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THE RAD.lOTHERAPEUTIC .POSSIBILITIES· OF NEGATIVE PIONS-
. PRELIMINARY PHYS:CAL EXPERIMENTS . 

• ' ' : . . . )!( 

Chaim Richman·' .. 

·and 

Henry Aceto, Jr. ,t Mundundi R. Raju, J and Bernard Schwartz t 

July ZS; 196 5 

,. 
- . t . 

Beams of roentgen rays 'have long ~een used in the treatment of 

'; .· 

·'cancer •. Such beams vJere generally produced by ZOO- to 250-kilovolt rna~ 

chines. It was soon recognized, however, that roentgen rays of this ene.rgy 

leave much to b~ desired in treatment; for example, they give a high skin 

dose but have only .limited pencuating qualities. 

It was clear,· therefor<=. that higher-energy quant~ were' desirable. ; . 
I . 60 ' l 137 . . . 

Co and Cs sourc.es and supervoltage machines have reduced:the skin 
I 
'i I • 1 

dose and' increased the depth dose. 
/" 

Cyclotrons and linear accelerators produce beams of particles with . ' 

· properties entirely different from thc:>se of roentgen ray~ and electrons, and .. · 

great effort has been made to improve treatment techniques by use of these : . 

new radiations. The heavy charged particles produced by these high-energy· 

machiries-.:.alpha particles, deute~ons, and protons--undergo only small 
. • • I • 

multiple-angle sc.attering, and can "therefore be used where geometry is 
' ~ 

important. Also, such particles e:khibit Bragg peaks at the .ends of their 

ranges which can be useful in improving the ratio of dose .in the tumor to 
.. ·, 

. ,•'.] 

d ; ·· · · 6• 8,··15 Th B k .. t . h . ose 1n 1nterven1ng tlssue. e ragg pea 1s . oo narrow, owever, · . 

to permit uniform irradiation of most tumors; furthermore, these charged 
. ' ' . . . . - .· . . ·. · ... 

particles do not have very. high LET (linear energy transfer) except near the 'h; 
. . ·~ 

end of their travel. Variable absorbers .may transform the Bragg peak into .... 

flat maxima of various lengths corresponding to the t:wnor dimensions, but 

'' . ' .. 

. ·''' 

'1:. 

.... ,. 

·' 

•. ! 
·•! .. 
·:; 
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this distribution of particles. of diff~rent energies, with its associated spread 

~f ene~gy over a' larger. volume~ is achie~ed. at th~ expense of the peak-to-.·. 

plateau depth-dose advantage, and markedly decreases the average LET in 

the Bragg peak region. 

When a beam of deuterons·, for example, strikes a beryllium target, 

a useful beam of neutrons can be produced. The e.~rly work of Lawrence 

and co-workers suggested that neutrons, by virtue of their relatively high

LET secondary protons~ produce a g~eater biological effect on normal and· 
. . .. ; . ·. . . . 7 

neoplastlc tlssue than do roentgen rays. 

In 1938 a beam of high-energy neutrons was first used 'in the treat-
. . . . 14 . 
ment of advanced cancer patients, . but the results were not successful, 

·owing to serious long-term damage to skin and to normal tissue, as reported 
' . . 

by Stone~ 13 More recently, Fowler et a1~ 4 
have revived interest with a 

,. 

serie's of pretherapeutic experiment.s with a neutron beam, designed to elu-

cidate the long-term injury to normal tissues ·reported by Stone •. ·The recoil· 

pr~tons, with energies of a few MeV, give rise to ionization densities of the 

order of 2.0 keY/J.L. 
., 

For comparison, we n~te .that 2.50-kV roentgen rays 

have LET's of about 3 keV/J.L, and gamma rays have LET's of less than 

•, .. 
Pions are relatively new. particles, discovered only about 15 years . 

• I ' 

ago; there are positive, negative, and neutral pions.· In this work we a·r~ 

cori.ce~ned prin~ipally with negatively charged pions, or 'It'- mesons •. The 
~ 

.mass of.the pion is between tha:t of the electron and the proton;. ther.efore, · 

in passing through matter, the charged pion undergoes, in general, less 

Coulomb scattering than the elect.r.on and more than the proton, but in pene-

trating to a given range it produces less ionization per centimeter of tissue 

than the heavy px:oton. At the end of the pion range new phenomena take o9 ••• 

·-

c v. 

•,; 

I. 
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. place which have. no counterpart with either electrons or protons. We are 

studying beams of pions to see if use ·of these unusual particles can im

:~;nove on the present methods of ~rradiating tumors. 

