undulator 24. For example,
each beam steering unit may be arranged to ensure that the electron beam remains
within the good field region and enters the next undulator module with a trajectory from
the range of acceptable initial trajectories for that undulator module.

[00102] After leaving the undulator 24, the electron beam E is absorbed by a dump
28. The dump 28 may comprise a sufficient quantity of material to absorb the electron
beam E. The material may have a threshold energy for induction of radioactivity.
Electrons entering the dump 28 with an energy below the threshold energy may
produce only gamma ray showers but will not induce any significant level of
radioactivity. The material may have a high threshold energy for induction of
radioactivity by electron impact. For example, the beam dump may comprise aluminium
(Al), which has a threshold energy of around 17 MeV. It may be desirable to reduce the
energy of electrons in the electron beam E before they enter the dump 28. This
removes, or at least reduces, the need to remove and dispose of radioactive waste from
the dump 28. This is advantageous since the removal of radioactive waste requires the
free electron laser FEL to be shut down periodically and the disposal of radioactive

waste can be costly and can have serious environmental implications.
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[00103] The energy of electrons in the electron beam E may be reduced before they
enter the dump 28 by directing the electron beam E through a decelerator 26 disposed
between the undulator 24 and the beam dump 28.

[00104] In an embodiment the electron beam E which exits the undulator 24 may be
decelerated by passing the electrons back through the linear accelerator 22 with a
phase difference of 180 degrees relative to the electron beam produced by the injector
21. The RF fields in the linear accelerator therefore serve to decelerate the electrons
which are output from the undulator 24 and to accelerate electrons output from the
injector 21. As the electrons decelerate in the linear accelerator 22 some of their
energy is transferred to the RF fields in the linear accelerator 22. Energy from the
decelerating electrons is therefore recovered by the linear accelerator 22 and may be
used to accelerate the electron beam E output from the injector 21. Such an
arrangement is known as an energy recovery linear accelerator (ERL).

[00105] In some embodiments of a lithographic system LS the radiation source SO
may comprise a single free electron laser FEL. In such embodiments the main beam B
which is emitted from the radiation source SO may be a laser beam Bgg which is
emitted from the free electron laser FEL. In other embodiments, a lithographic system
LS may comprise a plurality of free electron lasers. A plurality of laser beams BrgL
emitted from the free electron lasers may be combined to form a single main beam B
comprising radiation emitted from the plurality of free electron lasers FEL.

[00106] Itis desirable in a lithographic system LS to regulate a dose of radiation which
is provided to a substrate W by a lithographic apparatus LA.. The dose of radiation
which is provided to a substrate W is dependent on the power of a branch radiation
beam B, which is provided to a lithographic apparatus LA,. The dose of radiation may
therefore be controlled by controlling the power of a branch radiation beam B,. In order
to control the power of a branch radiation beam B, the power of the branch radiation
beam B, and/or the main beam B may be measured using one or more radiation sensor
apparatus RS (such as the radiation sensor apparatus RS shown in Figure 1). A
radiation sensor apparatus RS may form part of a feedback system which is configured
to control the power of the main beam B and/or the power of a branch radiation beam
Ba s0 as to regulate the dose provided at a substrate W. For example, the power of the
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main beam B and/or the power of a branch radiation beam B, may be adjusted in
response to a measurement made by one or more radiation sensor apparatus RS so as
to provide a branch radiation beam having a desired power. The feedback system may
comprise a controller and may be automated. The power of the main beam B and/or
the power of a branch radiation beam B, may be adjusted, for example, by arranging
one or more attenuators in the path of the main beam B and/or a branch beam B,. An
attenuator may be controlled so as to adjust the intensity of the main beam B and/or a
branch beam B, in response to a measurement made by a radiation sensor apparatus
RS so as to provide a branch radiation beam B, having a desired power.

[00107] It is further desirable in a lithographic system LS to measure the position of
radiation beams propagating through the lithographic system LS. For example, the
position of one or more radiation beams may be measured with a radiation sensor
apparatus RS in order to check the alignment of one or more optical components of the
lithographic system LS. For example, the alignment of one or more optical components
which form the beam delivery system BDS may be checked by measuring the position
of a branch radiation beam B, which is provided by the beam delivery system BDS. A
radiation sensor apparatus RS which measures the position of a radiation beam may
form part of a feedback system which is configured to control the alignment of one or
more optical components of the lithographic system LS. For example, the alignment of
one or more optical components of the lithographic system LS may be controlled in
response to a measurement of the position of a radiation beam. The feedback system
may comprise a controller and may be automated. A radiation sensor apparatus RS
may, for example, be arranged to measure the position of a branch radiation beam B,
prior to the branch radiation beam B, being provided to a lithographic apparatus LA,. In
the event that the position of the branch radiation beam B, deviates from a desired
position of the beam the alignment of, for example, one or more optical components in
the beam delivery system BDS may adjusted so as to correct the deviation in position of
the branch radiation beam B..

[00108] Embodiments of a first type of radiation sensor apparatus which is suitable for
use in a lithographic system LS are now described with reference to Figures 4 to 12.
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[00109] Figures 4 and 5 are schematic illustrations of a radiation sensor apparatus
100 which is suitable for use in a lithographic system LS. The radiation sensor
apparatus 100 is configured to measure the power and/or the position of a radiation
beam 102, as now described. Radiation sensor apparatus RS of Figure 1 may for
example comprise radiation sensor apparatus 100.

[00110] Radiation sensor apparatus 100 comprises a chamber 110, two sensors 121,
122 and a processor 125.

[00111] The chamber 110 is generally cylindrical and forms part of a beam pipe 105
for a radiation beam 102. Although in this embodiment chamber 110 is generally
cylindrical, it will be appreciated that in other embodiments the chamber may have a
different shape. The chamber 110 may be axially symmetric. The radiation beam 102
may for example comprise EUV radiation. Since EUV radiation is generally well
absorbed by matter, for such embodiments, the pipe 105 may be under vacuum
conditions (i.e. at a pressure below atmospheric pressure) so as to minimise attenuation
of the radiation beam 102 due to absorption. In optical systems, for example
lithographic systems, using EUV radiation reflective optical elements may be used in
preference to transmissive optical elements. Further, it is known to provide hydrogen
gas in the vicinity of such reflective optical elements since in the presence of EUV
radiation such hydrogen gas may have a cleaning effect on optical surfaces. For
example, the hydrogen gas may be provided at pressures below atmospheric pressure,
for example below 100 Pa, for example below 5 Pa.

[00112] The chamber 110 is suitable for containing a gas. The radiation sensor
apparatus 100 is provided with a gas supply 112, which is operable to introduce gas into
the chamber 110. Gas passes into the chamber 110 from the gas supply 112 via a
valve 114. The valve 114 may be a variable valve operable to adjust the rate at which
gas is introduced into the chamber 110. The chamber 110 is further provided with a
pump 116 which is configured to pump gas out of the chamber 110. The pump 116
may be operable to adjust the rate at which gas is pumped out of the chamber 110. A
pressure sensor 118 is arranged to measure the pressure inside the chamber 110. The
gas supply 112, the valve 114 and/or the pump 116 may be controlled in response to
measurements of the pressure inside the chamber 110 (made by the pressure sensor
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118) so as to maintain a desired pressure inside the chamber 110. The gas supply 112,
the valve 114, the pump 116 and the pressure sensor 118 may together be considered
to be an example of a gas supply mechanism configured to supply gas into the chamber
110.

[00113] The chamber 110 is provided with a first opening 107a and a second opening
109a. In use, radiation beam 102 enters the chamber 110 through the first opening
107a, propagates through the chamber 110 generally along a central axis 104 (z
direction in Figures 4 and 5), and exits the chamber 110 through the second opening
109a.

[00114] In use, as radiation beam 102 passes through the chamber 110 it may
interact with gas within the chamber 110. As a result, the gas within the chamber 110
will emit secondary radiation (via fluorescence). The secondary radiation comprises
electromagnetic radiation which may have a range of different frequencies. The
secondary radiation may comprise light in the near-infrared to ultraviolet range. The
secondary radiation may comprise radiation with wavelengths in the range 150 nm to 10
um, in particular in the range 200 nm to 1100 nm.

[00115] In general, there may be a combination of different processes contributing to
this secondary radiation. If the radiation beam 102 has a sufficiently high frequency, it
may cause ionization of gas within the chamber 110. In turn, the resulting free electrons
may ionize or excite gas molecules. Free electrons that result from the ionization of gas
within the chamber may radiate energy by photon emission (i.e. free-free transitions).
Free electrons may recombine with ions within the chamber 110 and this recombination
may result in the radiation of energy by photon emission (i.e. free-bound transitions).
Excited gas molecules within the chamber 110 will spontaneously emit photons (i.e.
bound-bound transitions). Therefore, the secondary radiation may be produced by a
combination of bound-bound transitions, free-bound transitions and free-free transitions.
[00116] The secondary radiation that is emitted by the gas is generally geometrically
confined to a region 111 of the chamber 110 which the radiation beam passes 102
through. This region 111 is a volume which is swept out by the radiation beam 102 as it
passes through the chamber 110 and which may be referred to in the following as the
interaction region 111. Since the radiation beam 102 propagates generally along the
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central axis 104, the interaction region 111 is a region of the chamber 110 around the
central axis 104.

