
< , 

F & * ! . o i^av 

PROTON NUCLEAR SCATTERING RADIOGRAPHY 
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Nuclear scattering of protons allows to radiograph 
objects with specif ic properties : direct 3- dimensional 
radiography, d i f ferent information as compared to X-ray 
technique, hydrogen radiography. Furthermore, i t is a 
well adapted method to gating techniques allowing the 
radiography of fast periodic moving systems. Results 
obtained on di f ferent objects ( l i gh t and heavy mate­
r i a l s ) are shown and-discussed. The dose delivery is 
compatible with c l i n i ca l use, but at the moment, the 
i r rad ia t ion time is too long between 1 and 4 hours. 
Perspectives to make the radiography faster and to get 
a practical method are discussed. 

Introduction 

Nuclear scattering radiography (N.S.R.) rel ies to 
strong nuclear in teract ion. 1 " 3 When protons in the GeV 
energy range are incident on an object, most of them go 
through with a very small angular deviation due to 
mult iple Coulomb scattering (M.C.S.) and a l i t t l e ener­
gy loss. Some of the par t ic les, however, have strong 
nuclear interactions with the nucléons bound in the nu­
c le i of the atoms of object. The co l l is ion called quasi-
elast ic has nearly the character of an e last ic encoun­
ter between part icles of the same mass ; so the angular 
deviation of the incident par t ic le is b ig . Pract ical ly 
the useful range is 15-40°. Measuring the trajector ies 
of the incoming and outgoing charged par t ic les , one may 
compute the three space coordinates of the interact ion 
vertices whose density d is t r ibut ion ref lects the matter 
d is t r ibu t ion in the bombarded body. So one obtains d i ­
rect ly 3-D radiography without moving the incident beam 
or the object. The number of protons scattered by a vo­
lume element is d i rec t ly proportional to the nuclear 
quasi-elast ic cross section. I ts dependence on the 
atomic mass A is very di f ferent from that of X-ray coef­
f i c ien ts : in case of N.S.R..interaction, lengths are 
higher and this makes possible the radiography of 
thicker or heavier materials. Radiograpns obtained by 
measuring only the incident and scattered trajector ies 
are called simple radiographs by opposition to the hy­
drogen radiographs obtained by observing a th i rd par­
t i c l e , the recoil nucléon. In that case, kinematical 
relations between the three particles allow to separate 
the nuclear scattering on hydrogen atoms from scattering 
on a l l other elements. I t gives an information on the 
hydrogen content of targets. 

Experimental method 

The experimental set-up consists mainly of four mul-
t iw i re proportional chambers CH (planes X-Y) perpendi­
cular to the beam direct ion (Z-axis). CH! and CH2 pla­
ced before the target localize the incident part ic le 
(coordinates X lY l,X2Y2). Their useful area which de f i ­
nes the f i e l d of radiography is 20 x 20 cm2 and the i r 
local izat ion resolution is 0.6 mm. CH3 and CH„ placed 
af ter the target local ize the scattered proton (coor­
dinates X3Y3, X„Yu) up to a scattering angle of 40° : 
their useful area is 100 x 100 cm2 and their local iza­
t ion resolution between 1 and 2 mm. CH3 is able also to 
local ize a recoi l proton i f any (coordinates X5YS). A 
coding system reads the eight or ten coordinates and 
transfers them to a fast computer called SAR.U I t takes 
less than 2 us for this operation. SAR computes the 
coordinates XRYRZR of the intersection in space of the 
incident and scattered straight lines defined by X J i , 

