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Abstract. The dosimetry of both ir + and ir beams, with 

use of semiconductor detectors and plastic sçintillators, 

is described. Depth-dose distributions, isodose distribu-

tions, and integral and differential range curves are pre-

sented. By use of a time-of-flight system the dosiinetric 

information for a pure pion beam is obtained. The muon 

and electron contamination reduce the peak-to-plateau 

ratio. Pion beams of low enee.gy  give better depth-dose 

distributions. Nearly 50% of the dose at the peak of the 

depth-dose distribution of a rr beam is found to be due to 

nuclear events. 

1. Introduction 

The dose delivered by monoenergetic heavy charged particles 

as they pass through matter rises to a sharp maximum near the end 

of the range known as the Bragg peak. In addition when the r me-

Sons stop in the medium, they are captured by the constituent nuclei. 

The captured nuclei explode into short-range and heavily ionizing frag-

ments, which enhance the dose at the peak. This mayhave a radio-

therapeutic application because these highly ionizing frágmentsare 
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expected to be more effective than conventional radiation in killing 

hypoxic cells in a tumir. This idea was informally suggested by a 

few people, including one of the authors (C. R. ), as early as f952, but 

detailed calculations. by Fowler and Perkins (1961) generated height-

ened interest in the use of i mesons for radiotherapy. Biophysical 

experiments have been carried out in this Laboratory over the last 

six years (Raju, Aceto, and Richman 1965, Richman, Aceto, Raju, 

and Schwartz 1966, Raju, Lampo, Curtis, Sperinde, and Richman 

1967a, Raju, Ricbman, and Curtis 1967b, Curtis and Raju 1968, Rich- 

man, Raju, and Schwartz 1967, Loughman, Feola, Raju, and Winchell 

1968, Feola, Richman, Raju, Curtis, and Lawrence 1968, Raju, Amer, 

Gnanapurani, and Ricbman 1969). Some physical measurements were 

also made at CERN, Switzerland, and at Brookhaven National Labora-

tory (Fowier and Mayes 1967, Goebel 1966, Baarli 1967, Sullivan and 

Baarli 1968, Tisijar-Lentulis 1966). 

This paper describes the technique used and the results of phys-

ical measurements of pion beams using semiconductor .detectors and 

plastic scintillators. Semiconductor detectors are used to measure 

the number of pions as well as the energy deposited in them as a func-

tion of absorber thickness. The energy deposition in silicon is pro-

portionalto the dose and it is referred to as tdose.  In these mea- -. 

sureménts we are interested mainly in relative dose measurements 

as a function of depth and ionization density over the peak region.. 

Plastic scintillators are used to obtain integral and differential range 

curves of pions by counting the number of pions. Plastic scintillators 

are not suitable for measuring energy deposition because of their non- 
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linear response at high LET. 

2. Production of Pion Beams 

Pions can be produced in a nuclear interaction if the energy of 

the primary particle is sufficient to create a pion (rest-mass - 140 

MeV) and also satisfy energy and momentum conservation. They are 

generally produced by a primary beam of protons. Our experiments 

at Berkeley are carried out at the 184-inch synchrocyclotron. This 

machine provides an accelerated beam of 732-MeV protons that 

strike a 5-cm-thick beryllium target in their outer orbit and produce 

neutral, positive, and negative pions. The experimental arrangement 

is shown in Fig. 1. The ir are deflected out of the cyclotron by the 

cyclotron fringe field, and after leaving the cyclotron tank through a 

window, enter a small quadrupole focusing magnet (meson quad), then 

travel along a channel (dashed line in figt.4) through the main cyclotron 

shièdsfting (hatched area). The pions then enter the meson cave, where 

various arrangements of magnets are used for energy selection and 

for focusing the beam. A bending magnet is used for momentum selec-

tion. The cyclotron produces pions in a range of energies from 0 to 

about 450 MeV (the upper limit being determined by the energy of the 

primary proton beam). To change from a ir beam to a 7T beam, all 

the magnetic fields, including that of the cyclotron, are reversed. The 

magnetic.- lens system remains unchanged for pions of the same energy, 

regardless of charge. 

Neutral pions have a very short lifetime, = 10 16  sec, and decay 

into two y  rays in the target. The .y  rays are converted into electron- 
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positr.mi pairs that go mainly in the forward direction. The electrons 

with the same momentum as pions selected by the bending magnet con-

stitute electron background in the beam 

Charged pions have a mean life of 2.54x 107 sec. Hence some 

of them decay in flight into muons, and this constitutes the muon back-

ground in a pion beam. 

