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The reactions leading to the production of n C from 12C and 27A1, and of 18F from 27A1 were 
studied with antiprotons and negative pions of momentum (2.5 —3.0) GeV/c . No significant dif-
ferences were found in the cross-section ratios. The experimental uncertainties are in the order 
of 25%. 

The development of high-energy accelerators is 
providing increasingly intense beams of several par-
ticles. In particular, the recent availability of nega-
tive pions and antiprotons at CERN has made it 
possible to study their interactions with complex 
nuclei. 

At present there exist three ways of investigating 
the interactions of particles such as antiprotons with 
complex nuclei. We refer to 
a) transmission experiments which measure the total 

interaction cross-section 1 ; 
b) emulsion experiments which give evidence about 

the "fast cascade" process in the nuclei found in 
nuclear emulsions 2 ; 

c) nuclear chemistry experiments, which measure 
the yields of residual nuclei. 

For ordinary protons as incident particles, this 
last method has given very detailed information on 
the distribution of the final products of the inter-
action. One important result of these investigations 
has been that production cross-sections for practi-
cally all residual nuclei are virtually independent of 
the energy of the incoming proton when this is more 
than about 2 GeV 3. 

From this one infers that the "fast cascade" in-
itiated by the incoming proton gives a distribution 
of excitation energies deposited in the nucleus which 
is also independent of the proton energy when this 
is above 2 GeV. 
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Very little is known about the yield distribution 
of product nuclei for initiating particles other than 
protons. R E E D E R and M A R K O W I T Z 4 studied some 
simple reactions of pions on 12C, and R U D S T A M 5 and 
R E M S B E R G 6 some simple pion reactions with Cu. 
Only P O S K A N Z E R and R E M S B E R G 7 have published 
results on more complex reactions with pions. They 
studied the production of 11C and 18F from alu-
minium targets, but could not find any difference 
between the cross-sections for pion and proton-
induced reactions above 1 GeV. An interpretation of 
this result might be that as the proton-nucleon and 
pion-nucleon cross-sections are nearly the same for 
all kinds of interaction (scattering, pion production) 
it is to be expected that the same distribution of ex-
citation energy will occur for both particles. The 
yields of final products must then be the same. 

In the case of antiprotons, however, the existence 
of the antiproton-nucleon annihilation process in-
creases the antiproton-nucleon total cross-section to 
about twice that of the proton-nucleon cross-section 
(at, say, 2 GeV/c) . Antiproton-nucleon annihilation 
can lead to the formation, within one and the same 
nucleus, of about five pions. Reabsorption of some 
or all of these provides a new mechanism whereby a 
greatly increased amount of energy may be deposited. 
The magnitude of the increased energy may not by 
itself be such an important effect as that it could be 
widely distributed over several nucleons simultane-
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ously. On this crude semiquantitative basis one 
would expect a progressively greater effect on the 
formation cross-sections of products which are fur-
ther displaced from the target. In the present ex-
periments we found it convenient for practical rea-
sons to compare effects due to antiprotons with those 
due to negative pions. 

It is an unfortunate fact that available beams of 
antiprotons are still of such low intensity that only 
rather simple reactions can be studied easily. Clearly 
the effects mentioned in the previous paragraph 
should be most marked in large target nuclei, but 
their measurement would be difficult because of the 
low activity level of each of the many product nuclei. 
In the hope that the effects might still be observable 
in a nucleus as small as 27A1, we have so far used 
only this element as target. The production of 11C 
and 18F can very easily be measured by means of 
their positron-annihilation radiation without the use 
of chemical treatment. This also means, of course, 
that there are no losses of product activity by the 
time-delay necessary for chemical processing or fail-
ure to achieve 100% efficiency in preparation of the 
product. 

Another difficulty in this kind of experiment is 
that of assessing the flux of bombarding particles, 
which has to be known before calculations of abso-
lute cross-sections can be made. In the case of anti-
protons we have only rough indications of the flux 
(see Section 1, Experimental Data) so that con-
clusions based on absolute cross-section measure-
ments are rather unreliable. However, relative cross-
section measurements avoid this factor. Such a one is 
the ratio of n C production in carbon targets to that 
in aluminium targets [written 027Ai(11C)/ai2o(11C)]. 
Here the target would be a sandwich of carbon (or 
a carbon compound) and aluminium arranged so 
that both elements are bombarded by the same flux 
of particles: it does not matter if the pion flux is 
different from the antiproton flux. 

