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(57) Abstract: An irradiation apparatus comprises a plurality of ionising ra-
diation source points (122) configured to output ionising radiation. The plu-
rality of ionising radiation source points (122) is an array distributed around
an irradiation volume (140). The array of ionising radiation source points
(122) is configured to direct ionising radiation inwardly to the irradiation
volume (140). A transport apparatus (130) is configured to support at least
one sample (138) to be irradiated within the irradiation volume (140). The
transport apparatus (130) is configured to rotate about a first rotational axis
(131) lying within the irradiation volume (140).
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AN IRRADIATION APPARATUS

BACKGROUND

The {reatment of objects and bulk matsrials using ionising radiation, such as x-rays, is an
effective method of treating a variety of objects or materials such as seeds, stem cells,
blood, medical devices, tobaceo, mariiuana and food siuffs. | can also be used with animals
and insects, Some useful effects of irradiation are o) destroy or degrade pathogens (&.q.
virus, bacteria, mould) or leucocytes; destroy unwanted insects and chemical materials such
as pesticides; and delay biological processes such as the ripening of fruit.

An irradiation apparatus can comprise a cabinet with a radiation source and a siationary
shelf or a transport system, such as a turntable, to move objects requiring irradiation within
the cabinel. The turntable can rotale objects around the radiation source. An example of an
radiation device with a turniable and a central radiation source is described in
US 4,028,867 A higher-capacily irradiation apparatus can carry bulk materials requiring

irradiation in totes and move the totes past a radiation source.

The irradiation process for a given application requires a specific uniformity of the distribution
of absorbed dose throughout the object being irradiated. A 10% variation of deposited dose
throughout the object is typically accepiable, although this varies depending on the

application.

Isotopic sources such as Caesium-137 (Cs-137) and Cobalt-80 (Co-60) are commonly used
for irradiation.  These isotopes emit gamma photons with energies of 662 keV and 1.2 MeV
respectively. These relatively high energy photons penetrate well through organic materials
such as food stuffs and therefore easily achieve a good dose distribution. However, they
have undesirable allernstive uses and require large fixed faciiities with significant radiation
shielding and sscurity. X-ray sources can be used for irradiation. An X-ray source is
fypically an evacuaied sealed tube in which electrons emilted from a tungsten fllament (the
cathode) are accelerated onto a melal sample (the anode) through the use of elecirical
voltage. Isotopic sources emit a single wavelength of radiation. In an X.ray source the
anode material re-emits the energy received from the electrons as characteristic X-ray
gmission lines lyving on top of Bremssirahlung radiation spectrum extending from very low
energy X-ray photons up to the vollage potential applied between anode and cathode.
Because X-ray sources generate this broad Bremsstrahlung spectrum of radiation, the
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uniformity of absorbed dose they generale is inferior to isotopic sources of the same

maxdmum energy when used for irradiation.

Xeray sources have an advantage of only producing radiation when they are energised, so
they present less of a radiological securily risk and can be used in mobile sysiems.
Although convenient, the power dissipation of these devices and hence their X-ray output is
low. X-ray sources aiso have lower energy, typically 25 k¥ to 550 kv, than Cs-137 and Co-

60 and this also [eads to inferior dose uniformity.,

it is an aim of the present invention to address at least one disadvantage associated with the

prior art.

SUMMARY OF THE INVENTION
There is provided an irradiation apparatus comprising:

a shielded housing;

a plurality of ionising radiation source points configured {o output ionising radiation,
wherein the plurality of ionising radiation source points is an array distribuled around an
irradiation volume and the array of ionising radiation source points is configured to direct
ionising radiation inwardly to the irradiation volume;

a transport apparatus configured o support at ieast one sample 1o bhe irradiated
within the irradiation volume, wherein the transport apparatus is configured 1o rotale about a

first rotational axis ying within the lradiation volume,

An advantage of at least one exampie or embodiment is a more uniform dose of radiation {o
samples in the iradiation volume. In use, samples are exposed fo radiation which arrives
from a range of different directions. The plurality of radiation source points can provide &

maore uniform dose of radiation.

An advantage of positioning ionising radiation source points around an irradiation volume is
that it can aliow a much larger anode area where Kinetic energy of elecirons is converted {o
radiation. This can aliow high energy levels for long pericds of time (f required). Typically,
an ionising radiation source point {&.g. an anode of an x-ray tube) will convert less than 1%
of the kinetic energy of electrons to ionising radiation, with the remainder converted {o heat.
Dissipating the unwanted heat is & significant problem. Positioning ionising radiation source
points around an iradiation volume can also allow easier dissipation of unwanied heat

BNergy.



10

15

20

25

30

WO 2022/087357 PCT/US2021/056177

Optionally, the array of ionising radiation source points comprises a ring of ionising radiation
source points. This shape is advaniageous as the plurality of source points are equi-distant
about a central axis of rotation of the transport apparatus. The ring can be implementad as
a ring-shaped single evacuated tube with the plurality of ionising radiation source points
distributed around the ring-shaped iube. Allernatively, the plurality of ionising radiation
source points can be implemented by individual sources, such as individual x-ray tubes.
Other possible shapes of the array of radiation source points are a reclilingar (e.g. square)

array.

Optionally, the array of ionising radiation source points comprises a plurality of rings of
ionising radigtion source points, wherein the rings are offset along a longiuding! axis passing
through the plurality of rings.

Optionally, the array of ionising radiation source points comprises a reclilinear array.

Optionally, the iradiation apparatus comprises a total of N ionising radiation source points,
and the irradiation apparatus is configured to selectively simultaneously activate up o N of

the ionising radiation source points during an irradiation cycle.

Optionally, the iradiation apparatus is configured to independently control operating
parameters of each of the plurality of ionising radiation source points during an irradiation

cycle.

Optionally, the operating parameters for an ionising radiation source point are at least one
of. an activation state (i.e. on/off) of the ionising radiation source point; an operating current
and/or an operating vollage of the ionising radiation source point; a parameler for a beam
controliing device of the ionising radiation source point.

Optionally, the plurality of ionising radiation source points comprise at least one of. a plurality
of individual ionising radiation sources; an ionising radiation source with a plurality of icnising
radiation source points.

Optionally, the transport apparatus comprises a turniable which is configured to rotate about

the first rotational axis lying within the irradiation volume,
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Optionally, the transport apparatus comprises a plurality of sample holders sach with a
respective second axis of rotation and wherein the transport apparatus is configured o aiso

rotate the sample holders about their respective second axes.

Optionally, the irradiation apparatus comprises a delector array and wherein the rradiation
apparatus is configured to image the irradiation volume using at least one of the radiation

source points and the detector array.

Cptionally, the detector array extends in an axial direction and wherein the irradiation

apparatus is configured to image an axial dimension of the irradiation volume,

Optionally, the irradiation apparatus is configured to provide relative movement, in an axial
dirsction, between the detector amay and the transport apparaius to image an axial

dimension of the irradiation volume.

Cptionally, the irradiation apparatus is configured to provide relative movement by one of.
axially moving the iransport apparatus while the detector array remains stationary; axially
moving the detector array while an axial position of the transport apparasius remains

constant.

Optionally, the irradiation apparatus is configured {0 image the irradiation volume by:
activating a first radiation source point to emit a beam of radiation for imaging,
controliing the transport apparatus io rotate about the first rotational axis; and
using the detector array to acquire image data.

