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Abstract

The failure of X-ray diagnostitc techniques to accurately detect tumors

and other regions of abnormal density in soft tissue has been, for many
years; a significant shortcoming of this impottant.technique in medicine.
Accelerated heavy particles with plastics for track detection can be used
to record small differences in density in soft tiséues which may correspond
to biological structures and abnormalities, In heavy-particle radiography
(HPR) , plastic detectors are well suited f9r recordiné images since their
threshold nature makes them insensitive to spurious low-LET radiations and
light secondaries. Sources of error which limit the resolution of HPR are
inversely depeﬁdent on the atomic mass number (A) of the incident particle,
Range sfraggling, responsible for loss of depth résolution, is proportional

A-O.S

to while multiple scattering which degrades latefal resolution is

approximately proportional to A—0'395, Recent experiments éhowing calcifi-
cation in human blood vessels and soft tissue features in rats underline
the potential of HPR as a diagnostic tool, High-resolution, three-dimeh—
sional reconstructions are possible ﬁsing multiple layer plastic detectors:;

the short exposure time produces blur-free radiographs of specimens whose

internal structure may be in motion,
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I. Introduction

Our inte#est in particle radiography was geneiaﬁed during the planning
of a biomedical accelerator, in 1967. At that timé it‘was suggested that
a number of existing problems in diagnostidjroentgenology might be solved
through the use of energetic partic;e beams (1); amoné these problems are:
1. Soft-tissue abnormalities and tumors are often not detectable with
X-rays or other conventional techniques, A tumor is detected by
X—rays generally only when it has grown tb a rather large size,
2. In some cases air or é radio-opaque substance must be injected
in order to detect certain soft-tissue regions
such as the third ventricle, Such lOcaliz;tion might be accom-
plished without injections if heavy particles are used,
3. Internal blood clots are pbt easy to detect, Since the density
of these is often greater than that of surrouhding tissue, they
might be visualized with heavy particle beams.
4. When small density differences must be detected, as in mammography,
the_need for very soft X-rays results in uhdesirably high doses,
Imaging_in diagnostic X-ray fadiography depends,largely on differences
in absorption between different tissues. Absofption in turn depends on
atomic absorption coefficients, In many instances with X-rays, there is
no resolution of.an abnormal soft tissﬁe region, even though this region
may be well differentiated from the biological point of view, if its absorp-
tion coefficient is similar to that of the surrounding tissue. In such
cases a much mofe sensitive detection of this slight difference in specimen
composition is afforded by using the vgriation of the stopping power of the

specimen to accelerated heavy particles rather than the variation in the
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X-ray absorption coefficient (2)., This increased resolution derives from the
fact that the ionization produced by a particle beamvvaries from a small
value to its maximum value for a displacement of the beém stopping point
of only the order of 1% of the range of the beam, where the range of the
beam must only slightly exceed the thickness of the specimen. On the other
hand in conventional diagnostic X-rayvradiography, ﬁhe electromagnetic
?adiation'must-be able to penetrate the entire specimen and still retain
adequate intensity to sufficiently expose the film'ﬁithout.giving undqu'
high radiation dose to the entrance side of the specimen; in this case the
distance scale for a large variation in the X-ray radiation intensity must
be the order of the thickness of the specimenf Consequently heavy particle
radiqgraphy affords a sensitivity increase of the order of 100-fold in cases
where the percentage change in the particle stoppiqg power is thé same as
the percentage change in the X-ray absorption coefficient,

In addition to the significantly higher sensitivity, particles afford
several other advartages over X-rays; these advantages are that:

l; the measurement of the residual range of fast particles after they
have crossed the bddy can also be used for determining the three-
dimeﬁsional density distribution inside. | |

2, particle radiography can be done with a much lower patientvdosage
than réceived with X-rays. |

3. diagnosfic pictures can be obtained during very short time intervals
that eliminate blurring due to motion,

Experimental efforts in particle radiography began in 1968 with Lyman's
attempts in three-dimensional protonvlaminography of a phantom, At the same
time Koehler, et al (3) (4) (5) began work on proton techniques, which
have produced very intéresting pictures, Related work by West, et al has

likewise produced interesting resﬁlts (6) (7). 1In a recent paper (8) and

Iy
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report (9)-i£ was shown that the use of monoenergetic oxygen particles
produced in the Berkeley Bevatron, in combination withbthin-sheet.plastic
track detecfors, will considerably extend the possibility of detecting soft-
tissue abnormalities and localizing air pockets. These results suggested
that heavier particles have a greater diagnostic potential than protons.
From the mathematical analysis developed by Gditein (10) for use in
Lyman's investigation, it became apparent that thrée-dimensional recon-
struction of proton densitograms might be a very important diagnostic
tool and an.édjunct to therapy* Subsequently Budinger (12) developed the
mathematicai-physics and computer techniques for 3-D réconstruction from
multiple 2-D views for use in both emission and transmissioﬁ studies in
nuclear medicihe'and electron microscopy; these techniques are directly
applicable to proton or heavy particle radiog;aphy.' Another reconstruction

technique has been developed by New, et al in conjunction with the EMI

scanner (20) .

Biological research with high-energy accelerated deuterons, protons
and helium ions began in Berkeley more than 20 years ago; the first human
therapeutic.exposures with these particles began at this time, Recently,
two accelerators were combined to form a sing;e multipurpose heavy-ion
accelerator, the BEVALAC; this unique machine is a national facility (21),
Since the use of heavy particles in contrast to protons should result in
better depth and lateral resolution because of the decrease in range strag-
gling and scattering with increasing atomic mass, the BEVALAC is eminently
suitable for a comparative evaluation of the use of protons and of heavier
ions in diagnostic radiology.

