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RADIATION COLLIMATOR 

FIELD OF INVENTION 

The ?eld of the invention relates to collimators for nuclear 
instrumentation, such as gamma cameras and gamma knives, 
With applications in the ?elds of medical imagery and radio 
surgery, and in the ?eld of industrial materials quality testing 
(i.e., crack detection), moreover in X- or gamma-ray 
astronomy. 

BACKGROUND OF THE INVENTION 

Radiation collimators are used in a multitude of applica 
tions, including focused or directional radiation emission or 
radiation imagery and sensing. Radiation imagery applica 
tions include gamma and X-ray cameras and devices utiliZing 
radiation camera settings. Radiation emission applications 
include radiation therapy devices, such as the gamma knife 
(US. Pat. No. 6,968,036), or the Linac (US. Pat. No. 6,459, 
769Bl). Other applications, such as industrial material qual 
ity testing and crack detection (US. Pat. No. 4,680,470) 
utiliZe radiation imagery as Well as radiation emission, both 
requiring the use of collimators. The art uses collimators in a 
variety of spatial or structural arrangements or distributions, 
such as hemispheres (US. Pat. No. 6,968,036 B2; US. Pat. 
No. 5,448,611), linear distributions, or “fan-beam” collima 
tors (GB 1,126,767; JP20002318283). Widely used are cylin 
drical collimators and pinhole collimators (US. Pat. No. 
4,348,591; US. Pat. No. 6,114,702), in a variety of spatial 
distributions (US. Pat. No. 5,270,549). Recent applications 
disclose laminar/ superposed adjustable collimators (US. Pat. 
No. 5,436,958), single-leaf elliptical collimators (WO 2006/ 
015077A1), or multi-leaf adjustable collimators (US. Pat. 
No. 6,388,816 B2; US. Pat. No. 6,714,627; US. Pat. No. 
7,095,823 B2). HoWever, none of these art collimator designs 
takes into account the radiation attenuation laW (i.e., the 
attenuation is proportional to the inverse exponential of the 
shielding thickness through Which the radiation passes) in 
assessing the directivity characteristic (radiation diagram) of 
the collimators. These limits affect the directional precision 
in the case of radiation emitters and the resolution in the case 
of imagery applications (Teodorescu). 

Conchoids have frequently been used in patents, but never 
in the art of radiation collimators. Patents include using con 
choids for clock mechanisms (US. Pat. No. 6,809,992), for 
metal cutting tools (US. Pat. No. 2,053,392), for antenna 
steering devices (US. Pat. No. 6,766,166), for tape recorders 
(US. Pat. No. 3,443,447), as Well as for optical lenses (US. 
Pat. No. 880,208). Other publications illustrate the use of the 
Nicomedes conchoid in optimiZation problems, such as in 
(Kacimov). 

BRIEF SUMMARY OF THE INVENTION 

The object of this invention is a radiation collimator Whose 
shape ensures constant attenuation to rays from any direction 
entering the center of the collimator’s base. The disclosed 
collimator that ensures the constant attenuation is of con 
choidal shape. Precisely, the collimator is a revolution body 
that has a central cylindrical hole and has the outer upper 
surface generated by rotating a conchoidal curve around the 
axis of the cylinder. This collimator is intended for using a 
single radiation sensor or single radiation source. Multi-col 
limator structures based on the single sensor/ source collima 
tor are also disclosed. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic vieW of the axial section of the 
collimator, as delimited to the interior by a cylinder and to the 
exterior by a surface of revolution obtained by rotating a 
function g about the axis of the said cylinder. 

FIG. 2 illustrates rays entering the collimator at different 
angles of incidence 01-. Since the rays pass through different 
thicknesses, according to the attenuation laW, they Will reach 
the sensor in O With different intensities. 

FIG. 3 represents a sectional vieW of the collimator, sec 
tioned With a plane parallel to 20x. The thickness function 
6(0) is illustrated. 