Cptionally, the hradiation apparatus is configured to repeatedly or continuously acquire
image data as the transport apparatus is configured 1o rotate a complele revoiution about the

first rotational axis.

Optionally, the irradiation apparatus is configured to use image data to construct a three-

dimensional image.

Optionally, the irradiation apparatus is configured to control the plurality of ionising radiation

source points based on the acquired image data.



10

15

20

25

30

35

WO 2022/087357 PCT/US2021/056177

(93]

Optionally, the irradiation apparatus is configured o delermine data indicative of density of a
sample within the irradiation volume.

Optionally, the rradiation apparatus is configured to determine data indicative of density of a

sample within the irradiation volume based on the acquired image data.

Optionally, the iradiation apparatus is configured to determine data indicative of volumetric
and/or spatial distribution of a sample within the iradiation volume based on the acquired

image data.

Optionally, the irradiation apparatus is configured fo determine a required amount of
rradiation 1o which a sample is {0 be subject based on the acguired image dals and to
control the plurality of ionising radiation source points to deliver the required amount.

Optionally, the irradiation apparatus is configured o control the plurality of ionising radiation
source points to deliver the required amount of radiation taking into account the presence of

& sample holder and/or sample packaging.

Cptionally, the irradiation apparatus is configured to determing at least one of:

a number of ionising radiation source points 1o be activated;

an operating current and/or an operating voltage of each of the aclivated ionising
radiation source points;

a parameter for a beam controlling device at an ionising radiation source poini;

a total duration of the irradiation.

Cptionally, the ionising radiation is X-ray radiation.

There is also provided a method of irradiating at least one sample by an irradiation
apparatus comprising:

oulputling ionising radiation from a plurality of ionising radiation source points
distributed around an irradiation volume, wherein the ionising radiation source points direct
ionising radiation inwardly to the irradiation volume;

supporting the at least one sampie within the irradiation volume and rotating the at
least one sample about g first rofgtional axis lying within the irradiation volume,
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Optionally, there is a total of N ionising radiation source poinis and the method comprisss
selecting a2 number up io N of the lonising radiation source points {o simultaneously aclivate

during an irradiation cycle,

Optionally, the method comprises independently conirolling operating parameters of each of

the plurality of ionising radiation source poinis during an irradiation cycle.

Optionally, the operating parameters for an ionising radiation source point are at least one
of:

an operating state {on/off) of the ionising radiation source point;

an operating current andfor an operaling voltage of the ionising radialion source
point;

a parameter for a beam controlling device of the ionising radiation source point.

Optionally, the step of acquiring image data of the irradiation volume uses at least one of the

radiation source points and a detector array.

Optionally, the method comprises controlling the plurality of ionising radiation source points

based on the acquired image dala.

An advantage of at least one example or embodiment is providing a dose of radiation above
a threshold level throughout a sample {(or across a plurality of samples). Properties of
samples can vary. For example, a sample may have a higher density compared to other
samples, or a region of a2 sample may have a higher density compared to other regions of
the sample. Moisture content of a sample can vary the amount of radiation absorbed by the
sample. The bradiation apparatus can vary a dose applied to a sample (or a region of a

sample) by al least one of. energy level; irradiation time.

in a further aspect of the invention there is provided an array of ionising radiation source
points comprising a ring of ionising radiation source points. This shape is advantageous as
the plurality of source poinis may be arranged {o be equidisiant about a ceniral axis of
rotation of a transport apparatus.

The ring can be implemented as a ring-shaped single evacuated {ube. The ring may be a
continuous ring or discontinuous, having a pair of opposed ends substantially defining a ring-
shaped element. The plurality of ionising radiation source points may be distriibuted around
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the ring-shaped {ube. Allernatively, the plurality of ionising radiation source points can be
implemented by ndividual sources, such as individual x-ray tubes, Cther possible shapes of

the array of radiation source poinis are a reclilinear (e.g. square) amay.

Optionally, the array of lonising radiation source points comprises a plurality of rings of
jonising radiation source points, wherein the rings are offset along a longitudinal axis passing
through the plurality of rings.

Cptionally, the array of ionising radiation source points comprises a reclilinear array.

frradiation apparatus may be provided comprising an array of a total of N ionising radiation
source points, and the iradiation apparatus may be configured 10 selectively simultansously
activate up to N of the ionising radiation source points during an irradiation cycle.

Optionally, the irradiation apparatus is configured to independently control operating
parameters of each of the plurality of ionising radiation source points during an irradiation

cycle,

Cptionally, the operating parameters for an ionising radiation source point are at least one
of. an activation state (i.e. on/off) of the ionising radiation source point; an operating current
and/or an operating voltage of the ionising radiation source point; a parameter for a beam

controliing device of the ionising radiation source point.

Optionally, the plurality of ionising radiation source points comprise at least one of. a plurality
of individual ionising radiation sources; an ionising radiation source with a plurality of ionising
radiation source points.

Embodiments of the invention may be understood with reference 1o the appended claims.

Within the scope of this application i is envisaged that the various aspects, embodiments,
examples and allernatives, and in particular the individual features thereof, set out in the
preceding paragraphs, in the claims andior in the following description and drawings, may be
taken independently or in any combination. For example features described in connection
with one embodiment are applicable to ali embodiments, unless such featurss are
incompatible,
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For the avoidance of doubt, if is to be understood that features described with respect to one
aspect of the invention may be included within any other aspect of the invention, alone or in

appropriate combination with one or more other features.

BRIEF DESCRIPTION OF THE DRAWINGS
One or more embodiments of the invention will now be described, by way of example only,
with reference {o the accompanying figures in which:

FIGURE 1 shows, in cross-section, an example of an iradiation apparatus,;

FIGURE Z shows a perspective view of an exderior of the irradiation apparatus;

FIGURE 3 shows a radiation source of the irradiation apparatus of FIGURE 1;

FIGURE 4 shows the irradiation apparatus in use,

FIGURE 5 shows an exampie of an irradiation apparatus with individual radiation sources;
FIGURE & shows an example of imaging samples using an irradiation apparatus,;

FIGURE 7 shows a side view of an irradiation apparatus which can image samples;

FIGURE 8 shows an example of a reflection iype of xray tube;

FIGURE @ shows an exampie of & ransmission type of x-ray tube;

FIGURE 10 shows an example graph of x-ray emissions from an x-ray tube;

FIGURE 11 shows part of an example of a ring-shaped x-ray radiation sourcs;

FIGURE 12 shows a radiation source point and a beam confrolling device;

FIGURE 13 {a) and (b) show embodiments of the invention in which an x-ray tube in the
form of a single evacuated fube is provided;

FIGURE 14{(a) shows a mesthod of operating the irradiation apparatus, FIGURE 14
ilustrates schematically an acguired image of a sample inside packaging and FIGURE 14{c}
fustrates a further method of operating the irradiation apparatus;

FIGURE 15 shows & processing apparatus for the irradiation apparatus.

