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Description
FIELD
[0001] The present invention relates to assemblies,

apparatuses, and methods for high harmonic generation.
In particular, it relates to generating high harmonic radi-
ation inside a cavity configured to increase the intensity
of received radiation.

BACKGROUND

[0002] A lithographic apparatus is a machine con-
structed 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 (also often
referred to as "design layout" or "design") at a patterning
device (e.g., a mask) onto a layer of radiation-sensitive
material (resist) provided on a substrate (e.g., a wafer).
[0003] Toprojectapatternonasubstrate alithographic
apparatus may use electromagneticradiation. The wave-
length of this radiation determines the minimum size of
features which can be formed on the substrate. Typical
wavelengths currently in use are 365 nm (i-line), 248 nm,
193 nm and 13.5 nm. A lithographic apparatus, which
uses extreme ultraviolet (EUV) radiation, having a wave-
length within the range 4-20 nm, for example 6.7 nm or
13.5 nm, may be used to form smaller features on a sub-
strate than a lithographic apparatus which uses, for ex-
ample, radiation with a wavelength of 193 nm.

[0004] Low-kilithography may be used to process fea-
tures with dimensions smaller than the classical resolu-
tion limit of a lithographic apparatus. In such process, the
resolution formula may be expressed as CD = k{XA/NA,
where A is the wavelength of radiation employed, NA is
the numerical aperture of the projection optics in the lith-
ographic apparatus, CD is the "critical dimension" (gen-
erally the smallest feature size printed, but in this case
half-pitch) and k4 is an empirical resolution factor. In gen-
eral, the smaller k4 the more difficult it becomes to repro-
duce the pattern on the substrate that resembles the
shape and dimensions planned by a circuit designer in
orderto achieve particular electrical functionality and per-
formance. To overcome these difficulties, sophisticated
fine-tuning steps may be applied to the lithographic pro-
jection apparatus and/or design layout. These include,
for example, but not limited to, optimization of NA, cus-
tomized illumination schemes, use of phase shifting pat-
terning devices, various optimization of the design layout
such as optical proximity correction (OPC, sometimes
also referred to as "optical and process correction") in
the design layout, or other methods generally defined as
"resolution enhancement techniques" (RET). Alterna-
tively, tight control loops for controlling a stability of the
lithographic apparatus may be used to improve repro-
duction of the pattern at low k1.

[0005] To monitor the quality and performance of lith-
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ographic patterning processes, inspections of the result-
ing patterns are performed. These inspections can be
used to monitor several parameters of the deposited pat-
tern to identify issues in the patterns. These issues may
be analysed to determine if there are issues with the lith-
ographic patterning process settings and/or the litho-
graphic apparatus. Inspection may be performed by in-
spection and/or metrology tools. The inspection of a sub-
strate may involve one or more measurements using ra-
diation, e.g. electromagnetic radiation. Due to the small
dimension of the features patterned by a lithographic ap-
paratus, the wavelength of the radiation and the quality
of the radiation incident on the pattern can affect the
amount of detail that can be obtained from the measure-
ments. For electromagnetic radiation, shorter wave-
length are able to distinguish smaller feature dimensions.
Itis therefore of interest to use metrology tools with high
quality radiation sources of a desired wavelength or
wavelength range.

SUMMARY

[0006] According to a first aspect of the disclosure,
there is provided a high harmonic generation assembly.
The high harmonic generation assembly comprises a
cavity configured to receive input radiation and increase
an intensity of the input radiation inside the cavity for
forming drive radiation suitable for use in high harmonic
generation. The high harmonic generation assembly fur-
ther comprises an interaction region within the cavity at
which, in use, a medium is present, the medium being
configured to generate harmonic radiation by high har-
monic generation when the drive radiation is incident
thereupon. The high harmonic generation assemble also
comprises an optical assembly configured to direct the
drive radiation to pass through the interaction region a
plurality of times. The optical assembly comprises an out-
put coupler comprising an aperture through which atleast
a part of the generated harmonic radiation is able to exit
the cavity;

[0007] Optionally, the optical assembly may be config-
ured to shape the drive radiation into a hollow beam be-
fore the drive radiation passes through the interaction
region.

[0008] Optionally, the output coupler may be posi-
tioned such that the at least a part of the generated har-
monic radiation is able to exit the cavity when the drive
radiation has passed through the interaction region in a
first direction.

[0009] Optionally, the optical assembly may comprise
a further output coupler comprising an aperture through
which at least a part of further generated harmonic radi-
ation is able to exit the cavity. The further generated har-
monic radiation may be generated by the drive radiation
passing through the interaction region in a second direc-
tion.

[0010] Optionally the second direction may be sub-
stantially opposite to the first direction.
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[0011] Optionally, the optical assembly may be config-
ured to shape the drive radiation into a converging hollow
beam before passing through the interaction region.
[0012] Optionally, the output coupler and/or the further
output coupler may comprise a pinhole mirror.

[0013] Optionally, the drive radiation and the harmonic
radiation may be at least partially spatially separated at
the output coupler and/or wherein the drive radiation and
the further generated harmonic radiation may be at least
partially spatially separated at the further output coupler.
[0014] Optionally, the optical assembly may be config-
ured to shape the drive radiation into a hollow beam
shape at the output coupler and/or the further output cou-
pler. The optical assembly may be configured to direct
the drive radiation to pass through the interaction region
in a direction so that at least a portion of the generated
harmonic radiation is located in a hollow region of the
hollow beam at the output coupler, and/or at least a por-
tion of the further generated harmonic radiation is located
in a hollow region of the hollow beam at the further output
coupler.

[0015] Optionally, the hollow beam may be an annular
beam.
[0016] Optionally, the optical assembly may comprise

shaping optics for shaping the drive radiation into the
hollow beam.

[0017] Optionally, the shaping optics may be posi-
tioned outside of the cavity.

[0018] Optionally, the optical assembly may comprise
firstand second shaping optics for shaping drive radiation
into the hollow beam.

[0019] Optionally, the first shaping optics and the sec-
ond shaping optics may be positioned on different sides
of the interaction region within the cavity.

[0020] Optionally, the shaping optics may comprise an
axicon pair.

[0021] Optionally, the axicon pair may comprise a neg-
ative axicon element placed in series with a positive ax-
icon element.

[0022] Optionally, the axicon pair may comprise at
least one of a reflective axicon element, a refractive ax-
icon element, and a diffractive axicon element.

[0023] Optionally, the shaping optics may comprise a
pinhole mirror.

[0024] Optionally, the high harmonic generation as-
sembly according may further comprise an optical ele-
ment positioned in a conjugate plane of the output coupler
and/or may comprise an optical element positioned in a
conjugate plane of the further output coupler, so that, in
use, an image of the radiation at the optical element is
obtained at the output coupler and/or the further output

coupler.

[0025] Optionally, the optical elementmay be a pinhole
mirror.

[0026] Optionally, the optical assembly may comprise

a symmetrical portion around the interaction region.
[0027] Optionally, the optical assembly may comprise
correction optics for restoring the drive radiation after one
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or more passes through the interaction region.

[0028] Optionally, the optical assembly may comprise
a gain medium for amplifying the input radiation and/or
drive radiation for increasing the intensity of radiation in-
side the cavity.

[0029] Optionally, the cavity may be a passive cavity.
[0030] Optionally, the cavity may be configured to in-
crease the intensity of input radiation inside the cavity
through coherent addition of input radiation.

[0031] Optionally, the input radiation may comprise ra-
diation in the wavelength range comprising 800 nm to
1500 nm, or 900 nm to 1300 nm, or 1000 nm to 1100 nm.
[0032] Optionally, the input radiation may comprise
pulsed radiation.

[0033] Optionally, the generated harmonic radiation
and/or the further generated harmonic radiation may
comprise one or more wavelengths in the range of 0.1
nm to 100 nm; one or more wavelengths in the range of
1 nm to 50 nm; and/or one or more wavelengths in the
range of 10 nm to 20 nm.

[0034] Optionally, the high harmonic generation as-
sembly may comprise an input radiation source providing
the input radiation received by the cavity.

[0035] Optionally, the generated harmonic radiation
and the further generated harmonic radiation may com-
prise different power spectral densities.

[0036] Optionally, the medium may comprise a pure
gas or a gas mixture for high harmonic generation pro-
vided in a vacuum.

[0037] According to another aspect of the disclosure
there is provided a high harmonic generation assembly,
comprising a cavity configured to receive input radiation
and increase an intensity of the input radiation inside the
cavity for forming drive radiation suitable for use in high
harmonic generation. The high harmonic generation as-
sembly further comprises an interaction region within the
cavity at which, in use, a medium is present, the medium
being configured to generate harmonic radiation by high
harmonic generation when the drive radiation is incident
thereupon. The high harmonic radiation assembly also
comprises an optical assembly within the cavity config-
ured to direct the drive radiation to pass through the in-
teraction region a plurality of times. The optical assembly
comprises a first output coupler through which at least a
part of harmonic radiation resulting from a first pass of
the drive radiation through the interaction region is able
to exit the cavity, and a second output coupler through
which at least a part of harmonic radiation resulting from
a second pass of the drive radiation through the interac-
tion region is able to exit the cavity.

[0038] According to another aspect of the current dis-
closure, there is provided a method for providing harmon-
ic radiation by high harmonic generation. The method
comprises receiving, into a cavity, input radiation, form-
ing, from the input radiation, drive radiation suitable for
use in high harmonic generation, shaping, by an optical
assembly, the drive radiation into a converging hollow
beam; directing, by the optical assembly, the drive radi-
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ation through the interaction region a plurality of times;
and generating, by a medium, harmonic radiation, where-
in the medium present at the interaction region and is
configured to generate harmonic radiation by high har-
monic generation when the drive radiation is incident
thereupon. At least a part of the generated harmonic ra-
diation exits the cavity through an output coupler.
[0039] According to another aspect of the disclosure
there is provided a radiation source comprising a high
harmonic generation assembly as set out above.
[0040] According to another aspect of the disclosure
there is provided a metrology apparatus comprising a
high harmonic generation assembly as set out above.
[0041] According to another aspect of the disclosure
there is provided an inspection apparatus comprising a
high harmonic generation assembly as set out above.
[0042] According to another aspect of the disclosure
there is provided a lithographic apparatus comprising a
high harmonic generation assembly as set out above.
[0043] According to another aspect of the disclosure
there is provided a lithographic cell comprising a high
harmonic generation assembly as set out above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] Embodiments of the invention will now be de-
scribed, by way of example only, with reference to the
accompanying schematic drawings, in which:

- Figure 1 depicts a schematic overview of a litho-
graphic apparatus;

- Figure 2 depicts a schematic overview of a litho-
graphic cell;

- Figure 3 depicts a schematic representation of ho-
listic lithography, representing a cooperation be-
tween three key technologies to optimize semicon-
ductor manufacturing;

- Figure 4 depicts a schematic representation of a
scatterometer;

- Figure 5 depicts a schematic representation of a me-
trology apparatus in which EUV and/or SXR radiation
is used;

- Figure 6 depicts a schematic representation of an
intracavity HHG setup;

- Figure 7 depicts a schematic representation of a high
harmonic radiation assembly comprising a cavity for
high harmonic generation;

- Figure 8 depicts a schematic representation of a high
harmonic radiation assembly comprising two axicon
pairs;

- Figure 9depicts a schematic representation of a high
harmonic radiation assembly comprising one axicon
pair;

- Figure 10 depicts a schematic representation of a
high harmonic radiation assembly comprising a pin-
hole mirror for shaping the drive radiation;

- Figure 11 depicts a schematic representation of a
high harmonic radiation assembly comprising an ax-
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icon pair located outside of the cavity of the assem-
bly;

- Figure 12 depicts a schematic representation of a
high harmonic radiation assembly comprising two
pinhole mirrors located in conjugate planes of the
output coupler and further output coupler;

- Figure 13 depicts a schematic representation of op-
tical elements and output coupler in conjugate
planes;

- Figure 14 comprises a flow diagram of steps in a
method of generating high harmonic radiation;

- Figure 15 comprises a schematic representation of
a refractive axicon pair;

- Figure 16(a) comprises a schematic representation
of a negative axicon element;

- Figure 16(b) comprises a schematic representation
of a positive axicon element.