We would expect the above ratio to be bigger for 
a pure antiproton bombardment than for pion bom-
bardment because the pion reabsorption process 
should be more important in the 2 7Al-^- n C reaction 
than in the 12C—> n C . The second cross-section ratio 
we have measured is denoted by 0 A I ( 1 1 C ) / < 7 A I ( 1 8 F ) 

8 E. K E I L and W . W . N E A L E , Proc . Int. Conf. on High-Energy 
Accelerators, Dubna (1963) , p. 1008. 

9 L. M A R S H A L L and A . W A T T E N B E R G , Rev. Sei. Instr. 32, 1258 
[1961] . 

which should be larger for antiprotons than for pions 
for a similar reason. 

1. Experimental Procedures 

General considerations 

Obviously the success of the experiment depends 
most critically upon the quality of the antiproton beam, 
which should be well focused on the target and as free 
as possible from contamination with other particles. 
Antiprotons with a large range of momenta are pro-
duced when the internally circulating protons in the 
CERN Proton Synchrotron strike an internal target. 
They are separated from other particles and a narrow 
momentum range is selected by a complex sequence of 
focusing magnets, bending magnets, and electrostatic 
fields 8. From the practical point of view it was found 
that the most suitable place for irradiation was in the 
beams designated o2 and o8 (which are normally used 
for the 152 cm British National Hydrogen Bubble 
Chamber and the CERN 2 m Hydrogen Bubble 
Chamber) near the final mass-slit in front of the 
chambers themselves. 

The distance from the PS itself is more than 100 
metres and the general background radiation is small. 
The exact cross-section of the beam could be 
determined with a beam intensifying camera9 (see 
Fig. 1 * ) . Here contamination of the beam by and 
was negligibly small in two of the runs, but there was 
a 20% contamination by ji~ in the third (see Table 1). 

The choice of antiproton momentum to be used in the 
experiment is determined, in principle, by two factors. 
The first of these is that the total (p, N) cross-section 
decreases with increasing p momentum 10 so that one 
would like to work at the lowest possible momentum. 
The second is that the P beam intensity available has 
a rather flat maximum between 2 and 4 GeV/c n . 

Accordingly it would have been preferable to work 
always at 2 GeV/c. To save time, however, it was de-
cided to use the beam whenever it was currently in use 
for other experiments when the momentum was in the 
range (2.5 — 3.0) GeV/c (see Table 1). At our ir-
radiation site the momentum definition was about 
± 2 % . 

As already explained, it was not our intention to 
obtain accurate absolute cross-sections, which would 
have necessitated the spending of much time in instal-
ling and testing a counter telescope immediately behind 
our target. However, in the last experiment two scintil-
lation detectors operating in coincidence were already 
positioned some 10 metres downstream and these were 
used to give an approximate value of the beam inten-
sity. As is shown later, absolute cross-sections based on 
flux measurements with these counters are in fair 

* Fig . 1 on page 1044 a. 
10 U. A M A L D I et al., Nuovo Cim. 34, 825 [1964 ] . 
1 1 D . D E K K E R S et al., Phys. Rev. 137, B 962 [1965 ] . 



Beam information Target thickness Counters 

Irradia-
tion 

Date Momen-
tum of 

Estimated 
flux of p 

Contami-
nation of 

Percentage 
of flux 

Target 
area Plastic Alu-

ß+ -annihilation counter 
( two N a l crystals) 