DETAILED DESCRIPTION

FIGURES 1 and 2 shows an example of an irradiation apparatus 100, FIGURE 1 shows a
cross-section through the imadiation apparatus 100, The irradigtion apparatus 100
comprises a shielded housing 110, A radiation source 120, or a plurality of radiation
sources, are positioned within the shielded housing 110, The shielded housing 110
prevents, or limits, passage of radiation from the radiation source 120 to an exerior of the
shielded housing. In this example, the shielded housing 110 surrounds the radiation source
120 on all sides (i.e. front, back, left, right, fop and botlom). One side of the shigided
housing inciudes an access door or hatch 112 to permit access to the interior of the shielded
housing 110, In FIGURE 1 the shielded housing 110 forms part of the outer housing of the
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apparatus 100, bul it may be a separate structure which is positioned inside, or outside, of

an cuter housing of the apparatus 100

The radiation source 120 can emit ionising radiation, such as X-ray radiation. X.ray radiation
will be described in the following description, although i will be undersiood that other kinds

of ionising radiation could be generated, such as gamma radiation.

The radiation source 120 has a plurality of radiation source points 122 configured to oufput
X-ray radigtion. The plurality of radiation source points 122 form an array of radiation source
points 122 around an irradiation volume 140, The radiation source points 122 within the
array are distributed, ie. offset from one another. The spacing can be uniform. In
FIGURE 1 each of the eight radialion source points 122 is offset by 45 degrees from
adjacent source points around the ring. In other examples, the spacing of the radiation

source points 122 may be non-uniform,

The plurality of radiation source points 122 are configured to direct X-ray radiation inwardly
{0 the irradigtion volume 140, The array of radiation source points 122 has a central axis
125.

A transport apparatus 130 is configured to support at least one sample 138 to be irradiated.
The transport apparatus 130 is positioned within the irradiation volume 140 and is configured
o rolate aboul a first rolational axis 131 Wing within the iradistion voiume 140, The
fransport apparatus 130 can comprise a turniable or other circular supporting structure. in
this example the central axis 125 of the array of radiation source points 122 is aligned with
the first rofational axis 131 of the turntable. The transpori apparatus 130 can comprise a
plurality of holders or carriers 134, Each of the holders 134 can hold a sample (e.g. an
obiect or 2 quantity of material) to be irradiated. For exampie, each holder 134 may support
a bag of blood or a quantity of loose material requiring irradiation. Samples may be placed
directly within the holders 134, or may be contained within an enclosure. For example, loose
material may be contained in a hag which is placed within a holder 134, Each holder 134
should be capable of supporting the weight of the sample requiring irradiation. Each holder
134 can be fabricated from a material which has a low attenuation {0 x-rays, such as carbon
fibre or aluminium. Each holder 134 may be in the form of a cup-shaped structure with a
solid or partially-open {&.q. cage) wall. The transpori apparatus 130 comprises a motor (ot
shown) to drive the tumntable. An odd number of sample holders {(g.g. 3, 5, 7,...) can be

advantageous for imaging purposes.
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Optionally, each of the holders 134 can also rotate gbout its own central axis 135, Rotation
of each holder 134 is shown by the dashed arrows 136. This movement is called a doubls
planetary. Each holder 134 rotates in direction 136 about its own axis 135 simultansously
with rotation of the enlire assembly 130 about {he central axis 131, in other exampies, the
rotational axis of a holder 134 can be sccentric.

In this example, the array of radiation source points 122 is in the form of a ring which
surrounds the irradiation volume 140, Each radiation source point 122 emits radiation
radially inwardly 1o the irradiation volume. In this example, the array of radiation source
points 122 has eight radiation source points 122. The tofal number of radiation source
points can be a smaller number or g larger number, Advantageously, the minimum number
of radiation source poinis is three. A largs number of source points improves uniformity.

One way of implementing the ring-shaped array of radiation source points 122 is by an x-ray
ube comprising a ring-shaped evacuaied tube with anodes mounted al positions around the
tube. X-ray tubes are described in more delail ialer in this specificalion. Each of the
radiation source points 122 can be controlied to independently emit radiation to deliver a

required amount {dose} of radiation over an irradiation cycle.

A convenient shape for an evacualed tube is an annular {ring or “donut™ shaped structure.
FIGURE 3 shows g perspeclive view of the radiation source 120 and irradiation volume 140,
The radiation source 120 can comprise a single ring of radiation source points 122 or a
plurality of rings (donuts) of radiation source points 122 which are offsel along the
longitudinal axis 125 of the array of radiation source points 122, A plurality of rings can be
achieved by a longer evacuated tube with multiple sets of anodes, or by a plurality of
evacuated tubes which are positioned along axis 125, Individual tubes may be positioned
directly next to each other, or spaced apart along axis 125, FIGURE 3 shows three ssis of
radiation source points 1234, 1238, 123C. Other numbers of sets of radigtion source points
can he provided. An increased number of rings improves coverage along the longitudinal

axis 125.

The bradiation apparatus 100 may also comprise a detector array 150, The detsctor amray
180 can be used for imaging the irradiation volume 140, The {erm “imaging” means
obtaining information about properties of samples within the irradiation volume 140, 1 is

useful to know properties such as density of samples. The detector array 150 comprises a
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plurality of detectors which are capable of detecting X-ray radiation {or other radiation used
by the radigtion source points 122}, The delector array 180 i shown in FIGURE 1 as a
circular array with a central axis aligned with the axis 131. The dstector array 150 may
extend around all, or only part, of the transport apparatus 130, For example, a detector
array 150 may be provided in a region opposite one of the radiation source points 122, The
detector array 150 comprises a grid of detector elements or devices which provide pixels of
an image. Part of the grid 152 of detecior elements is shown in FIGURE 7. An ocutput of the

detector array 150 is connected to read out circuitry.

The irradiation apparatus 100 comprises a controller 1680, The coniroller 160 conirols
operation of the radiation source 120, such as switching radiation source points 122 on and
off, and controlling an outpu level of the radiagtion source 120, The controller 160 controls
operation of the detector array 150. The controller 160 may be positioned in the same main
unit 100 as other parts of the apparatus, or separalely from the main unit. it will be
understood the radiation source 120 comprises other elements not shown in these
FIGURES, such as at least one power supply for the radiation source 120.

FIGURE 4 shows the radiation source 120 and the irradiation volume 140 of FIGURE 1 in
use. in this example, the radiation source 120 has eight radiation source points: 122A-122H.
For clarity, only two of these radiation source points 1224, 122C are shown emilting
radiation. The irradiation apparatus 100 can simultaneously aclivate between one and sight
of the radiation source points 122A-122H.  Emitling radiation from a pluraiily of different
positions around the irradiation volume 140 can achieve a more uniform coverage of the
rradiation volume and a more uniform dose of samples.

