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I1.

PROGRESS
1.

10.

n.

12.

13.

Automated dosimetry data-acquisition and analysis system: Provides
for automatic measurement [of one, two, and three dimensional dose
distributions in a water phantom, produces data plots on scope during
scanning and produces hard copy of data and plots.

Characterization of large |variety of pion therapy beams. The beams
include three different pjon momenta with three beamsizes for each
momenta and fourteen diffgrent stopping pion configurations for each
beam size.

Measured the effect of vanrious inhomogeneities in pion therapy beams,
and the ability of compensating bolus to correct for these effects.

Measured the linear pion stopping power ratios (versus water) and
Jinear attenuation coeffi¢ients using CT scanners for a variety of
tissue simulating materials. This data is used in treatment planning
programs.

Developed treatment planning methods and computer algorithms for pions.
This includes the use of {T data for compensation for anatomical and
geometric inhomogeneities|

Developed methods for the|design and fabrication of compensating bolus
and collimators for pion therapy.

Developed methods and desfigned apparatus for set-up, immobilization,
simulation, transport, and treatment of pion patients.

Developed methods of calculating pion isodose distributions in water
phantoms which includes the effects of multiple pion scattering and
collimation.

Developed methods of calculating patient isodose distributions which
includes the patient CT data, bolus, and beam data derived from measure-
ments and calculations.

Developed methods of in vivo dosimetry which includes jonization chambers,
TLD, and aluminum activation to measure the total dose and the high
LET dose.

Performed feasibility studies on method of imaging stopping pions in
patients using positron Ymission.

Developed 2 multi-chambeﬂ dosimetry system which utilizes an array
of chambers to rapidly pérform dosimetry measurements in pion beams
so that less beam time 1s required.

Developed focused beams for use in dynamic scanning of pion patients
to improve the sparing of normal tissues. Developed methods for dynamic
treatments.
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ITI. FUTURE WORK

1. Installation and interfacing of new CT scanner.

2. Investigation of relationship between CT numbers and pion 1inear
stopping powers for a varfety of-tissue equivalent materials.

3. Development and implementation of focused beams and treatment
systems for the treatment of patients using dynamic scanning.

4. Development of improved patient immobilization devices and
set-up techniques.

5. Continuing investigation of position emission visuvalization.
Calculations and experiments to explain the complicated energy
deposition processes in jonization chambers due to stopping pions.
Expand and improve the multi-chamber dosimetry system.

Investigate the properties of new materials which may be suitable
for bolus.

9. Conduct intercomparisons at other charged particle therapy facilities
in the USA, Canada, Europe, and Japan using 2 tissue equivalent
calorimeter and ionization chambers. Write a protocol for charged
particle dosimetry.

COPIED FOR
HSPT

‘ 0 8 _‘ 3 5 8 00133500.004



.‘Dasimetry of pion therapy beams
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Charles A. Kelsey
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Howard I. Amols, Chaim Richman, Peter A. Berardo, Jerome A. Helland,
Richard S. Kiltell, Michael A. Paciotti, and James N. Bradbury

Los Alamos Scientific Laboratory of the University of California, Los Alamos, New Maxico 37545

Cellular, animal, and human radiobiology studies are in progress at the Los Alamos Meson
Physics Facility as part of a joint University of New Mexico and Los Alamos Scientific
Laboratory pion therapy project. To support these activities, dosimetry has been performed on
many different pion beam configurations. The effect of both static and dynamic momentum
spreaders and of collimators on beam profiles, depth-dose distributions, and peak-to-plateau
ratios have been studied. The absorbed dose is obtained by the application of Bragg-Gray
cavity theory to ionization chamber measurements. Calculations have been made for the
effective W values and average mass-stopping-power ratios needed for the Bragg-Gray
equation. Kerma corrections are applied to transform the dose from the chamber wall to dose

in muscle.

