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COIJJSIONS OF I.JGIIT RELATIVISI1C NUCLEI, PART ll: 
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E. M:oeller,t L. Anderson, W. Briickner,tt S. Nagamiya. 
; 

S. Nissen-Meyer,m L. Schroeder, G. Shapiro, and H. Steiner 

Lawrence Berkeley Laboratory and Department of Physics, 
University of California, Berkeley, CA 94720 

ABSTRACT 

We have measured single particle inclusive spectra of negative pions produced at 

angles from 0° to 12° (lab) in collisions of 1.05 and 2.1 GeV I A protons, deuterons, alpha 

particles, and carbon nuclei with targets of C, Cu, Pb, and H (from a CH2-C 

subtraction). Most of the pions are produced into the kinematical domains allowed in 

free nucleon-nucleon collisions, but for alpha and-carbon projectiles we have also 

observed pions whose energies range up to nearly twice the kinetic energy of a nucleon 

in the projectile. Our results suggest that processes involving more than two colliding 

nucleons and/or high internal momentum components are involved in the production 

of these high energy pions. Comparison is made 'with several hypotheses of scaling 

including specific dynamical models, and some disagreement is observed. We present 

fits to the kinetic energy dependence of the data, and the target and projectile mass 

dependence. We also show transverse momentum distributions. 

This work was supported by the Director, Office of Energy Research, Division of 

Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S. 

Department of Energy under Contract DE-AC03-76SF000,98. 
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a.+Pb, C+H, C+C, C+Cu, C+Pb, EIA = 1050 MeV /nucleon; p+H, p+C, p+Cu, p+Pb, d+H . 

d+C, d+Cu, d+Pb, a.+h, a.+C, a.+Cu, a.+Pb, C+H, 'C+C, C+Cu, C+Pb, EIA = 2100 

MeV /nucleon; measured a(p.~) for rr-. 

PACS numbers: 25.70.-z 



I. INTRODUCTION 

We present here measurements of fast forward negative pion production by 

relativistic light nuclei on various targets. This experiment follows and eXpands upon 

that of Papp et al. 1 who studied pion production at 2.5° (lab) only. We conceived the 

present experiment not only to broaden the scope in terms of angle and momentum, 

but also to extend such measurements to higher projectile masses with carbon beams. 

Furthermore, the acceptance and resolution of the new spectrometer system used in 

the present experiment were carefully calibrated, giving us more accurate knowledge 

of the normalization than in the previous experiment. 1 

Our initial motivation was to learn more about the production mechanism of pions 

beyond the kinematic limit for free nucleon-nucleon and nucleon-nucleus collisions. 

We wished to measure the rate of production of such fast pions and to compare it with 

a simple picture in which they are produced either in collisions between individual free 

nucleons or in nucleon-nucleus collisions taking the nucleon momentum distributions 

in nuclei into account. _Disagreement with such a model implies that nuclear effects 

must be involved. Examples of such effects are collisions involving several nucleons2 or 

a high momentum tail in the internal momentum distribution. In this way we hoped to 

use these fast pions as a probe of short-distance effects in nuclei. We also wanted to 

find out to what extent ideas such as scaling3 and limiting fragmentation4 , which have 

considerable validity for hadronic interactions at energies greater than 30 GeV, may be 

relevant for nuclear collisions at 1-2 Ge VI A. 

Recently a number of models5
.c.

13 have been proposed to describe pion production 

in nucleus-nucleus collisions. With respect to particle production beyond the 

kinematical limit of free NN collisions these models are based on quite different 

production mechanisms. One class of models5 - 10 (hard scattering models) attempt to 

describe nucleus-nucleus collision processes in terms of nucleon-nucleon interactions 

by taking into account the internal structure of nuclei. In these models, the high 
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momentum of a nucleon in a nucleus is balanced either by that of all the remaining 

nucleons in the nucleus5- 8 , or by smaller clusters of nucleons9, or by only one 

nucleon10. This type of model has also been used in calculations based on quark

quark (parton) interactions 11 . Mechanisms involving collisions of more than two 

nucleons have been proposed to account for particle production beyond the free NN. 

kinematicallimit12- 13 . 

In this paper, we compare our data with these theoretical models. In addition we 

have also studied how pion production depends on the number of nucleons in the target 

and projectile. We observe a rather strong projectile- mass dependence. A possible 

explanation is suggested in terms of effects due to 6-nucleon sequential collisions. 