DETAILED DESCRIPTION

[0045] In the present document, the terms "radiation"
and "beam" are used to encompass all types of electro-
magnetic radiation, including ultraviolet radiation (e.g.
with a wavelength of 365, 248, 193, 157 or 126 nm) and
EUV (extreme ultra-violet radiation, e.g. having a wave-
length in the range of about 5-100 nm).

[0046] Theterm "reticle", "mask" or "patterning device"
as employed in this text may be broadly interpreted as
referring to a generic patterning device that can be used
to endow an incoming radiation beam with a patterned
cross-section, corresponding to a pattern that is to be
created in atarget portion of the substrate. The term "light
valve" can also be used in this context. Besides the clas-
sic mask (transmissive or reflective, binary, phase-shift-
ing, hybrid, etc.), examples of other such patterning de-
vices include a programmable mirror array and a pro-
grammable LCD array.

[0047] Figure 1 schematically depicts a lithographic
apparatus LA. The lithographic apparatus LA includes
an illumination system (also referred to as illuminator) IL
configured to condition a radiation beam B (e.g., UV ra-
diation, DUV radiation or EUV radiation), a mask support
(e.g., amask table) T constructed to support a patterning
device (e.g., a mask) MA and connected to a first posi-
tioner PM configured to accurately position the patterning
device MA in accordance with certain parameters, a sub-
strate support (e.g., a wafer table) WT constructed to
hold a substrate (e.g., a resist coated wafer) W and con-
nected to a second positioner PW configured to accu-
rately position the substrate support in accordance with
certain parameters, and a projection system (e.g., a re-
fractive projection lens system) PS configured to project
a pattern imparted to the radiation beam B by patterning
device MA onto a target portion C (e.g., comprising one
or more dies) of the substrate W.

[0048] Inoperation, the illumination system IL receives
a radiation beam from a radiation source SO, e.g. via a
beam delivery system BD. The illumination system IL
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may include various types of optical components, such
as refractive, reflective, magnetic, electromagnetic, elec-
trostatic, and/or other types of optical components, or
any combination thereof, for directing, shaping, and/or
controlling radiation. The illuminator IL may be used to
condition the radiation beam B to have a desired spatial
and angular intensity distribution in its cross section at a
plane of the patterning device MA.

[0049] The term "projection system" PS used herein
should be broadly interpreted as encompassing various
types of projection system, including refractive, reflec-
tive, catadioptric, anamorphic, magnetic, electromagnet-
ic and/or electrostatic optical systems, or any combina-
tion thereof, as appropriate for the exposure radiation
being used, and/or for other factors such as the use of
an immersion liquid or the use of a vacuum. Any use of
the term "projection lens" herein may be considered as
synonymous with the more general term "projection sys-
tem" PS.

[0050] The lithographic apparatus LA may be of a type
wherein atleast a portion of the substrate may be covered
by a liquid having a relatively high refractive index, e.g.,
water, so as to fill a space between the projection system
PS and the substrate W - which is also referred to as
immersion lithography. More information on immersion
techniques is given in US6952253, which is incorporated
herein by reference.

[0051] The lithographic apparatus LA may also be of
a type having two or more substrate supports WT (also
named "dual stage"). In such "multiple stage" machine,
the substrate supports WT may be used in parallel, and/or
steps in preparation of a subsequent exposure of the
substrate W may be carried out on the substrate W lo-
cated on one of the substrate support WT while another
substrate W on the other substrate support WT is being
used for exposing a pattern on the other substrate W.
[0052] In addition to the substrate support WT, the lith-
ographic apparatus LA may comprise a measurement
stage. The measurement stage is arranged to hold a sen-
sor and/or a cleaning device. The sensor may be ar-
ranged to measure a property of the projection system
PS or a property of the radiation beam B. The measure-
ment stage may hold multiple sensors. The cleaning de-
vice may be arranged to clean part of the lithographic
apparatus, for example a part of the projection system
PS or a part of a system that provides the immersion
liquid. The measurement stage may move beneath the
projection system PS when the substrate support WT is
away from the projection system PS.

[0053] In operation, the radiation beam B is incident
on the patterning device, e.g. mask, MA which is held on
the mask support T, and is patterned by the pattern (de-
sign layout) present on patterning device MA. Having tra-
versed the mask MA, the radiation beam B passes
through the projection system PS, which focuses the
beam onto a target portion C of the substrate W. With
the aid of the second positioner PW and a position meas-
urement system IF, the substrate support WT can be
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moved accurately, e.g., so as to position different target
portions C in the path of the radiation beam B at a focused
and aligned position. Similarly, the first positioner PM and
possibly another position sensor (which is not explicitly
depicted in Figure 1) may be used to accurately position
the patterning device MA with respect to the path of the
radiation beam B. Patterning device MA and substrate
W may be aligned using mask alignment marks M1, M2
and substrate alignment marks PI, P2. Although the sub-
strate alignment marks PI, P2 as illustrated occupy ded-
icated target portions, they may be located in spaces
between target portions. Substrate alignment marks PI,
P2 are known as scribe-lane alignment marks when
these are located between the target portions C.

[0054] Asshownin Figure 2 the lithographic apparatus
LA may form part of a lithographic cell LC, also some-
times referred to as alithocell or (litho)cluster, which often
also includes apparatus to perform pre- and post-expo-
sure processes on a substrate W. Conventionally these
include spin coaters SC to deposit resist layers, devel-
opers DE to develop exposed resist, chill plates CH and
bake plates BK, e.g. for conditioning the temperature of
substrates W e.g. for conditioning solvents in the resist
layers. A substrate handler, or robot, RO picks up sub-
strates W from input/output ports 1/01, I/02, moves them
between the different process apparatus and delivers the
substrates W to the loading bay LB of the lithographic
apparatus LA. The devices in the lithocell, which are often
also collectively referred to as the track, are typically un-
der the control of a track control unit TCU that in itself
may be controlled by a supervisory control system SCS,
which may also control the lithographic apparatus LA,
e.g. via lithography control unit LACU.

[0055] In order for the substrates W exposed by the
lithographic apparatus LA to be exposed correctly and
consistently, itis desirable to inspect substrates to meas-
ure properties of patterned structures, such as overlay
errors between subsequent layers, line thicknesses, crit-
ical dimensions (CD), etc. For this purpose, inspection
tools (not shown) may be included in the lithocell LC. If
errors are detected, adjustments, for example, may be
made to exposures of subsequent substrates or to other
processing steps that are to be performed on the sub-
strates W, especially if the inspection is done before other
substrates W of the same batch or lot are still to be ex-
posed or processed.

[0056] An inspection apparatus, which may also be re-
ferred to as a metrology apparatus, is used to determine
properties of the substrates W, and in particular, how
properties of different substrates W vary or how proper-
ties associated with different layers of the same substrate
W vary from layer to layer. The inspection apparatus may
alternatively be constructed to identify defects on the sub-
strate W and may, for example, be part of the lithocell
LC, or may be integrated into the lithographic apparatus
LA, or may even be a stand-alone device. The inspection
apparatus may measure the properties on a latentimage
(image in a resist layer after the exposure), or on a semi-
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latentimage (image in aresist layer after a post-exposure
bake step PEB), or on a developed resistimage (in which
the exposed or unexposed parts of the resist have been
removed), or even on an etched image (after a pattern
transfer step such as etching).

[0057] Typically the patterning process in a lithograph-
ic apparatus LA is one of the most critical steps in the
processing which requires high accuracy of dimension-
ing and placement of structures on the substrate W. To
ensure this high accuracy, three systems may be com-
bined in a so called "holistic" control environment as
schematically depicted in Fig. 3. One of these systems
is the lithographic apparatus LA which is (virtually) con-
nected to a metrology tool MT (a second system) and to
a computer system CL (a third system). The key of such
"holistic" environment is to optimize the cooperation be-
tween these three systems to enhance the overall proc-
ess window and provide tight control loops to ensure that
the patterning performed by the lithographic apparatus
LA stays within a process window. The process window
defines a range of process parameters (e.g. dose, focus,
overlay) within which a specific manufacturing process
yields a defined result (e.g. a functional semiconductor
device) - typically within which the process parameters
in the lithographic process or patterning process are al-
lowed to vary.

[0058] The computer system CL may use (part of) the
design layout to be patterned to predict which resolution
enhancement techniques to use and to perform compu-
tational lithography simulations and calculations to de-
termine which mask layout and lithographic apparatus
settings achieve the largest overall process window of
the patterning process (depicted in Fig. 3 by the double
arrow in the first scale SC1). Typically, the resolution en-
hancement techniques are arranged to match the pat-
terning possibilities of the lithographic apparatus LA. The
computer system CL may also be used to detect where
within the process window the lithographic apparatus LA
is currently operating (e.g. using input from the metrology
tool MT) to predict whether defects may be present due
to e.g. sub-optimal processing (depicted in Fig. 3 by the
arrow pointing "0" in the second scale SC2).

[0059] The metrology tool MT may provide input to the
computer system CL to enable accurate simulations and
predictions, and may provide feedback to the lithographic
apparatus LA to identify possible drifts, e.g. in a calibra-
tion status of the lithographic apparatus LA (depicted in
Fig. 3 by the multiple arrows in the third scale SC3).
[0060] Inlithographicprocesses,itis desirable to make
frequently measurements of the structures created, e.g.,
for process control and verification. Tools to make such
measurement are typically called metrology tools MT.
Different types of metrology tools MT for making such
measurements are known, including scanning electron
microscopes or various forms of scatterometer metrology
tools MT. Scatterometers are versatile instruments which
allow measurements of the parameters of a lithographic
process by having a sensor in the pupil or a conjugate
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plane with the pupil of the objective of the scatterometer,
measurements usually referred as pupil based measure-
ments, or by having the sensor in the image plane or a
plane conjugate with the image plane, in which case the
measurements are usually referred as image or field
based measurements. Such scatterometers and the as-
sociated measurement techniques are further described
in patent applications US20100328655,
US2011102753A1, US20120044470A,
US20110249244, US20110026032 or EP1,628,164A,
incorporated herein by reference in their entirety. Afore-
mentioned scatterometers may measure gratings using
light from soft x-ray and visible to near-IR wavelength
range.

[0061] In a first embodiment, the scatterometer MT is
an angular resolved scatterometer. In such a scatterom-
eter reconstruction methods may be applied to the meas-
ured signal to reconstruct or calculate properties of the
grating. Such reconstruction may, for example, result
from simulating interaction of scattered radiation with a
mathematical model of the target structure and compar-
ing the simulation results with those of a measurement.
Parameters of the mathematical model are adjusted until
the simulated interaction produces a diffraction pattern
similar to that observed from the real target.

[0062] Inasecond embodiment, the scatterometer MT
is a spectroscopic scatterometer MT. In such spectro-
scopic scatterometer MT, the radiation emitted by a ra-
diation source is directed onto the target and the reflected
or scattered radiation from the targetis directed to a spec-
trometer detector, which measures a spectrum (i.e. a
measurement of intensity as a function of wavelength)
of the specular reflected radiation. From this data, the
structure or profile of the target giving rise to the detected
spectrum may be reconstructed, e.g. by Rigorous Cou-
pled Wave Analysis and non-linear regression or by com-
parison with a library of simulated spectra.

