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Abstract

A radiation source includes a vacuum chamber, means for injecting an optical
wave, a cold source for emitting electrons, a power supply, an anode for emitting
X-rays, and at least one window through which the X-rays exit. A light source
delivers the optical wave, and the cold source includes at least one substrate with
a conducting surface and is subjected to an electric field. The cold further iIncludes
a photoconductive element in which the current is controlled approximately linearly
by the illumination and at least one electron-emitting element, the photoconductive
element electrically connected in series between an emitting element ana a
conducting surface. Current photogenerated in the photoconductive device IS
equal to that emitted by the emitter or the group of emitters with which 1t Is

associated. and the emitted stream of X-rays is approximately linearly dependent

on the illumination.
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X-Rays source comprising at least one electron source combined with a
photoelectric control device

Field of the Invention

The field of the invention is that of radiation sources, generally
used in industrial, scientific and medical applications so as to deliver a
photon flux, notably for producing images using various reconstruction
techniques in two or three spatial dimensions. These radiation sources are

also useful in the security field, notably for inspecting baggage and parcels
by X-rays.

Background of the Invention

For a long time, fixed systems based on transmission X-ray
imaging have been used for airport security. Over the last ten years or so, the
requirements for security in public places have been growing and require
systems on mobile platforms for detecting dangerous chemicai substances or
explosives concealed in baggage or parcels. The existing mobile systems
make use in particular of X-ray backscattering. However, detection and

identification capability remains limited. It is difficult in particular to
discriminatc between substances having similar densities X-ray transmission
is another technique that can be used. It provides access 10 a combination of
the density of the material p and its effective atomic number Zes, but not to
each of these two quantities separately, and, in addition, the contributions

from several elements constituting the package are superposed, this being
dependent on the thickness traversed. 3D transmission imaging using a
single energy enables the attenuation coefficient p to be mapped at any point
on an object. This technique therefore circumvents the traversed thickness

problem.
The attenuation coefficient p is a function of the density of the

material p and of its Zes, and depends on the energy. Multi-energy X-ray

transmission in 3D finally enables p and Zs to be determined.
There is a real need for systems providing reliable identification

and rapid and easy implementation. These systems require the use of
radiation sources that permit three-dimensional imaging without mechanical

movement of the source system.

In most cases, the radiation sources use thermionic cathodes as
electron emitters, but these solutions have several drawbacks:
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In the case of directly-heated thermionic cathodes (figure 1A)
having a filament Fil facing an anode A, or indirectly-heated thermionic
cathodes (figure 1B) having a filament Fil heating an impregnated cathode
Cath facing an anode A, a first limitation stems from the thermal inertia of
such cathodes, preventing rapid modulation of the current and therefore of
the X-ray dose rate (for a given energy, the dose rate is often controlled by
the current output by the cathode; if the current rise or current fall is not
steep, there will be transient X-radiation emission phases that may impair the
quality of the received image on the detector). A second limitation stems from
the need to have a complex power supply for the filament, if this is a high-
voltage supply. The various insulating passages for biasing the grid, filament
and cathode are also more complex and bulkier as they have to withstand

the high voltages (20 to 600 kV) generally encountered in radiation-
generating tubes.

To remedy the abovementioned problem of dynamically controlling
the current, devices use a biased grid G, formed for example by wires or a
mesh, or a pierced plate as illustrated in figures 2A and 2B.

Thus, each radiation source generally consists of, as a minimum,
a cathode, a filament and a current control grid (if the current is modulated),
various high voltages being applied to them through a high-voltage insulator
as shown in figure 2C. The final size of the radiation source is highly
dependent on the dimensions of this insulator. Given these electrical
connection and insulation constraints, it is very difficult to envisage two (or
more) X-ray sources within the same vacuum envelope. Thus, the existing
systems comprising several X-ray sources consist of several separate
radiation-generating tubes.

In the case of field-emission cold cathodes emitting from tips,
notably carbon nanotube tips, in the simplest version the filament and its
power supply are omitted, as illustrated in figure 3A. However, this diode-type
arrangement does not make it possible for the intensity of the emitted current
to be controlled independently of the anode voltage. This is because the
voltage is fixed by the desired X-ray energy, and the mechanical distance
between the anode and the cathode is fixed, so that the electric field at the
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top of the nanotubes and the emitted current are also fixed. One
advantageous arrangement as illustrated in figure 3B, consisting optionally of
a focusing element F (electrostatic or magnetic focusing) and a biased
extraction grid G, may allow the current to be controlled.

