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AEsl’rJ\cT

Prcclinical human studies with rqative pions arc presently heinf,c.olI-

ductcd at the Clinton P. Andetson Ncson Phy:;ics~a~ility (MM’F) of the I.OS

Akctos Sckntific Laboratory. Presemrly, t.lleproton curzmt at IJWPF is

300 PA, average, and the instantaneous pion rata at the bio;wclicalchannel
..

is about 2.4 x 107 pions/see, cmz. Th’k corresponds to :1dose rate of a-

bout 6 rad/min in a 1 lttcr volume. Conventional mic.rodo:;imetrictcchniqlles

ure not applicable at these went.-ratcs because Of cir!tcct.or d2!C.lflC!, [;il~

problecw is described.

Treatment fields as kr~e as 17 x 17 cl[12an.1ii:; d(’1’~1 :1:; 30 Cli! ll:Lv~l

liter volum9) m part of a continuing;~Iro~r.’mt:()CllitrilCt.l”l_Si!L! Lho::t! i!:;p:!(:,t:i

of the radiation qualiky which prodl :.cchanges illtill!bil)l.q;lcill l“l?:ll(}ll~[.,

Microdosimetric data have bun Obtil”Ln~dat S~lV(!~;Ilp(l!~i.1i(lll:;iIIOII:\

IL:lKJXNJ him!+ for p~lrpo:;ouOf tr(.,tl;l.!Lll:~11.:llllli.ll;:.ill’11 f 111’ I’1’:illl I !s il!”(’ (’()!:1



INTRODUCTION

Preclinical trials on selected patients are currently being performed

with negative pion beams at the Clinton P. Anderson Meson Physics Facility

(LAMPF) of the Los Alamos Scientific Laboratory.(1) The potential thera-
(2)

peutic advantages of pions have been reviewed in the literature. These
..

can be summarized as follows: there is a substantial increase in the dose

delivered by pions in the treatment region as compared with tha~ delivered

in the entrance region or the surrounding tissues. This improved do:e lo-

calization along with good beam ~haping could result in better tumor res-

ponse with less dtileteriouseffects to the surrounding tissue. Equally

important is that a significant fractinitof the dose in the region where

the pions are stopping (the peak region) is delivered by high-Z nuclei

which result from pion absorption by target nuclei (star byproducts). This

increased concentration of energy deposited by these heavier particles

sh uld result in higher relative biological effects (RBE) and lower oxygen

enhancement ratios (OER) as compared to those obtained in the surrounding

region. Changes in the type of secondary particles produced, their ener-

gies, and their spatial distribution throufihoutthe treatment volume can

alter the biological response. It is inlportantthat any cumprcllensive

treatment plar,includesan adequate characterization of the radiation qual-

ity throughout the treatment field. Microdosimetry studies play a major

role in this respect.

The first microdosimetric.spectra for negative pions were reported by

Lucas, Quam, and Raju(3) ,.for n beam used at Berkeley for radiobio.Lo};ical

for .I.argertreatment vo’1.umcs.It is cllfficultto pred:l.ct:tnn quanti.t.atl.ve



-2-

Thcory of Dual Radiation Action.
(4)

II. EXPERIMENTAL PROCEDURE

The experiments reported in this paper were performed using pion beams

at the biomedical channel at IJWPF. The beam consists of 76-MeV negative

pions with a full width at half-maximum (FWHM) in energy of 4%. The per-

centage of electrons and muons in the beam is 12X and 122, respectively.
(5)

The tfme structure of the beam is characterized by a microstructure of 120

pulses per second, each one 500 ~sec wide. The instantaneous picn rate is
7

about 2.4 x 10 pions/sec cm2 for a primary proton current of 300PA, av-

erage, incident on a pyrolytic carbon target.

A schematic representation of the experimental setup is shown in Fig.