[0063] In athird embodiment, the scatterometer MT is
a ellipsometric scatterometer. The ellipsometric scatter-
ometerallows for determining parameters of a lithograph-
ic process by measuring scattered radiation for each po-
larization states. Such metrology apparatus emits polar-
ized light (such as linear, circular, or elliptic) by using, for
example, appropriate polarization filters in the illumina-
tion section of the metrology apparatus. A source suitable
for the metrology apparatus may provide polarized radi-
ation as well. Various embodiments of existing ellipso-
metric scatterometers are described in US patent appli-
cations 11/451,599, 11/708,678, 12/256,780,
12/486,449, 12/920,968, 12/922,587, 13/000,229,
13/033,135, 13/533,110 and 13/891,410 incorporated
herein by reference in their entirety.

[0064] Examples of known scatterometers often rely
on provision of dedicated metrology targets, such as un-
derfilled targets (a target, in the form of a simple grating
or overlapping gratings in different layers, that is large
enough that a measurement beam generates a spot that
is smaller than the grating) or overfilled targets (whereby
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the illumination spot partially or completely contains the
target). Further, the use of metrology tools, for example
an angular resolved scatterometter illuminating an un-
derfilled target, such as a grating, allows the use of so-
called reconstruction methods where the properties of
the grating can be calculated by simulating interaction of
scattered radiation with a mathematical model of the tar-
get structure and comparing the simulation results with
those of a measurement. Parameters of the model are
adjusted until the simulated interaction produces a dif-
fraction pattern similar to that observed from the real tar-
get.

[0065] In one embodiment of the scatterometer MT,
the scatterometer MT is adapted to measure the overlay
of two misaligned gratings or periodic structures by
measuring asymmetry in the reflected spectrum and/or
the detection configuration, the asymmetry being related
to the extent of the overlay. The two (typically overlap-
ping) grating structures may be applied in two different
layers (not necessarily consecutive layers), and may be
formed substantially at the same position on the wafer.
The scatterometer may have a symmetrical detection
configuration as described e.g. in co-owned patent ap-
plication EP1,628,164A, such that any asymmetry is
clearly distinguishable. This provides a straightforward
way to measure misalignment in gratings. Further exam-
ples for measuring overlay error between the two layers
containing periodic structures as target is measured
through asymmetry of the periodic structures may be
found in PCT patent application publication no. WO
2011/012624 or US patent application US 20160161863,
incorporated herein by reference in its entirety.

[0066] Other parameters of interest may be focus and
dose. Focus and dose may be determined simultaneous-
ly by scatterometry (or alternatively by scanning electron
microscopy) as described in US patent application
US2011-0249244, incorporated herein by reference in
its entirety. A single structure may be used which has a
unique combination of critical dimension and sidewall an-
gle measurements for each pointin a focus energy matrix
(FEM - also referred to as Focus Exposure Matrix). If
these unique combinations of critical dimension and side-
wall angle are available, the focus and dose values may
be uniquely determined from these measurements.
[0067] A metrology target may be an ensemble of com-
posite gratings, formed by a lithographic process, mostly
inresist, butalso after etch process for example. Typically
the pitch and line-width of the structures in the gratings
strongly depend on the measurement optics (in particular
the NA of the optics) to be able to capture diffraction
orders coming from the metrology targets. As indicated
earlier, the diffracted signal may be used to determine
shifts between two layers (also referred to 'overlay’) or
may be used to reconstruct at least part of the original
grating as produced by the lithographic process. This re-
construction may be used to provide guidance of the qual-
ity of the lithographic process and may be used to control
at least part of the lithographic process. Targets may
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have smaller sub-segmentation, which are configured to
mimic dimensions of the functional part of the design lay-
out in a target. Due to this sub-segmentation, the targets
will behave more similar to the functional part of the de-
sign layout such that the overall process parameter
measurements resembles the functional part of the de-
sign layout better. The targets may be measured in an
underfilled mode or in an overfilled mode. In the under-
filled mode, the measurement beam generates a spot
that is smaller than the overall target. In the overfilled
mode, the measurement beam generates a spot that is
larger than the overall target. In such overfilled mode, it
may also be possible to measure different targets simul-
taneously, thus determining different processing param-
eters at the same time.

[0068] Overall measurement quality of a lithographic
parameter using a specific target is at least partially de-
termined by the measurement recipe used to measure
this lithographic parameter. The term "substrate meas-
urement recipe" may include one or more parameters of
the measurement itself, one or more parameters of the
one or more patterns measured, or both. For example,
if the measurement used in a substrate measurement
recipe is a diffraction-based optical measurement, one
or more of the parameters of the measurement may in-
clude the wavelength of the radiation, the polarization of
the radiation, the incident angle of radiation relative to
the substrate, the orientation of radiation relative to a
pattern on the substrate, etc. One of the criteria to select
a measurement recipe may, for example, be a sensitivity
of one of the measurement parameters to processing
variations. More examples are described in US patent
application US2016-0161863 and published US patent
application US 2016/0370717A1incorporated herein by
reference in its entirety.

[0069] A metrology apparatus, such as a scatterome-
ter SM1, is depicted in figure 4. It comprises a broadband
(white light) radiation projector 2 which projects radiation
onto a substrate 6. The reflected or scattered radiation
is passed to a spectrometer detector 4, which measures
a spectrum 10 (i.e. a measurement of intensity INT as a
function of wavelength 1) of the specular reflected radi-
ation. From this data, the structure or profile giving rise
to the detected spectrum may be reconstructed by
processing unit PU, e.g. by Rigorous Coupled Wave
Analysis and non-linear regression or by comparison with
a library of simulated spectra as shown at the bottom of
Figure 4. In general, for the reconstruction, the general
form of the structure is known and some parameters are
assumed from knowledge of the process by which the
structure was made, leaving only a few parameters of
the structure to be determined from the scatterometry
data. Such a scatterometer may be configured as a nor-
mal-incidence scatterometer or an oblique-incidence
scatterometer.

[0070] As an alternative to optical metrology methods,
it has also been considered to use soft X-rays or EUV
radiation, for example radiation in a wavelength range
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between 0.1nm and 100nm, or optionally between 1nm
and 50 nm or optionally between 10nm and 20nm. One
example of metrology tool functioning in one of the above
presented wavelength ranges is transmissive small an-
gle X-ray scattering (T-SAXS as in US 2007224518A
which content is incorporated herein by reference in its
entirety). Profile (CD) measurements using T-SAXS are
discussed by Lemaillet et al in "Intercomparison between
optical and X-ray scatterometry measurements of Fin-
FET structures", Proc. of SPIE, 2013, 8681. Reflectom-
etry techniques using X-rays (GI-XRS) and extreme ul-
traviolet (EUV) radiation at grazing incidence are known
for measuring properties of films and stacks of layers on
a substrate. Within the general field of reflectometry, go-
niometric and/or spectroscopic techniques can be ap-
plied. In goniometry, the variation of a reflected beam
with different incidence angles is measured. Spectro-
scopic reflectometry, on the other hand, measures the
spectrum of wavelengths reflected at a given angle (using
broadband radiation). For example, EUV reflectometry
has been used for inspection of mask blanks, prior to
manufacture of reticles (patterning devices) for use in
EUV lithography.

[0071] Itis possible thatthe range of application makes
the use of wavelengths in the soft X-rays or EUV domain
not sufficient. Therefore published patent applications
US 20130304424A1 and US2014019097A1 (Bakeman
etal/KLA) describe hybrid metrology techniques in which
measurements made using x-rays and optical measure-
ments with wavelengths in the range 120 nm and 2000
nm are combined together to obtain a measurement of
a parameter such as CD. A CD measurementis obtained
by coupling and x-ray mathematical model and an optical
mathematical model through one or more common. The
content of the cited US patent application are are incor-
porated herein by reference in their entirety.

[0072] Figure 5 depicts a schematic representation of
ametrology apparatus 302 in which radiation in the wave-
length range from 0.1 nm to 100 nm may be used to
measure parameters of structures on a substrate. The
metrology apparatus 302 presented in Figure 5is suitable
for the soft X-rays or EUV domain.

[0073] Figure 5 illustrates a schematic physical ar-
rangement of a metrology apparatus 302 comprising a
spectroscopic scatterometer using EUV and/or SXR ra-
diation in grazing incidence, purely by way of example.
An alternative form of inspection apparatus might be pro-
vided in the form of an angle-resolved scatterometer,
which uses radiation in normal or near-normal incidence
similar to the conventional scatterometers operating at
longer wavelengths.

[0074] Inspection apparatus 302 comprises aradiation
source 310, illumination system 312, substrate support
316, detection systems 318, 398 and metrology process-
ing unit (MPU) 320.

[0075] Source 310 in this example comprises a gen-
erator of EUV or soft x-ray radiation based on high har-
monic generation (HHG) techniques. Such sources are
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available for example from KMLabs, Boulder Colorado,
USA (http://www.kmlabs.com/). Main components of the
radiation source are a drive laser 330 and an HHG gas
cell 332. A gas supply 334 supplies suitable gas to the
gas cell, where it is optionally ionized by an electric
source 336. The drive laser 300 may be, for example, a
fiber-based laser with an optical amplifier, producing
pulses of infrared radiation that may last for example less
than 1 ns (1 nanosecond) per pulse, with a pulse repeti-
tion rate up to several megahertz, as required. The wave-
length of the infrared radiation may be for example in the
region of 1 wm (1 micron). The laser pulses are delivered
as a first radiation beam 340 to the HHG gas cell 332,
where in the gas a portion of the radiation is converted
to higher frequencies than the first radiation into a beam
342 including coherent second radiation of the desired
wavelength or wavelengths.

[0076] The second radiation may contain multiple
wavelengths. If the radiation were monochromatic, then
measurement calculations (for example reconstruction)
may be simplified, but it is easier with HHG to produce
radiation with several wavelengths. The volume of gas
within the gas cell 332 defines an HHG space, although
the space need not be completely enclosed and a flow
of gas may be used instead of a static volume. The gas
may be for example a noble gas such as neon (Ne) or
argon (Ar). N2, 02, He, Ar, Kr, Xe gases can all be con-
sidered. These are matters of design choice, and may
even be selectable options within the same apparatus.
Different wavelengths will, for example, provide different
levels of contrast when imaging structure of different ma-
terials. For inspection of metal structures or silicon struc-
tures, for example, different wavelengths may be select-
ed to those used for imaging features of (carbon-based)
resist, or for detecting contamination of such different
materials. One or more filtering devices 344 may be pro-
vided. For example a filter such as a thin membrane of
Aluminum (Al) may serve to cut the fundamental IR ra-
diation from passing further into the inspection appara-
tus. A grating (not shown) may be provided to select one
or more specific harmonic wavelengths from among
those generated in the gas cell. Some or all of the beam
path may be contained within a vacuum environment,
bearing in mind that SXR radiation is absorbed when
traveling in air. The various components of radiation
source 310 and illumination optics 312 can be adjustable
to implement different metrology ’recipes’ within the
same apparatus. For example different wavelengths
and/or polarization can be made selectable.

