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TOMOGRAPHIC METHOD OF X-RAY
IMAGING

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the examination of a body by
means of x-radiation or gamma radiation.

2. Description of the Prior Art

The creation of images of x-ray attention coefficients
through objects began with the discovery of x-rays by
Roentgen 1n 1895 and has developed continuously. A major
advance was the invention in the early 1970’s, by [GN
Hounsfielch] G. N. Hounsfield of computerized axial
tomography, CAT. (U.S. Pat. Nos. 3,778,614, 4,035,647).
Hounsfield showed that the linear attenuation coefficients of
individual elements 1 an object could be reconstructed from
the measurements of the intensities of x-ray beams that pass
in a plurality of independent paths through the object. Since
Hounsfield’s invention, the technology of CAT scanning has
developed 1n a number of ways, but all x-ray methods
deduce the density distributions from measurements of the
radiation transmitted through the object.

SUMMARY OF THE INVENTION

This invention 1s a method for determining the densities
of objects or the distribution of densities 1nterior to an object
by measuring the intensities of xX-rays that are Compton
scattered from the volume elements (voxels) of the object.
The term x-rays 1s used throughout the descriptions since 1t
1s anticipated that most applications will use an x-ray beam
ogenerated by energetic electrons 1nn an x-ray tube, but it
should be evident that all types of energetic photons can be
used, mcluding monoenergetic gamma rays, that satisfy the
criterion that the energy of the photons are such that Comp-
fon scattering dominates the interactions of the photons in
the object. The use of scattered radiation to determine
densities 1s fundamentally different in theoretical
underpinning, in methodology and 1n implementing appa-
ratus from the standard methods that use transmitted x-rays
to determine densities of interior voxels.

The incident x-rays are rastered across at least one face of
an object. The x-rays that are Compton scattered approxi-
mately perpendicular to the beam directions are detected in
arrays of collimated detectors each of which 1s sensitive to
radiation scattered from a specific portion of the incident
X-ray beam.

The distinctive features of the preferred embodiment of
this invention are: 1) The energy of the x-rays 1s high enough
so that the interactions i the object are dominated by the
Compton effect. In particular, the energy 1s high enough so
that the photoelectric interaction makes a minor contribution
in the analysis but it 1s not so high that pair production is
significant. 2) The incident x-rays are collimated into a beam
that 1s scanned through the object 1n a series of contiguous,
approximately parallel paths; the scanning may be accom-
plished by moving the beam or the container or a combi-
nation of both so that the incident x-ray beam passes through
every voxel that the detected scattered radiation passes
through. 3) The scattered x-rays are detected by arrays of
counters that distinguish x-rays that are scattered approxi-

10

15

20

25

30

35

40

45

50

55

60

65

2

mately perpendicular to the incident radiation. The detectors
must be capable of sensing the direction of the scattered
radiation. Methods for sensing the direction of an incident
x-ray are well known; gamma cameras, for example, do so
with collimators and position-sensitive detectors. 4) The
volume element resolved by this invention 1s determined by
the cross sectional area of the incident x-ray beam times the
spatial resolution along the beam path of the origins of the
scattered x-rays. The total number of independent measure-
ments 1s at least equal to the total volume being examined
divided by the volume element of spatial resolution 5. The
densities of the voxels 1s rapidly and accurately determined
from the totality of measurements by standard mathematical
relaxation methods, without the need for transformation into
frequency space or the use of back projection, though both
of those techniques can be used.

This invention, which we will refer to as Compton Scatter
Tomography or CST, 1s a new modality for tomography,
quite distinct from the conventional method of computerized
axial tomography, CAT, in which the linear attenuation
coellicients 1n voxel elements 1n an object are determined
from transmission measurements, or Single Photon Emis-
sion Computer Tomography, SPECT, in which the directions
of gamma rays emitted from a radioactive source distributed
in a body 1s used to measure the distribution of radioactivity.
The invention 1s described 1n 1ts application for the mspec-
tion of containers for contraband such as explosives. It
should be appreciated, however, that this invention may be
useful for a broad range applications 1n which a non-
destructive method 1s needed to determine the density dis-
tributions of objects.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. A schematic drawing of the main elements of a
preferred embodiment of the mvention. A beam of X or
v-rays 2 directed along the Y axis 1s stepped 1n a series of
approximately parallel paths in the YZ plane so as to
intersect every voxel in the plane 8 of the container 3. The
examined container moves 1n the X direction. The x-rays 4
scattered through approximately 90° by elements in the
container are counted by an array of collimated detectors 5
and 6, above and below, respectively, the container. A
detector 7 of the transmitted x-rays 1s also shown.