1. The pion beam enters the experimental room vertically and is incident

on a large water phantom. The detector is placed in the water phantom at

a distance of 100 cm from the effective downstream edge of the last quadru-

ple. A collimator of elliptical cross sectinn, 9 x 11 cm2, made of Cerro-

bend, iB positioned at the water surface. A dynamically variable absor-

ber(6)(range shifter) is placed in the pion beam in order to obtain dose

distributions which are flat over a 10 cm depth along the beam axis. The

sweep functions of the range shifter can be programmed and varioutir:;nge

modulations can be achieved.
(6)

A parallel-plate ionization chnmbcr placed above the water phantom

monitored the pion beam. A second hcam monitor consi~ting of a plnstic

scintillator detector (0.5 cm thick, 2.54 cm diametur) wus positional at

a variable distance with respect to the main axis of the bc!am.

The detector consf.~t~of a modified hnssi-type ~])ll~~~[!ill.prt~portlonill

counter having an innt~rdlrim~’tcrof 2.5 cm. TIIet4L!Ils~tlv42vol.umciH dulll-

mlted by a t“Lssuc-cquivnlcntpl.nst.lc.sIIc!IIof 0.3-cII~l-l~l.rlfn~~fis.l!j,cct;l”on

rnultiplLcation occurs between u helix nnd the ~~ntrii.1 wl.r(’(;IIWVIC)whluh +s,,
u-coupled to the input FKT of n chnrgc-scn~ltl.vt!pr~vmpl.[ftir. ‘~hef!; :Jt.

f4tagcof this .Low-nolsc(~ 1.50c- rms) prcampl,l[icr
(7)

(in L!<’:IS(U1111tll(’

chnmber buseo The prcampl.lf.lurwus dc~i~nd for ,1OW (?l~~~..~r~~l~lc.’’”l~lt;umv!

n wide dynamic.rnngc of nniplltudcwWILIIOULdlHtorllnn WIICIIn PUIUIWIIJIUH

iH nppli.cdto t.hudetcctcr. ‘1’hl’ b’hlH Vol.t[l}{(’ ~H npp]i(d t[) t.tlt’ (IllLc~ FIhClt

of the counter nnd fihuIMIIIx. ‘L’Ill?r:ltloOf tll(~nll(l(l(!-l:f)-tl(tl, lX l)(ltL!llLLill

WIIHmulntninwl NL 5:4 hy u cllvldurnetwork.

TIICcount(!r~JIHw:1:4n mlxl:iiro, hy v[]lum~i, LJ1’ 5S.()% C. II
J H’

:]~)oo~(:02,

IIIILI5./42N2. A rrfi~llntvdI’Iuw HyHLLIIIl WiIS URL~Cl to niil~ntitlll }:it~~ ])u~lfy,
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constar,tpressure (34 Torr), and constant flow rate in the detector.

As mentioned earlier in this paper, the high intensity of the pion

beam at IJUIPF(as much as 100 rad/min), neccssar; for therapeutical treat-

ments, would normally be prohibitive for an in-beam counting experiment of

the type reported here. The following appr~ach was developed in order to

perform measurements without changing the phase spt,ceor contamination of

the beam. A low intensity beam pulse is generatetiin the injector once

during every 10 macrupulses. The intensity of this pulse can be further

controlled through an electrostatic deflector (chopper plates) placed in

the proton beam line. The average proton intensity is kept constant by

increasing the instantaneous intensity of the remaining pulses. The pre-

sent measurements were taken during the l-in-10 pulses.

A direct consequence of this method of operation is the necessity of

protecting the detector from high-voltage breakdown or electronic failure

during the high intensity pulses, with the resulting malfunctioni~g during

the low intensity pulses. For these reasons, the bias voltage on the shell

is pulsed by a fast high-voltage reed relay such that, during the high in-

tensity pulses, the shell and the helix are at the same potential. During

data collection (approximatel.y400Ms, 12 times per second) the shell-to-

helix voltage is reset to the normnl values. Extensive tests made for both

pulsed and unpulsed modes show that data obtained by the two methods are

in agreement.