1. INTRODUCTION

Negative x meson (pion) radiotherapy programs ere being
developed at the following facilities: Los Alamos Meson
Physics Facility (LAMPF) and Stanford University in the
USA; TRIUMPF, Vancouver, Canada; SIN near Zurich in
Switzerland: and Dubna in the USSR. At all these facilities
pion beam intensities are still rather low but sufficiently high
to perform beam physics and dosimetry studies together with
some selected radiobiological investigations, Only at LAMPF

_ are pion dose rates high enough to permit the human ra-

diobiological studies now in progress.

Pions offer the possibility of improving the therapeutic
ratio between malignant tumors and normal tissues by having
highly localized dose distributions and a low oxygen-en-
hancement ratio (OER) relative to that for x and y rays. The
low OER occurs predominately in the high-dose region of the
pion beam in tissue and thus may overcome the resistance of
the hypoxic cell to radiation. This has been postulated to be
an important cause of failure in the attempt to cure some
cancers by conventional radiotherapy.!

Il. PION PRODUCTION AND TRANSPORT

The x mesons are secondary particles produced in a nu-
clear reaction. At LAMPF, pions are produced by bom-
barding a 17.6-g/cm? graphite target (p = 2.2 g/cm?) with
760-MeV protons. Negative, positive, and neutral pions (x~,
x*, x0) are produced in the proton-carbon collisions. The
neutral pions have lifetimes of 10~'6 sec and decay into two
+ rays. The charged pions have a lifetime of 2.55 X 10™% sec
and decay predominately into a muon and a neutrino. The
charge of the pion is equal to that of an electron.

The pion biomedical transport channel (Fig. 1) liesina
plane oriented such that the production angle is at 70° to the
direction of the proton beam. Some of the v rays from »°
decay convert in the target inta electron-pasitron pairs, which
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have a predominately forward direction. The channel ori-
entation was chosen 1o reduce the electron component in the
beam and still maintain a high-production cross section for
pions. The pions are accepted within a solid angle of 16 msr
(rms). Negative muons resulting from pion decay in the
target region as well as electrons having the appropriate
momentum are accepted by the channel with negative pions
and remain as contamination in the beam. Muons are also
produced throughout the channel by pion decay.

Figure 1 is 2 view of the bend plane (X-Z plane) of the
biomedical channel, which consists of eight quadrupole
magnets and three wedge-type bending magnets with an in-
termediate focus between the second and third bends. The
total length of the channel is about 11.7 m. The channel
opening is filled with three plastic bags containing helium to
reduce multiple coulomb scattering. The tuning of the
channel has been described by Paciotti et al.2

ill. PION INTERACTIONS

When negative pions stop in tissue they may be captured
by a carbon, nitrogen, or oxygen atom. A capture by hydro-
gen is quickly transferred to a heavier atom. Whenthe x— is
absorbed by the nucleus, approximately 40 MeV of its
140-MeV rest mass is used in overcoming the nuclear binding
energy; the remaining 100 MeV appears in the form of Xinetic
energy of nuclear fragments. About 40 MeV appearsin the
form of kinetic energy of charged particles such as protons,
alpha particles, and heavier recoils that are absorbed locally;
the rest (nearly 60 MeV) appears in the form of kinetic en-
ergy of neutrons. About 50% of the total energy available
from charged particles produced dircctly by »~ capture is
deposited within a distance of 2 cm from the capture site. At
larger distances these particles contribute less, while the
energy deposited by ncutrons becomes dominant.? A few
percent of capture events produce high-energy ¥ rays.

408
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FiG. 1. The LAMPF pion transport chanael.

The unique capture process for negative pions enhances
the dose near the Bragg peak region due to the production
of short range and heavily ionizing fragments. It is this fea-
ture that makes negative pions physically and biologically
promising in radiotherapy. In tissue, approximately 73% of-
the pions are captured in oxygen, 20% in carbon, 3% in ni-
trogen, and 4% in heavier atomns. The cross sections for heavy
ion production (including alpha particles) are significantly
different for oxygen and carbon, with more energy per ion
for captures on carbon. Therefore the relative abundances
of these elements are an important consideration when se-
lecting pion dosimetry materials.

