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DEVICE FOR IRRADIATING A TARGET WITH A 
HADRON-CHARGED BEAM, USE IN 

HADRONTHERAPY 

TECHNICAL DOMAIN 

[0001] This invention relates to a device for irradiation of 
a target by a charged hadron beam, more simply referred to 
as “hadrons” in the following. 

[0002] In particular, it relates to a device for irradiation of 
a part of the human body during a hadrontherapy session, 
this area being occupied by a tumour. 

[0003] The invention is used for applications in all ?elds 
that require irradiation of a target that is inaccessible or 
dif?cult to access. 

[0004] For example, it is applicable to irradiation of radio 
active Waste placed in a hermetically sealed container in 
order to transmute this Waste. 

[0005] The invention is more particularly applicable to 
hadrontherapy. 

[0006] It could be installed in all hadrontherapy centres 
and it could replace techniques used at the moment to 
irradiate tumours by hadron beams. 

STATE OF PRIOR ART 

[0007] Hadrontherapy is a therapeutic method based on 
the same principles as radiotherapy, except that it uses 
hadron beams While radiotherapy uses photons or electrons. 

[0008] Light ions, for example such as H*, He2+ and C4+ 
are usually used as the hadrons. 

[0009] Beams of such ions are produced by an accelerator 
installation, usually a cyclotron for protons, or a synchrotron 
for heavier ions. 

[0010] Hadrontherapy techniques are knoWn from the 
folloWing documents: 

[0011] [1]“The medical accelerator HIMAC and the 
charged particle therapy in Japan”, A. KitagaWa and F. Soga, 
Proc. PAC Conf. 2001, Jun. 18-22, 2001, Chicago, Ill., USA. 

[0012] [2]“Proposal for a dedicated ion beam facility for 
cancer therapy”, Eds. K. D. Gross, M. Pavlovic, GSI, 
Darmstadt, September 1998. 

[0013] The advantage of hadrontherapy compared With 
radiotherapy is based on the existence of the physical 
phenomenon of “Bragg peak” according to Which hadrons 
lose practically all their kinetic energy at a de?ned depth in 
the human body, thus causing a peak dose deposit at this 
location, called the “Bragg peak”. 

[0014] The depth of the Bragg peak depends on the kinetic 
energy of the incident beam and can therefore typically be 
adjusted to betWeen one and several tens of centimetres, by 
accelerating hadrons to kinetic energies typically varying 
from 50 MeV/u to 450 MeV/u using a synchrotron, or by 
using a moment analysis system in the case of a proton beam 
accelerated With a cyclotron. 

[0015] Concerning this Bragg peak phenomenon one Will 
refer eg to document 
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[0016] The advantage of light ions and particularly carbon 
ions compared With protons (H*) is based on their better 
biological e?iciency that creates ampli?cation of the Bragg 
peak. 
[0017] The invention is useful for the tWo hadron beam 
production techniques using a synchrotron or cyclotron type 
accelerator. It could replace irradiation systems used in 
hadrontherapy centres, that are based on either of these tWo 
types of accelerators. 

[0018] We Will noW reconsider knoWn devices for irradia 
tion of a tumour by a hadron beam. 

[0019] The dimensions of a tumour can be as high as 
several centimetres. In existing installations, the tumour 
volume as a Whole is irradiated in tWo different Ways. 

[0020] The ?rst technique used Was passive irradiation, 
that is still used at the present time since it has the advantage 
that it is Well controlled and Well knoWn. 

[0021] A second technique that is noW under development 
is scanning by pixels or active scanning, that enables a 
three-dimensional irradiation conforming to contours of the 
tumour. This is Why this technique is called the “3D con 
formational irradiation technique”. 

[0022] The passive irradiation technique is rather used 
With cyclotrons, that are ?xed energy machines. Neverthe 
less, it is also used With synchrotrons (see document 

[0023] In this second technique, the irradiation is spread in 
depth by spreading the Bragg peak, through the use of a 
scattering material that induces a large dispersion of the 
kinetic energy of the incident hadron beam. It Was used 
folloWing experimental Works in order to make beams 
uniform by non-linear corpuscular optical means. 