FIG. 2. A cross section of the container showing one plane
of the container, such as plane 8. The area of the plane is
divided mto 25 imaginary voxels. The incident x-ray beam
12 passes along the fourth row and 1s shown scattered 1n
voxel [43] 4,3 into the upper detector 18 and the lower
detector 20. The transmitted beam is shown [stalking] strik-
ing the detector 12.

FIG. 3. A cross section view of the main elements of the
invention showing an x-ray machine 31 that generates a
raster scanned beam of electrons that strike the anode 33.
The electron beam 32 1s shown striking the top of the anode
33; the electron beam 34 1s shown striking near the mid-
point of the anode 33. The electron beam 34 generates x-rays
that are collimated into a beam 35 by the collimator 36. The
x-ray beam 34 passes through the container 41. Some of the
x-ray beam is scattered through approximately 90° into
arrays ol collimated detectors 42 and 43 that are above and
below the container, respectively. The x-ray beam that
transmits the container 41 1s detected 1n a segmented detec-

tor 38.

FIG. 4. A plot of the ratio of the Compton mass attenu-
ation factor to the total mass attenuation factor as a function

of x-ray energy, for oxygen, silicon and 1ron.
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EMBODIMENT EMPLOYING
MONOENERGETIC GAMMA RAYS

The 1nvention 1s first described using a monoenergic
gamma ray source, 1n particular the 662 keV gamma ray
from the decay of *°’Cs. Other radioactive sources, such as
the 356 keV gamma ray from the decay of °°Ba, or the 1117
keV and 1332 keV gamma rays from °°Co, or monochro-
matic X-ray sources might be appropriate for specific appli-

[,7(288) = [,(662)e™M41541 T242542 )62

cations but '°’Cs is an especially appropriate choice because
of 1ts long 30 year halt-life, low cost, high specific activity
and simplicity of 1ts radiation spectrum.

FIG. 1 shows the essential features of the mvention as it
might be applied to determining the density distributions of
materials 1n luggage. The 662 keV gamma rays from the
radioactive source 1 of 1°’Cs, are collimated into a beam 2,
which 1s aimed 1n the Y direction mto the luggage 3. The
luggage 3 1s conveyed 1n the X direction, 1.€., perpendicular

to the direction of the beam 2. The intensity of gamma rays
4 that are Compton scattered through approximately 90° in
the £7. directions are measured 1n top and bottom detectors
S and 6. The collimated beam 2 1s incrementally moved 1n
the Z direction to an adjacent row of voxels in the slice 8 and
the measurements repeated until the x-ray beam has inter-
acted with every voxel 1n the full YZ slice 8 of the luggage
3. The luggage 1s then moved incrementally mn the X
direction and the adjacent slice 9 1s investigated. In this way,
the entire container 1s examined. It will be appreciated that
any combination of relative motions of the gamma ray beam
with respect to the luggage 1s acceptable, including station-
ary lugeage with all of the relative motion supplied by a
raster scanned beam and the converse, a stationary beam
with all of the relative motion supplied by a luggage
conveyance. It will also be appreciated that the relative
motions may be incremental or continuous depending on the
application. The central requirement 1s that every voxel 1n
the volume being interrogated must be traversed at least
once by both the incident and scattered radiation. The
detectors of scattered radiation 5 and 6 may each be single
larce volume detectors that have the energy and angle
dispersive power to determine both the energy of the Comp-
ton scattered radiation and the direction from which 1t came.
Such detectors are being developed with these capabilities,
but at this time a more cost-effective solution 1s to use
segment detectors 5 and 6 1nto arrays of collimated detectors
cach of which 1s sensitive to radiation from a particular
voxel along the beam 2.