Among the main advantages of a cold cathode, notably one based
on carbon nanotubes, over a conventional thermionic cathode are notably:

the elimination of a filament preheating time, resulting in
Immediate operational availability;

the absence of fatigue ageing due to the thermomechanical
cycles encountered durihg start/stop sequences,

the elimination of the filament heated to high temperature and
of the associated power supply, resulting in a reduction in the
consumed energy and in a simpler power supply; and

the possibility of modulating the emission by biasing an

extraction grid located in front of the carbon nanotube
cathode.

For a cold cathode, notably a carbon nanotube cathode, associated with a
grid, there are however several limitations due to the presence of the grid in
the field of application of radiation-generating tubes.

Among these limitations, the following may be noted:

the cathode-grid capacitance limits the maximum modulation
frequency:;

the current emitted by the cathode varies exponentially with
the voltage applied to the grid, degrading the quality with
which the current emitted by the cathode is controlled:

since the grid is not entirely transparent to the electron stream.
it intercepts 30 to 50% of the current emitted by the cathode,
promoting dimensional variations in this grid caused by it
being heated, and consequently generating Instability in the
current emitted by the cathode because of the exponential
variation mentioned above, while thermal inertia and
embrittlement are aggravating factors:

the fraction of current intercepted by the grid and the grid
heating resulting therefrom are also limitations for using this
type of cathode with high currents (a few tens of mA). For
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example for a cathode of a radiation-generating tube with a
voltage of 150 kV for a current of 2 mA, a grid intercepting
40% of the current would have to dissipate 120 W:

e In the case of cathodes consisting of a plurality of tips, here
nanotubes, a slight inhomogeneity in the geometrical
characteristics of the tips results in a large distribution of the
fields at the top and therefore in the currents emitted over the
set of tips, with values possibly ranging from low emission up
to destruction of the nanotube: and

e It Is also necessary to have a complex power supply for
controlling the grid voltage relative to the high voltage.

3D imaging devices are of two types. In the first type, the devices
comprise an X-ray generator and, facing it, a detector for measuring the
radiation that has passed through the object or the patient. To increase the
number of viewing angles, these systems require the source and the
detector, or the object or the patient to be rotated. These systems are
generally unwieldy and complicated, and they require lengthy analysis times
incompatible with the latest needs.

The second type permits 3D imaging techniques without any
movement of the system or of the object. They require several X-radiation
generators and several detectors for observation at various angles of
Incidence and requiring the images obtained to be recombined in order to
extract 3D information therefrom. These "tomosynthesis" systems are simpler
than those of the first type and may make it possible for the analysis times
and the complexity of the system tc be greatly reduced.

Finally, some radiation-generating tubes include, in addition to the
high DC voltage, a linear accelerator (or "linac") for bringing the electrons to
very high energy so that they produce X-rays that are themselves of very
high energy. Electrons are injected into the accelerating structure of a linear
accelerator in its conventional configuration by means of an electron gun
based on a thermionic cathode, with or without a grid. The electron emission
Is controlled by the cathode filament heating and/or the control grid bias.
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Notably to meet the needs in X-ray medical imaging, the dose flux

(Gy/s) must be controlied. Therefore. the emitted dose must be very stable,
the dose depending on the uniformity of the electron current generated and

on the quality of the device for regulating the photocathode current.

Summary of the Invention

The present invention proposes, In response, radiation source

comprising a cold electron source subjected to an electric field and operating
by field emission, and a photoconductive element placed in series with the
electron emitter so that the currant photogenersted by iHlumination in the

photoconductive device is equal to that of the emitter.

Thus, the emitted current is conirolled by the iHumination, either

directly or indirectly by controlling the voltage of an extraction electrode. This
arrangement ensures that the emission current Is linearly dependent on the
illumination and that the emitted current is confrollea very sensitively and with

very high precisicn.