Another way of implementing the radiation source points 122 is by discrete {(i.e. individual)
radiation sources. FIGURE 5 shows another example of an irradiation apparatus 200, The
irradiation apparatus 200 comprises a shielded housing 110, a transport apparatus 130 and
an bradiation volume 140 as described above. In this example, the radigtion source 220
comprises a plurality of radiation source points 222 which are implemented by a plurality of
individual sources. The radiation sources can be mounted to an interior face of the shielded
housing 110, supported by a structure within the shielded housing, or some other way, The
radiation sources 222 can be positioned in a differently shaped array. In this example, the
radiation sources 222 are arranged in a rectilinear array.
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The hradiation apparatus 100, 200 may alsc be capable of performing imaging of the
rradiation volume. That is, the radiation apparatus acquires dalta aboul samples within the
rradiation volume, This can be useful to determine properties of the materials requiring
radiation (e.g. density} and the optimum use of the radiation sources {e.g. number of
sources, output power, beam widih). H can also detect foreign objects within the rradiation

volume 140,

X-rays travel in straight lines, emerging as a beam from one of the radiation source points
122. X-rays will either fravel through materials, with a varying degree of atienuation (e.g.
non-metal materials), or will be more strongly scattered or absorbed by certain materials,
such as metal. The amount of radigtion that is received at a detecior is indicative of the

properties of the sample, such as: material type; densily,

FIGURE 6 shows an example of an irradiation apparatus configured for imaging samples. A
radiation source point 122 and a region of the detector array opposite 1o the radiation source
point are used as a pair for imaging purposes. In the example shown in FIGURE 6, radiation
source point 1224 is activated o emit radiagtion for imaging, and a region 151 {(shown in
bold) of the delector array 150 is used to delect radiation received from source point 122A
Region 151 may be a portion of the overall detector array 150, In a simplified apparatus with

a smaller detector array, region 151 may be the entire detecior array.

More than one source-detector pair may be activated at the same time. For example, a first
source-detector pair and a second source-detecior pair may be activated simultansously.
Advantageously, the first source-detecior pair and the second source-delector pair are
orthogonal to one another. In FIGURE 6, radigtion source points 122A and 122C are

arthogonal to one another.

The one or more of the radiation source points are operated at a relatively low power level
for imaging purposes. The radiation levels used for imaging are significantly lower than the

radiation levels used for irradiation.

There are various ways of acquiting image data for samples 138 within the irradiation
volume. One way of acquiring image data is {0 use a single source-detector pair {or a
plurality of source-delecior pairs) while the transport apparatus 130 is controlled o rotale
about axis 131. Advantagsously, sample holders 134 remain stationary, i.e. are not rotated

about respective axes 135. This will cause the samples 138 to move through the beam
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emitted by the radiation source point {or the bsams emitied by the plurality of radiation
source points) while radigtion passing through the samples will be received by the
corresponding detector. It is desirable for only a single sample 138 {o be positioned in a line
of sight between the source point and the detector of a source-detector pair. If the number
of sample holders 134 is made an odd number {&.g. three as shown in FIGURE 8} this can
help fo ensure that sample holders are offset from one another. That is, sample holders are
ne fonger diametrically opposite one another on the tumiable. This can gllow a single
sample holder to be imaged as the turntable rotates. This arrangement has an advantage of
minimising the size of the detector array needed to image the volume 140, Image data is
acquired repeatedly, or continucusly, from the detector array during the imaging operation.

Ancther way of acquiring image data is {o use 3 sequence of source-detector pairs while the
fransport apparatus 130 is controlled {o remain stationary. The sequence can be as follows:

(i) activate radiation source point 1224 and detect radiglion at a position oppoesite {o
radiation source point 1224,

(iiy activate radiation source point 1228 and detect radigtion at a position opposite (o
radiation source point 1228;

and continuing in the same manner around the pluraiity of radiation source points
122C-122H.

In an example where multiple radiation-source points are simulianecusly used, the ssguence
can be as follows:

(iy activate radiation source point 122A and detect radiation at a position opposite o
radiation source point 1224 and activale radiation source point 122C and delect radiation at
a position opposite to radiation source point 122C;

(iiy activate radiation source point 1228 and detect radiation at a position opposite (o
radiation source point 1228 and activale radiation source point 1220 and delect radigtion at
a position opposite to radiation source point 122D;

(ilfy aclivate radiation source point 122E and deled! radiation at a position opposite 1o
radiation source point 122k and activate radiation source point 122G and detect radiation at
a position opposite to radiation source point 122G;

{iv} activate radiation source point 122F and detect radiation at a position opposite to
radiation source point 122F and activate radiation source point 122H and delect radiation at
& position opposite {o radiation source point 122H.
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i will be understood that using a sequence of different source-detector pairs requires a
larger deteclor array compared 10 the arrangement where a single radialion source is
activated. This is because it is necessary to delect radiation at a plurality of different

positions around the transport apparatus 130

FIGURE 7 shows a radiation source 120, a detecior array 150 and a transport apparaius
130. A sample 138 is shown in a sample holder 134 of the fransport apparatus 130,
Samples 138 carried by the transport apparaius 130 exiend in a direction which is parallel {0
the axis 125, ie. an axial direction, or a vertical direction as shown in FIGURE 7. it is
desirable to image the entire volume of samples. This can be achieved in various ways.
One possible way of imaging samples 138 along the axial dimension is to provide a detector
array 150 which exiends for an axial distance which is sufficient to image the samples 138,
This requires the detector array 150 o axtend in the axial direction for a distance which is at
least as high as the samples. As described above, the detector array 150 may exend
around all, or part, of the fransport apparatus 130, Ancther possible way of imaging samples
138 along the apdal dimension is o allow relative movement 153 between the detecior array
180 and the transport apparatus 130. This can allow for a smaller detector array 180, For
each relative position of the detector array 150 and the transport apparatus 130, the detector
array 150 acquires an image of part (i.e. a slice} of samples 138. Relative movement can be
achieved by one of. (i) axially moving the transport apparatus 130 within the detsctor array
150 while the detector array 150 remains stationary; (i} axially moving the detecior array 150
past the transport apparatus while the transport apparatus remains in the same axial

position.

By acquiring & set of image data of 3 sample from different directions it {s possible 1o
determine a three-dimensional image from the set of image data acquired by the detector
array. This is called computed tomography (CT). CT is known and will not be described
further. Images may be obtained from different directions by, for example, rotation of a
sample 138 about the axis 135 of the sample holder 134,

it is o be undersiood that the ability to acquire images of a sample from different directions,
such as by the method described above, enables information in respect of a variation in
density of a sample within the sample to be obtained. i also provides information in respect
of a volumetiic and spatial distribution of the sample to be determined. The relative location
of the sample holder 134 and/or packaging of a sample of interest may also be determined.



10

15

20

25

30

35

WO 2022/087357 PCT/US2021/056177

15

This increased understanding of density with volumetric and spatial distribution information
made available by embodiments of the present invention may be advantageous for certain

applications.

Firstly, X-ray radigtion having an energy below around 300kV has been shown {0 be more
gffective in microbial remediation than higher energy sources (such as gamma radiation and
high energy X-ray radiation), However, at these lower energies, the Xray absorption and
scaiter by samples is much greater and therefore the radiation does not penetrate through
as much of the sample in as uniform a way as with high energy gamma and X-ray sources.
The increased absorption and scatter of these lower energy X-rays will cause the dose
delivered to the samples and sample packaging at different densities, volumes and spatial
distributions to vary much more significantly than higher energy gamma and X-ray sources,
Care in planning the dose delivery to the sample is thergfore much more important and the
described imaging steps can enable a plan for uniform low energy X-ray dose delivery 1o all
parts of the sample to he created relatively quickly.

Secondly, the imaging step may allow oplimization of power (energy saving) and throughput
by ensuring that the required dose is reached for all paris of the sample with limited amounts
of the sample receiving more dose than is required. This may also be described as an
improved Dose Uniformity Ratio.