Plastic 
scin-

tillator 
number particles 

Estimated 
flux of p 

p flux in the 
target * 

scin-
tillator 

minium Size Back-
ground 

Counting 
efficiency 

Back-
ground 

GeV/c X 104 p/min cm'2 cm cm (inch) cpm 0/ 
/ o cpm 

5 9 - 1 1 
Sept. 1904 

3.0 3.5 ± 0.4 1 1 % H" 
< 1 % TT-

66 ± 3 2x3 1.0 1.0 2x2 0.3 — 33 

6 9 
F e b . 1 9 6 5 

3.0 2.2 ± 0.5 ~ 2 0 % T T " * * 44 ± 8 2x3 1.0 1.5 3x3 0.3 

8 1 0 - 1 1 
Jan .1966 

2.5 2.9 ± 0.5 1 0 % 
< 1%7C-

90 ± 4 2x6 1.0 1.5 3x3 0.13 6.1 ± 0.6 40 

o 

Ratio of " C activity in plastic target to the 1 1 C activity in the surrounding " d u m m y " target. The " d u m m y " target is a plastic scintillator, surrounding 2 cm wide the entire target. 
The high pion contamination was due to the instalment of a "radio-frequency separator" into the beam. 

Table 1. Some technical details of the irradiations. 

Fig. 2. Resolution of decay curve of n C and 18F in aluminium targets bombarded with 
antiprotons as observed in the y-y annihilation coincidence counter. A background of 
0.13 cpm has already been subtracted. The central curve shows the best fit to the 
data, and the two others correspond to one standard deviation on either side of the 

best value for the computed activity ratio. 
100 160 

minutes after end of irradiation 



Fig. 1. Picture made with a beam-image intensifying camera. Approximately 3 xlO6 p traversed the camera. One black square 
is 1 cm x 1 cm. The target was placed at the centre and had a dimension of 2 cm x 3 cm. 

Zeitschrift für Naturforschung 2 1 a , Seite 1044 a. 





R u n Particle 
Momentum Length o f 

irradiation 
Observed decay rates at end-o f -bombardment (cpm) 

(GeV/c ) (min) HC in 12C UC in Al i »F in Al 

5 - 2 
5 - 1 

P 3.0 
3.0 

113 
5.13 

127 ± 4 
1306 ± 15 

1.91 ± 0.55 
17.4 ± 1.3 

0.78 ± 0 . 1 4 
3.40 ± 0.27 

6 - 1 
6 - 1 

P 
TZ 

3.0 
3.0 

84 
13.5 

- 1.67 ± 0 . 3 3 
24.1 ± 1.6 

0.34 ± 0.09 
4.58 ± 0.31 

8 - 3 
8 - 2 

P 
TT 

2.5 
2.5 

105 
20 

42.8 ± 3.1 
1184 ± 38 

1.58 ± 0.54 
31.1 ± 2 . 4 

0.73 ± 0.15 
8.22 ± 0.70 

Table 2. Observed decay rates and irradiation lengths. 

agreement with more accurate values obtained else-
where. In this last experiment the flux was also 
estimated using a nuclear emulsion. It gives about 30% 
more flux than the counters. The figures quoted in 
Table 3 are derived entirely from the scintillation flux 
counters. 

This work 
(run 8 - 2 
and 8 - 3 ) 

Re f . 7 

Bombarding 
particle TT P 7l~ P 

Momentum 
(GeV/c ) 2.5 2.5 

40 ± 10 

2.2 3.8 

o ( m b ) 33 ± 7 

2.5 

40 ± 10 21.7 ± 1.7 30 ± 9 

Table 3. Absolute cross-sections for 12C n C reactions. 

Irradiations with 7i~ instead of P were carried out 
in the same target location. All that was necessary 
to change from one particle to the other was an ad-
justment in the current in one of the analyser magnets 
upstream from the target. The n flux was about 100 
times bigger than the P flux. Therefore irradiation 
times with n~ were made considerably shorter. Apart 
from this difference in irradiation time, the experi-
mental parameters were thus strictly comparable in the 
two exposures in any one running period. The experi-
ments have been scattered over a period of some two 
years, during which time there have been changes in 
the exact dimensions of targets and in the detection 
efficiencies of the counting systems, but such changes do 
not influence the results of any one run wherein at 
least one n and one p irradiation were made under 
identical conditions. 

In all experiments a composite target of aluminium 
and plastic scintillator was used. The central part was 
a sandwich of a block of aluminium either 1 cm thick 
or 1.5 cm with a plastic scintillator 1 cm thick on one 
side. This assembly was positioned inside an outer 
frame of plastic scintillator which was used to indicate 

12 K. F. CHACKETT, Nucl. Instr. and Methods (in press). 

the fraction of beam not properly focused on the cen-
tral part. 