FIG. 4A represents a sectional vieW of the conchoidal 
collimator, illustrating the maximum radiation incidence 
angle 0M“. 

FIG. 4B represents a detailed vieW of part of FIG. 4A, 
illustrating some of the geometrical parameters of the colli 
mator. 

FIG. 5 represents the ?rst preferred embodiment, a con 
choidal collimator With a cylindrical hole terminated in a cone 
frustum. 

FIG. 6 shoWs a detail of the said collimator hole for the ?rst 
preferred embodiment. 

FIG. 7 represents the attenuation pro?le for the ?rst pre 
ferred embodiment. 

FIG. 8A represents the second preferred embodiment, a 
conchoidal collimator With cylindrical hole. 

FIG. 8B presents a detailed vieW of part of FIG. 8A, illus 
trating some of the geometrical parameters of the collimator 
for the second preferred embodiment. 

FIG. 9 represents a three-dimensional vieW of the con 
choidal collimator. 

FIG. 10 is a vieW in section of the collimator depicted in 
FIG. 10. The section is made With a plane parallel to 20x. The 
interior cylinder 2 of the collimator 1 is illustrated. 

FIG. 11 represents a schematic vieW of an array of colli 
mators. 

FIG. 12 is a three-dimensional vieW of an array of merged 
conchoidal collimators. 

DETAILED DESCRIPTION OF THE INVENTION 

It is the object of this invention to provide a collimator With 
improved directional precision by ensuring a constant attenu 
ation from all directions in the center of the collimator’s base. 
As shoWn in FIG. 1, We assume that the interior surface of 

the collimator 1 is a cylindrical surface 2, While its exterior is 
an object of revolution obtained by revolving function g(x) 3 
about axis OZ. We also assume that the empty cylinder delim 
ited by surface 2 has radius much smaller than the height of 
the cylinder. Therefore, We assume that the point in the center 
of the circular base is representative for all the surface of the 
base. The goal is to obtain in the center O of the base 4 of the 
collimator 1 a constant attenuation, that is, attenuation inde 
pendent of the angle of incidence of the radiation. A sensor or 
a radiation emitter, depending on the application, is placed at 
the base of the collimator, inside the cylindrical hole. In order 
to achieve the goal of constant attenuation, the problem of 
?nding a suitable function g is solved as folloWs. 

According to the attenuation laW, 

<1>(e):<1>O-e*“<9> 

the radiation attenuation depends on the thickness of the 
attenuating material traversed by the radiation, 6(0), and on 
the material-dependent attenuation coef?cient 7». CI>(0) 
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denotes the radiation ?ux entering point O 5 at angle of 
incidence 6 11 (613(6) is the attenuated ?ux), While (DO denotes 
the incident ?ux. Different incidence angles, as measured in a 
plane section containing the horiZontal Ox and the vertical OZ 
axes, are depicted in FIG. 2. We assume that the radiation 
arrives only from the upper semi-space (upper part of the 
space in FIG. 2), as delimited by the “bottom” plane xOy. The 
ray at angle of incidence 6l 6 is denoted as d1 7, the ray 
entering at angle 62 8 as d2 9, and the maximum angle of 
incidence 6 Max is shoWn as 10. Here We have considered as 

tWo construction parameters for the collimator the angle 6 Max 
10, and the radius of the cylinder a. The height of the interior 
cylinder, here depicted as L 12, depends on the embodiment. 
In the non-limitative description of the collimator in FIG. 2, L 
is obtained from tan 6 MMIL/a. 