The presently available if beams are too low in intensity for ther- 
* 

apeutic applications. The pion beam at the 184-inch synchrocyclotron 

at Berkeley is the most intense, being 106  particles/sec. In terms of 

dose rate, it is = 0.5 rad/rnin over an area of 3X5 cm 2 . With such a 

beam, however, physical measurements can be carried out quite well. 

3. Experimental Technique 

The characteristics of the pion beam as it passes through an ab-

sorbing medium of Lucite, and the energy distribution of rr istarsitn 

silicon obtained by using lithium-drifted silicon detectors, have been re-

ported (Raju, Aceto, and Richman 1965). The energies deposited in the 

detector where pizns stop and produce stars have been found to extend 

beyond 60. MeV. The silicon nucleus with its mass number 28 has a-

particle structure, and hence the nuclear interaction when ( mesons 

stop in silicon may not be significantly different from that in other alpha-

structure nuclei, such as carbon and oxygen, the main constituents of 

tissue. The depth-dose distribution, as measured by a silicon detector, 

* 
Machines that will produce pion intensities nearly two to three orders 

of magnitude higher than the one presently available are under construe-
tLbnat. thbsAlao.sScientific Laboratory; Vancouver, Canada; and 
Zurich, Switzerland. 
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is in good agreement with the calculated depth dose based on stopping 

meson interactions in oxygen (Curtis and Raju 1968). 

The dose can be measured by integrating the charge liberated in 

the detector by ionizing radiations such as x and y rays if the leakage 

current of the detector is annulled by using a balancing circuit (see 

Bailey and Kramer 1964). With energetic charged particles, however, 

radiation damage prevents their use particularly at high beam intensi-

ties. The leakage current of the lithium-drifted detectors is a few 

rnicroamperes (depending on their thickness), and this current is quite 

comparable to the current generated in the detectOr due to pions passing 

through it.. In the present application the problem of leakage current is 

alleviated by accepting only the ac pulses. The pion beam intensity is 

not high enough to cause significant radiation damage. 

The charge liberated in the lithium-drifted silicon detector is di-

rectly pr.oportional•to the energy deposited by the radiation. A chagge-

sensitive preamplifier yields a voltage pulse proportional to the energy 

deposited in the detector, and these pulses are further amplified by a 

main amplifier. 	 . 

In our previous work, the amplifier output was integrated by using 

an analogue integrator (Raju, Lampo, Curtis, Sperinde, and Richman 

I967a). . The ac character of the signal necessitated the use of a polarity-

clipping circuit (i. e., correcting the negative overshoot) before integra-

tion. This system had a linear energy range of 100 to 1. Pion beams 

are always produced with muon and electron contamination. For a beam 

of momentum 190 MeV/c, the most probable energy losses- -in a 3-mm 

detector, for example- -are 1 MeV by the electrons and 1.2 MeV by the 
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pions; théeñergy lost by the muons is intermediate between these val-

ues (Raju Aceto, and Richman 1965). There is consf.*i1erable spread 

in energy losses due to Landau fluctuations (Landau 1944, Maccabee, 

Raju, and Tobias 1968). At the end of the range the pions stop and pro-

duce stars, thereby depositing energies in the detector sometimes ex-

ceeding 60 MeV (Raju, Aceto, and Richrnan 1965). These high energy 

stars can be observed even with thin lithium-drifted silicon detectors 

(e. g., 1 mm) because a considerable portion of the star energy is de-

posited locally. Further, the use of a thin detector is advantageous for 

dose measurements, especially in the pion- stopping region, since this 

region could be small, for a narrow momentum spread of the primary 

r beam. •However, in the region where the pion beam enters the me-

dium (usually called the plateau region), the energy deposition in a thin 

detector is sniall and this necessitates system linearity over a wider 

energy range. In our previous work, the linear range was only of the 

order of 100-fold which is not sufficient for the use of a 1mm thick de-

tector. We were therefore restricted to using a 3-mm-thick detector. 

The linearity of the system has been improved considerably by 

changing to digital processing, using a 4096-channel analog-to-digital 

converter (ADC). The output of the linear-gated amplifier is stretched 

for compatibility before being fed to the ADC. The ADC translates the 

signal amplitude to a channel number of a 12-bit binary number. This 

code is fed to a digital on-line computer, which processes and stores 

the total number of particles and the total energy. In addition, the com-

puter is also programmed to print out the pulse-height spectrum. The 

block diagram of the overall system is shown in fig. Z. A pulse gen- 
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erator is used to calibrate the system and to check system linearity.  