FIG. 2 shows one slice 8 of the luggage 1magined to be
divided mto 5 rows and 5 columns to make a total of 25
voxels. The voxels are numbered sequentially, [11, 12, 13,
14,15,21,22)1,1; 1,2; 1,3; 1,4; 1,5; 2,1, 2,2, etc. The 662
keV beam of gamma rays 11 1s shown passing along the
fourth row, through voxels, [41, 42, 43, 44 and 45] 4,1, 4,2;
4,3;4,4; and 4,5 to the transmission detector 21. The gamma
rays that are scattered in the voxels of row 4 are counted 1n
the top detector array 13 and the bottom detector array 14
which have appropriate collimators 15 and 16 to ensure that
only scatterings through ~90° are detected. The voxels are
assumed to be cubic; in practice, the size of the voxels will
depend on the beam cross section, beam divergence and the
spatial resolution of the detector arrays. FIG. 2 shows an
example of Compton scattered radiation 17 being scattered
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in the Z direction from pixel [43] 4,3 into the single detector
18 and another scattering 19 1n the —Z-direction into detector

20.

The scattering of the 662 keV gamma ray through 90°
results 1n 288 keV radiation. The intensity of the 288 keV
signal, I,-, 1n detector 18 1s given by:

_— )

i Com
d . T(662
43 ( )ﬂﬂ Q(—)r43 e—(133r33+123f23+f113f13}288

d L)

where I (662) is the intensity of the incident beam 11, the A
values 1n the first exponential are the total linear attenuation
coeflicients for 662 keV radiation, the A, values 1n the
second exponential term are the total linear attenuation
coeflicients for the scattered radiation of -288 keV, the t
values are the linear dimensions of the pixels, and the square
bracket term 1s the probability for Compton scattering in
pixel 43. The linear attenuation coeflicients are defined 1n
terms of the cross section o, the atomic weight A,
Avogadro’s number N _, and the density p;

N, o 2)
A

A=0

An analogous equation to 1 can be written for the intensity
scattered 1nto detector 20; only the last exponential term and
the solid angle factor changes. There will be a total of 10
equations describing the scattering from material along row
4 mto the segmented detectors 1n the top 13 and bottom 14
arrays. Each row that the 662 beam traverses will produce 10
more Independent equations. A total of 50 equations will be
ogenerated 1 a full scan of the slice 8. An additional 5
equations will be generated by the intensities in the trans-
mission detector [12] 27; the equation for the ray 12-22
shown 1n FIG. 2 1s given by,

[L5(662)=1,(662), (COssurrazmzrsisserssiad)] I, (662)-I,
(66 2) —(Ad 1241 +A 42842 4P 43143+ M44844) 3)

The transmission intensities exampled by Equations 3 are
not necessary for solving Equations 1 for the densities 1n
cach of the volumes of the container 12, but they give
important additional information that can speed up and make
more secure the analytic procedures.

In the preferred embodiment using '°’Cs, the interactions
in the container are dominated by the Compton effect. FIG.
4 shows that the Compton effect in iron, the heaviest of the
materials found 1n luggage in substantial quantities,
accounts for 98% of the interactions for the incoming
radiation of 662 keV and 88% of the interactions for the 288
keV scattered radiation. Equations 1, 2 and 3 then simplity
enormously since,

7\‘=7\‘C O L OR +hpfiﬂfﬂ effect +7\“R ayieigh +7\‘pa ir production E}“C OrPIOR 4
and the differential Compton attenuation
Compy 62
A‘43
d £}

for 90° scattering of 662 keV gamma rays 1s simply related
to the total linear attenuation,
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Compyg62) d)
d Ay C
= (.04 A-°"P(662)
d £

The consequence of these simplifications, all of which
follow from the use of suificiently high energy photons, 1s a
set of 50 scattering equations and 5 transmission equations
that contain just 25 unknowns, the 25 Compton linear
attenuation coefficients. Equation 1, for example, becomes,

Ilj (28 8) — ID(662)E:_HEH +“1§12 1662 [04 AE(662)¢£Q( g )t43 ]E‘:_H%BFH +‘1%3 23 +l?3r13}

where all of the unknown quantities 1n the inspection of a
container are total linear Compton attenuation coefficients
which depend primarily on the densities 1 the voxels.