[0077] Depending on the materials of the structure un-
der inspection, different wavelengths may offer a desired
level of penetration into lower layers. For resolving the
smallest device features and defects among the smallest
device features, then a short wavelength is likely to be
preferred. For example, one or more wavelengths in the
range 1-20 nm or optionally in the range 1-10 nm or op-
tionally in the range 10-20 nm may be chosen. Wave-
lengths shorter than 5 nm suffer from very low critical
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angle when reflecting off materials typically of interest in
semiconductor manufacture. Therefore to choose a
wavelength greater than 5 nm will provide stronger sig-
nals at higher angles of incidence. On the other hand, if
the inspection task is for detecting the presence of a cer-
tain material, for example to detect contamination, then
wavelengths up to 50 nm could be useful.

[0078] From the radiation source 310, the filtered beam
342 enters an inspection chamber 350 where the sub-
strate W including a structure of interest is held for in-
spection at a measurement position by substrate support
316. The structure of interest is labeled T. The atmos-
phere within inspection chamber 350 is maintained near
vacuum by vacuum pump 352, so that EUV radiation can
pass without undue attenuation through the atmosphere.
The lllumination system 312 has the function of focusing
the radiation into a focused beam 356, and may comprise
for example a two-dimensionally curved mirror, or a se-
ries of one-dimensionally curved mirrors, as described
in published US patent application US2017/0184981A1
(which content is incorporated herein by reference in its
entirety), mentioned above. The focusing is performed
to achieve a round or elliptical spot S under 10 pm in
diameter, when projected onto the structure of interest.
Substrate support 316 comprises for example an X-Y
translation stage and a rotation stage, by which any part
of the substrate W can be brought to the focal point of
beam to in a desired orientation. Thus the radiation spot
S is formed on the structure of interest. Alternatively, or
additionally, substrate support 316 comprises for exam-
ple a tilting stage that may tilt the substrate W at a certain
angle to control the angle of incidence of the focused
beam on the structure of interest T.

[0079] Optionally, theillumination system 312 provides
a reference beam of radiation to a reference detector 314
which may be configured to measure a spectrum and/or
intensities of different wavelengths in the filtered beam
342. The reference detector 314 may be configured to
generate a signal 315 that is provided to processor 310
and the filter may comprise information about the spec-
trum of the filtered beam 342 and/or the intensities of the
different wavelengths in the filtered beam.

[0080] Reflected radiation 360 is captured by detector
318 and a spectrum is provided to processor 320 for use
in calculating a property of the target structure Ta. The
illumination system 312 and detection system 318 thus
form an inspection apparatus. This inspection apparatus
may comprise a soft X-ray and/or EUV spectroscopic re-
flectometer of the kind described in US2016282282A1
which content is incorporated herein by reference in is
entirety.

[0081] If the target Ta has a certain periodicity, the ra-
diation of the focussed beam 356 may be partially dif-
fracted as well. The diffracted radiation 397 follows an-
other path at well-defined angles with respect to the angle
of incidence then the reflected radiation 360. In Figure
5, the drawn diffracted radiation 397 is drawn in a sche-
matic manner and diffracted radiation 397 may follow
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many other paths than the drawn paths. The inspection
apparatus 302 may also comprise further detection sys-
tems 398 that detect and/or image at least a portion of
the diffracted radiation 397. In Figure 5 a single further
detection system 398 is drawn, but embodiments of the
inspection apparatus 302 may also comprise more than
one further detection system 398 that are arranged at
different position to detect and/or image diffracted radi-
ation 397 at a plurality of diffraction directions. In other
words, the (higher) diffraction orders of the focussed ra-
diation beam that impinges on the target Ta are detected
and/or imaged by one or more further detection systems
398. The one or more detection systems 398 generates
a signal 399 that is provided to the metrology processor
320. The signal 399 may include information of the dif-
fracted light 397 and/or may include images obtained
from the diffracted light 397.

[0082] To aid the alignment and focusing of the spot S
with desired product structures, inspection apparatus
302 may also provide auxiliary optics using auxiliary ra-
diation under control of metrology processor 320. Metrol-
ogy processor 320 can also communicate with a position
controller 372 which operates the translation stage, ro-
tation and/or tilting stages. Processor 320 receives highly
accurate feedback on the position and orientation of the
substrate, via sensors. Sensors 374 may include inter-
ferometers, for example, which can give accuracy in the
region of picometers. In the operation of the inspection
apparatus 302, spectrum data 382 captured by detection
system 318 is delivered to metrology processing unit 320.
[0083] As mentioned an alternative form of inspection
apparatus uses soft X-ray and/or EUV radiation atnormal
incidence or near-normal incidence, for example to per-
form diffraction-based measurements of asymmetry.
Both types of inspection apparatus could be provided in
a hybrid metrology system. Performance parameters to
be measured can include overlay (OVL), critical dimen-
sion (CD), coherent diffraction imaging (CDI) and at-res-
olution overlay (ARO) metrology. The soft X-ray and/or
EUV radiation may for example have wavelengths less
than 100 nm, for example using radiation in the range
5-30 nm, of optionally in the range from 10 nm to 20 nm.
The radiation may be narrowband or broadband in char-
acter. The radiation may have discrete peaks in a specific
wavelength band or may have a more continuous char-
acter.

[0084] Like the optical scatterometer used in today’s
production facilities, the inspection apparatus 302 can
be used to measure structures within the resist material
treated within the litho cell (After Develop Inspection or
ADI), and/or to measure structures after they have been
formed in harder material (After Etch Inspection or AEI).
For example, substrates may be inspected using the in-
spection apparatus 302 after they have been processed
by a developing apparatus, etching apparatus, annealing
apparatus and/or other apparatus.

[0085] Metrology tools MT, including but not limited to
the scatterometers mentioned above, may use radiation
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from a radiation source to perform a measurement. The
radiation used by a metrology tool MT may be electro-
magnetic radiation. The radiation may be optical radia-
tion, for example radiation in the infrared, visible, and/or
ultraviolet parts of the electromagnetic spectrum. Metrol-
ogy tools MT may use radiation to measure or inspect
properties and aspects of a substrate, for example a lith-
ographically exposed pattern on a semiconductor sub-
strate. The type and quality of the measurement may
depend on several properties of the radiation used by
the metrology tool MT. For example, the resolution of an
electromagnetic measurement may depend on the wave-
length of the radiation, with smaller wavelengths able to
measure smaller features, e.g. due to the diffraction limit.
In order to measure features with small dimensions, it
may be preferable to use radiation with a short wave-
length, for example EUV and/or Soft X-Ray (SXR) radi-
ation, to perform measurements. In order to perform me-
trology at a particular wavelength or wavelength range,
the metrology tool MT requires access to a source pro-
viding radiation at that/those wavelength(s). Different
types of sources exist for providing different wavelengths
of radiation. Depending on the wavelength(s) provided
by a source, different types of radiation generation meth-
ods may be used. For extreme ultraviolet (EUV) radiation
(e.g. 1 nm to 100 nm), and/or soft X-ray (SXR) radiation
(e.g. 0.1 nmto 10 nm), a source may use High Harmonic
Generation (HHG) to obtain radiation at the desired
wavelength(s). Using HHG to obtain EUV/SXR radiation
is known. One of the challenges faced in the development
of these sources is how to couple HHG radiation out of
the generating setup efficiently and separate the HHG
radiation from the radiation used to drive the HHG proc-
ess.

[0086] The properties of the radiation used to perform
a measurement may affect the quality of the obtained
measurement. For example, the shape and size of a
transverse beam profile (cross-section) of the radiation
beam, the intensity of the radiation, the power spectral
density of the radiation etc., may affect the measurement
performed by the radiation. It is therefore beneficial to
have a source providing radiation that has properties re-
sulting in high quality measurements.

[0087] Described herein are methods, apparatuses,
and assemblies for high harmonic generation to obtain
output radiation at a high harmonic frequency of input
radiation. The radiation generated through the HHG proc-
ess may be provided as radiation in metrology tools MT
for inspection and/or measurement of substrates. The
substrates may be lithographically patterned substrates.
The radiation obtained through the HHG process may
also be provided in a lithographic apparatus LA, and/or
a lithographic cell LC. High harmonic generation uses
non-linear effects to generate radiation at a harmonic fre-
quency of provided drive radiation. In order to increase
the generation rate, the intensity of the drive radiation
may be increased. The radiation may be pulsed radiation,
which may provide high peak intensities for short bursts
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of time. High harmonic generation may take place inside
a cavity, which may be referred to as intracavity HHG.
More information on intracavity HHG may be found for
example in "Efficient output coupling of intracavity high-
harmonic generation" by D.C. Yost, T. R. Schibli, and
Jun Ye (Optics Letters Vol 33, pp. 1099-1101, 2008).
Inside a cavity radiation can oscillate, which may lead to
interference of oscillating radiation causing spectral
and/or temporal pulse shaping, resulting in pulse forma-
tion. It is possible to increase the intensity of radiation
within a cavity. Increasing radiation intensity inside the
cavity may for example be achieved by providing radia-
tion amplification within the cavity in which pulse forma-
tion takes place. Radiation amplification may for example
be provided by including a gain medium inside the cavity.
An advantage of performing amplification and high har-
monic radiation in the same cavity may be that higher
average powers may be achieved compared to when
they are performed in separate cavities. It may also be
possible to obtain a higher repetition rate. Increasing ra-
diation intensity inside a cavity may also be achieved
within active amplification, for example by coherent ad-
dition of radiation inside the cavity. Both pulse shaping
and increased radiation intensity may contribute to cre-
ating drive radiation suitable for causing high harmonic
generation. Described herein are methods for performing
the high harmonic generation process in the same cavity
where pulse formation and radiation amplification take
place

[0088] In some instances, intracavity radiation sourc-
es, for example intracavity laser sources, used for high
harmonic generation may use a Gaussian beam ampli-
fied by a laser gain medium. Figure 6 depicts a schematic
representation of an example intracavity HHG setup in
which input radiation 104 is provided to a cavity 602. The
cavity may comprise a gain medium 626, and a saturable
absorber 620 for forming and sustaining a drive radiation
beam. These elements will be described in more detail
below. In some implementation (not depicted in figure 6),
the radiation 104 may be amplified before entering cavity
602. The input radiation 104 may be a femtosecond
pulsed beam. The amplified input radiation 104 may form
drive radiation 106 inside the cavity 602, suitable for
HHG. The drive radiation 106 may be focussed into an
interaction region 612 comprising a medium, e.g. a gas
jet, wherein the high harmonic generation process occurs
to generate high harmonic radiation 108. The HHG proc-
ess may take place in a vacuum environment. The drive
radiation 106 and the generated high harmonic radiation
108 may propagate collinearly to a collimating optical el-
ement, for example a collimating mirror 610. The mirror
may be a pinhole mirror, having a small aperture at a
location on the mirror where a cross-section of the gen-
erated high harmonic radiation hits the surface of the
mirror. The high harmonic radiation 108 may exit the cav-
ity 602 via the pinhole. However, the pinhole mirror is
inefficient at isolating the high harmonic radiation 108
from the drive radiation 106. Due to the Gaussian shape
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of the drive radiation 106, the cross-section of the col-
linearly propagating drive radiation 106 may overlap with
the cross-section of the high harmonic radiation 108 and
the aperture in the pinhole mirror. As a result, a portion
of the drive radiation 106 may exit the cavity 602 as well,
causing drive radiation 106 losses for the HHG process.
Alternatively to the assembly depicted in figure 6, a cavity
may be a passive cavity, not comprising a gain medium
626. The gain medium may for example be moved ex-
ternal to cavity 602. Radiation 104 may for example be
amplified before entering cavity 602. Cavity 602 may then
increase the radiation intensity inside the cavity 602 for
forming drive radiation 106 by coherent addition of input
radiation 104. This may rely on constructive interference
of input radiation 104 provided to the cavity 602, and
radiation oscillating within cavity 602.

