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: propertles entlrely dlfferent from those of roentgen rays and electrons, and"_‘ e

3 "THE R.ADIOTHERAPEUTIC POSSIBILITIES or NEGATIVE PIONS-- R
| PRELIMINARY PHYSICAL EXPERIMENTS . S
Cha1m chhrnan
, o an'd : o A .
Henry Aceto, Jr. . T Mundund1 R. R.aJu, T and Bernard SchwartzT

July 28, 1965

Beams of roentgen rays have long been used in the treatment of

“cancer. . Such beams were generally produced by 200 to 250- krlovolt ma- '
chines. It was soon recogmzed nowever, that roentgen rays of thls energy :

: 1eave much té be- de51red in treatment, for example, they glve a hlgh skm ’

dose but have only 11m1ted penctratmg qualities, - - o -

It was clear, there*orc, tnat h1gher energy quanta were desrrable.
| _

60 .

Co and 137Cs sources and supervoltage mach1nes have reduced the skin -
dose and mcreased the depth dose.

Cyclotror\s and linear accelerators produce beams of partlcles with :

great effort has been made to. 1mprove treatment techmques by use of these Sl

mew radxatlons,  The heavy charged partlcles produced by these hlgh-energY: -

machines-éalpha part1c1es, deuterons, and protons--undergo only small

multlple-angle scattermg, and can therefore be used where geometry is

. 1mportant. Also, such partzcles exh1b1t Bragg peaks at the ends of thexr

ranges whxch can be useful in 1mprov1ng ‘the ratio of dose in 1 the tumor to.

. dose in mtervenmg txssue. 6,8, 45 The Bragg peak is too narrow, however,

" to permxt umform 1rrad1atron of most tumors, furthermore, these charged

part1c1es do not have very. hlgh LE'I‘ (11near energy transfer) except near the‘u |

end of the1r travel Varlable absorbers may transform the Bragg peak mto

flat maxzma o£ var;ous 1engths correspondmg to the tumor’ chmensmons, but
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trating to a given range it produces less ionization per centimeter of tissue

- than the heavv pr‘oton.' At the end of the pion range new phenomena take

C. Richman, H., '_A"ceto, Jr., M R. Raju, »_a'nd»jB,-'» Séh,Warfi.

this d1str1but10n of partlcles of d1f£erent energles, W1th 1ts assoc1ated spread

 of energy over a larger volume, is ach1eved at the expense of the peak-to- -
' plateau depth-dose advantage, and markedly decreases the average LE’I‘ in

_the Bragg peak region.

When a beam of deuterons, for example, strlkes a berylhum target,
a useful beam of neutrons ean be produced. The early work of Lawrence
and co-workers suggested’that'neutrons,— by virtue of their relatively high- B

LET secondary protons, produce a greater biological effect on normal and’ -

- neoplastic tissue than do roent'gen rays.‘—[

In 1938 a beam of hi‘gh-energy neutrons was first used in the treat-

ment of advanced cancer patlents, 14 but the results were not successful

'owmg to serious. long-term damage to skm and to normal t1ssue, as reported

by Stone. 13 More recently, Fowler et al, 4 have revived mterest with a S

series of pretherapeutzc expenments thh a neutron beam, ‘designed to elu-

c1date the long-term mJury to normal tlssues reported by Stone. -~ The rec01l
‘protons, with energ1es ‘of a few MeV glve rise to 1on1zatlon densities of the . S
‘order of 20 keV/p. For comparlson, we note that 250 kv roentgen rays .

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

1 keV/p.

' Pions are relatively new particles, discovered only about 15 years;a‘:": B

-

. . I . N
ago; there are positive, negative, and neutral pions. In this work we are

concerned prmmpally with negativ ely charged pions, or'm mesons. The
2 .

.mass of the p1on is between that of the electron and the proton, therefore,

 in passmg through rnatter, the charged plon undergoes, in general less

Coulomb scattering than the electron and more than the proton, ‘but in pene— B

4]
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and of a tumor when the oxygen supply to the tumor is 1mpa1red because of

'poor ‘'vascularization. That 1s, the anoxic or hypoxxc cells are not k1lled so )
s ‘cells. One way of overcommg thls so called oxygen effect is to use high-

' .tlal ' With roentgen rays the b1010g1cal effect produced is approxzmately

. Lo f IR
5 -
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Aplace Wthh have no counterpart W1th e1ther electrons or. protons. "-We are
L studymg beams of pxons to see 1f useé ‘of these unusual partxcles can 1m-

o prove on the present methods of 1rrad1at1ng tumors. |

When negative pions come_to rest in t1ssue, they are captured by the . -

- heavier elements-’-‘-mainly carbon, orcygen,_ and nitrog_en. " This proce‘ss
f produces an unstable nucleus, which explode's into short-range‘heay.ily ioniaing '

