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Abstract 

Improvements in intensity and availability of ex- 
tracted proton beams from high energy accelerators 
lead to the possibility of forming negative pion beams 
useful for treating deep-seated cancers.r To optimize 
pion fluxes and design parameters for such beams, an 
experiment was performed at the Brookhaven Alternating 
Gradient Synchrotron to measure yields of negative 
pions produced by protons of 6 to 17 GeV/c incident on 
targets of different thickness and material. Measure- 
ments were made at production angles between O” and 
30° for pion mownta from 150 to 350 &V/c. A dose 
rate of 24 rads/min in a 100 cm2 field is attainable at 
the Alternating Gradient Syrxhrotron of the Brookhaven 
National Laboratory. 

Introduction 

It has now become possible to treat deep-seated 
tumors with charged particle radiotherapy. Negative 
pions are particularly attractive for this application 
as the Bragg peak at the end of their range is enhanced 
by the disintegration of the nuclei into which the neg- 
ative pions are captured. This results in a large 
ratio of dose at the end of the range (at the tumor) 
to that delivered to healthy tissue through which the 
particles pass in reaching the tumor. Interest in 
radiotherapy using negative pions has recently been 
stimulated by estimates of the ?r- fluxes expected at 
the Los Alamos Meson physics Facility (LAMPF) when it 
corrss into operation and presently available at the 
AGS. 

The only published measurement of the production 
of negative pions wfth momentum below 500 MeV/c at a 
multi-GeV accelerator is that of Fitch, Meyer and 
Pirouda who obtained .09 and .05 n- per steradian per 
GeV/c per circulating proton produced at 45O and 90’ 
respectively, relative to the beam incident on the in- 
ternal target at the AGS. More recently a measurement 
of 200 MeV/c F- production has been made at the AGS at 
18.8O to the internal targets which gave a production 
of . 1 - .4 n- per steradian per GeV/c per interacting 
proton. 

No data exist regarding the enhancement of low- 
energy pion production by nuclear cascade although the 
effect is expected, and the expectation is supported 
by a Monte Carlo calculation’. 

The useful negative pion intensity that can be de- 
livered to a tumor with minimum damage to surrounding 
healthy tissue depends, of course, on the beam trans- 
port to the patient, as well as the pion production. 
However, the beam parameters can be calculated to an 
adequate level of precision whereas it is at present 
important to have a better knowledge of the production 
cross section aaN *-, and the cascade enhancement. 

apaSi 
We have measured the negative pion production by 

protons in the pion momentum range 150 MeV/c to 350 
MeV/c at three proton momenta, 6, 12 and 17 GeV/c. 
Data was obtained at four production angles from 0’ to 
30’ for three target materials Al, Cu and W. The de- 
pendence of pion yield on target length was investi- 
gated. 

* 
Work performed under the auspices 

of the U.S. Atomic Energy Commission. 

Experiment 

The measurements were carried out in the East 
Test Beam at the AGS. The beam is at 4.7O to the in- 
ternal target and it transported lo6 to lo6 protons per 
AGS cycle to our production target. The protons in 
this beam were available over a momentum range of 5 to 
17 GeV/c with a transmitted momentum band of -f 2%. The 
experimental arrangement is shown in Fig. 1. The pro- 
tons were incident on the production target after pass- 
ing through the Cerenkov counter,filled with Freon 12, 
which identified positive pions in the beam, and the 
three beam counters Sr ,Sa,Sa which were smaller in 
transverse dimensions than the target and therefore de- 
fined the target area through the trigger requirement. 
Cerenkov counter efficiency measurements indicated that 
less than one percent of the triggers were on positive 
pions in the beam. Secondary particles produced in the 
target were momentum analyzed by the 72Dl8 (72-in. by 
la-in. by 12-in. gap) spectrometer magnet and four pairs 
of scintillation counter hodoscopes. The spectrometer 
magnetic field was mapped both in and out of the median 
plane. The floating wire technique was used as a mom- 
entum calibration determining the positions of the hodo- 
scopes. The secondary particles were bent through 30’. 

