
Lawrence Berkeley National Laboratory
Recent Work

Title
PION AND PROTON ""TEMPERATURES"" IN RELATIVISTIC HEAVY ION REACTIONS

Permalink
https://escholarship.org/uc/item/0987b2xx

Author
Brocknann, R.

Publication Date
1984-07-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0987b2xx
https://escholarship.org
http://www.cdlib.org/


I 

I , 

LBL-17755 
Preprint c::O-

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

RECEIV 
LAWRENCE 

SERKE'L.EY LABnp~T('1~V 

SEr' 1 2 1984 

Submitted to Physical Review Letters 

LIBRARY AND 
OOCUMENTS SECiION 

PION AND PROTON "TEMPERATURES" IN RELATIVISTIC 
HEAVY ION REACTIONS 

R. Brockmann, J.W. Harris, A. Sandoval, R. Stock, 
H. Strobele, G. Odyniec, H.G. Pugh, L.S. Schroeder, 
R.E. Renfordt, D. Schall, D. Bangert, W. Rauch, 
and K.L. Wolf 

July 1984 

TWO-WEEK LOAN COpy 

'This is a Library Circulating Copy 

;which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 6782. 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-17755 

Pion and Proton "Temperatures" 

in Relativistic Heavy Ion Reactions 

R. Brockmann, J. W. Harris, A. Sandoval, R. Stock, H. Strobele 

Gesellschaft fur Schwerionenforschung 
0-6100 Darmstadt, West Germany 

G. Odyniec, H. G. Pugh, L. S. Schroeder 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

R. E. Renfordt, D. Schall 

Institut fiir Hochenergiephysik 
Universitat Heidelberg 

0-6900 Heidelberg, West Germany 

D. Bangert, W. Rauch 

Fachbereich Physik 
Universitat Mafburg 

0-3550 Marburg, West Germany 

K. L. Wolf 

Cyclotron Laboratory 
Texas A&M University 

College Station, Texas 77843 

This work was supported in part 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-AC03-76SF00098. 



, 

LBL-17755 

Pion and Proton "Temperatures" 

in Relativistic Heavy Ion Reactions 

R. Brockmann, J. W. Harris, A. Sandoval, R. Stock, H. Strobele 
Gesellschaft fur Schwerionenforschung 

Abstract 

0-6100 Darmstadt, West Germany 

G. Odyniec, H. G. Pugh, L. S. Schroeder 
Nuclear Science Division 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

R. E. Renfordt, D. Schall 
Institut fur Hochenergiephysik 

Universit~t HeidelberQ 
0-6900 Heidelberg, West Germany 

D. Bangert, W. Rauch 
Fachbereich Physik 
Universitat Marburg 

0-3550 Marburg, West Germany 

K. L. Wolf 
Cyclotron Laboratory 
Texas A&M University 

College Station, Texas 77843 

Pion and proton production are measured to investigate thermal 
equilibrium in central collisions of 40Ar + KCl at 1.R GeV/nucleon. The 
bulk of the pion yield is found to be isotropic in the c.m., with an apparent 
temperature of 58 : 3 MeV, much lower than the 118 : 2 MeV of the protons. It 
is shown that the low pion "temperature" can be explained by the kinematics of 
the decay of delta resonances in thermal equilibrium. A 5 : 1% isotropic 
component in the pion spectrum is, however, found to have a temperature of 
110 : 10 MeV, near to that of the protons and ~IS. 

) 

PACS numbers: 25.70 Bc, 23.70 fg. 