According to an aspect of the invention there is provided a radiation

source comprising:

a vacuum chamber;

means for injecting an optical wave;
a cold source capable of emitting electrons in the vacuum chamber

by a phenomenon of field emission when the cold source IS subjected

to a field;
a power supply for delivering a high electrical voltage;
an anode including a material capable of emitting X-rays under an

effect of electron bombardment;

at least one window through which the X-rays exit; and

at least one light source delivering said optical wave, wherein the cold
source comprises at least one substrate provided with at least one
conducting surface and is subjected to an electric field resulting from
the high electrical voltage applied between the at least one
conducting surface and the anode, the cold source further including
at least one photoconductive element in which a current IS controlled
approximately linearly by an illumination and at least one electron-
emitting element, the at least one photoconductive element being
electrically connected in series between the at least onée electron-
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emitting element and the at least one conducting surface, so that a
current photogenerated in the at least one photoconductive element
IS equal to that emitted by the at least one electron-emitting element
with which the at least one photoconductive element is associated
and so that an emitted stream of X-rays is approximately linearly

dependent on the illumination.
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Advantageously, the cold source may operate without an
extraction grid.

Advantageously, the cold source may thus be at the high negative
voltage and the target anode may be electrically grounded, simplifying the
way in which the target anode is cooled.

Advantageously, such a system simplifies the DC decoupling of
the current control devices, by DC isolation provided by the optical control.

Advantageously, the control circuits may be low-voltage circuits.

According to one embodiment of the invention, the conducting
surface(s), the photoconductor(s) and the emitting element(s) are integrated
monolithically on the substrate and thus constitute a photocathode.

According to one embodiment of the invention, the source includes
at least one cold electron source with emitting tips.

According to one embodiment of the invention, the source
comprises an emitting tip for forming a point-like source for high-resolution X-
ray imaging.

This is undarstood to mean a single emitting tip, the sharp image
of which, produced by optics/electronics on the X-ray target, is necessarily
smaller (substantially point-like) than that of an array of emitting tips. An
image of the object studied with such an X-ray source will necessarily be of
higher resolution than an image obtained with an X-ray source associated
with an extended array of tips.

According to one embodiment of the invention, the source
comprises at least one cold electron source is with an emitting tip made of
carbon nanotubes or metal nanowiras.

According to one embodiment of the invention, the target material

of the electron bombardment is tungsten or a composite comprising tungsten
or any other refractory material of high Z.

The term "photoconductive device" is understood to mean one in
which the conduction state is controlled by the illumination.

According to one embodiment of the invention. the
photoconductive device is of the photodiode type made of a semiconductor

with a PIN structure, in which P denotes a P-doped zone, | denotes an

intrinsic zone or one not intentionally doped or one that is slightly doped, and
N denotes an N-doped zone.



10

15

20

25

30

CA 02713060 2010-07-22

According to one embodiment of the Invention, the
photoconductive device is an MIN diode in which M denotes a metallic zone.

According to one embodiment of the Invention, the
photoconductive element comprises a metallic layer on at least one of its
contact faces.

According to one embodiment of the invention, the cold source
comprises at least one conducting substrate having at least one electron
emitter and a photoconductive device so as to form at least one
photocathode.

According to one embodiment of the invention, the cold source
comprises at least one conducting substrate, at least one tip, the top of which
is at a height h relative to the conducting substrate, and at least one
photoconductive element placed between the tip and the conducting
substrate in such a way that the tip is away from its possible neighbors by a
distance d approximately equal to or greater than twice the height h and in
such a way that the lateral dimensicns phi of the photoconductive elements
are approximately equal to or smaller than the height h.

Accorcing to one embodiment, the emitters or groups of emitters
are placed in requiar arrays.

According to one embodiment of the invention, the substrate has a
front face supporting the emitting element, the light source illuminating said
front face.

According to one embodiment of the invention, the substrate is

transparent to said light source, said light source illuminating said substrate
on the opposite side from the front face.

According to one embodiment of the invention, the substrate has a
thinned zone intended to be illuminated so as to minimize absorption
phenomena, sald light source illuminating said substrate on the opposite side
from the front face.

Advantageously, the radiation source further includes means for
regulating the optical power of the light source so as to adjust the power of
the X-rays generated.

Advantzgeously, the source may also include means for adjusting
the focusing of the light source on the electron source.
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According to one embodiment of the invention, the source
comprises a mono-beam X-ray tube of cylindrical symmetry, having a
chamber containing a photocathode, a target and a mirror, for illuminating the
photocathode with a light beam, perpendicular to the axis of the mono-beam
X-ray tube, output by the illumination source, and an optical window for
receiving the X-ray emission.