, fragments,‘ resulting in an augmented Bragg curve with an enhanced p‘eak—to-"
'plateau r'e;tio. ‘I‘he capture events can be made to take place in tne tumor

| regxon by so choosmg the ‘energy of the pions that they pass through the

) healthy tissue and stop in the tumor. A few people, 1nclud1ng Cha1m Rlchman

_ (unpubhshed 1952), have apprcmated this p0551b111ty. P. H. Fowler and

D. H. Perkins5 were the 'first to make detailed calculations of the dosage to |
|

. be expected from negative pions in tumors and in the surroundmg tlssue.

Thelr results show that for negatwe pxon beams the dose delivered in the

tumor should be many times that 1n ad301nmg reg1ons. Not only is the dose

at the Bragg peak greater than the skm dose, but the mcreased ionization at
the peak, w:th:zts concomitant increase in LET, produces a greater RBE !
(relatwe bmlogmal effect) as well .

The enhanced Bragg peak has another pos51b1e advantage in radio-

| therapy, there is a dif erent1a1 between the radlosen31t1v1ty of normal tlssue =

\

read1ly by roentgen rays and gamma rays as are well oxygenated healthy

v

LET rad1at1on, which causes cell 1n3ury 1rrespect1ve of the oxygen dlfferen- :

AY

three times as great under aerobic as under aneerobic condztions (L e. ’
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oxy.rgen enhanceme'nt factor .3) v- I‘n. contrast, th1s .sanfie”ratio, for thek1ll1ng
of mouse ascites tumor cells, as reported by Hornsey and Silini, 4 is 1.9 fo'r
neutrons of mean energy 6 MeV, wiose average LET is approx1mate1y |
‘ 20 keV/p,” The highly ionizing alpha particles, of mean energy around
6 MeV, resulting from nuclear abs'orptionbof pions ;in ti.ssue nuclei should be
effective in further decreasihg the dlfferential oxygeﬁ effect.

| The presently available negative 'pion beam is low in intensity,,' hever; L
theless, some dosimetrlc. e:tperiments can be done‘duite well; with care, it
rhay even be possible in the future to do some biological studies of‘ the RBE
and the oxygen effect for pions. | |

" In this paper we re‘port measureme‘nts (by ionization chambers"and

- LiF d051meters) of the doses from- the “pion bea.m as a funct1on of range in a

Luczte phantom. We also studied the attenuatlon of the beam, by Countmg the o

particles with scmtxllators. In addltlon, we measured flux-denszty d1st1_'1bu-j
tion in a plane perpendlcula;r to the beam. Ofifundamenta.l importance is the
.energy release in the ”stars” at. the end of the range; we have 1nvest1gated
this with silicon semiconductor d_ete_ctors.. Emal_ly, we have had to take a
~careful look (using a time-of-f_l.ig'htisystem) 'at' the electron backgrognd‘in
the beam. : o | | |
THE BEHAVIOR OF CHARGED PIONS IN TISSUE | _
Cha.rged p;ons have a mass 276 tnnes the electron mass; they welgh'
about 1/6 as much as protons. Unhke the electron and proton, the charged p1orx .
s unstable, and it decays in free space into a muon and a neutrmo W1th a
" lifetime of = ~2 X 10 -8 sec., This means that. for any pion beam we produCe,.‘ '
there will be_,a contamination of muons. 4 | |
Charged'pions t(raverse_ tissue like ah_y particle of unit electronic i

charge. They stop after traveling a given range that depends.on energy;
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‘The .v and v are neutrmos and do’ not contr:.bute to’ dosage.. 'The '1.L'+ isa
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e g. , 2 SO-MeV plon travels through about 10’ cm. of tlssue. ‘In our.”work"u/e,-‘” CoL

vt

' usually use beams of energy around 90 MeV, wh1ch affords a good yleld W1th

a reas onable background

To make sure that the effects we are mterested in orlgmated w1th the,

,- negat1ve~p10n stars, we also studled p051t1ve—p10n beams of the same energ y_.

" When the positive plon comesl to »rest in txssue, the Coulomb repulsmn between.r‘

the positive charge_s keeps it ‘from.i’nteracting with the nuclei. It goes through i' 3

two decay processes, \

™ -~p.++_‘v, :

u+.—>e++v+v.~'

{

_ short—ra*nae 4-MeV :x:x'w.on‘1 whlch contmbutes a small dose. T.he p051tron in .