Analog pulses from the preamplifier arc fcd through a linear amplifier

into an analog-to-digitnl converter and stored in the memory of a PDP-11/45

computer through a CAMAC interface. A state-of-the-nrt p:l.le-uprejection

systcm is used. This system .nllowsvar.[nbletime resolution ~nclamplitude

dlscrimlnntion in order to nc.commoclnteVilrious countlnfirates and energy

rnngcsm In the present setup, moro tlmn 99.5% of the piled-up pulues urc

rejt!c~cd. In orclcrto measure the systx!mdendti,nco[+precision plllserIs

uRcd to simulntc real energy cleposlt.[.on~.The pulscr is triggered by tllf~

beiun pulses. The Himulnted events from tht!pulscr nre fcd in the ~ystem

through n cnpncitor to the input of the prettmpllfiur. ‘rht!ypfISS throu@l

tllcsumo clc.ctronicsyl~tcmnfInny r(w~l.uvunt und urc recorded in thu spec-

trum M n .~cpnr;ttt!peuk. The illtcgrilt’cdcounts in t.hi.s‘tpul~crpeak” dt-

vfclwl I)ythe mlmbcr of pulscr tr,lggcr~IN the frnctionnl lJ,vl’-tim~~in the

Fly~LGlll.‘1’hcilll,~nMityOf tll(!J,-ill-1,()pul~cs wow ndjusl,cdHllcll1’11;11” LIIL!

ov~~t.~ilJdcmitimc w,itile~l~I.luwtI’i%.
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The system was calibrated in ?nergy by use of a collimated beam of
~241

alpha particles. A complete spectrum consisted of several overlap-

ping segments, each covering a specific range of lineal energies. The

segments were matched by use of data obtained with the beam monitoring

system corrected for deadtime. The data were stored, analyzed, and matched

to previously accumulated s~~ments on-line on a PDP-11/45 computer with

software developed for the present application.

III. RESULTS AND DISCUSSION

14icrodosinetricspectra have been obtained for a broad, range-shifted

beam which has a peak region of approximately 10 cm in length along the

central axis of the beam. Two spectra obtained at 8 cm and 16 cm depths

in the water phantom are shown in Fig. 2 in a yd(yj vs log y representation.

Both curves have been normalized to unit dose. The positions where the

distributions have bc.anmeasured are indicated in the insert of Fig. 2

where the depth-dose curve for the present beam is shown.

The microdosimetric spectra shown in F@. 2 ha’Jesome characteristics’

which are common to all ne~ative pion beams. These spectra include energy

deposition contributions from the primary particles (pions, muons, and c-

electrons)and from the reaction products resulting from in-flight and ab-

sorption processes. The

tered around the average

partfcles penetrate fnto

energy deposited by the primary particles is ten--

stopping power for each type of particle. As the

the phatlLum,their energy spectra become increas-

ingly more complicated because of Coulomb and nuclcsr scatteri.nr,effects.

Other factors such as energy straggling, path len~th distribution in the

detector and the statistical fluctuations of tllcion-pair formilti~nand

multiplication processes will further spreid t!ic cncr~y spc!ctr~l.me nv-

erngc energy d(!positionsfor pions, muons,nnclelectrons r~lrl~;ufrom 280, 236,

nnd 225 eV/km, reapcctive].y,at the surface of cl~cwater pllnntum,L’c3.68,

0.314, and 0.217 keV/#m at a depth of 17.7 cm (:Ifc’wmm before LIW :lveril[:~

rnnge for 76-MeV plons). The ~p~~~trilSIIUWII~KII?lH.2 arc IrluilHllrL’d for

rnnge-shifted beams, nnd thcrcforc, the primary p~rt~clc contrlllut.ionswill

he n comhinatlon of distributions for ~ilrrow (uumoduhtwl) b~ilms with vilr-

ious rnnges. The energy events whlcllpeak around 1 kt’V/\kmnt-ua:;HociiItrd

with pions, mums, nnd electrons. l’hufrcontrihutlun exlxnds t.ohi.xhurlln-

cnl cnerglcs (y)s nl.LhmIp,hh m c!xl)f.~l~t!nt..l}{llyclccrcusinp,m:lllnor.Neutrons,

protons, lludh~!:lvLorpnrtlcl,tl~nre produced by :1.rI-fllfill~pl(jnlIIL.L!rilCtlOnS

nnd .llworpt.h~of pionH at rcat. The firHt pror.cs:~produ{t~~Hpart.lelcs
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distributed relatively uniformly in the water phantom, while the latter