Our measurements were performed with beams of protons, deuterons, alpha 

particles, and carbon nuclei at kinetic energies of 1.05 and 2.1 GeV/A (momenta of 1.75 

and 2.88 GeV lelA), targets of C, Cu, Pb and CH2 (which was used to obtain a cross 

section for H via a CH2-C subtraction), and covered angles from 0° to 12°, and momenta 

from 0.25 to 4.25 GeV /c in the laboratory frame. In the case of d, a and C projectiles 

and for pion momenta large enough so that Coulomb effects 14 can be neglected we 

expect rr- and rr"'" spectra to be the same. Indeed, for momenta less than 1.25 GeV /c, 

where rr"'" can easily be separated from protons, we find good agreement between rr

and rr+ cross sections. The latter were obtained from our analysis of positively charged 

particles 15
. Therefore we present only the rr- data. 

This experiment complements the high energy pion measurements of Papp et al. 1 

at ~£=2.5°, Cochran et al. 16 , Tanihata et at.l 7 and Nagamiya et al. 18 at large angles, 

Schroeder et al. 19 and Chessin et al. 20 at 180°, Perdrisat et al. 21 at backward angles, as 

well as the low energy pion measurements of Chiba et al. 22 , Nakai et al. 23
, Wolf et al. 24 

and Benenson et al. 14. It can also be considered as a bridge connecting the 1 GeV 

energy region to the 8 GeV region covered by the proton-nucleus experiments of 

Bayukov et al. 25 at ~L =3.6° and Belikov et al. 26 at ~L = 11 a. 
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D. EXPERIMENTAL METHOD 

The·experiment was performed at the Bevatron of the Lawrence Berkeley 

Laboratory using a single arm double-focusing spectrometer with scintillator counter 

hodoscopes as the principal detectors to measure the magnetic rigidity, time-of-flight, 

and dE/dx. The negative pion results presented here were a part of a large survey 

experiment in which positive particle cross sections were also measured. 

The apparatus and data analysis are described in a companicm article on positive 

nuclear fragments, 15 and in more de.tail in reference 27. There were however .some 

differences for the pion portion of the running. Because the times-of-flight of pions, 

muons, and electrons are indistinguishable at most of the momenta measured, a C02 

variable pressure threshold Cerenkov counter was used to count the muons and 

electrons. This lepton contamination was parameterized for each beam, energy, and 

target as a function of momentum. The momentum dependence was then used to 

make the lepton subtraction beyond the operating range of the Cerenkov counter. The 

result of this subtraction, the observed number of pions, was then corrected for the 

decay in flight of pions over the distance from the target to the Cerenkov counter to 

give the number of pions produced in the target. The lepton contribution is about 60% 

at p = 0.5 GeV /c and 10% at p = 2 GeV /c. 

The errors in the resulting cross sections include the uncertainties in the lepton 

subtraction procedure. Otherwise the procedures of data analysis were the same as 

those described in references 15 and 27, though greatly simplified by the lack of a 

multitude of nuclear fragments to identify. Besides the pion decay products there is 

almost no background due to other negatively charged particles in the kinematical 

region covered by our experiment. 

We note that the CH2-C subtraction procedure may cause large errors due to 

subtraction of sometimes almost equal quantities. Consequently the "hydrogen" target 

data are not as reliable as those obtained from the other targets. 
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ill. RESULTS 

We present plots of a representative sample of our data in Figures 1-3. A complete 

set of all data obtained in this experiment has been compiled in a separate report28 

which is available from the authors. Unless otherwise indicated we plot the Lorentz 

invariant single particle inclusive cross section (E I p2)d2a/ dpd 0 in units of 

mbxGeV l[srx(GeV lc)3 ]. The error bars are included except when they are 

approximately the same size as or smaller than the plotting symbol. There is also an 

overall normalization uncertainty of 10-15% on the experiment which is not included. 

A. General Characteristics 

We present in Figures 1 and 2 the 0° negative pion spectra for 1.05 GeV I A and 2.1 

GeV I A projectiles, respectively, on a carbon target. We plot the inclusive cross 

sections as a function of pion lab momentum for the four projectiles p, d, a, and C. The 

spectra are seen to fall steeply as a function of momentum. The proton projectile data 

show a clear cut-off at the kinematical limit. We have indicated this limit together with 

the kinematical limit for pion production from free nucleons by arrows in Figures 1 and 

2. The d, a, and C projectiles show considerable production beyond these limits, and it 

is these fast pions which interest us most. For these projectiles the fall-off is smooth 

and approximately exponential beyond a certain momentum, showing no signs of a 

sharp kinematical cutoff. The kinematical limit for pion production if the whole 

projectile were to interact with all of the target is well beyond the extent of the data. 