The principle of the invention is that constant attenuation is 
obtained if the distance function (i.e., thickness of attenuating 
material) 6(6) 14 is invariant to the incidence angle 6 11. The 
geometry is depicted in FIG. 3, Where the function g 3 has to 
be determined. FIG. 3 depicts a sectional vieW of the colli 
mator, sectioned With the plane ZOx. Since the collimator is a 
revolution body, it has axial symmetry. We denote by A the 
point of intersection of the ray A(6) 13 With the cylinder 2 and 
by B the point of intersection of the ray A(6) With the graph of 
the function g 3 delimiting the outer surface of the collimator 
1. The distance function 6(6) 14 is the Cartesian distance 
betWeen points A(6) and B(6): 

since Z B:g(x B). The condition for attenuation independent 
of the incidence angle is that 6(6) is constant, 6(6):6O. The 
construction parameters for the collimator are 60 16, a, and 
6M“ 10, as shoWn in FIGS. 4A and 4B. 

The mathematical problem can be stated as folloWs: let d 
15 be a ?xed line and A(6) 13 a line rotating around point O; 
?nd the geometric locus of the points B that are found on the 
line A(6) such that the distance from the intersection point A 
of lines A and d to the point B is the constant 60 16. The 
solution to this geometric locus problem is knoWn as the 
conchoid of Nicomedes. The angle 6 11 has been de?ned as 
the angle betWeen the Ox axis and line A(6). The distanceAB 
is What We have de?ned as 6(6) 14 and the condition imposed 
has been that 6(6):6O, where 60 16 and the ?xed line d 15 
de?ne the conchoid. The solution to ?nding function g(x) that 
satis?es the condition 6(6):6O is knoWn, (SZmuloWicZ), 
(Miller), as the function corresponding to the Nicomedes 
conchoid, Which in polar coordinates has the equation: 

a 

12(0) = K 

By methods Well knoWn to those skilled in the art, the 
Cartesian coordinates equation for the function g(x) can be 
obtained by using the conversion from polar to Cartesian 

coordinates, using R(6): X2+Z2 and 

X 
c050 : 
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Where Z:g(x), and a is the radius of the inner cylinder 2 of the 
collimator (corresponding to rotating the line 15 d:x:a). This 
is a fourth order algebraic equation With solution in Z repre 
sented by tWo curves. Only the upper curve (positive Z) is of 
interest here. 
The equation of the revolution surface is obtained by 

replacing x in the above formula With r: x2+y2: 

The above equation Will be referred herein as the Cartesian 
equation of the conchoid. The Nicomedes conchoid has an 
asymptotical tendency 22 to in?nity (With d 15 as the asymp 
tote) When 6%:‘5/2. This asymptotical tendency is shoWn in 
FIG. 4A. From a practical perspective, the collimator’s height 
is limited by the construction parameter 6 Max 10. There are 
tWo embodiments that depend on Whether or not the revolu 
tion of the line A(6Max) 17 plays a role in delimiting the 
collimator body. The ?rst embodiment has a cylindrical hole 
terminated With a cone frustum, the said cone frustum starting 
at the height determined by the intersection of the line 
A(6Max) 17 With the cylindrical surface. The second embodi 
ment is obtained for a collimator that has a cylinder as its 
interior surface, the said cylinder being cut by a plane parallel 
to xOy (the said plane obtained through the rotation around 
the OZ axis of line d' 18 passing through B(6Max) and parallel 
to Ox axis). Three embodiments of collimators are described 
subsequently; the ?rst tWo represent single-hole collimators; 
the third represents a preferred embodiment for an array of 
collimators that, When merged, compose a multi-hole colli 
mator. 

In a ?rst preferred embodiment, the collimator body 1 is 
de?ned as a body of revolution, delimited to the exterior by 
the surface of revolution having as generator a Nicomedes 
conchoid 3, While its interior surface delimited by the cylin 
der 2 of radius a and height L 12 on top of Which is a cone 
frustum 20 obtained by the revolution of the line A(6Max) 17 
around the axis OZ of the said cylinder. The collimator has 
axial symmetry. This embodiment is shoWn in FIG. 5. The 
effective height 21 of the collimator is H: 