[0089] Intracavity HHG has an advantage of not requir-
ing separate assemblies for forming radiation suitable for
high harmonic generation and generation of the high har-
monic radiation itself. However, there are also challenges
associated with performing intracavity HHG, for example
relating to how high harmonic radiation 108, is output
from the cavity 602. A first challenge relates to the effects
of the removal of high harmonic radiation from the cavity
may on the drive radiation beam. As set out in the para-
graph above, the drive radiation beam 106 formed inside
the cavity for causing high harmonic generation may be
affected (e.g. loss of intensity) by the extraction of high
harmonic radiation 108. This may reduce the efficiency
and quality of the high harmonic generation process. An-
other challenge is how to improve the amount of gener-
ated high harmonic radiation is extracted from the cavity.
High harmonic radiation may be generated having differ-
ent directions within the cavity. Described herein are as-
semblies for improved provision of high harmonic radia-
tion generation, for example by solving one or more of
the challenges listed above.

[0090] Figure 7 depicts a schematic representation of
an assembly 700 comprising a cavity 702 for high har-
monic generation. The cavity is configured to receive in-
put radiation 104. The intensity of the received input ra-
diation 104 may be increased inside the cavity to form
drive radiation 106. The intensity may for example be
increased using a gain medium for radiation amplification
and/or using coherent addition of radiation. The drive ra-
diation may be suitable for use in high harmonic gener-
ation. An interaction region 712 is present inside the cav-
ity 702 for high harmonic generation. The assembly 700
also comprises an optical assembly 716 configured to
direct drive radiation 106 to pass through the interaction
region 712. The drive radiation 106 may pass through
the interaction region 712 a plurality of times. In use, the
interaction region 712 may comprise a medium config-
ured to generate high harmonic radiation 108 through
high harmonic generation when drive radiation 106 is in-
cident upon the medium. The optical assembly 716 may
further comprise an output coupler 710. The output cou-
pler 710 may comprise an aperture through which atleast
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a part of the generated high harmonic radiation 108 is
able to exit the cavity 702. The output coupler 710 may
be a pinhole mirror. The optical assembly 716 may be
configured to shape a cross-section of the drive radiation
106 into a hollow beam 714, which may be a converging
hollow beam, before the drive radiation 106 passes
through the interaction region 712.

[0091] An advantage of an assembly as described for
figure 7 above is that it provides a converging hollow
beam 714. This may cause partial or whole spatial sep-
aration of the drive radiation 106 and the high harmonic
radiation 108, so that the losses of drive radiation 106
because of coupling out high harmonic radiation 108 may
be reduced. The converging hollow beam 714 may be
formed using optical elements, which will be described
in more detail below. In some implementations, separate
optical elements may be provided in the optical assembly
716 for creating a hollow beam, and for creating a con-
verging beam. In some implementations, the same opti-
cal elements create the hollow beam and the converging
beam properties. The converging hollow beam may be
focussed into the interaction region 712. Due to the con-
vergence of the hollow beam to the focal point, the size
of the hollow inside the beam is reduced as it converges.
At the focal plane, located in the interaction region 712,
the hollow of the beam may be significantly reduced. The
hollow may have disappeared from the beam cross-sec-
tion. The cross-section of the converging hollow drive
radiation beam 106 may approximate a Gaussian beam
cross-section at the focal plane. As a result, in the inter-
action region 712, the interaction between the medium
and the drive radiation beam may be similar to setups in
which a Gaussian beam is incident upon the medium.
[0092] The optical assembly may shape the radiation
so that drive radiation propagating past the interaction
region 712 may form a diverging hollow beam. The gen-
erated high harmonic radiation 108 may propagate col-
linearly with the diverging hollow beam. The high har-
monic radiation 108 and drive radiation 106 may propa-
gate inside cavity 702 to output coupler 710. At the output
coupler 710 the drive radiation 106 and the high harmonic
radiation 108 may be spatially separated, that is to say,
the cross-section of the drive radiation hollow beam 106
and high harmonicradiation beam 108 may have no over-
lap at the output coupler 710. In some instances, partial
overlap between a portion of the high harmonic radiation
108 and drive radiation 106 may occur at the output cou-
pler 110. This partial overlap may be referred to as a
partial spatial separation at the output coupler 110. At
least a portion of the high harmonic radiation may be
located inside the hollow of the hollow beam. The high
harmonicradiation may at least partially propagate inside
the hollow of the diverging radiation beam. The hollow
beam may be an annular beam. The annular drive radi-
ation beam 106 may be substantially circular in shape.
The high harmonic radiation beam 108 may be substan-
tially circular in shape. Because of partial or complete
spatial separation at the output coupler 710, the high har-
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monic radiation 108 cross-section may be positioned in-
side the hollow of the diverging hollow drive radiation
beam. The aperture of the output coupler 710 may be
positioned so that it overlaps with the cross-section of
the high harmonic radiation, so that the high harmonic
radiation may exit the cavity 702 through the aperture.
The output coupler 710 may be a collimating mirror so
that the diverging hollow beam of drive radiation 106 may
be collimated inside the cavity. In some implementations,
substantially none of the diverging drive radiation 106
beam overlaps with the aperture. In other implementa-
tions, a small portion of the drive radiation beam 106
cross-section overlaps with the aperture. In both cases,
the hollow diverging cross-section of the drive radiation
beam at the output coupler 710 results in reduced losses
of drive radiation 106 intensity inside the cavity 702.
[0093] Figure 8 depicts a schematic representation of
an assembly 800 for high harmonic generation. Input ra-
diation 104 isreceived into a cavity 802 so thatits intensity
can be increased to drive radiation 106. The optical as-
sembly 816 of the assembly is configured to shape drive
radiation 106 into an optionally converging hollow beam.
The converging hollow beam is focussed into the inter-
actionregion 812, where the drive radiation interacts with
a medium for high harmonic generation. The drive radi-
ation 106 may oscillate inside the cavity 802, propagating
from a first end 818 of the cavity to a second end 820 of
the cavity. The passes of radiation inside the cavity 802
may be referred to as forward and return passes. As part
of the oscillation, the drive radiation may pass through
the interaction region 812 in a first direction 822. High
harmonic radiation 108 generated during a pass off drive
radiation 106 in the first direction 822 may partially or
wholly exit the cavity 802 through the output coupler
810a.

[0094] As part of oscillation inside cavity 802, the drive
radiation 106 may pass through the interaction region
812 in a second direction 824. The optical assembly may
be configured to direct the drive radiation 106 through
the interaction region 812 in the first and second direc-
tions. The first 822 and second 824 directions may be
substantially opposite to each other. High harmonic ra-
diation 108 generated during a pass of drive radiation
106 in the second direction 824 may partially or wholly
exit the cavity 802 through a further output coupler 810b,
forming part of optical assembly 16. The further output
coupler 810 may have the substantially the same prop-
erties as the output coupler 110. The description of the
drive radiation beam 106 and high harmonic radiation
108 inrelation to the output coupler 810a provided above
may also apply to the further output coupler 810b. Atleast
a part of the high harmonic radiation 108 propagating in
the second direction 824 may exit the cavity 802 through
an aperture in the further output coupler 110. Figure 8
further shows a gain medium 826, and shaping optics
830a, 830b comprising axicon pairs 832a, 832b,, both of
which will be described in more detail below. The gain
medium 826 may be used to amplify radiation incident
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upon the gain medium 826 for increasing the intensity of
radiation inside cavity 802.

[0095] The optical assembly 816 of the assembly 800
comprises several parts configured to interact, in use,
with radiation present in the assembly 800. The optical
assembly may form cavity 802 by providing the first end
818 and second end 820 of the cavity 802. The first end
818 and/or the second end 820 may comprise a mirror
function for reflecting the radiation back into the cavity.
The first end 818 may be configured to receive input ra-
diation 104 into the cavity 802. The optical assembly 816
may further comprise correction optics for restoring drive
radiation 106 after one or more passes through the in-
teraction region 812. An example of correction optics may
be the second end 820, which may comprise a saturable
absorber. The saturable absorber 820 may be provided
to correct the drive radiation 106 after having passed
through the interaction region 812. The saturable absorb-
er 820 may for example correct a temporal shape of the
pulse. The saturable absorber may be a semiconductor
saturable absorber mirror (SESAM). Other correction op-
tics may be provided as part of optical assembly 816.
Another example of correction optics may be the inclu-
sion of lenses to correct for curvature of radiation.
[0096] The cavity 702, 802 and the optical assembly
716, 816 may provide an optical path with a length and
properties so that oscillating radiation constructively in-
terferes to obtain drive radiation pulses. The optical as-
sembly 716, 816 may comprise elements inside the cav-
ity 702, 802 to shape and direct drive radiation 106 so
that the drive radiation 106 has the same beam shape in
a forward pass and a return pass through the cavity 702.
Forward and return passes may also be referred to as
propagating and counter-propagating directions. The op-
tical assembly 716, 816 may be configured to have sym-
metry around the interaction region 712, 812. Providing
symmetry in the optical assembly 716, 816 around the
interaction region 712, 812 may decrease the difference
in properties of the drive radiation 106 in the forward and
return pass through the cavity 702, 802. If the forward
and return pass drive radiation 106 have substantially
the same radiation properties, the resulting high harmon-
ic radiation 108 generated by the drive radiation 106 may
also be more similar.

[0097] The cavity 802 may comprise a gain medium
826. The gain medium 826 may be configured to amplify
input radiation 104 and/or drive radiation 106 incident
upon it. The amplification provided by gain medium 826
may be suitable for creating the radiation intensities for
establishing drive radiation 106. It may also provide am-
plification of drive radiation 106 to maintain the intensity,
for example to correct for intensity loss occurring inside
cavity 802. For example, the gain medium 826 may com-
pensate for losses in intensity incurred in the cavity 802.
Losses in the cavity 802 may result from losses through
interaction with elements of the optical assembly 816 in-
side the cavity 802. Drive radiation intensity losses may
for example be incurred through transmission through or
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absorption by optical assembly 816 elements, loss
through absorption by saturable absorber 820, or drive
radiation leakage through pinholes or apertures in ele-
ments of the optical assembly 816. Drive radiation inten-
sity losses may result from the high harmonic generation
process. The gain medium 826 may be a thin disk ele-
ment. Radiation may be incident upon the thin disk gain
medium at a near normal reflection angle. This near-nor-
mal incidence is not depicted in the schematic figures
provided.

[0098] Alternatively to the cavity 702, 802 shown in fig-
ures 7 and 8, the cavity may be a passive cavity, not
comprising a gain medium. For example, the gain medi-
um 826 may be removed from the assembly 800 illus-
trated in figure 8. The intensity of radiation inside the
cavity may be increased using coherent addition. The
oscillating radiation inside the cavity 702, 802 may be
recycled to enhance the peak intensity inside the cavity
702, 802 for establishing and/or maintaining drive radia-
tion 106.

[0099] The interaction region 712, 812 may comprise
a medium configure to generate high harmonic radiation
when drive radiation 106 is incident upon the medium.
The medium may comprise a gas. The gas may comprise
for example one or more of Argon, Neon Helium, Krypton,
Xenon, Nitrogen (N,), or Oxygen (O,). The gases includ-
ed in the medium may for example be determined based
on the desired high harmonic radiation wavelengths to
be generated, and/or the wavelength(s) or intensities
drive radiation 106. The gas may be provided by a gas
supply. The gas may be provided in a vacuum environ-
ment inside the cavity 702, 802.

[0100] In order to obtain a hollow beam, the optical
assembly 816 may comprise shaping optics 830a,b. The
shaping optics 830a,b may shape drive radiation 106 into
a hollow beam. The hollow beam may be an annular
beam. The optical assembly may comprise first shaping
optics 830a and second shaping optics 830b. The first
and second shaping optics may be positioned on different
sides of the interaction region 812.