The fact that we see pions at up to twice the kinetic energy per nucleon of the 

projectile is a clear indication of nuclear effects such as high momentum tails or 

processes involving more than two colliding nucleons. It is worth noting that the 

production of such energetic pions is relatively rare and that the bulk of the pions are 

produced in the kinematical domain accessible in free nucleon-nucleon collisions. 

; 
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In Figure 3 we show some typical transverse momentum spectra, for 0.5, 1 and 1.5 

GeV lc pions produced in the collision of 1.05 GeV IACona C target. The fall-off inpr is 

small over our limite¢ angular range with a slope that is only slightly dependent on the 

pion momentum. 

B. Scaling Variable Distributions 

In general. scaling laws, which are often applied to many high energy particle 

processes, are not necessarily expected to be valid in the energy region covered in 

relativistic heavy ion collisions. One reason is simply that the rest masses involved are 

not small with respect to the c.m. energies. For example, the hypothesis of Feynman 

scaling3 has been applied to pion production into the fragmentation region of various 

nuclei. According to this hypothesis the invariant cross section for a given projectile, 

target, and transverse momentum is a function only of xp =pi, I (pi)max, and not 

separately of the projectile energy. Here, p£ is the pion longitudinal momentum in the 

center of mass and (pDmu. is its maximum value allowed by the kinematics. For p, d. 

and alpha nuclei the previous data 1 scale quite well already at bombarding energies of 

1. and 2 GeV I A (and up to 4.8 GeV for p). For heavier nuclei (~12) however, backward 

pion production results with proton beams from 0.8 to 7. 7 GeY.!.l9 show large deviations 

from Feynman scaling. Our results allow us to see how the scaling behavior changes 

when the mass of the projectile increases from hydrogen to heavier nuclei. 

In Figures 4a-d we present the xp distributions at PT = 0 for 1.05 and 2.1 GeV I A p, 

d, a., and C projectiles on a carbon target. We observe that the proton data scale 

reasonably well. However, deviations from scaling increase as the mass of the 

projectile increases. On the other hand, the data for nuclear projectiles on Cu and Pb 

targets scale much better, suggesting that the hypothesis is better satisfied when the 

projectile is much lighter than the target. This could be due to kinematical effects in 

connection with few nucleon clusters in the projectile as discussed in Ref. 9. The 

deviations from scaling in case of the carbon target are slightly reduced if e.g. two-
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nucleon clusters .in the alpha and carbon projectile are taken into consideration. 

In Fig. 5 our results are compared with the data of Papp et al. 1 who measured pion 

production at the fixed laboratory angle of 2.5°. We used the radial scaling variable 

xR = p • I p:n_ax to take the slightly different angles into account. For alpha projectiles 

our data agree reasonably well with the 2.1 GeVI A data of Papp et al., but disagree with 

them at 1.05 GeV I A (Figure 5a). For carbon projectiles we can compare our data also 

with those of Chessin et al. 20 . Here the agreement between the two experiments is good 

as can be seen for 1.05 GeV I A in Figure 5b. 

In order to see whether the observed scaling in xF for proton beams holds for even 

· lower energies, we have compared our data to those of Cochran et al. 16, who .studied . 

pion production in proton-nucleus interactions -at 0. 73 Ge V .. When we extrapolate their 

carbon target data to 0° using the parametrization of Ref. 29, we find good agreement 
·' -~. 

with our results for xF > 0.5. For xF < 0.5 their cross sections are smaller than our 