V. METHODS AND MATERIALS

Al dosimetry measurements reported here were made with
small- (~0.1 cm3) thimble ion chambers in a water phantom.
The chambers are made by EG&G,* have walls made of
Shonka A-150 plastic,’ and are filled with tissue-equivalent
(TE) gas. The fractional composition by weight of the TE
plastic and gas compared to that of muscle has been reported
previously.é Shonka A-150 plastic contains an excess of
carbon and a depletion of oxygen as compared to muscle in
order to make the chamber wall conductive.

The ionization chamber is positioned automatically by a
three-dimensional scanner controlled by a PDP-11/45
computer. Computer codes provide for linear, planar, or
three-dimensional scans which may be taken in steps as small
as 0.) mm. Any number of readings may be taken at each
point. If the spread in the data falls outside the set variance,
the rcadings are repeated. A continuous display of the data
in graphical form atlows the physicist to observe data ac-
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FiG. 2. Treatment cone for skin nodules and superficial tumors.

quisition and change scan parameters during the measure-
ment.

The current from the ionization chamber is integrated by
a Cary 14 clectrometer. ORTEC current digitizers monitor
back-to-back transmission ionization chambers in the beam
line, which control the exposures. These transmission
chambers are filled with continuously flowing argon gas.

V. DOSIMETRY

Dosimetric measurements have been made for beams used
to treat three types of tumors: (1) skin nodules, (2) superficial
tumors, and (3) deep-seated tumors. For the first two types,
the beam shaping and collimation was done by using the
energy-degrading collimator cone shown in Fig. 2. This brass
nose cone was designed 10 stop completely the pions outside
the desired treatment volume. The peak of the pion depth-
dose distribution was placed at the desired depth by adjusting
the thickness of polyethylene absorber. Figure 3 shows a
typical beam used for the treatment of skin nodules. The left
side of the graph shows the central-axis depth distribution
of the ionization resulting from 165-MeV/C pions (E = 76.5
MeV) incident upon a 4-cm-diameter cone. The polyethylene
absorber thickness was adjusted so that the end of the nose
plug (skin surface) was at point 0.5 cm past the maximum

165 Mav/¢c - 4cm CONE
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FIG. 3. Left side: Central-axis depth disteibution for skin nodule beam. =
= 0 is at skia surface. Right side: typical beam profile taken at 2 = 0.
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F1G. 4. Central-axis depth distribution [or beams used to treat superficial
tumors,

of the Bragg peak. This region of the peak is the region of
highest linear energy transfer (LET) resulting from the
heavy-particle component of the pion capture reaction. A’
typical beam profile taken along the Yaxisof Fig. ] at Z =
0 is shown on the right side of Fig. 3.

These scans were taken in a water phantom. The correct
thickness of polyethylene shims needed to place the peak at
the desired depth was calculated, then verified by additional
measurements.

Figure 4 shows typical central-axis depth distributions for
beams designed to treat larger (up to § X 5 X 5 cm3) tumors
lying at shallow depths below the skin surface. The beam tune
and collimator for these beams were the same as for the skin
nodule beam but a different wedge degrader (see Fig. 1) was
uscd at the momentum focus of the channel, changing the
momentum spread from AP/P =x 2.0% to AP/P =~ 4.5%
(rms). The larger momern:um spread produced an extended
peak by spreading the stopping pions over a greater distance.
The distribution on the left is the widest spread resulting from
this particular wedge degrader. To achieve narrower peaks
for smaller lesions, such 2s shown on the right of Fig. 4, mo-
mentum defining slits (S; in Fig. 1) were adjusted to obtain
peak dimensions consistent with the size of the tumor to be
treated. The beam, proﬁles for these beams were much the
same as the profile shown in Fig. 3.

