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1. Introduction 

During the past decade, the observation of pion production has been used 

extensively as a tool to study the interaction between nuclei at high 
energies. A strong motivation for these studies was provided by theoretical 
predictions that the pion yield might depend on the equation of state of 

nuclear matter and that a sudden change in the yield as a function of energy 
might signal the occurrence of a phase transition in the hot nuclear matter 
produced by the co11isions. 1) Initial measurements made with nuclear 

emulsions at the Princeton-Pennsylvania accelerator seemed to show an enormous 
yield of pions at beam energies below 280 Mev/nucleon. 2) Unfortunately 
these turned out to be incorrect,3) and no phase transition has so far been 

observed, but many interesting results have nevertheless since been found. In 
particular, pion production has been used to provide a measure of the nuclear 

equation of state, the first evidence on this at densities above that of the 

nuclear groun~ state. 
This report will cover the development of an experimental understanding 

of the main phenomena of pion production in nucleus-nucleus collisions. Even 
within this limited scope, important sub-areas will have to be omitted. 

Sub-threshold pion production (i.e., at bombarding energies per nucleon lower 
than the energy required for production in proton-proton collisions) has 
recently been studied extensively, with production observed at energies as low· 
as 20 Mev/nuc1eori. 4) Pion production has been observed at 00 and 180 0 with 

pion energies far beyond the kinematic limits of single nucleon-nucleon 
co11isions. 5) An interesting, very strong, enhancement of the ~- yield 

is observed when the pion momentum equals the velocity of the projectile 
nuc1eus;6) this is believed to occur as a result of coulomb interaction 

between the pion and fragments of the projectile. Several ex~ellent review 

articles exist which provide an overview of high energy nucleus-nucleus 
collisions, and include discussions of these and other topics. 7) 

2. Inclusive Spectra 

The early measurements of pion production at the Bevalac were of inclu
sive spectra, i.e., of d2d/dQdE as a function of pion angle, pion energy, 
beam energy and target and projectile mass. 8,g) Figures 1, 2 show pion and 
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proton spectra from the interaction between Ar and KC1 at 800 MeV/nucleon. It 

should be noted that targets such as NaF and KC1 are frequently used, rather 
than pure elements, because they are compatible with streamer chamber 

operation. The pion spectra show a rapidly-diminishing yield as a function of 
both pion energy and angle. The proton spectra have a "shoulder-arm" shape, 

with the "shoulder" disappearing at large angles, while the narm" behaves 
rather similarly only to the pion spectra. 

To begin to understand these data, it is necessary to know that in a 

typical nucleus-nucleus collision at non-zero impact parameter, and 
sufficiently high bombarding energy, there is a rather clean separation 

between spectators and participants in the reaction. As seen from a head-on 
viewpoint, the parts of the two nuclei that do not overlap continue largely 

unaffected by the co11ision f while the overlapping parts form a highly excited 

object which has a transient lifetime as a "fireball" but which quickly 
expands and cools down by emitting its constituent nucleons and created 
particles, primarily pions. The kinematic regime of the projectile ~nd target 

fragments is outside the range of the measurements in Figs. 1, 2, where the 
observed pions and protons should be characteristic of the fireball. The 
thermodynamic model'O) predicts that the particle spectra should have 

Maxwell-Boltzmann shape, i.e., d2c/dEdQ = pE d3a/dp3 = pE exp(-E/T), 

where p. E are the c.m. momentum and total energy of the observed particle and 
T is the temperature. If the spectra are a'nalyzed in this form it is found 

that the extracted temperatures vary with angle. Furthermore, the shoulder in 
the proton spectra requires an additional ingredient: it is assumed to arise 

from quasi-free hard nucleon-nucleon scattering processes which do not 
correspond to thermalization of the participants. The data of reference 9 

also included evidence that the pion spectra, especially at forward angles, 
have a component due to direct d-resonance production in nucleon-nucleon 
collisions, followed by decay of the d with pion emission predominantly 

forwards and backwards in the c.m. systems. 

To reduce these effects, Nagamiya et al. chose to analyze spectra only at 

90 0 c.m. for information on temperatures. Figure 3 shows fits to the energy 

spectra in the Ne + NaF reaction at three beam energies. The slope clearly 

changes as a function of energy. Figure 4 shows the inverse slope parameter 

I.' 
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Eo as a function of beam energy. Note that it is different for pions and 

protons, apparently again violating the idea of thermal equilibrium in the 

fireball. The analysis of reference 9 is slightly flawed by the fact that 
they fitted Ed 3a/dp3 rather than d3a/dp3 to an exponential law, but 

this does not change the results qualitatively. 