[0101] As illustrated in figure 8, first shaping optics
830a may be located inside the cavity 802 on a first side
of interaction region 812, between the first end 818 and
interaction region 812. The first shaping optics 830a may
shape the radiation propagating towards the interaction
region 812 into a hollow beam. The second shaping op-
tics 830b may be located inside the cavity 802 between
the interaction region 812 and the second end 820. The
second shaping optics 830b may receive a hollow beam
propagating towards the second end section and shape
it from a hollow beam into a filled beam. For radiation
propagating in the opposite direction (the return pass
through the cavity 802), the second shaping optics 830b
shape a filled beam into a hollow beam, and the first
shaping optics 830a shape the hollow beam into a filled
beam. An advantage of having first and second shaping
optics 830a,b may be that it adds symmetry to the as-
sembly 800. Increasing symmetry in the cavity may pro-
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vide increased stability inside the cavity. Symmetry may
also increase similarity between the high harmonic radi-
ation emitted and exiting in the forward and backward
passes through the cavity.

[0102] Figure 9 depicts an alternative assembly 900
for high harmonic generation, comprising an optical as-
sembly 916 in which no second shaping optics are
present. The shaping optics 930 shape the incident filled
radiation beam into a hollow beam. As depicted in figure
9, the shaping optics 930 may be located inside the cavity
902. The shaping optics may be located between the first
end and the interaction region 912. In this position, radi-
ation is shaped into a hollow beam inside the cavity 902
such that a converging hollow beam 914 reaches the
interaction region 912. A hollow beam may reach second
end 920 and reflect back as a counter-propagating hollow
beam intointeraction region 912. The shaping optics may
shape the incident counter-propagating hollow beam into
a filled beam propagating towards first end 918. At the
first end 918 the drive radiation beam 106 may be reflect-
ed to make another forward pass of the cavity 902, as
described above. A gain medium 926 may be present for
amplifying drive radiation 106. Alternatively, a gain me-
dium may be absent from the cavity 902, and the cavity
may increase radiation intensity using coherent addition.
High harmonic radiation 108 may exit cavity 902 through
output coupler 910a and or further output coupler 910b.
[0103] The shaping optics 830a,b, 930 may comprise
an axicon pair 832a,b, 932a,b. Axicon pairs in any im-
plementation of the assembly described herein may com-
prise one or more of reflective axicon elements, refractive
axicon elements, or diffractive axicon elements. Figures
8 and 9 depict assemblies 800, 900 comprising one or
more axicon pairs 832a,b, 932a,b configured to shape
radiation into a hollow beam. Figure 8 depicts two axicon
pairs 830a, 830b. An axicon pair 830a, b, 930 may com-
prise a positive (convex) axicon element 832a, 932a, and
a negative (concave) axicon element 832b, 932b. The
axicon elements 832a,b, 932a,b may be reflective axicon
elements. In otherimplementations, the axicon elements
may be refractive. The axicon pair may be used to create
a collimated hollow beam. The distance between the ax-
icon elements 832a, 932a and 832b, 932b may affect the
size of the hollow within the transverse profile of the ra-
diation beam. The distance between the axicon elements
832a, 932a and 832b, 932b may be set to determine a
size of a hollow within a beam. An axicon pair 832a,b,
932a,b may receive a beam with a Gaussian transverse
beam profile. An axicon pair may shape the Gaussian
radiation into a collimated hollow beam, for example a
collimated annular beam. An axicon pair may comprise
a positive conical element 832a, 932a and a negative
conical element 832b, 932b. The apex angle t of positive
and negative conical elements may be the same. The
size of the angle of the conical elements may affect the
size of the hollow within the transverse profile of the ra-
diation beam. More information on axicon elements will
be provided below.
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[0104] Figure 10 depicts an assembly 1000 for high
harmonic generation comprising shaping optics 1030
comprising a pinhole element, for example a pinhole mir-
ror. Received input radiation beam 104 may be incident
upon an optical element of optical assembly 1016. One
or more pinholes may be used to remove portions of the
radiation within a beam cross-section. The radiation in-
cident on the pinhole element 1030 may be collimated
radiation. The incident radiation may have a diameter
wider than the diameter of the pinhole. In figure 10, col-
limated radiation may be incident upon a pinhole mirror
1030. The radiation incident on the pinhole mirror surface
may be reflected, while the radiation incident on the pin-
hole is not. This may remove portions from the radiation
beam cross-section, thereby creating a hollow beam. The
hollow beam may then be focussed into interaction region
1012. Generated high harmonic radiation 108 may exit
the cavity 1002 via output coupler 1010a and/or further
output coupler 1010b. The pinhole may be circular, for
creating an annular beam. The radiation beam may have
a substantially circular cross-section. The incident radi-
ation beam may for example be Gaussian. The radiation
incident on a pinhole of shaping optics 1030 results in
losses of intensity in the reflected beam compared to the
incident beam. As a result, the losses related to shaping
optics 1030 using a pinhole may be higher compared
using to an axicon pair. In particular, the losses may be
higher during a first pass of radiation through the cavity
1002. Once the radiation has been shaped into a hollow
beam, the hollow shape may be maintained in subse-
quent passes through the cavity 1002. The amount of
radiation incident on the pinhole(s) of shaping optics
1030 may be significantly reduced or removed entirely.
Afurther pinhole mirror may be presentinside cavity 1002
of the assembly, as depicted in figure 10. The further
pinhole mirror may be present for symmetry purposes.
A gain medium 1026 may be located inside cavity 1002.
[0105] Shaping optics 130 may be positioned inside or
outside cavity 102. Figures 8 - 10 depict assemblies 800,
900, 1000 in which shaping optics are provided inside
cavity 802, 902, 1002. ltis also possible to provide shap-
ing optics 1130 outside of cavity 1102, as illustrated in
figure 11. Figure 11 depicts an assembly 1100 for high
harmonic generation in which shaping optics 1130 may
be provided outside cavity 1102. The shaping optics 1130
may comprise an axicon pair 1132a, 1132b, as shown in
figure 11. Shaping optics 1130 may alternatively or ad-
ditionally comprise other shaping elements, such as for
example a pinhole mirror. A configuration in which a hol-
low beam is shaped outside of cavity 1102 removes com-
plexity from the interior of the cavity 1102. The shaping
optics 1130 located outside of cavity 1102 may be cheap-
er to provide. This may for example be because the con-
ditions for which the optical elements are suitable may
be less stringent (e.g. more available space, lower peak
power). Shaping optics outside of cavity 1102 may com-
prise any of refractive, reflective, and diffractive axicon
elements. For example, outside the cavity 1102, the
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shaping optics may comprise refractive axicon elements,
which may be cheaper and easier to align. Once inside
cavity 1102, the hollow beam may interact with optical
assembly 1116. The assembly 1100 may comprise again
medium 1126. High harmonic radiation 108 generated
at interaction region 1112 may exit the cavity 1102 via
output coupler 1110a and/or further output coupler
1110b.

[0106] Figure 12 depicts another assembly 1200 for
high harmonic generation. The assembly 1200 compris-
es shaping optics 1230 external to cavity 1202. Inside
cavity 1202, the optical assembly 1216 may comprise an
optical element 1234, which may be located two focal
lengths 2f away from the further output coupler 1210b.
The further output coupler 1210b may have a focussing
function, for converging the hollow beam to the focal
place located in the interaction region 1212. Further out-
put coupler 1210b may therefore be located one focal
length f away from the interaction region 1212. A similar
arrangement may be provided on the other side of inter-
action region 1212, where an optical element 1234 may
be positioned two focal lengths 2f away from output cou-
pler 1210a. Output coupler 1210a may be located one
focal length f away from interaction region 1212, so that
it may collimate radiation focussed in the interaction re-
gion. In this way, an optical element 1234 may be located
in a conjugate plane of the output coupler 1210a and/or
further output coupler 1210b. This means that a sharp
image of the radiation at an optical element 1234 may
be imaged at the output coupler 1210a/further output
coupler 1210b. Cavity 1202 may comprise a gain medium
1226.

[0107] Optical element 1234 may form part of shaping
optics 1230. In some implementations, optical element
1234 may perform the shaping function of shaping optics
1230 for the assembly 1200 as described herein. For
example, optical element 1234 may be a pinhole mirror
suitable for forming a hollow beam. In some implemen-
tations optical element 1234 may have a hollow beam
radiation incident upon it. For example, an axicon pair
1232a,b, either inside or outside of cavity 1202, may
shape radiation into a hollow beam. The optical element
1234 may perform a further shaping function. For exam-
ple, the optical element may change or clean up the in-
cident hollow beam shape to obtain a sharp image at the
conjugate output coupler 1210a,b of the hollow beam
shape.

[0108] Optical element 1234 may be a pinhole mirror.
If the optical elements 1234 in figure 12 are pinhole mir-
rors, sharp ring profiles of the pinholes may be images
onto the output coupler 1210a and further output coupler
1210b. This may result in an advantageous sharp sepa-
ration of drive radiation 106 from the aperture of the out-
put coupler 1210a and further output coupler 1210b. The
radius of the opening of pinhole mirror 1234 may be re-
lated to the opening radius of the output coupler 1210a,b
with which it forms a conjugate pair. The relationship may
be set so that the numerical aperture of both opening
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angles of the conjugate pinhole mirror 1234 and output
coupler 1210a,b are equivalent so that the directimaging
relationship may be maintained.

[0109] Figure 13 illustrates example positions of opti-
cal elements 1234 in relation to focussing output couplers
1210a,b and the interactionregion 1212. Afirst conjugate
pair A may be made up of pinhole mirror 1234 and output
coupler 110a. Both elements in conjugate pair A are po-
sitioned two focal lengths away from the focussing further
output coupler 1210b. The second conjugate pair B is
made up of further output coupler 1210b and pinhole mir-
ror 1234. Both elements in the conjugate pair B are po-
sitioned two focal lengths away from output coupler
1210a.

[0110] The input radiation 104 may be pump radiation
received from a pump source (not shown. The pump
source may be provided separately from the assembly,
or may form part of the assembly 700, 800, 900, 1000,
1100, 1200. The pump source may be a high power
pulsed laser. The input radiation 104 may comprise ra-
diation with one or more wavelengths higher than the one
or more wavelengths of the high harmonic radiation 108.
The input radiation 104 may comprise infrared radiation.
The input radiation may comprise radiation with wave-
length(s) in the range of 800 nm to 1500 nm. The input
radiation may comprise radiation with wavelength(s) in
the range of 900 nm to 1300 nm. The input radiation may
comprise radiation with wavelength(s) in the range of 100
nm to 1300 nm. The input radiation 104 may be pulsed
radiation. Pulsed input radiation may comprise pulses
with a duration in the femtosecond range.