Each hodoscope pair consisted of an upstream 
array of three l-in. by 3-in. scintillation counters 
U1 >Us,Us and a downstream array of four 2-in. by a-in. 
counters Dr - Da as shown in Fig. 2. Each combination 
of counters U. D. gives an angular resolution of 1.8' 
correspondingito'a momentum resolution9 = .06. The 
event trigger used in the experiment wa9 

Si.Sa.Ss.C.Ui.Dj.Dt 

where j =iori+l 

This produced a momentum acceptance Lb= 12%. The re- 
gion between the target and the dow!&tream hodoscopes 
was enclosed in a system of helium bags in order to re- 
duce multiple Coulomb scattering. Negative secondary 
particles were identified by their time of flight for 
the 16-ft trajectory between the beam counter Ss and a 
2-in. by 8-in. scintillation counter placed immediately 
behind each downstream hodoscope Dt. Peaks in the time 
of flight spectra corresponding to electrons and nega- 
tive pions were observed. In order to separate the 
peaks cleanly,the outputs of the beam timing counter Ss 
(XP1020 photomultiplier tube) and the downstream timing 
counters Dt (~~AVP photomultiplier) were clipped and 
zero crossing discriminators were used. The 8-in. 
length of the scintillators in the downstream timing 
counters would introduce a 2/3 nanosec difference in 
transit time between particles incident at the end 
near the photomultiplier and those incident at the far 
end. This was reduced by using the downstream hodoscope 
counters Dj. to determine which half of the timing count- 
er the particle passed through and introducing a suit- 
able delay (.3 nanosec) between signals from the two 
halves before routing them to the time to amplitude 
converters (TAc). Simultaneous time of flight spectra 
were taken for the four hodoscopes and stored in a 1024 
channel pulse height analyzer. A time of flight reso- 
lution of .6 nanosec was achieved. A 200 MeV/c spec- 
trum for loo production by 6 GeV/c protons is shown in 
Fig. 3. 

Data and Analysis 

Table I indicates the matrix of proton and pion 
momenta studied along with target information. The 
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data is tabulated in Table II. 

r.n a given time interval the number of negative 
pions N= detected in a downstream timing counter DT is 

N (1) 
n 

= BpY AT;. Bp esp(-L/yScT) 

,,here Np is the number of protons incident on the tar- 
get in the time interval as defined by the beam count- 
ers, Y is the number of n- produced in the target, 
27~~ is the acceptance of the hodoscope timing counter 
combination and the exponential factor is the decay Es- 
tar, L being the time of flight path length, CT the 
proper tim_e decay length, 780.2 cm, for charged pions, 
y = (I-3a)f. The yield Y is then determined from the 
measurements of the other parameters in Eq. (1). N 
the number of beam prctons was corrected for acci- P’ 

dentals by recording Si Ss’ Sai! where the prime indi- 
cates s* was timed out of coincidence with the ather 
beam counters. The maximum accidental rate was 2% for 
the beam counters and the positive pion contamination 
was less than 1%. 

The acceptance ApAp was computed with a Monte 
Carlo Program which integrates the force equation 
along particle tranjectories through the field of the 
spectrometer magnet. A complete tabulation of the 
field of the spectrometer magnet was generated from 
the map of the vertical component of magnetic field in 
the median plane by symmetry and the requirements that 
curl B = 0 and div B = 0’. The large bending angle of 
300 introduces large vertical focusing effects pro- 
ducing an increase in ArAp of up to 100% over the geo- 
metrical acceptance. 

The largest uncertainty is in the number of pions 
detected. Although rate effects were negligible the 
large ratio of electrons to negative pions made back- 
ground subtraction under the pion time of flight peak 
difficult especially at 0’ and low secondary momenta 
where e-/n- ratios exceeding 100/l were measured. De- 
spite the good time resolution there were sufficient 
electrons in the wings of the time of flight distrib- 
ution to cause considerable uncertainty in the deter- 
mination of the pion component. This was complicated 
by those muons arising from decay in flights of pions 
somewhere along the trajectory. Monte Carlc calcula- 
tions indicated a maximum of 7% of the pion peak might 
be muons which would be indistinguishable from pions. 
Generally this contamination is less than 5% but 
these muons appear in between the pion and electron 
peaks in the tine of fliaht spectra and are impossible 
to distinguish. Accidentals in the time crf flight 
spectra are generally less than 1%. The background 
suatractian was independently carried out by three phy- 
sicists and the errors assigned reflect the consistency 
t4f their zstinatirs. In general this produced a larger 
uncertainty in the results than counting statistics. 