1.05 GeV I A data bya factor of R:~l.5. 

C.TargetDependence 

We have fitted the target dependence of our data to the forni Ed 3a/ d. 3p C(; A¥ 

where Ar is the nucleon number ofthe target. The fits were made using the carbon, 

copper, and lead target data. A typical sample of our results is shown in Figure 6 

where we have plotted n against the pion momentum for oa pion produced by 2.1 GeV 1 A 

alpha. projectiles. We see that n ~ 0.4 indicating that collisions leading to the 

production of pions have the Ar dependence expected for proces·ses which are 

peripheral with respect to the target nucleus. This exponentis independent of 

projectile, projectile energy, production angle, or pion momentum except for the 

lowest momentum pions observed where a slightly higher value of n is found 

[suggesting less peripheral collisions]. Inclusion of the H target data in these fits gives 

quite different results and lower quality fits: the observed pion yields for H are lower 

than expected from the above systematics. This indicates that the target dependence · 
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cannot be simply parametrized as A¥ over the whole periodic table. We can compare 

these results to those obtained in 1. 05 and 2.1 Ge VI A carbon and oxygen disintegration 

into nuclear fragments at forward angles30 . The production cross sections show a 

weaker Ar dependence (n ~ 0.25 for H, Be, C, Al, Cu, Ag, and Pb targets) than observed 

for our pion data. 

We found reasonably good agreement between the Ar dependence of our data and 

the phase space model calculations12 (For further discussions in connection with this 

model, see Sec. N.C). The quark fragmentation model11 predicts n to be ~0.4 

independent of the energy and mass of the projectile as well as independent of the pion 

momentum for large enough XF· This prediction is however not sensitive to the 

detailed quark-parton structure of the nucleus. 

D. Projectile Mass Dependence 

We have parameterized the projectile mass dependence of our data for the alpha 

and carbon projectiles in the form Ed 3a/ d'J.p ex Alf. In Figure 7 the results at 0° for the 

carbon target are plotted vs. the momentum divided by the maximum momentum 

allowed in free NN collisions. This variable was used rather than the momentum itself to 

take into account the difference in momentum corresponding to our two projectile 

energies. The exponent m is seen to rise from a value of approximately 1.2 for the 

lower momentum pions to approximately 1.7 for pions produced beyond the nucleon

nucleon kinematic limit. The fact that the value of m is greater than one at all 

momenta suggests that processes involving more than two nucleons are contributing to 

the production of pions. It is unlikely that this effect is due to differences in the 

internal momentum distributions. On the other hand if m is determined on the basis of 

backward pion production from heavy nuclei (C to Pb) at the same momentum per 

nucleon, it turns out to be ~o.B for 1.05 GeV/A almost independent of the pion 

momentum. For 2.1 GeV/A m increases from 0.8 to 1.1 for pion momenta beyond the 

free NN kinematicallimit 19·20 
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N. DISCUSSION 

Although we have already briefly discussed the observ~d data in the previous 

section, we use this section to make a more detailed comparison of our results to 

models. 

A Nucleus-Nucleus Collision in terms of Nucleon-Nucleus Collision 

We first ask if the present results can be understood as a superposition of 

nucleon-nucleus collisions when the internal motion of the projectile nucleons is taken 

into account. For deuteron and alpha projectiles a corresponding analysis has been 

carried out 1.9 for the 2.5° data of Ref. 1. Such an analysis is also applicable to our data. 

From a comparison of the results of the two experiments we conclude that our 

deuteron data are well reproduced using a Hulthem wave function as in Ref. 1. On the 

,other hand, this calculation underestimates the cross section of high energy pions 

from 2.1 GeV I A alpha projectiles when an approximately Gaussian internal momentum 

distribution (a ::::l 100 MeV/c) is applied 1. Recent calculations of the internal momentum 

distribution in an alpha nucleus, which it:lclude two-nucleon correlations, show that the 

momentum distribution below R:j 350 MeV /cis approximately of a Gaussian type with 

the same width of a= 100 MeV/c, while in the region of higher momenta the single 

Gaussian falls below the calculations31 . Correlated nucleons 10 in the alpha projectile 

could then be the source for the high energy pions. In such a picture the similarity of 

the shape of the pion distributions for alpha and carbon projectiles (Figures 1 and 2) 

would be due to similar internal momentum distributions in both nuclei. 

B. Nucleus-Nucleus Collision in terms of Nucleon-Nucleon Collision 

B.l Power Law Approximation 

Schmidt and Blankenbecler5 estimated the single particle inclusive cross section 

through structure functions of the nucleus and the basic collision process of NN 4NNrr. 