The 50 scattering equations in this example can be rapidly
solved by relaxation techniques; 1t 1s not necessary to use
matrix mversions or convert to frequency space. To empha-
size the simplicity we note that the equations describing the
interaction of the beam with the top row of voxels of FIG.
2 (voxels [11] 1,1 through [15] 7,5) result immediately in the
densities of each of the voxels since the scattering from
voxel 11 1s described by an equation with only 1 unknown,
the density of the voxel. The scattering from voxel [12] 7,2
1s described by an equation with only 2 unknowns, one of
which has been determined from the scattering from voxel
[11] 7,7, and so forth. Thus a series of simple iterations
results 1n the linear Compton attenuation values for all of the
voxels. In practice, one would use the values of the 50
[intensifies] intensities of scattered radiation and 5 intensi-
fies of transmitted radiation to determine a first-order map of
the A values 1 the 50 voxels and then use mathematical
relaxation techniques to obtain a best set of density values.
It should be noted that the method results 1n at least twice as
many independent equations as the minimum required for a
full tomographic analysis. These extra equations, plus the
fransmission equations 3, can be used to make the correc-
tions to the scattering equations, such as Equation 6, to take
into account small contributions of photo-electric absorption
or coherent scattering that are present when the voxels
contain higher Z material.

The linear Compton attenuation coefficients are directly
proportional to the electron densities in the voxels; 1.e.,
Equation 2 simplifies to Equation [8.] 7,

[8]7)
A =0 .7_'1E

N o x number of electrons per volume,

where 0°, the Compton scattering per electron, 1s a constant,
and Z 1s the number of electrons per atom. The electron
densities are, 1n turn, very closely related to the matter
densities since, for most materials in luggage, Z/A=0.5. (The
avenge value of Z/A for plastics, explosives and other light
materials 1s a few percent greater than 0.5; Z/A for heavier
materials such as iron are a few percent less.)

EMBODIMENT EMPLOYING
POLYENERGETIC X-RAYS

It 1s anticipated that the invention will usually be 1mple-
mented using a spectrum of X-rays generated by an electron
beam, The source of the x-rays could be a conventional x-ray
tube with a fixed electron beam striking a fixed or rotating
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6

anode. Our preferred embodiment uses a raster scanned
clectron beam shown schematically in FIG. 3. The x-rays are

ogenerated 1n a x-ray tube 31, which produces a raster-
scanned beam of x-rays by scanning the electron beam 32
and placing an appropriate collimator 36 in front of the
anode 33. The x-ray tube 31 1s similar to a conventional
cathode ray tube with an appropriate heavy element anode
33 replacing the traditional phosphor screen. As the electron
beam sweeps across the anode 33, x-rays are generated that
pass through successive parallel holes 1n the collimator 36.

6)

The result 1s a rastering of approximately parallel beams of
x-rays through the container 41. The anode potential deter-
mines the maximum energy of the x-ray beams. An absorber
37 eliminates the softer components of the x-ray beam and
determines the eifective lower energy of the x-rays that
interact 1n the container.

It should be emphasized that the choice of anode voltage
and x-ray strength depends on the application. Large con-
tainers might warrant anode voltages as high as 2 MeV (pair
production 1s still negligible at this energy) in order to
produce suificiently penetrating x-rays, while small contain-
ers with primarily low Z components might be studied
ciiectively with x-ray energies below 150 keV.

A practical choice of parameters for scanning airport
luggage would be an anode potential of 450 keV and an
clectron current of 4 milliamps. The length of the anode 33
might be 20", 1.e., about the height of the anode of a 30" TV
tube; a power density of 2 kilowatts 1s easily handled by
modest cooling of the large-area. The collimator 36 might be
a set of parallel holes in a 4" thick lead block (attenuation by
the lead>10""). The holes should be appropriately designed
to minimize 1nternal scattering in the collimator. The
absorber 37 might be 1 mm of tungsten that would reduce
the 300 keV x-rays by a factor of ~2 while killing 100 keV

components by factors of 10",

Above and below the container are detectors or detector
arrays 42 and 43, respectively that measures the scattered
x-rays 46 as a function of position of scattering along the
beam direction. To do this, we propose to use collimating
slits 44 and 45 such as the Soller plates used extensively 1n
x-ray diffraction. These slits restrict the direction of x-rays
seen by the detector; their function 1s similar to the colli-
mators used 1n Single Photon Emission Tomography
(SPECT) in which the origins of the emission of gamma rays
from radioactive sources 1s determined by the SPECT detec-
tor. Many options are available for the detectors imncluding

the hodoscopes of Nal('TT), BGO and CdZnTe now used for
SPECT and Positron Emission Tomogaphy.