Many attempts to understand these results met with only partial success. 
Since each collision has a different impact parameter, the number of 
participant nucleons and effects due to spectator nucleons, such as pion 

absorption or rescattering, vary from event to event. With further 
complications such as production in single nucleon-nucleon collisions, such 
problems required some additional experimental evidence for their solution. 

This came in the form of impact-parameter-selected data. 

3. Central Collisions 
The first studies of central collisions(impact parameter b - 0) were 

made using a streamer chamber, which provides a pictorial record of the tracks 
of all charged particles emitted in each event. Figure 5 shows the layout of 

the Berkeley streamer chamber. By varying the discriminator threshold on the 
veto detector T. one can vary the chamber trigger from minimum bias (high 

discrimination level) to central trigger (low di~crimin~tor level). An event 
in which no fragments of the projectile reach the T detector signals complete 

destruction of the projectile by the target. For equal-mass target and 
projectile this means the impact parameter b = 0, and all the nucleons in the 
target and in the projectile form a fireball. 

Of course this picture is oversimplified. The nuclear edges are not 

sharp, and there is, especially for light nuclei, significant transparency in 
the surface, leading to a "corona" effect in which surface nucleons may 
undergo few, or no, interactions as the nuclei collide. Apart from this, the 
triggering procedure is practically ideal, avoiding the use of properties of 

the fireball itself to define conditions for study of the fireball. In the 
actual experiment,") on interactions between Ar and KC1, the count rate was 

set to correspond to an interaction cross section of '80 mb, corresponding to 

b < 2.4 fm in a geometrical model which assumes a sharp nuclear surface. 
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Figure 6 shows the results of studying a large number of streamer chamber 

photographs, taken in the "inelastic" trigger mode (all impact parameters), or 

in the "central" trigger mode (b < 2.4 fm). For each event the number of 

negative pions and thi'total number of charged tracks were measured. For 
completely central collisions involving total disintegration of both nuclei 

into individual nucleons we expect about 36 protons plus positive and negative 

pions. The observed mean value of ntot is 41.8 and the mean value of ~ 

n is 5.8 for the ,central collisions. Since the yields of ~+ and 
~-

~ are expected to be about the same, total disintegration might give 

47.6 = 36 + 5.8 + 5.8 charged tracks. A closer study of the data reveals that 
very few events show total disintegration: there must be clusters of nucleons 
emitted as well as single nucleons. Figure 7 shows the yield of'~- in 

central collisions of Ar + KC1 as a function of beam energy. It shows a 
smooth dependence on energy, with no steps such as had been predicted for 

possible phase changes of nuclear matter during the collision process. 
Many experiments have been carried out to test if the concept of a 

fireball is appropriate to the interacting regions of the nuclei. One 
requirement is that the pion multiplicity should be Poisson distributed about 

its mean. This is illustrated in Figure 8, again using streamer chamber data 
from reference 11. However, this is not the only hypothesis that yields a 
Poisson distrib'ution. 12 ) Another test using pions is the use of intensity 

interferometry to study the properties of the emitting source. Careful 
studies have been made by Zajc et al.'3) In these measurements, events were 

selected which yielded two pions into the same detector at 45 ± 8 degrees 

from the beams direction. Such a requirement is found, from independent 

evidence, to select highly central collisions. The pion pairs were then 
• -+ -+-+ -+ 

studied as a functlon of q = P2-p,and Qo = IE2-E,1 where p, E 

are the momentum and energy of the two pions. The results for 2~- and 
2~+ emission from 40Ar + KCl at '.8 GeV/nuc1eon are shown in Figures 9, 10. 

If the pions from different points in the source are completely uncorrelated in 

phase, the correlation in q should reach a maximum of 2.0. Its width indicates 

the spatial extent of the source. Similarly, the correlation in q should . 0 

also reach 2.0, while its width indicates the temporal extent of the source. 

The data fall somewhat short of the maximum value of 2.0, indicating some 

degree of coherence. However, the authors of reference 13 state that 
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experimental complications prohibit any quantitative conclusions on this 

point. The spatial and temporal extents of the source have been shown to be 
. 14} 

reasonable by means of microscopic calculations of the production process. 