For x 41 the structure functions used in Ref. 5 are well approximated by the power law 
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(1-x)g8 , where gB=2T(AB-1)-l. Here, AB is the projectile nucleon number and Tis 

considered to be a parameter, which effectively describes the nucleon-nucleon force in 

a certain regime5·6 . For example if nucleon-nucleon interactions are due to vector 

meson exchange plus monopole form factors then T=3. If only a part or cluster in the 

(projectile) nucleus is actively involved in the interaction then AB has to be replaced by 

the average number of nucleons' in such a cluster6•9 . Schmidt and Blankenbecler 

assumed that the cross section for xF > 11 [AB(H+2)] can also be approximated by a 

simple power law: ( 1-xF )g, where g = 9B + H + 1. Here, H= 1 if the target is hydrogen and 

H=3 if it is not. For the experiment of Papp et al. 1 this power law with T=3 was found to 

give reasonably good fits to the p, d anq a projectile data. As can be seen in Figure 8 

for our 2.1 GeV I A projectiles on a carbon target this turns out to be true also for 

carbon nuclei (in this case the powerg = 69). It should be noted that although the 

general trend of our data is reproduced by such a power law, it does not give a good 

quantitative fit in the statistical sense. 

A noticeable exception to the T=3 power law behavior occurs in the case of our 2.1 

GeV I A alpha data on a hydrogen target. Here the data clearly show a less steep fall off 

as a function of xF than predicted for T=3. 

B.2 Other Scaling Variables 

The reason that xF appears in above power law is due to the fact that Schmidt and 

Blankenbecler5 estimated the lower limit of the (Lorentz invariant) light cone variable 

x = (EN+(pN)L)I (EB+PB) to be approximately equal to xF. Here EN and (pN)L are the 

energy and longitudinal momentum of a nucleon in the projectile nucleus of energy EB 

and momentum PB. However, Wong and Blankenbecler6 have shown recently, that 

IC2+[1C4-M2(u'+pr)J* M-(E+pL) 
XH = u' +pf EB+PB 

is the correct lower limit of x, if proper energy momentum conservation for the 

subprocess NN-4NNrr is taken into account. Here u'=M2+m 2 -2ME, x;2=~(3M2 -u'), E 
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and PL are energy and longitudinal momentum of the pion, and M and mare the . 

nucleon and pion mass, respectively. All quantities are to be evaluated in the lab. For 

backward pion production from heavy targets and for finite transverse momenta of the 

observed pions xH and xF differ markedly. The use of xH as a variable has improved 

scaling considerably for backward produced pions 6. At 0°' however, the almost linear 

relation between xH and XF shows only a slight projectile energy dependence for given 

xF. When we consider the full range of data available in our experiment we find that 

overall XH is not a significantly better scaling variable than xF. 

When xH is used in the pow.er law approximation g has to be given a larger value 

(corresponding toT Rj 4-5) in order to achieve agreement with experiment6 . The fits are 

of the same general quality than those obtained by using xF. Thus it is not possible to 

obtain unambigious information about the underlying basic nucleon-nucleon 
I 

interaction by simply fitting our experimental data to a power law. A more meaningfUl 

procedure is to evaluat~ the hard scattering integral numerically, as has been done by 

Chemtob32 . Indeed his calculations show considerable differences from the power law 

approximation, in particular in the backward hemisphere. Using this method for the 

case of 1.05 and 2.1 GeV /A alpha projectiles he found results consistent with T=3. 

The hard scattering model of Amado and Woloshyn7 and Frankel6 (Quasi-two-body 

scaling (QTBS)) predicts a scaling behavior similar to that of Wong and Blankenbecler. 

Namely, in the kinematic region under discussion here xH and the corresponding light 

cone variable 

are related simply through xH Rj XQTBS + const. Here, krnin is the minimum momentum 

that a nucleon in the projectile must have in order to produce the observed pion, m 8 is 

the projectile mass and ma- 1=m8 -M. All binding energies have been neglected. 
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C. Interactions involving Clusters of Nucleons 

We turn now to the comparison of our data with the "effective" projectile

"effective" target model of Mathis and Merig 13 . Particles populating the fragmentation 

region of either projectile or target are considered to be predominantly produced in 

gentle collisions, i.e. in collisions with relatively small energy and momentum transfer 

between the effective parts of the nuclei. The size of the effective projectile (target) is 

estimated to be proportional to a 2=A- 113 (2A*-1) in peripheral interactions. Here A is 

