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11. PROGRESS 

1 .  

2. 

3. 

4 .  

5.  

6 .  
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11. 

12. 

13. 

Automated dosimetry data-i 
for automa t i c  measurement 
distributions i n  a water 1 
scanning and produces harc 

Characterization of large 
include three different p' 
momenta and fourteen d i f f c  
beam size. 

Measured the effect  of vai 
and the ab i l i ty  o f  compen! 

Measured the linear pion 
linear attenuation coeffic 
tissue simulating materfa 
programs. 

Developed treatment plann 
This includes the use of 
geometric inhomogeneities 

Developed methods for the 
and collimators for pion 

Developed methods and des 
simulation, transport, an 

Developed methods of calc 
phantoms which includes t 
collimation. 

Developed methods of ca lc  
includes the patient CT d 
ments and calculations. 

Developed methods o f  i n  v 
TLD, and aluminum activat 
LET dose- 

w -  

cquis i t ion  and analysis  system: Provides 
of one, two, and three dimensional dose 
hantom, produces d a t a  plots on scope during 

var ie ty  of pion therapy beams. 
on momenta w i t h ,  three beam sizes fo r  each 
rent stopping pion configurations fo r  each 

copy of data  and plots. 

The beams 

ious inhomogeneities i n  pion therapy beams, 
a t i n g  bolus t o  correct for these effects. 

topping  power ratios (versus water) and 
ients using CT scanners for a variety o f  
s.  This data  i s  used i n  treatment p lanning  

ng methods and computer algorithms for pions. 
:T data for compensation for anatomical and 

design and fabrication o f  compensating bolus 
:herapy. 

lgned apparatus for set-up, imnobil i z a t i o n .  
I treatment of pion patients. 

i l a t i n g  pion isodose distributions i n  water 
ie effects of multiple pion scattering and 

rlating patient isodose distributions w h i c h  
I t a ,  bolus ,  and beam data  derived from measure- 

ivo dosimetry which includes ionization chambers, 
ian to measure the t o t a l  dose and the h i g h  

Performed feasibi l i ty  s t  'dies on method o f  imaging stopping pions i n  
patients using positron 4 mission. 

Developed a multi-chambed dosimetry system which ut i l izes  an array 
of chambers t o  r a p i d l y  pdrfonn dosimetry measurements i n  p ion  beams 
so t h a t  less beam time i s  required. 

Developed focused beams for use i n  dynamic scanning o f  p ion  patients 
to  improve the sparing of normal tissues. 
treatments. 

Developed methods for dynamic 
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111. FUTURE WORK 

1. 
2. 

3.  

4. 

5. 
6. 

7 .  
8. 

9.  

I n s t a l l a t i o n  and in te r fac ing  o f  new CT scanner. 
I nves t i ga t i on  of re la t i onsh ip  between CT numbers and p ion  l i n e a r  

stopping powers f o r  a va r ie t y  o f  t i ssue equivalent mater ia ls .  
Development and implementation o f  focused beams and treatment 
systems f o r  the treatment o f  pa t ien ts  using dynamic scanning. 
Development o f  improved pa t i en t  immobi l izat ion devices and 
set-up techniques. 
Continuing i nves t i ga t i on  o f  pos i t i on  emission v isua l i za t ion .  
Calculat ions and experiments t o  expla in  the cornpl i ca ted  energy 
deposi t ion processes i n  i on i za t i on  chambers due t o  stopping pions. 
Expand and improve the mu1 ti-chamber dosimetry system. 
Inves t iga te  the proper t ies o f  new mater ia ls  which may be su i tab le  
fo r  bolus. 
Conduct intercomparisons a t  o ther  charged p a r t i c l e  therapy f a c i l i t i e s  
i n  the USA, Canada, Europe, and Japan using a t i ssue  equivalent 
ca lor imeter  and ion i za t i on  chambers. Wri te a protocol  f o r  charged 
p a r t  i c 1 e dos irne t ry . 
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Dasimetry of pion therapy beams 
. Alfred R. Smith. Isaac 1. Rosen, Kenneth R. Hogstrom, Richard G. Lane, and 
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Howard 1. Amols. Chaim Richman, Peter A. Berardo, Jerome A Helland, 
Richard S. Kiltell, Michael A. Paciotti, and James N. Bradbury 
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Cellular, animal and human radiobiology studies are in progress at  the Los Alamor Maon 
Physics Facility a, part of 8 joint University of New Mexico md Lor Alamos Scientific 
Laboratory pion therapy project. To support these activities, dosimetry has been performed on 
many different pion beam configurations. The etrrcc of both static and dynamic momentum 
spreaders and of collirnatorr on bum pmfdes, depthdose distributions, urd peak-to-plateau 
ratios have been studied. The absor&d dost is obtained by the application of Bragg-Gny 
cavity thcoy to ionization chamber meUurements. Calculations have been made for the 
effective W vrluo and 8venge mur-stopping-power ntios needed for the Bragg-Gny 
equation Kernu comctions are applied to tnnsfonn the dose from the chamber waU to dose 
in muscle. 