In this report we shall discuss the particle and beam parameters which
affect image resolution in particle radiographs together with the results

of some preliminary heavy particle exposures. The theory and the preliminary

*A status report'on this work is available (11).



results preSent a strong case for the use of heavy particles over protons

for diagnostic radiography and of particles over X-rays for resolution of
features which differ only slightly in density and/or composition from

surrounding material.
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" II. Physical Aspects of Particle Radiography

The basic éleménts of any radiographic technique are resolution (longi-
tudinal, lateral, volume) and patient dosage. 1In particle radiography
these elements are a function of the physical interactions between beam
particles and the target,characteristics of the parﬁicle beam, and the
type of particie track detector which is used for imaging. Before we can
discuss the_effects of these aspects on the above elements, it is first
necessary to briefly‘discuss the aspects themselves, To this end we sﬁall
outline, in this section, the pertinent physical cénsiderations which are
involved in the particle radiographic technique, ‘ihg remaining two aspects
are discussed in the subsequent two sections,

A chargednparticle of a particular atomic number, Z, atomic weight,

A, and energy, E, will penetrate a given absorber ﬁo some precisely known
depth called the range, R% Conseqﬁently, a beam of mopoenergetic charged
particles will stop in a homogeneous absorber at approximately the same
depth. For example, Figure 1 shows a protoh attenuation curve determined
for a graphite absorber, showing that most of the parﬁicle attenuation
comes with a tﬁickness change of about 5%. If the range of the incident
particles is adjusted to be nearly the same as the thickness of the radio-~
graphea object, a small change in the thickness or déhéity of the object
will result in a relatively large change in the number of particles that
penetrate the object, By placing a suitable detectof-downstream of the
objgct to record the emerging particles, high sensifivity to changes in
thickness or dénsity is achieved, The variation in recorded track density
constitutes_the radiographic image of the object. The quality of the image

is dependent on certain physical factors, Among the most important of these are:

*See Appendix A for a discussion of range-energy relationships.



A, Range Straggling.

As an energetic, charged nuclear particle penetrates matter it loses
energy primarily through interaction with the electrons in the stopping
medium, - Since the number of energy transfers to electrons is finite,
there is a statiétical fluctuation of the particle ranges due to the random-
ness of the energy transfers. This variation in the ranges of pérticles
with the séme incident energy is known as range straggling, The range
straggling of various ions in water is shown as a function of the particle
range in Figure 2. The_values are computed from the.wprk of Barkas (13)
in emulsion scaled to other materials using Equation 5f66 of Burcham (14). The
straggling is expreésed as the standard deviation of the longitudinal'stopping-
point distribution. The curves in Figure 2 can be represented very accurately

by the analytical formula,

O, = 0.0120 R°‘951A’0'5

(cm) o _ (1)

It can be seen thét the standard deviation of rangé straggling, GR is almost
proportional to'fange, R, and is inversely proportioﬁal to the.square root
of the atomic mass number, A,

Straggling is the dominant limitation of depth resolution in particle.
raaiography, Thé»thicker parts of the human body afe‘équivalent to 30;40 cm
water in their stopping power; the range straggling of protoﬁs at that thick-
ness is aboﬁt 1.00% of the range while straggling fér helium ions is about
half that for protons; for accelerated carbon ions it is only 0,29% of the

range.

B. Multiple Scattering,

As energetic nuclear particles are brought to rest by electrons, they

also interact elastically with the nuclei of the atoms in the étopping
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material. While very little energy is exchanged in these nuclear interactions,
the moving particle is deflected from its originalvdirection of travel,

usually through é very small angle. The cumulativé effect of many of these
very small défiections is known as multiple scatﬁering of the particle, If
many particlgé.With identical trajectories ana raﬁge (R) in water are stopped
by traveliné through a single homogeneous stopping ﬁaterial (with no air
spaces), the standard deviation of the lateral distribution of the stopping

points is approkimately given by the relation: -

ox'=.0?0232 Z—0.207 A-0,396 R0,896 Z2,963 A;0,5 (2)

where Zs aﬁd As‘are the atomic number and atomic mass number of the stopping
material, and R.and OX are given in cm.’ Equation (2) is obtained from Eqn;
(13.111) of Jackson (15)* using the range energy relationship {(Equation (A-1l)
in Appendix A] to obtain "pv", A factor of 1/2 converts <02> to its projected
value and the factor of distance to the stbpping point,;quared is the lever
arm factor which converts the increment of Og into aﬁ_increment of O;. The
logarithmic term is replaced by a power function appréximation and the expression
then integrated from the radiographed feature to the bgam stopping point,

The contributionbto OX by the material upstream from the radiographed feature
is not included in Equation (2) ., The values of Okfgiven By Equation (2) are
shown in Figure 3. As in the case of range straggling, it can be seen that
there is a strong dependence on the atomic number of ‘the incident particle.
For a given particle range, there is a much smaller.spread in the lateral
positions of ﬁhe stopping points for heavier particles,

From the point of view of multiple scattering, accelerated carbon par-

ticles thus present a gain of about four-fold over protons in resolving

2 2
2 =1/
z Zse ) ln(2102s 1/3

*<0?> = 4N ( )t where t is the thickness of material

containing N atoms per unit volume,
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details of a linear tissue structure: with respect to resolving an area,

the gain is 16-fold.