• 

1 

An understanding of pion production in relativistic heavy ion collisions 

is needed for several reasons. Firstly, it is the predominant production 

process at Bevalac energies. Secondly, pion production has been suggested as 

a probe of the compressional energy in the high density phase of near head-on 

collisions.1,2 Thirdly, a comparison between pion and proton energy spectra 

has been suggested as a method of identifying the presence of collective flow 

effects in the expanding nuclear system.3,4,5 Previous experimental studies 

of the pion spectra have been for inclusive measurements only.6 Attempts 

have been made to fit the results using a variety of hypotheses, including 

collective flow,3,4,5 pion absorption7 and different thermal freezeout 

times for the pions and protons.S The most successful method has been the 

intranuclear cascade mode1 9,10 based upon A-dominance in the production 

mechanism. In the present experiment we have used a central collision trigger 

to provide a well defined collision geometry as close to an idealized 

"fireball" as possible, and to eliminate complications such as spectator 

matter effects. The pion and proton energy spectra are found to be close to 

Boltzmann-like temperature distributions, but with very different effective 

temperatures. We find that the results can most simply be described using the 

decay kinematics of A-resonances in thermal equilibrium, confirming the 

A-dominance assumed in the intranuclear cascade calculations which fit the 

data quite well. However, we find that the comparison of pion and proton 

spectra does not give sufficient accuracy for determining contributions from 

collective flow, without further assumptions. 

The LBL Streamer Chamber facility was used to study central collisions of 

Ar + KCl at 1.8 GeV/nucleon, for which the total ~- yields and proton flow 

distributions have previously been reported11 ,12. The experimental 

procedures are described in Reference 13. Events were selected to correspond 
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to impact parameters of less than 2.4 fm. It has been found by exclusive 

measurements of the protons 12 that in such events the central higher 

density parts of the interacting nuclei (as seen along the beam direction) 

stop in each other and decay isotropically, while nucleons in the nuclear 

peripheries often do not undergo enough collisions to be equilibrated. The 

latter "corona effect" must be borne in mind when considering the present 

data. The invariant ~- production cross section in the c.m. system was 

measured as a function of pion kinetic energy E and angle Q, and fitted with 

the expression 

(1) 

The pion yield as a function of the c.m. angle Q then follows from an"energy 

average of both sides of (1), 

do 
dCOSQ 

a: (2) 

The insert in Fig. 1a shows the distribution do/dcOSQ and a fit with eq. (2) 

where a = 0.52. As the ratio of the anisotropic fraction to the total yield 

is given by a = a ! 3 in this parameterization, a mean anisotropy of a=0.15 

is found. This fairly low degree of anisotropy in central collisions at the 

top Bevalac energy has to be compared with anisotropies of a"~ 0.50 

characteristic of individual NN ~ NNw collisions at similar energies14 • 

A closer inspection of the kinetic energy dependence of the anisotropy is 

possible through the functions o(E) and a(E) defined by eq. (1) and shown in 

Fig. 1a and 1b, respectively. Staying near zero for E ~ 100 MeV, a(E) rises 

to a peak at E = 300 MeV where a = 0.45, then falls again to a < 0.20 at 

to 
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E _> 400 MeV. Fig. 1a shows that about 70% of the yield falls in the first 

interval, E ~ 100 MeV, with complete isotropy. The majo~ fraction of the 

overall anisotropy is contributed by the yield at 100 ~ E ~ 350 MeV, which is 

about 25% of the total. The remaining 5% of the yield, at E > 350 MeV, tends 

towards isotropy at the highe~t energies. Somewhat similar resu1ts6 have 

been reported for inclusive pion data for Ar + KC1 at 0.8 GeV/nuc1eon, but 

with a higher overall degree of anisotropy, resulting from the contribution of 

larger impact parameters to those data. The latter conclusion is reached by 

studying minimum bias data obtained at 1.8 GeV/nuc1eon (not illustrated here) 

where we find a smooth fall-off in the overall anisotropy from a = 0.50 to a = 

0.10 with increasing participant multiplicity (decreasing impact parameter). 

,Overall isotropy of pion production, as required for pions by the 

thermodynamic mode1 15 ,16, is thus achieved to within 15% in near-he ad-on 

collisions. Predictions of the intranuclear cascade mode1 3 (INC) are shown 

in Fig. lb. The low energy pions are isotropic in this model also, but the 

INC predicts an anisotropy increasing with pion energy, following the trend of 

the data for the intermediate energies. Within the INC this intermediate 

region is dominated by pions produced in the corona of the interacting nuclei, 

where nucleons only undergo one or two collisions. The pions produced in this 

region therefore reflect the strongly anisotropic angular distributions 

characteristic of pion production via the A resonance in nucleon-nucleon 

collisions14 • However, the INC fails to predict the decline in anistropy at 

high pion energies. 