[00117] It will be appreciated that laser beams (such as radiation beam 102) typically
do not have sharp edges. For example, the intensity profile of radiation beam 102 may
be Gaussian-like, and therefore the edge of the radiation beam 102 may be defined in a
number of different ways. As a result, the interaction region 111 may not have sharp
edges and a boundary of the interaction region 111 may be defined in a number of
different ways. For example, the edge of the radiation beam 102 may be defined as the
point at which the intensity of the radiation beam 102 falls below a threshold value. |If
the intensity distribution of the radiation beam 102 is rotationally symmetric then the
edge of the radiation beam 102 will be a circle and the interaction region 111 will be
cylindrical in shape.

[00118] The intensity of the secondary radiation emitted by the gas in a given region
of the chamber 110 is dependent on the flux of the radiation beam 102 (i.e. the power
per unit area) through that region. Therefore, if the intensity profile of radiation beam
102 is Gaussian-like then more secondary radiation will be emitted from parts of the
interaction region 111 that are closer to the centre of the radiation beam 102 (i.e. near
central axis 104) than parts of the interaction region 111 that are closer to the edge of
the interaction region 111.

[00119] Each of the two sensors 121, 122 is arranged to receive and detect radiation
emitted from interaction region 111 of the chamber 110. Some embodiments of the
invention use the secondary radiation from the interaction region 111 to determine a
position and/or a power of the radiation beam 102.

[00120] The gas supplied by gas supply 112 may be any suitable gas. Suitable gases
may include any gas which produces secondary radiation of a suitable wavelength (e.g.
visible light) and with a suitable cross section to allow a position and/or a power of the
radiation beam 102 to be determined therefrom. Suitable gases may include any gases
which are relatively (chemically) unreactive.

[00121] Suitable gases may include, for example, hydrogen and noble gases such as,

for example, helium, neon, argon and xenon.
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[00122] For embodiments wherein the radiation beam 102 comprises EUV radiation,
hydrogen may be advantageous since hydrogen gas may already be present within
beam pipe 105. Hydrogen gas may be chosen to be present within beam pipe 105 due
to its relatively low absorption cross section for EUV radiation. Such embodiments will
not require a gas supply 112 (i.e. hydrogen may be supplied from a gas supply that
does not form part of the radiation sensor apparatus). Further, hydrogen gas may be
less sensitive to saturation effects caused by a multi-kilowatt EUV radiation beam 102.
The choice of a suitable gas may be dependent upon any of the following factors:
linearity between the intensity of secondary radiation to the intensity of the radiation
beam 102; whether or not the gas will reach saturation; and the strength of the signal
received by the sensors 121, 122.

[00123] The gas supply mechanism (i.e. gas supply 112, valve 114, pump 116 and
pressure sensor 118) may be configured to maintain a substantially constant pressure
inside the chamber 110. The pressure maintained inside the chamber 110 by the gas
supply mechanism may be dependent upon the type of gas. In some embodiments the
gas supply mechanism may be configured to maintain hydrogen inside the chamber 110
at a pressure of between 0.01 Paand 1 Pa.

[00124] The chamber 110 is provided with a mechanism that allows a pressure
difference to be maintained across each of the first and second openings 107a, 109a.
This allows the pressure of a gas within the chamber 110 to be controlled over a greater
range. As now described, the mechanism that allows a pressure difference to be
maintained across each of the first and second openings 107a, 109a comprises a
plurality of stages that form part of a differential pumping system.

[00125] As explained above, the radiation sensor apparatus 100 forms a portion of
beam pipe 105 along which the radiation beam 102 propagates. The beam pipe 105 is
provided with a first set of (for example three) aperture plates 106a-106¢ and a second
set of (for example three) aperture plates 108a-108c. Each of the aperture plates 106a-
106¢, 108a-108c extends across the beam pipe 105 generally perpendicularly to the
central axis 104. Each of the aperture plates 106a-106¢c, 108a-108c is generally
annular in shape, being provided with a central aperture 107a-107¢, 109a-109c.
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[00126] Two of the aperture plates 106a, 108a and the beam pipe 105 together define
the chamber 110 through which the radiation beam 102 propagates. The central
aperture 107a in aperture plate 106a forms the first opening of the chamber 110 and the
central aperture 109a in aperture plate 108a forms the second opening of the chamber
110.

[00127] The provision of a plurality of aperture plates on opposite sides of the
chamber 110 defines one or more outer chambers, said outer chambers being disposed
between the chamber 110 and the main body of the beam pipe 105. In particular,
aperture plates 106a and 106b define a first outer chamber 132 adjacent to a first end of
chamber 110 and aperture plates 106b and 106c define a second outer chamber 134
adjacent to chamber 110 at its first end. Similarly, aperture plates 108a and 108b
define a first outer chamber 142 adjacent to a second end of chamber 110 and aperture
plates 108b and 108c define a second outer chamber 144 adjacent to chamber 110 at
its second end.

[00128] Each of the first outer chambers 132, 142 is provided with a pump 132a,
142a, which is configured to pump gas out of that chamber, and a pressure sensor
132b, 142b, which is arranged to measure the pressure inside that chamber. Each of
the second outer chambers 134, 144 are provided with a pump 134a, 144a, which is
configured to pump gas out of that chamber, and a pressure sensor 134b, 144b, which
is arranged to measure the pressure inside that chamber. These pumps 132a, 142a,
134a, 144a and pressure sensors 132b, 142b, 134b, 144b may form part of the gas
supply mechanism (along with gas supply 112, valve 114, pump 116 and pressure
sensor 118). All of the pumps 116, 132a, 142a, 134a, 144a may be controlled in
response to measurements of the pressure inside the chambers 110, 132, 142, 134,
144 (made by the pressure sensors 118, 132b, 142b, 134b, 144b) so as to maintain a
desired pressure inside the chamber 110.

[00129] Each of the two sensors 121, 122 is disposed outside of the chamber 110.
The chamber 110 is provided with a first window 151 and a second window 152. The
first window 151 is arranged to transmit radiation from the interaction region 111 to a
first one of the sensors 121. The second window 152 is arranged to transmit radiation

from the interaction region 111 to a second one of the sensors 122. An advantage of
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such an arrangement is that the sensors 121, 122 do not need to be formed form
materials that are compatible with vacuum environments (e.g. those which do not suffer
from outgassing). Another advantage is that the sensors 121, 122 can be accessed
(e.g. for maintenance or otherwise) without having to bring the chamber 110 up to
atmospheric pressure. In an alternative embodiment one or more of the sensors 121,
122 may be disposed inside the chamber 110.

[00130] Each of the two sensors 121, 122 may be provided with filtering optics that
are arranged to filter out one or more bands of radiation. The filtering optics may
comprise transmissive optics, which are arranged to absorb the one or more bands of
radiation that are to be filtered out and transmits other bands of radiation. Additionally
or alternatively, the filtering optics may comprise reflective optics, which are arranged to
absorb the one or more bands of radiation that are to be filtered out and reflects other
bands of radiation. Such reflective filtering optics may comprise a mirror provided with a
(e.g. dielectric) coating that transmits the one or more bands of radiation that are to be
filtered out and reflects other bands of radiation.

[00131] For example, each of the two sensors 121, 122 may be provided with filtering
optics that are arranged to filter out radiation with a wavelength equal to, or similar to,
that of the radiation beam 102. This may be advantageous since the two sensors 121,
122 may be subject to stray radiation from the radiation beam 102, which may from a
significant background to the signal. Note that since all matter absorbs EUV radiation
well, for embodiments wherein radiation beam 102 comprises EUV radiation the first
and second windows 151, 152 may filter out EUV radiation. Therefore, additional
filtering optics may not be provided for such embodiments.

[00132] Additionally or alternatively, one or more filtering optics may be provided to
reduce the amount of radiation from one or more bands of radiation that is received by
the one or more of the sensors 121, 122. In one embodiment, the first and second
windows 151, 152 may be formed from a material which absorbs one or more bands of
radiation (e.g. EUV radiation) or, alternatively, may be provided with a coating formed
from such a material.

[00133] As explained above, there may be several processes which result in the
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general, result in a different spectrum of secondary radiation (e.g. different emission
lines). Some of the processes may result in secondary radiation whose intensity is
more directly correlated with the intensity distribution of radiation beam 102 than others.
Therefore there may be some advantage in providing each of the two sensors 121, 122
with filtering optics that are arranged to filter out one or more bands of radiation so as to
leave the bands of radiation which are most strongly and/or more accurately correlated
with the intensity distribution of radiation beam 102.

[00134] The two sensors 121, 122 are arranged to receive and detect radiation
emitted from the interaction region 111 of the chamber 110 in two different directions.
This allows a two dimensional position of the radiation beam 102 to be determined. In
particular, the two sensors 121, 122 are arranged to receive and detect radiation
emitted from the region of the chamber around the axis in two generally perpendicular
directions. In alternative embodiments the two different directions are not perpendicular
to each other. Each of the sensors 121, 122 has a pointing direction which is parallel to
the general direction of secondary radiation from the interaction region 111 that that
sensor 121, 122 receives. That is, if each sensor 121, 122 can be considered to be a
camera which forms an image of the interaction region 111, the pointing direction of
each sensor 121, 122 is the direction that the camera is pointing in. Each of the
sensors 121, 122 is disposed such that its pointing direction is generally perpendicular
to the axis 104. For example, as shown in Figure 4, sensor 121 is disposed such that it
is pointing in a direction generally parallel to the x axis and sensor 122 is disposed such
that it is pointing in a direction generally parallel to the y axis.