When negative pions come to _rest in tissue, they are captured by the 

heavier elements • .:.mainly carbon, oxygen, and nitrogen. 
' . . . 

Tl;lis process 

produces an unstable nucleus, which explodes into short-range heavily ionizing 

fragments, resulting in an augmented Bragg curve with an enhanced p'eak .. to-·· 

plateau r.:.tio. · The. capture events can be made to take place in the tumor 
-

region by so choosing the energy of the pions that they pass through the 

healthy tissue and stop in. the tumor. A few people, including Chaim Richman '. . . .. . 

{unpublished, 1952), have· appreciated this possibility. P. H. Fowler and 

D. H. Perkins 5 were the fi;st to make detailed calculations of the dosage t~ 
I 

be expected from negative pions in tumors and ·in the surrounding tissue. 

' ' ' . ' 

Their results show that for negative pion beams the dose delivered in the 

tumor. should be many times that in adjoining regions. ·Not only is the dose 

at·the Bragi peak greate~ than the skin dose, but the increased ionization at 

the peak, with 1its concomitant increase in LET,· produces a· greater RB~ 

{relative biological effect) as we.n. 
'·, 

The enhanced Bragg peak has another possible advantage in radio_; 

therapy; there _is p. differential between the ~adiosEmsitivityof nor~a~ tissue ~-·' . 

a~d of a' tumor when .the oxygen supply to the· tumo~ is impaired because of. 

poor ·vascularization. That is, the anoxic or hypoxic cells are not killed so 
' . 

readily by roentgen rays and gamma rays as are well-oxygenated healthy 

cells. One way of overcoming this so-called oxygen effect is to· use high-
. . . . 

LET ·radiation, which cause,s cell injury irr~spective of .the oxygen differen~ 

tial. With roentgen rays the biological e_ffect produced is approximately 

. .. ' 
<,,· ...... . ' 

... '. ·;. 
'I -~ ' 

-:-·· .. 

three times a.s great und.er aerobic: iU .und.er a.na.erobic cond.itione (i.e., ·. · 

' .-

....... 
: .. 

' '· 
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oxygen enhancement facto·r ::: 3) •. · In contrast, this same ratio for the ·killing 

of mouse ascites tumor cells·, as reported byHor~sey and Silini, 
4 

is 1.9 for 

neutrons of mean energy 6 MeVr w:n.o:>e average LET is approximately 

20 keV /p..· ·The highly ionizing alpha particles, of mean energy around 

· 6 MeV, resulting from nuclear abs~rption of pions in tissue nucl~i should be 

effective in further decreasing the differential oxygen effect. . . . ~ . 

The presently available negative pion beam is low in intensity,. never

theless, some dosimetric experiments can be done quite well; with ca"re, .~t 

may even be possible in the future to do some biological studies of the RBE 

and the· oxygen effect for pions. 

In this paper we report measurements (by ionization chambers and 

LiF dosimeters) of the doses :from the pion beam as a function of range in a 
. . . 

Lucite p;hantom. We also_ studied the attenuation of the beam, by counting the . · 

particles with scintillator's. In-addition, we measured flux-density distribu

tion in a plane perpendicular to the beam. Of .fundamental importance is the 

energy release in the "stars" at the end of the range; we have investigated 

this with silicon semiconductor detectors. Finally, we .have had to take a ' . 

careful look (using a time-of-flight system) at the elect.ron background in 

the beam. 

T;IE BEHAVIOR OF C;HARGED PIONS IN TISSUE . . . 
Charged pions have a mas.s 276._titne~ the electron mass; they weigh;· .· 

about 1/6 as much as protons. Unlike the electron and-proton, the charged pion· 

is "unstable,. and .it decays in free space into a muon and a neutrino With a 

. lifeti~e of::: 2 X 10-S sec. This means that.for ·any pion beam we produce~ 
there will be. a contamination of muons~ -• 

;~··~·. 

Charged'pions traverse tissue like any parti~le of unit electronic 
j ~ ..... -

~ :.,: ' 

-· 
\ ' . 

charge. They stop after traveling a given range that depends.on energy; 
' 

.. ,. '! ,' 

I 

.... -.' ·i 
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e. g., a 50-MeV pion travels through· about 10· cin~ of tissue.- ·In our wo~kwe . 

usually use beams of energy around 90 1'4eV, which affords a good yield ~ith 
' . . . . \ ·. ~ ... 

a reasqnable backgr~u~d. . . · . 

To make sure that th~ effects we ~re interested in originated with the, · ··· 

negative-pion stars, ·we ~lso .~tudiedpositive-pion beams of the same energy. 