The thermodynamic mode1 15 ,16 predicts that the c.m. energy spectra will 

be represented by a temperature Twh i ch characterizes a Maxwell-Boltzmann gas: 
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2 3 3 d a/dEdn = p • E • d a/dp = const •• p • E • exp[-E/T] (3) 

where p and E are the pion c.m. momentum and total energy respectively. It is 

important to note that in this model only d3a/dp3 should follow a simple 

exponential law whereas d2a/dndE and the invariant cross section, E • 

d3aldp3, will contain additional energy-dependent factors. The effective 

temperatures extracted from our data by using eq. (3) are not the same as the 

inverse exponential slope parameters reported in previous investigations6,8 

which incorrectly fitted E • d3a/ dp3 to an exponential law. In order to 

minimiie the effect of the corona, we consider henceforward only th~ spectra 

at geM = 90 0

• The 90 0 pion spectrum is shown in Fig. 2a together with a fit 

using eq. (3) with T = 69 z 3 MeV. The fit underestimates the data for total 

pion c.m. energies above 0~5 GeV. A two-temperature fit, with T1 = 58 z 3 MeV 

for 95 z 1% of the total yield, and T2 = 110 z 10 MeV for the remaining 5 z 1%, 

leads to good agreement. The higher temperature component is isotropic and is 

the one that reduces the anisotropy at high pion energies in Fig. lb. The 

corresponding proton spectrum at gcm = 90 0 for central collisions is well 

fitted with a single Boltzmann spectrum with Tp = 118 z 2 MeV. 

The thermodynamic model of Hagedorn and Rafelski17 predicts a proton 

temperature' of Tp = 120 MeV, close to the observation, but a pion 

temperature of T = 110 MeV, considerably higher than that observed except 
1T 

for the small 5% component. In this model the difference in predicted 

temperatures for protons and pions is due to the earlier freezeout of protons, 

similar to the qualitative argument of Reference 8. However the'effect is far 

too small to explain the data. The intranuclear cascade model prediction for 

the pion spectrum is shown in Fig. 2b. It is closely approximated by a fit . I 

• 
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with T = 73 % 3 MeV. The INC prediction for the proton spectrum is also 'II' 
similar to a Boltzmann distribution, with Tp = 123 % 2 MeV. The INC is 

therefore much more successful than the thermodynamic model, at this stage of 

the discussion. 

In order to understand the vastly different proton and pion temperatures 

and the successes and failures of the .two models it is necessary to consider a 

thermal system of nucleons and deltas. Insofar as delta formation and decay 

governs the pion product.ion process, most of the observed pions result from a 

resonance decay. This two body decay introduces a distinctly non-thermal 

aspect into the pion spectra. Thus, although the A fraction of the expanding 

system may well be in thermal equilibrium with the nucleons, the finally 

established pion spectra have the two-body decay kinematics superimposed on 

the thermal distribution of the parent A states. The resultant pion and 

proton spectra are quite similar to Boltzmann distributions~ but at effective 

temperatures which are not equal to the temperature of the emitting system of 

deltas (and nuc1eons).15,18 

This parent-daughter mechanism provides a simple relationship between 

Tp and T'II' on the one hand and TA and rnA on the other. Fig. 3 shows 

the proton and pion "temperatures" (a) as ~ function of TA for rnA = 1232 

MeV and (b) as a function of rnA for TA = 135 MeV. One sees that Tp 

reflects mainly TA while T'II' is sensitive to rnA. For the observed values 

Tp = 118 MeV and T'II' = 58 MeV we find that TA = 135 MeV and rnA = 1176 

MeV. The value of TA is plausible in the thermodynamic model, while the 

effective A mass is a convolution of the formation cross section and the 

distribution of relative energies in the NN ~ NA and 'll'N ~ A channels. We 

extracted this from the INC model by taking ·the average effective mass of the 

'll'N system at the last interaction: the value obtained is 1200 MeV. The above 
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discussion is not entirely exact: whereas the bulk of the pion cross section 

is expected to result from A decay, this is not so for the protons. From the 

observed pion to proton participant multiplicity ratio of 0.3 at this 

energy,ll not all of the total proton yield results from A decay. Thus the 

observed Tp only approximately represents the temperature of the A decay 

proton fraction. 