4. Temperatures 

The study of central collisions allows us to obtain more reliable 

information on what temperatures are reached in the collision process. The 
central collision trigger provides a well-defined collision geometry as close 

to an idealized "fireball" as possible, and it minimizes complications such as 
spectator matter effects and quasi-free nucleon-nucleon interactions. A 
careful study of the 40Ar + KCl reaction at 1 .. 8 GeV/nucleon was made by 

Brockmann et al. 15} They found that for central collisions the Plon and 

proton angular distributions are much more isotropic than for unbiased. 
events. A remaining forward-backward peaking in the yield could be explained 
by quasi-free nucleon-nucleon collisions occurring in the nuclear surfaces: 
the "corona" effect, which cannot be eliminated but could be reduced by 
studying heavier nuclei, for which the surface is less important. Analyzing 

the 90° spectra once again minimized this effect and yielded temperature fits 
shown in Figs 11, 12a for protons and pions respectively. The "temperatures" 
are found to be extremely different: 118 MeV for the protons and 69 MeV for 

the pions. If the pion spectrum is analyzed with a two-temperature fit to 
take account of the excess yield above 0.5 GeV, the "temperature" of the main 

component drops even lower, to 58 MeV, with a 5% yield at 110 MeV, closer to 
the proton "temperature." It is interesting to note that the thermodynamical 

model of Hagedorn and Rafelski 16} predicts a proton temperature Tp = 120 
MeV and a pion temperature T = 110 MeV. The slight difference in the 

~ 

temperatures is attributed to the idea that as the fireball expands (and 

cools) the pions remain in equilibrium somewhat longer than the protons, 
because of the larger cross sections involved in their scattering. However, 

the bulk of the observed pions are at T = 60-70 MeV, and a new ingredient 
~ 

is required for the explanation. 

By contrast, calculations using the intranuclear cascade model (INC) of 
Cugnon it al. 17 } give an excellent account of the data. Figure 12b shows 

their predicted spectrum, with a thermal fit to it using T = 73 MeV, 
~ 
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close to the 69 MeV which best fit the data. 

123 MeV, again close to the observed value. 

The model predicts T = 
P 

The INC is based on the 

assumption that the production of pions precedes entirely through the 

intermediate process d production, i.e., NN ~ Nd; d ~ N~. The model 
follows all two-body interactions throughout the collision and within its 

assumptions is a complete microscopic model of the process. To understand how 
the large difference between T and T arises it is instructive to study 

~ p 
the kinematics of d ~ N~, which involves substantial energy release. 18) 

For a thermal distribution of d, with temperature Td, the decay produces 
a non-thermal distribution of pion and proton energies which can be 

approximated closely by thermal distributions. The resulting values of Tp 
and T are shown in Figure 13a. To obtain quantitative agreement with the 

~ 

observations it is necessary to realize that the d has a large width, and 

the values of md produced in the collision depend on the energy available 
in the nucleon-nucleon sy~tem. Calculations within the INC show that the 
effective md is, at Bevalac energies, lower than the free value and that 

it increases with beam energy. Figure 13b shows the dependence of Tp and 

T~ on md for fixed Td" 
We may conclude that the observations are qualitatively consistent with 

thermal equilibrium in a fireball consisting primarily of protons and 

d-resonances, both having a temperature of about 120-135 MeV. The 
ntemperatures" extracted from the pion and proton spectra are not the true 
temperatures, but reflect d-dec~y kinematics. The spectra also have an 

admixture of particles which do not result from d decay but are emitted from 
thermal equilibration. The INC correctly predicts the final spectra but does 

not make direct reference to any intermediate equilibrium state. It is 
instructive, however, to study the progress of the collision as a function of 

time, as revealed by the INC. Figure 14 shows the most important results 
(calculations from reference 19) for central collisions (b ~ 2.4 fm) of 40Ar 
+ KCl at 977 MeV/nucleon. Figure 14a shows the baryon" density in a sphere of 

3 fm diameter about the origin of the center-of-mass coordinate system of the 
participant nucleons, expressed as a ratio to the ground-state nuclear density 

Po = 0.17 fm-3. It peaks at about 7 fm/c of elapsed reaction time (in the 

laboratory system), corresponding to the end of the compression stage of the 
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reaction. Figure l4b shows that about half the baryon-baryon collisions occur 

during the compression stage and about half during the expansion stage. 

Figure l4c shows that by the end of the compression stage the total number of 

pions and delta resonances reaches a plateau where it remains approximately 

constant throughout the expansion stage. Eventually, after all the 6 

resonances have decayed, the number of pions reflects the total number of 6 / 

+ ~ at the maximum compression. Similar calculations on other systems, e.g. 

La + La,20) also show this relationship, which will be used in the next 

section, where the pion yield will be used to extract information on the 

nuclear system at maximum compression. 