C. Inelastic Collisions.

Some of the particles suffer inelastic collisions in passing through
matter, These particles are deflected or lost from the beam producing
one or more secondary recoil particles in tissue at the site of the col-

lision, The cross section (6) for this scattering process is

1/3 1/3

o=m’ @+ w3 17)7 | NG

‘where ko is the radius of a proton, A the mass number of the acceleraﬁgd
barticle and M the mass number of the absorber ., . The formula is due to
Bradt and Peters; refinements have been made hege on the basis of recent
accelerator data.. |

When the accelerated particles are protons, the beam attenuation by
this process is relatively small, However, with increasing atomic number,
the loss of particles from the beam becomes substantial,.making it inad-
visable to use very heavy particles for tissue radiography. The secondary
particles cause an increased spread of a portion of the.beam énd ada to
background, While some of the detection techniques (é,g, plastic detectors,,
see below) miniﬁize this effect because their efficiency is much léwer for
the lighter secondaries, the lost pafticles must bé compensated for by
the use of an increased particle flux, Another effect of inelastic colli--
sions is that the nuclear disihtegratidns produced add to the dose received
by the patient. However this is a very small effect and does not unduly

increase dosages received by patients.
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D. Air Spaces.

Perfect lateral resolution would be achieved if all particles in a
parallel beam which pass through a given point on the radiographed object
also stop at the same lateral position on the detector. The real situa-
tion deViates‘from this ideal situation because of three factors: 1) inherent,
accelerator-ﬁréducéd angular disperéion of the particle trajectories at
points in the beam, 2) additional angular dispersion produced by multiple
scattering, and 3) the path length through which the éarticles travel
beyond the target before coming to rest, which transforms the angular’
dispersion into a lateral spatial dispersion, The acceierator—produced
anéular dispersion is relatively minimal, As the beam comes to rest it
inescapably suffers multiple scattering which becomes more and more pro-
nounced as the particles' momenta decrease and the momentum transfers in
collisions with nuclei become greater,

The mean deflection of particles from straight line trajectories
remains relatively small as long as the particles have high energy and
travel continuously in dense medié. When particles emexrge from dense medium
to air, particularly at lower energies where the angular dispersion has
‘become large, the lateral deviation from straight-line trajectory increases
markedly, causing a deterioration in the ability fq résolve structures in
the radiographed object, This effect is due to the fact that the trajec-
tories of scattered particles have an angular distribution and that, in
air, large distances are traversed without a corresponding change in the
beam energy. This effect is qualitatively demonstrated in Figure 4,

The scatﬁering angle, lateral spread and loss of resolution in air
are markedly smaller with heavy ions than with prbtons.

For optimal resolution in particle radiography[ip is advisable to ;eéve

little or no air space between subject and the detector.
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E. Abrupt Density Change or Phase Change,.

Small-angle multiple scattering of heavy particles can give rise to
edge pattern near sharp interfaces between'objects whenbthere is an abrupt
density change; a similar effect is used in zerography techniques of diag-
nostic radiology with X-rays, West and Sherwood of the Harwell laboratories
(6, 7) recently analyzed this effect by the use of protons, VWe believe
that this effect was observed in one of the radiographs taken with én
oxygen beam at the Bevatron.

Since the r. m. s, multiple scattering angle ch;nges approximately
as l//ixwhere A is the mass of the particle, heavy ions are better than
protons for scattering radiography. The difference reéults in better reso-
lution and in the ability to resolve.structure in thicker objects at the

same kinetic energy of the particles,
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IIT. Accelerator Beam Aspects of Particle Radiography

There are several pfoperties of accelerated beams which can modify the

effectiveness of particle radiography, Among these are:

A, Energy spread,

The desired depth resolution for particle radiography is about 0.2
to 0.3%. 1In érder to achieve this, it is necessary to use discrete par-
ticle energies that correspond to the thickness and stopping power of the
object to be radiographed, Equally important, the é&rticles must have a
 very small energy spread after they emerge from the aécelerator.

The range energy curve in Figure 5 indicates the energies necessary
for complete péssage of the particles through subjgcts of various dimen-
sions, In the Bévatron/Bevalac it will be possible to choose appropriate
energies af any level above 100 MeV/nucleon by timiné of the deflection
mechanism, The maximum energy spread in a single pulse with this machine
is about 0,5%. The use of fast carbon and oxygen beams'has_resulted in
deflected beams with much smaller energy spread,

The energy spread of helium ions and protons in the 184" cyclotron
is about 0,5%, so that pictures taken at this machine at the present time
would have poorer resolution than those taken at the Bevatron, Howéver,

at the expense of intensity reduction, it may be possible to reduce energy

spread in the cyclotron also.

B. Angular Divergence,

Most of the beams extracted form accelerators show, in addition to

energy spread, angular convergence and divergence of the particles, It is
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desirable to reduce this lack of uniform direction .of the particles to such
a level that the resolving power achieved woula not be affected by this
factor. |

The Bevalac beam-focusing channels are arranged iﬁ such a manner
that monbenergetic particles can be brought to a near focus, By applying
0.5 cm apertu;e in the focal plane a distance (D) of 5 meters or more
between focal plane and radiographic setup, the beam divergence (GB) can
be kept to oﬁé milliradian or less, Since such a divergence will cause
an erfor in image resolution of less than 0,03 cm, it might be necessary
ﬁo have an evacuated space between focal spot and subjeét in order to kéep
air scattering to minimum, Beam emittance is 30 mm-mradian lateral and

60 mm-mradianvveftical,

c. Spherical Correction,

The use of focused beams would cause the endpoints of the ranges of
particles crossiné.a slab of matter of uniform density not to lie in a
plane surfaéé, but instead these would be on a curved surface. A local
region of a few cm2 of a radiograph would not be appreqiably affeéted by
this factor. >However, when large‘size (e.g. 50 cm x 50 qm) radiographs
are précessed; it might be necessary to apply correctibnéAas part of compu-
tefized handling of data or place a thin energy degrader of the shape of
convex optical lens midway between the focus and the detectors to produce

a planar stopping distribution,

D. 'Timing and Particle Flux,

Most of the components of soft tissues are in constant motion, due to
the beating of the heart, breathing, peristaltic motion, muscle-twitch back-

ground, etc. Some believe that these motions are sources of errors and of
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lack of resolution in conventional X-ray soft tissue radiography.