\

~ the second equatzon ha.s a beta- spectrum energy dlstnbutmn w1th a peak

around 30 MeV and a max1mum ‘of around 54 MeV
The negatwe plon behaves drfferently from the positiiré 'p'ion".
when a negatwe pzon comes to rest, it is captured (because of its negatlve

charge) by an atom in the tzssue, and 1t cascades .down the atom1c levels of

" the atom in a time short compared with its lifetime. From the 1owest atormc
level it is captured by the. nucleus, and the nucleus then explodes. |
‘The type of breakup that one gets W1th the 11ght nucle:. has_ been stud1ed »4':_ e
' by Ammiraju and Lederman, i smg a diffusion cloud chamber.' They ﬁnd -
2 that the relea.se of energy in the 1omzmg £ragments is partzcularl) favorable i

in the light elements. For ca.rbon the dommant reactlon (39% of the captures) :_9

turns out to be -

w4 PCc-2atiptin, e
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where @ represents an alpha particle, p is a proton, and n a neutron.
In nitrogen, the,dominant 're_'action ((34% of the"c'aptures) is .

.7,1r',+14.l\‘1->'3a+2n'.‘:‘

| The .other reactions vield fro’m 0 uiS to 5 vcharged' particles, . at 'times _includingv

-2, heavy 1on A few vexa’miales of this capture and resulting explosion as ob-
'.‘serve’d ininuclear.-emulsionio ar'e shown in Fig. 14, The alpha partlcles and’
vprotons have ranges of only a few mm. in trssue, and the neutrons produced

here can be expected to contr1bute only a small dose’ to the tissue.

We see from these considerations that negatlve pions should have

many advantages over roentgen rays, protons, or neutrons, vThey have an

e

"excellent ratio of depth dos'e to skin dose. They traverse the healthy trssue

K

’ ~ with a low LET and only in the tumor reglon ‘does the LET become h1gh

[
I—’ere low-eneray alpha partzcles and protons are formed ‘and the average

. - LET 1s about 50 keV/p.. From e:xnerlrnents w1th other radlatlons we know:-

that the  RBE increases W1th LET in thls retuon, and that ‘the absence of

oxygen in 2 tumor has a smaller effect on the rad1osen51t1v1ty of the tumor.
THE PRODUCTION OF BEAMS OF NEGATIVE AND POSITIVE PIONS E ’

P1ons are secondary part1cles, and m our experlments they were

produced by the Berkeley 184-inch synchrocyclotron. ThlS machme provides o

an intense beam of 732-MeV p’rotons that in their'outer orbit strikev a 2-inch

‘e

' .berylhum target and PrOduce neutral pos1t1ve, and negative pions. The ' o
’experlmental arrangement is shown in F1g. 2.' The negatwe p1ons are de- '

flected out of the cyclotron by the cyclotron frmge field 1tse1f and after leav'mg .

- .the CYC1°t1‘°n tank through a Wmdow, go through a small quadrupole focusmg o

‘ magnet, then along a -channel through the main cyclotron shielding. There- , _ “» - )

~ after the pions enter a large sh1e1ded room called the meson cave, where R

_ A
.. various arrangements of magnets are used to bend and focus the pion beam.
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It is common to‘ use 2 bendmg magnet Tollowed by‘a quadrupole focusvmg |
' _' magnet frequently, however, ‘we have used the bendmg magnet alone, whlch “
‘Temoves partl_cles of d1£ferent- Hp from_ the plonsl_that -a_re bemg used. Th_e_‘
o cyc]totroln produces pions in a -range of energies from VO up to about 450’MeV;
in our experiments, .we use_d ptons ot'90 MeV,."which have a range' of 24 }cm. "j
. of tissue. o | | | | |
The negat:.ye pions that come off in the d1rectlon of the proton beam
-are bent opposnely to the protons and out of the cyclotron. The pos1t1ve o v
hpzon beam cons1sts of p1ons that come off backward to. the proton beam. ~InA o |
| "general thelr 1nten51ty is. lower. In the change from a negatwe to a p051t1ve \
pion beam, all the maanet1c f1e1ds are reversed, 1nc1ud1ng that of the cyclo-' e
",tron. The magnetic lens system remains unchanged for pions of the same
energy. : The target settings were taken from thereport of Astbury et _a_._l.,z
the radius and .az'imuth of the target were-_'adjusted"slightly from these values ‘ . N
to maximize the beam 1ntens1ty. | | | )
The negat:.ve p1ons are produced in the reactmn bof the beam with the
neutrons in the berylhum nucleus: - : ol o o | _ \