[0024] Further information about this subject is given in 
the folloWing document: 

[0025] [3]“Generation of rectangular beam distributions”, 
B. Blind, Report MS H811, LANL, NM 87545. 

[0026] The mathematical modelling of this technique Was 
described by F. Méot and T. Aniel. 

[0027] Further information on this subject is given in the 
folloWing documents: 

[0028] [4]“On beam uniformiZation by non-linear optics” 
F. Méot and T. Aniel, Saturne National Laboratory Report, 
Ref. CEA/DSM/GECA/GT/95-05, July 1995, pages 1 to 20. 

[0029] [5]“Principles of the non-linear tuning of beam 
expanders”, F. Méot and T. Aniel, Nuclear Instruments and 
Methods in Physics Research A379, 1996, pages 197 to 205. 

[0030] In the case of passive irradiation, transverse irra 
diation of the tumour is obtained by transverse expansion of 
the beam, for example using a scanning system called a 
“Wobulator” that extends the beam over the entire Width of 
the tumour, by associating this scanning system With scat 
tering materials, the purpose of Which is to make the 
transverse density uniform, and With diaphragm systems, for 
example multi-slide collimators, the purpose of Which is to 
de?ne the contours of the area to be irradiated as Well as 
possible. 

[0031] The passive irradiation technique has at least three 
serious disadvantages. 
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[0032] Indeed it is based on the principle of degradation of 
the incident beam: starting from a high quality and practi 
cally single energy beam, a beam is formed With large 
dimensions and dispersed energy. 

[0033] This technique also involves insertion of intercep 
tion elements called “degrading materials”, in the incident 
beam. 

[0034] Furthermore, this technique has the major defect 
that it doest not enable precise 3D conformational irradia 
tion: areas external to the tumour are inevitably irradiated. 

[0035] The use of the active scanning technique is pref 
erably envisaged in installations based on a synchrotron, 
Which is a variable energy machine. 

[0036] HoWever, the obvious advantage of this technique 
means that it is noW also developed near some cyclotron 
installations, Which in the past Were limited to passive 
irradiation, using a dispersion and moment analysis system 
Which makes it possible to induce a Wide energy range. 

[0037] In this active scanning technique, a ?ne hadron 
beam is used With a diameter typically equal to a feW 
millimetres and irradiation in depth is achieved by sections, 
by adjusting the energy of the hadron beam, Which has the 
effect of determining the depth of the Bragg peak. Remem 
ber that the energy of hadrons corresponds to an irradiation 
depth of a feW millimetres. 

[0038] The transverse irradiation of a section of the 
tumour is achieved by scanning this section using the beam 
spot, in the same Way as a television beam, at a speed of 
approximately 10 metres per second. 

[0039] One preferred variant of this technique at the 
present time (see document [2]) consists of irradiating the 
section of the tumour pixel by pixel. 

[0040] Given a depth and therefore a section, the spot is 
held on a pixel Whose diameter is consequently the same as 
the diameter of the beam spot, until the required dose is 
obtained, and the spot is then quickly moved in translation 
to the next pixel, and so on. 

[0041] This variant is diagrammatically illustrated in FIG. 
1, that shoWs irradiation of a tumour section 2 by a hadron 
beam not shoWn, perpendicular to the plane of the ?gure. 
Transverse scanning of this section is represented by the 
dashed lines 4, and the pixels 6 are irradiated in sequence. 

[0042] Compared With passive irradiation, active irradia 
tion or active scanning has the important advantage that it 
enables 3D conformation and a more precise adjustment of 
the dose at any point in the volume to be irradiated, point 
that is also called the “volume pixel” or voxel. 

[0043] Another transverse expansion and uniformisation 
technique in passive irradiation Was recently proposed in the 
hadrontherapy ?eld. 

[0044] Refer to the folloWing document for further infor 
mation about this subject: 

[0045] [6]“Design of a beam transport system for a proton 
radiation therapy facility”, W. P. Jones and G. P. Berg, Proc. 
Particle Accelerator Conf., NeW-York, 1999, pages 2519 
2521. 
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[0046] The advantage of this other technique is that it does 
not intercept the irradiation beam since it is based on a 
system composed solely of corpuscular optics devices: this 
system uses non-linear magnetic lenses, each lens being an 
octupole or a combination of an octupole and a dodecapole. 