Where L:a~tan(6Max) 12 is the height of the interior cylin 
der 2 and h:6O~sin(6Max) 19 is the height of the interior cone 
frustum 20. The cylinder and the frustum are empty and 
represent the hole of the collimator, shoWn in FIG. 6. The 
function f(x, y) is a pieceWise function, Where the interval 
[0,a] ><[0, a] represents the empty interior cylinder, the interval 
[a, b]><[a, b] the cone frustum, and the interval [b, e]><[b, e] the 
conchoidal surface. The constants b, and e are represented in 
FIGS. 5 and 6 and are de?ned as folloWs: 

Where a, 60, and 6 Max are the collimator construction param 
eters. 
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The function Z:f(X, y) that de?nes the collimator body as 
an object of revolution has value 0 for the interval [0, a]x[0, a], 
Which corresponds to the empty interior cylinder. For the 
interval [a, b]x[a, b], Which corresponds to the cone frustum, 
the function 3“ takes the Z-value of the line MGM“). The 
exterior surface of the collimator is de?ned as the surface of 
revolution having as generator a conchoid. For the interval [b, 
e]><[b, e], the function 3“ takes values according to the con 
choid de?ned in the Cartesian equation of the conchoid. The 
collimator function Z:f(X, y) is: 

[6, +00) 

for Vxz +y2 E [a, b) 

0, 

(x2 + y2) - [6% — — a)2] 

The attenuation function A(0) is de?ned as the ratio inci 
dent ?ux (DO/attenuated radiation ?ux received in O, CI>(0). 
Using the attenuation laW, A(0) is: 

14(9) 

For the current embodiment, no attenuation is achieved for 
angles larger than 0M“: 

The attenuation pro?le for the current embodiment is 
shoWn in FIG. 7. While the current embodiment ensures a 
constant attenuation pro?le for all incidence angles féGMax 
the collimator presents several structural issues. The sharp 
edge 23 of the cone frustum 20 makes the structure brittle. 
Moreover, machining the cone frustum collimator hole is 
more complex than machining a cylindrical hole. The struc 
tural concerns are solved in a second preferred embodiment. 

In a second preferred embodiment, the collimator shape is 
delimited to the interior by an empty cylinder 2 and to the 
exterior by the revolution of the Nicomedes conchoid 3. The 
collimator 1 is a body of revolution. In this preferred embodi 
ment, the collimator hole does not include a cone frustum. 
The line d' 18 parallel to the Ox axis and passing through 
B(0Max) is revolved about the cylinder symmetry axis OZ thus 
delimiting With a plane parallel to xOy the collimator body in 
the semi-space above plane xOy. The second preferred 
embodiment is shoWn in FIG. 8. In this preferred embodi 
ment, the collimator’s interior surface is a cylinder of radius 
a and height H 21. The construction parameter 0M1,C 10 cor 
responds to the maximum incidence angle of the radiation 
that is attenuated. The construction parameters a, 0Max10, and 
60 16 determine L:a~tan 0M“,C 12, as Well as h:6O-sin(0Max) 
19. The height of the interior cylinder is, in this preferred 
embodiment: 
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6 
The function Z:f(X, y) that de?nes the collimator body as 

an object of revolution in this second preferred embodiment 
takes value 0 for the interval [0, a] ><[0, a], Which corresponds 
to the empty interior cylinder. For the interval [a, b]><[a, b], 
function 3“ takes value H, While for the interval [b, e] ><[b, e] the 
function 3“ takes values according to the Cartesian equation of 
the conchoid. The collimator function Z:f(X, y) is: 

a + 60 -cos(0MaX) 
H : a-tan(0MaX) + 60 -sin(0MaX), for 

For the current embodiment, constant attenuation is 
achieved for angles 020M“. Compared to the ?rst embodi 
ment, for incidence angles slightly larger than 0M1,C a small 
attenuation is still obtained. For angles of incidence 
0Max§0§02 non-uniform attenuation, dependent on 0, is 
obtained: 

l, for0>02 

Where 

H 
02 : arctan— 24, 

a 

H:a-tan(0Max)+6O~sin(0Max) 21, and 6(0) is: 

Note that 6(0) is the constant 60 16 for angles OEGEGMM. 
For angles 0Max<0§2 the attenuation A(0) decreases from 
eMJO to 1. The second embodiment produces a small attenua 
tion for angles slightly larger than GM“, with no signi?cant 
effect on the directivity of the collimator. 