When the positive picm comes. to ,rest in tissue, the Coulomb repulsi?n between , 

the positive charges l,<eeps it ·from interacting wit;h ~he nuclei. It goes through 

two decay processes, 

+ + .· 
1T - }.L + v, 

followed by ':< 

+ + . - . 
J.L -e .+v+v.· 

. + 
The . v and v are neutrinos and do' not c·ontribute to dosage~ The J.L is a 

'r 

I . . 
short-:r.a:nge 4-:MeV muon.,. which .contributes .a sm.all dose. T.he po.sitr.on .in 

i 
l ' . 

the second equation h~s a beta-spectrum energy distri9ution with a peak. 

around 3:0 MeV, and a maximum ·of around 54 MeV. 

The negative pi'o~ behaves differently from th; positive pion: 
' J 

when a negative pi~n comes to rest, it is captured (because of its negative 

' charge) by an atom in the tissue, and it cascades ,down the atomic levels of 

the atom in a time short compared with its lifetime. From the lowest atomic 

level it is captured by the nucleus, and the nucleus then explodes.· 
. .. - . 

The type of breakup that one gets with the light nuclei has been studied 

. . by N;nmiraju and Lederman, 1 using a diffusion cloud chamber. They find 

that the release.of ene;rgy in the ionizing fragments is particularly f~vorable. 

in the light elem~nts. For carbon the dominant reaction (39o/o of the captures) 

turns out to be 
. ' 

- ·.' 12 . . .. 
1T ( +. C - 2 a +: 1 p + 3 n, 

. . '~·. 

"· .. · '' 
'··. ·. 

... .. , ' 

r·· 

,· 

·' i 

l . 

. ' 

.·. . . ~ 

•• olt • 
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where a represent's an alpha particle, p is a proton~ .and n a neutron. 

In nitrogen, the. dominant re.action I (34oJo of th:e. captures) is 

14 - .. 
.1t'- + ~ - 3 a + 2 n. · 

... • -·' 

The other reactions yield from 0 up to 5 charged particles, at times including 

a. heavy ion. A few examples of this capture and resulting explosion as ob-
. . . .. . . 10 . . . . . 
served m nuclear emuls1on are shown m F1g. 1. The alpha ·particles and. 

protons have ranges of only a few rrim. in tissue, and the neutrons produc~d · · 
. . 

here can be expected to contribute only a small dose to the tissue. 

We see from these considerations that negative pions should have 

many advantages over- .roentgen rays, protons, or neutrons. They have an 
i· 

·excellent ratio of depth dose to skin dose •. They traverse the healthy tissue· 

with a low LET, and only in the twnor region does the LET become high. 
I . 

Here low-energy alpha pa_rticles and protons ar.e formed, and the ,average 

LET is ~bou~ 50 keV/tt-~. From exp~riments with oth~r radiations we know.··· 

that. the RBE increases with LET in this region, and th~t~the absence of 

oxygen in a tumor has a smaller effect on the radiosensitivity of the tumor. 

THE PRODUCTION OF BEAMS OF NEGATIVE AND POSITIVE PIONS 

Pions are secondary particles, and iri our experiments they were 

produced by the Berkeley 1.84-inch synchrocyclotron. This machine provides . . . 

an intense beam of 732-MeV protons that in their outer orbit strike a 2-inch 
I . • 

.beryllium target and produce neutrai, .positive, and negative pions. The I 

·experimental arrangement is shown in Fig. 2. The negative pions are de-

';/ . 

~ . . ·. 

' .r,.-: 

,. c 

fleeted out o{ the cyclotron by the ·cyclotron fririge field itself, and after leaving ·· . · · 
. . . ' . r-.. . . • .. 

. the cyclotron tank through a window,· go through a small quadrupole focu.sing 
' . ' . - - . ' 

magnet, then along a channel through the main cyclc;>tron shielding. There- · ~~,;. 
.; ·t' 

after the_p:ions enter a large shielded-room called the meson cave,· where 
./,· 

various arrangements of me3:gnets are used to bend and focus the ·pion beam. 

'' 

.·. 

-· -.. 

. .. ~·. -~ 
. .), .... - :! 
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It is common to use a ~ending magnet followed by a quadrupole focusing 
•. 

... 
magnet; frequently~. howev~r, we have used the bending magnet .alone, which ', . , . , .· . 

removes partiCles. of diff~rent Hp from the pions ~hat ~re bei~g used. Th~ 

cyclotron produces pions in a ·range of energies frqm 0 up'to about 450'MeV; 
' ' ' 

·. . . . . 

in oul," experiments, vie used p~ons of 90 MeV, which have a range of 24 em. 

of tissue. 