1. INTRObUCrrON 

Negative r meson (pion) radiotherapy programs are being 
developed at the following facilitia: Lo, Alamor 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 arc still rather low but sufficiently high 
to pcrfonn beam physia 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 tumon and n d  tiuucr by having 
highly localized dose distributions and I low oxygm-cn- 
hancemmt ratio (OER) rrlative to tho1 for x and y rays. The 
low OER O C C U ~  predominately in the highdose region of the 
pion beam in tissue and thus may avemme 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.' 

It. PION PRODUCTION AND TRANSPORT 

The r mesons are secondary particla pmduccd in a nu- 
clear reaction. At LAMPF, pions i r e  produced by bom- 
barding a 13.6-g/cm~ graphite target ( p  = 2.2 g/cm') with 
760-MeV protons. Negative, positive, and neutral pions (w-, 
*+. *o) are produced in the proton-carbon collisions. The 
neutral pions have lifetima of lO''4xc and decay into two 
y rays. The charged pions have a lifetime of 2.55 X lWa sec 
and decay predominately into a muon and a neutrino. 'The 
charge of the pion is qua l  IO that of an electron. 

The pion biomedical transport channel (Fig. 1) lies in a 
plane oriented such that the production angle is at 70' to the 
direction of the proton beam. Some of the 'I rays from 1p 
decay convert in the target into electron-positron pain. which 
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have a predominately forward direction. The channel ori- 
entation was chosen to reduce the electron component in the 
beam and still maintain a high-production cross section for 
pions. The pions ace 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 a view of the bend plane (X-2 plane) of the 
biomedical channel, which consists of eight quadrupole 
magnetsand 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 h filled with three plastic bap containing helium to 
reduce multiple coulomb scattering. The tuning of the 
channel has been described by Paciotti er 41.2 

Ill. PION INTERACTIONS 
When negative pionr stop in tissue they may be captured 

by a carbon, nitrogen, or oxygen atom. A capture by hydro- 
gen is quickly transferral to a heavier atom. When the t' is 
absorbed by the nucleus, approximately 40 hleV or its 
140-MeV rest mass is used in orurcorning the nuclear binding 
energy; the remaining 100 MeV appears in  the form of kinetic 
energyof nuclear fragments. About 40 MeV appears in the 
form of kinetic energy of charged partides 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. Aboul 9096 ol  the total energy available 
from _charged pilrticlu produced directly by *- capture is 
deposited within a distance of 2 cm from theapture site. At  
larger distances these particles contribute lar .  while the 
energy deposited by neutrons becomes dominant.' A fcw 
percent of capture events produce high-energy y rays. 
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FIG 1. f h r  LAMPF pion lnnsport chmocl. 