In both embodiments the plane xOy delimits the collimator 
body in the loWer semi-space. The skilled reader Will under 
stand that the collimator shape described above can be com 
pleted by a thick slab (backplate) of thickness 60, or larger, to 
suppress incoming or outgoing background radiation. 

In the ?rst and second preferred embodiments, a single 
collimator 1 as seen in FIG. 9 can be used for radiation 

imaging (i.e., gamma camera), or radiation emitting (i.e., 
gamma knife) purposes. FIG. 10 presents the same collimator 
1 in a sectional vieW (sectioned With a plane parallel to 20x), 
shoWing the interior of the collimator. The collimator is ?lled 
With radiation attenuating materials (such as lead or compos 
ites), knoWn to the art, Which are not the object of this inven 
tion and Will not be discussed. Several elementary collimators 
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as the one described above can be used in combination, in 
order to obtain collimator arrays for sensor arrays or for 

radiation sources arrays. 

A third preferred embodiment consists in a planar array of 
collimators used for applications in multiple-beam gamma 
knives or multiple-collimator gamma cameras. In this 
embodiment, several collimators are merged to form a single 
body. The parameters for the array, c 25 on the Ox axis and d 
26 on the Oy axis, determine the distance at Which the rotation 
axis of the collimator is compared to other collimators that are 
part of the array, as shoWn in FIG. 11. Considering an array 
With a roW of N collimators (N collimators on the Ox axis) and 
a column of M collimators (M collimators on the Oy axis), let 
us denote by fOO(x, y) the function representing the upper 
exterior surface of the ?rst collimator, centered at O(0; 0). We 
denote by fl- j-(x, y) the function of a collimator centered at O1 
;(i-c; j~d). By centered at O1- j, We understand that the axis of 
revolution of the collimator j passes through OZ. j (i~c; j-d). 
The collimator array thus constructed is N collimators Wide 
(range for ie{ 1, 2, . . . , N}) and M collimators deep (range for 

j e{1, 2, . . . , M}). 

While each single collimator in the array may be obtained 
as an object of revolution, the array itself is not an object of 
revolution. Moreover, since adjacent collimators to the one 
Corresponding to fij (Lew fi—1;j’ fi;j—1’ fi—1;j—1’ fi;j+1> fi+l;j+l$ 
fin; 1) may overlap to portions of collimator fl- j, the upper 
surface of the array does not have axial symmetry. The array, 
While not a revolution body, is upper-bounded by the graph of 
the function fmmy(x, y). The function fa,,ay(x, y) is de?ned as 
the maximum of all the functions fl- j corresponding to the 
individual collimator functions, With ie{ 1, 2, . . . ,N} andje{ 1, 

2, . . . , M}: 

Where the condition fa,my(x, y):0 for (x—i-c)2+(y—j-d)2<a2 
corresponds to the empty cylinders. An example of the func 
tion 3“ is illustrated in FIG. 12. array 

A multitude of collimator arrangements may be created 
based on values given to the array parameters c and d and on 
the radius a. Depending on the parameters c and d, the 
elementary collimators may be partially merged (overlap 
ping), as non-limitatively depicted in FIG. 12. A sectional 
vieW of the array of collimators, the said section made With a 
plane parallel to 20x, is shoWn in FIG. 12. The array param 
eters act as a translation of the function foo by c 25 on the Ox 
axis and by d 26 on the Oy axis. For example, the collimator 
With center coordinates O 1 2(c; 2d) Would have the generating 
function flZ (x, y):foo(x—c; y-2d). 