[0111] The high harmonic radiation may comprise one
or more harmonics of the drive radiation wavelength(s),
for example second, third, fourth ..., nth harmonics of the
drive radiation wavelength(s). The high harmonic radia-
tion may comprise wavelengths in the extreme ultraviolet
(EUV), soft X-Ray (SXR), and/or hard X-Ray part of the
electromagnetic spectrum. The high harmonic radiation
108 may comprise wavelengths in the range of 0.01 nm
to 100 nm. The high harmonic radiation 108 may com-
prise wavelengths in the range of 0.1 nm to 100 nm. The
high harmonic radiation 108 may comprise wavelengths
in the range of 0.1 nm to 50 nm. The high harmonic ra-
diation 108 may comprise wavelengths in the range of 1
nm to 50 nm. The high harmonic radiation 108 may com-
prise wavelengths in the range of 10 nm to 20 nm.
[0112] Assemblies 700, 800, 900, 1000, 1100, 1200
for high harmonic generation may be used in methods
for generating high harmonic radiation, as depicted in
figure 14. In step 200 input radiation is received into a
cavity 702, 802, 902, 1002, 1102, 1202. In step 202, drive
radiation 106 is formed inside the cavity from the input
radiation 104. The drive radiation 106 may be formed by
increasing the intensity of the received input radiation
104, for example through amplification and/or coherent
addition. In step 204, the drive radiation 106 may be
shaped into a hollow beam. In some implementations,
input radiation 104 may be formed into a hollow beam
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before entering cavity. The shaping may be performed
on radiation inside the cavity before its intensity is suffi-
ciently increased to form drive radiation 106. In step 206
drive radiation 106 may be directed into an interaction
region 712, 812, 912, 1012, 1112, 1212 comprising a
medium suitable for high harmonic generation (HHG).
Once generated, at least some of the high harmonic ra-
diation obtained through the HHG process may exit, as
in step 208, the cavity through an output coupler 710,
810a, 910a, 1010a, 1110a, 1210a and/or further output
coupler 810b, 910b, 1010b, 1110b, 1210b. More details
on methods of generating high harmonic radiation are
provided in the description of the assemblies described
in relation to figures 7 - 12 above.

[0113] The high harmonic generation assembly 700,
800, 900, 1000, 1100, 1200 may be provided alongside
an input radiation source to form a high harmonic radia-
tion source. The high harmonic radiation source may be
provided in for example a metrology apparatus MT, an
inspection apparatus, a lithographic apparatus LA,
and/or a lithographic cell LC.

[0114] As mentioned above, the shaping optics 730,
830a,b, 930, 1030, 1130, 1230 for shaping a transverse
profile of the drive radiation into a hollow beam may com-
prise an axicon pair. Figure 15 depicts an axicon pair
512,514 for shaping afilled radiation beam (e.g. radiation
with a Gaussian beam profile) into a hollow radiation
beam. The axicon pair may comprise a pair of refractive
axicon elements 512, 514 of equal apex angle t. The
refractive axicon elements may be placed in series with
an axial separation distance D1. Being placed in series
may be understood as placed sequentially along an op-
tical path of the radiation passing though the shaping
optics. A refractive axicon element is a conical optical
element, which may be either positive 514 or negative
512. Refractive axicon elements may be characterized
by an apex angle t and the refractive index of the material
forming the axicon element 512, 514. The properties of
negative and positive refractive axicons are described in
detail with reference to figures 16(a) and 16(b) respec-
tively. By "refractive" it is to be understood that the ele-
ments operate in transmission and are formed of a ma-
terial having a refractive index generally greater than or
less than that of the medium surrounding the axicon el-
ement. With reference to Figure 16(a), the negative re-
fractive axicon element may be characterized by an apex
angle t. The negative axicon may have arefractive index
Naxicon With @ value in a range from 1.4 to 1.6. The refrac-
tive index n of the surrounding medium (e.g. air or vac-
uum) may typically be approximately 1.0. The angle at
which incident parallel rays of light/radiation are deflected
away from the optical axis is denoted y and may be given
by the expression:

r=(==)(E) o
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With reference to Figure 16b, the positive refractive ax-
icon element may also be characterized by an apex angle
1. The positive axicon element may also have arefractive
index denoted n,,i.o, Which may be in the range from 1.4
to 1.6. An equivalent deflection angle y may arise also
for the case of a positive axicon, as is apparent from
Figure 16b, and can be considered to be the angle at
which an incident ray of light/radiation is deflected to-
wards the optical axis. This may be defined by the same
equation (1) above.

[0115] In Figure 15, the negative axicon element 512
of the axicon pair 510 may have an effect on radiation
incident upon it to bend it away from the optical axis 516.
The optical axis 516 may be the centre axis of the beam
of incident radiation. The optical axis 516 is shown as
the +z direction in Figure 15. Propagating away from the
negative axicon, the radiation beam may diverge away
from the optical axis as a hollow beam of light, which may
be an annular beam. The radius of the hollow inside the
beam may increase linearly with distance along the pos-
itive z direction. The second axicon element 514 may be
a positive refractive axicon element placed at an axial
separation distance D1 from the negative axicon element
512. The positive axicon element may bend the beam
back towards the optical axis 516. This may substantially
cancel out the divergence imparted by the negative axi-
con element 512. The action of the axicon pair may there-
by result in a collimated hollow/annular beam 518. The
divergence may be cancelled out if the negative and pos-
itive axicon elements have equal but opposite apex an-
gles 1. Optionally, a focussing element 520 may be con-
figured to focus the collimated hollow beam to a focus
point. Alternatively, it is envisaged that the two axicon
elements could have slightly differentapex angles, there-
by resulting in a non-collimated annular beam. In this
case, the focussing element 520, discussed below, could
be configuredto at least partially compensate for the non-
collimated nature of the annular beam. One or both of
the axicon elements may be mounted on a moveable
mount to allow the separation D, in the z direction, i.e.
along the optical axis, to be adjusted.

[0116] The hollow beam may be an annular beam,
formed by an axicon pair. The inner radius of the ring
(the radius of the hollow inside the beam profile) may be
referred to as R4. Surrounding the hollow may be a ring
with waist size wo, wherein wo may represent the radial
width of the annular beam. The waist size may be half of
the width of a filled radiation beam incident on the axicon
pair 510. In case the incident beam is a collimated Gaus-
sian beam, the waist size may be substantially equal to
the Gaussian beam waist. The waist of the beam incident
on an axicon pair may be set using beam expanding op-
tical elements. The radius of the hollow disc may be de-
termined as R, = D, tan(y). The radius of the collimated
beam may be referred to as R, The radius R, may be
determined as R, = R; + wo., wherein wo is ring waist
size.

[0117] Next to the refractive axicon pair depicted in fig-
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ures 11 and 15, shaping optics may comprise a reflective
axicon pair, for example the axicon pairs 832a,b 932a,b
shown in figures 8 and 9. As in refractive axicon pairs, a
reflective axicon pair may comprise a first axicon element
configured to reflect an incident filled radiation beam di-
verging away from an optical axis, creating a hollow
beam. Both reflective axicon elements may be conical
and may have the same apex angle t. For a conical ax-
icon element, the reflected diverging hollow beam may
be annular. The second axicon element in the pair may
receive the diverging hollow beam, and substantially col-
limate the diverging radiation to form a collimated hollow
beam.

[0118] Next to refractive and reflective axicon ele-
ments, diffractive axicon elements may be used to form
an axicon pair. A diffractive axicon element may be de-
fined by a divergence angle B, instead of the apex angle
t used for refractive/reflective axicon elements. The di-
vergence angle B may be equal to twice the deflection
angle y. For a diffractive axicon pair, each of the axicon
elements may have substantially the same divergence
angle B. The axicon elements may be mounted on one
or more movable mounts such the axial separation, D1,
between the axicon elements is adjustable in use to con-
trol said adjustment setting. Although pairs of reflective,
refractive, or diffractive axicon elements are described
herein, axicon pairs comprising a combination of two dif-
ferent types of axicon elements (e.g. reflective and dif-
fractive) may also be provided as shaping optics 730,
830a,b, 930, 1030, 1130, 1230.

[0119] Combinations of features and elements de-
scribed above, for example in relation to the figures 7 -
12, are covered by the present disclosure. For example,
combinations of different types of shaping optics 730,
830a,b, 930, 1030, 1130, 1230, such as pinhole mirrors
and axicon elements, provided inside and/or outside of
cavity 702, 802, 902, 1002, 1102, 1202, are included in
the present disclosure. Further optical elements may be
included in assembly 700, 800, 900, 1000, 1100, 1200,
for example relating to applying beam corrections, or for
adding symmetry to the radiation path within cavity 702,
802, 902, 1002, 1102, 1202.

[0120] While specific embodiments of the invention
have been described above, it will be appreciated that
for all the assembly embodiments, the gain medium may
for example be inside the cavity or outside the cavity.
The gain medium may for example be absent from one
of the embodiments.

[0121] While specific embodiments of the invention
have been described above, it will be appreciated that
for all the assembly embodiments, the shaping optics
may for example be inside the cavity or outside the cavity.
[0122] The above-mentioned embodiments may be
provided in a metrology apparatus, an inspection appa-
ratus, a lithographic apparatus, and/or a lithographic cell.
[0123] Further embodiments are disclosed in the sub-
sequent numbered clauses:
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1. A high harmonic generation assembly, compris-
ing:

a cavity configured to receive input radiation and
increase an intensity of the input radiation inside
the cavity for forming drive radiation suitable for
use in high harmonic generation;

an interaction region within the cavity at which,
in use, a medium is present, the medium being
configured to generate harmonic radiation by
high harmonic generation when the drive radia-
tion is incident thereupon; and

an optical assembly configured to direct the
drive radiation to pass through the interaction
region a plurality of times, and comprising an
output coupler comprising an aperture through
which at least a part of the generated harmonic
radiation is able to exit the cavity;

wherein the optical assembly is further config-
ured to shape the drive radiation into a hollow
beam before the drive radiation passes through
the interaction region.

2. A high harmonic generation assembly according
to clause 1, wherein the output coupler is positioned
such that the at least a part of the generated har-
monic radiation is able to exit the cavity when the
drive radiation has passed through the interaction
region in a first direction.

3. A high harmonic generation assembly according
to clause 2, wherein the optical assembly comprises
a further output coupler comprising an aperture
through which at least a part of further generated
harmonic radiation is able to exit the cavity,

the further generated harmonic radiation being gen-
erated by the drive radiation passing through the in-
teraction region in a second direction.

4. A high harmonic generation assembly according
to clause 3, wherein the second direction is substan-
tially opposite to the first direction.

5. A high harmonic generation assembly according
to any of the preceding clauses, wherein the optical
assembly is configured to shape the drive radiation
into a converging hollow beam before passing
through the interaction region.

6. A high harmonic generation assembly according
to any of the preceding clauses, wherein the output
coupler and/or the further output coupler comprises
a pinhole mirror.

7. A high harmonic generation assembly according
to any of the preceding clauses, wherein the drive
radiation and the harmonic radiation are at least par-
tially spatially separated at the output coupler and/or
wherein the drive radiation and the further generated
harmonic radiation are at least partially spatially sep-
arated at the further output coupler.

8. A high harmonic generation assembly according
to any one of clauses 3 to 7, wherein the optical as-
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sembly is configured to shape the drive radiation into
a hollow beam shape at the output coupler and/or
the further output coupler,

and wherein the optical assembly is configured to
direct the drive radiation to pass through the inter-
action region in a direction so that at least a portion
of the generated harmonic radiation is located in a
hollow region of the hollow beam at the output cou-
pler, and/or atleast a portion of the further generated
harmonic radiation is located in a hollow region of
the hollow beam at the further output coupler.

9. A high harmonic generation assembly according
to any of the preceding clauses, wherein the hollow
beam is an annular beam.

10. A high harmonic generation assembly according
to any of the preceding clauses, wherein the optical
assembly comprises shaping optics for shaping the
drive radiation into the hollow beam.

11. A high harmonic generation assembly according
to clause 10, wherein the shaping optics are posi-
tioned outside of the cavity.

12. A high harmonic generation assembly according
to clause 10, wherein the optical assembly compris-
es first and second shaping optics for shaping drive
radiation into the hollow beam.

13. A high harmonic generation assembly according
to clause 12, wherein the first shaping optics and the
second shaping optics are positioned on different
sides of the interaction region within the cavity.