The unique capture process for negative pions enhances 
thc dose near the Bra= pcak region due to the production 
orshort range and heavily ionizing fragments. It is this fea- 
ture that make negative pions physically and biologically 
promising in radiotherapy. In tissue. approximately 73% of. 
thc pions are captured in oxygen, 20% in carbon, 3% in ni- 
trogcn, and 4% in heavier atoms. The cross sections for heavy 
ion production (including alpha particles) are significantly 
diffcrcnt for oxygen and carbon, with more energy per ion 
for capturei on carbon. Therefore the relative abundances 
of thcse elements are an important consideration when te- 
lccting pion dosimetry materials. 

JV. METHODS AND MATERlALS 

All dosimetry measurements reported hen wen made with 
small- ( 4 . 1  an3) thimble ion chambers in t water phantom. 
Thc chambers are made by EGBG? have walls made of 
Shonka A- 150 plastiGS and are fillcd with tissuecquivalent 
(TE) gas. The fractional cornpilion by weight of the TE 
plastic and gas compared to that of muck hy ken reported 
previously.' Shonka A-I50 plastic contains an excess of 
carbon and a depletion of oxygen as compared to muscle in 
ordcr to make the chamber wall conductive. 

The ionization chamber is positioned automatically by J 
three-dimensional scanner controlled by P PDP-I 1/45 
computer. Computer codcs provide for linear. planar. or 
thrccdimemional scans which may k taken in steps as small 
as 0.1 mm. Any number of readings may be taken at each 
point. I f  the spread in the data falls outside the set variance. 
thc rcadings are repeated. A continuous display of the data 
in  graphical form atlows thc physicist to observe data a e  
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FIG. 2. Treatment cone for rkin nodula and superficial tumors. 

quisition and change scan parameters during the measure- 
ment. 

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

V. DOSIMETRY 
Dosimetric measurements have been made lor beams uscd 

to t r a t  thrce iypcs of tumors: (1) skin nodules, (2) superficial 
tumors, and (3) deep-seated tumors. For the first two typcr, 
the beam shaping and collimation was done by using the 
energy-degrading collimator cone shown in Fig. 2. This brass 
nose cone was dcsigned to stop completely the pions ouuidc 
the desired treatment volume. The peak of the pion depth- 
dose distribution was placed at the desired depth by adjusting 
the thickness or polyethykne absorber. Figure 3 shows a 
typical beam used lot the treatment of skin nodules. The left 
side of the graph shows the central-axis depth distribution 
ofthe ionization resulting from 165-MeV/C pions (E = 76.5 
MeV) incident upon a 4sm-diamctcr cone.Thc polyethylene 
absorber thickness was adjusted so that the end or the nose 
plug (skin surface) was at point 0.5 cm past the maximum 
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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 Y axis of Fig. 1 at 2 = 
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 dcsircd depth was calculated, then verified by additional 
measu rements. 

Figure 4 shows typical central-axis depth distributions for 
beams designed to treat larger (up to 5 X 5 X 5 cm') tumors 
lying at shallow depths below the sltin surfacc.lhe beam tune 
and collimator for thcse beams were the same as for the skin 
nodule beam but I different wedge degrader (see Fig. 1) was 
uscd at the momentum focus of the channel, changing thc 
momentum spread from JPjP  PL 2.0% to &PIP Y 4.5% 
(rnis). The larger momer.!um spread produced an extended 
peak by spreading the stopping pions Over a grwter distance. 
The distribution on the left is the widat spread resulting from 
this particular wedge degrader. To achieve narrower peaks 
for smaller lesions. such as shown on the right of Fig. 4, m e  
mentum defining slits (Sz in Fig. 1) were adjusted to obtain 
peak dimensions consistent with the sire of the tumor to bc 
treited. The bum.  profiles for these beams were much the 
same as the profile shown in Fig. 3. 

Thc distribution of LET is not homogenew in the Bragp 
pcak of pion beams. Very high LET occurs predominately 
in the distal portion of the peak resulting in 8 nonuniform 
relative biological effectiveness (RBE) accoss the peak This 
is shown in Fig. 5; the Iow-, medium-, and high-LET com- 
ponents of tits extended peak are superimposed upon the 
extended peik distribution of Et. 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. Thesc distributions were 
measured with thin silicon detecton which arc capable of 
resolving the various groups of charged particles.' The dose 
in thc proximal region of the peak has leu high- and mc- 
dium-LET components than the dose in the distal region. 
Therefore, patient treatments using this particular 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 cffcct. The results of this 
treatment technique have been reported previously.' 