The distribution of LET is not homogeneous in the Bragg
peak of pion beams. Very high LET occurs predominately
in the distal portion of the peak resulting in a nonuniform
relative biological effectiveness (RBE) across the peak. This
is shown in Fig. S; the low-, medium-, and high-LET com-
ponents of tiic extended peak are superimposed upon the
extended peak distribution of Fig. 4. The low-LET compo-
nent is composed mostly of pions and electrons, the me-
dium-LET component is due mainly to protons, deuterons,
and tritons, and the high-LET component is comprised of
alpha particles and heavy recoils. These distributions were
measured with thin silicon detectors which are capable of
resolving the various groups of charged particles.” The dose
in the proximal region of the peak has less high- and me-
dium-LET components than the dose in the distal region.
Therefore, patient treatments using this particutar beam were
performed by shifting the extended peak across the tumor
volume and adjusting the tumor dose for each application to
achieve a uniform biological effcct. The results of this
treatment technique have been reported previously.®

Madical Physics, Vol. 4, No. 5, Sepl./0ct. 1977
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F1C. 5. Silicon-detector measurements of the total dose and the low., me-

dium-. and high-LET dose components (solid lines), and the total dose
measuted by ion chamber (dashed line).

Four basic beams have been developed for the treatment
of deep-scated tumors; the central-axis depth profiles for
these beams are shown in Fig. 6. These curves have been
normalized to 1009 at the maximum peak dose. There are
three interesting features of these curves: (1) As the depth
of penctration increases, the width of the Bragg peak is
broadened because the percentege momentum spread is
roughly constant, independent of energy; (2) the deepsr
penetrating beams have a smaller peak-to-plateau ratio, since
the peak is spread more due to range diffcrences of the in-
coming momentum distribution; (3) the dose in the region
beyond the Bragg peak (~10%) is due mostly to the higher-
energy muons and electrons, which have ranges greater than
pions of the same momentum, but there is also some contri-
bution from protons and neutrons. The spacing of the beam
momenta was chosen such that the entire range of depths
from 0 to 27 cm could be reached by adding polyethylene in
the beam to shift the peak of each beam to shallower depths.
These curves were measured underneath a rangeshifter
(discussed below) which has an equivalent water thickness
of approxi imately 3.0 g/cm? at its rmmmum position. Thus,
the range in water lor these beams is 3.0 cm more than shown
in Fig. 6.

The narrow peaks of these beams are spread with a
rangeshifter to achieve larger trecatment volumes. The

.g o p——
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FIG. 6. Central-axis depth profilcs for basic beams used w treat deep-<eated
tumors.
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F1G. 7. Example of a Bragg peak (dashed line) spread 1o 8 cm using the
rangcshifter (solid line).

rangeshilter is computer controlied and can be programmed
to produce peaks varying in dimensioa from the width of the
static peaks shown in Fig. 6 to widths up to 15 cm. Figure 7
shows a typical spread peak produced by the rangeshifter.
This peak is spread over 8 cm and jis flat within 5% over the
entire peak. The rangeshifter produced these distributions
by varying the height of a column of fluid in the beam path
s0 as to superimpose a large number of static peaks over the
desired width. .

The spread peaks have & nonuniform distribution of LET,
hence RBE, across the peak. The rangeshifter can be used
to modify the peak dose 10 produce a uniform biological ef-
fect, as shown in Fig. 8. The analytical rangeshifter function
to do this was developed from preliminary radiobiclogy data,
which indicated that the RBE was 1.0 in the proximal region
of the peak and was 1.4 in the distal region. Assuming a lincar
RBE increcase across the peak, the resulling “biologically flat”
beam shown by the dashed curve of Fig. B was produced. The
analytical function can be changed readily as the radiobiol-
ogical data become more complete. The rangeshifter and the
derivation of the analytical functions are discussed in detail
elsewhere.?