[0047] Note that this technique had been proposed in the 
past for the production of beams With a large (of the order 
of a square meter) and uniform transverse intensity distri 
bution, for reprocessing of nuclear Waste by irradiation. 

[0048] Further information about this subject is given in 
document [3] mentioned above. 

[0049] This avoided the use of scattering materials Which 
have the disadvantage of tending to deteriorate the beam, 
since they generate lateral and distal scattering tails. 

[0050] The current trend is to use the pixel scanning 
technique, since this is the only technique that enables 
three-dimensional conformational irradiation, also knoWing 
that passive irradiation is still used mainly for historical 
reasons. 

[0051] The pixel depth is then controlled via the energy of 
the incident beam, either by means of the accelerator for a 
synchrotron, or through degradation by means of intercep 
tion materials. 

[0052] Further information about this subject is given in 
the folloWing documents: 

[0053] [8]“Spot scanning irradiation with 11C beams at 
Himac”, E. Urakabe, FFAG-02 Workshop, KEK, Tsukuba, 
Feb. 13-15, 2002. 

[0054] [9]“Flexible computational model of pencil beam 
dose distribution for spot-scanning”, A. Molodojentsev and 
T. Sakae, FFAG-02 Workshop, KEK, Tsukuba, Feb. 13-15, 
2002. 

[0055] In the case of active scanning, the current trend is 
limited to the improvement of the pixel scanning technique. 

[0056] Another scanning technique comparable to that 
described in document [1], is described in the folloWing 
document: 

[0057] [10]“Accelerator facility PATRO for hadron 
therapy at Hyogo Ion Beam Medical Center”, A. Itano. 

PRESENTATION OF THE INVENTION 

[0058] The purpose of this invention is to irradiate the 
target in a better controlled manner than in prior art 
described above, by outputting ions Within the exact volume 
of this target. 

[0059] In particular, the purpose of the invention is to 
considerably improve the active scanning technique men 
tioned above. 

[0060] Speci?cally, the purpose of this invention is a target 
irradiation device, particularly an area of the human body, by 
a charged hadron beam, this beam being produced by means 
of generating a charged hadron beam, this device being 
characterized by the fact that it comprises: 

[0061] corpuscular optics means, designed to make the 
transverse density of the charged hadron beam uniform, 
along at least one direction perpendicular to the traj ec 
tory of this charged hadron beam, and 
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[0062] means for the three-dimensional control of the 
irradiation of the target by this charged hadron beam. 

[0063] According to one preferred embodiment of the 
device according to the invention, the corpuscular optics 
means comprise at least one non-linear corpuscular optics 
lens. 

[0064] These corpuscular optics means may include tWo 
non-linear corpuscular optics lenses designed to make the 
transverse density of the charged hadron beam uniform, 
along tWo directions perpendicular to each other and to the 
trajectory of this charged hadron beam. 

[0065] Preferably, each non-linear corpuscular optics lens 
is 2n-polar, Where n is an integer equal to at least 4. 

[0066] According to one preferred embodiment of the 
invention, the three dimensional control means include: 

[0067] means of adjusting the energy of the generated 
charged hadrons and 

[0068] scanning means capable of displacing the 
charged hadron beam to make it scan the target along 
a narroW substantially rectangular band. 

[0069] Preferably, the scanning means include a pair of 
magnetic dipoles. 

[0070] According to a ?rst particular embodiment of the 
device according to the invention, the charged hadron beam 
generation means comprise a synchrotron and the means 
used to adjust the energy of the generated charged hadrons 
are the means of adjusting the energy of the charged hadrons 
produced by this synchrotron. 

[0071] According to a second particular embodiment of 
the device according to the invention, the means of genera 
tion of the charged hadron beam comprise a cyclotron and 
the means of adjusting the energy of the generated charged 
hadrons include moment analysis means. 

[0072] Preferably, the scanning means are capable of 
causing the centre of the narroW band to folloW a median 
line While lengthening or shortening this narroW band in 
order to folloW the contours of the target. 

[0073] In one particular embodiment of the invention, the 
corpuscular optics means are capable of varying the uni 
formisation of the transverse density of the charged hadron 
beam depending on the length and/ or the Width of the narroW 
band. 

