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(57) A plasma source device 100 for providing a gas
volume 1 in a plasma accelerator apparatus 200 com-
prises a capillary channel device 10 for guiding a gas flow
2, with an irradiation port 10A for receiving laser light 3
along an irradiation direction deviating from an axial flow
direction of the gas flow 2 and with an output port 10B
aligned with the irradiation port 10A and arranged for an
output of a plasma accelerator output 4, including elec-
tron and/or X-ray beams, wherein the gas volume 1 is
provided by gas of the gas flow 2 traversing an irradiation
path 5 between the irradiation port 10A and the output
port 10B. The capillary channel device 10 comprises
multiple capillary channels 11, 12, wherein each of the
capillary channels 11, 12 has two radial pinholes 13, the
capillary channels 11, 12 are arranged side by side with
all pinholes 13 being aligned in series so that the irradia-
tion path 5 through the capillary channel device 10 along
the irradiation direction z is provided, wherein a first
pinhole 13 of a first capillary channel 11 is the irradiation
port 10A and a last pinhole 13 of a last capillary channel
12 is theoutput port 10B,and thegasvolume1comprises
multiple gas sections 14, 15 arranged along the irradia-
tion path 5, wherein each of the gas sections 14, 15 is
provided with predetermined gas parameters by one of
the capillary channels 11, 12. Furthermore, a plasma
accelerator apparatus 200 and a method of creating
electron and/or X-ray beams are described.
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Description

Field of the invention

[0001] The invention relates to a plasma source de-
vice, being configured for providing a localized gas vo-
lume (localized plasma source) in a plasma accelerator
apparatus (laser driven wakefield accelerator) for laser-
drivenaccelerationofelectronsand/or creationofX-rays.
Furthermore, the invention relates to a plasma accelera-
tor apparatus including the plasma source device.
Furthermore, the invention relates to a method of creat-
ing a plasma accelerator output, including electron an-
d/or X-ray beams, in particular to a method of accelerat-
ing electrons, wherein the plasma source device and the
plasma accelerator apparatus are used. Applications of
the invention are available in the creation of electron
beams and optionally X-ray and γ-ray beams, e.g. for
medical applications, material investigations or scientific
research.

Technical background

[0002] In the present specification, reference is made
to the following prior art illustrating technical background
of the invention and related techniques:

[1] K. Schmid and I. Veisz, "Supersonic gas jets for
laser-plasma experiments", Rev. Sci. Instrum. 83,
053304 (2012);
[2] C. Thaury et al., "Shock assisted ionization injec-
tion in laser-plasma accelerators", Nat. Sci. Rep., 5,
16310 (2015);
[3] T. L. Audet et al., "Gas cell density characteriza-
tion for laser wakefield acceleration", Nuc. Inst. &
Meth. A, 909, 383 (2018);
[4] D. J. Spence & S. M. Hooker, "Investigation of a
hydrogen plasma waveguide", Phys. Rev. E, 63,
015401 (2000);
[5] M. Kirchen et al., "Optimal Beam Loading in a
Laser-Plasma Accelerator", Phys. Rev. Lett., 126,
174801 (2021);
[6] M. J. Garland et al., "Plasma Sources and Diag-
nostics", Proc. Of the 2019 CERN-Accelerator
School on High Gradient Wakefield Accelerators
(2019);
[7]B. Faraceet al., "ConfinedContinuous-FlowPlas-
ma Source For High-Average-Power Laser Plasma
Acceleration", arXiv:2205.02763v1 [physics.acc-ph]
5 May 2022; and
[8] W. P. Leemans et al., "Multi-GeV electron beams
from capillary-discharge-guided sub-peta-watt laser
pulses in the self-trapping regime", Phys. Rev. Lett.
113, 245002 (2014).

[0003] Laser-driven plasma accelerators represent a
powerful tool for accelerating particles, which have been
developed as an alternative to conventional radio-fre-

quency-cavity-basedaccelerators. Ina laser-drivenplas-
ma accelerator, a high intensity laser (peak intensity of
order 1018W/cm2 or higher) interacts with a plasma (with
electron density of order 1017 to 1020 cm‑3). The laser
pulse propagates through the plasma and excites a
trailing electron density wave (plasmawave) which gives
rise to longitudinal electric fields of up to hundreds of
GV/m which can be used to accelerate electrons to high
energy. The plasma accelerator generally comprises a
pulsed laser source creating laser pulses and a plasma
source coupled with a source of gas ([1] to [8]). The
plasma source is a region within the plasma accelerator
whichcontains theplasma,or initially aneutral gas,which
is converted to plasmawhen subjected to a high intensity
laser pulse or electrical discharge. By the effect of the
laser pulses, the plasma wave is created which accel-
erates the electrons included in the plasma to energies in
MeV to multi GeV-range [8] and optionally creates an
additional beam of X-rays.
[0004] Various types of plasma sources are known as
summarized in the following. Firstly, in a gas jet source,
neutral gas is ejected via a jet nozzle into a vacuum
chamber in the vicinity of a focus of the laser pulses
where the gas is ionized to a plasma (see e.g. [1], [2]).
Small obstructions, e.g. froma razor blade orwire, create
shockswithin the flow of the neutral gas to create a bump
in the longitudinal density profilewhich canaid in electron
injection into the accelerating structure. The application
of the gas jet source is limited in practice as the gas jet
source creates a very high gas load on the surrounding
accelerator. Furthermore, the gas jet tends to be un-
stable, so that it is difficult to control the plasma in a
precise and reproducible manner. Finally, it can be diffi-
cult to localize a gas profile, create a density ramp (den-
sity gradient) or control a longitudinal profile of a gas jet.
[0005] In a gas cell source as another type of plasma
source, the neutral gas is confined within a box or cell,
with small pinholes at either end, aligned to the optical
axis of the pulsed laser to allow the laser pulses to enter
and exit the source (see e.g. [3]). The length of the source
can be adjusted in-situ to change the length of the inter-
action region. The gas cell source has an improved
stability and allows an easy diagnostic as well as an
adjustment of the plasma via changing the cell length.
[0006] However, there are disadvantages due to diffi-
culties in tailoring a longitudinal density profile beyond
length change or creating long density ramps. Further-
more, the gas cell also creates a high gas load on
surrounding accelerator.
[0007] Furthermore, capillary-based sources are
known, wherein the plasma is created in a capillary
(see e.g. [4], [5], [8]). The capillary has its primary long-
itudinal flowaxis aligned to the laser irradiation axis, such
that the laser light travels along the capillary axis. Neutral
gas enters the capillary via attached feeder tubes and
propagates out to the vacuum chamber along the laser
axis. The capillary may be operated with neutral gas, or
with preformed plasma (by means of an electrical dis-
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charge). The feeder tubes may contain different gases,
which mix in the bulk capillary to create a longitudinal
density profile suitable for electron injection. Addition of
anelectrical discharge cancreatea radial plasmadensity
profile suitable for guiding the laser light over long dis-
tances. The capillary-based source allows a stable op-
eration, can create basic longitudinal density profiles,
and can be coupled with a discharge to allow for laser
guiding. However, limitations result from a medium gas
loadonasurroundingaccelerator, the impossibility of fine
tuning of the whole longitudinal density profile and the
creation of long density ramps.
[0008] According to the modified capillary-based
source proposed in [7], the laser irradiation axis is per-
pendicular to the longitudinal flow axis of the capillary.
The capillary has twoaligned radial pinholes providingan
irradiation port for receiving laser pulses and an output
port for outcoupling the laser and radiation generated by
the laser-driven plasma accelerator (e.g. electrons and
X-rays). The laser intersects the capillary transversely,
drives a plasma wave and accelerates electrons out of
the output port. This plasma source provides a contin-
uous and spatially confined gas volume and minimises
the gas load in the acceleration chamber.
[0009] However, the gas source of [7] has limited op-
tions for adjusting the plasma density profile and/or plas-
maparameters in the capillary. As further disadvantages,
it has been found that the energy spectrum of the elec-
trons accelerated with the gas source of [7] is relatively
broad, while the obtainable spectral amplitude of the
beamof accelerated electrons is relatively low, and para-
meters of the beam of accelerated electrons have a
limited reproducibility. All these limitations may restrict
the use of the source of [7] for practical applications.
[0010] Generally, the following main challenges are
associated with conventional plasma sources:

1.) Localisation: Creating a highly localised region of
gas in vacuum(i.e. creatingasourcewherea ramp in
pressure from full gas pressure to vacuum is short)
remains a difficult problemand has a large impact on
the generated electron or X-ray beams.