[00135] Each of the sensors 121, 122 allows a position of the radiation beam to be
determined in a direction which lies in a plane perpendicular to the central axis 104.
This direction may be referred to as the sensing direction of that sensor 121, 122. The
sensing direction of a sensor is generally perpendicular the direction of the secondary
radiation from the interaction region 111 that the sensor receives.

[00136] Each of the two sensors 121, 122 is provided with focusing optics 161, 162
that are arranged to focus secondary radiation emitted from the interaction region 111
onto a plane parallel to the axis 104, which may be referred to as its image plane. In
one embodiment, the focusing optics 161, 162 of each sensor 121, 122 comprises a
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focusing lens, which is disposed between its window 151, 152 and the sensor 121, 122.
Each focusing optics 161, 162 forms an image of the interaction region 111, that image
being a projection of the radiation emitted from the interaction region 111 onto the
image plane of one of the sensors 121, 122. The image plane of each sensor is
perpendicular to its pointing direction and parallel to its sensing direction. For example,
sensor 121 receives a projection of the interaction region 111 onto the y-z plane and
sensor 122 receives a projection of the interaction region 111 onto the x-z plane.
Therefore, each of the two sensors 121, 122 is arranged to determine a position of the
radiation beam in a different sensing direction in a plane perpendicular to the axis 104
(i.e. the x-y plane of Figures 4 and 5). Sensor 121 is arranged to determine a position
of the radiation beam in the y direction and sensor 122 is arranged to determine a
position of the radiation beam in the x direction.

[00137] Each sensor 121, 122 is operable to output a signal 121a, 122a which is
indicative of the position of the radiation beam 102 in its sensing direction (which is
perpendicular to its pointing direction). The signals 121a, 122a output by sensors 121,
122 are received by processor 125. The processor 125 is operable to use radiation
detected by the two sensors 121, 122 to determine a position and/or power of radiation
beam 102 propagating through the chamber 110 generally along the axis 104.

[00138] Although radiation sensor apparatus 100 comprises a single processor 125,
in alternative embodiments, each sensor 121, 122 may be provided with a separate
processor. For such embodiments, each processor may be separate from or integrated
with its corresponding sensor 121, 122. It will be appreciated that the term processor is
intended to cover anything which is operable to process the data received by sensors
121, 122. The processor 125 may comprise a microprocessor.

[00139] Various arrangements which may form either or both of the two sensors 121,
122 are now described. In the following, for convenience, only one sensor will be
described in detail. The example sensors will be described as if disposed in the position
of sensor 121 in Figures 4 and 5. It will be appreciated that the sensor disposed in the
position of sensor 122 in Figures 4 and 5 may also comprise any of the following

arrangements.
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[00140] Each sensor 121, 122 may comprise a plurality of sensing elements which
are sensitive to radiation from the interaction region 111.

[00141] Figure 6 shows a sensor 200, which comprises a plurality of sensing
elements which are sensitive to radiation from the interaction region 111. For simplicity,
the beam pipe 105, chamber 110 and window 151 have been omitted from Figure 6.
[00142] A focusing lens 261 forms an image 211 of the interaction region 111 in an
image plane 230, where the sensor 200 is located. Focusing lens 261 may comprise a
generally spherical lens or, alternatively, a generally cylindrical lens. The sensor 200 is
disposed in the image plane 230 and is arranged to receive and detect radiation emitted
from the interaction region 111.

[00143] Since the emission of secondary radiation from the interaction region 111 is
dependent upon the intensity distribution of the radiation beam 102, the sensor 200 will
receive a signal 220 which is related to the intensity distribution of the radiation beam
102. As explained above, the image 211 formed in the image plane 230 of the sensor
200 is a projection of the three dimensional intensity distribution of secondary radiation
emission within the interaction region 111 onto the image plane 230. The sensor 200
effectively integrates this three dimensional intensity distribution over the pointing
direction 232 of the sensor 200. For example, if the radiation beam 102 has a Gaussian
intensity distribution, then in a plane perpendicular to central axis 104 (i.e. the x-y plane)
the three dimensional intensity of secondary radiation emitted from the interaction
region may be a two dimensional Gaussian function. The sensor 200 will image a
projection of a two dimensional Gaussian function onto a plane.

[00144] The position of the radiation beam 102 may be determined from the image
formed in the image plane 230 of sensor 200. The sensor 200 allows a position of the
radiation beam 102 to be determined in a sensing direction 234.

[00145] In a first arrangement, as shown in Figures 7 and 8, sensor 200 comprises a
one-dimensional array 202 of sensing elements 210 which are each sensitive to
radiation from the interaction region. For example, the one-dimensional array 202 of
sensing elements 210 may comprise a charged coupled device (CCD) array.

[00146] For this arrangement, the determined position of the laser beam 102 may be
the centroid (or centre of mass) of the image of the secondary radiation that is formed in
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the image plane 230. Alternatively, if the intensity distribution of the radiation beam 102
is known then shape of the signal 220 produced by the array 202 can be predicted and
the position of the radiation beam 102 may be determined, for example, by fitting a
curve to the data measured by the sensing array 202. This may be achieved, for
example, using a least squares fit or other suitable fitting procedure. However, the
fitting procedure may be relatively computationally intense and therefore embodiments
which use such a procedure may have a longer response time. The response time of a
radiation sensor apparatus may be the time taken to output a characteristic (e.g. the
position or power of radiation beam 102) after a change in one or more properties of the
radiation beam 102. Further, the response rate of a radiation sensor apparatus may be
the inverse of the response time of that radiation sensor apparatus.

[00147] As shown in Figure 7, the sensing array 202 may be arranged such that it
extends in a direction which is perpendicular to the central axis 104 (i.e. the z-direction).
That is, the sensing array 202 may extend along the sensing direction of the array 202
(i.e. the y-direction).

[00148] Alternatively, as shown in Figure 8, the sensing array 202 may be arranged
such that it extends in a direction which forms an oblique angle with the central axis 104
(i.e. the sensing direction of the array 200). That is, the axis 203 of the one dimensional
array 202 may be disposed an oblique angle to the sensing direction (i.e. the y-
direction) of the sensor 200. In the example shown, the sensing array 210 extends at
an angle of around 45°to the z-direction. Placing the array 202 such that its axis 203 is
disposed at an oblique angle to the sensing direction 234 of the sensor 200 allows the
use of an array 200 with larger sensing elements 210. Advantageously, this results in a
sensor 200 with higher sensitivity. Additionally or alternatively, it allows the use of an
array 202 with a greater number of sensing elements 210, which results in a sensor 200
with a higher effective resolution.

[00149] In a second arrangement, as shown in Figure 9, sensor 200 comprises a two-
dimensional array 302 of sensing elements 310 which are each sensitive to radiation
from the interaction region. For example, the two-dimensional array 302 of sensing
elements 310 may comprise a CCD array.
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[00150] The use of a two-dimensional array 302 results in a larger detection area
than, for example, the one dimensional array 202 shown in Figures 7 and 8.
Advantageously, this results in an increase in signal-to-noise ratio. However, readout
and data processing may be slower for embodiments using a two dimensional array 302
in comparison to embodiments using a one dimensional array 202.

[00151] In a third arrangement, as shown in Figure 10, sensor 200 comprises two
sensing elements 410, 420 separated in the sensing direction 234 of sensor 200. For
example, each of the sensing elements 410, 420 may comprise a photodiode.

[00152] For such embodiments, the processor 125 may determine the position of the
radiation beam 102 in a sensing direction 234 of sensor 200 to be the median of the
intensity profile of the radiation beam 102. For example, the processor 125 may
determine the position of the radiation beam 102 in a sensing direction 234 of sensor
200 (as measured from the mid-point of the two sensing elements 410, 420) to be
dependent upon the difference in the signals from the two sensing elements 410, 420.
[00153] Each of the two sensing elements 410, 420 may receive signal s1, s2
respectively. If signals s1, s2 are approximately equal in magnitude, then the position of
the radiation beam 102 in the sensing direction 234 (as measured from the mid-point of
the two sensing elements 410, 420) may be proportional to (s1-s2)/(s1+s2). This uses
a linear approximation, neglecting terms of the order of (s1-s2)? and higher (Note that
for a radiation beam 102 with an axially symmetric intensity distribution, such as a
Gaussian-like distribution, the order (s1-s2)? terms vanish and the approximation only
neglects terms of the order of (s1=s2)® or higher). For this embodiment, in order to
determine an absolute position of the radiation beam 102 the constant of proportionality
may be required to calibrate the sensor 200. This may require prior knowledge of the
profile (intensity distribution) of the radiation beam 102.

[00154] An advantage of this embodiment (which uses two sensing elements 410,
420) is that it is very fast, with a very small response time, compared, for example, to
arrangements wherein each sensor comprises an array of sensing elements. For
example, this embodiment may be suitable for use at a response rate of the order of 1
MHz. In order to determine an absolute position of the radiation beam 102, prior
knowledge of the profile (intensity distribution) of the radiation beam 102 may be
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required. Therefore, the embodiment of Figure 10 may be particularly suitable for
monitoring fluctuations in the position of the radiation beam 102.