Our primary 1T beam is contaminated with 25% electrons and 

IO% muons. Since the semiconductor detector system is fast and mea-

sures the ?.tdosett  due to each particle, it is possible to measure the 

Itdose u due to pions only, if the muons and electrons are resolved from 

the pions by using a time-of-flight system and gatiñg the semiconductor 

detector system with the signal due to pions only. 

The time-of-flight system. (TOF) measures the time each beam 

particle takes to travel a fixed distance. Because of space restrictions 

this length was only 17. feet in our system; increasing the path length 

would improve the resolution of the system. A plastic scintillation 

counter is placed at each end of the flight path. 71h a contaminated pion 

beam of a given momentum, muons and electrons travel faster than 

pions. The velocity spectrum of the particles, as expressed by the 

time delay between the two scintillation counter pulses, is processed 

via a time-to-pulse-height converter. The TOF pulse spectra which 

g.ate the semiconductor system for the contaminated and pure beams of 

ir rnesons, and the TOF pion signal, are shown in fig. 3. 

The lithium-drifted si'icon detector, housed in an electrically 

shielded Lucite box, can be remotely positioned in three axes in a water 

phantom. The data from the semiconductor detector are accumulated in 

the computer during the time it takes the monitor scintillator system to 

accumulate a fixed number of counts. Data are thus collected for each 

position of the detector in the water phantom. 

In addition to the semiconductor detector system, plastic scintil-

lators provide fast coincidence and anticoincidence gating in conjunction 
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with the TOF system furnishing gating signals for obtaining integral 

range curves (number-distance curves) and differential range curves 

(numbers of particles stopped as a function ofabsorber thickness). The 

block diagram of such a setup is shown in fig 4 Triple coincidence 

counts between plastic scintillators 1, 2 and 3 as a function of absorber 

thickness (normalized by the number of coincidence between 1 and 2) 

yield the number- versus -distance curve Normalized triple coinci-

dence between 1, 2 and 3 but with counter 4 in anticoincidence, produce 

the differential range curve. Integral and differential range information 

for upurel  pion beams was obtained by employing the TOF system. 

The cyclotron is pulsed 64 time s..per second, thus producing 64 

coarse groups of pions per second. The mode of cyclotron operation can 

be controlled so that these groups of pions are spread out over either of 

two periods. The t 1 short-spill" mode spills the beam over a period of 

approximately 400 p.sec. It is also possible (by. use of the auxiliary dee 

mechanism of the cyclotron) to spread each group of pions over a longer 

period of 8 to 10 msec. Even in this mode, roughly half of the total beam• 

arrives during the first 400 jisec, producing a spike of beam intensity, 

and the remainder is stretched over 8 to 10 msec (Vale 1969). We use 

the stretched beam and gate off the system during the spike to prevent 

overloading of the electronic system, and thereby avoid the nonlinearities 

that could occur from saturation. 

Because of beam-intensity fluctuations, two plastic scintillators 

connected in coincidence are used to monitor the beam (see fig. 2). 

The integral and differential counts are c011ected during a preset number 

of monitor counts, to normalize all measurements so that beam intensity 

fluctuations are unimportant. 
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4. Results•and Discussion 

4.1.. "Dose" and number of particles as a function.of depth in water 

The.pulse height from the semiconductor. detectors is linear 

with the energy deposited in them, up to an investigated energy of 

about 200 MeV (Lyman 1.965). The energy depositions involved in 

negative pion interactions are within this investigated energy region. 

The linearity of the semicOnductor detector electronic system (includ- 

• . ing ADC) is checked with a calibrated pulser, and.the system is found 

to be linear from 0.18 to 50 MeV. The energy threshold is set at 0.1.5 

MeV, thereby limiting measurement to energy depositions above this 

value. The range of linearity can be ájutig ltheggàiri.rin 

the main amplifier. This linear range is adequate for the detectOr 

thicknesses (1. to 3 mm) used in the 

By.measuring the intensity of pions in a water container without 

water in it, the beam used is found to be slightly divergent. The in-

tensity of the beam in air at 

stars in water is found to be 15% less than tt the point of entrance, 

due to this divergence in the initial beam. 

The depth- dos&' distribution of ir mesons is measured by using 

lithium-drifted silicon detectors 1., 2, and 3 mm thick to determine. 

which detector is most suitable for such measurements. The r.atios of 

- . 	• 	the tdoe" at the peak to that at the--entrance-for- the three detectors 

• 	are found to be the same within the experiment3l accuracy. In addition, 

the energy deposited per ir at the peak region is also found to be pro-

portional to the thickness of the detector. These results indicate that 

the pion stars deposit energy over a finite rage comparable to the 
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thicknesses of the detectors used. 