The BeValéc delivers pulsed beams, It is a built—in feature of this
machine that pulées are ogtainable in controlled time gequence from a few
microseconds'ubwérd to a few tenths of a second, Since there is sufficient
particle flux_in'a single pulse for a radiograph of‘FJF.O—3 or 10-4 second
duration, this méy allow synchronizationvothhe radiographs to motion
sequences of tﬁe body., It is possible that some cy¢1o£rons might also be
programmed in.én appropriate manner for this purposéﬁ

Radiogfaphs of good quality require uniform béém;density distribution
over the objéct;to be radiographed. Because of thé complicated beam dynamics
in the acceléréfors, this represents special technicél problems; a radio-
graphic detecto;‘system under construction will alsq-be used to adjust

accelerator parameters for optimal uniformity of the’béam density.
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"IV. Detector Characteristics and Response in Particle Radiography

A general requirement for a detection system in a new radiographic
me£hod ié tha; the system should be able to record an optimum portion of
the informationzcarried by the.diagnostic particle beam, There should be
a minimum of.time,delay introduced by thevdetector system; its background
should be low and the radiation dosé to the patient should be minimized.
Additionalvdesirable features include low cost, ability to convéniently
store the information and a format accessible for compﬁtér processing of
the'data, We consider two systems briefly: plastic_puclear track detectors

and photographic film,

A, Plastic Nuclear Track Detectors.

Plastic nuclear track detectors record the passage of charged particles
if the ionization rate of the particles (LET ='1inea£ ehergy_transfer)*
exceeds the critiéal value that is characteristic of the'particular detector
(16, 17, 18), The two most commonly used plastic detectprs are cellulose
nitfate and Lexan polycarbbnate with the former being considerably more
sensitive, The detector development consists of a éhgmiéal treatment in
a strong hydroiide solution (e.g. 6.25N NaOH) which results in the prefer-
entiél chemical etching of the radiation-damaged material along the particle
trajectory. In’this way, a microscopically observable "track" is produced.

The plastic.nuclear track detector response can be characterizéd by
the qhemical etch rate along the particle trajectory (VT), as a‘functiqn of

the particle-restricted energy loss rate (LET) (17), For normally incident

*The response of plastic nuclear track detectors more closely follows the
LET 5 rather than LET, of particles. This is why the quantity LET35 is
usea ghrqughout this work. Over a wide range of particle velocities EET35
can be converted to LET, by multiplying by a factor of " 1.6.

0]
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tracks, a very good approximation to the Lexan deteétqr response and a
reasonably good apprqximation to the cellulose nifrate (CN) detecto£ response
is given by:
v | for LET350 < LETcrit
v o | (4)

for LET o > ey |
- crit

where VG is the bulk etch rate of the detector surface., For Lexan (without

it © 300 Kev/u (Hé()) and ¥ * 2. For CN, LET_ . _ oo
kev/u (H2O) and § = 4, ‘It can be seen that the CN is ﬁuch more sensitive
than Lexan.

Two significant aspects of the plastic response can be seen from Equation
4. Firét, theﬂthfeshold naturg of the detection iﬁplies that no.particle

tractks will be produced if the particle range in the detector is greater -

rit® Second,

than a registfation range,_Rregi derived from the values of LET;
the track etch rate, hence the track éize and the macroscopically observable
response, inc;eases rapidly as the particle stopping point is apprdached

aﬁd LET350 increases. This places the effective response point very close
to the particle sﬁopping point, particularly in the case of Lexan., In fact,
it occurs at a residual range of somewhat less ﬁhan Rreg/z’ the effective
response range for detectors with constant response in the.region LET ., >
LETcrit' For example, Rreg * 0,014 cm (H20) for 16O in Lgxan.

It is importaﬁt to compute the detector‘response curve as a function of
the distance from the nominal particle stopping point. This is accomplished
by conVoiuting the stopping-point distribution with the detector response
as a function of residual range. For example, the familiar Bragg curve

results when the detector is an ionization chamber, Here, the detector

response is the total particle ionization, 1In Figures 7 and 8 are shown
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the normalized Lexan and CN response curves as a function of the water-
equivelenﬁ distance from the nominal stopping point, .Here thevLexan response
is taken to berthe total track opening area on.botﬁ surfaces of the detector,
This should approximate the macroscopic response given by observing the
layers with.scattered light (dark field illuminatioq). An experimental
demonstration of the Lexan response curve is shown in Figure 6, which shows
an etched Lexén'srack which has been separatedlto reveal the individual
leyers.

In Figure‘7,.two response curves are shown for the CN detector. One
gives the response as seen by light transmitted through the central opening
areas of tracks erched completely through the plastic,'fThe other gives the
response that woold be obtained by counting the tracks (which is a large
task for large numbers of detector layers or particle‘radiogréphs with much
detail). The assumed emount of surface bulk etch for the central opening
area response 'is only 8.6ﬂ. For longer etch times, the-central opening
curve will approach the track count curve in appearaoce.

It can be seen that the Lexan response.curve aporokimates the particle
sropping—poinf distribution quite well, The track hole opening area CN
response curve_has'approximately the same width as the stopping-point dis-
tribution, even:though it is shifted slightly upstreami These threshold
deteotorsvcan therefore be assumed to be measuring the'stoppingépoiot dis-
tribution without introducing any more than a negligible‘amount of longi-
tudinal spread.