Activities were measured in the plastic scintillators 
by coupling them directly to photomultipliers in a 
standard way, and in the aluminium by y — y annihila-
tion coincidence counting. These methods closely 
follow those of POSKANZER and REMSBERG 7 . 

Decay curves were analysed manually12 and by 
using the CERN IBM 7090 Computer 13 the methods 
give good agreement. The half-lives assumed were 
20.5 min for n C and 111 min for 18F. The presence of 
13N in the irradiated aluminium was systematically 
ignored. There is therefore a small systematic error 
in all the values for U C formed in Al, but this is of no 
significance in considering the trends of the results as 
calculated. Relative cross-sections were calculated in 
the conventional way making corrections where neces-
sary for non-uniformity in particle flux. 

2. Technical Details 

a) Bombardments 

In each run an exposure to n~ was always carried 
out first. The beam was located using the image inten-
sifying camera and the target put in position to inter-
cept the highest possible flux on the central plastic-
aluminium sandwich. Bombardment times were between 
5 and 20 minutes. The antiproton exposure was carried 
out in the same way with exposures up to 100 min 
using a second identical target. Confirmation that the 
placing of the target in the antiproton beam was satis-
factory was given by comparing the U C activities in the 
central and peripheral scintillators. The fraction of 
beam intercepted by the central target varied between 
(44 ± 8 ) % and (90 ± 4 ) % . (Further details are given 
in Table 1.) 

b) Counting 

The plastic scintillator blocks were placed on photo-
multipliers and covered with aluminium reflectors. 
Backgrounds were reduced by using 5 cm lead shield-

13 The authors are grateful to CH. GFELLER for permission to 
use his programme. 



ing . In the best exper iment a bias level w a s set by 
us ing the 59 keV y rays f r o m 2 4 1 A m which prov ided an 
arbitrary lower limit to the observed ß+ spec t rum. W e 
can then, f o l l ow ing POSKANZER and REMSBERG 7 , take a 
95 + 1% count ing e f f i c iency for the n C pos i trons . 

F o r the annihilation co inc idence count ing we used 
two 2 " x 2 " sod ium iod ide crystals or , in the last two 
exper iments , two 3 " x 3 " crystals , p l a c e d as c lose 
together as poss ib le . Wi th rather narrowly-set d iscr imi-
nator levels on the annihilation p h o t o p e a k s the 3 " 
crystals gave a 6% detect ion e f f i c iency and a back-
ground of 0 .13 — 0 .30 c .p .m. Th is f igure f o r the effi-
c i ency was determined by count ing the n C i n d u c e d in 
a b lock of plastic scintil lator both b y internal scintil-
lations and in the annihi lat ion-co inc idence system. Th is 
method is not quite rel iable because w e c o u l d not b e 
sure that the n C activity was distributed in the same 
way in the scintil lator b lock as the n C and 1 8 F w o u l d 
b e in the a luminium, but the error must have been 
small c o m p a r e d to some others inherent in the exper i -
ment. In all cases count ing was carr ied out over at 
least one , and nearly a lways two, ha l f -per iods of the 
1 8 F d e c a y , after which statistical errors b e c a m e un-
m a n a g e a b l e . 

Detai ls of the b o m b a r d m e n t condi t ions and count ing 
rates obtained are shown in T a b l e 2 , and F i g . 2 is a 
typical d e c a y curve of the n C and 1 8 F in A l . 

3. Results and Discussion 

In Table 3 are collected our results for the abso-
lute formation cross-section of 1JC from 12C 14. As 
can be seen, there is no evidence for the reaction 
cross-section for antiproton activation being signifi-
cantly different from that for n~ activation from our 

own experiment. There is probably a systematic 
error accounting for the difference between our 
figure for and that given by POSKANZER and R E M S -

BERG 7 for We can safely conclude that we find 
no significant difference in the 1 2 C—> n C cross-
section as between pions and antiprotons as bom-
barding particles. (It is true that P O S K A N Z E R and 
R E M S B E R G used a slightly lower n~ momentum than 
in our work but the difference is insignificant.) 