Treatment cones, such as the one in Fig. 2, are not practical
for the large-volume beam tunes. Currently, collimators
made from a low-melting-point alloy are being tested. The
advantage of this alloy is that it is rather dense (p = 9.4 g/
cm3) and can be easily formed into collimators of highly ir-
regular shapes. Calculations were made to determine the
correct thickness of the alloy required 10 stop completely the
pions from each beam tune. These calculations weighted the

LAT
S

- " A a n A

. " -
2 4 L] 8 0 2 4 ¥ B X

DEPTH (g/Am*)

F1G.8. Example of 2 spread peak (solid line) modified by the rangeshifter
to give a uniform biological efTect (dashed line). .
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0 MEASURED
® CALCULATED

CERARQAEND: SMUTH SQ.0%
LEAD 26.7%
IN 13.3%
CAOMWNM 10.0%
DENSITY (20°C) 9.4 gm?
MELTING POINT » 70°C

RESIDUAL PION RANGE N WATER

ONvrneES e

CERROBEND THICKNESS (cm)

FiG. 9. Calculated {closed circles) and measured (open circles) residual
pion range in water versus thickness of alloy used for collimation.

pion stopping power for the components in the alloy (50.0%
bismuth, 26.7% lead, 13.3% tin, and 10.0% cadmium). The
calculations were then verified by experiment; and a com-
parison of calculation versus experimental data is shown in
Fig. 9. _

The effect of the alloy collimators on the pion beam is
exemplified in Fig. 10, which shows a typical x profile of the
beam taken in the center of a peak spread 8 cm in depth un-
derneath a 9-cm X 7-cm elliptical collimator, 3 cm thick. The
collimators are most effective when placed at the surface of
the phantom with the rangeshifter directly above and in
physical contact with the upper-collimator surface, The shape
of the beam profiles varies considerably with depth in
phantom. At the surface (z = 0) directly under the collima-
tor, the plateau profile is very flat with almost perpendicular
falloff on the edges. In the peak region, the profiles diminish
in flatness as the depth increases, as shown in Fig. 11. At the
80% level, the distal peak profile is 6.4 cm wide compared to
a width of 7.8 cm at the same level for the profile taken in the
proximal peak. The profile shapes will also change depending
on which beam tune is used, being flatter and sharper for the
beams which have shallower penetration due to less multiple
coulomb scattering.

A typical isoionization distribution for the 170-MeV/C
pion 8-cm-spread peak is shown in Fig. 12. The penumbra
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F1G. 10. Example of uncollimated (solid line) pion beam profileand profile
of collimatcd beam (dashed line) using alloy (Cerrobead).
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FiG. I 1. Beam profiles of collimated pion beam taken in the proximal peak
{dashed line), med peak (solid line), and distal peak (dash-dot linc) of an
§-cm-spread peak.

for this distribution is wide for a number of reasons: (1) pion
multiple scattering; {2) the optimum collimator edge ge-
ometry with respect to pion multiple scattering has yet to be
determined; (3) the ionization measurements have not been
converted to absorbed dose; (4) the collimators are not ef-
fective in stopping the high-energy muons and electrons in
the beam; and (5) the fast neutrons produced in the capture
process contribute significantly to the dose in this region 310
This beam is composed of 81.7% pions, 6.6% muons, and
11.7% electrons.

Vi. PION ABSORBED-DOSE CALCULATIONS

The pion distributions that have been presented in this
paper have been given in terms of ionization produced in the
thimble chamber because the conversion from ionization to
absorbed dose in the pion beam has not been completed. The
difficulty is due primarily to the complex secondary
charged-particle fluence generated in the chamber wall. The
problem is compounded by the fact that the charged-particle
fluence varies greatly between the peak and piateau regions
of the beam and even in the peak itself due to nonuniform
distributions of star events. Pion interactions in the wall
material produce electrons, protons, deuterons, tritons, alpha
particles, and heavy recoils which in turn produce ionization
in the TE gas volume. In addition, jonizations in the gas
volume are also produced by primary pions, muons, and
clectrons. In order to give a complete physical character-
ization of the energy deposition in the gas, it is necessary to
know accurately the fluence and energy spectra of all the
secondary charged particles and the primary pions. These
data are not available at this time; however, experiments are
being designed that will provide this information.