According to one embodiment of the invention, the radiation
source comprises several mono-beam X-ray tubes, a circular support
supporting said mono-beam X-ray tubes, which are placed radially, a high-
voltage power supply, means for distributing the power of said high-voltage
power supply over the various mono-beam X-ray tubes, so as to produce X-
ray beams, and individual independent optical control means dedicated to
each of the mono-beam X-ray tubes.

According to one embodiment of the invention, said optical control
beams and the X-ray beams are all mutually parallel and perpendicular to
said circular support.

According to another embadiment of the invention, the radiation
source further includes means for making said X-ray beams converge.

According to one embodiment of the invention, the radiation
source includes a chamber, several assemblies, each consisting of a pair
made up of a photocathode associated with a target, and means for
distributing the power for said photocathodes.

According to one embodiment, the chamber has a concave shape
SO as to generate convergent X-ray beams.

According to one embodiment of the invention, the radiation
source comprises:

- an extended photocathode or a set of photocathodes:

- an extended target or a set of targets, facing said extended
photocathode or the set of photocathodes respectively: and

- a device for addressing the illumination of an extended
photocathode or a set of photocathodes, so as to select various
zones over the course of time on the extended photocathode or
to select various photocathodes in the set of photocathodes and
correspondingly to make the zones of the extended target, or of
a target from among the set of targets, emit X-rays.
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According to one embodiment of the invention, the source includes
a spatial and/or temporal modulator for deflecting a beam coming from the
illumination source onto various zones of the extended photocathode or

various photocathodes among the set of photocathodes.

According to one embodiment of the invention, the addressing
device is a spatial light modulator illuminated by an extended beam for
transferring various illumination laws onto a zone of the extended
photocathode or onto a photocathode in the set of photocathodes, and for
obtaining the corresponding laws for X-ray emission from a zone of the

extended target or of a target of th=2 set of targets.
According to one embodiment of the invention, the source

comprises a set of ilumination scurces and is characterized in that the
addressing device is an active, optemechanical or optoelectrical, deflector for
deflecting the illumination sources &associated, in a one-to-one manner, with
various zones of the extended phoiccathode or with various photocathodes
of the set of photocathodes, said zonas or photocathodes being associated,
in a one-to-one manner, with variotz zones of the extended target or with
various targets from among the set of targets.

According to one embodiment of the invention, the source comprises
a set of illumination sources and is characterized in that the addressing device
66a is an active, optomechanical or optoelectrical, deflector 25 for deflecting the
ilumination sources associated, in a one-to-one manner, with various zones of
the extended photocathode or with carious photocathodes of the set of
photocathodes, said zones or photocathodes being associated, in a one-to-one
manner, with various zones of the extended target or with various targets from

among the set of targets.

Accorcing to one embediment of the invention, the light power is
distributed, at least partly, by guided nropagation (by optical fibers) instead of
spatial propagaticen.

According io one embodiment of the invention, the vacuum
chamber includes passages for the optical fibers.

According to one embodiment of the invention, the spatial
modulators are of the guided-propagation type.

One or more of the abtiove embodiments may be supplemented
and formulated 3s indicated below:
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According tc one embodiment of the invention, the radiation
source comprises a vacuum chamber and at least one triplet made up,
coaxially and consecutively, of:

- a photon-transparent wincow;

- a photocathode kiased at the high negative voltage; and

- a farget.
together with the power supply means for these elements.
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According to one embodiment of the invention, the radiation
source provides an arrangement of triplets in such a way that they generate

spatially convergent X-ray beams.
According to one embodiment of the invention, the radiation

source provides an arrangement of the triplets in such a way that they

generate parallel X-ray beams organized in a matrix.
According to one embodiment of the invention, the radiation

source provides an arrangement of the triplets in such a way that they

generate parallel X-ray beams organized tn a circle.
According to one embodiment of the invention, the radiation

source provides an arrangement of the triplets in such a way that they
generate paralle’ grouns of X-ray beams, these groups being mutually
perpendicular.

According to one embodiment of the invention, the radiation source
further includes at !east cne linear accelerator for accelerating the electrons

emitted by the electron source.
Among the various advantages of the invention, the following may

be mentioned:
- the applied illumination serves for individually controlling the

current of each emitter, thus avoiding the risks of destroying these emitters

due to differences in height of the nanotubes, which risks are encountered
when control takes place via an eglectrode or flat conductor, the voltage of

which is varied; and
- no emitter array has to be structurally defined, as in the case of

control by an eleztrode or flat conductor the voltage of which is varied, thus
permitting all possible definitions of the emissive zones engaging at least one
photocathode.