X2Y: and X3Y3, X..Y... SAR is d i rect ly coupled to a 

mass memory of 2.1 mil l ions of 12 b i ts elements. This 
memory is used as a three-dimensional matrix X.Y.Z, ty ­
pical dimensions being 160 , 160 , 80. Each element of 
the mass memory corresponds to an elementary volume 
(voxel) of the target defined by : AV = AX * AY x AZ. 
AX, AY, AZ are chosen in function of the local izat ion 
resolution of the system. Typical values are 0.635 or 
1.27 mm for AX and AY, 2.54 or 5.08 mm for AZ. When one 
event sat is f ies the conditions X s XR < X + AX, 
Y i YR < Y + AY, Z s ZR < Z + AZ, SAR adds one count to 
the voxel of address X, Y, Z. A l l o f these operations 
take about 50 us to be completed. In case of hydrogen 
radiography, SAR has also to compute two kinematical 
c r i t e r i a and i t takes 100 us to analyze one event. Be­
cause the duty cycle of the SATURNE accelerator i n Sa-
clay, we are presently able to measure about then thou­
sands scattered events per second in case of simple ra­
diography. With th is acquisi t ion ra te , a f ter an i r rad ia­
t ion of four hours, the mass memory contains about one 
hundred mil l ions of scattered events. For each voxel, 
the number of events is proportional to the density and 
to the nuclear cross sections of the corresponding tar ­
get voxel. The 3D-matrix is stored on a magnetic tape 
and has to be corrected for various parasi t ic effects : 
lack of uniformity of the incident beam, variations of 
the sol id angle of detection, d i f fe ren t ia l absorption 
of particles in large targets. I t is possible also by 
smoothing techniques to decrease the s ta t i s t i ca l f luc­
tuations and. to improve the sens i t iv i ty at the cost of 
a loss in spatial resolut ion. To visualize the 3-D ma­
t r i x on a T.V. set , one shows successions of adjacent 
sl ices i n three orthogonal planes : perpendicular to 
the beam (sl ice X-Y), ver t ica l paral lel to the beam 
(s l ice ZY) or horizontal (s l ice ZX). A gray scale is 
used with the highest pixel value being white and the 
lowest black. To increase the contrast of the radio­
graphs, one may subtract a constant quanti ty. 

A detailed description of the method can be found 
elsewhere.5 

Experimental results 

We present d i f ferent results to i l l u s t ra te possible 
applications in technology and medicine. 

I . Detection and local izat ion of defects i n heavy materials 

Taking advantage of the re la t ive ly small nuclear 
absorption involved in N.S.R., we have looked at the 
l imi ts of defect detection and local izat ion in metals 
l ike i r on , copper, lead .uranium.6 Defects are plane a i r 
gaps between metal blocks, perpendicular to the beam 
axis. The gap width may be varied. In that condit ions, 
for iron we detected and localized defects of 0 . 1 , 0.2 
and 0.4 mm width in blocks of thickness 4, 11 and 22 cm 
respectively. For the thicker blocks the l imi ta t ion 
comes from errors given by M.C.S. I t could be improved 
by increasing the energy of the incident proton. 

I I . Radiography of an e lec t r ic motor 

To i l l us t ra te the capabi l i ty of N.S.R. i n technical 
appl icat ion, Fig. 1 shows the radiography of an elec­
t r i c motor at rest . 

Motor diameter is 10 cm, i t s length 20 cm. The mo­
tor axis is along the proton beam direct ion (Z-axis). 
The visual izat ion matrix M(X,Y,Z) has dimensions 160 , 
160 , 80 respectively and AX=AY =0.635 mm, AZ= 2.54mm 
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Fig. 1 - N.S.R. radiography of an e l ec t r i c motor. Longitudinal 
(planes X-Y) is given by 

posi t ion (Z coordinate) 
the numbers. 

of these transverse s l ices 

giv ing a voxel of 1 mm3. For an i r r a d i a t i o n time of two 
hours, 32 mi l l ions of scattered events are col lected g i ­
ving a density of about 50 events per mm3. The long i tu ­
dinal pos i t ion (Z) of the transverse s l ices (planes X-Y) 
is indicated by numbers on F ig . 1 . On Z=8 s i i ce , one can 
see the seven bal Is of the gear bearing the motor axis. On Z= 
25 and Z=30 s l i c e s , the 0.6 ran gap between stator and rotor 
appears n ice ly . Z=50 s l ice is at the level of the motor co l ­
l ec to r . 'Aith th is motor running, we did also a f i r s t appl ica­
t ion of R.D.N. to cineradiography. One can synchronize wi th 
some microseconds precision, the acqu is i t ion of the scat te­
red events with an external signal phase-locked on the posi­
t ion of the running motor axis. The v isua l iza t ion matrix 
M(X,Y,Z) becomes a 4-0matrix M(X,Y,Z,T) where T is the time 
measured by the external synchronization s igna l . Because 
the to ta l dimension of the mass memory is f i xed , we have 
to decrease X,Y,Z dimensions to leave place to T. In our 
par t icu lar app l ica t ion, because the high level of symme­
try of the ro tor (12 blades), T dimension is height (120). 
The matrix M(X,Y,Z,T) has respective dimensions 40 , 40 , 
10 , 120 wi th AX = AY = 1.27 mm, AZ = 5.08 mm and AT = 
280 ys. So the f i e l d of radiography is reduced to the 
rotor and the edges of the s ta to r . The motor was running 
at 1800 revolutions per minute and we needed nine hours 

to get about 50 events per matrix element cf 8.2 mm3 -
280 us. Despite th is very long t ime, we were able to 
fo l low c lear ly the moving blades of the ro to r . 