Discussion ,:f Results 

The results of our rreasurements nre surJ;arizcd in 

Figs. + - ' 6, where the depcndences of T- prodllctitin ,,n 
incident pr,)ton rzoxentum, pion momentum and on target 
t;iickness dre sh,,r;n. Tile thick target effects are the 
:o?lh~ing: 

1) ?luclel>n-meson cascade production: The high- 
energy secondaries prl:ducrd by csach interacting prot,,n 
iill interact :;ith ,>ti:cr nucleons in the target to pro- 
~Iucc tertiaries, etc. 

2. Target as degrader: Pions undergo appreciable 
e’ncrgy lL>ss in the target and the observed pions i;,ub t 
;i:crt:orc! have been produced at higher momentum, ;Ind 
th?is vith higher probability. 

3, Self-absorption by the target, which rcmc)ves 
LOW ;.C‘ms,ntu;l. pi.)ns irom the be,tm, is .tn increasillg 

function of target thickness. 

4) Multiple-scattering which is also an increas- 
ing function of target thickness, tends to obscure the 
angular dependence of pion production. 

Measurements were made to investigate the “thick 
target effects” for the production of 200 MeV/c pions. 
Figure 4 shows that at an incident proton momentum of 
6 GeV/c, 6-in. of Cu is the optimum target thickness. 
The same thickness is almcst optimum for 17 GeV/c in- 
cident protons. The angular variation plot cf Fig. 5 
shows that for a thick target negative pion production 
is near:y isotopic over our range of measurement. KOW- 

ever, the e-/v- ratio drops rapidly with increasing 
angle. Figure 6 shows that for 6-in. Cu target, pion 
yield increases with both pion momentum and incident 
proton momentum. 

In order to extrapolate to higher AGS energies, 
smooth curves were drawn through data points for 6, 12, 
and 17 GeV/c incident proton momenta and then the yield 
was plotted as a function of proton momentum as shown in 
Fig. 7. It was then extrapolated linearly to 30 GeV/c. 
Figure 8 shows the dose rate obtainable from the AGS 
under the present operating conditions (6xlOi*protons/ 
set) as a function of pion momentum computed for a hyp- 
thetical beam 10 m long of 25 msr acceptance. It is 
evaluated from the expression4 

D = Y.Afi.Ap. exp(-L/))*fs*Es (2) . - 

where D= 
L= 

A = 
f, = 

Es = 

A= 

t = 

c = 

Y= 
A?‘ = 

Ap = 

The 

dose rate (rad/sec) 
beam length (10 m) 

decay length for pions = yecT 

fraction surviving interactions in degrader 
before coming to rest 
energy deposited at end of stepping range 
(60 MeV) including Bragg peak ionization and 
the star resulting from pion capture 
cross section area of beam (1OOcme for 
this calculation) 
longitudinal dimension of stopped pion 
regfon in tissue 

6.25 x 10’ MeV/g, assuming tissue density = 
1 g/cm3 for this calculation 
pion yield/sri(GeV/c)/ixcident proton 
25 msr geometrical acceptance 

Pion momentum ‘lcceptance 

range spread,. AR, which is a function of 
pi;n momentum is just the longitudinal dimension t ~2 
the tumor volume. If one parameterizes the range in a 
power ldW Of T 

n, 
pion kinetic energy, RS R = aTG, then 

Ap = (Trr + mn) t (3) 
P .rnTsW’ 

where .m n .And p ‘Ire pion mass and momentum respectively. 

The fraction of pions surviving interactions -dith 
degrndcr material is estimated with the rxprcssion 

i !i 
= Cxp -N ,; 

L 
?T 

r, 0 
dT /ldT/dx;; (4) 

N’hrre 
T = kinetic total cncrgy oi pion dt entrance 

to degrader 

o = tatat interaction cross-section 

N = number of atoms/cm’ 

We have assumed thd Xlegradi*r has the density oi 
body tissues 01 1 gm/cma with .ivcrage pripertics k,quiv- 
alent to that of carbon. The rt,sulting dase vs pion 
momentum relationship has .I maximum at ‘ibout 200 >hV/c 
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with a rate of 24 rade/ain In a field of loo&. This 
dose rate is considered quite adequate for the clini- 
cal u8e of negative pi-meson in radiotherapy. 