We do not think that any true difference in the 
cross-sections has been vitiated by the effects of 
secondary particles produced in the target or camera. 
Thus R E E D E R 15 found only a 1% secondary particle 
contribution to the reaction 12C ( a - , n~ n) n C in a 
2.5 inch thick plastic scintillator. Also the threshold 
for secondary particles for initiating reactions giving 
n C and 18F in aluminium will be higher, so that 
secondary effects should be smaller on this account 
in our experiment with the aluminium target. How-
ever the main emphasis of our work is on the direct 
comparison of n~ and p induced reactions in Al, as 
explained earlier. We have calculated the three cross-
section ratios 

A = 0 » A L ( " C) 
O a c ( » C) 

B = P » A I ( 1 8 F ) 

o « o ( » C) 

C = = 0»A1 ( " Q 

C.TA1(18F) 

whose values appear in Table 4. 

(1) 

(2) 

(3) 

R u n Par-
ticle 

<T27Al ( U C) 
A ~ tfl2c(nC) 

<727Al( 1 8F) 
B ~ CT12C (UC) 

r tf27Al(UC) 
0 ~ <727Al ( 1 8 F) 

Ratios for each run 

R u n Par-
ticle 

<T27Al ( U C) 
A ~ tfl2c(nC) 

<727Al( 1 8F) 
B ~ CT12C (UC) 

r tf27Al(UC) 
0 ~ <727Al ( 1 8 F) A'n' 

Bj 
Bn-

CP" 

5 - 2 
5 - 1 

P C i . (1.51 ± 0 . 4 3 ) * 
C i . (1.32 ± 0 . 1 0 ) * 

C 2 . (1.18 ± 0 . 2 2 ) * 
C 2 . (1.32 ± 0 . 1 3 ) * 

1.32 ± 0.46 
1.03 ± 0.11 1.14 ± 0 . 3 4 

1.41 ± 0.49 

0.89 ± 0.18 

1.15 ± 0 . 2 6 

1.28 ± 0 . 4 7 

1.94 ± 0 . 6 8 

1.21 ± 0 . 5 0 

6 - 1 
6 - 1 

P 
TT 

— 

-

2.30 ± 0.76 
1.18 ± 0 . 1 0 

1.14 ± 0 . 3 4 

1.41 ± 0.49 

0.89 ± 0.18 

1.15 ± 0 . 2 6 

1.28 ± 0 . 4 7 

1.94 ± 0 . 6 8 

1.21 ± 0 . 5 0 8 - 3 
8 - 2 

P 
7T~ 

0.28 ± 0 . 1 1 
0.20 ± 0.03 

0.26 ± 0.07 
0.23 ± 0.03 

1.11 ± 0 . 4 2 
0.92 ± 0.11 

1.14 ± 0 . 3 4 

1.41 ± 0.49 

0.89 ± 0.18 

1.15 ± 0 . 2 6 

1.28 ± 0 . 4 7 

1.94 ± 0 . 6 8 

1.21 ± 0 . 5 0 

Weighted 
m a n values 1.24 ± 0 . 2 8 0.97 ± 0.15 1.38 ± 0 . 3 1 

* Cj and Cj are undetermined constants for the ratio of counting efficiencies. 

Table 4. Cross-section ratios. 

14 This idea of studying the same nuclear reaction with vari- 15 P .L .REEDER , University of California Report, UCRL-10031 
ous incident particles could be pursued even further. A pre- [1962] , (unpublished). 
liminary measurement of the 12C(K~, K ~ n ) n C cross-section 
for 800 MeV/c negative kaon gave a result of ( 5 6 ± 1 8 ) m b . 



It is evident that the weighted mean values as 
given in Table 4 do not differ significantly from 
unity, since those values are the ratio of p and cr~ 
reaction cross-section ratios and they give directly 
the effect of p in comparison to (Here the un-
certainties in the flux determination and counting 
efficiencies have cancelled.) This implies that no 
difference in the behaviour of p and n~ induced 
reactions could be observed. 

The precision of the experiment is of course not 
high, and since this is almost entirely caused by the 
low intensity of the p beam it appears that an ex-
periment of better significance will have to await a 

considerable increase in the available number of 
antiprotons. However, we hope to extend measure-
ments to heavier target nuclei in which effects might 
be more easily found. 
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