Brief Description of the Drawings

The invention wil! be better understood and other advantages will

become zpparent from reading thz following description given by way of
nonlimiting example and thanks to the appended figures in which:

- figures 1A, 1B illustrate examples of thermionic cathodes of the

known art;
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- figures 2A, 2B, 2C illustrate examples of thermionic cathodes of
the known art that further include an intermediate gnd,
- figures 3A et 3B illustrate examples of cold cathodes according

to the known art;
- figure 4 illustrates a principle of a radiation source according to

the invention;

- figure 5 shows schematically a radiation source according to
the invention relative to a mono-beam X-ray tube of cylindrical
symmetry;

- figures 6A and 6B illustrate another example of a radiation
source according to the invention relating to several mono-

beam X-ray tubes arranged radially;
- figures 7A, 7B, 7C and 7D illustrate another example of a

radiafion source according to the invention, relating to a
chamber containing several variously disposed sources;

- figure 8 shows an example of modulation of the electron spot
on the target, only associated with the illumination zone (no grid
or emitter array for mechanically determining the emission
ZoNnes);

- figures 9A and 9B illustrate the difference in current response of
the emiilter (exponential response when a control grid is
nresant, linear response when a photocathode according to the
invenfion is present):

- fAgures 10A and 10B illustrate the capability of activating the
local emissive zones irradiating an extended target; and

- figure 11A shows a diagram indicating the principle of the
invention, while figures 11B, 11C and 11D show details of
embodiments of integrated photocathode configurations.

Detailed Description of Embodiments

In gen=ra!, the invention proposes instaliing, in one and the same

radiation source. ane or more cold cathodes, the emission of which s

controlled by a photoconductivé device this type of device typically being of the
type described in US 2009/0261727A1.

As illustrated schematically in figure 4, the radiation source of the

Invention comprises at least one photoconductive control device 10, an
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electron source 11 irradiating a target 12 so that the latter emits an X-ray beam
13. High-voltage power supply 67 is also shown.

This type of optical decoupling makes it possible to envisage
configurations of multiple sources in one and the same vacuum chamber,
these being localized or spatially distributed, and producing continuous or
temporally modulated X-radiation depending on the illumination of the
photocathode.

Exemplary embodiments of radiation sources according to the
invention will be described below.

First exemplary embodiment:

Accordirg to a first embodiment of the invention, illustrated in
figure 5, the radiation source is a mono-beam source and comprises a
vacuum chamber 20, high-voltage power supply means 21 and electrical
insulation means 22, an illumination source 23 directing a light beam 24 onto
an optically reflective device 25, i.e. reflective for the wavelengths used, so
as to excite the photosensitive layers of a cathode 26 for generating an
electron stream 27 sent to a target 28. The bombardment of said target then

‘generates the stream of X-rays 30 through a window 29 transparent to said

X-rays with which the chamber is asquipped. Advantageously, the chamber
may also be equipped with means 31 for cooling the target, which Is intensely
heated during bombardment by tne electron streams.

Second exemplary embodiment:

The radiation source generates a multiplicity of X-ray streams 40i
thanks to the prasence of a series of chambers (X-ray tubes) 41t distributed
in a circular support 42 said circular support alsce including means for
distributing the power from a high-voltage power supply 43, as illustrated in
figures 6A and GB.

Third exemnliary embodiment.

wighs vy b, sl Sl Sl & " Ay = 4 gu— whallP
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The radiation source may also be a multi-beam source and may
comprise a single chamber as illustrated in figures 7A, 7B, 7C and 7D.
According to the example shown, said chamber 50 may advantageously be
of several forms incorporating variously arranged electron sources. The
nonexhaustive examples show: a planar convergent organization (figure 7A);
a circularly arranged parallel-beam organization (figure 7B); a perpendicularly
arranged parallel-beam organization (figure 7C); and a matrix-arranged
parallel-beam organization (figure 7D).

Figure 8 illustrates an example of means for modulating the
electron spot on the target, associated only with the illumination zone (with

neither a grid nor an emitter array mechanically determining the emission
ZOones).

In general, the present invention provides, in response, a radiation
source comprising a cold electron source subjected to an electric field and
operating by field emission, and a photoconductive element placed in series
with the electron emitter so that the current photogenerated by illumination in
the photoconductive device is equal to that of the emitter.