2.) Containment: Removing the "spent gas" after the
interaction is important to reduce the load on the
chamber vacuum pumps of the plasma accelerator.
Current designs simply expel the gas into the va-
cuum chamber. Even at low accelerator repetition
rates, this puts a large stress on the vacuum pumps.
At high accelerator repetition rates, this gas load
necessitates use of auxiliary differential pumping
systems to maintain high vacuum in the rest of the
plasma accelerator.

3.) Tailoring: Conventional techniques have re-
strictedcapabilities in tailoring the longitudinal profile
of the gas pressure only and controlling in detail the
dynamics of the laser plasma acceleration.

4.) Tuneability: Dynamic, high-fidelity, in-situ tuning
of the longitudinal profile of gas pressure is difficult to
achieve in practice although has significant benefits
for controlling of the plasma accelerator.

Objective of the invention

[0011] It is an objective of the invention to provide an
improved plasma source device, plasma accelerator ap-
paratus and/or method for creating a plasma accelerator
output, in particular for accelerating electrons and/or
creating X-rays, being capable of avoiding disadvan-
tages of conventional techniques. In particular, the in-
ventive technique is to be capable of improving gas
localization even with increased gas quantities, improv-
ing gas containment, adjusting and/or tuning a gas flow
and/or plasma parameters for creating the plasmawave,
modifying and/or adding density gradients within the gas
flow, narrowing the energy spectrum of the electrons
accelerated within the plasma source, improving the
reproducibility of parameters of the beam of accelerated
electrons and/or X-rays and/or increasing the electron
beam’s repetition rate, in particularwhile thegas load into
the plasma accelerator is kept low compared with gas jet
sources and the stability of plasma generation is kept
high.

Summary of the invention

[0012] This objective is solved by a plasma source
device, a plasma accelerator apparatus and/or amethod
of creating a plasma accelerator output, comprising the
features of the independent claims. Advantageous em-
bodiments and applications of the invention are defined
in the dependent claims.
[0013] According to a first general aspect of the inven-
tion, the above objective is solved by a plasma source
device, being configured for providing a localized gas
volume in a plasma accelerator apparatus, comprising a
capillary channel device being arranged for guiding and
confining agas flow,wherein the capillary channel device
comprisesan irradiationport beingarranged for receiving
laser light along an irradiation direction deviating from an
axial flow direction of the gas flow in the capillary channel
device and an output port being aligned with the irradia-
tion port along the irradiation direction and being ar-
ranged for an output of a plasma accelerator output,
including electron and/or X-ray beams, from the plasma
sourcedevice,wherein thegasvolume isprovidedbygas
of the gas flow traversing a continuous irradiation path
between the irradiation port and the output port.
[0014] According to the invention, the capillary channel
device comprises multiple capillary channels, wherein
each capillary channel has two radial pinholes. The ca-
pillary channels are arranged side by side with all pin-
holes being aligned in series so that the irradiation path
through the capillary channel device along the irradiation
direction is provided. A first pinhole of a first capillary
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channel within the capillary channel device is the irradia-
tion port and a last pinhole of a last capillary channel
within the capillary channel device is the output port. The
capillary channels are configured for providing gas sec-
tions with predetermined gas parameters along the irra-
diation path.
[0015] The plasma source device generally provides
an enclosed space within the plasma accelerator appa-
ratus which contains the gas volume and plasma and
which opens towards an application site of the plasma
accelerator apparatus. The plasma source device is
adapted for an operation in the plasma accelerator ap-
paratus, i.e. the plasma source device is a component
which is coupled with the plasma accelerator apparatus.
Depending on the application thereof, the plasma source
device may be a fixedly connected or removable compo-
nent. The plasma source device delivers the gas with the
capillary channel device, i.e. it is a capillary-based de-
vice, similar to the technique of [7]. Deviating from [7], the
capillary channel device includesmultiple capillary chan-
nels, i.e. two or more capillary channels.
[0016] Each capillary channel is a hollow conduit with a
first end for gas supply and a second end for gas collec-
tion. Preferably, the capillary channels, in particular the
first ends thereof, are separated from each other, so that
different gases can be supplied to each of the capillaries,
and/or the second ends are separated from each other,
so that gases canbecollected fromeachof thecapillaries
to another collection reservoir. Alternatively, two or more
of the first and/or second ends may be connected, e.g.
merged, so that a common gasmay be supplied to two or
more of the capillary channels.
[0017] One or more of the capillary channels may
include an internal structure at an inner surface of the
capillary channel, preferably just upstream from the pin-
holes, wherein the internal structure is configured for
applying an abrupt change to the gas flow within the
capillary channel. The internal structure preferably may
compriseanotch‑, step‑or tip-shapedmechanical barrier
protruding into the capillary channel perpendicular to the
flow direction of the gas in the capillary channel. For
example, the internal structure may comprise a notch
or step or tip being positioned and shaped for inducing a
shock in the gas flow. Advantageously, the internal struc-
ture supports the modification and/or generation of gas
density gradients in the localized gas volume of the
plasma source device.
[0018] According to a further modification of the inven-
tion, at least one, preferably all of the capillary channels
may be provided with a plasma excitation device, being
arranged in the capillary channel, e.g. upstream from the
pinholes thereof, particularly preferred directly adjacent
to the pinholes of the capillary channel. The plasma
excitation device may comprise e.g. an electrode con-
nected with a power source. By applying an electrical
voltage, e.g. relative to another electrode or ground,
plasma can be excited within the gas flowing in the
capillary channel, in particular in the gas section through