The negative pions that come off in the direction of the proton beam 

are bent oppositely to the protons and out of the cyclotron. The positive 

pion beam consists of pions that come off backward to. the proton beam. ·In 

'. 

general, their intensity is. lowero. . In the change from a: negative to a positive ' \ 
' . ' 

pion beam, all the magnetic fields are reversed, inclu.ding that of the cycle-. 

tron. The magnetic lens system remains unchanged for pions of the same 
. I · · . 2 

energy. ~The target settings were taken from the report of Astbury et al., 
\ . --

the radius and azimuth of the target were· adjusted·slightly from these values 

to maximize the beam intensity. 

The negative pions are produced in the reaction ~£the beam with the. 

neutrons in the ,beryllium nucleus: ~ ,, 

•', 

p + n - p , + p + 1i'-• .<~. . . . 
' ,. ·:•" 

Th~ positive pions are produced in two ~ays:;;-.' . i. 
•• •• • • ; • h • + 1.. ~. < _·;· 

p t. n - n + n + iT ; , ~ :. · ., - . ~., \"" : . .. 
. ·. ' . . i t ' ~~ \' . , ... · ~ .. 
p + p - p +. n +. 'II' • ;; · .... ·." .... · 

' . 
< . "'··· • 

; ;: ... 
i' 

The charged pions all have the same.lifetime .•. ·The-neutral pio.ns 

h · · · h. ·l.f · 10-16 d d. · · · 7·o· ·M v ave. a very_ s o~t 1 etlme, ::::: . sec., an · ~~ay mto two, - e_ . gamma: 
,· .. 

rays in the ~arget, where they convert and give rise to electron.-positron · · 

. pairs that are mainly in the for:ward direction. The electrons from this 

conversion constitute the principal.~ackground in the negative-pion beams. 

.•. 

. ' 
I 
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· ~, .BEAM. PROFILES · ... ·. ~ ... 

An important.'parameter for. a pion beam ~~ .t?e. £~~..:density distribu-
. ( 

tion in a plane perpendiCular to the beam. Aii appraisal of this was made 

from he>rizontal and vertical profiles of the pion beam obtained by the beam:- · 
.· ' ' 12. 

profile counter of Solomon and Andreae. 

Two thin 2.-irich-dia:I:neter plastic scintillation monitor counters, in 

double coincidence, are mounted one behindthe other and aligned with the 

central axis of the beam. They giv'e a counting rate proportional to the inci- .· 
' . ' ' ': \ 

dent flux. A pair of "beam finder" scintillation counters 3/8 inch thick and 

1.5 inches in diameter served to provide a double-coincidence measurement 

of the intensity at. points at various distances from the central axis, at right 

angles to the beam. The "beam finder" counters move over a 7 -inch linear 
' ' ' 

. I 

. path nor-mal t~ the beam ~xis, taking a measurement every 0.1. inch. The 
,· 

number of beam-finder counts per unit incident flux at every 0.1 inch is. 

consecutively stored in 70 channels of the TMC 4oo:..channe1 pulse-height 

analyzer (PHA), and subsequently recorded on the associated printout mech-

ani sm. . i 

Figure ~ shows the results. of a study of the horizontal beam profile 

of one.of our beams without absorbers ari.d with 4 and 7.5 inches of Lucite 

absorbers in the. beam. It is clear that th,e ·absorbers I>roduce a large lateral 
• 

spreading of the beam, w1th a c~rrespori.ding. reduction in. the peak int~nsity>i 

IN'TEGRALRANGE CURVE· 

As the pion beam passes through ma~ter it is attenuated by virtue of · 

the elastic and the inelastic processes with the nuclei of the medium. The' 

'. 

. , ~ ' 

/. 

• k 

i"' . . ~ 
beam also undergoes multiple Coulomb scattering. Consequently the numbe:r:f.' ~~ 

of partic~es dec-reases as the thickness of abso~ber increases. This particlE{;~ 

loss is extremely important, since the dose available at the Bragg peak 

.. ~-· 
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depends on the intensity. In order .to eval~·ate .these Jesse~ in the beani. for·· 

negative pions it is common ~0 study the integral range curv~ • 

The. apparatus consists of three 4X4X 1/8-inch plastic scin:tillators 
. . ' 

o.perating as particle counters, and associated electronics (see Fig. 4}. The 

front two monitor counters,· operated in doubl~· coincidence, define the beam 

intensity, including the contaminants •. A variable absorber is then placed 

between the first two counters and the third counter, and a transmission-

type measurement is made of the.beam intensity ?-s a function of the absorber · 

. thickness, which is expressed in the triple coinCidences between all three 

counters. The integral range curve is the plot of the· number .of triple co-

. incidences divided by the double coincidences (the incoming b~am intensity) 

as a function of the absorber thickness. This is shown in Fig. 5~ · 
l 

Between zero abso.rber thickness and point A on the curve we see the 
: . . . ' 

attenuation of the beam before the pions stop, which for this beam was 40o/o 

of the original particles. From. point A to point B,. there is a sharp drop-

off in intensity, because the pions stop in this. region; the dose is a m~ximum. ,. . . 

in this region:. i From point B on, we see the n?-UOn and electron contamina-

tions. 