An exposed-piasric nuclear track detector preserves an image of the
distribution of heavyeparticlesvstopping in ifAin the form of a hole or
cone distributioh_ This image can be transformed to photographic film by

transilluminating the plastic film by light of appropriate'wavelength.
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~The distribution is also suitable for further computer processing: the

plastic sheets are automatically scanned by;a suitable -device and the

co-ordinatesvwhere tracks are located are transferred £o computer tape or

memory. | |
A very attractive feature éf plas;ic nu;leaf_track detectors is the

fact that every stopping particle is recorded.

»

B. Photographic Film,

Photographic films are generally used in diagnostic radiology and their
characteristics are well knowﬁ. Both have been usea.ih our study, for evalu-
ation of their suitability in proton and heayy-ion rédiography, and for com-
parative diagnostic pictures taken by X-ray. Howéver, it appears thaf there
are several disadvantages:

1. witﬁout intensifying screen, X-ray films,need relatively large ,

.dose in terms -of particle flux density. " Approximately lO6 protons
cm-z.are needed for gobd contrast, causing a dose of about 0,03
rad to 3 rad in tissue at various energies._‘

2, When intensifying screens are used, these.are likely to decrease

depth variation,

3. The film response is logarithmical and thé background noise on the
£ilm is relatively large., Photographic filﬁ is sensitive not
only to protons but also‘to electrons ana electromagnetic radiation.
4, It is relatively difficult to compare two films of the same subjéct
because photographic development introducesvgeneral changes in
tone and contrast, For similar reasons, transfer of the film

information to computer is not very practical,
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C. Comparison of Plastics and Photographic Film for Track Registration

in HPR. -

We have recéntly carried out experiments which clearly show that high-
resolution, high-contrast radiographs can be prodﬁced utilizing heévy-
particle beams.in conjunction with either photographic film or plastic
nuclear track detectors (8, 9). The emphasis has beeh on using plastics
in that they offer some uniéue advantages over ﬁhe photographic film, o
For this putpose, the main limitations 6f the photographic emulsions con-
sist of the following: emulsions record heavy partigies over their entire
trajectory; they record electrons producing an unwanted "halé“ effect,_and
they record all charged secondaries., Also, since plastic detectors record
tracks only at the end of the particle range, it is possible to detect very
small variations in the stopping power of the object. Sipce each layer
of é stack of exposed plastics may have unique thickness information recorded
on it, it then.becomes possiblebto construct a two-dimensional map of the
thickness_of.the target object, |

The contrast between conventional, i,e, "X-ray radiography" and heavy-parti-
cle radiography with plastic detectors is illustrated in Figure 9, Here
the X-ray mean fx;ee path length and the heavy-particle range are the same,
The X-ray intensity (the processed film reproduces tbis,infensity) and the
Lexan response to the heavy-ion beam are normalized_toAOne at their peak
values. As the tissue composition changes, the water—equivalent path length
for either absorption or stopping varies with latefél position in ﬁhe beam,
As can be seen from the figure, the resulting fractiénal change in Lexan
response, ART/RT is much greater than the fractional-change in the X-ray
intensity, AIx/Ix. The "noise" with plastic detectors is generally very low
and typically represents the development of a small density of background

etch pits as well as the fragment-induced tracks. Consequently it appears



EEREREEERN2
21

that plastics are more suitable for heavy particle radiography than are

photographic films, However, more rigorous comparative studies are planned.



22

‘'V. Basic Elements of Particle Radiography

Having presented selected pertinent physical, beam, and detector
aspects of particle radiography, we are now in a position to discuss the
effect of these aspects on the basic elements of particle radiography,

i.e,, resolution (longitudinal, lateral, volume) and dosage.

A, Longitudinal (Depth) Resolution,

Four.faéfors combine to déterminevthe change in subject thickness
that can be diagnostically measured, These are: range straégling, initial
beam enéréy spread, range shortening due to multiple scatterinq}and errors
involved in'determining the range of a group of particles in the detector,
We believe that the last two factors can be made much smaller than the first
two, so that, for relatively large regions, the r.m.s. déviation in range
measurement, GR' can be expressed as:

Ce2 2 1/2
= +
6R (GRange spread Gstraggling)

By purifying the beam so that its energy spread is less than 0.1%, we
are left with straggling as the essential variable.

Heavy particles are the beét suited to high-depth resolution because
they have much smaller values of range st;agglihg than light particles,
as can be seen in Figure 2, Because of the smaller range straggling, heavy
particles indicate the average value of the stopping point much more accur-
ately than light particles. Moreover, élastics are the ideal detecting
material because of their threshold registration characteristics, recording
particles only very near their stopping point, Thus, the relativeiy narrow

stopping region of the heavy particles is well localized. For more sensitive



23

detectors, such as film, which record the particles at great distances
from their stoppihg points, much of thé_information:abOUt those particles
stopping near the detector is obscured by the particles stopping farther
downstream, which are also recorded, Therefore, the.aéwnstream stopping-
point displacementg do not produce the desired reduction in intensity on
the detector.

If we quantitatively define the depth resolution by-requiring that
the displacemént'in the average particle stopping distance be detectable
at least at the one standard deviation level for each point of a 10 x 10
raster (100 points/feature) across the feature to be;resdlved; the required

particlé fluence (F) is giVen by :

' 1.902
F > 0.0144 R . v (5) 

2 2
Aft (A£Y" a

where all units are cgs units. In Equation(5),R is the range of the full-

energy particles, A_ and t are the area and thickness of the feature to be

O f
detected, Af is the change in stopping-power conversion factor between the
feature and the.suxrounding medium, and A is the atomic mass number of the
incident particle. The factor f is the relative stopping power in the region
of interest as compared with the energy loss rate in water, Equation (5)

is derived using Eéuation(l)and by assuming that all particle stopping points
are determined. The error (standard deviation) of the stopping point deter-
mination is then OR//BTBT_X;—?', which is equated to one to obtain Equation (5).