[0074] In one advantageous embodiment of the invention, 
the scanning means are capable of making the charged 
hadron beam scan the target at predetermined depths of this 
target, and a plurality of times for each of these depths, the 
dose delivered to the target each time being equal to the total 
dose required for this depth, divided by the number of times. 

[0075] The charged hadrons used in this invention are 
preferably light ions or more speci?cally light nuclei, in 
other Words nuclei With an atomic number of typically less 
than 20. 

[0076] For example, these nuclei are chosen among H", 
He“, and C4". 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0077] This invention Will be better understood after read 
ing the description of example embodiments, given beloW 
for information only and in no Way limitative, With reference 
to the appended draWings Wherein: 

[0078] FIG. 1 diagrammatically illustrates irradiation of a 
tumour section by a knoWn transverse pixel scanning tech 
nique, and has already been described, 

[0079] FIG. 2 is a diagrammatic vieW of a particular 
embodiment of the device according to the invention, 

[0080] FIG. 3 is a diagrammatic and partial vieW of a 
variant of the device in FIG. 2, 

[0081] FIG. 4 is a cross sectional vieW of an irradiation 
beam that can be used in the invention, 

[0082] FIG. 5 diagrammatically illustrates irradiation of a 
tumour section by uniform, sloW and tWo-dimensional scan 
ning of this section, according to the invention, and 

[0083] FIG. 6 diagrammatically illustrates a juxtaposition 
of pixels to make a dose deposit uniform, in accordance With 
a knoWn irradiation technique. 

DETAILED PRESENTATION OF PARTICULAR 
EMBODIMENTS 

[0084] One particular embodiment of the device according 
to the invention is shoWn diagrammatically in FIG. 2. 

[0085] This device is designed to act on a charged hadron 
beam, the trajectory of Which extends along an X-axis. 

[0086] TWo directions Y and Z are also de?ned perpen 
dicular to each other and to the X-axis. For example, the 
X-axis is horiZontal, the Y-direction is also horiZontal and 
the Z direction is vertical. 

[0087] In the example shoWn in FIG. 2, the means of 
generating the hadrons beam 4 are composed of a synchro 
tron provided With means 6 of adjusting the energy of the 
hadrons. For example, these hadrons may be He2+ or C4+ 
nuclei. 

[0088] In one variant that is diagrammatically and par 
tially illustrated in FIG. 3, the hadrons are protons (H") and 
the protons beam generation means 4 are composed of a 
cyclotron 8. 

[0089] This cyclotron is folloWed by moment analysis 
means 10 that adjust the energy of protons. 

[0090] The target 12, for example a tumour, that is to be 
irradiated by the hadrons beam 4, can also be seen. 

[0091] The device according to the invention shoWn in 
FIG. 2 is installed betWeen the synchrotron 2 and the target 
12 (and betWeen the moment analysis means 10 and this 
target in the case of FIG. 3). 

[0092] Along the X-axis, this device includes at least one 
non-linear uniformisation lens, at least one magnetic scan 
ning dipole and a set of focussing lenses. 

[0093] In the example, each non-linear uniformisation lens 
is an octupolar lens and tWo of them are used, references 14 
and 16. 
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[0094] The octupolar lens 14 (respectively 16) is designed 
to make the transverse density of the hadrons beam 4 
uniform along the horizontal Y direction (respectively the 
vertical direction Z). 

[0095] A dodecapolar lens 18 can be added to the octu 
polar lens 14, and a dodecapolar lens 20 can be added to the 
octupolar lens 16. 

[0096] In the example, tWo magnetic dipoles or magnetic 
dipolar magnets are used, marked With references 22 and 24. 

[0097] They are preferably placed less than 10 m from the 
target 12. 

[0098] The magnetic dipole 22 is designed to make the 
hadrons beam 4 scan the target 12 along the Y horizontal 
direction, and the magnetic dipole 24 is designed to make 
the hadrons beam 4 scan the target 12 along the vertical 
direction Z. 

[0099] In the example, the focusing lenses are quadrupolar 
lenses numbered Q1 to Q7 respectively. 

