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ABSTRACT
© . A number of processes leading to the emission of photons and

neutrons in " capture reactions are discussed for potential use in

radiation therapy to determine the stopping x region. It is concluded

that the scheme of detecting collimated medium energy y-rays is the
most effective. '
I. INTRODUCTION

o (1) o

Stopping n beams have been proposed . for radiotherapeutic
applications since the "star" formation of the capture reaction produces
a highly“localized dense-ionization region, of high relative-biologicai:
effectiveness. Highly ion;zing radiation of this type is considered to

be especially useful for the treatment of oxygen deficient tumors which

are known to be less sensitive to radiation which has a low linear-energy-

trapﬁfe?; To insure that the pions come to rest in the tumor region an
accurqte monitdr of the stopping plon distribution 1s désirable.

| The lateral distribution and locétion.of.a stdﬁping besm can
be easily and reliably qontfollchwith coliimators and m&gnetic‘féoﬁsing

and berding elements. A precise calculation of the stopping depth is
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difficqlt because of the unknown density>inhomogeneities in the patient.
Hence the primary reason for a monitor is to determine the depth distri-
bution. |

Possible monitoring techniques reviewed in this paper include
the'useuéf:

1) - Pi mesic x-rays; (2) Posifron annihilation y-rays;

(3) Single y-rays; (L4) Neutrons; (5) y-rays from neutral pion decay.

II. The Pion Capture Process
When & 7 comes to'rést in mafter, 1t is captured>bj the electric
‘field of a:nucleus. It then cascades through the atomic levels, emittihg'
chafactefisfic x-rays in the process, until it ié absorbed by thé
,nucieus. Thé capture process results in the emission of.highly ionizing

particles--star formation--as well as a number of neutfons and y-rays.
(2) |

The neutron yield is approximately 3 per capture.’ 'In'approximately

2% of the events, radiative pion capture leads to the emission (3)

of y-rays with an energy distribution which peaks around 100 MeV. The
residual nuclei following s capture are often left in excited states
1eading to the prompt emission of y-rays in the energy range of a few MeV.

The. average excifation energy of the residual nuclei emitting y-rays is

. . : (%) _ o .

calculated by Guthrie, et al. , to be about 5 MeV. A small percentage
| ' | - (5)

(approximately 1%) of the residual nuclei are positron unstable. In

(6,7)

water .2% of the pions are captured by hydrogen atoms. Sixty percent

of these pions charge exchange (n + p = n° + n) to form neutral pions -

" with a momentum of 28.1 MeV/c. Since the o lifetime 1s 2 x lO'16 sec.

the neutral pions decay in .flight before interacting and in a distance
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6f leés than 10-6 cm. Thus in contrast to positron annihilation, the
" relative angulér distribution of the y-rays from © decay has a spread
e (6) _

of 20o around 180 .

III. DISCUSSION QF MONITORING METHODS
1) Pi-mesic.x-rays. A
The 2p-1s pi-mesic transitions are pptentially the.most suitable

of the piQmesic x-rays-for determining the pion stopping region.(a)  0ther
transitions to the 1ls level have much lower intensities. The erays from
transitions between higher levels are attenuated more because théy have
less energy. Consider for instancevpions Captufed'by oxygen étoms - a

very likely case in tissue. The 2p-ls transition has an energy of

159 KeV and occurs onl& 5% of the time(9) since nuclegr absorption usually
takeé place before reaching the 1s level. This line is quite broad due

to thé short lifétime for nucleér capfure. Pion beams always contain a
small ffaction of muons, typically from five to ten percent. The muohs
also pfbduce x-rays in cascading through the atomic levels.: The-3p-is,'
bp-1s, etc. muonic lines are superimposed on fhe broad.pion 2p-1s liﬁe.
Intensities of the muonic transitions are compafable to the pionic
intensitiés, since the weakly interacting muons are all captured by -the
nucleus.from the 1s level. There is also a lafge background of low

energy photons, and higher energy'photons.Compton scattered in the detector.
We show in fig. 1 the photon energy distribution in the pion stopping
,regipn for a 90 MeV ' beam, and a water target. The beam consisted of

86% T, 10% pf, 10%-e;. The photons were detected with a .15 cc planar |

‘ 10 ‘ ’

germenium detector , which was triggered on stopping pions and muons.

'As can be seen in the figure it is difficult to separate the pi-mesic
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x{rays from the lafge.background.'
AA25 ‘Poéitron aﬁnihilatibnly-rays.