which the laser propagates.
[0019] Due to the provision of multiple capillary chan-
nels, the gas flow in the capillary channel device is
provided by multiple gas sub-flows (partial flows) and
the axial flow direction of the gas flow in the capillary
channel device is represented by the axial flow directions
of each of the gas sub-flows in the capillary channels.
Preferably, the capillary channels have a straight shape.
The straight shape may have advantages for providing
well defined flow conditions. With the straight shape, the
axial flow direction in a capillary channel is the axial
(longitudinal) direction of the capillary channel.
[0020] Alternatively, at least one of the capillary chan-
nels may have a curved shape, which may have advan-
tages for an adaptation of the capillary channel device to
the available space within the plasma accelerator appa-
ratus. With the curved shape, the axial flow direction in a
capillary channel is the local axial (longitudinal) direction
of the capillary channel at the two radial pinholes thereof.
At least one of the capillary channels may comprise a
tube-shaped conduit, in particular a self-supporting con-
duit, or alternatively at least one of the capillary channels
may be integrated in a carrier body.
[0021] Each capillary channel has two radial pinholes.
The pinholes of one capillary channel are located aligned
to each other at opposite channel walls. Preferably, the
pinholes are coaxially aligned with the laser light along
the irradiation direction, i.e. with the laser propagation
axis. The pinhole facing to the irradiation port may be
called upstream pinhole, and the opposite pinhole facing
to theoutput portmaybecalled downstreampinhole. The
capillary channels are arranged as a row such that the
pair of pinholes of each capillary channel is aligned with
all pairs of pinholes of the remaining capillary channels.
By the pinholes, a straight irradiation path through the
capillary channel device is created. The irradiation path
extends along the irradiation direction. A pinhole of a first
capillary channel of the row of capillary channels ar-
ranged side by side is exposed for incoupling laser light
(first pinhole), so that it provides the irradiation port of the
capillary channel device. On the opposite side of the
capillary channel device, a pinhole of a last capillary
channel of the row of capillary channels is exposed for
outcoupling laser light and theplasmaaccelerator output,
so that it provides the output port of the capillary channel
device.
[0022] Pinhole diameters are preferably below 1 mm,
in particular below 500 µm, and at least 10 µm, in
particular at least 20 µm. The inner cross-sectional di-
mension, in particular inner diameter, of the capillary
channels, in particular along the irradiation direction, is
preferably below 5 mm, in particular below 1 mm, and at
least 10 µm, in particular at least 20 µm. The pinhole
diameters determine a shape (steepness) of the density
ramp of the gas volume along the irradiation direction.
With increasing the pinhole diameter, the density ramp is
flattened, and with reducing the pinhole diameter, the
density ramp is steepened.
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[0023] According to the invention, the localized gas
volume to be created comprises multiple gas sections
arranged along the irradiation path, wherein each of the
gas sections is provided with predetermined gas para-
meters by one of the capillary channels. The localized
gas volume is a localised region of gas in an evacuated
space, in particular in a vacuum chamber of a plasma
accelerator apparatus. The gas volume is mainly loca-
lised by the enclosing capillary channels and resulting
from the small dimension of the pinholes. Due to the gas
sub-flows in the capillary channels, the irradiation path
crosses multiple gas sub-flows, each providing a gas
section. Within the capillary channel device, the irradia-
tion path extends along a series of gas sections. Each
gas section extends at least over the cross-sectional
dimension of one of the capillary channels between the
pinholes thereof.Generally, the gas section extends from
the upstream pinhole of a capillary channel to the up-
stream pinhole of the neighbouring capillary channel. By
adjusting the gas in each of the capillary channels, the
gas sections are provided with the predetermined gas
parameters.
[0024] In each gas section, in particular in at least one
gas section at an upstream side of the capillary channel
device, i.e. towards the irradiation port thereof, a neutral
gas or a plasma (ionized gas) is provided to produce a
beam of accelerated electrons (and possibly an addi-
tional beam of X-rays).
[0025] The number of capillary channels providing the
capillary channel device can be selected in dependency
on the particular application conditions of the plasma
source device. Preferably, the capillary channel device
may comprise 2 to 5 capillary channels. The invention is
not restricted to this number of channels. More than 5
capillary channels can be provided as well. Employing
only two capillary channels has advantages in terms of
the simplified structure of the capillary channel device
and the gas supply. Providing more than two capillary
channels has advantages resulting from an improved
tunability of the gas profile along the irradiation path
and can be advantageous for certain applications.
[0026] According to a second general aspect of the
invention, the above objective is solved by a plasma
accelerator apparatus being configured for creating a
plasma accelerator output, including electron and/or X-
ray beams, comprising a laser source device being ar-
ranged for creatingpulsed laser light, agassourcedevice
being arranged for providing at least one gas species,
and the plasma source device according to the first
general aspect of the invention or an embodiment there-
of. The plasma source device is coupled with the gas
source device, and the laser source device is arranged
for irradiating the gas volume provided by the gas sec-
tions in the irradiation path. The laser source device
preferably is configured for creating laser pulses with a
repetition frequency in a range from1Hz to 100 kHz. The
plasma accelerator apparatus has an evacuated space
into which the plasma accelerator output is to be emitted

from the plasma source device. Preferably, the plasma
source device is arranged in the evacuated space. Ad-
vantageously, the plasma accelerator apparatus is a
multi-kHz laser driven wakefield accelerator, in particular
being capable of producing electronswith ameanenergy
of 5 MeV or more.
[0027] According to a third general aspect of the in-
vention, the above objective is solved by a method of
creating a plasma accelerator output, including electron
and/or X-ray beams, wherein the plasma source device
according to the first general aspect of the invention or an
embodiment thereof and the plasma accelerator appa-
ratus according to the second general aspect of the
invention or an embodiment thereof is used, comprising
the steps of providing a gas volume of at least one gas
species with the plasma source device, said gas volume
including the multiple gas sections along the irradiation
path of the plasma source device, irradiating the gas
sections along the irradiation path with laser light and
creating a plasma wave in the gas sections, including
injecting electrons into the plasma wave formed in the
gas sections and accelerating the electrons, and output
of the plasma accelerator output to be obtained.
[0028] Advantageously, the inventive plasma source
device provides additional degrees of freedom in adjust-
ing a gas volume and/or plasma parameters for creating
the plasma wave in the gas sections. A specific gas
species with a specific gas density (or: pressure) and/or
flow velocity may be supplied specifically to each of the
multiple capillary channels, so that a gas profile may be
formed along the irradiation path within the capillary
channel device. Compared with the technique of [7],
the gas profile can be extended without increasing the
gas load to the evacuated space of the plasma accel-
erator apparatus. Additionally, features of each gas sec-
tion can be adjusted by selecting capillary channels with
specific cross-sectional dimensions, e.g. diameters, an-
d/or specific diameters of the pinholes and/or specific
spacings between neighbouring capillary channels. Ac-
cordingly, density gradients within the gas profile along
the irradiation path can be added.
[0029] As a further important advantage, the inventors
have found, that the energy spectrum of the electrons
accelerated with the inventive plasma accelerator appa-
ratus can be narrowed, while the spectral amplitude
and/or peak charge of the beam of accelerated electrons
simultaneously is increased.
[0030] Advantageously, the above main challenges
associated with conventional plasma sources regarding
localisation, containment, tailoring and/or tunability are
addressed by the invention as follows.With regard to the
localisation of the gas and plasma for plasma accelera-
tion, the inventors have found that controlling gas density
ramps (plasma density transition from the plasma source
device output port to vacuum) may have a substantial
impact on the accelerated electron beams. For control-
ling the length scale of these ramps, the inventive plasma
source device provides multiple capillary channels,
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which allow to control the length of the ramp of each
individual capillary channel individually, in particular by
selecting the diameter of its pinhole. Preferably, this can
be done symmetrically or asymmetrically to change the
ramp on each side. Further, the flow geometry in the
capillary channels can increase the velocity of the gas
perpendicular to the irradiation direction (laser axis) near
the pinhole, further localising the gas to the capillary
structure.
[0031] For improving the containment, the gas is con-
fined within a continuous flow capillary structure, with a
sub-flow in each capillary channel, e.g. perpendicular to
the laser axis, so that much of the gas never leaves the
plasma source device and never reaches the plasma
accelerator vacuum. The lower gas load reduces the
need for an auxiliary differential pumping system.
[0032] The inventive plasma source device also allows
tailoring the gas volume and plasma creation by creating
a longitudinal density profile of the plasma source via the
multiple capillary channels for the first time. In particular,
the stacking of multiple capillary channels one after the
other, optionally with different densities and/or gas spe-
cies and/or gas species mixtures, allows for the creation
of the tailored longitudinal plasma density profile. In
addition, the internal structure of each capillary may be
tailored to control the flow e.g. by addition of a notch to
induce a shock in the flow. The inventors have found
substantial advantages in particular for electron beam
injection, energy gain, and beam emittance. With the
capillary channels, a longitudinal structuremaybe added
to the neutral gas profile - and so in turn to the plasma
density profile - along the irradiation direction, thus offer-
ing to unlock the full potential of laser driven plasma
accelerators.
[0033] With regard to the tunability, the invention pro-
videsparticular advantagesas laser plasmaaccelerators
aremachineswhich relyonhighlynonlinearphysics. This
means that relatively small changes, such as systematic
experimental uncertainties, in the input parameters can
constitute a relatively large shift in the systems outputs,
i.e. the electron or optionally X-ray beam parameters.
This means the plasma source device preferably is op-
erated with in-situ and operando tuning, wherein the
operational parameters, including those related to the
plasma source device, should be able to be varied in-situ
and operando, to fully optimize the accelerator. This
capability is obtained by the provision of the multiple
capillary channels, because each capillary channel
may be supplied by a variable gas supply, in particular
gas supply system, preferably including a gas species/-
mixture selector and mass flow controller. The multiple
separate capillary channels allow for in-situ and operan-
do varying of each capillary’s gas species and the mass
flow/pressure inlet conditions. Extended over multiple
capillary channels, this allows for high fidelity in-situ
and operando tailoring of the longitudinal density profile
including changing the total integrated plasma areal
density, i.e. plasma length multiplied by plasma density,