Equations 1 and 3 must now be written 1n terms of
welghted integrals over the energy spectra. Exact expres-
sions can be taken 1nto account in the analysis, though we
anticipate that 1n most practical cases 1t will be sufficient to
use appropriate averages of the incident and scattered ener-
o1es as well as the differential and 1ntegral linear attenuation
coellicients 1n Equations 1 and 3, since the Compton cross
sections vary slowly with energy, atomic number, and scat-
tering angle around 90°. Specifically, for elements from
carbon to 1ron, the total Compton cross section varies by
only 25% from 150 keV to 450 keV; for a given X-ray
energy, 1t varies by only 10%. Moreover, the differential
Compton cross section 1s almost independent of angle from
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80° to 110°. It should also be noted that beam hardening—
the changing energy spectrum 1n the container due to
absorption—will not be significant when the mvention 1s
applied to airline baggage since the high energies of the
incident beam are not much attenuated traversing an airline
suitcase.

We have carded out computer simulation studies, assum-
ing a rastered x-ray beam with dimensions 5 mmx5 mm
oenerated by a 2 kilowatt, 450 keV electron beam. We

estimate that efficient side scattered detectors can determine
the origin of the scattered x-rays to within 2 c¢cm along the
beam path. (Note that SPECT hodoscopes of 150 keV
radiation have spatial resolutions of approximately 0.5 cm.)
Each voxel thus has a volume of 0.5 cc so that 100 grams of
explosives would occupy about 300 voxels. The simulation
studies show that the interrogation of a piece of luggage, 1
meterx60 cmx20 cm can be carried out mn 6 seconds,
resulting 1n the determination of the linear attention coelli-
cients of each voxel 1n the luggage to an accuracy of 30%.
The mean values of the densities of any contiguous 300
voxels (~100 g of explosives) would then be known to an
accuracy of 2%. The simulation studies show that CST
should have a minimum detection limit below 100 g of
explosives.

It should also be noted that the CST method of tomo-
oraphic analysis 1s very effective for finding sheet bombs,
one of the most difficult of the explosive configurations to
investigate by x-ray means.

A logical extension of the invention 1s to make scattering
measurements at two 1ncident energies, one at the preferred
high energy where the Compton effect 1s dominant and the
other at a lower energy where the photo-electric effect makes
a substantial contribution to the interactions of the x-rays in
those voxels with high Z component. This so-called dual-
energy method 1s well know for transmission tomography
where 1t 1s used to determine the effective atomic number of
the elements 1n the voxels and we anticipate that the dual
energy method could have applications 1n which the mea-
surement of the effective atomic number of the voxels as
well as the density 1s important. Referring to FIG. 4, one
might choose a high x-ray energy greater than 300 keV
where the Compton effect 1s more than 90% of the total
interaction 1n 1ron, and a low energy xX-ray in the 100 keV
range where the photo-electric effect makes up about 80% ot
the cross section 1n 1ron. Dual energy, however, 1s not so
casily applied to CST where the scattered radiation 1is
substantially lower than the incident energy; €.g., the energy
of Compton scattered 300 keV x-ray 1s 188 keV, and the
energy of the Compton scattered 100 keV x-ray 1s 83 keV.
The change in the energy 1n the former case makes only a
minor, and easily accounted for, complication to the analy-
sis. The change 1n the latter case 1s not so easily taken into
account since small changes 1n the scattered energy make
large changes 1n the attenuation coeflicients. The effects of
beam hardening—that is, the increase 1n the average energy
of the beam as the lower energy components become
absorbed 1n the container—are very difficult to take into
account. Nevertheless, there may be applications for this
extension, particularly when only a relatively few voxels
contain high Z material.

The 1nvention stresses that the incident beams should be
rastered across the container in approximately parallel paths
and that the detected radiation should be limited to those
x-rays that are scattered approximately perpendicular to the
incident beam direction. The allowable deviations from
these conditions depend on the applications. For all appli-
cations we expect that the deviations can be at least £20°,
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since the cos 20° deviates by only 6% from unity. For some
applications, especially those in which the high density
regions make up a small portion of the container, the
deviations from 1deal could be considerably larger. Simula-
tion studies indicate that the CST method 1s robust with
respect to deviations from parallel beams and 90° scattering
but that the closer the rastered beams are to being parallel,
and the closer the scatter angle of detected rays are to 90°,
the stimpler and more accurate will be the analytic tomo-
oraphic procedures for determining the densities.