‘

p+n-’-vp+p+1r .::““'"l o

The positive plons are produced in two ways-"f-',f. 50 RN Foa L S ,b

| p+n‘—>n+n+'7-+,':

p+p->p+n+'n'+.v:}-<

The charged p1ons all have the same 11fet1me.v The neutra.l plons

“have a very short 11fet1me, = 10_',16. 5€C. and decay 1nto two 70 MeV gamma

-

rays in the target, where they convert and g1ve rzse to e1ectron—pos1tron
, palrs that are malnly in the forward dxrectlon. The electrons from thxs

conversion constltute the prmc1pa1 background m the negat1ve-p1on beams, -

-
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BEAM PROFILES 3 ’

An 1mportant parameter for a pion beam ;Ls the £lux-dens1ty d1str1bu-
e
An appra1sa1 of th1s was made _

tion i in a plane perpendlcular to the beam.
from horlzontal and vertical proflles of the p1on beam obtamed by the beam-

proﬁle counter of Solomon and Andreae. _
: Two thin 2-mch dlameter plastlc scmtﬂlatmn momtor counters, in
double c01nc1dence, are mounted one behmd the other and aligned with the"
central axis of the beam. ‘I‘hey glve a countmg rate proportlonal to the inci-
dent flux. A pair of ”beam fmder” scmt111at10n counters - 3/8 inch th1ck and i
1.5 inches in dlameter Served to prov1de a double-comc:.dence measurement |
of the intensity at. pomts at various distances from the central axrs, at r1ghty
angles to the beam. The “beam finder" counters move over a 7 inch lmear
path normal to the beam axis, taking a measuremen_t every 0.1 inch, The
number of beam—ﬁndercounts per unit inc;dent flux at every 0;1 inch 1s_
consecutively stored in 70 channels of the_TMC 400-channel pulse-helght

i

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

. anism, _' SO R v ‘
Figure 3 ‘shows the results of a study of the horlzontal beam prof:.le

of one of our beams wu.thout absorbers and w1th 4 and 7 5 1nches of Luc1te
It is clear that the absorbers produce a large lateral

absorbers in the beam.
spreading of the beam, thh a correspondmg reductlon in the peak mtensn:y.
o lN’I‘EGRAL RANGE CURVE o . S
As the pion beam passes through matter it is attenuated by virtue of - .
The

the elastlc and the 1ne1ast1c processes with the nuc1e1 of the medlum.
Consequently the numbe:i
Thls partlcle

+. beam also un_dergoes multiple Coulomb scattermg.
of particles decreases as the thickness of absorber increases.

loss is extremely 1mportant, since the dose ava1lable at the Bragg peak



' MeV/c. The muons in the fmal beam, resultmg from ~the decay of plons
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depends on the 1nten51ty. In order to evaluate these losses in the beam for

| negatlve plons it 1s common to study the mtegral range curve. |

The. apparatus con51sts of three 4)(4)( 1/8 1nch plastlc sc1nt111ators

| operatmg as particle counters, and associated electron1cs (see Flg. 4). The
, . :tront two monitor counters," o'pe'rated in dou-ble' coincidence', define the beam'.‘:" ;

) intensity, including the-c‘ontaminants.i A variable .absorber is then placed . ,
'.between the first two counters and the th1rd counter, and a transmlssmn- |
type measurement is made of the beam 1nten51ty as a functlon of the absorber \

..thlckness, which is expressed in the tr1ple c01nc1dences between all three

counters. The mtegral range curve is the plot of the number of tr1p1e co-

.1nc1dences divided by the double comc1dences (the 1ncom1ng beam 1nten51ty)

as a function of the absorber thlckness. This is shown in Flg. 5

Between zero absorber thickness and point A on the curve we see the

f
1

attenuation of the beam before the pions stop, Which for this’ bea'm was 40% -

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

- off in 1nten51ty, because the mons stop in thls reglon. the dose is a max1mum o

in th1s reglon. i From point B on, we see the muon and electr.on contamma- T
tions.
. The average energy, energy spread and degree of muon and electron

contamination were also determmed by thlS 1ntegral range method An av-

“

"erage plon energy of 101 MeV (196 MeV/c) was found for this beam setup by
tamng the average of the energles correspondmg to the plon ranges at pomts .