[00155] In a fourth arrangement, as shown in Figure 10a, sensor 200 comprises two
sensing elements 410a, 420a. The fourth arrangement (shown in Figure 10a) is a
variation of the third arrangement (shown in Figure 10). Each of the sensing elements
410a, 420a may for example comprise a photodiode. The two sensing elements 410a
and 420a each have the shape of a right triangle. The two right triangles are such that
the two sensing elements 410a, 420a span the same range in the the sensing direction
(i.e. the y-direction) of the sensor 200. The two right triangles may be such that the two
sensing elements 410a, 420a are offset relative to each other in the z direction.

[00156] For such embodiments, the processor 125 may determine the position of the
radiation beam 102 in a sensing direction 234 of sensor 200 to be the mean of the
intensity profile of the radiation beam 102. For example, the processor 125 may
determine the position of the radiation beam 102 in a sensing direction 234 of sensor
200 (as measured from the mid-point of the two sensing elements 410a, 420a) to be
dependent upon the difference in the signals from the two sensing elements 410a,
420a.

[00157] As with the third embodiment, each of the two sensing elements 410a, 420a
may receive signal s1, s2 respectively. The position of the radiation beam 102 in the
sensing direction 234 (as measured from the mid-point of the two sensing elements
410, 420) may be proportional to (s1—-s2)/(s1+s2). Again, in order to determine an
absolute position of the radiation beam 102 the constant of proportionality may be
required to calibrate the sensor 200. For this embodiment, the proportionality constant
depends on the geometry of the triangular shapes of sensing elements 410a, 410b and
the focusing optics. However, the proportionality constant is independent of the
intensity profile of the radiation beam 102.

[00158] As with the embodiment shown in Figure 10, the embodiment shown in Figure
10a is very fast, with a very small response time, compared, for example, to
arrangements wherein each sensor comprises an array of sensing elements. For
example, this embodiment may be suitable for use at a response rate of the order of 1
MHz. Advantageously, the embodiment shown in Figure 10a does not require prior
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knowledge of the profile (intensity distribution) of the radiation beam 102 in order to
determine an absolute position of the radiation beam 102.

[00159] In a fifth embodiment, as shown in Figure 11, sensor 200 is a combination of
the sensors shown in Figures 7 and 10, which combines the advantages of these two
embodiments. In the embodiment shown in Figure 11, sensor 200 comprises a one-
dimensional array 202 (substantially as described above in relation to Figures 7 and 8)
and two sensing elements 410, 420 (substantially as described above in relation to
Figure 10).

[00160] The two parts of this composite sensor 200 may provide an indication of the
position of the radiation beam 102 at two different response rates. The array 202 may
be used to provide a signal at a response rate of the order of 1 kHz and the two sensing
elements 410, 420 may provide a signal at a response rate of the order of 1 MHz. The
signal from the array 202 may be used to calibrate the signal from the two sensing
elements 410, 420 such that the two sensing elements 410, 420 can be used to
determine an absolute position of the radiation beam 102.

[00161] Note that in all of the described embodiments which comprise arrays of
sensing elements (e.g. CCD arrays) may comprise any number of sensing elements. In
this regard, the sensing arrays 202, 302 depicted in the accompanying Figures are for
illustrative purposes only.

[00162] The configuration shown in Figure 6 uses a single focusing lens 261 to form
an image 211 of the interaction region 111 in an image plane 230 of the sensor 200.
However, if the diameter of the interaction region 111 is not negligible compared to the
distance between the interaction region 111 and the focusing lens 261, this
arrangement of one focusing lens may be sensitive to parallax errors.

[00163] An alternative focusing optic 600 which may be used for sensor 200 (and any
of the embodiments thereof described above) is shown in Figure 12. The focusing optic
600 comprises an array of focusing lenses 602, each of which is arranged to form an
image of a different part of the interaction region 111 in the image plane 230 of the
sensor 200. The array of focusing lenses 602 is such that the focusing lenses 602 are
located at a range of different locations in the sensing direction 234 (i.e. the y-direction
in Figure 12). The array of focusing lenses 602 may comprise a one dimensional array
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of cylindrical lenses. Alternatively, the array of focusing lenses 602 may comprise a two
dimensional array of spherical lenses. For such embodiments (comprising a two
dimensional array of spherical lenses), each of the individual focusing lenses 602 may
comprise a micro-lens. A micro-lens may be a lens with a diameter less than 1 mm.
[00164] Such a focusing optic 600, comprising an array of focusing lenses 602, is less
sensitive to parallax errors, especially for embodiments wherein a diameter of the
interaction region is not negligible in comparison to a distance between the interaction
region and the focusing optics. For embodiments wherein focusing optic 600 comprises
an array of focusing lenses 602, sensor 200 may comprise an array of individual
sensors 206.

[00165] In addition to, or an alternative to, determining a position of radiation beam
102, one or more sensors 121, 122 of radiation sensor apparatus 100 may be used to
determine a power of the radiation beam 102. The power of the radiation beam 102
may, for example, be proportional to the total amount of secondary radiation received by
each of the one or more sensors 121, 122.

[00166] Although the chamber 110 of radiation sensor apparatus 100 is provided with
a pump 116 such a pump is not essential and therefore some alternative embodiments
may have no pump. The pump 116 may decrease the time constant for changes in
pressure within the chamber 110. A pump 116 may be especially useful for
embodiments with larger chambers 110 and smaller first and second openings 107a,
108a. A pump 116 may also be especially useful for embodiments wherein a first
species of gas is provided in the chamber 110 and a second, different species of gas is
present within the beam pipe 105. For such embodiments the pump reduces ingress of
the second species of gas into the chamber 110 from the beam pipe 105. Therefore the
pump reduces any effect that the second species of gas may have on the radiation
sensor apparatus 100. For embodiments wherein the gas provided in the chamber 110
is also present within the beam pipe 105 (for example wherein hydrogen gas is present
within beam pipe 105 and the chamber 110) the pump 116 may be omitted.

[00167] Radiation sensor apparatus 100 described above comprises two sensors 121,
122, each of which is arranged to receive and detect radiation emitted from the
interaction region 111 of the chamber 110 in a different direction. This allows a two
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dimensional position of the radiation beam 102 to be determined. However, in
alternative embodiments a different number of sensors may be provided. For example,
in one alternative embodiment the radiation sensor apparatus comprises a single
sensor, which may allow a one dimensional position of the radiation beam 102 to be
determined. Alternatively, the radiation sensor apparatus comprises more than two
sensors, which may allow more data on the intensity profile to be obtained (in
comparison to embodiments comprising one or two sensors). For example, if the
radiation beam 102 is elliptical in cross section then more than two sensors may allow
to additional information regarding the ellipticity and/or orientation of the radiation beam
102 to be determined. In general, the radiation sensor apparatus comprises one or
more sensors, each arranged to receive and detect radiation emitted from a region 111
of the chamber 110 around the central axis 104.

[00168] An embodiment of a second type of radiation sensor apparatus which is
suitable for use in a lithographic system LS is now described with reference to Figure
13, which is a schematic illustration of a radiation sensor apparatus 700 which is
suitable for use in a lithographic system LS. The radiation sensor apparatus 700 is
configured to measure the power of a radiation beam 702, as now described. Radiation
sensor apparatus RS of Figure 1 may for example comprise radiation sensor apparatus
700.

[00169] Radiation sensor apparatus 700 is based on microwave cavity resonance
spectroscopy (MCRS). Radiation sensor apparatus 700 comprises a resonant cavity
710, afirst antenna 721, a second antenna 722 and a processor 730.

[00170] The resonant cavity 710 is generally cylindrical although it will be appreciated
that other shapes may alternatively be used. The resonant cavity 710 is provided with a
first opening 707 and a second opening 709. The first and second openings 707, 709
are provided on opposite sides of the resonant cavity 710, at opposite ends of the
resonant cavity 710, such that an axis of the cylindrical resonant cavity 710 extends
between the first and second openings 707, 709.

[00171] The resonant cavity may form part of a pipe 705 for a radiation beam 702.
For example, a first section of beam pipe 705 may communicate with the resonant
cavity via the first opening 707 and a second section of beam pipe 705 may
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communicate with the resonant cavity 710 via the second opening 709. In use, a
radiation beam 702 propagating along pipe 705 enters the resonant cavity 710 through
the first opening 107, propagates through the resonant cavity 710 generally along axis
704, and exits the resonant cavity 710 through the second opening 109.

[00172] The radiation beam 702 may for example comprise EUV radiation. Since
EUV radiation is generally well absorbed by matter, for such embodiments, the pipe 705
may be under vacuum conditions so as to minimise attenuation of the radiation beam
702 due to absorption. In optical systems, for example lithographic systems, using EUV
radiation reflective optical elements may be used in preference to transmissive optical
elements. Further, it is known to provide hydrogen gas in the vicinity of such reflective
optical elements since in the presence of EUV radiation such hydrogen gas may have a
cleaning effect on optical surfaces. For example, the hydrogen gas may be provided at
pressures below atmospheric pressure, for example below 100 Pa, for example below 5
Pa.

[00173] The first and second antennae 721, 722 are provided on a curved wall of the
cylindrical cavity 710, on opposite sides of the resonant cavity 710. In this embodiment,
the first and second antennae 721, 722 both extend into the resonant cavity 710 from
the curved wall and are therefore disposed within the resonant cavity 710. Alternatively,
either or both of the first and second antennae 721, 722 may be disposed outside of the
resonant cavity 710 and may be coupled to the resonant cavity 710, for example by a
waveguide.