We claim:

1. A method for determining a three-dimensional
density[,] distribution among volume elements in a volume
contamning at least one material, the method comprising:

a. producing a beam of energetic photons for penetrating
the volume;

b. scanning the beam sequentially across incremental
positions of the volume in a plurality[,] of paths having
substantially parallel directions separated by incremen-
tal steps;

c. detecting scattered photons of substantially all energies
scattered by the material in said volume with a detector
having a spatial resolution 1n a direction substantially
parallel to the paths of the beam;

d. measuring the intensity of scattered photons scattered
approximately perpendicular to each substantially par-
allel direction of the beam at each incremental position
of the beam to derive an independent measurement of
intensity[,] of scattered photons scattered from the
volume elements in the volume;

¢. 1dentifying a volume element as the approximate origin
of scattering along the path of the beam giving rise to
the measurement of 1ntensity of scattered photons; and

. calculating an independent density for each volume

clement of the material in the volume.

2. A method according to claim 1, 1n which the size of
cach volume clement 1n the volume 1s determined by the
diameter of the beam that traverses said volume element, the
step size of the incremental steps of said beam, and the
spatial resolution of the detector substantially parallel to the
beam path.

3. Amethod according to claim 1, in which the number of
independent measurements of the intensity of scattered
photons scattered from the volume elements 1n said volume
1s at least approximately equal to the number of volume
clements.

4. Amethod according to claim 1, in which the intensity[,]
of each beam transmitted through the volume is measured
together with the intensity of said scattered photons scat-
tered by the material.

5. A method according to claim 1, 1n which the energies
of the energetic photons in each beam are 1n an energy range
where the interaction of the energetic photons with the
material 1s dominated by the probability for Compton scat-
tering.

6. A method according to claim 1, in which the step of
calculating the density of each volume element of the
material in the volume includes a mathematical relaxation
procedure 1n which a first trial function 1n the mathematical
relaxation procedure uses the independent measurements of
the intensity[,] of scattered photons scattered from the
volume elements 1n the volume.

7. A method according to claim 1, in which the density
distribution among the volume elements 1n the volume 1is
determined by a computerized tomographic reconstruction
procedure having a number of independent measurements at
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least equal to the number of independent densities calculated
in the step of calculating.

8. A method according to claim 1, 1n which the step of
scanning the beam sequentially across incremental position
of the volume includes scanning a first beam and a second
beam, the first beam having a first mean energy high enough
so that the Compton interaction dominates the interaction of
the first beam with the material, and the second beam having
a mean energy low enough so that the photoelectric inter-
action makes a significant contribution to the interaction of
the second beam with at least some material 1n the volume,
such that the intensity of scattered radiation from the first
and second beams are used to determine the effective atomic
number of the at least one material in the volume by a
mathematical reconstruction technique.

9. Amethod according to claim 8, wherein the mathemati-
cal reconstruction technique includes relaxation methods.

10. A method according to claim 8, wherein the math-
ematical reconstruction technique includes methods of com-
puterized tomographic reconstruction.

11. A device for determining densities 1n volume elements
in a material present in an assembly of objects, the device
comprising;

a. a source for producing a beam of energetic photons

having a direction for penetrating the material;

b. an arrangement for scanning the beam of energetic
photons in a sequence of sequential beams across the
assembly 1n a manner such that successive directions of
the sequential beams are substantially parallel to each
other, the sequential beams passing through every
volume of the assembly;

c. a detector disposed substantially parallel to the direc-
tion of the beam of energetic photons for providing
measurements of the intensity of scattered photons of
substantially all energies scattered approximately per-
pendicular to the direction of the beam at each incre-
mental position of the beam; and

d. a computer for determining the densities in the volume
clements of the material in the assembly from a totality
of measurements of the intensity of scattered photons
scattered approximately perpendicular to the direction
of the beam at each incremental position of the beam by
a mathematical reconstruction technique.

12. A device according to claim 11, further comprising a
transmission detector for detecting energetic photons trans-
mitted through the assembly of objects.

13. A device according to claim 11, wherein the beam of
energetic photons comprises energetic photons in the range
where the interaction of the energetic photons with the
material in the assembly 1s dominated by the probability for
Compton scattering.

14. A device according to claim 11, wherein the detector
1s segmented 1n a direction having a component substantially
parallel to the beam of energetic photons.

15. A device according to claim 11, wherein the detector
1s collimated with respect to directions substantially perpen-
dicular to the beam of energetic photons.

16. A device according to claim 11, wherein the math-
ematical reconstruction technique includes relaxation meth-
ods.

17. A device according to claim 11, wherein the math-
ematical reconstruction technique mcludes methods of com-
puterized tomographic reconstruction.