o A and B (94 5and’ 108 MeV respectrvely) of F1g. 5. The spread in the p1on

energy is %6. 75 MeV, whlch corresponds to a spread in momentum of 8.4

before the beam reaches the analyzmg magnet have the same range of mo— é , L

mentum as the pmns. Because of therr mass dlfference, pz.ons and muons
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of the same momenta have d1£ferent' energles.. Irl ithis case; the momentar-ﬁf ‘
correspond to a range of muon energles (pomt B to pomt C) which extends- :
,from 100 to 123 MeV, w1th an average.e_nergy of,‘lié ‘EMeV. These muons
“have a range about 30% greater than the pions.  If the muon contamination
represents a sizable fraction of the total beam; it‘may seriously'aftect the -
_loca.liza.tion of energya For thls plon bea.m this contamination is approx1— E
‘ mately 10%, 'I'he electron contammatlon carr be estimated from the curve e
as 25% of the beam. Accordmg to the mtearal -range data, the max1mum

intensity for this particular be'am, after correction for the muon and electrori

. contamination, is 2x104 negative pions per cm per sec, .

The time-of-flight experiment throws further light on these contam- :

inations in the beam.
- MEASUREMENTS WITH IQNIZAIION CHAMBERSI

The first dosimetric eXposures to the beam were made with a Lucite'._.u

phantom with sheets of roentaen ray f1lm placed between the slabs that made |

up the phantom. The f1lm shows that the pion beam travels about 8 inches in
Lucite, as expected. Beyon’d_the range of the pions there is a background of‘ '
radiation visible on the film.l § N N

An ionization' chamber 7 J'inches'in diameter.rl/as uSed to maximize -
and monitor the beam; it was. ﬁl-led with a mixture of %%argon and 4%
" carbon d10x1de, at 2 pressure of 2 ps1 over atmospherlc pressure. The
" saturation voltage was 1000 volts. “ - f | ‘
We studied the pion beams by using one chamher as avmonito.r £°1._;‘
. lowed by different thlcknesses of Luc1te absorber and the second chamber i

as a detector. These flrst chambers were 2 mches deep in the ‘beam dxrec- e

tlon, and used copper wmdows 5 m1ls thlck G .



'electrons undergo a great deal of multlple Coulomb scattermg, and their O j':"-'f;f;.: ;

the curve persisting beyond the Bragg peak to be the'background at all points.

~ thickness, are shown'in Flg. 8

yprcal Bragg peak, as represented by pos1t1ve pions. The new position of

C. Richman, H. ‘_Aceto;"fJ','r. , M. R.. )'Raju,v and B, _schwé‘rté' B
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Measurements' wer'e' made for beams of both negative and pos'itvive‘ -

' pions. -, 'I‘he Bragg peak for negatlve plons should be greater than and of

somewhat dlfferent shape from that for p051t1ve plons.- The chfference be- ’

| tween the two peaks is essentlally although not str1ctly a measure of the

energy deposited m the chamber from capture events in the negatwe pion

. beam.

. Flgures 6 and 7 show the results of these experlments, where the |

measurements of the p10n beam in tne detector chamber (I) have both been

" normalized to the momtor chamber (I ) . We note that W1th the posrtlve p1ons -
‘there is very 11tt1e background but with the negatlve pions there is an ap-
- preciable background Thls is understandable, since the p031t1ve plons are

_ taken off backward from the’ proton beam to get them out of the cyclotron,

while negatlve pions are taken off in the dlrectlon of the proton _beam. The -~

electrons and positrons are mainly forward.

To compare the two curves, we. must subtract the backgrounds.' ‘The ,’: D

contribution can’ vary at d1f£erent th_lcknesses of absorber. As a £1rst-order

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

" in the absorber. Thls gwes a 40% background to be subtracted for the nega< L .

e A ’ ks

tive plon beam. 'I‘he resultmg curves, normahzed to unity for zero absorber

There 1s a d1fference m both shape and helght of the two curves, the ':_ R

Bragg peak 1nten51ty for negatlve plons is" 20% above that for P051t1ve Plons. »

Furthermore, the negative pion peak has been shlfted to the r1ght of the

the peak corresponds roughly to the range of 90- MeV plons. 1 This region -
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' advantageous ;'propertlies. One of the most"attractive features of these

y
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' also represents the place where most of the p1ons are stoppmg, and should '

show the contribution from the plon ca.pture. o

-

The mterpretatlon of these curves is not as 51mp1e as one would hke' L

' flrst of all there;is the uncertainty mtroduced by the background then there , |
is the fact tha.t the nuclear fraaments that are produced have ranges in our

' chamber wh1ch are much larger than the size of the chamber. Thls means -

- . that wall effects can be 1mportant’. To study these effects we built a 15-

atmosphere chamber and filled it with n1trogen to 51mu1ate more closely the

light nuc_le1 in tissue. Within the accuracy of our experlments we found no -
difference between the results with this chamber and the first chambers,

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

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

i

1mproved beams.