[0100] In this example We have: lens Q1 (divergent), lens 
Q2 (convergent), lens 14, lens 18 if provided, lens Q3 
(divergent), lens 16, lens 20 if provided, lens Q4 (conver 
gent), lens Q5 (divergent), lens Q6 (convergent), lens Q7 
(divergent), dipole 22 and dipole 24, all in this sequence. 

[0101] The device in FIG. 2 is classi?ed in the category of 
active irradiation devices. Therefore, it has the important 
advantage of precise 3D conformation, While providing 
major improvements. The same is true for the variant in 
FIG. 3. 

[0102] This device belongs to active scanning devices like 
those described above, in that irradiation by the beam 4 is 
actually controlled in three dimensions in space by means of 
scanning dipoles 22 and 24 that are placed a feW meters on 
the upstream side of the tumour, and means of adjusting the 
energy of the incident beam 4. 

[0103] Concerning the transverse distribution of the beam, 
let us add that the irradiated transverse area is extended into 
a narroW band With uniform density in one of the tWo 
directions Y and Z or in both directions, and in principle With 
a length equal to the local Width of the section of the tumour 
being irradiated. 

[0104] In the invention, a corpuscular optics device is used 
that therefore does not intercept the hadrons beam. It com 
prises one or tWo non-linear lenses. 

[0105] In the example in FIG. 2, the tWo non-linear lenses 
14 and 16 called uniformisation lens are used, integrated into 
the optical line that transports the hadrons beam to a patient 
Whose tumour is to be irradiated. 

[0106] A beam scanning device is also used that in the 
example comprises the tWo magnetic dipoles 22 and 24. 
These dipoles are of the type used for active scanning. 

[0107] Admittedly, the transverse uniformisation tech 
nique making use of one or tWo non-linear lenses (see 
documents [3] and [6] mentioned above), and the beam 
scanning technique using a pair of magnetic dipoles, are 
already knoWn. 

[0108] HoWever, this invention combines these tWo tech 
niques in quite an innovative and advantageous manner. 
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[0109] We Will noW reconsider the transverse uniformisa 
tion used in the invention by means of a non-linear corpus 
cular optics device. 

[0110] In its natural form (at the output from the synchro 
tron 2 or from moment analysis means 10), the beam 4 has 
a transverse density in the form of a bell (like a gaussian 
curve) in each of the tWo directions Y and Z, that are 
orthogonal to its propagation direction X. 

[0111] But in the invention, it is essential that this density 
should be uniform, at least in one of the tWo directions Y and 
Z, or possibly in both. 

[0112] This uniformisation is achieved by means of non 
linear lenses, using one lens per direction. 

[0113] 2n-polar lenses are used, in Which the order 2n is a 
suf?ciently high even integer to obtain the required uni 
formisation, Where 2n is preferably equal to 8 (octupolar 
lenses) or is more than 8 if necessary. 

[0114] As We have already seen, complex non-linear 
lenses can even be used each formed by a pair of non-linear 
lenses, namely a 2n-polar lens and a 2m-polar lens, Where 
m>n§4, for example choosing n=4 and m=6. 

[0115] FIG. 2 shoWs an optical line that achieves such 
uniformisation in the XY plane and in the XZ plane, as an 
example. 
[0116] The cross section S of the beam 4 that is perpen 
dicular to the X axis and forms a substantially rectangular 
band (the length of Which being parallel to the Y direction 
and the Width being parallel to the Z direction) together With 
the resulting pro?les of the beam along Y (curve I) and along 
Z (curve II) are shoWn diagrammatically in FIG. 4 (given 
purely for guidance purposes and in no Way limitatively, 
particularly concerning the indicated dimensions). 

[0117] In the case of an optical line designed to implement 
uniformisation according to the invention, the corpuscular 
optics means of this line are provided as a function of the use 
of the non-linear lenses. 

[0118] If a device conforming With the invention is 
installed on an existing optical line, it may be suf?cient to 
adapt optical focusing adjustments to take account of con 
straints related to the positioning of non-linear lenses; it may 
be necessary to displace focusing quadrupoles included in 
the optical line. 

[0119] We Will noW reconsider tWo-dimensional scanning. 