The ave~age energy,· energy, spread, and degree of muon and electron 

contamination were also determined by this integral range method •. An av-• ' ' 

erage pio.n energy; of 101 MeV (196 MeV/c) ~as ~ound for this .beam setup by 

taking the average of the energies corresponding ,to the pion ranges at points 

·A and B (94. 5 and 108 M~V, ·respectively} of.Fig~ 5. The spread in the pion 

energy ~s ±6. 7 5 MeV, which corresponds to. a spread in momentum of ±8.4 

MeV/c. The .muons in the .final beam, resulting from -the decay of pions 

before the beam reaches the analyzip;g magnet, have the same range of mo

mentum as the pions. Because o£·tlieii· mass di££erence, pions and muons 

.· 

.';. .... 
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.. 
of the same momenta hav~ O:ifferent energies.' >rn this case, the momenta -

correspond to a range of muon energies (point B to point C) which extends 
~ . . . . . . 

. ~r<?m 100 to 123 -MeV, with an a~erage. energy o£.1.16 MeV. These muons 
"' 

have a range about 30o/o. greater than the pions. If the muon contamination 

represents a sizable fraction of the total beam, it may seriously affect the 

. localization of energy. For this pi9n beam thi.s contamination is approxi

mately 10%. The electron contamination can be estimated from the curve 

as 25% of -the beam." According to the integr~l-range data, the maximum ' 

intensity for this particular beam, after correction for the muon and eleCtron 

, contamination, is 2 X 10
4 

negative pio~s per em 
2 

per sec~ 

The time-of-flight experiment throws further light ·on these contam- .. 
·.1· 

inations in the beam. 
I 
; . MEASUREMENTS WITH IONIZATION CHAMBERS:!: 
f. 

The first dosimet.ric exposures to the beam were made with a Lucite 

phantom with sheets of roentgen-ray film placed between the slabs that made' 

up the phantom. The fil:i:n shows that the pion beam travels about .S inches in . 

Lucite, as expected. Beyond the ~ange of the pions there is a background of 

radiation visible on the film • 

.An ionization· chamber ·7 inches in diameter was used to maximize 

and monitor the beam; it was filled with a mixture of 96% argon and 4% 
,. . . . ' 

carbon dioxide~ at' a pressure of·~ psi over atmospheric pressure. The 
. ' . ·. ,. . . 

saturation voltage was 1000 volts. 

We ~tudied the pion beams by using o~e chamber ~s a monitor fol-
.. 

lowed by different thicknesses of Lucite ab~orber and the second chamber 

\J 

. · .. 

.L 

as a detecto,r. These first chambers were 2 inches deep in the beam direc- ,;-.,.·• • 

tion, and used copper windows 5 mils thick. 

'•.· . 
. ... 
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Measurements' were made for beams o£ both negative and positive. 

pions. The Bragg 'peakJor neg~tive pio~s should be gr·e~ter than and. of 
' . 

somewhat different shape from that for positive pions.· The difference be-

t~een the two peaks is essentially although not strictly ameasure 'of the, 

energy deposited in the chamber ~rom capture "events i~ the negative pion 

. beam. 

Figure~ 6 and 7. show the results of these experiments, where the 
' ' 

measurements of the pion beam in the .detector chamber (I) have both been 
I ' ' • • 

normalized to the monit.or chamber. ·(r
0

) .. We note that with the positive pions 

there is very little background, but with the negative pions there is an ap-

preciable background. This is understandable, sj.nce the positive pions are 

taken off backward from ~he proton beam to get them out of the cyclotron, 
.! 

while negative pions, are taken of£ in the direction of the proton beam. The 

' elect;rons and positrons are .mainly forward.· 

To compare the two cu~ves,· we must subtract the backgrounds.· The 

electrons undergo a great deal of rdultiple Coulomb scattering, . and their 
'· ! 

. -~ . 

contribution ca,n vary at differ~nt thicknesses ofabsorber. · As a first-or.der · · 
' . 

approximation we have taken the broad muon and electron plateau regions of 

the curve persisting beyond the Bragg peak to be the: background at ali points. 

in the absorber. This gives a 40o/o background to be subtracted for the nega.;. . 
• " / 

tive pion beam. ~he resulting curves, normalized to unity for zero absorber • 

thickness, are shown ·in Fig. 8. 