Thirdly, many types of produce such as meals, fruits, spices and vegetative crops such as
cannabis can have multiple types of packaging material surrounding the sample to be
radisted and these packaging changes must be considerad when determining dose levels
{0 be applied to the samples. Thus, the amount of absorption of X-ray radiation by the
packaging may be taken into account in some embodiments, and the dose of X-ray radiation
{0 which the lem (sample and packaging) is subject may be adjusied accordingly in order {o
ensure that the required dose to the sample, within the packaging, is achieved. The amount
of absorption of X-ray radiation by a sample holder such as a holder 134 associated with the
apparatus 100 may be {aken into account in some embodiments, and the dose of X-ray
radiation o which the holder 134 and sample 138 is subject may be adjusted accordingly in
order to ensure that the required doss to the sample 138, within the holder 134, is achievsd.

Fourthly, Xray irradigtion of the samples in the desired end product packaging has the
advantage that downstream handling of the samples is made sasier since a reduction in the

risk of recontamination of the sampie during downstream handiing may be achieved.
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Fifthly, customers locking to use Xray iradistion apparatus according 1o embodiments of
the present invention for sterilization may wish 1o irradiate samples that vary greally in
density, as well as in volume and spatial distribution of the sample in the irradiation field, but
which aiso vary greatly in the density and spatial distribution of the different packaging tvpes
that they use with samples. The determination of the dose provided by different irradiation
sources around the sample based on the 3D image of the sample and associated sample
packaging allows the user to compensale for both variations in sample density and spatial
distribution as well as the nature of the sample packaging such as packaging material
composition and thickness, The user may therefore use the apparatus to irradiate a rangs of
different sample types and different sample packaging materials whilst still providing the
desired dose {o substantially the entire sample based on the analysis of the imaging resulls.

it is {0 be understood that, in some embodiments as described herein, the imaging step can
utilize the same irradiation sources as the irradiation step allowing for more simple and lower
cost apparatus. Furthermore, the imaging and iradiation functions may be performed by the

same apparatus, leading o improved workflow and throughpul.

As noted ahove, it is {o be undersiood that the presence of the sample holder inthe path of a
beam through the sample 1o be irradiated may also be taken into account when considering
the amount of radiation that a sample ilself will receive.

it is to be understood that packaging of the sample may create areas of higher density and
lower density of malerials surrounding the samples 138 {o be rradialed, and these areas can
be detecled by Xoray imaging. For example, a sample may be packaged in multiple sealed
containers that are held in a rack with the containers side by side or stacked on top of each
other or both. The beams that are used to irradiate the sampie will encounter different
densities of materials in the packaging and in the sample contained in the packaging hased
on the density and number of conlainers that each beam being projected from each
rradiation source encounters as i passes through the rack. Each beam will also encounter
different densities of materials due {o the different packaging materials used in sach
container such as plastics or metal covers on the top of the container versus materials such

as plastics, glass, cardboard or other materials used in the rest of the conlainer,

Apparatus according 1o embodiments of the present invention is able o determine a required

amount of irradiation to which the iradiation volume is {0 be subject in order o deliver the
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required dose of radiation to the sampleds) 138, In some embodiments the apparatus is able
o delerming the amount of radiation to which the frradiation volume is 1o be subject as the
sample 138 is moved in the irradiation volume 138 in order to deliver the required dose {o
different regions of the sample 138, The apparatus controls the respective X-ray radiation
sources accordingly in order {o deliver the required dose {o the different regions. For
gxample, denser regions of the sample may receive more radiation. In some embodiments,
regions of a sample with a higher moisture content may receive g higher dose than regions
with a lower moisture conient in order {o compensate for absorption of radiation by the
moisture. Similarly, where radiation is directed to pass through one or more sample holders
such as one or more containgrs and optionally one or more racks or other structural
elements within the irradiation volume, the apparatus may take such items info account in
determining the required amount of radiation {0 be delivered by a given radiation source at a

given moment in time as the sample is moved.

In some embodiments the sample may be moved intermiltently or at a speed that varies as a
function of time in order {0 ensure that the required dose is deliverad.

In addition, # is expecied that in some cases a user may wish o irradiate the sample inside
the final packaging in a sealed state so the sample inside the container, after the irradiation
process is completed, can be considered fully decontaminated within the final packaging and
noe further manipulation of the sample and potential re-contamination can occur prior to the

sample being delivered or purchased by the consumer.

In some embodiments, in addilion o or instead of the apparatus delermining an amount of
X-ray radiation to which an irradiation volume is {0 be exposed, compensaling for X-ray
absorption due to packaging and/or sample holder(s), based on acquired image datg, the
apparatus may determine the amount of radiation 10 be applied {0 the Irradialion volume at
least in part based on data input by a user. For example, the user may be able to input data
such as data indicative of the type of packaging malerial being used {(e.q. indicative of
material and thickness) and/or the presence of one of more sample holders or other tems
such as portions of the apparatus 100 in the bradiation volume. The apparatus 100 may
apply & correction to the amount of X-ray radiation applied to the irradiation volume hased at
feast in part on the data inpul by the user and stored data, such as data indicative of the
amount of radiation absorbed by a given type of packaging and/or sample holder. Thus, the
apparatus 100 may compensaie for an amount of radiation applied to the iradiation volume
that would not irradiate the sample due o absorption or scattering by sample packaging
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and/or sample holder(s) or other items in the irradiation volume, by increasing the amount of

radiation applied in g corresponding manner.

FIGURES 8 and 8 show examples of two types of x-ray tube 170, 180 which can be used o

provide one of the x-ray source points 122, 222 shown in FIGURES 1,4, S and 6.

FIGURE 8 shows an example x-ray tube 170 which emits x-rays 177 through a side window
178. This window 178 can form one of the x-ray source points 122, 222 shown in FIGURES
1, 4, 5 and 6. This type of x-ray tube 170 is called a Coolidge type x-ray tube or a reflection
{ype x-ray tube, The x-ray tube 170 has a cathode 171, a filament 172 and an anode 173. A
power supply 174 is connected {o the filament 172, The filament 172 is typically made of
metal with a high melting point. The power supply 174 i5 configured 1o supply a vollage V1
across the filament 172, An electrical current 11 flows through the filament 172, This is
called the tube current. The current flow heats the filament and causeas the filament to emi
glectrons 176 by thermionic emission. A power supply 175 is connected {o the cathode 171
and to the anode 173. The power supply 175 is configured {o supply a voltage V2 between
the anode 173 and the cathode 171. Power supply 175 is a high voltage power supply,
fypically of more than 20 kY. In use, sleclrons 176 are accelergied {owards the anode 173
due to the high voltage V2. Collision of electrons with the anode 173 causes emission of
Bremsstrahlung radigtion. The Bremsstrahlung radiation has a broad spectrum and includes
heat and xX-ray photons (x-rays) 177, A filter may be provided at the window 178 1o absorb

low energy photons.