[00174] The first antenna 721 is provided with a power supply 715. Together, the first
antenna 721 and power supply 715 form a source that is operable to excite an
electromagnetic wave within the resonant cavity 710. In particular, the first antenna 721
and power supply 715 are operable to excite a resonant mode of the resonant cavity
710, which may comprise an electromagnetic standing wave. The power supply 715
may comprise a radiofrequency (RF) source, which, in combination with the first
antenna 721, may be operable to excite electromagnetic waves within the resonant
cavity 721 with a frequency of the order of 1-10 GHz.

[00175] The second antenna 722 forms a receiver that is operable to monitor the
electromagnetic wave within the resonant cavity 710. In particular, the second antenna
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722 is operable to monitor an amplitude of the electromagnetic wave within the resonant
cavity 710 and to output a signal 740 indicative of the amplitude to the processor 730.
The electromagnetic wave within the resonant cavity 710 will oscillate at the frequency
at which the first antenna 721 is driven by power supply 715. Therefore, the signal 740
output by the second antenna 722 will oscillate at this frequency. The overall amplitude
of this oscillating signal 740 may be indicative of the amplitude of the electromagnetic
wave that is received by the second antenna 722.

[00176] The processor 730 is operable to measure a resonant frequency of the
resonant cavity 710. The processor 730 is arranged to receive the signal 740 output by
the second antenna 722. The processor 730 is operable to control the power supply
715 so as to control the frequency of the electromagnetic wave that is exited within the
resonant cavity 710 by the first antenna 721. For example, the processor 730 may be
operable to send a control signal 735 to the power supply 715. In turn, the frequency
supplied to the first antenna 721 by power supply 715 may be chosen in dependence on
the control signal 735. The control signal 735 may be an oscillating signal, for example
a sinusoidal signal that oscillates at a frequency that it is desired for the power supply
715 to operate at. The power supply 715 may be operable to excite an electromagnetic
standing wave in the resonant cavity 710 which has a frequency equal to that of the
control signal 735. In this way, by controlling the frequency of the control signal 735 the
frequency of the electromagnetic standing wave within the resonant cavity 710 may be
controlled.

[00177] In one embodiment, in order to determine a resonant frequency of the
resonant cavity 710, the processor 730 may be operable to control the power supply
715 so as to vary the frequency of the electromagnetic wave that is exited within the
resonant cavity 710 and to simultaneously monitor the amplitude of the electromagnetic
wave within the resonant cavity 710. The processor 730 may determine the resonant
frequency of the resonant cavity 710 to be a frequency at which a local maximum
occurs in the amplitude of the electromagnetic wave within the resonant cavity 710.
[00178] In another embodiment, in order to determine a resonant frequency of the
resonant cavity 710, the processor 730 may be operable to determine a relative phase
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between: (i) the control signal 735 that is sent by the processor 730 to the power supply
715; and (i) the signal 740 output by the second antenna 722, as now described.
[00179] Figure 14 shows the amplitude 760 of response for a damped driven
harmonic oscillator (such as, for example, a resonant cavity 710) as a function of driving
frequency. Also shown is the relative phase 761 of response for the damped driven
harmonic oscillator (relative to the driving signal), as a function of driving frequency. As
can be seen from Figure 14, at the resonant frequency fy of the system the amplitude
760 of the system is at a maximum and the relative phase 761 is -90° (i.e. the response
of the system lags behind the driving signal by 90°). At frequencies below the resonant
frequency fo of the system, the phase lag is reduced, with the relative phase tending
towards 0° for frequencies well below resonance. At frequencies above the resonant
frequency f, of the system, the phase lag is increases, with the relative phase tending
towards 180° for frequencies well above resonance. Although the relative phase is a
non-linear function of the driving frequency, there is a range of frequencies 762 for
which the relationship between the relative phase and the driving frequency may be
approximated by a linear relationship, as represented by line 763.

[00180] The processor 730 may be operable to determine a relative phase between:
(i) the control signal 735 that is sent by the processor 730 to the power supply 715; and
(i) the signal 740 output by the second antenna 722. From this relative phase, the
processor 730 may be further operable to determine the resonant frequency of the
resonant cavity 710 in dependence on the determined relative phase. This may be
achieved using a known, or previously determined relationship between the relative
phase between the control signal 735 and signal 740. Such a relationship may be
generally of the form of the relative phase 761 as illustrated in Figure 14. For
sufficiently small variations from the resonant frequency fo of the system the relationship
may be linear.

[00181] In order to determine the relative phase between control signal 735 and signal
740, the processor 730 may comprise a phase detector (also known as a phase
comparator). The phase detector may be analogue or digital. Although in this
embodiment, the phase detector forms part of the processor 730, it will be apparent to
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the skilled person that in alternative embodiments, the phase detector may be separate
from, and in communication with, the processor 730.

[00182] The resonant cavity 710 is suitable for containing a gas. In use, a gas with
well defined composition and density is provided in the resonant cavity 710. A gas (for
example hydrogen) may pass into the resonant cavity 710 from the pipe 705.
Alternatively, radiation sensor apparatus 700 may be provided with a gas supply (not
shown), which is operable to introduce gas into the resonant cavity 710. A pressure
sensor may be arranged to measure the pressure inside the resonant cavity 710. The
resonant cavity 710 may be further provided with a pump (not shown) which is
configured to pump gas out of the resonant cavity 710. The pump may be operable to
adjust the rate at which gas is pumped out of the resonant cavity 710.

[00183] For embodiments wherein the resonant cavity 710 is provided with a gas
supply, a pump and/or a pressure sensor, one or more apertures may be provided in
the resonant cavity 710 to connect each of the gas supply, pump and pressure sensor
to the resonant cavity 710. These apertures should be smaller than the wavelength of
the standing wave within the resonant cavity 710 to reduce losses through the
apertures. For a frequency of 3.5 GHz any apertures in the resonant cavity 710 should
be smaller than 8.6 cm. To further reduce losses through such apertures, the apertures
may be covered by an electrically conducting wire mesh.

[00184] In one example embodiment, gas may be supplied directly to the resonant
cavity 710 from a gas supply (not shown). One or more pumps may be provided on
pipe 705 on either side of the resonant cavity 710, for example adjacent to the first and
second openings 707, 709. Such an arrangement may be useful, for example, if the
resonant cavity 710 is sufficiently small that it is impractical to attach a pump directly to
it. Alternatively, a pump may be directly attached to the resonant cavity 710, which may
allow for a higher control bandwidth of radiation sensor apparatus 700.

[00185] The gas may be any suitable gas. Suitable gases include gases for which
the absorption cross section (for radiation beam 702) is sufficiently low that the volume
density of un-excited gas molecules in the volume swept out by radiation beam 702 is
not significantly lower than other regions of the resonant cavity 710 (i.e. those which are
not swept out by the radiation beam 702).
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[00186] Suitable gases may include: hydrogen, helium, nitrogen, oxygen, neon,
argon, krypton or xenon.

[00187] The absorption cross section for hydrogen is 4.9x102* m? (for a wavelength of
13.5 nm) and 5.9x10°% (for a wavelength of 6.75 nm). The absorption cross section for
helium is 5.1x102 m? (for a wavelength of 13.5 nm) and 7.7x10* m? (for a wavelength
of 6.75 nm). The absorption cross section for nitrogen is 2.3x10* m? (for a wavelength
of 13.5 nm) and 5.0x102® m? (for a wavelength of 6.75 nm). The absorption cross
section for oxygen is 3.9x10% m? (for a wavelength of 13.5 nm) and 1.0x10% m? (for a
wavelength of 6.75 nm). The absorption cross section for neon is 4.5x10%? m? for a
wavelength of 13.5 nm. The absorption cross section for argon is 1.4x10%? m? for a
wavelength of 13.5 nm. The absorption cross section for krypton is 6.5x10%2 m? for a
wavelength of 13.5 nm. The absorption cross section for xenon is 2.5x10%' m? for a
wavelength of 13.5 nm.

[00188] A relevant figure of merit FM for deciding whether or not a gas is suitable is
given given by:

P
=
Vol D (3)

[00189] where o is the absorption cross section for radiation beam 702 (in m?), P is
the power of the radiation beam 702 (in W), E, is the photon energy of radiation beam
702, D is the diameter of the radiation beam 702, and vq is the mean thermal velocity of
the gas molecules. This quantity FM should be significantly less than 1. In one
example embodiment, P = 30 kW, the gas is hydrogen with vo=1.8 km/s, the wavelength
of radiation beam 702 is 13.5 nm such that Ec=1.5x10"" J, and D=5 mm. For such an
embodiment FM = 0.001, which is acceptable. Note that this figure of merit FM is also
relevant for the radiation sensor apparatus 100 described above with reference to
Figures 4 to 12.

[00190] In locations within an optical system (e.g. lithographic system LS of Figure 1)
where the ratio of the power P of the radiation beam 702 to the diameter D of the
radiation beam 702 is lower, a gas with a higher absorption cross section may be used

in order to increase the sensitivity of the radiation sensor apparatus 700, if desired.
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[00191] The resonant cavity 710 may be provided with a mechanism that allows a
pressure difference to be maintained across each of the first and second openings 707,
709. This allows the pressure of a gas within the resonant cavity 710 to be controlled
over a greater range. For example, the mechanism that allows a pressure difference to
be maintained across each of the first and second openings 707, 709 may comprise a
plurality of stages that form part of a differential pumping system.