There is a difference·in both shape. and h~ight. of the two curves; the 
. ' ' - . ~ . 

. . . . 
Bragg peak intensity for.negative pions is 20o/o above that for, positive pions.·"' 

Furthermore, the negative pion peak has b~en shifted to the right of the 

typical Bragg peak,. as represented by positive pions." The new position of 

the peak corresponds roughly to ~he range of 90-MeY pions. 
11 

This region 

.,._. 

,;_: 
: J ~-

- . . . _,-. 
' . ~ ;' ~ 

) ~ ( 

' . .. · ... 
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also represents the plate where !X10St ofthe pions are stopping~ and should .. 

show the contribution fro~ the pion capture. ·· 

The interpretation of th:ese curves is not .as s'imple as one would like: 

first of all there; is the uncertainty introduced by the background; then there 

is the fact that the .nuclear fragments that are prqduc~d have ranges in our 

chamber which are much larger than the size of .the chamber. This means 

that wall effects can be important. To study these effects we built a iS

atmosphere cham?er and filled it with nitrogen to simulate more closely the 

light nuclei in tissue. Within the accuracy of our experiments we found no .· 

difference between the results with this chamber and the first. chambers. 

The peak dose is not so much larger than the entrance dose for nega-

' 
. tive pions as one might expect; however, more work needs to be done with '. 

I 
improved beams. 

The average dose found in one of our beams was about 8 ~ad/hour, 

including the contaminations. This dose was also measured with LiF 

dosimeters and found to be about 8 rad/hour, with·a peak•to-plateau ratio, 
. . .. 

again, of around 3:1. .The dose distribution observed with these dosimete.rs 

confirms in a ro.ugh way the shape of the peak as observed with the ionization 

chambers; it must be added, however, that the LiF dos.imeters have a basic · 

l~mitation in the Bragg region, for they show a reduction in sensitivity of as .. 
much as 40o/o for high-LET radiations, so that the peak-t~-plateau dose is 

probably higher than is indicated by these dosimeters.· 

SEMICONDpCl'OR DETECTORS 

· Semico'nductor. detectors are widely used because of their many 

advantageous 1p;operties. One of the most attractive features of these . · :~ · .. : 
. • • • . . ' ··i!t·A· 

detec·tors is that the output is linearly ~proportional to the energy deposited.- i~u~·· 

! ' '. 

. "' 

. ' 
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It is very i~portant to know' the en~rgy distribution of the 'pio~ stars .· 

and to have a better measurement of the -ratio of dof?e delivered at the end 

of the range to that at the entrance. Some meas.urements of the energy o£ 

the star fragments have been made ·with the_ diffusion cloud chamber1 and 

· em~lsions. 9· In this study we, have extended these measurements to include 

two different types of semiconduct~r detectors-a'silicon surface-barrier-

type detector and a lithium-drifted detector. 

The experimental setup for both semiconductor detectors is shown in 

Fig. 9. The test pulse ge-nerator used in the system was calibrated by using 

Z41Am Z07B. . 1 . 1 d .. 1 an source, a 1 1nterna convers1on e ectron source, an parhc es 

from the heavy-ion acc.elerator. The surface-barrier detector was calibrated. 

z4·1 
by using the Am source only, while the lithium-drifted detector calibration 

t 

: ... 

··, 

· . involved; both sources. Lithiwn-drifted detector experi..-nents with alpha 

'·. '~ . 

. :.. ... 

particles' from the 184-inch cyclotron confirm the linearity of the system up· 
'. ' 

to 85 MeV. The depletion laye·r of the surface-barrier detector was chosen 

to correspond to the range of the nuclear fragment of greatest importance to 
. . 

us---the ·alpha1particle. The deple.tion layer thickness was 4.54X10-Z gm./cm. 2, 

sufficient to absorb most of the alpha particle fragments. This thickness. of 

silicon corresponds roughly to the ranges of a 2.0-MeV alpha particle, a 5-MeV , . 

proton, and a O.ZZ-MeV elect.ron. Hence, a· sizable portion of the nuclear 
• • 

. ' 
energy released via protons escapes from't?-e detector. Likewise, the con-

tribution to the detector response by the incident pions~ .muons, and electrons 
'• } 

is small. For any thickness of Lucite absorber, the total energy deposited in , 
the depletion layer of the detector is given by the integral over all the channels 

of the product of energy per channel and the total counts in that channel~. 
. . . 