Thus, the emitted current is controlled by the illumination, either
directly or indirectly by controlling the voltage of an extraction electrode. This
arrangement guarantees that the emission current is linearly dependent on
the illumination and ensures that the emitted current is controlled very
sensitively and very precisely.

Figures 9A and 9B illustrate differences in the current response of
the emitter. Thus, the response is exponential when a control gate is present
and is linear when a photocathode according to the invention is present.

Fourth exemplary embodiment:

The examples described above relate to multi-beam radiation
sources comprising a set of individual electron sources associated with
iIndividual targets.

According to the invention, the multi-beam radiation source may
also comprise an extended electron source, having electron emission zones
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capable of irradiating an extended target in order to generate X-ray beams
(as illustrated in figures 10A and 10B). This type of source, associated with
scanning means, may typically be used for an imaging configuration such as
for example fluoroscopy.

To avoid scattered rays, it may be preferential for rapia scanning
to be carried out either using a movable stop or using a scanning device
employing electrostatic or magnetic deflectors, as described in patent
application FR 99 08320 (FR 2 795 864) by P. De Groot entitled “Générateur de rayons X a
balayage pour systéemz dimageris suscentible de fonctionner a grande
vitesse [Scanning X-ray generator for an imaging system that can operate at
high speed]” of 5 Juns 1998

Fifth exempiary embodimant:

3 microfocus or nanofocus source that
includes optical fociising means, s.ch that a single nanotube s addressed In
order to generate an electron baam. The farget irradiated by a single
nanotube also del'vers zs a conseauence, an X-ray beam with a very small
focal spot. The diameter of the spot of the X-ray microsource or nanosource
may be adjusted according to the area of the zone illuminatea and thus allow
the spot diarneter o h2 centrolled as a function of the permissible power
density on the target. Optionally, a magnetic or electrostatic focusing system
may be used to concentrate all the electrons emitied Dy the end of the
nanotube onto the tarcet in 2 thermsz! spot with a size comparabie to that of
the emissive surface ie 2 diameter of the order of 10 to 100 nm.

Nctably, th's type of radiation source may advantageously allow
nondestructive testing of for example, the gate of an integrated-circuit
transistor.

The rzdisticn source !

)

Sixth =xemplary embod'ment:

The examp!ss described above relate tc radiation sources having
a high voltage a3 slectron acceleration means. According to the invention,
the radiation sourca mav a'so ~omporise 2 "linac" accelerating structure
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combined with the cold source, a photoelectric device for controlling the
electron emission by the cold source, and a light source for controlling said
photoelectric device through illumination. In this case, the combination makes
it possible to simplify the accelerator, to reduce its volume and to improve the
quality of the electron beam and of the X-radiation that it produces.

The specific advantages produced are the following:

- Initial temporal modulation of the beam at the frequency of the
accelerator, with a phase extension enabling a current efficiency close to
100% to be achieved. The entire current, thus emitted in the form of short
pulses, allows maximum phase acceptance by the microwave, without
longitudinal losses;

- reduction in electron losses and therefore thermal losses in the
linac;

- since the electron packats are already produced at emission, all
of the cells of the accelerator are devoted to actually accelerating the beam
and not to a preliminary pregrouping phase, allowing the geometry of the
linac to be simplified and reducing its iangth. Thus, the first cavities of the
accelerator, conventionally dedicatad to temporal beam shaping, may be
simplified;

- the miniaturization of the electron gun, together with the
possibility of controlling the high-frequency current, means that it can be
adapted to very-high-frequency linacs (for example operating in the X band);

- the short phase extension of the electron packets produced
makes it possible to reduce the final energy dispersion of the beam:

- with fow energy dispersion, the beam exiting the accelerator is
easily focused, providing very point-like sources of radiation focused onto the
conversion target;

- the absence of a sysfem of pregrouping or grouping cavities
makes it possible to envisage low-energy (below 4 MeV) linacs with good
beam quality;

- by controlling the initial current, pulse by pulse, it is possible to
envisage variable-current linacs in pulse-to-pulse multi-energy applications in
which a constant beam power is necessary for the quality of the X-radiation
and of the associated imaging.
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Figures 11A, 11B, 11C and 11D illustrate in detail an example of a
radiation source of the invention.