'I‘he average dose found in one of our beams was about 8 rad/hour, o
1nc1ud1ng the contammatlons. Thls dose was also measured with L1F |
dos;meters and found to be about 8 ra_d/hour, Wlth‘a peak-'to-plateau ‘ratio,, .
again, of around 3:t. 1'I‘h‘e dose distributiori ob'served with these 'dosimeteréh :

conﬁrms_ in a rough way the shape of the peak as observed with the ionization

' chambers; it must be added, 'however, that the LiF dosimeters have a basic

limitation ’m the Bragg region, for they show a reductlon in sens1t1v:.ty of as

much as 40% for hlgh LET radlatlons, so that the peak-to-plateau dose is o

probably higher than is indicated by these d051meters. |
SEMICOND UCTOR DETECTORS

S‘emicdr}ductor, detectors are w1de1y used because of their many

.detec-ters is that the output is linearly ;propcrtiona.l to the energy deposited.’ w2

~
)




&

o

- of the product of energy per channel and the total counts in that channel
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It is very 1mportant to know the energy d1str1but1on of the p1on stars

“and to have a better measurement of the ratlo of dose dehvered at the end L

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

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

" emulsions. 9 In this study we have extended these measurements to mclude . '
 two dlfferent types of semlconductor detectors—a sxhcon surface-barrler- e :

type detector and a 11th1um-dr1£ted detector.

The experimental setup for both semiconductor detectors is shown in
Fig. 9. The test pulse generator used in the system was calibrated by 'usingv ST

241 207, . . : ' o
an Am source, a . Bi internal conversion electron source, and particles .

from the héavy-ion accelerator. The surface-barrier detector was calibrated.._.'.'v
by using the 241Am source only, while the 1ithium,-dri£ted detector Calibration o

: , .
involved- both sources. thhmm drlfted detector experzrnents with alpha.

' partlcles from the 184- inch cyclotron conflrm the 11near1ty of the system up

-

to 85 MeV. The depletlon layer of the surface-barrler detector was chosen -‘;_' AR
to correspond to the range of the nnolear fragment of greatest i‘mPOrtanCe to -

us---the alpha particle. The depletion layer thickness was 4.’54)(10"2 gm. /cm 2”. :
sufficient to absorb most of the alpha .particle fragments, This thicknes_s,of a
silicon corresponds ronghly to the ranges. of a 20-MeV alpha pa,rticle‘, a 5_Mev'
proton, and 2 O'ZZ"M?V elect,r‘on. ’Hence, aj;iz?ble portion 'of- the nuclear .

L]

energy released via protons escapes from'the detector. Likewise, the con—‘ :

‘tribution to the detector response by the incident pions, _.n'mons, ‘and electrons -

" is small, For any thickness of Lucite absorber, ‘the total energy deposited in

5
the depletlon 1ayer of the detector is glven by the 1ntegral over all the channels

The relative value of the energy absorptlon at the peak compared with", " o

that at the entrance (i, e., tumor-skin ratio) is approximately 17:1, nearly
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six times the tnmor—skin ratio.-m‘easured with the .ion c‘hanrber. Since the
detector response has been max1m1zed for response to the alpha fragments;.
,tms sizeable increase in energy depos1t1on is due ma.mly to the alpha. par- . ‘ .
‘ t1cles from the star events. In the light of the detector hmztatlons. thrs
ratio has little value as an absolute .numberv; it‘sets an. upper limit to the -
' tumor-;skin ratio, : o | |
" The depletion ‘region can be inCreased c‘onsiderebly by using a lithium--
drifted silicon detector. Figure '10 shows the re5ponse of the unattenuated
180 MeV/c negatzve pion beam wn:h 1ts muon and electron contammatlons of
the sam_e momenta., Two pea.ks, one at O 87 MeV and the other at 4.05 MeV
. are clearly visible. They are due to electrons and plons, respectwely.. 'I‘he
muon conta.mmatlon; being small, 1s perhaps hldden in the d1str1but1on of the
elect.rons and plons. |
The W1dth of the Bragg pea.k at the 50% level as determmed by the
ionization chambers is approx1mate1y 1.8 gm. /cm. 2 of Luclte. The thlck-
ness of the semiconductor_ is 0.61 gm, /cm. Z.'.,I‘ienc_e, if the detector is
sitting at the Braag peak position, a. good portlon of the plons is stopped in '
the detector and crea.tes stars in s1hcon. In order to see the energy dxstrrb‘u'-'}._.‘i-' )
tion of the pion stars alone, the energy deposn:ed by the pions, muons, and
electrons through the detector has to be ehmmated When we add another "' p
. semiconductor detector in'anticoincidence with the a.nalyzmg detector," we
observe only the ptons tha.t stop in the ana.lyiingdetector (i. e., pion stars), "
.and the rest of the events can be ehmmated However, somet1mes, one of |
the prongs of the stars 1n the flrst detector- ca.n pa.ss through the second de-
tector and cause an ant1c01n<:1dence, thereby losmg some. stars. This does ﬂ