Those skilled in the art Will understand that, While the 
description has been done for collimators With cylindrical 
hole, the entire method of de?ning the outer surface of the 
collimator remains valid for collimators With frustrated cone 
hole, by using conchoids With respect to the generator of the 
said cone frustum. 

Although only a feW embodiments have been described in 
detail above, those skilled in the art can recogniZe that many 
variations from the described embodiments are possible With 
out departing from the spirit of the invention. 
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8 
Those skilled in the art Will understand that the case of the 

collimator With cylindrical hole With circular base is only an 
example of the art and that a cylindrical hole With any shape 
of the base, moreover a prismoidal hole having a hexagonal or 
rectangular hole can be used instead, according to the knoWn 
art in multi-leafcollimators (US. Pat. No. 6,388,816 B2) and 
in collimator arrays (US. Pat. No. 3,943,366). In these cases, 
assuming that the said collimator’s hole surface is a general 
iZed cylindrical surface, a conchoidal surface is produced as 
the outer collimator surface by ensuring the condition that the 
intersection of the said outer surface With any plane normal to 
the hole surface along a generator of the hole surface repre 
sents a Nicomedes conchoid curve. Also, the skilled Worker 
Will understand that approximations of the conchoid may be 
used instead of the exact conchoid Without signi?cant degra 
dation of the performance of the collimator. 

Those skilled in the art Will also understand that, While the 
main purpose of this invention is to produce a collimator With 
constant or almost ?at attenuation characteristic With respect 
to the incident or emergent radiation angle, a prede?ned 
attenuation characteristic can be obtained by replacing in the 
equation of Nicomedes’ conchoid the constant 60 With the 
desired function h(O), 

080 + h(0). 

The corresponding curves that satisfy the above equation 
Will be referred herein as generalized h-Nicomedes’ con 
choids, understanding that the function h(O) is pre-deter 
mined. 

INDUSTRIAL APPLICABILITY 

The collimator proposed may be realiZed by typical indus 
trial manufacturing systems for both radiation knives and 
radiation cameras Q9 and gamma-radiation). As an example, 
either single or multiple collimator con?gurations can be 
obtained by casting, or by machining a thick plate of absorb 
ing material. 
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What is claimed is: 
1. A single-hole collimator for nuclear radiation consisting 

of a body of revolution delimited by an inner surface repre 
sented by a right, generaliZed cylindrical surface, an outer 
surface produced by a generatrix Which is either a Nicomedes 
conchoid, a generaliZed Nicomedes conchoid, or a curve 
approximating a Nicomedes conchoid, moreover delimited 
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10 
by tWo annular surfaces determined by the intersection of the 
outer and inner surfaces With tWo planes orthogonal to the 
axis of revolution of the said body, the said Nicomedes con 
choid being constructed With respect to the said generatrix of 
the said inner surface and a point placed on one of the said 
annular surfaces, namely on that Which has the largest exter 
nal radius and Which is named base of the said collimator, the 
said cylindrical inner surface delimiting a hole in the said 
body of the collimator, the said body of the collimator being 
built of a material absorbing nuclear radiation. 

2. A single-hole collimator as claimed in claim 1, the said 
collimator having the said inner surface represented by a 
circular cylindrical surface. 

3 . A single-hole collimator as claimed in claim 2, Where the 
said inner surface is further processed as to create a frustrated 
cone section of the said hole at the distant end of the said hole, 
the distant end being referred to the said base of the collima 
tor, the said frustrated cone being coaxial With the said cylin 
drical surface and having the larger basis of the frustrated 
cone placed at the distant end of the collimator. 

4. An array consisting of several single-hole collimators as 
claimed in claim 1, arranged according to a speci?ed planar or 
spatial grid, Wherein the array of collimators is supported by 
means of a frame or other appropriate support structure. 

* * * * * 