, the projectile (target) nucleon number. The authors observed that forward (backward) 

going pions tend to carry on the average a constant fraction of the kinetic energy of 

the effectiv~ projectile (target). Therefore they propose that 1/a2d 3o'/ d 3p should scale 

with xnn = Trrl (aE}fe'cim,). independent of the energy and size of either projectile or 

target. Here T 1T is the kinetic energy of the pion and E.lfe'am is the beam kinetic energy 

per nucleon. All quantities refer either to the lab for projectile fragmentation or to the 

projectile frame for target fragmentation.. This model was applied quite successfully 

to the data of Ref. 1, 2 and 18. We note that xnn also depends linearly on xF. The 
' 

. dependence on bombarding energy is such that our data for d, a, and C projectiles 

agree better with their predictions than with the previously mentioned scaling 

variables. In order to test their predicted projectile mass dependence, we plot in 

Figure 9 our carbon target data for the four projectiles at 2.1 Ge VI A vs. XJ.IJ.I· The d, a., 

and C data are seen to lie close to one another; however, the proton data, partly 

because of the kinematic cutoff fall below the others at large values of their scaling 

variable. On the whole, their model gives a fair representation of the data. We have 

found that by replacing the kinetic energy in Xnn with the total energy of the pion it is 

possible to obtain an even better parameterization of the energy dependence of the 

data. 

In more violent collisions the energy of projectile nucleons may be shared with 

target nucleons. An extreme assumption is the complete randomization of the degrees 

of freedom created in the collision process. As an example we mention the phase space 
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model of Behrmann and Knoll12. In this i:nodel groups of interacting nucleons of the 

projectile and the target, determined by a straight line geometry, form a statistical 
. I 

ensemble. For the system C+C for example, their geometrical calculations result in an 

average ensemble size of 3.8 nucleons when averaged over all impact parameters33 . The 

authors adopt Fermi's statistical model34 according to which the probability of 

producing a certain number of pions out of that ensemble with a fixed number of 

nucleons is simply proportional to the available phase space. Pion production through 

excited states of the nucleons is not included. Due to the statistical nature of the 

model it can predict only pion to proton ratios. The absolute value of the pion cross 

section was determined by adjusting one free parameter to reproduce the pi~n 

multiplicities measured by Sandoval et al. 35 . If this parameter is interpreted as the 

nucleon density of the ensemble, it turns out to be two times normal nuclear density. 

The authors do not propose any scaling variable in particular; we therefore choose xF 

to compare our data with their predictions. In Figure 10 we plot our 0° carbon target 

data for the two energies for carbon projectiles. We see that their model correctly 

reproduces the trend of our data; namely, the 1.05 GeV/A data lie slightly above the 2.1 

GeV I A data for almost all xF. Within their model this trend is entirely due to 

kinematics: The change in phase space and the difference .in p:na.x.· necessary to 

determine xF. We also note that their model predicts too many pions at large xF and 

too few pions at small xF. A possible onset of transparency at these energies is not 

taken into account in this model. 
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D. FUs to the Energy Distribution 

The pion spectra measured by Baldin et al. 2 and Schroeder et al. 19 at l80a and 

those of Tanihata et al. 17 and Nagamiya et al. 18 at large angles have been found to fall 

off exponentially with kinetic energy. This suggests a picture in which the pions are 

emitted from a gas of free pions havinga temperature which is the slope parameter of 

the exponential distribution. We have fitted our data to the forms 

Ed3al d3p oc exp( -TLab I Eo) and Ed3al d 3p oc exp( -T}ml E 1) where TLab and T}m are 

the pion kinetic energies in the lab and in the center of mass of one projectile nucleon 

and one target nucleon (center of velocity frame), respectively. In the limit of high 

energy pions (i.e. Err»mrr) these forms are equivalent. The statistical quality of these 

fits is comparable to those of the form (1-xp)g. In factthe forms (1-xp)g and 

exp(- T I E0 ) are approximately equivalent in the range of momenta in this experiment. 

Thus the fact that the data show an approximately exponential behavior does not 

necessarily imply that the fundamental process is thermal in nature. We present in 

Table I fits to the kinetic energy distributions of oa pioris produced in collisions of d, a, 

and C projectiles with carbon targets. Some of the lower momentum data points have 

not been used as input to the fits. The results for Eo show the behavior predicted by 

the effective projectile model of Mathis and Meng, namely that E0 is approximately 

proportional to the projectile kinetic energy per nucleon. The value of E 1 = 111 MeV 

obtained _for 2.1 GeV I A C+C may be compared with the value of 102 MeV found by 

Nagamiya et al. 18 for 2.1 GeV I A Ne + NaF _. rr- +X at 19-• = 90°. 