T0T.L 00% SUCON OLTCCTOR I \  

0 
0 

FIG. 5. Silicondetector meUurernents d the total dose md ~ h c  low.. me- 
dium-. and high-LET dou components ( d i d  lines). a d  thc twl dorc 
rna iu td  by ion clumbw (dxhed line). 

Four basic beams have been developed for the treatment 
of deep-seated tumors; the central-axis depth profiles for 
these beams are shown in Fig. 6. These curves have been 
normalized to IC@% at  the maximum peak dose. There arc 
three intcresting features of these curves: (I) As the depth 
of penetration increases, the width of the Bngg peak is 
broadened because the percentage momentum spread i s  
roughly constant. independent of energy: (2) the dcep:r 
penetrating beam have a smalkr peak-to-plat& ratio. sincc 
the peak is spread more due to range diffcrenca of the in- 
coming momentum distribution; (3) the dosc in the region 
beyond the Bragg peak (-10%) is due mostly to the highcr- 
energy muons and electrons, which have ranges grwter than 
pions of the same momentum, but tbcre is also sonic contri- 
bution from protons and neutrons. The spacing of thc beam 
momenta was chosen such that the enlire range of depths 
from 0 to 27 cm could be reached by adding polyethykne in 
thc b u m  to shift the peak of each beam to shallower dcpths. 
These curves were measured underneath a nngahifter 
(discused below) which has an equivalent water thickncss 
of approximately 3.0 g / m 2  at its,minimum position. Thus, 
the range in water for thuc b m r  IS 3.0 cm more than shown 
in Fig. 6. 

The narrow peaks of thee beams arc spread with a 
rangeshifter to achieve larger treatment volumes. The 
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f10.7. Eumple d r  B n g g  p a k  (duhad lin) spread to I cm nJnl the 
n n p h i f t a  ( d i d  line). 

rangahiftcr is computcrcontmlled and a n  k prognmmcd 
to produce pmb varying in dimension from the width of the 
static p c a b  shown in Fig. 6 to width up to 15 cm. figure 7 
shows a typical sprud peak produced by the ranguhifter. 
This peak is spread over 8 cm and i s  flat within 5% Over the 
entire peak. The rangcshifter produced these distributions 
by varying the height of a column of nuid in the beam path 
so as to s u p c r i m p e r  large number of static peaks Over the 
desired width. 

The spread peak haw a nonuniform distribution of LET, 
hence RBE. across the peak. The rangeshiher can be used 
to modify the peak dose to produce I uniform biological ef- 
fect. as shown in Fig. 8. The analytical rangeshifter function 
to do this was developed from preliminary radiobiology data. 
which indicated that the RBE was 1.0 in the pmximal region 
of the peak and was 1.4 in the d a d  region. Assuming a linear 
RBE incrcasc across the peak, the resulting "biologically flat" 
beam shown by the dashed c u m  of fig. 8 was ptoduced The 
analytical function can be changed readily as the radiobiol- 
ogicd'data bccamc more complete.The rangcshifter and the 
derivation of the analytical functionrare discussed in detail 
clsewhete? 

Treatment cones. such as the one in Fq. 2, arc no! practical 
for the large-volume beam tuna.  Currently, collimators 
made from a low-melting-point alloy are being tested. The 
advantage of this alloy is  that it is r r t h u  dense (p = 9.4 g/ 
cm') and can be easily formed into collimators of highly ir- 
regular shapes. Calculations were made to determine the 
correct thickness of the alloy rcquird l o  stop completely the 
pions from each beam tunc These calculations weighted the 

FIG. 8. Errmplc of spread peak (did line) modikd by the nnicshittcr 
to l i r e  z unilorm bidogiul c f k ~  (dashed linc). ' 