FIGURE ¢ shows an example x-ray tube 180 which emits x-rays 187 through an end window
188, This window 188 can form one of the x-ray source points 122, 222 shown in FIGURES
1, 4, 5 and 6. This type of x-ray tube 180 is called a fransmission source. Many of the
features are the same as FIGURE 8 and are labslled with the same reference numerals.
Operation of this tube is similar to FIGURE 8 and only the main differences will be described.
The x-ray tube 180 has a cathode 171, a filament 172 and an anode 183. The anode 183
forms an end window in housing 189 of the x-ray tube, or the anode 183 can be positioned
adjacent to an end window of the housing of the x-ray fube. A filler may be provided at the
window 188 to absorb low energy photons. One advantage of this type of x-ray tube is
improved heat dissipation as the anode 183 is now part of, or nearer o, the external surface

of the housing and is not contained within the housing 189.
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The x-ray tubes 170, 180 comprise a housing or chamber 178, 189 which is typically formed
of metal or giass. The housing 178, 189 is evacualed, e the interior of the housing is a
vacuum. The housing 179, 188 is shislded, apart from at the window 178, 188, The
shielding reduces, or prevents, unwanted emission of radiation. In FIGURE 8 the window
178 is provided on a side of the housing 178, alongside the anode 173, In FIGURE S the
window 188 is provided at an end of the housing 188, and x-rays arg emitted from the anode
183 through the end window.

FIGURE 10 shows a graph of Bremssirahiung radiation output by the x-ray tubes 170, 180.
The vertical axis represents intensity, or number of photons. The horizonial axis represenis
energy per photon. The graph has a general curved shape 191, and may include one or
more peaks 182 at parlicular energy values, Energy &t low values may be removed by the
filter at the window. Increasing the voltage V2 between the anode 173, 183 and the cathode
171 increases the energy of electrons 176 striking the anode 173, 183 and increases
number of higher-energy x-ray photons., This has the effect of widening the graph of
FIGURE 10. increasing the vollage V1 across the filament 172 (ie. the tube current I1)
increases the rale of thermionic emission and the flow of electrons towards the anode and
increases the number of x-ray photons generated at the anode. This increases the intensity
{y-axis}, but the overall shape of the graph remains the same.

The total dose of x-ray radiation deliversd {0 a sample depends on: x-ray tube cument (I1)

which conirols a number of x-ray photons emitied; x-ray tube voliage (V2 which conirols
energy of emitted x-ray photons; and time for which radiation is emitted, i.e. the irradiation
cyole,

The irradiation apparatus can comprise a single ring-shaped x-ray tube 120 with a plurality of
radiation source points 122 (FIGURES 1, 4, 6}, or a plurality of x-ray tubes with each x-ray
iube having an x-ray source point 222 (FIGURE 8). For the case of a plurality of x-ray tubes,
each x-ray tube can be of the type shown in FIGURE 8 or 9. The x-ray tubes can be
positioned at required positions within the shielded housing to form the array of radiation
source points.  For the case of a single ring-shaped x-ray tube 120, there is a single ring-
shaped evacuated housing 188, FIGURE 11 shows part of an example of a ring-shaped x-
ray source 128, The features shown in FIGURE 8 or 9 {.e. ancde, filament, cathode and
window) are replicated at positions around the housing. For example, the x-ray source 120

of FIGURE 4 with eight source points 122A-122H can have a single ring-shaped housing
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189 with eight instancas of the apparatus shown in FIGURE 8 or 9 at eight positions around
the housing 188,

In a further allernative, the ring-shaped x-ray source 120 can have a single continuous fing-
shaped anode. The ancde can be held al 2 high positive potential and cathodes can be

individually, or collectively, turned on by conirol of a potential applied to sach cathode.

A power supply can provide a voltage V1/current 1o each instance of the apparatus to control
intensity of x-ray radiation emitted from the respective x-ray source point. A power supply
can provide a voltage V2 to each instance of the apparatus to control energy of x-ray
radiation emiited from the respective x-ray source point. Each power supply can
independently control the voltage(s) applied 1o each instance of the apparatus,

it will be understood that a single power supply can be provided o generate V1 and V2, or a
separate power supply can be provided 10 generate each of V1 and V2. A power supply
may generate V1 andior V2 for all of the radiagtion source points 122, Alternatively, a

separate power supply may be provided for each of the radiation source points 122,

The power supply, or powsr supplies, can independently control the vollage(s} applisd (o the
cathodes, anodes and filamenis {o independently control x-ray radiation outpul by each

radiation source point 122

FIGURE 12 shows a radiation source point 122 and a beam controliing device or collimator
126. The beam controlfling device 126 can be controlled to vary a size of an opening or
aperture. This controls shape and/or width of a beam of radiation emitted by the radiation
source point 122 towards the bradiation volume 140, A beam controlling device 126 can be

provided for each radiation source point 122, 222,

FIGURE 13{a) shows the full single ring-shaped x-ray tube 120 g porlion of which is shown
in FIGURE 11, FIGURE 13({b) shows an alternative design for the single ring-shaped x-ray
tube 120 in which the tube 120 has a discontinuity, a gap 120g being provided between
opposed proximate ends of the tube 120, Such a design may be easier to fabricate andior

provide for more convenient mainienance.

FIGURE 14{a) shows a method of operating the iradiation apparatus. Al block 302 the

irradiation apparatus acquires imaging data about the samples in the irradiation volume.
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At block 304 the method determines an optimum use of the radialion source points. This will
be called irradiation planning data. The irradiation planning data can use one or more of the
following parameters:
s atotal radiation dose;
e arate of delfivering radiation;
s atotal duration of the irradiation;
» g number of radiation source points activated (from 1 through to the maximum; fixed,
or varying over duration of the radiation cycle);
= radiation outpul by the activaled radiation source poinits (fixed, or varying over
duration of the iradiation cyele), where radiation oulput is delermined by () tube

current 11 to control energy per photon and (i) tube voltage V2 to conirol energy per

photon.

« a beam angle of each of the aclivated radiation source points (fixed, or varying over
duration of the rradiation cycle). As desciibed above, beam angle can be controlied
by a collimator;

« rotational frequency (speed) of the transport apparatus, e.9. rotational frequency of
the overall ransport apparaius about central axis 131 and rolational frequency of

sample holders about respective axas 135.

Al block 306 the method irradiates the volume using the irradiation planning data.

it is to be undersiood thal, in some embodiments, the method may require that the amount
of radiation absorbed by packaging of the sample may be estimated based on acquired
image data, and the amount of absorption compensated for in determining the amount of
irradiation fo be applied to the irradiation volume. For example, the method may invohe

gstimating the amount of radiation absorbed by packaging of the sample by identifying:

{a} a portion of an image of the irradiation volume corresponding o a region in which the
radiation has passed through packaging only, without passing through any portion of the
sample, and

(b} a portion of the image of the irradiation volume in which the radiation has been detecled

directly by the detector without passing through the sample or packaging.

The estimated amount of radiafion absorbed by the packaging as estimaled above may thus

be added to the desired dose o be provided {o the sampile in order o estimate the amount
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of radiation to which the sample and packaging should be subject in order to achieve the
desired dose to the sample. it is to be undersiocod that this method may be automated in
some embodiments in order to reduce user workload in calculating the required dose {o be
applied to the iradiation volume in which the packaged sample is provided.

FIGURE 14{b) is a schematic illustration of an image acquired by the apparatus 100 in which
a sample 138 may be seen contained within sample packaging 138p, in this case a bag
made from a plastics film material, A suitable first region R1 of the image is shown, formed
primarily by Xeray radiation that has passed through sample packaging 138p only and not
the sample 138 (it is to be undersiood that a small amount of radiation may coniribute to the
image due to scattering by e.g. the sample 138 or portions of the apparatus 100}, A suilable
second region R2 of the image is also shown, formed primarily by X-ray radiation that has
passed substantially directly from the X-ray source o the detector without passing through

the sample 138 or sample packaging 138p.