E. Effects of Sequential Collisions 

In connection with the observed projectile mass dependence described in Sec. III.D 

and Fig. 7 let us briefiy discuss the effect of sequential collisions by other projectile 

nucleons with the pion or pion-emitting state (e.g., !:.). Through the collisions between 

!:. and projectile nucleons additional forward momentum could be provided for this !:.. 

It is known that the production of pions in nucleon-nucleon collisions in this energy 



14 

range is dominated by 6. production. The 6. width is 115 MeV, implying an approximate 

lifetime of 6.t ~ li/115 MeV~ 2 Fermi/c. The remainder (on the average half) of the 

projectile and target nuclei are passing at nearly c and are Lorentz contracted by an 

appropriate factor-y, so that many of them pass before this time 6.t is elapsed. We now 

estimate the probability that another projectile nucleon will collide or transfer some 

momentum to this decaying state. That probability is P ~ J PNadz, where PN = .14 

Fermi-3 is the nucleon density in a nucleus, and a is the N-6. cross section, which we 

may crudely estimate to be the nucleon-nucleon cross section of 40 mb. The result is 

that P ::::t 0.2 A1,V 3 , which is large enough to be significant. Thus Pel P a = 1.4 and 

multistep production is indicated in such a picture. 
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V. SUMMARY 

We have performed an experiment to measure forward pion production in 

nucleus-nucleus collisions. Although most of the pions are produced into the 

kinematical domain accessible in free nucleon-nucleon collisions we have also observed 

pions having more than twice the maximum energy available in 'collisions between two 

free nucleons. The production of such pions must therefore involve nuclear effects. 

A simple model based on nucleon-nucleus collisions folded with internal 

momentum distributions of nucleons in the projectile can account for nucleus-nucleus 

collisions at 1.05 GeV I A. It fails however to reproduce the high energy pions observed 

for 2.1 GeV I A alpha and carbon beams if internal momentum distributions are 

assumed to be Gaussians. Higher internal momenta are needed which could be due to 

two-nucleon correlations. 

The energy spectrum of the pions detected in this experiment depends on the 

energy of the projectile, on its mass and also on the type of target used. Various 

variables have been proposed in hopes of finding a simple universal parameterization of 

all of the data. In terms of Feynrnan's xy the data taken at different beam energies fall 

on universal curves in case of protons, whereas deviations from scaling increase as the 

mass of the projectile increases. The same holds for Blankenbecler and Wong's xH and 

Frankel's XQTBS· The variable XMM proposed by Mathis and Meng seems to account for 

the observed projectile energy dependence better than these scaling variables. By 

replacing the pion kinetic energy in xMM by its total energy one obtains even better 

results. 

In most cases the energy dependence of the data is reasonably well reproduced 

over significant portions of the spectra by the form ( 1-x )g, which is characteristic of 

hard scattering models. Here xis one of several possible scaling variables. The value 

of the power g in general depends on the choice of this variable. In the case of x = xp 

it is consistentwith that predicted on the basis of simple constituent counting rules. 



16 

An exception to this behavior is found in the case of pion production by nuclei on 

proton targets. Here the simple counting rules do not reproduce the observations. 

Rather, a somewhat smaller value of g is needed. In case of x = xn we found the power 

g to be systematically larger compared to the values corresponding to xp. 

The dependence of the cross sections on the mass of the target is approximately 

Al whereas the projectile mass dependence ranges from A_B·2 to A_B·7 depending on the 

energy of the pion. The target mass dependence suggests that the fast pions detected 

in this experiment are produced peripherally with respect to the target, whereas the 

projectile mass dependence stronger than A_B·0 indicates a production mechanism 

involving more than two nucleons. Among others a simple model in which sequential 

collisions between projectile nucleons and ~·s are taken into account seems to explain 

this power larger than 1. The target mass dependence for large pion momenta is 

reproduced by a quark-parton model of the nucleus. 