of the plasma source and fundamentally changing the
form of the longitudinal density profile.
[0034] In summary, the multiple, individually controlla-
ble capillary channels provide a new continuous flow
geometry to improve gas containment and localization.
With the use ofmultiple capillary channels in series, each
capillary channel is capable of acting to independently
control a small slice of longitudinal gasprofile. This allows
high-fidelity control of the longitudinal density profile. The
capillary channels provide separate gas inlets and ex-
hausts for eachcapillary channel toallow for independent
in-situ and operando tuning of the entire plasma source
device.
[0035] Further advantages of the invention result from
the ability of the inventive plasma accelerator apparatus
to create a beam of accelerated electrons with a high
average current and high energy, e.g. in a range from 5
MeV to 100 MeV, in particular with pulsed kHz electron
acceleration with a compact design, and to provide a
continuous and spatially confined gas flow, while mini-
mising the gas load in the acceleration chamber.
[0036] According to a preferred embodiment of the
invention, the capillary channels may be arranged for
providing the gas sections with the gas parameters in-
cluding at least one of gas species, gas densities and gas
density gradients along the irradiation path.Preferably, at
least two gas sections have different gas parameters.
Advantageously, the inventors have found that with the
gasparameters gasspecies, gasdensity andgasdensity
gradient, the plasma accelerator outputs can be opti-
mized.
[0037] According to another preferred embodiment of
the invention, the plasma source device further may
comprise a gas supply control device being capable of
coupling the capillary channel device with a gas source
device. The gas supply control device is configured for
adjusting the gas parameters of the gas sections along
the irradiation path. The gas supply control device com-
prises a plurality of supply lines, each of which being
connected with one of the capillary channels and includ-
ing a flow control element, like a tunable and/or switch-
able valve, wherein the supply lines are connectable with
oneormoregas reservoirsof thegassourcedeviceof the
inventive plasma accelerator apparatus. Alternatively,
the gas source device may be considered as a part of
the gas supply control device, i.e. as a part of the inven-
tive plasma source device. Optionally, the gas supply
control devicemay includemixer elements configured for
setting a mixture of two or more gas species to be
supplied to one or more of the capillary channels.
[0038] Advantageously, the gas supply control device
improves the tunability of the plasma source device.
Particularly preferred, at least one of a gas species, a
gas composition and a gas pressure in at least one of the
capillary channels and/or an overall areal density of the
gas sections along the irradiation path can be set with the
gas supply control device.
[0039] With a further advantageousembodiment of the
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invention, the gas supply control device may be config-
ured for an in-situ and operando control of the gas para-
meters of the gas sections and/or an overall areal density
of the gas sections along the irradiation path, in particular
during operation of the plasma accelerator apparatus.
For example, the overall areal density (gas density) of the
gas sections along the irradiation path can be tuned by
tuning a gas pressure within the capillary channels. Ac-
cordingly, the plasma source device can be tuned during
the operation thereof. For tuning the plasma source
device, preferably a control device is included in the
plasma source device and/or the plasma accelerator
apparatus.
[0040] Particularly preferred, the plasma accelerator
apparatusmay comprise a sensor device being arranged
for detecting at least one parameter of the plasma accel-
erator outputs leaving the output port, and a control loop
device being arranged for tuning the plasma source
device in dependency on a sensor signal of the sensor
device. In terms of the method, creating the plasma
accelerator outputs preferably may comprise detecting
at least one parameter of the plasma accelerator outputs
leaving the output port and tuning the plasma source
device in dependency on the detected at least one plas-
ma accelerator output parameter. The output parameter
of the plasma accelerator leaving the output port com-
prises e.g. the electron beam spectrum, its energy
spread, the beam charge, the beam divergence and
others, or X-ray beam spectrum, divergence, photon flux
and others, which can be sensed with sensors like elec-
tron spectrometers, charge detectors, charge-coupled-
detectors, scintillators and others. The control loop de-
vice provides particular advantages for an automatic
stabilization of the plasma wave generation and electron
acceleration.
[0041] According to further preferred embodiments of
the invention, the pinholes (pinhole diameters) and/or
inner diameters of at least one of the capillary channels
may have different dimensions compared with the pin-
holes and/or inner diameters of at least one neighbouring
capillary channel. Advantageously, a gas density gradi-
ent along the irradiation path can be preset by selecting
the pinhole diameters and/or inner capillary channel
diameters. The plasma source device may be designed
for creating a preset gas density gradient, i.e. the plasma
sourcedevicemaybeadaptedasahardware component
being configured for a particular acceleration task. Pre-
ferably, a pinhole diameter of an upstream pinhole of a
capillary channel may be smaller than the pinhole dia-
meter of a downstream pinhole of said capillary channel.
[0042] As a further preferred feature of the invention,
the pinholes of at least one of the capillary channels may
have different diameters so that the gas section within at
least one of the capillary channels has a gas density
gradient along the irradiation path between the pinholes.
The gas density gradient is tunable by setting the pinhole
diameters. The direction (sign) of the gas density gradi-
ent can be set by providing an upstream capillary with