For the rest of the measurements, a lithium-drifted silicon de-

tector 2 mm thick is used. As mentioned earlier, the computer print-

out gives the total number of particles passing through the detector as 

well as the. total energy deposited by them. When the semiconductor 

detector system is gated by the TOF pion signal, data for essentially 

pure it mesons (without the muon and electron contamination) are ob-

tained. The plots of the total number of particles passing through the 

detector and the total energy deposited by them as a function of depth 

in absorber (water) give the integral range (also called number-distance) 

and the depth 'tdose" curves respectively. Figure 5 shows such curves, 

both for contaminated and for pure iT meson bearns of energy 65 MeV 

for the semiconductor detector. 

Measurements are taken for a ii beam for comparison with the 

7T results. Positive pions with the same momentum as Tr mesons 

can be produced by reversing the polarity of the whole magnetic sys-

tem, including the field of the cyclotron. 

The characteristic difference in interaction between Tr
+ 
 and i 

mesons is at the ends of their ranges. When the ir meson comes to 

rest in a medium, the Coulomb repulsion keeps it from being captured 

in an atomic orbit. Instead, it decays into a muon with an energy of 4 

MeV, which then decays into a positron with an energy distribution 

peaking around 30 MeV. Hence at the end of the range, the ii  does not 

add much to the dose except for a small contribution due to the muon 

and positron. 

The èdectron contamination in a Irt.meson  beam is only around 

tO%, compared with 25% for a -meson beam, whereas the muon 
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contamination is the same for both the beams. If depth-"dose't dis -

tribution.ü pu beams(o1Tr and ir inesons, obtained by using the 

TOF gating of the semiconductor detector system, are compared, the 

difference can be attributed to the star events from r capture, ex-

cept for, the small contribution due to muons and positrons resulting 

from the lr+  decay.  

In order to evaluate the ttdoet' contribution due. to -ff stars, the 

depth-'dose" distributions of pure i- and Tr+_meson  beams of energy 

65 MeV in water are measured; they are shown in fig. 6. 

4.2 Differential and integral. 'tdoset' distribution 

The differential "dose" distributions are computed from the mea-

sured pulse-height distribution at any point. The differential "dose" 

distribution gives the distribution of . energy depositions in the detector 

as a function of energy and the intergral "dose" distribution gives the 

total energy deposited in depositions greater than a particular energy. 

The differential and percent integral "dose" distributions at the peak of 

the ii depth-"dose" curve are shown in fig. 7. The energy of a pion 

that has a range of 2 mm of silicon, the detector thickness used, is 

about 8 MeV. Hence energy depositions greater than 8 MeV are.due to 

star events. As cansbb seen from the differential "dose" distribution, 

the area under the curve over an energy range of 0 to 8 MeV approx-

irnates the area under the curve above 8 MeV. Hence the "dose" con-

tribution due to star events is about half of the total dose at the peak 

region of a depth-"dose" distribution for a ir contaminated beam. The 

peak at 50 MeV in differential "dose" distribution is a saturation effect; 

any event depositing energies greater than 50 MeV is counted as 50 MeV. 
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Similarly, from the plot of the percent integral "dose" distri-

bution it is seen that the fraction of the dose due to energy depositions 

greater than 8 MeV- -i. e. , from the stars- -is about 45% of the total. 

The normalized integral "dose" distribution for pion beams at 

various, depths are shown in fig. 8. The two curves for the ir beam 

corresponding to the peak and halfway down the falling portion (trailing 

edge) of the depth"dose" distribution are similar, thereby showing 

that the xizatioia density at the peak and thereafter is about the same. 

On the other hand, the curve corresponding to the point halfway up the 

rising portion (leading edge) of the depth.dose" curve falls below the 

other two curves, The ionization density at this point is considerably 

less. This is expected because the ir mesons making stars at and be-

yond the peak of the depth-"dose" curve have to pass this point and 

hence deposit energy of lower ionization density. The "dose" fractions 

due to the star events in pure and contaminated i beam are 55 and 45 

percent respectively. In the ff beam at the peak of the depth-"dose" 

curve, the "dose" fraction greater than 10 MeV is very small The 

contribution above 8 MeV is due to the additional energy deposition 

from 	and e arising from the decay of ir near the end of the range. 