[00192] The resonant frequencies of a resonant cavity are dependent upon the shape
and dimensions of the cavity, which determine the boundary conditions for
electromagnetic disturbances within the cavity. The resonant frequencies are also
dependent upon the speed of light within the cavity, which, in turn, is determined by the
permittivity and permeability of the matter within the cavity.

[00193] As a radiation beam 702 passes through the resonant cavity 710 it may
interact with matter within the resonant cavity. For example, if the radiation beam 702
has a sufficiently high frequency, it may ionize a gas within the resonant cavity 710,
creating a plasma. In general, the density of free electrons within the cavity 710 caused
by such ionization is dependent upon the power of the radiation beam 702. The density
of free electrons within the resonant cavity 710 will affect the permittivity and/or
permeability within the resonant cavity 710, which in turn will affect the resonant
frequencies of the resonant cavity 710. In particular, the permittivity within the resonant
cavity 710 is dependent upon the density of free electrons within the resonant cavity
710.

[00194] The processor 730 is operable to use the measured resonant frequency of
the resonant cavity 710 to determine a power of a radiation beam 702 propagating
between the first and second openings 707, 709. This may be achieved by using a first
relationship between the resonant frequency of the resonant cavity 710 and the number
of electrons within the resonant cavity 710 and a second relationship between the
number of electrons within the resonant cavity 710 and the intensity of radiation beam
702.

[00195] As radiation beam 702 passes through the resonant cavity 710 and ionizes
gas the free electrons within the cavity 710 caused by such ionization will cause a shift

Aw in the resonant frequency of the resonant cavity 710. The electron density 7n,
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(strictly the weighted average of the electron density over the volume of the resonant
cavity 710, wherein the weight is the square of the electric field of the electromagnetic
standing wave in the resonant cavity 710) is given by:

2
2m2€0 (o8 Ao,
e o, (4)

ne=

where e and m are, respectively, the electric charge and mass of the electron, € is the
permittivity of free space, wy is the resonant frequency of resonant cavity 710 without
the plasma and w is the resonant frequency of resonant cavity 710 with the plasma.
Thus the shift Aw in the resonant frequency of the resonant cavity 710 is linearly
proportional to the electron density n,. Further, if the density of the gas within the
resonant cavity 710 is constant then the electron density n, is linearly proportional to the
intensity of radiation beam 702.

[00196] Therefore, radiation sensor apparatus 700 allows the power of a radiation
beam 702 propagating between the first and second openings 707, 709 to be
determined from a determined resonant frequency of the resonant cavity 710. In
particular, radiation sensor apparatus 700 allows the power of a radiation beam 702
propagating between the first and second openings 707, 709 to be determined from a
shift in a determined resonant frequency of the resonant cavity 710.

[00197] The gas provided in the resonant cavity 710 in use may be provided at a
suitable operating pressure for the radiation sensor apparatus 700. The radiation
sensor apparatus 700 may have a range of suitable operating pressures, which may be
defined by a lower limit and an upper limit. The range of suitable operating pressures
may be dependent upon the type of gas within the resonant cavity, i.e. different gases
may have different ranges of suitable operating pressures. Suitable ranges of operating
pressures within resonant cavity 710 are now discussed.

[00198] In order for the radiation sensor apparatus 700 to be reasonably linear, the
plasma formed by the ionization of gas within the resonant cavity 710 should be
sufficiently dense that newly generated photoelectrons cannot easily escape from the
cloud of positive ions (and exit the resonant cavity 710). The density of a plasma is
related to its Debye length. The Debye length of a plasma is a measure of the net

electromagnetic effect of a charge carrier (e.g. an electron or an ion) and the typical
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distance scale over which that charge carrier exerts its influence. In order for the
radiation sensor apparatus 700 to be reasonably linear, the Debye length of the plasma
should be smaller than the diameter of the radiation beam 702. This sets a lower limit
on range of suitable operating pressures of the gas within the resonant cavity 710.
[00199] The level of absorption of radiation from radiation beam 702 (i.e. the level of
attenuation of radiation beam 702) is dependent on the pressure of gas within the
resonant cavity 710. Higher pressure of gas within the resonant cavity 710 results in a
higher level of attenuation. An acceptable or tolerable level of attenuation may
therefore set an upper limit on range of suitable operating pressures of the gas within
the resonant cavity 710.

[00200] For an embodiment wherein the radiation beam 102 comprises EUV
radiation, with a power of the order of 1-30 kW and beam diameter of the order of 2-30
mm, a range of suitable operating pressures for hydrogen may be between 1 Pa and
100 Pa and a range of suitable operating pressures for argon may be between 0.1 Pa
and 10 Pa.

[00201] The rate at which oscillations decay within a resonant cavity can be
characterised by the quality factor Q of the resonant cavity. In the absence of input
electromagnetic radiation (e.g. via power supply 715 and first antenna 721), the
amplitude of an electromagnetic standing wave within the resonant cavity 710 will decay
exponentially. The time constant T of this exponential decay is given by T=2Q/w, where
w is the angular frequency of the standing wave (w=21f, where f is the frequency of the
standing wave). The time constant T is the time taken for the amplitude of the
electromagnetic standing wave to reduce by a factor of 1/e. In one embodiment the
resonant cavity 710 has a quality factor Q of 150 and a frequency f of around 3.5 GHz.
For such an embodiment, the time constant T is of the order of 14 ns.

[00202] In order to determine the power of a radiation beam 702 propagating between
the first and second openings 707, 709, a resonant frequency, or a change in the
resonant frequency, of the resonant cavity 710 may be determined.

[00203] In a first embodiment, to do this, the processor 730 may be operable to use
power supply 715 and first antenna 721 to sequentially excite a plurality of standing

waves with different frequencies in the resonant cavity 710 while simultaneously
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monitoring the amplitude of the electromagnetic wave within the resonant cavity 710.
After each of the plurality of standing waves has been excited, the processor 730 may
be operable to wait for a time of the order of the time constant T for the standing wave
within the resonant cavity 710 to decay before exciting the next standing wave. For
such embodiments, the response time of the radiation sensor apparatus 700 is
proportional to the time constant T of the resonant cavity 710 and the number of
different frequencies that are excited. For example, in order to measure the power of a
radiation beam 702 with a resolution of around 107, the processor 730 may be operable
to sequentially excite around 1000 standing waves with slightly different frequencies in
the resonant cavity 710 while simultaneously monitoring the amplitude of the
electromagnetic wave within the resonant cavity 710. The response time of the
radiation sensor apparatus 700 is the time taken to do this, which is around 1000T or, if
T=14 ns, around 14 us. By varying the Q factor of the resonant cavity 710, the average
frequency of the standing waves excited in the resonant cavity 710 and/or the number
of different frequencies excited to determine the resonant frequency, the response time
of the radiation sensor apparatus 700 can be varied as desired or required.

[00204] In a second embodiment, the processor 730 may be operable to determine a
relative phase between: (i) the control signal 735 that is sent by the processor 730 to
the power supply 715; and (ii) the signal 740 output by the second antenna 722. A
change in this relative phase is a measure of a change in resonant frequency of the
resonant cavity 710 and, consequently, a measure of a change in electron density
within the resonant cavity 710. The change in relative phase gives both the magnitude
of the change in resonant frequency and the sign of the change in resonant frequency
(i.e. whether the resonant frequency has increased or decreased with respect to a set
point).

[00205] In such embodiments, the processor 730 may be operable to determine the
relative phase at a single, fixed frequency at, or close to the resonant frequency. This
may be beneficial because a measurement at a single frequency, or at a relatively small
number of frequencies, can be made more quickly than the above-described
embodiment wherein the processor 730 sequentially excites a large number (for
example around 1000) of standing waves with slightly different frequencies. Therefore
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embodiments wherein the processor 730 uses the relative phase between the control
signal 735 and signal 740 to determine the resonant frequency of the resonant cavity
710 (and, ultimately, the power of radiation beam 702) may have a significantly smaller
response time than, for example, embodiments wherein the processor 730 sequentially
excites a large number (for example around 1000) of standing waves with slightly
different frequencies.

[00206] As can be seen in Figure 14, at the resonant frequency f,, the differential of
the amplitude 760 of response with respect to frequency is zero. Therefore, at or close
to resonance a change in the driving frequency (i.e. the output frequency of the power
supply 715) will result in a relatively small change in the amplitude of the
electromagnetic wave within the resonant cavity 710 (or, equivalently, the amplitude of
signal 740). This limits the accuracy with which changes in resonant frequency can be
determined by scanning the frequency of the power supply 715 (for example by
sequentially exciting a large number of standing waves with slightly different
frequencies). Frequency can be determined with an accuracy of (VS/Q)-fo, where S is
the signal accuracy (which depends on measurement equipment), fo the resonant
frequency and Q is the quality factor of the cavity. As an example, in an embodiment
the power of the electromagnetic wave in the resonant cavity 710 can be determined
with an accuracy of 1% and the Q factor is 100, then the frequency can be determined
with an accuracy of (10°)-f,. For such embodiments, the accuracy of the frequency
measurement is therefore around 1-10 MHz for fq in the range 1-10 GHz.