lower gas density than a downstream capillary and/or
pinhole larger than the downstream pinhole (increasing
gas density along irradiation direction) or an upstream
capillary with higher gas density than a downstream
capillary and/or pinhole smaller than the downstream
pinhole (decreasing gas density along irradiation direc-
tion).
[0043] According to a particularly preferred embodi-
ment of the invention, the capillary channels may be
configured for providing the gas sections such that the
gas parameters in a first gas section (gas section at an
upstream side of the capillary channel device) are se-
lected for creating an injection of electrons into the plas-
ma wave in response to the irradiation of the gas with the
laser light and that the gas parameters in a subsequent
second gas section (gas section at a downstream side of
the capillary channel device) are selected for accelerat-
ing the electrons in response to the irradiation of the gas
with the laser light.
[0044] Advantageously, the inventors have found that
the provision of multiple capillary channels allows tailor-
ing the gas profile along the irradiation path for improving
the laser plasma acceleration. The capillary channels
provide independently and precisely tunable gas sec-
tions. In particular, the gas profile can be adjusted such
that injection of the free electrons into the plasma wave
and the acceleration of the electrons can be decoupled
from each other. At least one of the upstream gas sec-
tions can be adjusted for setting injection conditions and
at least one of the downstream gas sections can be
adjusted for setting different acceleration conditions in
the gas profile, e.g. by providing different gas species,
densities and/or density ramps. As a result, the beam
quality of the accelerated electrons can be improved in
terms of e.g. stability, reproducibility and range. Injection
conditions are typically achieved by high gas density (up
to few 1020 cm‑3), or very short density downramps, or
selection of gas species with tightly bound inner-shell
electrons. In particular, optimal injection conditions are
characterised by a strongly localised injection region
(e.g. a high density or injection gas species region ex-
tending only for tens of µm or a density downramp as
short as 10 µm). Acceleration conditions are usually
achieved by longer propagation lengths (up to 1 mm,
depending on the laser source used in the interaction)
and at lower gas densities.
[0045] Advantageously, plural variants are available,
which may be provided alone or in combination for de-
signing the inventive plasma source device, wherein,
according to the invention, the laser light irradiation direc-
tion is inclined relative to the axial flow direction(s) of the
gas sub-flows in the capillary channel device. According
to a first variant, the capillary channels and the pinholes
are arranged with an alignment such that the irradiation
path is perpendicular to a capillary gas flow direction of
each capillary channel. With the perpendicular orienta-
tion, advantages for providing well-defined flow condi-
tions along the irradiation path are obtained.
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[0046] According to a further variant, at least two of the
capillary channels may be arranged with capillary gas
flowdirections inclined relative to eachother. In particular
in combination with the first variant and straight capillary
channels, the inclination means that the capillary chan-
nels are turned relative to each other in a plane perpen-
dicular to the irradiation direction. Advantageously, this
facilitates a coupling of the ends of the capillary channels
with gas supply and gas collection components. Accord-
ing to yet a further variant, at least two of the capillary
channels, preferably all capillary channels, may be ar-
ranged with parallel capillary gas flow directions. At least
two of the capillary channels, preferably all capillary
channels, are parallel, at least at the location of the
irradiation path. This embodiment of the invention has
advantages in terms of compactness of the plasma
source device.
[0047] With further preferred modifications of the in-
ventive plasma source device, the arrangement of the
capillary channels relative to eachothermaybe varied as
follows. Preferably, at least two of the capillary channels,
particularly preferred all capillary channels, may contact
each other along the irradiation path. Advantageously,
thegas sectionsareenclosedby the capillary channels in
radial directions relative to the irradiation direction, so
that a load of the surrounding evacuated space with gas
is avoided. Alternatively or additionally, at least two of the
capillary channels, particularly preferred all capillary
channels, may be spaced from each other along the
irradiation path. A free gap may be provided between
the downstream pinhole of at least one of the capillary
channels and the upstream pinhole of the next neigh-
bouring one of the capillary channels. Advantageously,
the spacing allows the fine tuning of the length of the gas
density gradients. Alternatively or additionally, at least
two of the capillary channels, particularly preferred all
capillary channels, are provided as channels in a solid
block, in particular being made of sapphire, thus improv-
ing the mechanical stability of the plasma source device
in an advantageous manner. Preferably, the solid block
may comprise a monolithic carrier substrate.
[0048] According to a further advantageous embodi-
ment of the invention, at least one, preferably all, of the
capillary channels may have an inner flattened shape
along the irradiation path. The flattened shape means
that the inner shapeof theat least onecapillary channel is
an oval shape deviating from a circular shape, so that a
cross-sectional dimension of the capillary channel in a
direction perpendicular to the irradiation direction is big-
ger than a cross-sectional dimension of the capillary
channel in a direction along the irradiation direction.
Advantageously, with the flattened shape, the laser
has a shorter path in the gas/plasma and moreover the
pinholes size (which will be on the bigger side of the oval
inner shape) may be varied in an increased range. Ac-
cordingly, the flattened shape allows a short length gas
channel with less restrictions on the upstream and down-
stream pinholes size.

[0049] Additionally or alternatively, at least one, pre-
ferably all, of the capillary channels may have an inner
elongated shape along the irradiation path. Again, the
elongated shape means that the inner shape of the at
least one capillary channel is an oval shape deviating
from a circular shape, but with a cross-sectional dimen-
sion of the capillary channel in a direction perpendicular
to the irradiation direction being smaller than a cross-
sectional dimension of the capillary channel in a direction
along the irradiation direction. Advantageously, with the
elongated shape, increasing the length of the gas section
is possible without increasing the gas consumption.

Brief description of the drawings

[0050] Further advantages and details of the invention
are described in the following with reference to the at-
tached drawings, which schematically show in:

Figure 1: features of embodiments of the
plasma source device and the plas-
ma accelerator apparatus accord-
ing to the invention;

Figures 2 and 3: features of preferred variants of the
capillary channel;

Figure 4: variants of features of capillary
channels within the plasma source
device;

Figure 5: details of a gas supply control de-
vice of an embodiment of the plas-
ma source device according to the
invention; and

Figure 6: an illustration of advantageous fea-
tures of accelerated electrons ob-
tained with the inventive technique.

[0051] Detailed description of preferred embodiments
of the invention
[0052] Embodiments of the inventive plasma source
device and plasma accelerator apparatus and the opera-
tion thereof are described in the following with particular
reference to the design of the plasma source device.
Details of the plasma accelerator apparatus and the
method of accelerating electrons are not described as
far as they are known from conventional techniques. In
particular, the selection of gas species, the adjustment of
laser parameters, the initial creation of plasma, the provi-
sion of at least one plasmaexcitation device, the creation
of the plasma wave and/or the design of the vacuum
chamber of the plasma accelerator apparatus may be
implemented as it is known per se from conventional
techniques.
[0053] It is emphasised that the drawings represent
schematic illustrations only. Practical embodiments may
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differ from the illustrations, in particular with regard to the
sizes, shapes and arrangement of the capillary channels
and/or the design of pinholes within the capillary chan-
nels. The invention is not restricted to embodiments with
two capillary channels, as shown in the drawings. The
plasma source device may be structured with more than
twocapillary channels, for instance for introducing further
degrees of freedom in the design of the gas volumealong
the irradiation direction.
[0054] Details of operation conditions of the plasma
accelerator apparatus can be selected by a user based
on tests, reference data, e.g. selected with a single
capillary accelerator, and/or numerical simulations,
based on [6], in particular in dependency on application
conditions of the accelerator. Furthermore, operation
conditions can be loop-controlled in dependency on
parameters of a measured plasma accelerator output.
[0055] Figure 1 illustrates a cross sectional view of an
embodiment of a plasma source device 100 being in-
cluded in an embodiment of the plasma accelerator
apparatus 200. The plasma accelerator apparatus 200
comprises a laser source device 210, a gas source
device220, theplasmasourcedevice100, andoptionally
a sensor device 230 as well as a control loop device 240.
The laser source device 210 is arranged for creating
pulsed laser light 3. As an example, the laser source
device 210 comprises a laser system delivering high
peak power (> 50 GW) and ultrashort pulses (down to
few femtoseconds). The gas source device 220 com-
prises one or more gas reservoirs including at least one
gas species to be supplied as a gas flow 2 to the plasma
source device 100. Furthermore, the plasma accelerator
apparatus 200 comprises a vacuum chamber 250, which
accommodates the plasma source device 100 andwhich
provides an evacuated reaction space 251 where a plas-
ma accelerator output, e.g. a beam of accelerated elec-
trons4 is to be created. At anapplication site 252, a target
substance (not shown) e.g. a material with high atomic
number, may be arranged as a source of X-rays created
in response to an irradiation of the target substance with
the accelerated electrons 4.
[0056] The plasma source device 100 may be fixedly
connected with the remaining components of the plasma
accelerator apparatus 200. Alternatively, the plasma
source device 100 may be configured as a replacement
component for adapting the plasma accelerator appara-
tus 200 for a particular acceleration task. As the replace-
ment component, the plasma source device 100 may
comprise coupling parts for a detachable connectionwith
the plasma accelerator apparatus 200, for instance a
vacuum chamber thereof.
[0057] The plasma source device 100 comprises the
capillary channel device 10 with a first capillary channel
11 and a second capillary channel 12. At least one,
preferably all of the capillary channels 11, 12 is designed
for instance as free-standing capillary with a support
frame 16 (see Figure 2) or as a channel in a monolithic
carrier substrate 18 (see Figure 3).