Some of the possible features of interest and their values of f are given in

Table 1.
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Table 1.

STOPPING-POWER CONVERSION FACTORS

' Stopping material o £
water (tissue) 1.00
1 ' .
tumor 1.05
bone 1.8

air , 0.001

lThe density factor of 1.05 is given here
for illustrative purposes only, Initial,
unpublished measurements in our Labora-
tory indicate that, for soft-tissue tumors,
this factor varies from 0.95 to 1.05,

As an example of the application of Equation(S) we calculate the
' . I

¥

partiéle fluence necessary to resolve a l-cm diameter spherical tumor

immersed in normal tissue, If this is located in the torso, the particles
must have a range of the order of 50 cm, The area of the tumor is 0,785 cm2

and its averagé thiékness is 0.667 cm, Af is 1.05 - 1,00 = 0.05, Therefore,

0.0144 x 50292

F = 0.785 x 0.667° x 0.05°A A

_ 28,000

If protons are used (A = 1), 28,000 particles/cm2 will be required. If Ar
particles are used (A = 40), 70‘0'particles/cm2 will ‘be required to resolve
the tumor (neglecting losses due to nuclear interactiqn).

It is of intérest té compute the smallest feature that can be detected
‘with a given particle fluence, If we assume spherical features with diameter
d (cm), then, for track registration, it is necessary‘that:
0.451 r0+47€

d >
»(Af)Q's (AF)

0.25
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. . 4 , :
For example, with a particle fluence of 10 partlcles/cm2 and R = 50 cn,
air bubbles (Af = 1) can be resolved if:
a>o0.20 2702

This means that bubbles 0.29 cm in diameter can be resolved with protons,

and those 0,12 cm in diameter can be resolved with Ar particles,

B. Lateral Resolution.

The theoretical evaluation of lateral resolution is not a perfectly
straightforward procedure, due to the fact that it is very dependent on
the image-processing techniques that are applied to: the radiograms, It is
also true that tﬁe lateral resolution is not independent of the depth reso-

lution. This can be seen by the factor A_ in Equation(5). As a first approxi-

' f
mation it is reasonable to assume that the limiting lateral resolution cannot
be much less than the standard deviétion of the lateral distribution of
stopping points:produced by multiple scattering and given by Equation(2).

It is expected tﬁat even computer enhancement of the image cannot improve

.the lateral resolution limit given by Equation(é)by more than a factor of two.

The lateral resoclution appears to be the limiting factor in heavy-
particle radiogiaphy. For example, protons can depthHresolve an air bubble
0.29 cm in diametér on the upstream side of the torso (see previous example) .,
However, Figure 3 shows that an air bubble 1,39 cmvin diameter is required
for lateral resolution.

An evaluation of the relative lateral resolution capabilities of various
particles at various ranges in water cén then be seen by considering Figure 3.
For example, Ar particle beams shouid register objects which are approximately
eight times as small in linear dimensions as objects that can be resolved
with a proton beam. For the thinner regions of the radiographed subject, it

should be possible to achieve much greater resolution than for the thick

regions if the beam energy is reduced.
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. C. Volume Resolution.

'Combiningvdepth resolution and area resolution) it seems clear that
heavy particles can resolve substantially smaller volume features than
protons. for helium ions vs, protons, the ratio is about 8; for carbon ions
vs. protohs abéut 64; and for argon vs, protons,‘evén greater, By increasing
:the fluence of protons and using computing aids, proton resolution is somewhat
‘improved. However, .in each instance, heavier ions give greater contrastvthan

protons: for the same objects viewed,

D. Dose.,

There are several factors that affect the dose: 1) the particles'
energy loss rate, 2) the particle fluence (particles per unit area), 3)
range straggling, and 4) nuclear disintegrations that have taken place
upstream from the point where the dose is to be evaluated. If we are dealing
with beams with reasonably low iﬁitial energies so nuclear disintegrations can
~ be neglected, and if we are evaluating the dose at a point somewhat removed
from the stopping point of the particles, a reasonabiy accurate evaluation
of the dose can be obtained by considering only the particle energy loss rate
and the particle fluence, The deposited energy density in MeV/cm~ is given

by the fluence, F, times LET

s @S given by Equation (A-2)*_, This can be con-

verted to dose in rads through multiplying by the appropriate conversion
factors necessary to obtain the units of 100 ergs/gm, For water (or tissue)

the approximate dose (D) in rads is then given by:

7 Z1,207 0.396 (8)

D =2.85 x 10~ (A/R) F

where R is in cm of water, Equation (8) should only be applied when R is

greater than 1 cm and less than approximately 50 cm,

*Appendix A,
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The valﬁes'of the dose are présented in Figure IO“for a pariiclé fluence
of 1000 pafticles/cmz. It can be seen that, for this‘fluehce, aﬁd eveﬁ at
1 cm for Ar, the dose is quite low in comparison to the normai chest X-ray.
Particle'flﬁénces as high as lO4 particlés/cm2 for Ar and 106 particles/cm2
for protons apéear usable, even though they may not bé required since lateral
resolution is the primary limiting factor in re;dlutibﬁ.