4.3 Isodose contours 

Isodose contours give a much clearer picture of the spatial dose 

distribution. Such curves can be constructed from a series of beam 

profiles taken in water at various depths. Figures 9 through 12 show 

such isodose contour.s for contaminated as well as for pure and ii 

beams of energy 65 MeV.. 	The disort1on?:fthe tjsodos.e'..con- 

tours is due to a slight nonuniformity in particle momentum laterally,  
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across the beam. 

4 4 Depth-"dose" distribution of 90 MeV and 65-MeV ir 

beams in Lucite 

To minimize the effect of the divergence of the beam on the 

depth dose distribution, the detector position was fixed and the thick-

ness of the Lucite absorber varied. With the same setup, the data for 

integral and differential range curves when plastic scintillators were 

used was also chtained and are presented in the next section. Figure 

13 shows the energy deposition in silicon as a function of depth in 

Lucite for contaminated as well as pure ir beams of energies 65 and 

90 MeV. It can be seen that for the pure 90-MeV ir beam, the "dose" 

at the peak is not significantly different from the contaminated beam 

when compared with 65-MeV beam. This is because of less contamina-

tion in the 90-MeV ir beam The lower value of the peak-to-p1ateau 

ratio for the high energy beam is mainly due to loss of particles by flu-

clear attenuation and multiple scattering before reaching the end of the 

range. 	 . 

4.5. Measurements of differential and integral 

range curves with plastic scintillators 

Differential and integral range curves were, obtained with the 

plastic scintillator counter array. Plastic scintillators are very corn-

monly used in high energy physics for such measurements. The 

block diagram of the scintillation counter systems for obtaining these 

curves simultaneously with the semiconductor detector system is 

shown in fig. 4. The integral range curves obtained with both the sys-

tems are found to be the same. The differential range curves- -i. e.., 
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the number of particles stopping in the Counter 3 as a function of 

Lucite absorber thickness for pure and contaminated 90-MeV and 65-

MeV ir beams--are shown in fig 1.4 Such curves are very useful 

in determining the depth at which most of the particles stop.. 

5. Conclusions 	 . 

This series of experiments demonstrate the complexities in 

providing adequate dosimetric information for pion beams. In addition 

to the variation of dose with depth, there are significant differences in 

the quality of dose. Contamination not only reduces the peak-to-plateau 

ratio, but also increases the relative contribution of dose due to low-

LET radiation. Low-energy ir beams give higher peak-to-plateau 

ratios. 

Wéare grateful to Dr. John H. Lawrence and Dr. Cornelius A. 
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FIGURE LEGENDS 

Fig f Experimental arrangement for producing a i 	beam 

Fig.  Block diagram of the semiconductor setup. 

Fig.  Time-of-flight spectrum of r 	beam: 

o ottatd'1Deam. 

• pion spectrum used togate the semiconductor detector and 
plastic scintillators 

Fig 4 Block diagram of the plastic scintillator setup used to mea- 

sure integral and differential range curves 

Fig 5 1uinber-distance (integral range) curves and depth-"dose" 

distribution of 65-MeV ii 	beam in water 

o pure pion beam, 

O contaminated beam. 

Fig. 6. . Depth.- dose 	distribution of 65-MeV ii 	and ¶T 	pure beams 

in water. 	 . 	. 	. 

Fig.7. Differential and integral "dose" distribution at the peak of 

the 65-MeV contaminated iT 	beam: 

o. integral dose distribution, 	. 

o . differential dose distribution. 

Fig. 8. The integral "dose" distribution for pion beams at different 

points of the depth-"dose" distribution: 	 . 

o at the peak of the depth-"dose" distribution for a pure ir beam, 

• at the peak of the depth-"dose" distribution for a contaminated 
r 	beam, 

I halfway up the leading edge of the Bragg peak for a contam- 
mated ir 	beam, 
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El halfway down the trailing edge of the Bragg peak for a 
contaminated it beam, 

L at the pak of the depth-"dose" distribution for a contam- 
inated ir 	beam. 

Fig.  Isodose distribution of a 65-MeV it 	beam (contaminated). 

Fig.  + Isodose distribution of a 65-MeV it 	beam (pure). 

Fig.  Isodose distribution of a 65-MeV 1T 	beam (contaminated). 

Fig.  Isodàse distribution of a 65-MeV 1T. beam (pure). 

Fig. 13.. Depth ttdose" distribution of 65-MeV and 90MeV ir 	beams 

• inLucite: 

ôpure, • 	 •. 

• El contaminated. 

Fig. 14. Differential range curves for 65-MeV and 90-MeV ir 	beams, 

obtained by using plastic scintillators 

• opure • 

El. contaminated. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any in formation, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such con tractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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