results in highly localized energy depositions which are correlated to the

shape of the pion stopping distribution. A detailed unfolding of the

spectra in te~ms of particle types requires a knowledge of the energy dis-

tributions at every point in the treatment field. This information is

generally not available. Based on previously measured distributions for

various particles
(8)

and the known maximum (and possibly minimum) stopping

power for each type of particle, some estimates can be made. Protons are

expected to deposit energies up to about 140 meV/pm with a peak around

4 keV/km (see Fig. 2). The decrease around 400 keV/#m can be associated

with maximum lineal energy for alpha particles. Higher energies correspond

to heavier nuclei, although distinct edges are hard to observe because of

the limited number of events. Important contributions come from neutrons,

mainly via (n,p) reactions and they will incrense the proton and heavier

ion components. Photons will alter the electron spectrum through the phot~

electric effect, pair production and Compton scattering processes. An imp-

ortant characteristic of the indirectly ionizing secondaries is their re-

lative diffuseness and relative homogeneity in space as compared with the

primary charged reaction products. Finally, &rays associated with enzr-

getic charged particles will modify the lower lineal energy part of the

spectra.

Tte relative shape of the two spectra in Fig. 2 can be understood if

fone considers the way in which the dose is delivered at the two extreme

positions of the broad peak, At the proximal part of the peak (8 cm) com-

parable amounts ‘ofpassing pions (which stop further downstream) and stop-

ping pionn are present. The spectrum at the distal edgu of the peak (16 cm)

is dominated by stopping pions, with a minimal contribution from thu re-

maining low-energy passing pion~. The amount of muon-electron cont:iininants

at both positions Ls about the same, aa no significant chatlgeoccurs in

their fluence along the 10 cm pion peak. The most manifest effect.ubservecj

in the two spcctrn is the drnmatlc increase at higher y (at 16 cm) with a

corresponding decrease at lower y. l’hi~effect can lJeseen also if one

compnrcs the doac nnd frequency means for tiletwo positions: at 8 cm

yF ~ 0.7 keV/\&m,yD = 1.9keV/km; nt 16 cm yF = 1.2 keV/wm, yD = 61 kcV/Um.

In ordur to further elucidate the or~};~nof thuse ClIaIIHeB,a comparkm is

nlad~’in Hg. 3 bctwccn the 1.6cm spectrum and a spectrum obtained previous-

ly (see Ref. 2).nt thu diotal edge.of a narl”ow bcnm peak. The pion
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contributions to these spectra ought to be similar because the relative

number of stopping pions is nearly the same. In fact, the data show that

the spectrum for the broad beam has more”events at higher lineal energies.

(The differences at lower energies are partially a result of different e-

lectron-muon contamination.) There are twu factors which could contribute

toward this difference: 1) the broad beam has contributions from the other

overlapping narrow beams as a result of the range-shifting process, and 2)

there is a significant change in the neutron conL:ibution in the broad beam

resulting from its modulated character.

The contribution of the first factor was found to be minimal by calcu-

lating a new microdosimetric distribution through an appropriate folding of

narrow beam distributions according to the range-shifter movements (see

Fig. 3). As expected, no important change is observed as compared to the

single narrow beam distribution dissussed before. In the following, a ter,-

tative explanation of these differences is advan~ed.

Pion stars produce an average of 2 neutrons per stopped pion. We es-
(9)timate.from ths experimental data of hnols, et al., . similar unpublished

data f r broad beams by the authors, and the calculations of Schillaci and

Roeder?
10)

that the fraction of neut-;ondose is approximately twtce as

large in the broad beam as compared to the narrow beam. As mentioned pre-

viously, because of their long mean free paths, neutrons are poorly corre-

lated, in space, with the pion beam. As o consequence of this, the neutron

aiatribution throughout the peak region will be relatively less sensitive

to the range-shifting process. The f[;ctthat in a broad beam the same num-

ber of stopping pions is spread over a larger volurnc(i.e., less pions per

unit volume), together with the relative constant neutron flux irrcspect.ivc

of the pion hc:amshape, indic:ltesthnt for equal doses, brn:idbeams will

have an increased neutron contribution as compared to nnrrow beams. Tl\is

contribution effectively suppressed+the expected trend of decreasing mtxm

lineal ei}ergyfor the charged particles as the stopping volume Incrcnses.