Presently it is assumed that the thimble ion chamber acts
as a Bragg-Gray cavity in the pion beam and the dose in
muscle is calculated using the Bragg-Gray relation.$ Because
of the lack of detailed knowledge of the energy deposition
events, certain assumptions have been made concerning the
secondary charged pacticles in order to calculate the elfective
energy required to produce an ion pair in the gas (W) and the
average mass-stopping-power ratio. These calculations are
in a preliminary stage and the results subject to revision;
hence, they will not be presented here. A kerma correction

is applied to the dose caiculated by the Bragg-Gray equation”

Medical Physics, Voi. 8, No. 5, Sepl./Oct. 1977
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FI1G. 12. Isoionization distribution of 170-MeV/C collimated pion beam
wilh peak spread to 8 cm.

to transform the dose from the TE pla.suc chamber wall 10
absorbed dase in muscle. This correction is principally due
to the difference in the cross sections for heavy-ion production
in oxygen and carbon and is deduced from mmured dataand
calculations.3.1!

A program of experimental investigations and Monte
Carlo calculations is now being undertaken to provide the
necessary information to permit the statement of absorbed
dose in all regions of the pion beams. The present statement
of pion absorbed dose has a minimum uncertainty of +10%
and, in fact, may be in error by as much as £20%, depending
on the assumptions made and the applicability of the

_ Bragg-Gray theory to pion beams.

Vil. SUMMARY

The dosimetry of the LAMPF pion therapy beam has been
discussed. This dosimetry is in the early stages of develop-
ment and much work needs to be done before it is considered

. complete. The major problems are the collimation of pion

beams and the lack of detailed knowledge of the exact particle
fluence and energy spectra in both the plateau and peak re-
gions of the beam.

In the near future scanning pion beams will be developed
which will have much sharper edges and higher dose rates
than the beams presented in this report.

ACKNOWLEDGMENT

These investigations were supported in part by U.S. Public
Health Service Granls CA-16127 and CA-14502 from the
National Cancer Institute, Division of Research Resources
and Centers, and by the U.S. Energy Research and Devel-
opment Administration.

‘L. G. Gray, Am. J. Roentgencl. 85, 803 (1961).

IM. A. Paciotti, J. N. Bradbury, J. A. Helland, R. L. Huuon, E. A. Knapp,
O. M. Rivera, H. B. Knowles, and G. W. Pleuffer. IEEE Trans. Nucl.
Sci. NS-22, 1784 (1975). -

3J. R. Dutrannois, R. N. Hamm. J. E. Turner. and H. A. Wright. Phys.
Med. Biol. 17, 765 (1972).

*EG &G Inc., Santa Barbara Division, Golcu. CA 93017,

00133501.005

HSPT




e Daritect Fe mie, £ aweil wu e @iy 413

st R. Shonha. 3. E. Ruse, and G. Failla. Puper No. P/ 733, Geneva Cun- HL L Amaols, Do) Liska, and J. Halbig. " The use of a Dyauniic Kaa-

Jorence st Progress in Nucleus Energy. Scries X1, London, Oslord, Yol. goshifier for madifying the Depth Dose Distribetion of Negatics Pions.”

Lpp. 160 166 41939). prosented at RENA-AAPM Meeting, Chicago, 1976: Med. Payy. 4, 304
sA. R. Smith, P. R. Almond. J. 8. Smathers, V. A. Oute. F.H. Auin. R (1977

8. Theus. P. Winton, H. Bichsel, J. Ecnmaa, D. Williams, D. K. Bewley,

and C. J. Parncll. Mcd. Phys. 2, 195 (1975). 10M. E. Schitlaci and D. L. Rocder. Phys. Med. Biol. 6,821 (197)),

7C. Rivhnwun. Radiat. Res. 66, 453 (1976).

*A.R.Smith. M. M. Kligerman, C. A. Kehcy. R. G. Lanc. P.A. Bururdo, Y3, Baarli und A. H. Sullivan. Dosimetric Problems of Negutice pi Mesons,
AL A, Paciotti. and C. Richman. Int. J. Radiat. Qaval. Biol. Phys. Xithh {nt. Congr. Radiol., Madrid, Spain (1973), Vol. 2, pp. <26-
(1970). 431,

COPIED FOR
HSPT

Medical Physics, Vol. 4, No. 5, Sepl./Oct. 1877 00133501.006

108713b4