:fhe relative value of the energy absorption at the peak compared with , · 

that at the entrance (i.e. 1 tUmOr-skirt ratio} iS approXimately 17:1, rl.early 

; 
. ~ .~ . 
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six times the tumor-skin ratio mea~ured with the ion cbamber. Since the 
. . . 

detector response has been: maximized fo'r. res pons~ to the alpha fragments,. 

,-thiS! sizeable increase in energy deposition is due mai~ly to the alpha par-

ticles from the star events. In· the ·light of the detector limitations, this 

ratio has little value as an absolut~ number; it sets an. upper limit to the · 

tumor-skin ratio. 

· The depletion region can be increased considerably by using a lithium

drifted silicon detector. Figure 10 shows the ~esponse of the unattenuated 

180-Me V / c negative pion beam with its muon and electron contaminations .of 

the same momenta. Two peaks, o11:e at 0.87 MeV and the other at 1.05 MeV, 

are clearly visible. They are due to electrons and pions, respectively •. The 

muon contamination, being small, i·s. perhaps hidden in the distribution of the 
I . 

electrons and pions. 
. . 

The width of the Bragg peak at the 50o/o level, as determined by the 

ionization c~ambers is .approximately 1.8 gm./~m. 2 of Lucite •. ·The thick

ness of the semiconductor is 0.61 gm./cm. 2•· .. Henc~,·ifthe detector is · 
. . 

sitting at the Bragg peak position, a good portion of the pions is stopped in 

the detector and creates stars in silicon. In order to see the energy distribu-

tion of the pion stars alone, the energy deposited by the pions, muons, and 

electrons through the detector has to be eliminated. When we add another 
• d . 

. sem~conductor detector in· anticoincidence with the analyzing detector," we 

observe only the pions that stop in the analyzing detector (i.e., pion stars), 
, "• . 

. and the rest of the events can be eliminated. However, sometimes, one of 

the prongs of the stars in the first detector ·can pass through the second de- · · · 

teeter and cause an anticoincidence, thereby 'losing some. stars. This does 

not affect the energ.y distr.ibution of the .pion stars appreciably. Figure 11 

shows the energy distribution of the pion stars. 'I'he upper curve is the. 

, 
.,.. ;~ 
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distribution obtained without using the second detector in anticoincidenc~ •. The 
I ' • , • • • ' 

'"·' '" 

bottom curve is ~btained by using the anticoincidence detector, th~reby' giv~ng . 

the energy distribution of pio~ stars' in silicon. Since the thickness of the: 

detector corresponds to the rang~ of approximately 84-MeV alpha-partic.les · 

ar;.d 2.0-MeV protons, this energy distribution of pion stars is not.the total . 

energy of the star but only that fraction of the energy of the star fragments 

,_;· .. J 
' ' 

deposited in the detector. Most of the alpha particles are stopped in the de

tector. Indeed, this is also true for the protons, except that some of the 

higher-energy protons may deposit only a small amount of their energy. On 

the other hand, neutrons escap·e the detector most of the time. It can be see'n 

from the figure that the number of .sta.rs is a .constantly decreasing function 

with energy,. ·and that this star energy extends beyond 60 MeV. Since both . - , . ' . 
I . . , 

curves are· taken for the same amount of charge collected in the monitor, strict~ 
. ' . .._ - ' . . 

ly speaking they should coincide down to low energies. However, the lower 

curve· (for anticoincidence detection') is less than the upper curve (for single 

detector), thereby indicating that s~me of the star events are lost when the' . 
'anticoincidenc~ d'etector is used, be~ause some of the fragments pass through 

the analyzing detector and reach the anticoinCidence detector •. 

A calculation similar to that for the sur~a~e-barrier. detector gives the 

energy deposited in the' detector.· . 
• 

. ,.' 

. This method applied to the cu~ves of Figs. 10 and '11 gives the energy 

deposited in the detector on the plateau and in the Bragg peak r.egion; the ratio · · . 

of the two, for :the same .total flux of in~id~nt particles, . is the tumor-skin ratio·._:.;.·.·. ' 

The energy depo~ited in the. silicon detect.or at the . .Bragg peak position, by this. 

method, is about 12. times that at the entrance (i.e., tumor-skin dose ratio_ 
f 

equals 12.). It 'should b.e mentioned that this. ratio was obtained by collimating(;~_:· 
. . • '. . ,' . i ; . 