[0058] With the illustrated embodiment, the capillary
channels 11, 12 have a straight shape, and they are
arranged in parallel with each other. The longitudinal
direction of the capillary channels 11, 12 defines a flow
direction of the gas flow 2 (provided by two sub-flows)
through the capillary channels 11, 12. According to the
illustration, the axial flow direction of the gas flow 2 in the
capillary channels 11, 12 is considered tobeparallel to an
x axis.
[0059] Each capillary channel 11, 12 has two radial
pinholes 13 (see Figure 4). Each pinhole 13 is a wall
opening in a capillary wall. The pinholes 13 are open in
radial directions perpendicular to the flow direction x of
the capillary channels 11, 12. The radial pinholes 13 of
each capillary channel 11, 12 are arranged in an aligned
manner in opposite wall sections of the capillary wall.
[0060] In the plasma source device 100, the capillary
channels11, 12arearrangedsuch that all pinholes13are
aligned relative to each other. Accordingly, a straight line
isopened,whichcrossesall capillary channels11, 12and
which provides an irradiation path 5 through the capillary
channel device 10. With the illustrated example, the
pinholes 13 are arranged such that the irradiation direc-
tiondefinedby the irradiationpath5 runsperpendicular to
the flow direction x of the capillary channels 11, 12. The
gas of the gas flow 2 traversing the irradiation path 5
provides the gas volume 1 to be created.
[0061] Furthermore, the plasma source device 100
comprises a gas supply control device 20, which is ar-
ranged for coupling an upstream end of the capillary
channel device 10, in particular first ends of the capillary
channels 11, 12 for gas supplywith the gas source device
220 of the plasma accelerator apparatus 200. In parti-
cular, the gas supply control device 20 is arranged for
receiving at least one gas species from the gas source
device 220 and for supplying the at least one gas species
to the capillary channels 11, 12. With the gas supply
control device 20, gasparameters of the gas flow through
the capillary channel device 10 are adjusted. With pre-
ferredexamples, thegassupply control device20maybe
adapted for supplying a particular gas species to each of
the capillary channels 11, 12and to adjust the gasdensity
of the supplied gas species in each of the capillary
channels 11, 12, and/or the gas supply control device
20 may be adapted for mixing different gas species for
supplying a mixture with a preset mixing ratio to one or
more of the capillary channels 11, 12 of the capillary
channel device 10. Further details of a practical embodi-
ment of a gas systemwithin the gas supply control device
20 are illustrated in Figure 5.
[0062] The gas supply control device 20 may be
adapted for an in situ and in-operando control of the
gas parameters of the gas volume 1 within the capillary
channel device 20. To this end, the plasma accelerator
apparatus 200 is provided with a control device (not
shown), whichmay be arranged for tuning the gas supply
control device 20, for instance on the basis of a preset
control program. Alternatively, as shown in Figure 1, the
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sensor device 230 and the control loop device 240 may
be provided as further components of the plasma accel-
erator apparatus 200. The sensor device 230 comprises
e.g. an electron spectrometer and/or a charge measure-
ment device, and it is arranged for detecting at least one
plasma accelerator output parameter, e.g. the electron
beam 4 leaving the capillary channel device 10, for
instance for detecting electron beam energy or electron
beam charge. Based on the detected plasma output
parameter, the sensor device creates a sensor signal,
which is usedby the control loop device 240 for tuning the
plasma source device 100, in particular the gas supply
control device 20 thereof.
[0063] At a downstream end of the capillary channel
device 10, the second ends of the capillary channels 11,
12 are connected for gas collection with a gas collection
device 30. The gas collection device 30 comprises for
instance a collection reservoir, including a common re-
servoir for collecting the gas flow from all capillary chan-
nels 11, 12, or separate sub-reservoirs for specifically
collecting the gas fromeach of the capillaries 11, 12. As a
further alternative, the gas collection device 30 may
comprise an interface connecting the second ends of
the capillaries 11, 12 with the gas supply control device
20 and/or with the gas source device 220.
[0064] With a practical embodiment, the capillary
channels 11, 12 comprise capillaries made preferably
of glass with an inner diameter d1 in a range from 10
µmto1mm, awall thickness of 10µmandanaxial length
of 5 cm. The pinholes 13 have a diameter in a range from
5µm to 100µm.Preferably, the pinholes 13 can bemade
by the effect of the pulsed laser light 3 in a preparation
step. Advantageously, with the preparation of the pin-
holes 13with the pulsed laser light 3, which subsequently
is used for accelerating electrons, the alignment of the
pinholes is automatically obtained and the diameter of
the pinholes 13 is limited to the real irradiation path 5
where the laser light 3 crosses the capillary channels 11,
12.
[0065] The capillary channels 11, 12 may be arranged
with a distanceDalong the irradiation path 5, as shown in
Figure 1. The distanceDmay be selected in a range from
10 µm to 1 mm. Alternatively, the capillary channels 11,
12 may contact each other directly (see Figure 4A) with-
out a spacing therebetween. As an example, the laser
source device 210 may create pulsed laser light 3 with a
centre wavelength of 800 nm, a pulse duration of 5 fs and
a repetition rate of 1 kHz.
[0066] The gases supplied comprise at least one sui-
table gas for laser plasma acceleration, in particular at
least one of helium, nitrogen and hydrogen, argon. The
gas density in the capillary channel is preferably in a
range from 1017 cm‑3 to 1020 cm‑3, depending on the
gas used and the pulsed laser characteristics.
[0067] With the plasma accelerator apparatus 200 of
Figure 1, the electron beam 4 is created as follows. The
gas flow 2 is created with the gas supply control device
20. As an example, a first gas sub-flow of 1 mg/s of