More precisely, this radiation source comprises a vacuum
chamber 50, means 56h for injecting an optical wave 56i, a cold source 52
capable of emitting electrons 52i in the vacuum by the phenomenon of field
emission when it is subjected to a field, a power supply 55 delivering a high
electrical voltage, an anode 53 comprising a material 53j capable of emitting
X-rays S3i under the effect of the electron bombardment, and at least one
window 54 through which the X-rays exit, at least one light source 56
delivering said optical wave.

The cold source also comprises at least one substrate 57 provided
with at least one conducting surface 55 and is subjected to an electric field
resulting from the high voltage applied between at least one conducting
surface 55 and the anode 53, said cold source further Including at least one
photoconductive element 58 in which the current is controlled approximately
linearly by the illumination and at least one electron-emitting element 59, said
photoconductive element 58 being electrically connected in series between at
least one emitting element 59 and a conducting surface 55, so that the
current photogenerated in the photoconductive device is equal to that emitted
by the emitter or the group of emitters with which it is associated and so that

the emitted stream of X-rays is approximately linearly dependent on the
iHlumination.



CA 02713060 2016-06-27

17

The embodiments of the invention in which an exclusive property or
privilege is claimed are defined as follows:

1. A radiation source comprising:

a vacuum chamber;

means for injecting an optical wave,

a cold source capable of emitting electrons in the vacuum chamber by a
phenomenon of field emission when the cold source is subjected to a field;

a power supply for delivering a high electrical voltage;

an anode including a material capable of emitting X-rays under an effect
of electron bombardment;

at least one window through which the X-rays exit; and

at least one light source delivering said optical wave, wherein the cold
source comprises at least one substrate provided with at least one conducting
surface and is subjected to an electric field resulting from the high electrical
voitage applied between the at least one conducting surface and the anode, the
cold source further including at least one photoconductive element in which a
current is controlled approximately linearly by an illumination and at least one
electron-emitting element, the at least one photoconductive element being
electrically connected in series between the at least one electron-emitting
element and the at least one conducting surface, so that a current
photogenerated in the at least one photoconductive element is equal to that
emitted by the at least one electron-emitting element with which the at least one
photoconductive element is associated and so that an emitted stream of X-rays

Is approximately linearly dependent on the illumination.

2. The radiation source as claimed in claim 1, wherein the anode supports a

target is electrically grounded and the cold source is at a high negative voltage.

3. The radiation source as claimed in claim 2, wherein the target is made

from a material comprising tungsten or any other refractory material of high Z.
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4. The radiation source as claimed in claim 2, wherein the target and the at

least one window through which the X-rays exit are coincident.

5. The radiation source as claimed in claim 1, wherein the at least one
conducting surface, the at least one photoconductive element and the at least
one electron-emitting element are integrated monolithically on the at least one

substrate.

0. The radiation source as claimed in claim 1, wherein the cold source has at

least one emitting tip.

7. The radiation source as claimed in claim 6, wherein the at least one
emitting tip is a single emitting tip for forming a point-like X-ray source for high-

resolution X-ray imaging.

3. The radiation source as claimed in claim 6, wherein the at least one

electron-emitting element is placed In regular arrays.

9. The radiation source as claimed in claim 1, wherein the cold source
comprises the at least one electron-emitting element having at least one tip
having a top, wherein the top of the at least one tip is at a height h relative to the
at least one substrate provided with the at least one conducting surface, and the
at least one photoconductive element placed between the at least one tip and the
at least one substrate provided with the at least one conducting surface in such a
way that the at least one tip is away from possible neighbors of at least one tip by
a distance d approximately equal to or greater than twice the h*eight h and in
such a way that a lateral dimension phi of the at ieast one photoconductive

element I1s approximately equal to or smaller than the height h.

10. The radiation source as claimed in claim 1, wherein the cold source has

an emitting tip made of carbon nanotubes or metal nanowires.
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11.  The radiation source as claimed in claim 1, wherein the at least one
photoconductive element is of a photodiode type made of a semiconductor with a
PIN structure in which | denotes an intrinsic zone or one which is not intentionally

doped or one which is lightly doped, the doping being of N- or P-type.

12. The radiation source as claimed in claim 1, wherein the at least one

photoconductive element is an MIN diode in which M denotes a metallic zone.

13. The radiation source as claimed In claim 1, wherein the at least one
photoconductive element comprises a metallic layer on at least one contact face

of the at least one photoconductive element.