. the pion beam with a 2-in~ 2. lead c~llimator upstream from the ste~ring magne.t. 
_ .... ; 

~ . 
' 
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Later measurements with a.~··u~~olli~ated pion beam revealed a tumor~skiri. ·.; 
. . . ' 

ratio of about 3: 1; and even less. The amount. of ·colli~ation used _upstream: 

from the steering magnet is important, since for ,equal settings of the ·steering_ , · 

magnet, this collimation determines the mome~tum spread of the. beam. It 

. can be seen that the tumor-sfin dose ratio is .a very sensitive inverse function 

of the momentum spread~,. 

,TIME OF FLIGHT · 

Our concern with the background radiation in the p'ion beam led us to a 
. - . i ' 

. . . . I . ' .. . . . 

different approach. This method measures the time taken by each particle .in. 
• • { 1 • 

the beam 'to traverse'an e>..-tended path (which, in the setup in the pion cave, was . . .. 

.. approximately 2.3 feet}. This system, developed by Nunamaker and co-workers~· 

··uses a .4X4X1-inch plastic scintillator at each end of the flight path. The 
I ' . . 

geometry; of this experiment is therefore di;ferent from the other experim~nts. 
\ 

The velocity spectrum of the particles, ·as expressed by the time delay betwee~· ,..: 

,\;!_ • 

. ~ ~ --.. 
the two detector responses, is fed to a time-to-pulse-height converter .and then: 

to a PHA. The results were photographed on the cathode-ray tube. 

Figure 12. shows four P~laroid picthres of the PHA display ~or a negative 

pion beam after passing through 2-1/8, 6-1/8, 8-5/8, and 13-1/8-inches of.Lucite 

absorber. For 2.-1/8 _and 6-1/8 inches of absorber, the beam is clearly dif-

ferent;ated into three distinct peaks representing the .. pions, muons~ and elec-
• 

trans. Summation of a single peak 'gives th~ total n~mber of particles repre-

sented by that peak.· .This procedure was r~peated at several different depths in 

L';lcite •. One finds that the variation of the el~ctro:t;l component with distance is 

similar .to the exponential· function obtained by using the int~gral range method • 

That is, both s1yste~s reveal a loss of about 2.5% of t~e .electrons in traversing 

a .distance equal to the range of the p~ons in Lucite. This is shown in Fig. 13/\,: . 
. . 

. The. percentage of electr.ons 'in the total beam ·o£ momentum 180 MeV/ c inc rea~~~ 

. : . ~ -

' ~ ' 

, . . -:-. 

·. ~ 
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~· : ' 

I'• ., I .. 

. linearly frorh 23o/o at. the s~rface t~ 40o/o at the Br;{gg peak positio~ i~ Lu~ite. · 
t·. 

These results agree we~l with ~he integral range data: •. 

'· ' ' 
CONCLUSIONS · 

· This study ofthe physical properties of a negativ_e pion beam shows that 

·we can learn a great deal-about the.se beams ·with. the presently available in-. . . . . . . 

tehsities. 

·The different detection techniques and the different experiments have·· 

thrown light on the properties of such' a.-beam. .We have seen that the Bragg 

'· 

' : · .. · ·~ . 

peak for a negative piori beam, as measured with a 1-atmosphere argon-carbori . ' 

dioxide chamber, gives a··peak-to-plateau ratio of around 3:1. This ratio is · 
' . 

not so high as we expected; however, the ionization chamber.is not the appro.:. 

7' ' priate detector for the stars, becaU:se the ranges of the nuclear fragments are 
I , . . . . . 

frequently longer than the depth of the chamber.· The semiconductor detec,tors 
. ~· 

are more appropriate for these phenomena; they give, in general, higher 

peak-to-plateau ratios.· 

The energy distribution of the stars has been determined very clear;y. 

for silicon. 

~ -. . 

·'' . 
We have utilized 90- to)OO-MeV beams; a better beam for. our ~ork would. 

be a 50-MeV beam, having a ran~e :of 10 em~ :·of tissue; this would obviate the 

large amount of slowing do~ of th~ particles with concomitant attenuation and · ' 
• .. 

scattering~-, 

The large background of electrons and smaller background of muons 
,.. . '· .. . 

. ~· . 

obscur~ the nature of a b'eam.'; We hope to .add an electrostatic separator in· 

our experimental setup to remove these radiations. 
' . . 

··, ' 
Taken all together, . a lower.:energy pion beam free ·of. contaminations · · -... 

- ' 
. would make if possibie, with the t¢chniques that we have used to look more 
: ,· 

·' 

-.I 

' ·carefully at the characteristics of ~egative pion beams. ·.·. f· 
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Finally we hope_.in the fut'ure to study the bi.oiogical~ffects of pions,. 
. . . \ ~ . • r 

especially to the response of oxygenated and anoxic cells to the pion stars~ 
.. . ~ .. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, 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 Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