[0120] The device in FIG. 2 uses a sloW guidance system 
for the beam 4 (in the sense that it is sloWer than in the case 
of active scanning), using the tWo dipole magnets 22 and 24, 
for example arranged just on the doWnstream side of the last 
quadrupole Q7 of the optical line in FIG. 2, such that the 
impression of the rectangular beam as shoWn diagrammati 
cally in FIG. 4, sloWly scans the tumour section considered, 
as shoWn diagrammatically in FIG. 5. 

[0121] In this ?gure, the tumour section is marked With 
reference 34. A uniform, sloW and tWo-dimensional scan 
ning is carried out on it, by the hadrons beam, for Which the 
section perpendicular to the X-axis is substantially in the 
shape of a rectangle 36: the centre of gravity G of this 
rectangle folloWs a median line 38 at the same time as the 
rectangle becomes longer or shorter to folloW the contours 
40 of the tumour. 
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[0122] Note that the rectangle slides and the contours of 
the area thus scanned are smooth, unlike What is shoWn in 
FIG. 5. 

[0123] Furthermore, in the example in this FIG. 5, the 
bottom of the tumour is divided into tWo parts 34a and 34b. 

[0124] In this case, starting from a scanning rectangle 3611, 
the scanning line 38 is ?rstly prolonged by a scanning line 
42 to scan one 3411 of these tWo parts by adapted scanning 
rectangles, and rectangle 36a is then used again to prolong 
the scanning line 38 by another scanning line 44 in order to 
scan the other part 34b by adapted scanning rectangles. 

[0125] The length of the rectangle at the current point is 
adjusted in a very conventional manner using quadrupolar 
focussing lenses (for example quadrupoles Q4 to Q7). Its 
Width is also adjustable at Will, using the same quadrupoles. 
These are simple formations of images on the image plane 
of the optical line, Which is the plane of the irradiated tumour 
section. 

[0126] This requires simultaneous adjustment of the non 
linear lens or both lenses, since uniformisation also depends 
on the adjustment of the quadrupoles (see document 

[0127] All of this can be made conventionally using 
function generators that control poWer supplies for these 
various lenses and are themselves controlled by a softWare. 

[0128] In FIG. 2, references A1 to A13 denote poWer 
supplies associated With components Q1, Q2, 14, 18, Q3, 16, 
20, Q4, Q5, Q6, Q7, 22 and 24 respectively. 

[0129] References G1 to G13 denote function generators 
that control these poWer supplies A1 to A13 respectively and 
reference 46 denotes electronic processing means containing 
the softWare and designed to control these function genera 
tors. 

[0130] The data for this softWare are determined from the 
planning for the patient’s treatment, produced by doctors in 
advance, after seeing images obtained by one or several 
imagery techniques knoWn to those skilled in the art. 

[0131] The folloWing describes various advantages and 
the innovative nature of the invention. 

[0132] Scanning by uniformised rectangle as described 
encompasses pixel scanning since a pixel can be considered 
as a small rectangle. 

[0133] Furthermore, pixel scanning is noW the preferred 
technique since it enables so-called “3D conformational”, 
irradiation: the position and energy of the particle beam can 
be adjusted so as to reach a pixel With an arbitrary position 
in the volume of the tumour. 

[0134] Furthermore, scanning by pixel, stopping on each 
pixel, is preferred instead of continuous television type 
scanning. 

[0135] Therefore, in order to demonstrate the advantages 
of the invention compared With all knoWn techniques, it is 
su?icient to compare the performances of the invention With 
the performances of active pixel scanning only, Which is the 
prior art closest to the invention. 
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[0136] 
[0137] Under some accident conditions, the hadrons beam 
may have an intensity time peak, Which immediately stops 
irradiation by appropriate safety systems (not shoWn) knoWn 
to those skilled in the art. 

l/ Firstly Consider the Question of Overintensities 

[0138] The result is more or less pronounced over-irradia 
tion of the target area by the beam at this moment. This is 
a serious problem in hadrontherapy, and the optimum solu 
tion has not yet been found. 

[0139] In the case of the device according to the invention, 
the irradiation rectangle usually has an area very much larger 
than the area of a pixel considered in the active scanning 
technique. This can easily be seen by comparing FIGS. 1 
and 5, that shoW identical tumour sections. 