A ?ossible éyétem to detect the coincideﬁt 7-fays from posi-
tron annihilétion which are emitted at 180o to each‘othef 1s shown in
fig;-z. 'It~cohsists of multiwire ﬁropprtional chambers on opposite sides
of the'stopping rggion; In front of each chamber is a thin»leéd con-

, verter. -Assuming & cunversion efficiency ot 3%,la solid angle accepténce
of 4.6 steradiaﬁs, one positron per 100 stopping pions and a 50% prob-
abiiity that both of the annihilation y-rays get out of the patient with-
out interacting,vwe estimate a ratio of detected events to incident pions
of 3 x 10.. This'sensitivity can be increased tenfold-by having three
chambefs:with converters on each side of the stopping region, and’shduld
be sufficiént to locate the stopping region with a minimal‘dose to the V
4patient. ‘Some work oﬁ the'observﬁtidn of the positron emitters folléwing‘
ﬁf absofption'has beén done by Taylér, et al.(S) They stapped ablOO MeV
' Beam iﬁ'a stack of gelatin-filled plastic pétriidisheé. The positron
activity of the individual petri dishes following irradiation was measured
-with a NaIl detector. The results of their measurement are shown in
fig. 3.“As can be seen in the figure, the distribution of positron emitters
gives a satisfactory representation of the ﬂj stopping distribution.
There ére,_howevef, several disadvantages to using_the pbsitrdﬁ emitters
.as g>mbnit6r of the stopping position. The lifetimes of the positron
emitters [?10(20.5 min), 13N(9.96 min) and 150(2.07 min)| will introduce
a time lag between the instantaneous change in'the 1~ stopping depth and |

its measurement by the detection of the positron annihilation y-rays. The

. coincident detection of these y-rays detérmines a point on each side of
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the stopping region. The intersection of the line connecting these two
points with the beam area is taken as the stopping‘nr'lécation. The
position agcﬁracy is limited by the size of the beam area, and the mean

. . - 11 .1 .
range of the positrons in tissue .(about .25 cm for C and 3N and .5 cm

for.lso); Since the two 7-réy detectors will be‘unshielded there will -
'bé a bﬁckgfound of charged particles. However the relatively long life-
times of thé positron emitters make it possible to avoid this backéround
by géting;on the detector in the timé interval between beam spills of
the acgélerator; |

3)' Single y-rays.

(a) Method using & collimator. Gamma fayévof energy greater
than a‘few'MeV travel through'tissue with minimal scattering and'attenuation;
The pion stopping distribution cén be determined.by‘colliﬁating and con-
vertiné ﬁhe'gamma rays to electrons and detécting the'electrbns with 5
position sensitive detecfor.

| | | (1)

This technique was employed by Sperinde, et al. The
experimeﬁtai set-up is shown in fig. ba. The % beam was stoppéd 'in_.an
absorber of lucite. The collimator consisted of.l.S mm. sheets of lead.
separatéd by 1.5 mm. air gaps, with a 3 mm. thick lead converter. An
aluminum absofber was used to put a low energy cutoff on the detected
electrons. The coincidence signal from a pair of scintillators,_ohe bet&egﬁ.:'l
thé éonvefter and the spark éhamber, the othér behind the’;luminum absorberl
triggered.the spark chamber. Tﬁe spark locationsnwere read out:electron-_
icelly end stored in a pulse-height analyzer. We show the results in
fig. 5, curve A, for a beam stopping in Jucite and a 2.5 cm thick Al

- ‘absorber. The solid line is a leaét-squareé fit to the data assuming
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a gaussien peak. The dashed line is a depth-dose curve measured with
an ionization chamber, normalized to the same peak height. As can be
' seen from the figure, the background is low and the agreement between the

ionization chamber results and the y-ray measurement is quite good. The

-6 _
ratio of detected y-rays to incident pions is 5 x 10 . This sensitivity

is sufficient to locate the stopping region with a small dose to the
patient. The sensitivity can be increased if needed by increasing the
size of the system and improving the design of the collimator.

We measured the resolution of the system by observing the 7-rays
_produced in a .6 cm thick sheet of lucite. The results can be seen in
fig. 6. The solid line is a least squares fit to the data. The full width
at half-maximum of the peak is 1 cm. Correcting for.the thickness of the
lucite, the measurement gives a spatial resolution of .75 em full width
at half meximum, |

The electrons produced in the lead converter scatter in passing
through the lead. This gives an anguler spread to the converted electrons
and limits the spatial resolution of the system. The spatial resolution
can be improved by collimating the converted eleotrons as shown in,fig; Ly,

One can vary the cutoff energy of the electrons, and thus the
cutoff‘energy of the y-rays by changing the thickness of the aluminum
absorber. An aluminum absorber thickness of 2.5 em corresponds to the
range of a 15 MeV electron. In fig. 5, curve B, we show the results for
a .6 em-(approximately 4 MeV electron) aluminum atsorber. As can be seen
from the figure, the low energy electrons merely increase the background.

The location of the electrons in the system described abore was .

| , . (12)
determined with a magnetostrictive readout wire spark chamber. However

(€]
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‘ability that both secondary electrons have energies greatér than 25 MeV.

_'7_

this is not eSSentiél to the system and(in)the future we would propo?e )
' 13 (14

to use a‘multiwire'proportional chamber with delay line readout.