14. The radiation source as ciaimed in claim 13, wherein the at least one
substrate has a thinned zone intended to be illuminated so as to minimize
absorption phenomena in the at least one substrate, the at least one light source

illuminating the at least one substrate on an opposite side from a front face.

15.  The radiation source as claimed in claim 1, wherein the at least one

substrate has a front face supporting the at least one electron-emitting element,
the at least one light source illuminating said front face.

16. The radiation source as claimed in claim 1, wherein the at least one
substrate Is transparent to said optical wave, said optical wave illuminating the at

least one substrate on an opposite side from a front face.

17.  The radiation source as claimed in claim 1, further comprising means for

regulating optical power of the at least one light source so as to adjust a power of

the X-rays generated.

18.  The radiation source as claimed in claim 1, further comprising means for

adjusting focusing of the at least one light source on the cold source.
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19.  The radiation source as claimed in claim 1, further comprising a mono-
beam X-ray tube of cylindrical symmetry, having the vacuum chamber containing
a photocathode, a target and a mirror, for illuminating the photocathode, the
photocathode comprises of the at least one substrate provided with the at least
one conducting surface having the at least one electron-emitting element and the
at least one photoconductive element with the optical wave entering the mono-

beam X-ray tube via a cylindrical wall of the mono-beam X-ray tube.

20.  The radiation source as claimed in claim 1, further comprising a plurality of
mono-beam X-ray tubes, a circular support supporting said plurality of mono-
peam X-ray tubes, which are placed radially, the power supply, means for
distributing the power of said power supply over the plurality of mono-beam X-ray
tubes, so as to produce X-ray beams, and individual independent optical control

means dedicated to each of the plurality of mono-beam X-ray tubes.

21.  The radiation source as claimed in claim 20, wherein said optical control
means and the X-ray beams are all mutually parallel and perpendicular to said

circular support.

22. The radiation source as claimed in claim 20, further including means for

making said X-ray beams converge.

23.  The radiation source as claimed in claim 1, further comprising the vacuum
chamber, several assemblies, each of the several assemblies consisting of a pair

of photocathodes associated with a target supported by the anode and means for

distributing power for the pair of photocathodes.

24. The radiation source as claimed in claim 23 wherein the vacuum chamber

has a concave shape so as to generate convergent X-ray beams.

25. The radiation source as claimed in claim 1, wherein the cold source

further comprises:
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an extended photocathode or a set of photocathodes;
the anode comprises:

an extended target or a set of targets, facing said extended
photocathode or the set of photocathodes respectively; and

a device for addressing an illumination of the extended
photocathode or the set of photocathodes, so as to select various zones,
over a course of time, of the extended photocathode or to select various
photocathodes in the set of photocathodes and correspondingly to make

zones of the extended target, or of a target from among the set of targets,

emit X-rays.

26. The radiation source as claimed in claim 25, wherein the device for
addressing is a spatial and/or temporal modulator configured to deflect the
optical wave coming from the at least one light source onto the various zones of
the extended photocathode or the various photocathodes in the set of
photocathodes.

27. The radiation source as claimed in claim 25, wherein the device for
addressing is a spatial light modulator illuminated by the optical wave for
transferring ilumination patterns onto at least one of the various zones of the
extended photocathode or onto a photocathode in the set of photocathodes, and
for obtaining the corresponding patterns for X-ray emission from one of the

zones of the extended target or of one target from among the set of targets.

28. The radiation source as claimed in claim 25, wherein the at least one light

source comprises a set of illumination sources, wherein the device for
addressing is an active, optomechanical or optoelectrical, deflector for deflecting
the optical wave associated, in a one-to-one manner, with the various zones of
the extended photocathode or with the various photocathodes in the set of
photocathodes, the various zones of the extended photocathode or the various

photocathodes in set of photocathodes being associated, in a one-to-one

manner, with various ones of the zones of the extended target or with various
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targets from among the set of targets.

29. The radiation source as claimed in claim 1, further comprising at least one

linear accelerator for accelerating the electrons emitted by the cold source.

30. The radiation source as claimed in claim 1 further comprising:
optical fibers through which the optical wave is distributed, at least partly,

by guided propagation instead of spatial propagation.

31. The radiation source as claimed in claim 1 further comprising:
spatial modulators that are of a guided-propagation type configured to

deflect the optical wave.

32. The radiation source as claimed in claim 1, wherein the vacuum chamber

includes passages for optical fibers.
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