The nearly quantitative success of this simple analysis explains why the 

INC is successful in explaining the large difference between the pion and 

proton spectra: it correctly includes the A-decay kinematics. The 
, 

thermodynamic model may be equally successful if the A-decay kinematics is 

introduced. 

It is interesting to study next to what extent our conclusions might be 

modified by the presence of collective flow, which would increase the 

effective temperature of the protons more than that of the pions. 3,4,5 This 

is specially relevant since we have previously suggested1 that as much as 

35% of all the available energy may be stored in compression effects at the 

high density stage of the collision, to be released again into collective flow 

in the final stage, or else degraded into thermal energy. The effect of 

collective flow can be estimated by introducing a uniform radial velocity 

distribution for the AIS. This requires folding a function into the A 

temperature distribution identical in form to that which we previously used to 

calculate the par~nt-daughter effect. The i~evitable result is a 

Boltzmann-like spectrum with an effective temperature. Whether the pions and 

protons emerge from a A spectrum with a true temperature or an effective 

temperature the result is very similar. We have attempted to fit the proton 

spectrum with various combinations of true A temperatures and radial flow 

velocities. We find that even in an idealized situation with improved 
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statistics it is difficult to distinguish the result from a true Boltzmann 

distribution. When the flow velocity was increased above B = 0.4 a 

distinction could be observed. However, this limit is too large to be 

interesting. The resolution of this question remains as a major challenge for 

both theory and experiment. 

In conclusion, for central collisions of Ar + KCl at 1.8 GeV/nucleon the 

bulk of the pions are produced isotropically in the c.m. frame. There is an 

anisotropic forward-backward peaked component for pion kinetic energies of 200 

to 350 MeV, probably due to pions produced in the corona of the interacting 

region, where nucleons collide only once or twice. The 90· c.m. pion spectra 

can be fitted by a two-temperature classical thermal distribution with 95% at 

T1 = 58 MeV and a second 5% component with T2 = 110 MeV apparent at pion 

total energies above 500 MeV. The 90· c.m. proton spectrum showed only one 

component, with T = 118 MeV. The primary difference in the pion and proton 

temperatures can be reconciled by considering an equilibrated N,A system at 

thermal freeze-out and taking into account the kinematics of A decay. In this 

model the proton temperature more closely reflects the freeze-out temperature 

while the pion temperature is mainly given by the A mass distribution at 

freeze-out. The effective delta mass at thermal freeze-out is found to be 

considerably lighter than 1232 MeV. Finally, a 5% high temperature pion 

component is observed; it may be a result of thermally equilibrated pions or 

higher resonances not treated in the cascade model. 

We would like to acknowledge very valuable discussions with R. Hagedorn, 

J. Knoll and H. Stocker, and the constant support and encouragement provided 

by R. Bock. 
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Figure Captions 

1. (a insert) Distribution of pion emission angles dald cos Q observed for 

near central collisions of Ar + KC1 at 1.8 GeV/nuc1eon. Only 

statistical errors are shown in the data, as is done throughout the 

paper. Curve is a fit using eq. (2), arbitrary units • 

(a) The total yield of pions aCE) integrated over angle as a function of 

pion c.m. kinetic energy. 

(b) The anisotropy parameter aCE) plotted as a function of pion c.m. 

kinetic energy. Squares show the data; circles give results of an 

intranuclear cascade calculation. The lines are drawn to guide the 

eye. 

2. (a) Pion energy spectrum at 90· in the c.m. system together with a 

Maxwell-Boltzmann gas model fit using eq. (3) with T = 69 MeV. 
'If 

(b) Calculated pion energy spectrum at 90· c.m. for the INC model, 

together with a fit with T = 73 MeV. 
'If 

3. (a) Dependence of pion and proton temperatures T'lf and Tp on A 

temperatures TA for rnA = 1232 MeV. 

(b) Dependence of T'lf and Tp on rnA for T6 = 135 MeV. 
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