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ABSTRACT 

We have measured the yields of positive and negative 

pions from the collisions of relativistic protons, deuterons, 

alphas and 12c nuclei with various targets at an angle of 

2.5° (Lab). The negative pion spectra show ~caling behavior. 

The results are compared to a simple model in which individual 

nucleons in the projectile interact with the target to produce 

pions. 
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We report here results on pion production by relativistic protons, 

deuterons and alpha particles on various nuclear targets. In addition, 

some data were obtained using a 12c beam. Our initial motivation was 

to determine to what extent very energetic pions, that is, pions with 

energies considerably larger than those which result from simple 

nucleon-nucleus collisions, would be produced by deuteron and alpha 

projectiles of the same kinetic energy per nucleon. How often does a 

complex nucleus like 4He transfer a significant fraction of its energy 

to the production of a single pion? When such a process occurs, is 

it because several nucleons inside the projectile acted collectively, 

or is it mainly a process involving nucleon-nucleon collisions in 

which the nucleons have high Fermi momentum components? We were also 

interested in seeing how the pion production depended on the type of 

target and the beam energy, and how well charge symmetry is satisfied 

in pion production by deuterons and alphas on an isospin zero target. 

Finally we 'wanted to see whether high energy ideas such as scaling(!) 

could be applied to pion production from nuclear collisions at kinetic 

energies as low as 1 GeV/nucleon. 

The external beam of the LBL Bevatron was focused onto our targets 

(Be, C, Cu, Ph). Typical fluxes were 1-3 x 1011 protons, 1-10 x 1010 

deuterons, 1-10 x 109 alphas, and 1-3 x 106 carbon nuclei per pulse. 

Secondary particles produced at 2.5° were momentum analyzed and 

transmitted to our detection system by a double focusing spectrometer 

which could be set to transport either positive or negative particles. 

The basic detection system consisted of two scintillation counters to 
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measure time-of-flight over a 15 meter flight path. Additional 

scintillation cowtters were used to further define the beam and to 
~ 

measure dE/dx. A gas Cerenkov counter was used to measure lepton 

contamination and to help distinguish n+'s from protons at momenta 

above 1.75 GeV/c. Data were typically taken at momentum intervals 

of 0.25 GeV/c over the range 0.5 S k ~ 5.0 GeV/c, where the upper 
n 

limit was set by limitations on the current in the spectrometer 

magnets and the lower limit was chosen so as to keep manageable the 

correction factors associated with pion decay and lepton contamination. 

A scintillation counter telescope at 90° to the production target was 

used to monitor the primary beam intensity. Absolute normalization of 

the data was obtained by periodically calibrating this monitor against 

an ionization chamber located in the primary beam just upstream of 

the production targets. The uncertainties in the absolute calibration ·· 

of the ion chamber, the acceptance of the spectrometer, and the steering 

and focusing of the primary beam onto the production targets, which 

were our major sources of systematic error, resulted in an estimated 

overall uncertainty of ±20% in normalization, and a relative uncertainty 

between points of ~10%. The data presented here have been corrected for 

absorption in the target, decay in flight, and lepton contamination. 

Our results on the yields of negative pions from collisions of 

1.05 to 4.2 GeV (kinetic energy) protons with a carbon target are shown 

in Fig. la. . E d2o 
The Lorentz invariant cross sect1on-- d~dk' where E is 

k2 

the energy of the outgoing n- and k is its momentum, is plotted against 
k* 

II 
the scaling variable x' = (k*) where k: is the longitudinal momentum 

11 max 

of the pion in the overall center of mass system. The most striking 
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feature of the data is that the spectra tend to lie on top of each 

other. Similar results are obtained for other targets. Higher 

energy data( 2•3) (12, 19, and 24 GeV protons on Be) also fall on the 

same curve. Scaling behavior, where the pion yield does not depend 

on the energy but only on a scaling variable x' (at fixed k1 ) is 

familiar in high energy nucleon-nucleon interactions. The remarkable 

feature of the present data is that scaling behavior persists, at 

least approximately, down to 1 GeV. It must be kept in mind that since 

this experiment was performed at a fixed lab angle of 2.5°, k~ is not 

quite constant. This effect is small and does not appreciably modify the 

trend of the data to scale. The ~+ production spectra are shown in Fig. 

lb. They do not scale nearly as well as those of negative pions, espe

cially at low proton energies. 

Invariant negative pion production cross sections for 1.05 and 2.1 

GeV/nucleon deuterons and alphas incident on carbon are shown as a 

function of x' in Fig. lc. Again scaling is reasonably well satisfied. 

We see that the heavier the projectile the more rapid is the fall-off as x' 

increases. This result indicates that nucle~.which are relatively loosely 

bound objects,tend not to transfer a large fraction of their kinetic 

energy to individual pions. In the case of deuterons, our x' distributions 

in the interval 0.5 ~ x' ~ 1 fall much more steeply than those of Baldin 

et al., (4
) who measured n- production at 0° by deuterons of about 8 GeV 

on Cu. 