I l l . Radiography of a human head 

To i l l u s t r a t e the capabi l i ty of N.S.R. in medical 
appl icat ions, F ig . 2 shows some radiographs obtained on 
a human head f ixed i n a formalin so lu t ion . Posit ion of 
the head is so that the transverse planes X-Y corres­
pond to sag i t ta l s l ices . The v isua l i za t ion matrix 
M(X,Y,Z) has dimensions 160 * 160 x 80 respect ively and 
AX = AY = 0.635 mm, AZ = 2.54 mm. On Fig. 2, four adja­
cent s l ices X-Y are summed g iv ing a voxel of 4 mm3. For 
an i r r ad ia t i on time of one hour, 25 mi l l ions of sca t te ­
red events are col lected giving a density of about 10 
events per mm3. The delivered dose is about 0.1 - 0.2 
rad. The longi tudinal posi t ion (TR) of the sag i t ta l 
s l ices is indicated by numbers on F ig . 2. TR 31-34 cor­
responds to the median sag i t ta l plane of the head. To 
f a c i l i t a t e the in te rpre ta t ion of these radiographs, F ig . 
3 shows two comparable anatomical s l i c e s . The le f t -one 
compares with the TR 27-30) proton radiography, the 
r i gh t one wi th TR 31-34. Many deta i ls appear c lear ly on 
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Fig. 2 - N.S.R. radiography of a human head. Successive sag i t ta l s l ices o f 1.1 cm wid th . Sl ice TR 31-34 corresponds 
to the median sag i t ta l plane of the head. 

F ig . 3 - Anatomical sag i t ta l s l ices of a human head. The one on the l e f t site compares with the proton radiography 
TR 27-30, the one on the r igh t with TR 31-34. 

the N.S.R. results and i t shows that the volumic resolu­
t ion of the method estimated about 6 mm3 is sa t is fac to­
ry . 

Perspectives of N.S.R. 

These results are encouraging on the usefulness of 
the N.S.R. method but i t s use w i l l be l im i ted by the 
need of a big accelerator del iver ing a GeV proton-beam. 
But one has to point out that the very low in tens i ty 
proton beam needed does not disturb the physic exper i ­
ments of ex is t ing accelerators. The example of neurono­
graphy using neutron reactor for technical appl icat ions 
shows that N.S.R. could have in the future some develop­
ment. Right now, N.S.R. is not of pract ica l use because 
the i r r a d i a t i o n time is much too long. Most of our work 
is to make radiographs faster. In 1977, we were able to 
t reat 2 m i l l i ons events per day,5 in 1978 32 mi l l ions per 
day3 and now 25 mi l l ions per hour. This is not enough 
and we have to increase our speed acqu is i t ion by at 
least a fac to r ten. Two l imi tat ions appear : 

The f i r s t one is the computing time (50 us) of the 

vertex in te rac t ion . We have now set a big buf fer in 
f ront of the S.A.R. which allows to compute vert ices 
permanently. So very soon, i t w i l l be possible to i n ­
crease our speed acqu is i t ion by a fac tor 2-3. Further­
more, a new version of SAR w i l l increase th is speed 
by a factor ten in two years. 

A second l i m i t is due to the in tens i ty o f the i n c i ­
dent beam crossing the loca l i za t ion chambers. Now, th is 
in tens i ty is o f the order 2-4 * 10s protons per burst 
and to radiography 10 times fas ter , i t has to be of the 
order 2-4 mi l l ions which is too much for the 1 m2 cham­
bers. So we plan to set four chambers, para l le l to the 
beam on the l e f t and r igh t side to loca l ize the scat te­
red t r a j ec to r i es . In that way, we w i l l be able to t reat 
intense beams and obtain radiography in some minutes. 
This new set-up couldbe ready in two years. 
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