Similar effects for electrons nnd muons will reduce the mean lineal energies

in the peak. The observed results are a comhin~tiollof all these factors.

The immediate consequence of these effects is that any calculational proce-

dure to obtain broad beam distributions from narrow beam spectra should

make UFICof the neutron, clectron, and muon distrlbut.ons (as opposed to

the pion associated spectra) in order to include them correctly. Furtncr

experlment~ to tent this hypothesis nrc now in pro~rcw at m~F.
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In Fig. 4 the fraction of dose in excess of a given y-value for the
(11)measured pion spectra is compared with data for high energy neutrons

and data fu= 557 MeV/amu Ne ions (see Ref. 8) obtained in the middle of a

broad Ne beam. In the energy region of 10° to 102 keV/prn,16 cm pions and

the neutrons are quite similar. The He data are dominated by the large

amount oi dose delivered around 50 keV/pm at higher lineal energies. Pions

at 16 cm deliver the largest fraction of the dose. This is a direct re-

flection of the effects described previously.

For comparative purposes, RBE and OER values have been calculated for

mammalian cells at 50% survival with the Theory of Dual Radiation Action.(4)

Using the narrow beam a:,dthe 8 cm and 16 cm broad beam da~a, one obtains

values for the RBE of 1.17, 1.09, and 1.26, respectively. The OER is ap-

proximately 1.6 for all three spectra. No attempt was made in the present

paper to fit these values to available biology data. The RBEs follow in.
general the trend expected from the ~D values for these beams. Their re-

lative values, though, may vary significantly if one changes the saturation

parameter, y. (see Ref. 4) which was chosen to be 125 keV/ym in the present

calculation. No measured values of y. for pion fields and for specific bi-

ological systems are available”to date. The significance of increased con-

tributions from high y-values in the 16 cm beam is, therefore, a function

of where the “overkill” effect begins to occur for pions (i.e., the S0 value ).

CONCLUSIONS

Microdosimetric measurements have been performed for a broad, thera-

peutical negative pion beam. It has been proposed that microdosimetric

spectra for broad beams can be calculated from the experimental spectra for

narrow beams. The pr~cess of range-shift: g the be~~malters the radiation

quality of the beam in a manner which depends strongly on the spatial and

energy distribution of various components (neutrons, electrons: muons) of

the original, unmodulated beam. Consequently, additional knowledge of these

components, not available from the usual microdosini.?tricmeasurements, is

necessary in order to incorporate in treatment planning information concern-

ing the radiation quality. Calculations of the biological response result-

ing from these physical changes have been performed for speciIic systems

and will be reported elsewhere. The uncertninti.esassociated with the pre-

sent biological data and the limitations of the available mode.Lsmake it

difficult to estimate the importance of thebe effects for patient treatmenL9,
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FIGURE CAPTIONS

Fig. 1 General layout of the experimental setup.

Fig. 2 Microdosimetric distributions obtained in the present experiment
at depths of 8 and 16 cm b(:lowthe water level. The abscissa re-
presents the lineal energy y which is defined as the energy of an
event divided by the meatlchord length of the active volume
(2/3 the simulated diameter). The ordinate is the product of y
and the dose distribution, d(y) = yf(y), where f(y) is the fre-
quency distribution in y. The insert shows the absorbed dose as
a function of depth in water along the central axis. The positions
where the microdosimetric spectra have been obtained are indicated
by arrows.

Fig. 3 Comparison of the 16-cm da’--(present experiment), narr~w beam
data (-.ef.2) and a spectr dlculated with the range shifter
function and narrow beam da.a. The representation is the same as

that used in Fig. 2.

Fig. 4 Integral dose distributions, l-D(y), as a function of y. The quan-
tity [1-D(Y)] is the fraction of dose delivered in excess of a giv-
en y. The present data are compared with similar data for a broad
neon beam (Ref. 8), and a high energy neutron beam (Ref. 11).
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