FIGURE 14(¢) shows a method of calculating a packaging-compensated amount of radiation
{0 be applied to the irradiation volume. The method may be implemented at step 302 of the
method fliustrated in FIGURE 14(a).

Al block 302a a first region R1 (FIGURE 14(b)) of an image of a sample 138 acquired by the
apparatus 100 is identified that contains an image of packaging 138p and no sample 138

At block 302b a second region R2 of the image is identifisd that does not contain a portion of
the packaging 138p or sample 138, but rather is formed by radiation impinging direclly on
the detector from the source,

Al block 302¢, image data in respect of the first and second regions R1, R2 indicative of the
amount of radiation incident on the detector in those respective regions is compared in order
o estimate an amount of radiation absorbed by the packaging 138p.

Al block 302d a compensated value of the amount of radiation 1o be applied to the irradiation
volume in order to achieve the desired sample dose, accounting for absorption of radiation

by the packaging 138p, is caiculated.

it is to be understood that absorption of radiation by a sample holder 134 (where present)

may also be similarly compensated for. This may be achieved by estimating the amount of
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radiation absorbed by the sample holder 134 and packaging of the sample (where packaging

is present) by identifying:

(a} a portion of an image of the iradiation volume corresponding o 2 region in which the
radiation has passed through the sample holder and packaging only, without passing
through any portion of the sample, and

{b} a portion of the image of the irradiation volume In which the radiation has been delecled

directly by the detector without passing through the sample holder, the sample or packaging.

The method steps 3023-302d may be adjusted such that the first region of the image
corresponds to a region or the irradiation volume in which radiation has passed through the
sample holder 134 and sample packaging but not the sample itself, and the second region of
the image coiresponds to a region of the irradiation volume in which radiation has been
detected directly by the detector without passing through the sampie holder 134, sample

packaging or the sample itself,

The transport apparatus 130 is rolatable about a central axis 131, Each sample holder is
rotaiable about a respective axis 135. The rotational frequency (Le. the number of complete
revolutions per unit of time)} can be different for the main turntable and the sample holders.
Typically, the rotational frequency of the sample holders is higher than the rofational
freguency of the main turntable. For example, the rotational frequency of the sample holders
can be an integer number (2, 3, 4,...N) times higher than the rolational frequency of the main
furntable. Typically, there will be at least one ull rotation of the transport apparatus during

an irradiation oycle.

The irradiation planning data may use one or more of these parameters. Each of the
parameters may be fixed for the duragtion of the iradiation. Alternatively, it is possible to vary

one or more of the parameter values during the irradiation.

Image data may indicale that one of the samples has a higher densily, or a higher density
region, and therefore reguires a higher energy of radiation. For example, FIGURE 6 shows
a denser region 139 within a sample 138. The irradiation planning data can cause a
radiation source point to increase dose when the higher density sampie is nearesi that
radiation source point. For example, tube voltage {energy per pholon) can be increased
when a denser sample (or a denser region of a sample) is near to a8 source point. Tube

voltage can be decreased for a lower densily sample. While the energy svel of the radiation
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delivered {o a sample (or a region of a sample) is non-uniform, the overall energy level of the
radiation defivered per unit volume and unit mass is more uniform.

The radiation dose used during imaging is typically lower, or much fower, than the radiation
dose used during iradiation. Radiation dose is measured using the Si unit Gray (Gy).
Imaging typically uses a dose of 0.005-0.1 Gy. irradiation typically uses a dose of at lsast
1 Gy but some applications can use a lower dose, such as a dose of al least 0.02 Gy, In

contrast, imaging is typically in the range of 0.005-0.1 Gy.

An overview of an entire operation cycle will now be described. Initially, the holders 134 are
loaded with samples requiring irradiation. The holders 134 may be loaded manually or by an
auviomated loading system. Then, the method shown in FIGURE 13 is performed. That is
the irradiation apparatus acquires imaging data about the samples in the irradiation volume;
the irradiation apparatus delermines optimum irradiation planning data; the irradiation
apparatus irradiates the volume for an irradiation duration using the irradiation planning data.
At the end of the irradiation duration the holders 134 are unloaded.

The samples can vary between operating cycles. When the samples are uniform in their
properties, the imaging and planning steps (blocks 302, 304} can be omitled and planning
data from an sarlier imaging operation can be used. It is also possible {o define ons or mors
templates of parameter values for particular samples or conditions.

In a simpler example, where the iradiation lacks a detsclor array and a capability 1o image
the irradigtion volume, the irradiation apparatus can receive inpuls {o sel parameters for an
irradiation cycle such as one or more of. a total radiation dose; a rate of delivering radiation;
a total duration of the iradiation; a number of radiation source points activated (from 1
through to the maximumy; a power of each of the aclivated radialion source points; a beam
angle of each of the aclivated radiation source points; rotational frequency (speed) of the
fransport apparatus. Dose may be specified as g numerical value, which a conltrofler of the
rradiation apparatus can convert to specific operational parameters to achieve that dose, or
the dose may be specified more specifically, such as energy (kKV) and current (mA).

in a further example where the iradiation iacks a detector array and a capability o image
the irradiation volume, the iradiation apparatus can receive inpuls 1o select parameters such
as: g total radiation dose supplied during the irradiation cycle; a rate of delivering radiation

during the irradiation cycle; a total duration of the irradiation. The irradiation apparatus can
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determine operating parameters for the array of radiation source points 122 based on the
input vaiues. Paramelers may be inpul to the processing apparatus, €.g. via user interface
(508, FIGURE 14} or by an input received from another apparatus. Examples of possible
parameters are: energy, which can be a value of the anode-cathode potential difference (V2,
FIGURES 8, 9} or a vaiue which can be mapped 10 a polential difference; current, which can
be a value of the current flow across the filament.

FIGURE 145shows an example of a processing apparatus 500 which may implement at
least part of the processing of the invention, such as the controller 160 shown in FIGURE 1.
The processing apparatus 500 may implement the method of FIGURE 13, Processing
apparatus 500 comprises one or morg processor 501 which may be any type of processor
for executing instructions {o control the operation of the device. The processor 501 is
connected to other components of the device via one or more buses 506. Processor-
executable instructions 503 may be provided using any data storage device or computer-
readable media, such as memory 502, The processor-execuiable instructions 503 comprise
instructions for implementing the functionality of the described methods. The memory 502 is
of any suitable type such as non-volatile memory, a magnetic or oplical siorage device. The
processing apparatus 500 comprises inputfoutput (¥O) interfaces 507. The VO interfaces
507 can receive signals from the deteciors and cutput signals to control the irradiation
apparatus, e.g. control the number of radiation source points, power, heam width; control
operation of the transport system (stationary, rotate about one axis, rotate about multiple
axes). The processing apparatus 500 connects 0 a user inferface 508, Memory 502, or a
separate memory, stores data used by the processor. This can include one or more of:
image data 511, irradiation planning data 512.