, 
CERROENO Tmo<MsE [em) 

FIG. 9. CaLcrktad (dosed drcla) and mururad (opcn circls) residual 
pion m n p  in watuylnus thickness of alloy used for cdlimrtion. 

pion stopping power for the components in the alloy (50.m 
bismuth, 26.7% l a d ,  13.3% tin. and lO.O%admium). The 
calculations were thcn verified by experiment; and a com- 
parison of calculation versus experimental dau  is shown in 
Fig. 9. 
Th e  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 9cm X 7-cm elliptical collimator, 3 cm thick. The 
collimators ace most effective when placed at  the surface of 
the phantom with the rangahifter directly above and in 
physical contact with the upper-coliimator surface. Thc shape 
of the beam profiles varies considerably with depth in 
phantom. At thesurface (I = 0) dirmlyunder thccollima- 
tor, the plateau profile is very flat with almost perpendicular 
falloff on the edges. In the peak region, the profile diniiniih 
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 un at the same level for the profile taken in the 
proximal peak The profile shapes will alsochange depending 
on which beam tune is used, being flatter andsharpn for the 
beams which have shallower penetration due to leu multiple 
coulomb scattering. 

A typical isoionization distribution for the I70-MeV/C 
pion O-cm-spread peak is shown in Fig. 12. The penumbra 

OFF_ AXIS DISTAKCE (cm) 

f t ~ .  10. Eumplrduacullimatcd ( d i d l i n c ) p i o n b m  profikrad prohlc 
of collimated berm (dashed line) using alloy (Ccrrokod). 
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OFF AXIS WSTANCE (a11 
FIG. I I .  Bcrm protila dedlimatal pion k r m  t a b  in h a  proximal peak 
(dashed line). med puk (did line), and d i d  peak (dubdoc  lisc) d a n  
8-sm-sprud peak. 

for this distribution h wide for a number of reasons ( I )  pion 
multiple scattering. (2) the optimum collimator edge ge- 
ometry with respect to pion multiple scattering has yet to k 
determined; (3) the ionization meUuremenrs hove not been 
convened to absorbed dose; (4) the collimators are not ef- 
fective in stopping the high-energy muons rnd electrons in 
the beam; and (5) the fast neutrons produced in thekpture 
process contribute signifiantly to the dare in this region.’-10 
This beam is composed of 81.7% pions, 6.6% muons, and 
1 1.7% 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 dojt in the pion beam has not been completed. The 
difficulty b 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%ctween the peak and plateau regions 
of the beam and even in the peak itseff due 10 nonuniform 
distributions of star events. Pion interactions in the wall 
material produce electrons, protons, darterom, tritons, alpha 
particles, and heavy recoils which in turn produce ionization 
in the TE gas volume. In addition, ionizations in the gar 
volume are also produced by primary pions, muons, and 
electrons. In order to give a complete physical character- 
ization of the energy deposition in the 8u. it h nccuury to 
know accurately the fluencc and energy spectra of a11 the 
secondary charged particla ind  the primary pions. These 
data are not available at this time; howcvn, 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 Becjure 
of the lack of detailed knowledge of the energy deposition 
events, certain assumptions have been made concerning the 
secondary charged panicles in order to calculate the effective 
energy rquircd to produce an ion pair in the gas ( W )  and the 
avcrape 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 calcul31cd by the Bragg-Gray quation * 

to transform the dose from the TE plastic chamber wall to 
absorbed dose in muscle. This oorreciion is principally due 
to the difference in the cross sections for hcavy-ion production 
in oxygen and arbon and is deduced from musured dau an$ 
calcula t ions.~J~ 

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 bcams.The present statement 
of pion absorbed dose has a minimum uncertainty off 10% 
and, in fact, may be in error by as much as f 2 N .  depending 
on the assumptions made and the applicability of the 
Bragg-Gray theory to pion bums. 

VU. 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 
beam and the lackof detailed knowwledge of the exact prticle 
nuence and energy spectra in both the plateau rnd peak re- 
gions of the bum. 

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