" When protons are used instead of cafbon particiés, dose iﬁ rads remains
the same or possibly higher than for carbon. One reason is that more protons
must be usedvper feature in order to obtain resolution,

The total:humber of particles in a beam remains>qﬁite low, even if large
radiographs are made, For example, a 50 cm x 50 cm éérbon radiograph, with
1000 particlés éer cm2, would use only 2.5 x 105 péfticies,; This is several
orders of magnitude lowef thanvcan be delivered-byﬁthe BEVALAC 'in a single

pulse,
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VI. Preliminary Results of our HPR Technigque

Results of.our initial work in heavy-particle radiography (HPR) appear
in References.(8) and (9). Recently, several additioﬁal experiménts‘were |
conducted. The following is a brief description of this unpublished work. K *

A test of iongitudinal resolution was carried out using a piece of
Lucite with gfooves of varying depths cut into the block. Beams éf 12C and
16O were used and recorded by stacks of Lexan. In‘Eigure 11 are sho&n
photographs of the Lucite resolution tester and twollayers of processed Lexan,
one each from the 12C and 16O exposures, The fifth groove from the 1ef£
‘having a depth of 0.2 mm can clearly be observed in each case, A much better
depth- resolution can be achieved through actual counting of tracks in the
regions of interest. It should be noted also that ﬁhié‘and the subsequent
radiographs were produced by having the particle beam first traverse approxi-
mately 10 cm of water.

A test of lateral resolution was carried out using a piece of aluminum
having variable depth and spacing of triangular grooves, as shown in Figure l2a,
Radiographs were obtained using beams of 16O particles'recqrded by stacks of
Lexan and cellulose nitrate, In Figure 12b is shown an edge view of a pro-
cessed cellulose nitrate stack which illustrates well the three-dimensional
character of'the recorded image. The white oﬁtline of the grooves in aluminum
repfesents the position in the detector stack where the particle beam came
to rest, ‘The appearance of one sheet of this stack_is shown in Figure l2c.

As before, a #rue test of resolution wQuld iﬁvolve track counting in the areas
of interest.

A combined test of lateral and longitudinalvresolufion involved the use

*A disclosure of invention was made to the AEC Patert Division by C. A. Tobias
and E. Benton, This matter is currently being handled by the Patent Office,
Univ, of California, Berkeley (AEC Case No. S-43, 158(RL-5951; IB-140)).
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of a model of a tumor as shown in Figure 13a, Here, a l-cm cavity in a
block of Lucite was filled with a 5% lower stopping power sucrose solution,
Numerous small air bubbles were allowed to remain between tﬁe two halves of
the block sealed by means of a 0.5 mm piece of polyethylene plastic, In
Figures 13b and 13c are shown two Lexan radioéraphic layers produced by a
beam of 12C particles. The images of all of the'air bubbles are clearly
recorded including the sﬁallest bubble which is about 1 mm in diameter,
Again it should be noted that the object is overlaid by a lO—ch thick layer
of water. Figures 13d through 13g are Lexan radiographic layers with the

1 em cavity filled wifh sucrose solutioné whose stopping powers are'Z%,

3%, 4%, and 5%’lower than Lucite, respectively,

Figure 14.shows a l60-produced, cellulose nitrate radiographic sequence
of a diseased human aerta with an X-ray appearing on the bottom right. The
dark areas appearing on the X-ray are areas of celcification, The particle-
plastic radiographs show the calcification in considerably more detail; this
may be another area where HPR can make an importent contribution *

In all cases, the above radiographs were obtained by using a single beam
pulse of about lO6 particles, spread to an area of about 40 cm2, corresponding
to an absorbed dose of about 0.1 rad. Lower exposure ievels (about 0,01 rad)
still yieiding high-quality radiographs can be obtained by enlarging the re-
corded tracks throuéh a longer etch time, Since exposure times are very short
and can be varied down to about 1 microsecond through control of the deflection
system; the technique can also be applied to obtain blur-free radioéraphs'of
biological specimens in motion.

Our latest work was the imeging of a 150 gram F344 rat using 400 MeV/amu

neon particles from the BEVALAC. For this exposure the beam was

*This work was performed by D, Cafiso as an undergraduate thesis in Biophysics,
University of California, Berkeley, 1974, It is on file with the Medical

Physies Division, Donner Laboratory, UC, Berkeley.
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spread to a diameter of roughly 16 inches. Particle fluences of 104, 105,

106, and lO7 particles cm-r2 were used, respectively, with 9" x 12" x 0.4"
stacks of alterhate layers of Lexan and red-tinted cellulose nitrate for
track registfation.

The rat was sacrificed approximately twelve hours.before exposure, and
three 1/4" x 1/4" right cylinders of polystyrene (density: v 1,04 gr cm—3;
stopping power; v 1,08 times that of H20) were implénted, The implants were
in the right thigh, on the left side, and
beneéth the diaphragm, with the raf viewéd abdomen up. Metal sutures were
used to close the incisions and to serve as reference points, The rat was
then tied to a support frame and refrigerated at just above 320C. For the
exposure the raﬁ/frame assembly was immersed in a 12" x 12" X 2" Lucite water
bath. Detector stacks were positioned against the downstream face of the
water tank, - |

Figure 15a through Figure 15j is a sequence of Lexan radiographs of
the rat from a fluence of 105 particles cm—z; the layer in Figure 15a lies
closest to the rat. Denser features such as bone, are imaged earliest in
the sequence; organs such as the livef and stomach become visible later,

What ié most interesting about the radiographs is the éharpness (or contrast)
of various inteffaces; Figure 16 is a radiographic image of the rat in
cellulose nitrate from the same detector stack as Figures 1l5a to 15; Figure 17
is an X-ray of the same rat done in air. |

It is clear from the work to date that HPR is a viable imaging technique,
although more work:- is needed to optimize the images énd refine their inter-
pretation. Application of reconstruction techniques to.multiple views.should

greatly éxtend the amount and quality of information which can be obtained.
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VII. Conclusion