The dose may vary according to a typs of application. Radiation dose is measured using the
Sunit Gray (Gy) and dose rate in Gray/minute (Gy/min). Slerilization typically requires a
high or a very high dose {e.g. 15-50 Gy dose for blood bags,; 400-15,000 Gy dose for fiuils,
vegetables, nuts, meat, fish, poultry and animal feed; 2,500-15,000 Gy dose for cannabis
bags/bottles), This can be delivered at a high dose rate, and may require an irradiation cycle
of the order of hours, or tens of hours. Cther applications can require a smaller dose, e.q.
irradiation of cells for clinical research requires a dose of 0.2-25 Gy at a dose rate of 2-15

Gy/min.

Throughout the dsscription and claims of this specification, the words “comprise” and

‘contain” and variations of the words, for example “comprising” and “comprises’, means
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“including but not limited t0”, and is not intended to (and does not) exclude other moieties,
additives, components, integers or sieps.

Throughout the description and claims of this specification, the singular encompasses the
plural uniess the context otherwise requires.  In particular, where the indefinile arlicle is
used, the specification is {o be undersiood as contemplating plurality as well as singularity,
urless the context requires otherwise,

Features, integers, chargcteristics, compounds, chemical moisties or groups described in
conjunction with a particular aspect, embodiment or example of the invention are {0 be
undersiood to be applicable {o any other aspect, embodiment or example described herein
uniess incompatible therewith,
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CLAIME:

1. An irradiation apparatus comprising:

& shielded housing;

& plurality of ionising radiation source points configured 1o output lonising radiation,
wherein the plurality of ionising radiation source points is an array distributed around an
radiation volume and the array of ionising radiation source points is configured to direct
ionising radiation inwardly to the irradiation volume;

& transport apparatus configured to support at least one sample 0 be iradiated
within the irradiation volume, wherein the transport apparatus is configured to rotale about a

first rotational axis lying within the brradiation volume.

2. An irradiation apparatus according to claim 1 wherein the array of ionising radiation

source points comprises a ring of ionising radiation source points.

3. An irradiation apparatus according to claim 1 or 2 wherein the array of ionising
radiation source poinis comprise a plurality of rings of ionising radiation source points,
wherein the rings are offse! along a longitudinal axis passing through the plurality of rings.

4, An irradiation apparatus according to claim 1 whersin the array of ionising radiation

source points comprises a rectilinear array.

5. An irradiation apparatus according 1o any one of the preceding claims comprising a
total of N ionising radigtion source points, and the frradiation apparatus is configured o
simuitaneously aclivate up o N of the ionising radiation source points during an irradiation

cycle.

8. An irradiation apparatus according to any one of the preceding claims which is
configured to independently control operating parameters of each of the plurality of ionising

radiation source points during an irradiation cycle.

7. An irradiation apparatus according to claim & wherein the operating parameters for
an ionising radiation source point arg at least one of;

an aclivation stale of the [onising radigtion source point;

an operating current and/or an operating voltage of the ionising radiation source

point;
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a parameier for a beam controlling device of the ionising radiation source point.

8. An irradiation apparatus according to any one of the preceding claims wherein the
plurality of ionising radiation source points comprise at least one of. a plurality of individual
ionising radiation sources; an onising radiation source with a pluralily of ionising radiation

source points.

g An irradiation apparatus according fo any one of the preceding claims wherein the
fransport apparatus comprises a turntable which is configured {o rotate about the first

rotational axis ing within the irradiation volume.

10 An irradigtion apparatus according to claim 9 wherein the transpor apparaius
comprises a plurality of sample holders each with a respective second axis of rotation and
wherein the fransport apparatus is configured {o also rotate the sample holders about their

respective second axes,

11, An irradiation apparaius according to any one of the preceding claims comprising a
detector array and wherein the irradiation apparatus is configured to image the irradiation

volume using at least one of the radiation source points and the detecior array.

12. An irradigtion apparatus according to claim 11 wherein the detsctor array extsnds in
an axial direction and wherein the irradiation apparatus is configured to image an axial
dimension of the irradiation volume.

13. An irradiation apparatus according to claim 11 or 12 which is configured to provide
refative movement, in an adal direction, between wherein detecior array and the transport

apparatus 1o image an axial dimension of the irradiation volume,

14, An irradiation apparaius according to claim 13 which is configured {o provide relative
movement by one of. axially moving the transport apparatus while the detector array remains
stationary,; axially moving the detector array while an axial position of the transport apparatus
remains constant.

18. Anirradiation apparatus according to any one of claims 11 {o 14 which is configured
10 image the iradiation volume by

activating a first radiation source point to emit a beam of radiation for imaging;
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coniroliing the transport apparatus o rotate about the first rotational axis; and

using the deleclor array to gequire image data.

16. An irradiation apparatus according to claim 15 which is configured {o repeatedly or
continuously acquire image dala as the transport apparatus is configured io rotale a

complete revolution about the first rotational axis.

17. An irradiation apparatus according {o any one of claims 11 to 18 which is configured

o use image data o construct a three-dimensional image.

18. An irradiation apparatus according o any of claims 11 to 17 which is configured {o
control the plurality of tonising radiation source points based on the acquired image data.

19. An irradiation apparatus according o any of claims 11 to 18 which is configured {o
determine data indicative of density of a sample within the irradiation volume based on the

acquired image data.

20. An irradiation apparatus according o any of claims 11 to 18 which is configured {o
determine data indicative of volumetric and/or spatial distribution of a sample within the

rradiation volume based on the acquired image data,

21 An irradiation apparatus according to any one of claims 11 {o 20 configured to
determing a required amount of irradiation to which a sample is to be subject based on the
acquired image data and to control the plurality of lonising radiation source points to deliver

the required amount,

22, An irradiation apparatus according to claim 21 configured to control the pluraiity of
ionising radiation source points to deliver the required amount of radiation taking into

account the presence of 2 sample holder and/or sample packaging.

23. Anirradiation apparatus according to any one of claims 18 to 22 which is configured
{0 determine at least one of:

a number of ionising radiation source points {0 be activaled,

an operating current and/or an operating voltage of sach of the aclivated ionising
radiation source points;

a parameter for a beam controlling device at an ionising radiation source point;
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24, An irradiation apparatus according o any one of the preceding claims wherein the
ionising radiation is X-ray radiation.

25. A method of radiating at least one sample by an irradiation apparatus comprising:
oulputling ionising radiation from a plurgiity of ionising radistion source points
distributed around an irradiation volume, wherein the ionising radiation source points direct
ionising radiation inwardly to the irradiation volume;
supporting the at least one sample within the irradiation volume and rolating the at

least one sample about a first rotational axis lving within the iadiation volume.

28, A method according to claim 25 wherein there is a total of N ionising radiation source
points and the method comprises selecting a number up to N of the ionising radiation source
points to simultaneously activate during an irradiation cycle.

27, A method according to claim 25 or 26 comprising independently controlliing operating
parameters of each of the plurality of ionising radiation source points during an irradiation

cycle.

28. A method according to claim 27 wherein the operating parameters for an ionising
radiation source point are al least ong of;

an activation state {on/off} of the ionising radiation source point;

an opergting current and/or an operaling vollage of the onising radiation source
point;

a parameter for a beam controlling device of the ionising radiation source point.

29, A method according to any one of claims 25 to 28 comprising acquiring image data of
the frradiation volume using at least one of the radiation source points and a detector array.

30. A method according to claim 29 comprising controlling the plurality of ionising
radiation source points based on the acquired image data.
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