nitrogen is supplied to the first capillary 11 and a second
gas sub-flow of 0.3 mg/s is supplied to the second capil-
lary channel 12. Along the irradiation path 5, a gas
volume 1 with gas sections 14, 15 is created. The gas
flow 2 is adjusted such that the gas sections 14, 15
provide the gas volume 1 as a continuous gas field along
the irradiation path 5. All gas sections 14, 15 are con-
nected in longitudinal direction along the irradiation path
5.
[0068] Each of the gas sections 14, 15 provides spe-
cific plasma parameters, which are determined by the
gas densities in the capillary channels 11, 12, the dia-
meters of the pinholes 13 and the optional distances D
between the capillary channels 11, 12. In particular, a gas
density gradient is created downstream of the down-
stream pinhole 13 of the first capillary channel 11 and
downstream of the downstream pinhole 13 of the second
capillary channel 12. The shape of the gas density gra-
dient can be adjusted by the gas density within the
capillary channels 11, 12 and by the diameters of the
pinholes 13.
[0069] Advantageously, with the gas supply control
device 20, the pressure and/or flow conditions of each
capillary channel 11, 12 can be tailored independently.
The gas enters continuously from the gas supply control
device 20 and is continuously extracted at the gas collec-
tion device 30. At the gas collection device 30, the gas
either can be pumped out to vacuum exhaust or recycled
back into the capillary inlet.
[0070] The pulsed laser light 3 propagates along the
irradiation direction z through the concentric pinholes 13.
As the pulsed laser light 3 propagates through the struc-
ture, it ionizes theneutral gas in the capillary channels 11,
12 and drives a plasma wave. If injection conditions are
fulfilled, electrons are injected into the wave and accel-
erated, forming the plasma accelerator output, e.g. elec-
tron beam 4.
[0071] The first pinhole 13 reached by the pulsed laser
light 3 provides an irradiation port 10A of the capillary
channel device 10, and the last pinhole at the down-
stream end of the irradiation path 3 provides an output
port 10B of the capillary channel device 10. A plasma
accelerator output 4 to be created exits the output port
10B for the further application thereof. Parameters of the
plasma accelerator output 4 can be sensed with the
sensor device 230. In dependency on the detected plas-
ma output parameter, the gas volume 1 can be adjusted
using the control device 240 and the gas supply control
device 20.
[0072] The capillary channels 11, 12 may be arranged
in a common plane parallel to each other, as shown in
Figure 1. With this embodiment, the capillary channels
11, 12 are arranged in the plane including the longitudinal
extension of the irradiation path 5 (x-z plane, drawing
plane). Modified embodiments of the capillary channel
device 10 are illustrated in Figures 2 and 3, wherein the
capillary channels 11, 12 are not parallel to each other.
[0073] According toFigure2, the capillary channels 11,
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12 of the capillary channel device 10 are supported by a
common support frame 16. Each capillary channel 11, 12
has coupling pieces 17 at the ends thereof. The coupling
pieces 17 are provided for gas supply or collection. Pre-
ferably, the capillary channels 11, 12 are fixed to the
support frame 16 via the coupling pieces 17. The support
frame 16 extends for instance in the x-y plane perpendi-
cular to the irradiation direction z. Accordingly, the irra-
diationpath5extendsperpendicular to thedrawingplane
in Figure 2.
[0074] According toFigure3, the capillary channels 11,
12 of the capillary channel device 10 are formed in a
monolithic carrier substrate 18, which is made of for
instance sapphire. The capillary channels 11, 12 are
formed in different planes within the carrier substrate
18. The capillary channel device 10 of Figure 3 can be
made for instance by creating the first capillary channel
11 in or near an upper surface of the carrier substrate 18
and creating the second capillary channel in or near an
opposite, lower surface of the carrier substrate 18.With a
hole drilled perpendicular to the plane of the carrier
substrate 18, the irradiation path 5 through the capillary
channel device 10 can be formed.
[0075] Figure 4 illustrates variants of the capillary
channel design in an exemplary manner. In practical
embodiments of the plasma source device, different or
equal variants of the capillary channel design may be
provided by different capillary channels of the plasma
source device. According to Figure 4A, a contiguous
arrangement of the capillary channels 11, 12 is shown.
With this embodiment, the capillary channels 11, 12 are
arranged without a spacing therebetween. The gas vo-
lume 1 is created along the irradiation path 5 perpendi-
cular to the capillary channels 11, 12.
[0076] Figure 4Bshowsanembodimentwith a spacing
(distance D), as shown in Figure 1. Additionally, Figure
4B shows that the pinholes 13 may have different dia-
meters at the upstream and downstream sides of at least
one of the capillary channels 11, 12, and/or that the
pinholes 13 of the capillary channels 11, 12 may have
different diameters.
[0077] In the first capillary channel 11,Figure4Bshows
an example of an internal structure 19, preferably directly
upstreamof the pinholes 13. The internal structure 19 is a
tip-shaped mechanical barrier protruding into the capil-
lary channel perpendicular to the gas sub-flow in the
capillary channel and applying a schematically illustrated
shock 19A to the gas sub-flow for supporting electron
beam injection. At least one of the capillary channels or
each capillary channel may include an internal structure
19 as illustrated.
[0078] Figure4Cshows that at least oneof thecapillary
channels 11 may have a flattened shape, so that the gas
sub-flow in the respective capillary channel has a slot
shape perpendicular to the irradiation path 5. The inner
diameter of the capillary channel 11 along the irradiation
path 5 is smaller than the inner diameter of the capillary
channel 11 perpendicular to the irradiation path 5.

[0079] Figure 5 illustrates details of an embodiment of
the gas supply control device 20 (gas system) in part. In
particular, Figure 5 shows a portion of the gas supply
control device 20, which is configured for supplying a gas
mixture to one of the capillary channels, for instance 11.
Additionally, the embodiment of the gas control device 20
isadapted for fulfilling the taskof thegascollectiondevice
30, seeFigure 1. For gas supply to eachof the capillaries,
multiple structures of Figure 5 are provided, each being
connected with one of the capillary channels.
[0080] With more details, three input sections 21 are
provided for a connection of thegas supply control device
20 with the gas source device 220 (see Figure 1). Each
input section 21 includes a valve 21A. The valves 21A
can be adapted for a manual operation by a user of the
plasma source device 100, or it may be driven by an
external control deviceor thecontrol loopdevice240 (see
Figure 1). By operating the valves 21A, the gas species,
including for instancehydrogen,heliumandnitrogen, can
be mixed at a connector 21B of the input sections 21.
Downstream of the connector 21B, a regulator/gauge
unit 22 is arranged, followed by a mass flow controller
23. Downstream of the mass flow controller 23, a first
reservoir 24 is arranged,which providesagasbuffer. The
capillary channel 11 is connected with the downstream
end of the first reservoir 24 via a solenoid valve 25, which
is arranged for controlling the gas flow to the capillary
channel 11. Additionally, a pressure or gas density of the
gas flow supplied to the capillary channel 11 can be
monitored with the pressure gauge 26.
[0081] For fulfilling the function of the gas collection
device 30 (seeFigure 1) thegas flowing from the capillary
channel 11 is collected in a second reservoir 27 inte-
grated in the gas supply control device 20. The second
reservoir 27 is used as a second buffer, from which a
bypass is provided back to themass flowcontroller 23, so
that the gas supplied to the capillary channel 11 can be
reused. Alternatively, by operating an exhaust valve 28,
the gas collected from the capillary channel 11 can be
conducted to an external scroll pump, optionally with a
nitrogen purge.
[0082] In operation, the valves 21A and 28 as well as
the regulator/gauge unit 22 and the mass flow controller
23 and the solenoid valve 25 can be controlled, for
instance with the control loop device 240 (see Figure 1).
[0083] Figure 6 illustrates an important advantage of
the inventive technique. An energy spectrum (modulus
squared of the spectral amplitude, I) of a plasma accel-
erator output (in this case, accelerated electron beam)
withaconventional high-repetition-rateplasmaaccelera-
tor is schematically shown in Figure 6A in an exemplary
manner. The spectrumof energyE in a range from2MeV
to 14 MeV is characterized by a broad, noisy shape. On
thecontrary, Figure6Bshows thespectrumof theplasma
wave created according to the invention in the same
energy range. Advantageously, a narrowed spectrum
with an increased spectral amplitude (electron charge
per energy unit), e.g. increased by a factor 10, is ob-
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tained. Moreover, the energy of the peak can be tuned
tuning the geometry of the capillary channel device.
[0084] Advantageously, the invention enables fine
control of the electron and X-ray beams from an ultra-
compact laser driven plasma accelerator. Preferred ap-
plications of the invention are summarized in the follow-
ing. Firstly, the plasma source device has applications in
scientific research,where theuseof it in commercial laser
plasma accelerators allows researchers to conduct ex-
periments, like e.g. electron beam diffraction, X-ray ab-
sorption spectroscopy, ultrafast X-ray imaging and/or
positron and gamma ray production, usually performed
at largeelectronbeamor light source facilities in their own
university-based laboratories. Furthermore, applications
are available in the medical sector for medical imaging
and cancer treatment. Applications in industry comprise
e.g. industrial processing, industrial inspection and ma-
terial investigations.
[0085] The features of the invention disclosed in the
above description, the drawings and the claims can be of
significance both individually as well as in combination or
sub-combination for the realization of the invention in its
various embodiments. The invention is not restricted to
the preferred embodiments described above. Rather a
plurality of variants and derivatives is possiblewhich also
use the inventive concept and therefore fall within the
scope of protection. In addition, the invention also claims
protection for the subject and features of the subclaims
independently of the features and claims to which they
refer.