[0140] Consequently, in the case of the invention as illus 
trated in FIG. 5, the accident peak causes a Weaker surface 
over-irradiation than in prior art as illustrated in FIG. 1, the 
ratio of surface over-irradiations being proportional to the 
ratio of surface areas. 

[0141] Therefore, the nuisance is lessened or even elimi 
nated, knoWing that irradiation involves non-linear effects 
With threshold phenomena such as the 2 Grays threshold 
(see document 

[0142] 2/ Then Consider the Question of Dose Homoge 
neity 

[0143] A)iThe intensity of the beam extracted from the 
accelerator must be as constant as possible in time (for 
example expressing this intensity as a number of particles 
per second). In reality, this intensity is subject to ?uctua 
tions, Within frequencies ranges that for example depend on 
accelerator extraction techniques. 

[0144] The device according to the invention integrates 
these ?uctuations, in other Words smoothes them, better than 
is possible using the active scanning technique because 
scanning by rectangle is done at a loWer speed: a rectangle 
equivalent to N pixels can be considered to remain station 
ary on a given area for N times longer than any of these N 
pixels. 

[0145] B)iln pixel irradiation, the dose is made uniform 
betWeen tWo adjacent pixels of the same line or betWeen tWo 
pixels of successive lines, by an overlap of bell distributions 
that is considered to be appropriate. 

[0146] In this respect, consider FIG. 1 and FIG. 6 that 
diagrammatically illustrate hoW pixels are put adjacent to 
each other in order to make the dose deposit uniform. 

[0147] Pro?les I, II and III of three adjacent pixels are 
plotted in a coordinate system in Which the position P is 
marked on the abscissa and the deposited dose D on the 
ordinate. The resulting pro?le has reference numeral IV. 

[0148] The result is never guaranteed and also depends 
very closely on the transverse pro?le of the dose in each 
pixel, the distribution of Which is not necessarily bell shaped 
or symmetrical. 

[0149] The device according to the invention operates 
very differently. In the scanning direction, the dose deposit 
is made uniform by regulating the scanning speed by servo 
control using measurement instruments not shoWn, identical 
to those used in the case of active scanning. 
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[0150] Further information about these instruments can be 
seen on documents [1, 2] mentioned above. 

[0151] In the direction perpendicular to scanning, Which is 
the direction of the length of the rectangle, uniformity is 
intrinsic. It is the result of uniformisation by the non-linear 
lenses. 

[0152] 3/ In Addition Consider the Question of Moving 
Tumours 

[0153] The fact that a tumour can move is one of the 
dif?culties of hadrontherapy. Scanning by rectangle is also 
advantageous compared With pixel scanning in the case of 
an unexpected movement. 

[0154] Indeed consider the Worst case in Which the move 
ment of the tumour moves the current irradiation area aWay 
from the previously irradiated area. Then, for pixel scanning, 
a complete band is non-irradiated, While there is no lack of 
irradiation in the case of scanning by rectangle: the entire 
band Was irradiated for the time interval preceding the 
movement, regardless of hoW short it is. 

[0155] The folloWing contains further details about the 
invention. 

[0156] A bell-shaped pro?le in the scanning direction 
along Z can be left for an irradiation rectangle (see FIGS. 4 
and 5). One of the tWo non-linear lenses is then inactive and 
uniformisation is only achieved in the other direction, 
namely the direction of the length of the rectangle. 

[0157] A possible uniformisation in the direction of the 
Width of the rectangle makes the distribution edges along 
this direction very abrupt (see histograms in FIG. 4) com 
pared With a bell-shaped distribution. 

[0158] This property can be used to obtain a better de? 
nition of the contours of the irradiated area. 

[0159] Conversely, if these edges appear too abrupt, their 
slope can be modi?ed in a controlled manner by acting on 
the appropriate non-linear lens. 

[0160] This lens could also be sWitched on and off pro 
gressively at the ends of scanning to improve adaptation to 
the contours of the tumour. 

[0161] In cyclotron installations, the conformational 3D 
irradiation technique is noW being developed (for Which 
synchrotrons are more suitable), using a moment analysis. 
Therefore, a device conforming to the invention can be used 
in such installations: all it is necessary is to put moment 
analysis means on the doWnstream side, as mentioned 
above. 