‘not affect the energy dlstrlbutlon of the plon stars apprecrably. Figure 11

shows the energy d:.stmbut;on of the p:.on stars. The upper curve is the

3
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S with energy, 'and that this star energy extends beyond 60 MeV Since both

'equals 12), It’ should be mentioned that this ratio was obtamed by colhmatmg;'

w'._,,l.. -
Q .
L
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distribution obt amed w1thout usmg the second detector in ant1comc1dence. The"f’

the eneray dlstrlbutlon of plon stars in 5111con. Slnce the thickness of the
detector corresponds to the range of approx1mate1y 84- MeV alpha part1c1es

and ZO—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 == o o

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

tector. Indeed, this is alsovtru'e fori the protons,' except that some of the

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

' bottom curve is obtamed by usmg the ant1co1nc1dence detector, thereby g1v1ng b

the other hand neutrons escape the detector most of the time.. It can be seen - - :

from the figure that the number of stars is a constantly decreasmg functlon

Y

curves’ are taken for the same amount of charge collected in the momtor, strlct-‘v
- ly speakmg they should coincide down to _low energies, However,. the lower

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

detector), thereby 1nd1cat1ng that some of the star events arelost when the

'antlcomc:.dence detector is used because some of the fragments pass through

the analyzing detector and reach the a.nt1comc1dence detector. ,'

A calculatlon 51m11ar to that for the surface-barrler detector g1ves the

energy depos:.ted 1n the detector.

.This method apphed to the curves of Flgs. 10 and 11 gwes the energy

o depos1ted in the détector on the plateau and in- the Bragg peak reglon, the ratlo

The eneray depos1ted in the 5111con detector at the Bragg peak p051t10n, by thls

-'method, is about 12 tlmes that at the entrance- (1. e, tumor-—skm dose .ra.tlo ‘ :

of the two, forthe same tox:al flux of 1nc1dent part1c1es, is the tu.mor skm ratlo., e

£,

" the pion beam with a 2_-1n; 2 lead coll1mator upstream from the steering magnet.
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L a‘dlstance equal to the range of the plons in Lucnte. This is shown in F1g. 13*

A
C

. ..'16..

Later measurements w1th an uncolhmated plon beam revealed a tumor skm

| ratm of about 3:1, and evenless. The amount of colhma.tmn used upstream
Irom the steering magnet is important, smce.for ,equal settmgs of the.'steermg_' N
'magnet, this collimation determi'nes‘the momentum spread of the ‘beam. It |
Acan be seen that the tumor skm dose ratio is.a very sen51t1ve inverse funct1on

' of the momentum spread. . N

TIME OF FLIGHT -

» Our concern with the background radiation in the p'ion beam led us to a.
! b

- different approach. Thls method measures the tlme taken by each partlcle 1n

the beam to traverse an extended path (Wthh in the setup in the.pxon cave, was ;.

approx1mate1y 23 feet) Thls system, developed by Nunamaker and co-workers,

" uses a 4x4xi-1nch plastlc scmtlllator at each end of the fhght path The )

geometryx of this experxment is therefore dlfferent from the other expenments.
i .

The velocity spectrum of the partlcles, as expressed by the time delay between N A

3

the two detector responses, is fed to a tlme—to-pulse-helght converter and then B

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

‘Figure 12 shows four Po‘aro:.d p1ctures of the PHA dlsplay for a negatlve

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

ferentlated mto three d1st1nct peaks representmg the p1ons, muons, and elec-
e -

trons. Summatlon of a s1ngle peak g1ves the total number of particles repre-
]

sented by that peak This procedure was repeated at several d1££erent depths in-

| Luc1te., One finds that the variation of the electron component W1th distance is’

similar to the exponent1a1 i'unctlon obtamed by using the mtegral range method

That is, both systems reveal a loss of about 25% of the electrons in traversmg o ,

ﬁ

i

= 3.0 -

pion beam after passing through 2- 1/8 6~ 1/8 8- 5/8 and 13- ‘1/8-1nches of Luc1te _'

The percentage of electrons in the total beam ‘of momentum 180 MeV/c increases .
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L lmearly from 23% at the surface to 40% at the Bragg peak pos1t1on 1n Luc1te.