Table IIIlists the proton fluxes and dose rate 
from various accelerators in this country. At this 
time, the Los Alamos Scientific Laboratory is commit- 
ted to a clinical trial of negative pion tumor therapy. 
When their 800 MeV proton linac operates at the design 
intensity of 6x10'" protons per sec., the biomedical 
channel would have a dose rate of 35 rads/min in a 
100 cma field? A comparable flux of 24 rads/min would 
be obtainable from the AGS of the Brookhaven National 
Laboratory with the proton intensity which is avail- 
able now. The pion fluxes available at the ZGS and Bev- 
atron were computed on the basis of the pion yield data 
from this work and the maximum proton intensities as 
indicated. However,machine improvement programs are 
underway in all these laboratories; it is quite likely 
in the future that pion radiotherapy can be done at 
several locations around the nation. 
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FIG.1 Plan view of experiment: Protons produced in the 
internal target at the AGS were transported in 
a beam through the proton telescope (plastic 
scintfllators Sl,Sa,S, and Cerenkov counter E) 
to the target T. Beam defining counter S3 was 
1.5" high by 1.25" wide. Target was 2"x2" in 
cross-section. Particles produced in T were then 
analyzed by the 72D18 spectrometer magnet and 
the hodoscope system U-D. 
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Configuration of one of the four hodoscope scin- 
tillator arrays. Upstream array consisted of 3 
counters Ul,Ua,LJs. Downstream array consisted of 
4 counters IX,Da,Da,D, and a timing counter Dtr 
Acceptance is determined by'3 combinations of 
coincidence Ui.D..D where j=i or i+l, i=1,2,3. 
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Time-of-flight spectrum for 200 MeV/c negative 
particles produced in a 3"Cu target by 6 GeV/c 
protons. The time scale is 10 channels per ns. 
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FIG.8 Negative pion flux and depth dose rate, esti- 
mated from data, and plotted as a function of 
picn momentum, for 100 cm"field. 

FIG.5 200 MeV/c negative pion production as a 
function of laboratory emission angle. The 
electron-pion ratio, measured at 16 ft flight 
path, is also presented. 

PROTON MOMENTUM ,G.“,.z, 

FIG.7 Negative pion production as a function of in- 
cident proton momentum derived from Fig. 6. 
Error bars are not shown. 

TABLE I 

Proton mmentum (C&/C) 
_- _^__ __. 

:: 6 
2 ------- 
2 150 Al(I), cum, W(I) 
El ZOO Al(I), WL), U(I) Al(I). cum, VW 

A(I). WI), W(I) Al(I), W(I). V(I) 

Al(I). cum, W(I) Al(I). cum, W(I) 

2 350 Al(I). cum. W(I) Al(I), WI), u(I) 

s-ry Of negative pian yield meaeurcments. me S”b.ErIpt I” 

parenthesis denote*: I - une interaction length; I, - cl* funccio” 

of target thickness; T - 0.25” target. 
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TABLE II: SUMMARY OF RESULTS OF PION PRODUCTION MEASUREMENT 

PIP) PtPI) TARGET 
CEV/C MEV/C INCHES 

200 ,25fCUI 
200 1,25tcu) 

$1: X$$ 
200 lz:solcuI 

,009 
,osz 

:i:,' 
,04s 

,001 59.09 
,002 
,005 

46,20 

,005 
1;*:: 

,003 4:53 

17 200 ,25(CU) 
17 2ou 1125LCu) 
17 200 3,07(CU) 
17 200 4,3DfClJl 
17 200 b,OO~CU) 
17 20~ 7,25fCu) 
17 203 9,ootcu~ 
17 200 12,3U(CU~ 

07.' 
:a79 
.I43 
,107 
,201 
,207 
,220 
,145 

,003 
,006 
,025 
,027 
,018 
,033 
,021 
,019 

::*:: 
41149 
S1.20 
16.12 
24,21 
19,48 
20,97 

17 
17 

:: 
17 
i7 

200 ,25(U ) 
20@ ,BUlW ) 
200 2,OOlW ) 
200 3*07tu I 

,019 
,U96 
,177 
,106 

::g: 