The pion production cross section for 2.1 GeV/nucleon protons, 

deuterons, and alpha particles on carbon are compared in Fig. 2. Two 

features are evident: 
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(1) The ratio of the cross sections for producing low 

momentum negative pions (~1 GeV/c) by alphas, deuterons, 

and protons is approximately 10:5:1. 

(2) The spectrum of observed pions extends to higher energies 

as the mass of the projectile is increased. 

The larger production cross sections in the case of deuterons and alphas 

can be attributed to the presence of neutrons, which produce n-'s more 

copiously than do protons, and to the increased energy of the system. 

Our measurements of n production by beams of 1.05 GeV/nucleon 12c 

show that the ratio of n d . by 12c pro uct1on to n production by alpha 

particles is (3.0 ± 0.3) at a momentum of 750 MeV/c for all targets. 

In an attempt to determine the importance of mechanisms in which 

several nucleons in an energetic nuclear projectile act cooperatively to 

produce pions, we have compared our experimental results to calculations 

based on a model in which all pions are produced in individual nucleon-nu

cleus collisions. We assume that o~(Pa' kn) = ~JwaN(Pa' PN)cr~A(PN' kn)d 3PN 

where a refers to the projectile and A to the target nucleus. W N (P , PN) 
a1 a 

is the momentum distribution of the nucleon N inside the projectile as 

transformed to the lab system. By charge symmetry cr;~(PN, kn) = cr~~(PN' kn). 

TI -;t- -+ 
For opC(PN' kn) we have used our experimentally determined cross sections 

at 2.5° (Lab) and corrected them for the transverse momentum variation 

by assuming that at all momenta considered in these measurements such a 

variation can be fit with an exponential of the form e- 51knlsin(ekn- 8P"N). 

In the case of the deuteron WdA(Pd' PN) was obtained from the Lorentz 

transformation of a normalized Hulthen wave function of the form 
'.\ 

,l:'J 
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1 
1
2 with a= 45.7 MeV, B = 5.2 (q is the 

q2 + 62 

nucleon momentum in the rest frame of the deuteron). The predictions are 

shown together with the data points in Fig. 3a~ The fits reproduce quite 

well the general behavior of the measured cross sections for fast pions 

as a function of pion momentum. There are no free parameters. These 

results disagree with the conclusions of Baldin et al. (4) who claim to 

be unable to fit their data with such a model. 

The case of alphas is complicated by the fact that the single 

nucleon momentum distribution is not well known. From electromagnetic 

form factor experiments one can deduce a charge distribution but it is 

difficult to translate this to the momentum distribution of the individual 

nucleons, I~ (q) 12 . As a first approximation to~ (q) we Fourier trans-a a 

formed the square root of the nuclear charge distribution. (5) As before 

WaN(Pa, PN) was then obtained by transforming ~~a(q) 1
2 to the lab system. 

The results are shown in Fig. 3b. Although the general trends of the data 

are reproduced by the model, quantitatively the agreement is not good. 

At this point we are unable to say whether this is due to a poor choice 

-+ -+ 
for WaN(Pa, PN) or to a breakdown of the model. Further work is in progress 

for both deuterons and alphas. 

Pion production from Be, Cu, and Pb is quite similar to that from 

carbon. The shape of the spectra is independent of the target material 

for k > 1 GeV/c. 
7T 

The magnitude of these cross sections is proportional 

to A1/ 3 , suggesting that fast pions are produced in peripheral collisions. 

For lower momentum pions, the A dependence becomes more pronounced (e.g. 

cr~A 1 / 2 fork = 500 MeV/c),suggesting that slow pions are produced in more 
7T 

central collisions. 
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For isospin zero nuclei like deuterons, alpha particles, 

and 
12c charge symmetry predicts that in the reac.tions 

+ ± 
d + C ~ n- + X and a + C ~ n + X the ratio of n+ to n- production 

should be unity. In every case our results are consistent with this 

prediction to within the experimental errors of about 10%. 

We thank Dr. Hermann Grunder and the Bevatron Staff for.their 

important contributions to this experiment. We also thank Dr. David 

Nygren, Leonard Anderson and Geoffrey O'Keefe for help with the data 

taking. 
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FIGURE CAPTIONS 

Figure 1 (a,b,c): Invariant cross-section for pibn production at 

Figure 2: 

Figure 3 (a,b): 

2.5° (lab) from a carbon tariet versus the scaling 

variable x' = kH/(k~)max: (a) Negative pion 

production by 1.05 - 4.2 GeV protons, (b) Positive 

pion production by 1.05 - 4.2 GeV protons, (c) Nega

tive pion production by 1.05 and 2.1 GeV/nucleon 

deuterons and alphas. 

Laboratory cross-section d2cr/d51dk for negative pion 

production at 2.5° (lab) by 2.1 GeV/n proton, deuteron 

and alpha beams on carbon target versus the laboratory 

momentum of the pion. The solid lines are hand-drawn 

and are to serve as a guide to the eye only. Only 

statistical errors are shown. 

Invariant cross section for negative pion production 

at 2.5° (lab) by 1.05 and 2.1 GeV/nucleon (a) deuteron 

and (b) alpha beams versus the laboratory momentum of 

the pion. The solid lines in each case represent the 

predictions of the model as described in the text. · 
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