[00207] In contrast, the relative phase between the control signal 735 and signal 740
can be measured more accurately than the peak power of the electromagnetic wave in
the resonant cavity 710 at resonance. For example, in some embodiments the relative
phase can be measured with an estimated accuracy of 1 mrad. This corresponds to a
frequency change of ((10°)/(m/4)-Q)-fo. With a Q factor of 100, the frequency can
therefore be determined with an accuracy of approximately (10°)-f,. For such
embodiments, the accuracy for the frequency measurement is therefore around 10-100
kHz for fo in the range 1-10 GHz. Therefore embodiments wherein the processor 730
uses the relative phase between the control signal 735 and signal 740 to determine the
resonant frequency of the resonant cavity 710 (and, ultimately, the power of radiation
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beam 702) may have a significantly better resolution than, for example, embodiments
wherein the processor 730 sequentially excites a large number (for example around
1000) of standing waves with slightly different frequencies. With the above-described
numerical examples the resolution may be improved by a factor of the order of 100.
[00208] Another embodiment of a second type of radiation sensor apparatus which is
suitable for use in a lithographic system LS is now described with reference to Figure
13a. Figure 13a is a schematic illustration of a radiation sensor apparatus 700a which
is suitable for use in a lithographic system LS. The radiation sensor apparatus 700a of
Figure 13a is a variant of the radiation sensor apparatus 700 of Figure 13. Only the
differences between the radiation sensor apparatus 700a of Figure 13a and the
radiation sensor apparatus 700 of Figure 13 will be described in detail below.
Corresponding features of radiation sensor apparatus 700a and radiation sensor
apparatus 700 share common reference numerals.

[00209] Radiation sensor apparatus 700a comprises a resonant cavity 710, a single
antenna 721a and a processor 730c. The antenna 721a is provided on a curved wall of
the cylindrical cavity 710. In an alternative embodiment, the antennae 721a may be
disposed outside of the resonant cavity 710 and may be coupled to the resonant cavity
710, for example by a waveguide.

[00210] A transmission line 715a extends from the power supply 715 to the antenna
721a via a directional coupler 750. The directional coupler 750 comprises two ports
750a, 750b. Each of the two ports 750a, 750b of the directional coupler 750 is
connected to a device 730a and 730b, which is operable to measure the phase and/or
amplitude of a wave propagating between the power supply 715 and the antenna 721a.
Device 730a is arranged to measure the phase and/or amplitude of a wave propagating
from the power supply 715 to the antenna 721a. Device 730b is arranged to measure
the phase and/or amplitude of a reflected wave received by the antenna 721a. The
directional coupler 750 and devices 730a and 730b together form a reflectometer. If the
frequency of the power supply 715 (e.g. an RF source) exactly matches the resonance
frequency of the resonant cavity 710 then the amplitude of the reflected wave
propagating from the antenna 721a to the power supply 715 may be zero. Otherwise,
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the amplitude of the reflected wave propagating from the antenna 721a to the power
supply 715 may be non-zero.

[00211] The processor 730c is operable to measure a resonant frequency of the
resonant cavity 710. The processor is arranged to receive a signal s+, s, output by each
of the devices 730a, 730b. The processor 730c is operable to control the power supply
715 so as to control the frequency of the electromagnetic wave that is exited within the
resonant cavity 710 by the antenna 721a. For example, the processor 730 may be
operable to send a control signal 735a to the power supply 715. In turn, the frequency
supplied to the antenna 721a by power supply 715 may be chosen in dependence on
the control signal 735a.

[00212] In one embodiment, in order to determine a resonant frequency of the
resonant cavity 710, the processor 730¢c may be operable to control the power supply
715 so as to vary the frequency of the electromagnetic wave that is exited within the
resonant cavity 710 and to simultaneously monitor the amplitude of the reflected wave
propagating from the antenna 721a to the power supply 715. To do this, the processor
730c may be operable to use power supply 715 and antenna 721a to sequentially excite
a plurality of standing waves with different frequencies in the resonant cavity 710. After
each of the plurality of standing waves has been excited, the processor 730a may be
operable to monitor the amplitude of a reflected wave received by the antenna 721a.
Monitoring the amplitude of the reflected wave received by the antenna 721a may be
achieved by monitoring the signal s, output by device 730b. Once the amplitude of a
reflected wave received by the antenna 721a has been determined, the processor 730a
may be operable to wait for a time of the order of the time constant T for the standing
wave within the resonant cavity 710 to decay before exciting the next standing wave.
The processor 730¢c may determine the resonant frequency of the resonant cavity 710
to be a frequency at which the amplitude of the reflected wave received by the antenna
721a is zero, or a frequency at which a local minimum occurs in the amplitude of the
reflected wave received by the antenna 721a.

[00213] In another embodiment, the processor 730a may be operable to determine a
relative phase between: (i) a wave propagating from the power supply 715 to the
antenna 721a; and (ii) a reflected wave received by the antenna 721a. A change in this
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relative phase is a measure of a change in resonant frequency of the resonant cavity
710 and, consequently, a measure of a change in electron density within the resonant
cavity 710. The change in relative phase gives both the magnitude of the change in
resonant frequency and the sign of the change in resonant frequency (i.e. whether the
resonant frequency has increased or decreased with respect to a set point).

[00214] Determining the relative phase between a wave propagating from the power
supply 715 to the antenna 721a; and a reflected wave received by the antenna 721a
may be achieved by determining a relative phase between the signal s; output by
device 730a and the signal s, output by device 730b.

[00215] Such embodiments may have a significantly smaller response time and/or a
significantly better resolution than, for example, embodiments wherein the processor
730a sequentially excites a large number (for example around 1000) of standing waves
with slightly different frequencies.

[00216] Whilst embodiments of a radiation source SO have been described and
depicted as comprising a free electron laser FEL, it should be appreciated that a
radiation source may comprise any number of free electron lasers FEL. For example, a
radiation source may comprise more than one free electron laser FEL. For example,
two free electron lasers may be arranged to provide EUV radiation to a plurality of
lithographic apparatus. This is to allow for some redundancy. This may allow one free
electron laser to be used when the other free electron laser is being repaired or
undergoing maintenance.

[00217] Although the described embodiment of a lithographic system LS comprises
eight lithographic apparatuses LA,-LA,, a lithographic system LS may comprise any
number of lithographic apparatus. The number of lithographic apparatus which form a
lithographic system LS may, for example, depend on the amount of radiation which is
output from a radiation source SO and on the amount of radiation which is lost in a
beam delivery system BDS. The number of lithographic apparatus which form a
lithographic system LS may additionally or alternatively depend on the layout of a
lithographic system LS and/or the layout of a plurality of lithographic systems LS.
[00218] Embodiments of a lithographic system LS may also include one or more mask
inspection apparatus MIA and/or one or more Aerial Inspection Measurement Systems
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(AIMS). In some embodiments, the lithographic system LS may comprise a plurality of
mask inspection apparatuses to allow for some redundancy. This may allow one mask
inspection apparatus to be used when another mask inspection apparatus is being
repaired or undergoing maintenance. Thus, one mask inspection apparatus is always
available for use. A mask inspection apparatus may use a lower power radiation beam
than a lithographic apparatus. Further, it will be appreciated that radiation generated
using a free electron laser FEL of the type described herein may be used for
applications other than lithography or lithography related applications.

[00219] The term “relativistic electrons” should be interpreted to mean electrons which
have relativistic energies. An electron may be considered to have a relativistic energy
when its kinetic energy is comparable to or greater than its rest mass energy (511 keV
in natural units). In practice a particle accelerator which forms part of a free electron
laser may accelerate electrons to energies which are much greater than its rest mass
energy. For example a particle accelerator may accelerate electrons to energies of >10
MeV, >100 MeV, >1GeV or more.

[00220] Embodiments of the invention have been described in the context of a free
electron laser FEL which outputs an EUV radiation beam. However a free electron
laser FEL may be configured to output radiation having any wavelength. Some
embodiments of the invention may therefore comprise a free electron which outputs a
radiation beam which is not an EUV radiation beam.

[00221] The term “EUV radiation” may be considered to encompass electromagnetic
radiation having a wavelength within the range of 4-20 nm, for example within the range
of 13-14 nm. EUV radiation may have a wavelength of less than 10 nm, for example
within the range of 4-10 nm such as 6.7 nm or 6.8 nm.

[00222] The lithographic apparatuses LA, to LA, may be used in the manufacture of
ICs. Alternatively, the lithographic apparatuses LA; to LA, described herein may have
other applications. Possible other applications include the manufacture of integrated
optical systems, guidance and detection patterns for magnetic domain memories, flat-
panel displays, liquid-crystal displays (LCDs), thin-film magnetic heads, etc.

[00223] Different embodiments may be combined with each other. Features of
embodiments may be combined with features of other embodiments.
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[00224] While specific embodiments of the invention have been described above, it
will be appreciated that the invention may be practiced otherwise than as described.
The descriptions above are intended to be illustrative, not limiting. Thus it will be
apparent to one skilled in the art that modifications may be made to the invention as

described without departing from the scope of the claims set out below.
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CLAIMS:
1. A radiation sensor apparatus for determining a position and/or power of a
radiation beam, the radiation sensor apparatus comprising:

a chamber for containing a gas, the chamber being provided with a first opening
and a second opening such that a radiation beam can enter the chamber through the
first opening, propagate through the chamber generally along an axis, and exit the
chamber through the second opening;

one or more sensors, each arranged to receive and detect radiation emitted from
a region of the chamber around the axis; and

a processor operable to use the radiation detected by the one or more sensors to
determine a position and/or power of the radiation beam propagating through the
chamber generally along the axis.