In about one year the relative merit of protons, heiium ionsvand heavier
particles for di;gnosis, as far as the physiéal‘factofs of depth and lateral
resolution, contrasf and type of detector systems are concerned should be known.
Within two yearé it should be possible to obtain a clear indication of the sub-
fields of cancer diagnosis where the techniques might be useful, Should par-
ticle radiography extend the ability of.radiologists’in early and accurate
diagnosis of Caﬁcer as we expect, then it is logical that the techniques should

r

be more widely used, and research on these methods might well be accelerated,
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Appendix A

Range-energy Relationships,

In figuré 8 are shown range-energy relationships iﬁ water for the
particles;and energies of interest to heavy—particlé radiography (HPR) .
Since the maximﬁm energy to shich the BEVALAC can accelerate ions‘is in
excess.of 2 GeV/nucleon (2000 MeV/nucleon), it is clear that for all of these
particles, sufficient particle range is available for penetrating the thickest
subjects of iﬁterést. While there are elaborate coﬁputer codes for exact
calculations, the.range—energy'relatiénships shown in Figﬂre'S can be repre-

sented to better than 10% accuracy by the analytic relation,

E/A = 29.5 (z°Rr/a)°-00% - (A=1)

The derivative of Eqn. (1),

1.207 0.39%6

LET, = dE/dR = 17.8 2 (A/R) (A=2)

is useful for dose calculations. The quantity Z is the particle atomic
number, and A is the atomic mass number., The units for the above relations
are: the particle range, R, in cm of water, energy, E, in MeV, and total

energy loss rate, LETy, in MeV/cm (= 0.1 kev/u).
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Figure Legends

Figure 1. Relative transmissioh of monoenergetic protons
as determined for graphite with a proton energy
of 147 MeV (from Bell, Clements and Langsford)
(19) .

Figure 2. | Range straggling as a function of range in
water for various particles, Helium ions have
about half the straggling of protons and carbon
ions about 1/4 of proton straggling. There is

some further improvement with still heavier ions,

Figqure 3. v ' Mean beam deflection due to multiple scattering
for various ions in water. Lateral scattering
for carbon ions is about four times less than

for protons,

Figure 4. _ Particle trajectories crossing an interface (not

drawn to scale) .

Figure 5. ‘ Range-energy relationship for H, He, C, O, Ne

and Ar in water,

Figure 6. ‘ An expanded view of the three-dimensional char-
acter of the stopping point distribution of
BEVALAC 20Ne particles in successive layers of
Lexan. The track density is directly propor-
tional to the opaqueness. The stack has been

separated to reveal individual layers.

Figure 7. ' Normalized Lexan and CN detector response
curves., The normalized stopping distribution
producing these curves is also shown. The
Lexan response is the total track opening area

on both detector surfaces. The CN responses



Figure 7 (continued).

Figure 8,

Figure 9.

Figure 10,

Figure 11.

Figure 12,
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are the track count Qh the downstream surface
and the total area of the central openings of
etched-through tracks, All layer positions

are for the center of the layer,

Expanded response curve for Lexan. The shaded
areas are the portions of the stopping-poing
distribution that contribute to the response

for the indicated layer position.

Illustration of contrast in respbnse between

X-ray and heavy-particle radiography.

The dose due to a particle fluence of 1000
particles/cm2 as avfunction of particle resi-
dual range (this graph is not corrected for
inelastic collisions., When these are included,
the lines on the right side of the graph be-

come somewhat elevated) .

Longitudinal resolution tester (a) -consists of
a block of Lucite with variable depth grooves.
In (b) and (c) are Lexan radiographs made using
12C and 160'beamé, The fifth groove from the
left, 0,2 mm thick, is clearly visible. A much

better depth resoluﬁion can be achieved by

‘actual counting of tracks in the regions of

interest. Note: the incident beam traverses

approximately 10 cm of H_, O before reaching the

2
subject.

A lateral resolution tester {a) consisting of
a block of Aluminum with variable depth trian-
gular grooves, In (b) is edge view of a stack
of cellulose nitrate plastics used to record

the image of (a) using 169 particles. This
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Figure 12 (continued) . clearly shows the three-dimensional nature of
the recorded image, In (c¢) is shown a single

layer which makes up the stack (b).

Figure 13. A model of a tumor (a) consisting of a Lucite
block with a l-cm diameter spherical cavity
filled with 5%‘lower sfopping power sugay
solution. note many small air bubbles; the
smallest is about 1 mm in diameter, (b) and
{c) show 12C'radiographs in CN.' Note the images
of the air bubbles. (d) to (g) show radiographic
image in Lexan for 2%, 3%, 4%, 5% lower stopping

power of the cavity, respectively,

Figure 14. 16O-produced CN radiographs show portiohs of a
diseased human aorta with details of find struc-
ture not obtainable using conventional X-ray
techniques, At bottom right is an X-ray diag-
nostic pictare taken at 35 kVp with a 0.8 mm
Al filter. | |

Figure 15, The radiographic image of the F344 rat in
) Figure 15 produced by BEVALAC 20Ne particles in
Lexan. (a) through (j) show the image produced
in successive layers; emphasizing the three-
dimensional character of the radiograph. The
Lexan layers in this exposure were alternated

with cellulose nitrate 1layers.

Figure 16. The radiographic image of a F344 rat pro-
' duced by BEVALAC 204e particles in cellulose
nitrate. One layer of the stack is shown. The

rat was exposed in a water bath.

Figure 17. An X-ray of the F344 rat in Figures 15 and 16
in air, The exposure is at 45 kv, 200 mas,

The three bright spots are metal suture clamps.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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