This would give an increased data acquisition ratég andAsimplify the

~ electronics by making the high-voltage pulsing appgratus and one of the

ﬁriggeriﬁg scintillators unneceésary. Such a systém‘could also be uéed

to determine the stopping location in tissue of élphas'and protons since
nucléar interactions in the tissue will leave some(of the residual nuclei
in excifed states, which decay by prompt y-ray emissions. The threshold
fof‘nuclear excitation via proton or alpha bombardment is approximately

10 MeV. The residual range of these'particles is less than 1 mm. Work
to-detefmine the spatial distfibution ofvprompt 7-rays from stopping alphas
is now in progress.‘ | ;

(b) Method using & pair of chambers without collimator. The

"n stopping position might also bé located by determining the y-ray. position

and directidn. The intersection of the extrapolated y-ray‘direction Vith -
the béam_area indicates the n stopping locétibn wifh a spatial reso- |
lution'limited by th¢ size of the beam area and the precision with whiéh.
the y-ray direction is‘defermined. The y-ray is,converted in a thin

foil and theldirection of the electron can be determined with two wire
chaﬁbers spaced a few centimeters apart. This method has the advantage.

of not needing a collimator ﬁnd thﬁs it is possible to obtain é.lafge
increase ih:solid angle acceptaﬁce. However the conversion efficienéy is'

low since the converter must be very thin to minimize scattering so that

~ the converted electrons accurately preserve the direction of the incident

y-rays. Assuming an average y-ray energy of 100 MeV, there is & .5 ﬁrob-
. (15).

The fms-angular spread for 25 MeV secondary electrons following pair
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production is .05 radians. A lead converter of appfoximately .OhS-gm/cm2
gives rns_angular spread due to multiple scattering of approximately',OS
radiansAand has a eonversion efficiency of approximetely b x 10-3. Fon
a detectof 25 cm from the stopping pion region subtending a solid angle
of approximately 2.1 steradians the spatial resolution neglecting uncer-
tainties due to the size of the beam area is approximately 1. 7 cm and the
gensitivity 1s approximately 1.3 x 10 - detected y-rays per incident pion.

The sensitivity for such a system is more than sufficient to
map the stopping pion distribution, but the spatial resolution is marginal.
Alsp, since the eystem is not shielded thefe wlll be a charged particle
background.

k) Neutrdns.'

The neutron yield following n capture is approXimately 100 times
greater than the high energy y-ray yileld. A determination of the dire
ection of these neutrons could be used to find the T stopping'region
using a system similar to that used to detect colllmated 7-rays. In this
case the collimator and the converter would probably be made of poly-
ethelyne and the recoil protons produced As a result of ncutron-proton
collisions ‘would be detected. However the collimation ef neutrons is

_appreciably more difficult than the collimation of y-rays due to the

longer mean free path of neutrons in matter. In our opinion this colli-—"

mation froblem makes the method imprdctical.

5) y-rays from neutral pion decay.

The coincident detection of both of the y-rays from the decay
of neutral pions can potentially give a three dimensional representation

, (16)
of the stopping distribution. The direction of both y-rays must be

o
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determined, and their intersection point found. The direction of the
individual 7jfays can be determined with the same system diecussed earlier
for detection of single 7-reys, with ohe detector on each side of the
etopping.regiqn. The coincident detection of both y-rays ellows one to
diserimiﬁate.electrdnically againsf charged particle background.b In |
addition to the limitations discussed in Section 3(b) there is a deerease"'
in sensitivity of 4 x 10-3 due to the need for an additional converter.
Increasing the sensitivity by making the converter thicker would result

in a degr&ded spatial resolution due to increased multiple scattering of

fhe secondary electrons.

CONCLUSION

From the discussion abbve,'it can be.seen that any one of the

.various methods could be used to provide some information on the stopping'

n distribution in vivo. Our own experience in some of these, coupled with
numerical estimates on all of them, leads us to the conclusion that the

detection:of moderately high energy y-rays, defined through a multi-slot

‘collimator offers the maximum reliability as well as being potentially

the most aceurate method.

If necessary, this method could”be supplemented by measuring
the distribufion of annihilation y-rays from the induced éositron activity
after the terminatinn nf the bombardment pcried.

As far as the detection of the converted electrons is concefned,

a spark chamber, wire proportional chambef or any other device capable of

idehtifying'the particular slot through whinh-a‘yzray:pasees would be
satisfactory. ‘In the present stage of technological development,?ﬁe favof L
the useeofvmulti-wire proportional chambers with a digitized electronic read-

out.
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Flg 5. The number of y-rays detected as a function of
depth in lucite with A: 2.5 cm of aluminum absorber and -
B: .6 cm of aluminum absorber. The dashed line is a
-depth-dose curve measured with an 1on1zat10n chamber
normahzed to the same peak he1ght as curve A.
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