[0162] Strictly speaking, the irradiation duration of a 
section is shorter With scanning by uniformised rectangle, 
than With pixel scanning: 

[0163] 1/ savings are made in displacement from one pixel 
to the next, and 

[0164] 2/ scanning by rectangle is continuous; it is unin 
terrupted, except possibly at some changes in the concave 
ness of the tumour (as shoWn in FIG. 5). 

[0165] FolloWing the contours of a section to be irradiated 
is a dif?cult operation. Uniform scanning in rectangle pro 
vides a better adaptation: the length of the rectangle can be 
reduced and the scanning speed can be increased. On the 
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contrary for pixel scanning, it is impossible to reduce the 
pixel diameter as much as We Would like, otherWise unifor 
mity betWeen pixels can no longer be controlled. 

[0166] With the invention, it is possible to do the scanning 
in several layers for a given depth (in other Words in several 
passes), and possibly crossWise. 

[0167] This can be done by dividing in the total dose 
necessary for this depth by the number of layers. 

[0168] In this case, uniformisation of the dose is facilitated 
by carrying out steps, Which enable adjustments, for 
example on the edges of the tumour. The advantages of 
scanning by rectangle already mentioned above are also 
slightly increased: 

[0169] for overintensities, the intensity of an accident 
time peak Will be further reduced, and the same is true 
for the resulting over-irradiation; 

[0170] for dose homogeneity, the ?uctuations of inten 
sity With time related to sloW extraction from a syn 
chrotron, are even better smoothed; 

[0171] for mobile tumours, if a tumour moves When a 
layer is being scanned, the existence of folloWing or 
previous layers limits the lack of dose to a single layer. 

1-12. (canceled) 
13. An irradiation device for a target, by a charged hadron 

beam, produced by means for generating a charged hadron 
beam, the device comprising: 

corpuscular optics means for making transverse density of 
the charged hadron beam uniform, along at least one 
direction perpendicular to a trajectory of the charged 
hadron beam; and 

means for three-dimensional control of irradiation of the 
target by the charged hadron beam, 

Wherein the three dimensional control means includes: 

means for adjusting energy of generated charged had 
rons, and 

scanning means for displacing the charged hadron 
beam to make it scan the target along a narroW 
substantially rectangular band, and for causing the 
center of the narroW band to folloW a median line 
While lengthening or shortening the narroW band to 
folloW contours of the target. 

14. A device according to claim 13, Wherein the corpus 
cular optics means comprises at least one non-linear cor 
puscular optics lens. 

15. A device according to claim 13, Wherein the corpus 
cular optics means includes tWo non-linear corpuscular 
optics lenses con?gured to make the transverse density of 
the charged hadron beam uniform, along tWo directions 
perpendicular to each other and to the trajectory of the 
charged hadron beam. 

16. A device according to claim 14, Wherein each non 
linear corpuscular optics lens is 2n-polar, Where 2n is an 
integer equal to at least 8. 

17. A device according to claim 13, Wherein the scanning 
means includes a pair of magnetic dipoles. 

18. A device according to claim 13, Wherein the charged 
hadron beam generation means comprises a synchrotron and 
the means for adjusting the energy of the generated charged 
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hadrons are means of adjusting the energy of the charged 
hadrons produced by the synchrotron. 

19. A device according to claim 13, Wherein the means for 
generation of the charged hadron beam comprises a cyclo 
tron and the means for adjusting the energy of the generated 
charged hadrons includes moment analysis means. 

20. A device according to claim 13, Wherein the corpus 
cular optics means are capable of varying uniformiZation of 
transverse density of the charged hadron beam depending on 
a length and/or a Width of the narroW band. 

21. A device according to claim 12, Wherein the scanning 
means is capable of making the charged hadron beam scan 
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the target at predetermined depths of the target, a plurality of 
times for each of the depths, a dose delivered to the target 
each time being equal to a total dose required for the depth, 
divided by the number of times. 

22. A device according to claim 13, Wherein the charged 
hadrons are light nuclei. 

23. A device according to claim 15, Wherein each non 
linear corpuscular optics lens is 2n-polar, Where 2n is an 
integer equal to at least 8. 