,003 
,009 
,026 
,020 
,023 
,016 

11.71 
24.53 
‘;a;; 

6'73 
4:47 

150 11,OOlAL) 
200 11,00~4Ll 
250 11,00(4LI 
300 11,ootAL) 
350 11*00oILI 

,030 ,036 55.70 
,065 ,004 29.51 
,u90 ,011 
1 U89 ,017 

23.30 
24.69 

.U53 ,030 31.90 

6 150 6,00(W) 
5 200 b,OO(CU) 
6 250 6,OO(CU) 
6 300 6,ootcu) 
b 35U 6,OOfCU) 

u2a 
:u59 
,104 
,108 
,139 

,005 15.96 ,038 ,005 6121 ,050 ,005 2.23 ,054 ,005 
,005 5.27 ,076 1ou4 2,16 ,079 ,uo4 la11 ,089 ,008 
,012 2.85 ,109 ,011 1,16 ,126 ,013 -40 ,130 ,009 
,010 2.13 ,140 ,006 865 1155 ,009 -25 ,144 ,006 
,011 1.22 ,156 ,OUfl ,40 ,156 ,UOB -27 ,131 ,OOb 

6 150 3,07( YI , U36 ,004 3.49 
5 2ou 3,07( W) ,U62 ,004 1.64 
6 250 3,07( Y) ,088 ,005 ,90 
6 300 3,07( Ul ,112 ,006 a61 
6 350 3,07( kl ,117 ,010 ,49 

12 
12 
12 
:i 

17 
1’ 
17 

:: 

17 
17 

:: 
17 

17 
17 
17 
17 
17 
17 

12 
12 

P(P) 
P(PI) 

150 6*00(W) 
200 6,OOtCII) 
250 ;,;;WI; 
300 
35u 6:ootcul 

107 
:144 
,229 
,263 
,305 

,030 
,016 
,032 
,026 
,034 

2% 
5:24 
4.23 
2,64 

150 11,OO~ALl ,u94 ,013 
200 11#00(4L) ,176 ,035 
25U 11,00(4LI ,246 ,035 
sot! 11,00(4LI ,337 ,070 
350 ll,OO(AL~ ,395 ,085 

b1,58 
29,90 
17,58 
l&f: 

150 6,OOtCU) 
203 6,00(Q) 
251 b,OO(CU) 
3OU 6,OO(CuI 
350 b.OOfcU) 

,146 ,020 
,201 
,370 

!018 
,043 

,387 ,062 
,413 ,103 

35,55 ,101 ,015 14195 ,118 
18,lZ ,220 ,020 5,05 ,161 

6.19 ,394 ,033 1,EO ,360 
6,14 ,412 ,055 1,29 ,624 
4.76 ,566 ,049 I71 ,636 

ii,OOd 
,186 
,245 

324 
:330 
,444 

.O.OOD 0.00 ,165 ,012 3,26 ,129 au10 
,020 7.09 ,165 ,012 at10 ,162 ,012 
,029 5.94 ,206 ,023 1,68 ,202 qua5 
,025 3,43 ,323 ,023 $79 ,363 ,062 
,035 2.18 ,423 ,022 ,43 ,4JO ,035 
,037 1.38 ,435 ,027 ,30 ,405 ,026 

20’1 ,25(cu) 
350 ,25lCU) 

#"15 ,001 a.26 
,u36 ,005 2,73 

= Proton Momentum 
= Pion Momentum ,_*. . 

Yield : in pions/sr/(GeVlc:/incident proton 
Error in pions/sr/(GeV/c)/incident proton 
E/PI = number of electrons per pion 
AL = aluminum, Cu = copper, W = tungsten 

0 DEGREES 
YIELD -ERROR E/PI YIELi ERROR E/PI 

,010 ,001 
,036 
,058 

,002 
,076 

,003 
,ou4 

,077 ,005 

:*:; 
::;6’ 
2:30 

,024 ,002 
,105 ,006 
,156 ,009 
,193 ,011 
,220 ,020 
,248 ,016 
,253 ,021 
,265 ,010 

:*:i 
a:80 
a,40 
5,05 
5,44 
7,96 
5,95 

,020 ,003 2,aa 
lllD ,009 5,44 
,200 ,014 3,26 
,165 ,012 2,lO 
,256 ,024 1153 
,223 ,021 a93 