18. A tomography system for analyzing a material con-
cealed within an enveloping surface, the system comprising.

A. at least one source of penetrating radiation for emitiing
a beam along a beam axis having an orientation
disposed with respect to the enveloping surface;
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B. a scanner for varying the orientation of the beam axis

with respect to the material in incremental steps; and

C. at least one array of segmented detectors disposed

along a detector axis disposed substantially parallel to
the beam axis for detecting scattered radiation of
substantially all energies of scattered radiation and
producing signals corresponding at least to the scat-
tered radiation.

19. The tomography system in accordance with claim 18,
additionally comprising at least one transmission detector
disposed along the beam axis for measuring penetrating
radiation transmitted through the material.

20. The tomography system tn accordance with claim 18,
additionally comprising a conveyor for transporiing the
material.

21. The tomography system in accordance with claim 18,
wherein the scanner arrangement includes a scanner for
raster-scanning the beam axis in a plane transverse to the
beam axis.

22. The tomography system in accordance with claim 18,

further comprising a plurality of collimators disposed in

directions substantially perpendicular to the beam axis for
limiting the field of view of each segmented detector.

23. A method for analyzing material concealed within an
enveloping surface, the method comprising:

a. tlluminating the enveloping surface with penetrating
radiation propagating substantially along a beam axis,
the penetrating radiation characterized by a first inci-
dent energy;

b. measuring a profile of penetrating radiation charac-
terized by a first incident energy that is scattered by the
concealed material;

c. tlluminating the enveloping surface with penetrating
radiation propagating substantially along the beam
axis, the penetrating radiation characterized by a sec-
ond incident energy;

d. measuring a profile of penetrating radiation charac-
terized by a first incident energy that is scattered by the
concealed material;, and

e. determining at least one of the density and atomic
number associated with each of a plurality of voxels
based on the profiles of penetrating radiation charac-
terized by the first and second incident energies and
scattered by the concealed material.

24. A method for analyzing a material concealed within

an enveloping surface, the method comprising:

A. producing a beam of energetic photons for penetrating
the volume;

B. scanning the beam across the material incrementally in
a plurality of beam directions;

C. detecting scattered photons of substaniially all ener-
gies scattered by the material with a detector array
having a spatial resolution in a direction substantially
parallel to the beam directions;

D. measuring the intensity of scattered photons scattered
approximately perpendicular to each direction of the
beam, and

E. characterizing the material based on the intensity of
scattered photons scattered approximately perpendicu-
lar to each incremental direction of the beam.

25. The method according to claim 24, further including
measuring penetrating radiation transmitted through the
material.

26. The method according to claim 24, further including
deriving an attenuation per unit length characteristic of the
material.
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27. The method according to claim 24, further comprising 31. An apparatus according to claim 29, wherein the
the step of raster-scanning the beam axis in a plane trans- collimator includes a plurality of apertures in an absorbing
verse to the beam axis. matrix.

28. The method according to claim 24, further comprising
the step of conveying the enveloping surface in a direction 5
perpendicular to the beam axis.

29. An apparatus for generating sequential beams of
penetrating electromagnetic radiation comprising.

32. An apparatus according to claim 31, wherein the
absorbing matrix is lead.

33. An apparatus according to claim 29, wherein the
penetrating electromagnetic radiation includes x-rays.

34. The apparatus according claim 29, wherein the source

b. a target having a surface which recetves the beam of 10 for producing a beam of charged particles includes an

charged particles and emits electromagnetic waves in cathode ray tube.
response thereto; 35. A method for generatfing sequeniial beams of pen-

etrating electromagnetic radiation comprising:

a. a source for producing a beam of charged particles;

c. a beam director that directs the beam of charged
particles to the plurality of specified locations on the
farget; and

s 4. providing a source for producing charged particles;

b. directing the particles to a plurality of specified loca-
lions on a target having a surface to produce radiation;
and

d. a collimator, the collimator having an array of trans-
mitiing regions and being disposed proximal to the
farget such that electromagnetic waves emitted from the S o
target pass through the collimator and emerge fromthe , € collimating the radiation.

array of transmitting regions in a series of parallel 36. A method according to claim 35, wherein the step of
beams as the beam of charged particles is directed at collimating the radiation includes directing the radiation
a plurality of specified locations on the target. through apertures in an absorbing matrix.

30. An apparatus according to claim 29, wherein the
collimator includes an array of apertures. * k% k%
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