A phase space calculation based on small ensembles of nucleons has had mixed 

success. On the one hand it predicts too many high momentum pions and too few low 

momentum ones. 9n the other hand the projectile energy and mass dependence as 

well as the target mass dependence of our data are reasonably well reproduced by this 

model. 
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TABLE I 

Projectile E!cin Eo Error E1 Error 

(GeV I A) (MeV) (MeV) (MeV) (MeV) 
. 

d 1.05 96 6 47 3 
d 2.10 216 4 85 2 

a 1.05 127 3 63 1 
a 2.10 261 4 103 1 

c 1.05 137 4 68 2 
c 2.10 280 6 111 2 

Fitted values for E 0 and E 1, the exponential inverse slope constants defined 

by Ed3a/d3p oc exp(-TLaOI E0) and Ed3a/d3p oc exp(-TiiNI E 1). Here, TLab and 

TiiN are the pion kinetic energies in the laboratory system and in the nucleon-

nucleon center of mass system, respectively. 



Fig. 1. 

Fig. 2. 

Fig. 3. 
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FIGURE CAPTIONS 

Lorentz invariant negative pion inclusive cross section vs. the (lab) 

momentum at oa for 1.05 GeVIAprotons (fl), deuterons (A), alphas (0), and 

carbon nuclei (e) interacting with a carbon target. The arrows indicate the 

kinematical limits for pion production from free nucleons as well as from 

nucleon- nucleus interactions. 

Same as Fig. 1 for 2.1 GeVIA beams. 

Lorentz invariant cross section vs. the transverse momentum for the 

reaction 1.05 GeVIA C+C-+rr-+X for three different values of the pion (lab) 

momentum: 0.5 Gevlc (V'), 1.0 Gevlc (0), and 1.5 Gev/c (ll), respectively. 

The curves are drawn to guide the eye. 

Fig. 4a-d. Lorentz invariant rr- inclusive cross section vs. xF = p{l (pi)rnax at oo for 

1.05 GeV I A (fl) and 2.1 GeV I A (0) proton (a), deuteron (b), alpha (c), and 

carbon (d) projectiles on a carbon target. Here Pi is the pion longitudinal 

momentum in the center of mass and {prJme.x is its maximum kinematically 

allowed value. The curves are drawn to guide the eye. 

Figs. 5a,b. Comparison of our 0° data with those of Papp et al. 1 at 13L = 2.5° and of 

Chessin et al. 20 at 180°. Plotted is the Lorentz invariant inclusive cross 

section vs. xR = p • /p:rou for 

(a) 1.05 and 2.1 GeV I A alpha projectiles [This experiment: (o,e), Papp et 

al.:(ll,.A)] and 

(b) 1.05 GeVIA carbon projectiles [This experiment:(e), Papp et al.:(ll), 

Chessin et al.:(O)]. 

Here p • is the pion momentum in the center of mass and p:n_ax is its 

maximum kinematically allowed value. 



Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Fig. 10. 
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Target mass (Ar) dependence for rr- production. The data were fitted to 

the form Ed 3a/ d~ 0( A¥ for carbon, copper, and lead targets. The 

exponent n is plotted vs. the pion lab momentum at oa for 2.1 GeV I A alpha 

projectiles. The curve is drawn to guide the eye. 

Projectile mass (A8 ) dependence for rr~ production. The data were 

parameterized in the form Ed3a/ d'Jp 0( Alf for alpha and carbon 

projectiles. The exponent m is plotted vs. the pion lab momentum at 0° 

divided by the maximum momentum allowed in free NN collisions for 1.05 

GeVIA (0) and 2.1 GeV/A (e) projectiles on a carbon target. 

Lorentz invariant rr- inclusive cross section vs. xF (see Fig. 4) at oa for 2.1 

GeV I A proton(~). deuteron (.l), alpha (0), and carbon (e) projectiles on a 

carbon target. The curves represent the functional form ( 1-xF )g with the 

predicted5 values g=3, 9, 21, 69 for p, d, a, and carbon projectiles, 

respectively. 

Comparison of our data with the predicted projectile mass dependence of 

the "effective" projectile model13 . Plotted is the rr- inclusive cross section 

lla 2d 3a!d3p in the lab vs. r;a.b/(aEife~m) (see text) at oa for 2.1 GeVIA 

proton(~). deuteron (.l), alpha (0), and carbon (e) projectiles on a carbon 

target. 

Comparison of our data with the phase space model of Behrmann and 

Knoll 12 . Plotted is the rr- inclusive cross section vs. xF (see Fig. 4) at oa for 

1.05 GeV I A (~) and 2.1 GeV I A (0) carbon projectiles on a carbon target. 

The curves are the prediction of the model (- 1. 05 Ge VI A, ---2. 1 Ge VI A). 
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