Claims

1. Plasma source device (100), being configured for
providing a localized gas volume (1) in a plasma
accelerator apparatus (200), comprising

- a capillary channel device (10) being arranged
for guiding and confining a gas flow (2), wherein
the capillary channel device (10) comprises an
irradiation port (10A) being arranged for receiv-
ing laser light (3) alongan irradiationdirection (z)
deviating from an axial flow direction (x) of the
gas flow (2) in the capillary channel device (10)
and an output port (10B) being aligned with the
irradiation port (10A) and being arranged for an
output of a plasma accelerator output (4), in-
cluding electron and/or X-ray beams, wherein
the gas volume (1) is provided by gas of the gas
flow (2) traversing an irradiation path (5) be-
tween the irradiation port (10A) and the output
port (10B),

characterized in that

- the capillary channel device (10) comprises
multiple capillary channels (11, 12), wherein

each of the capillary channels (11, 12) has two
radial pinholes (13),
- the capillary channels (11, 12) are arranged
side by side with all pinholes (13) being aligned
in series so that the irradiation path (5) through
the capillary channel device (10) along the irra-
diation direction (z) is provided, wherein a first
pinhole (13) of a first capillary channel (11)within
the capillary channel device (10) is the irradia-
tion port (10A) and a last pinhole (13) of a last
capillary channel (12) within the capillary chan-
nel device (10) is the output port (10B), and
- the gas volume (1) comprises multiple gas
sections (14, 15) arranged along the irradiation
path (5), wherein each of the gas sections (14,
15) is provided with predetermined gas para-
meters by one of the capillary channels (11, 12).

2. Plasma source device according to claim 1, wherein

- the capillary channels (11, 12) are arranged for
providing the gas sections (14, 15) with the gas
parameters including at least one of gas spe-
cies, gas density and gas density gradient along
the irradiation path (5).

3. Plasma source device according to one of the fore-
going claims, further comprising

- a gas supply control device (20) being capable
of coupling the capillary channel device (10)with
a gas source device (220), wherein
- the gas supply control device (20) is configured
for adjusting the gas parameters of the gas
sections (14, 15) and/or an overall areal density
of the gas sections (14, 15) along the irradiation
path (5).

4. Plasma source device according to claim 3, wherein

- the gas supply control device (20) is configured
for an in-situ and operando control of the gas
parameters of the gas sections (14, 15) and/or
the overall areal density of the gas sections (14,
15) along the irradiation path (5).

5. Plasma source device according to one of the fore-
going claims, wherein

- the pinholes (13) and/or inner diameters (d)
along the irradiation path (5) of at least oneof the
capillary channels (11, 12) have different dimen-
sions compared with the pinholes (13) and/or
inner diameters (d) along the irradiation path (5)
of at least one neighbouring capillary channel
(11).

6. Plasma source device according to one of the fore-
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going claims, wherein

- the pinholes (13) of at least one of the capillary
channels (11, 12) have different diameters so
that the gas section within the at least one of the
capillary channels (11, 12) has a gas density
gradient along the irradiation path (5).

7. Plasma source device according to one of the fore-
going claims, wherein

- the capillary channels (11, 12) are configured
for providing the gas sections (14, 15) such that
the gas parameters in a first gas section (14) are
selected for creatingan injectionofelectrons ina
plasma wave formed in the ionised gas section
in response to the irradiation of the gas with the
laser light (3) and that the gas parameters in a
subsequent second gas section (15) are se-
lected for accelerating the electrons in response
to the further irradiation of the gas with the laser
light (3).

8. Plasma source device according to one of the fore-
going claims, comprising at least one of the features

- the capillary channels (11, 12) and the pinholes
(13) are arranged with an alignment such that
the irradiation path (5) is perpendicular to a
capillary gas flow direction (x) of each capillary
channel (11, 12),
- at least two of the capillary channels (11, 12)
are arranged with capillary gas flow directions
(x) inclined relative to each other, and
- at least two of the capillary channels (11, 12)
are arranged with parallel capillary gas flow
directions (x).

9. Plasma source device according to one of the fore-
going claims, comprising at least one of the features

- at least two of the capillary channels (11, 12)
contact each other along the irradiation path (5),
- at least two of the capillary channels (11, 12)
are spaced fromeach other along the irradiation
path (5),
- at least two of the capillary channels (11, 12)
are provided as channels (11, 12) in a solid block
(16), in particular being made of sapphire.

10. Plasma source device according to one of the fore-
going claims, wherein

- at least one of the capillary channels (11, 12)
has a flattened shape or an elongated shape
along the irradiation path (5).

11. Plasma source device according to one of the fore-

going claims, wherein

- thecapillary channeldevice (10) comprises2 to
5 capillary channels (11, 12).

12. Plasma accelerator apparatus (200) being config-
ured for creating a plasma accelerator output (4),
including electron and/or X-ray beams, comprising

- a laser source device (210) being arranged for
creating laser light (3),
- a gas source device (220) being arranged for
providing at least one gas species, and
- the plasma source device (100) according to
one of the foregoing claims, wherein
- the plasma source device (100) is coupledwith
the gas source device (220), and
- the laser source device (210) is arranged for
irradiating the gas volume (1) provided by the
gas sections (14, 15) in the irradiation path (5).

13. Plasmaaccelerator apparatusaccording to claim12,
further comprising

- a sensor device (230) being arranged for de-
tecting at least one output parameter of the
plasma accelerator output (4) leaving the output
port (10B), and
- a control loop device (240) being arranged for
tuning the plasma source device (100) in depen-
dency on a sensor signal of the sensor device
(230).

14. Method of creating a plasma accelerator output (4),
including electron and/or X-ray beams, wherein the
plasma source device (100) according to one of the
claims 1 to 11 and the plasma accelerator apparatus
(200) according to one of the claims 12 and 13 is
used, comprising the steps of

- providing a localized gas volume (1) of at least
one gas species with the plasma source device
(100), said gas volume (1) including themultiple
gas sections (14, 15) along the irradiation path
(5) of the plasma source device (100),
- irradiating the gas sections (14, 15) along the
irradiation path (5) with laser light (3), including
injecting electrons into a plasmawave formed in
the gas section and accelerating the electrons,
and
- output of the plasma accelerator output (4) to
be obtained.

15. Methodaccording to claim14, including further steps
of

- detecting at least one output parameter of the
plasma accelerator output (4) leaving the output
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port (10B), and
- tuning the plasma source device (100) in de-
pendency on the detected at least one output
parameter of theat least oneplasmaaccelerator
output (4). 5
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