14. A high harmonic generation assembly according
toany of clauses 10 to 13, wherein the shaping optics
comprise an axicon pair.

15. A high harmonic generation assembly according
to clause 14, wherein the axicon pair comprises a
negative axicon element placed in series with a pos-
itive axicon element.

16. A high harmonic generation assembly according
to any of clauses 14 - 15, wherein the axicon pair
comprises atleast one of areflective axicon element,
a refractive axicon element, and a diffractive axicon
element.

17. A high harmonic generation assembly according
to any of clauses 10 - 15, wherein the shaping optics
comprise a pinhole mirror.

18. A high harmonic generation assembly according
to any of the preceding clauses, further comprising
an optical element positioned in a conjugate plane
of the output coupler and/or comprising an optical
element positioned in a conjugate plane of the further
output coupler, so that, in use, an image of the radi-
ation at the optical element is obtained at the output
coupler and/or the further output coupler.

19. A high harmonic generation assembly according
to clause 18, wherein the optical elementis a pinhole
mirror.

20. A high harmonic generation assembly according
to any of the preceding clauses, wherein the optical
assembly comprises a symmetrical portion around
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the interaction region.

21. A high harmonic generation assembly according
to any of the preceding clauses, wherein the optical
assembly comprises correction optics for restoring
the drive radiation after one or more passes through
the interaction region.

22. A high harmonic generation assembly according
to any of the preceding clauses, wherein the optical
assembly further comprises a gain medium for am-
plifying the input radiation and/or drive radiation for
increasing the intensity of radiation inside the cavity.
23. A high harmonic generation assembly according
to any of clauses 1 to 21, wherein the cavity is a
passive cavity.

24. A high harmonic generation assembly according
to clause 23, wherein the cavity is configured to in-
crease the intensity of input radiation inside the cav-
ity through coherent addition of input radiation.

25. A high harmonic generation assembly according
to any of the preceding clauses, wherein the input
radiation comprises radiation in the wavelength
range comprising 800 nm to 1500 nm, or 900 nm to
1300 nm, or 1000 nm to 1100 nm.

26. A high harmonic generation assembly according
to any of the preceding clauses, wherein the input
radiation comprises pulsed radiation.

27. A high harmonic generation assembly according
to any of the preceding clauses, wherein the gener-
ated harmonic radiation and/or the further generated
harmonic radiation comprises one or more wave-
lengths in the range of 0.1 nm to 100 nm; one or
more wavelengths in the range of 1 nm to 50 nm;
and/or one or more wavelengths in the range of 10
nm to 20 nm.

28. A high harmonic generation assembly according
to any of the preceding clauses, further comprising
aninputradiation source providing the input radiation
received by the cavity.

29. A high harmonic generation assembly according
to any of the preceding clauses, wherein the gener-
ated harmonic radiation and the further generated
harmonicradiation comprise different power spectral
densities.

30. A high harmonic generation assembly according
to any of the preceding clauses, wherein the medium
comprises a pure gas or a gas mixture for high har-
monic generation provided in a vacuum.

31. A high harmonic generation assembly, compris-
ing

a cavity configured to receive input radiation and in-
crease an intensity of the input radiation inside the
cavity for forming drive radiation suitable for use in
high harmonic generation;

an interaction region within the cavity at which, in
use, a medium is present, the medium being config-
ured to generate harmonic radiation by high harmon-
ic generation when the drive radiation is incident
thereupon; and
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an optical assembly within the cavity configured to
direct the drive radiation to pass through the inter-
action region a plurality of times;

the optical assembly comprising afirst output coupler
through which at least a part of harmonic radiation
resulting from a first pass of the drive radiation
through the interaction region is able to exit the cav-
ity, and a second output coupler through which at
least a part of harmonic radiation resulting from a
second pass of the drive radiation through the inter-
action region is able to exit the cavity.

32. A method for providing harmonic radiation by
high harmonic generation, the method comprising
receiving, into a cavity, input radiation;

forming, from the inputradiation, drive radiation suit-
able for use in high harmonic generation; shaping,
by an optical assembily, the drive radiation into a con-
verging hollow beam;

directing, by the optical assembly, the drive radiation
through the interaction region a plurality of times;
generating, by a medium, harmonic radiation,
wherein the medium present at the interaction region
and is configured to generate harmonic radiation by
high harmonic generation when the drive radiation
is incident thereupon;

wherein at least a part of the generated harmonic
radiation exits the cavity through an output coupler.
33. A radiation source comprising a high harmonic
generation assembly according to any of clauses 1
to 31.

34. A metrology apparatus comprising a high har-
monic generation assembly according to any of
clauses 1 to 31.

35. An inspection apparatus comprising a high har-
monic generation assembly according to any of
clauses 1 to 31.

37. A lithographic apparatus comprising a high har-
monic generation assembly according to any of
clauses 1 to 31.

38. A lithographic cell comprising a high harmonic
generation assembly according to any of clauses 1
to 31.

[0124] Although specific reference may be made in this
text to the use of lithographic apparatus in the manufac-
ture of ICs, it should be understood that the lithographic
apparatus described herein may have other applications.
Possible other applications include the manufacture of
integrated optical systems, guidance and detection pat-
terns for magnetic domain memories, flat-panel displays,
liquid-crystal displays (LCDs), thin-film magnetic heads,
etc.

[0125] Although specific reference may be made in this
text to embodiments of the invention in the context of a
lithographic apparatus, embodiments of the invention
may be used in other apparatus. Embodiments of the
invention may form part of a mask inspection apparatus,
a metrology apparatus, or any apparatus that measures
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or processes an object such as a wafer (or other sub-
strate) or mask (or other patterning device). These ap-
paratus may be generally referred to as lithographic tools.
Such a lithographic tool may use vacuum conditions or
ambient (non-vacuum) conditions.

[0126] Although specific reference may have been
made above to the use of embodiments of the invention
in the context of optical lithography, it will be appreciated
that the invention, where the context allows, is not limited
to optical lithography and may be used in other applica-
tions, for example imprint lithography.

[0127] While specific embodiments of the invention
have been described above, it will be appreciated that
the invention may be practiced otherwise than as de-
scribed. The descriptions above are intended to be illus-
trative, 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.

[0128] Although specific reference is made to "metrol-
ogy apparatus / tool / system" or "inspection apparatus
/ tool / system", these terms may refer to the same or
similar types of tools, apparatuses or systems. E.g. the
inspection or metrology apparatus that comprises an em-
bodiment of the invention may be used to determine char-
acteristics of structures on a substrate or on a wafer. E.g.
the inspection apparatus or metrology apparatus that
comprises an embodiment of the invention may be used
to detect defects of a substrate or defects of structures
on a substrate or on a wafer. In such an embodiment, a
characteristic of interest of the structure on the substrate
may relate to defects in the structure, the absence of a
specific part of the structure, or the presence of an un-
wanted structure on the substrate or on the wafer.
[0129] Although specific reference is made to SXR and
EUV electromagnetic radiations, it will be appreciated
thatthe invention, where the context allows, may be prac-
ticed with all electromagnetic radiations, includes radio
waves, microwaves, infrared, (visible) light, ultraviolet,
X-rays, and gamma rays. As an alternative to optical me-
trology methods, it has also been considered to use X-
rays, optionally hard X-rays, for example radiation in a
wavelength range between 0.01nm and 10nm, or option-
ally between 0.01nm and 0.2 nm, or optionally between
0.1nm and 0.2nm, for metrology measurements.

Claims
1. A high harmonic generation assembly, comprising:

a cavity configured to receive input radiation and
increase an intensity of the input radiation inside
the cavity for forming drive radiation suitable for
use in high harmonic generation;

an interaction region within the cavity at which,
in use, a medium is present, the medium being
configured to generate harmonic radiation by
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high harmonic generation when the drive radia-
tion is incident thereupon; and

an optical assembly configured to direct the
drive radiation to pass through the interaction
region a plurality of times, and comprising an
output coupler comprising an aperture through
which at least a part of the generated harmonic
radiation is able to exit the cavity;

wherein the optical assembly is further config-
ured to shape the drive radiation into a hollow
beam before the drive radiation passes through
the interaction region.

A high harmonic generation assembly according to
claim 1, wherein the output coupler is positioned
such that the at least a part of the generated har-
monic radiation is able to exit the cavity when the
drive radiation has passed through the interaction
region in a first direction.

A high harmonic generation assembly according to
claim 2, wherein the optical assembly comprises a
further output coupler comprising an aperture
through which at least a part of further generated
harmonic radiation is able to exit the cavity,

the further generated harmonic radiation being gen-
erated by the drive radiation passing through the in-
teraction region in a second direction, optionally the
second direction is substantially opposite to the first
direction.

A high harmonic generation assembly according to
any of the preceding claims, wherein the optical as-
sembly is configured to shape the drive radiation into
a converging hollow beam before passing through
the interaction region.

A high harmonic generation assembly according to
claim 3 or 4, wherein the optical assembly is config-
ured to shape the drive radiation into a hollow beam
shape at the output coupler and/or the further output
coupler,

and wherein the optical assembly is configured to
direct the drive radiation to pass through the inter-
action region in a direction so that at least a portion
of the generated harmonic radiation is located in a
hollow region of the hollow beam at the output cou-
pler, and/or atleast a portion of the further generated
harmonic radiation is located in a hollow region of
the hollow beam at the further output coupler, where-
in optionally the hollow beam is an annular beam.

A high harmonic generation assembly according to
any of the preceding claims, wherein the optical as-
sembly comprises shaping optics for shaping the
drive radiation into the hollow beam.

A high harmonic generation assembly according to
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claim 6, wherein the optical assembly comprises first
and second shaping optics for shaping drive radia-
tion into the hollow beam, optionally the first shaping
optics and the second shaping optics are positioned
on different sides of the interaction region within the
cavity.

A high harmonic generation assembly according to
any of the preceding claims, further comprising an
optical element positioned in a conjugate plane of
the output coupler and/or comprising an optical ele-
ment positioned in a conjugate plane of the further
output coupler, so that, in use, an image of the radi-
ation at the optical element is obtained at the output
coupler and/or the further output coupler.

A high harmonic generation assembly according to
any of the preceding claims, wherein the optical as-
sembly comprises a symmetrical portion around the
interaction region.

A high harmonic generation assembly according to
any of the preceding claims, wherein the optical as-
sembly comprises correction optics for restoring the
drive radiation after one or more passes through the
interaction region.

A high harmonic generation assembly according to
any of the preceding claims, wherein the optical as-
sembly further comprises a gain medium for ampli-
fying the input radiation and/or drive radiation for in-
creasing the intensity of radiation inside the cavity,
optionally the cavity is configured to increase the in-
tensity of input radiation inside the cavity through
coherent addition of input radiation.

A high harmonic generation assembly according to
any of the preceding claims, wherein the input radi-
ation comprises pulsed radiation.

A method for providing harmonic radiation by high
harmonic generation, the method comprising
receiving, into a cavity, input radiation;

forming, from the input radiation, drive radiation suit-
able for use in high harmonic generation;

shaping, by an optical assembly, the drive radiation
into a converging hollow beam;

directing, by the optical assembly, the drive radiation
through the interaction region a plurality of times;
generating, by a medium, harmonic radiation,
wherein the medium present at the interaction region
and is configured to generate harmonic radiation by
high harmonic generation when the drive radiation
is incident thereupon;

wherein at least a part of the generated harmonic
radiation exits the cavity through an output coupler.

A radiation source comprising a high harmonic gen-
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eration assembly according to any of claims 1 to 12.

15. A metrology apparatus comprising a high harmonic

generation assembly according to any of claims 1 to
12.
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