2. The radiation sensor apparatus of claim 1, wherein the one or more sensors are

provided with filtering optics arranged to filter out one or more bands of radiation.

3. The radiation sensor apparatus of claim 1 or claim 2 comprising two sensors,
each sensor being arranged to receive and detect radiation emitted from the region of
the chamber around the axis in a different direction.

4. The radiation sensor apparatus of claim 3, wherein the two sensors are arranged
to receive and detect radiation emitted from the region of the chamber around the axis
in two generally perpendicular directions.

5. The radiation sensor apparatus of any preceding claim, wherein the one or more
sensors are provided with focusing optics arranged to focus radiation emitted from the

region.

6. The radiation sensor apparatus of claim 5, wherein the focusing optics comprises

a focusing lens for each or the one or more sensors.
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7. The radiation sensor apparatus of claim 5, wherein the focusing optics comprises

an array of focusing lenses for each of the one or more sensors.

8. The radiation sensor apparatus of any preceding claim, wherein each of the one
or more sensors is disposed outside of the chamber and wherein the chamber is
provided with one or more windows arranged to transmit radiation from the region to

one of the one or more sensors.

9. The radiation sensor apparatus of any preceding claim, further comprising a gas
supply mechanism configured to supply a gas into the chamber.

10.  The radiation sensor apparatus of claim 9, wherein the gas supply mechanism is

configured to maintain a constant pressure of gas in the chamber.

11.  The radiation sensor apparatus of claim 9 or claim 10, wherein the gas supply
mechanism comprises:

a gas supply operable to deliver gas into the chamber;

a pump operable to pump gas out of the chamber; and

a pressure sensor operable to monitor a pressure of gas within the chamber.

12.  The radiation sensor apparatus of any preceding claim, wherein the first and
second openings are provided with a mechanism that allows a pressure difference to be
maintained across each of the first and second openings.

13.  The radiation sensor apparatus of any preceding claim, wherein each of the one
or more sensors comprises a plurality of sensing elements, each sensing element

having a different position in a sensing direction of the sensor.

14.  The radiation sensor apparatus of claim 13, wherein each of the one or more
sensors comprises an array of sensing elements, each sensing element being sensitive

to radiation, and wherein the processor determines the position of the radiation beam in
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a sensing direction of each of the one or more sensors to be a centroid of the intensity
distribution received by that sensor.

15.  The radiation sensor apparatus of claim 13, wherein the array of sensing

elements is a one dimensional array.

16. The radiation sensor apparatus of claim 15, wherein an axis of the one

dimensional array is disposed at oblique angle to the sensing direction of the sensor.

17.  The radiation sensor apparatus of claim 13, wherein the array of sensing

elements is a two dimensional array.

18.  The radiation sensor apparatus of any one of claims 13 to 17, wherein each of
the one or more sensors comprises two sensing elements, each sensing element being
sensitive to radiation, and wherein the processor determines the position of the radiation
beam in a sensing direction of each of the one or more sensors, as measured from a
mid-point of the two sensing elements, to be proportional to the difference in the signals

from the two sensing elements.

19. A radiation sensor apparatus for determining a power of a radiation beam, the
radiation sensor apparatus comprising:

a resonant cavity for containing a gas, the resonant cavity being provided with a
first opening and a second opening such that a radiation beam can enter the resonant
cavity through the first opening, propagate through the resonant cavity generally along
an axis, and exit the resonant cavity through the second opening;

a source operable to excite an electromagnetic wave within the resonant cavity;
and

a processor operable to: measure a resonant frequency of the resonant cavity or
a quantity indicative of a resonant frequency of the resonant cavity; and use the
measured resonant frequency or quantity indicative of the resonant frequency to
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determine a power of a radiation beam propagating between the first and second

openings.

20.  The radiation sensor apparatus of claim 19, wherein the processor is operable to
control the frequency of the electromagnetic wave that is excited within the resonant

cavity by the source.

21.  The radiation sensor of claim 20 wherein the processor is operable to control the
source so as to sequentially excite a plurality of standing waves with different
frequencies in the resonant cavity while simultaneously monitoring the amplitude of the

electromagnetic wave within the resonant cavity.

22.  The radiation sensor of claim 21 wherein the processor is operable to determine
the resonant frequency of the resonant cavity to be a frequency at which a local
maximum occurs in the amplitude of the electromagnetic wave within the resonant

cavity.

23.  The radiation sensor apparatus of any one of claims 19 to 22, further comprising:
a receiver operable to: monitor the electromagnetic wave within the resonant cavity; and
output a signal indicative of the amplitude and/or phase of the electromagnetic wave
within the resonant cavity, and wherein the processor is arranged to receive the signal

from the receiver.

24.  The radiation sensor apparatus of any one of claims 19 to 23, further comprising
a directional coupler operable to: monitor a reflected wave received by the source; and
output a signal indicative of the amplitude and/or of the reflected wave, and wherein the
processor is arranged to receive the signal from the directional coupler.

25.  The radiation sensor apparatus of claim 24 wherein the directional coupler is
further operable to monitor a wave generated by a power supply of the source; and
output a signal indicative of the amplitude and/or phase of the wave generated by the
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power supply of the source, and wherein the processor is arranged to receive the signal
from the directional coupler.

26. The radiation sensor apparatus of any one of claims 19 to 25 wherein the
processor is operable to determine a relative phase between an electromagnetic wave
supplied by a power supply of the source; and the electromagnetic wave excited within
the resonant cavity by the source.

27. The radiation sensor apparatus of claim 26 wherein the processor is further
operable to determine the resonant frequency of the resonant cavity in dependence on
the determined relative phase.

28.  The radiation sensor apparatus of any one of claims 19 to 27 further comprising
a gas supply mechanism configured to supply a gas into the resonant cavity.

29. The radiation sensor apparatus of claim 28, wherein the gas supply mechanism
comprises:

a gas supply operable to deliver gas into the resonant cavity; and

a pressure sensor operable to monitor a pressure of gas within the resonant

cavity.

30. The radiation sensor apparatus of claim 29, wherein the gas supply and pressure
sensor form a feedback loop that is operable to control the pressure of gas within the

resonant cavity.

31.  The radiation sensor apparatus of claim 30, wherein the gas supply mechanism

is configured to maintain a constant pressure of gas in the resonant cavity.

32. The radiation sensor apparatus of any one of claims 28 to 31, wherein the gas
supply mechanism further comprises a pump which is operable to pump gas out of the

resonant cavity.
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33.  The radiation sensor apparatus of any one of claims 19 to 32, further comprising

a mechanism arranged to maintain a constant pressure of gas in the resonant cavity.

34. The radiation sensor apparatus of any one of claims 19 to 33, wherein the first
and second openings are provided with a mechanism that allows a pressure difference
to be maintained across each of the first and second openings.

35. The radiation sensor apparatus of any one of claims 19 to 34, wherein the
radiation sensor apparatus is suitable for determining a power of an electromagnetic

radiation beam.

36. The radiation sensor apparatus of any one of claims 19 to 35, wherein the
radiation sensor apparatus is suitable for determining a power of a pulsed radiation

beam.

37. A system comprising:

a radiation source configured to provide a main radiation beam; and

a radiation sensor apparatus according to any preceding claim, the radiation
sensor apparatus being arranged to determine a power and/or a position of the main

radiation beam or a portion of the main radiation beam.

38.  The system of claim 37 further comprising:

at least one lithographic apparatus; and

a beam delivery system configured to direct at least a portion of the main
radiation beam to the or each lithographic apparatus.

39. The system of claim 37 or claim 38, wherein the radiation source is configured to

provide an EUV main radiation beam.
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40. The system of any one of claims 37 to 39, wherein the radiation source is
configured to provide a pulsed radiation beam.

41. The system of any one of claims 37 to 40, wherein the radiation source

comprises a free electron laser.

42. A method for determining a position and/or power of a radiation beam, the
method comprising:

directing the radiation beam through a chamber containing a gas, the chamber
having a first opening and a second opening, wherein the radiation beam enters the
chamber through the first opening, propagates through the chamber generally along an
axis, and exits the chamber through the second opening;

receiving and detecting radiation emitted from a region of the chamber around
the axis; and

determining a position and/or power of a radiation beam propagating through the
chamber generally along the axis, in dependence on the detected radiation.

43. A method for determining a power of a radiation beam, the method comprising:

directing the radiation beam through a resonant cavity containing a gas, the
resonant cavity having a first opening and a second opening, wherein the radiation
beam enters the resonant cavity through the first opening, propagates through the
resonant cavity, and exits the resonant cavity through the second opening;

exciting an electromagnetic wave within the resonant cavity;

monitoring the electromagnetic wave within the resonant cavity;

determining a resonant frequency of the resonant cavity; and

in dependence on the determined resonant frequency determining a power of a
radiation beam propagating between the first and second openings.

44. The method of claim 42 or claim 43, wherein the radiation beam comprises
electromagnetic radiation in the DUV or EUV range.



WO 2016/139022 PCT/EP2016/052102

60

45.  The method of any one of claims 42 to 44, wherein the radiation beam is a
pulsed radiation beam.
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