,048 1005 
,075 ,007 
,011 1001 
,139 ,018 
,152 ,016 

7,56 
3,94 

x 
1:16 

,037 ,003 1,94 
,067 ,005 
,I')3 ,006 

,46 
130 

1106 1006 l25 
,122 ,ou7 I19 

,089 ,OZ? 
,158 ,016 
,247 ,045 
,336 ,034 
,293 ,026 

1:';; 

1:79 
1102 

177 

120 
:171 
8 2'9 
,455 
,492 

,012 14,50 ,103 ,UlO 
,021 7,77 ,126 ,u12 
,040 3,8b ,320 ,089 
,069 1-92 ,611 ,u55 
,064 1.63 ,611 ,Ubl 

020 
:040 

,002 1,79 ,014 ,UOl 
,006 a66 ,027 ,002 

10 DESRCES 20 DEQREES 
VlELD ERROR E/Pi ERROH EfPl 

,008 
,UdO 
,052 
,079 
,107 

,001 
,002 
,303 
,uo4 
,uo5 

-76 
:*i: 
1:11 
1.50 

,008 
,031 

$lf 
,127 

,001 
,003 

sgi 

$61 
:*t: 

'74 
i:D? 

,021 
,065 
,139 
,153 
,181 
,224 
,266 
,278 

,003 
uo4 

:UOB 
,010 
,UlO 
,060 
,u22 
,026 

:::: :i:: 5% 
3.24 ,109 ,012 
3.57 ,147 ,015 
2.20 ,195 ,017 
3.41 ,206 ,027 
3.31 ,346 ,017 
3.20 ,343 ,038 

*SE 
1861 
1I'Y 
I,57 

,a7 
1,27 
1,17 
I,42 

,018 ,007 
,065 .fJll 
,140 *Ull 
,162 ,u12 
,269 
,217 

,UlB 
,015 

1.53 
2.27 

'::: 
$33 
,35 

,020 ,003 a99 
,084 ,010 ,40 
,146 ,020 853 
,165 ,020 828 
,185 lO2cl .4i 
,240 ,026 ,I7 

,049 ,005 3.24 ,055 
,057 ,uo4 2.00 ,077 
,115 .a9 
,233 

,u25 
,015 .35 

,137 
,153 

,212 ,013 .37 ,143 

,004 
,008 
,016 
,007 
,007 

I,64 
.b). 

::: 
,I9 

1‘74 

::: 
*I? 
.22 

,046 ,903 -67 ,042 ,003 847 
,054 ,uO6 *35 ,05u ,005 .21 
,101 ,005 ,16 ,088 ,006 a”6 
,113 ,006 .16 ,092 ,006 .I1 
,111 ,uo7 ,08 ,093 ,006 ,aCI 

,088 ,026 4476 ,111 ,OlB 
,152 ,u13 la61 ,157 ,022 
,274 ,090 064 ,280 ,06L 
,465 ,034 -29 ,336 ,021 
IS75 ,U26 .30 ,267 ,021 

2,b0 
1,oa 

;:: 
,lB 

4.62 

":G 
.43 
-34 

,112 ,010 I,57 
,116 ,017 ,9z 
,247 ,057 a46 
,306 ,036 822 
,363 ,041 ,19 

,Uli 
,010 

:::: 
,034 

4890 
2.20 

.73 

.34 
-25 

‘$4” 
84; 

::5 
.I1 

1.23 
-37 

,168 ,017 
,195 ,017 
,306 ,055 
,369 ,085 
,427 ,02Y 

1,52 
$87 

;;i 
,17 

133 
165 
193 
243 
273 
303 

:% 
,015 
1030 
,026 
,015 

84 
02 ! 

a20 
,lJ 
,ln 
,a!+ 

256 ,293 at.4 
011 ,002 ,23 

30 DEGREES 

‘TABLE III 

SOME SOURCES OF NEGATIVE PIONS 

Accelerators Maximum rads/yin. in 
Protons/set. LOOcm" field 

LAMPF 

A.G.S. I 6 6x10 x 1012 15 35 24 In 

1001 

Z.G.S. 

Bevatron 

2 
1 