These results agree well w1th the 1ntegral range data. o

CONCLUSIONS

, RN . s -, . Tyt

’I‘hls study of the phys:.cal propertres of a neaatwe p1on beam shows that

’ "we can learn a great deal about these beams wzth the presently avallable in- R

o ten51t1es.

The dlfferent detectlon techmques and the d1fferent expenments have '. .

."thrown llght on the propertles of such a beam. We have seen that the Bragg

| ‘peak for a negatlve plon beam, as measured w1th a- 'J.-atmosphere argon carbon

dioxide chamber, glves a peak-—to plateau ratlo of around 3:1. Thls ratio i is ‘

.not so high as we e>.pected however, the 1on1zatlon chamber.is not the appro— R

~ priate detector for the stars, because the ranges of the nuclear £ragments are

. frequently lonrver than the depth of the chamber.. The sem1conductor detectors L

- would make 1t poss1ble, w1th the techmques that we have used to look more :{";

r

"scattermg.

: carefully at the charactenstlcs o£ negatxve pmn beams.

are more appropmate for these phenomena. they g1ve, in general h1gher L (

" peak-to-plateau ratios. .

The energy distributio_n_ of the stars has 'be'en determined very clearly. RN

e

for silicon. = o o

We have ut111zed 90- to 100 MeV beams, a better beam for our work would

T be a 50—MeV beam, havmg a’ range of 10 cm. , of tlssue. th1s would obv1ate the

large amount of slowmg down of the part1cles w:.th concomltant attenuatmn and

»
P

" The large backaround of electrons and s’maller" backgr‘ound of muons

; obscure the nature of a beam. - We hope to add an electrostatlc separator in"

,‘our experimental setup to remove these radzatlons. o

Taken all together, a 1ower energy p:.on beam free of contammatzons |
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i Flg 1 L Examp!;es- of the capture o£ negatwe plons’ a.nd the resultmg.nuclear
d1smtegra.tlons 1n the 11ght elements carbon, n1trogen, or oxygen as observed
m nuclear emulsmns, The pron tracks are labeled T ,vthe stars produced |
i followmg the1r capture have var1ous‘ numbers of prongs.- | '
Fld 2 The productlon of a negatrve plon beam. " For the productlon of a
pos1t1ve pion beam all the magnetlc flelds are reversed and the d1rect1on of
;_the«proton,beam is reversed' | | o -
- F1g 3. Horlzontal profrles of one of the negatwe p1on beams after 0, 4, and
:'.7 5 1nches of Lucrte, as measured w1th partrcle counters. B -

- ',Flg. 4 ‘Block chagram for the 1ntegral range experlment
v Fig. 5 The mtegral ranue curve for a negatwe plon bearn of about ‘100 MeV o
F;'.Lg.‘ 6’. ,Tne Bragg-type curve foria negatlve pron beam.‘ The contammatmns v
‘.can be seen m the 1omzat1on beyond the mam peak L | L
' "?'Flg. ’7. The Bragg-type curve for a p051t1ve plon beam. » In-this_" beam the

contam’matrons are quite low, as can ‘be seen’ by th_e low'ionizati‘on beyond:

. Fig. 8. A comparrson of the Bragg-type curves for negat:.ve and posrtrve 3 :

B pion beam wrth semlconductor detectors
o Fig. 10.. The unattenuated neaatlve plon beam as seen by 11th1um-dr1£ted
silicon detectors. _ The electron peak is at 0 87 MeV and the plon peak 1s

2t 1,05 MeV.

Fig 9 Block dlagram of electromcs:for the pulse-helght analys1s of a.

‘
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through but not stoppmg m the analyzmg detector.

1

:-Flg; 12 The t1me of fhght of the dlfferent partxcles in the nega.twe plon

Y -
e

beam after dlfferent thxcknesses of Luc:.te absorber- 2 1/8 6 1/8 8 5/8

¢
'

and 13 '1/8 mches. The scale settmg on the PHA wa.s :1.04 counts full sca.le

;
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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.
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