5. Effect of Compression on the Pion Yield 

So far in this report we have avoided discussion of the absolute yield of 

pions. Figure 15 shows the mean number of ~ emitted per central 

11 " 1 1 ) . 1 1 t d' F . 7 b t d . th t co 1Slon, preV10US y p ot e 1n 19ure , u now compare W1 wo 

theoretical predictions, from an idealized fireball ca1cu1ation'O) and from 

the intranuclear cascade ca1cu1ation.'6,18) Both overpredict the pion yield 

considerably. 

The authors of reference 19 examined the discrepancy between the INC 

calculation (taken as the most complete microscopic theory of the interaction) 

and experiment as a function of beam energy and for various combinations of 

target and projectile. They noticed a strong correlation between the degree 

of overprediction and the m~ximum nuclear density reached in the collision, as 

calculated in the INC. Recalling that the pion yield is determined at the 

time of maximum compression, they concluded that the discrepancy might be due 

to the omission of compressional energy from the INC. Thus the pion yield 

might give direct evidence on the fraction of total energy which is bound up 

in compressional degrees of freedom and thus not available for pion 

production. Figure 16 shows how the compressional energy as a function of 

density is' extracted from the data. At each Ecm consider the measured 

multiplicity <n ->. In the cascade model this multiplicity is reached 
11' 

at a lower energy, connected by a horizontal arrow in the figure. According 

to our interpretation, the lower energy corresponds to the kinetic energy 

remaining available for pion production, while the length of the 
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horizontal arrow corresponds to E , the energy tied up in compressional c 
degrees of freedom, all taken at the time of maximum compression. 

Unfortunately there is no direct measure of the density, and the INC value has 

to be assumed correct. Each measurement on Figure 16 then yields a point on 

Figure 17, where the "measured" compressional energy is plotted against the 

calculated density. Ac~ording to the assumptions made, these results 
represent a measurement of the equation of state of nuclear matter. It is 
found that the nuclear incompressibility K which fits these data.is larger 
than the value extracted from nuclear monopole vibrations,21) and 

corresponds to a "hard" equation of state. 
In a subsequent paper,22) the data were reexamined in a thermodynamic 

model with Rankine-Hugoniot shock compression in order to see if the results 
were influenced by the extensive dependence of the above analysis on the 
results of the INC. Essentially the same results were obtained. Many 
theoretical papers have examined the assumptions of the analysis, considering 

the effects of Fermi motion~ pion absorption, temperature dependence of the 
equation of state, etc. A recent survey of the situation is given by 
Stock. 23 ) A critical analysis of the problems is given by Sano et al. 24 ) 

After applying some corrections to the analysis of reference 18, they compare 
the results with several theoretical predictions of the nuclear equation of 
state. These are shown in Figure 18, where it will be noticed how far below 

the'data lie the compressional energies of the "state-of-the-art" conventional 
nuclear theory prediction represented by the curve FP.25) The curve B ;s a 

typical non-linear mean field theory prediction. 26 ) The authors of 
reference 24 examine a wide variety of possible systematic errors in the 

interpretation and indicate areas requiring further (theoretical) study. This 

matter is of some importance because of the large discrepancy between the 
empirical results and conventional nuclear predictions. 

6. Supporting Evidence for Compression 

In this paper, which concentrates on certain aspects of pion production. 
the behavior of the nucleonic participants in the collision has been ignored. 

except for their energy spectra. In fact, when all the outgoing charged 
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particles are measured simultaneously for each event, a powerful tool for 

studying compression becomes available. This has been done using the GSI/LBL 

Plastic Ball,27} and also by the GSI/LBL Streamer Chamber Collaboration. 28 } 

The outgoing particles are found to exhibit non-spherical patterns of outgoing 

momentum flow and if these are parameterized in terms of a momentum ellipsoid, 

a characteristic flow angle is found which depends on impact parameter 

(detenmined from participant multiplicity measurements). The results are 

qualitatively explained in terms of the compressional energy, in a fluid 

dynamical calculation. 29 } There are, however, some difficulties in 

connecting fluid dynamics results to the experimental data, and the most 

quantitative conclusions have been obtained using a microscopic theory and 

studying the same reaction that was used to study pion production. Using a 

Vlasov-Uehling-Uhlenbeck equation approach30} the reaction 40Ar + KCl at 
. . 31 } 

1.8 GeV/nucleon as analyzed by a transverse momentum method could be 

fitted with the same equation of state that fit the pion production 

data. 32 } A useful overview of the entire problem is given in reference 33. 

7. Open Questions 
The comparison of experimental data with theory for the extraction of 

information concerning the nuclear equation of state is in its infancy, and 

the present report has emphasized the theoretical uncertainties to provide a 

coherent picture of the development of the experimental picture. In so doing 

several quantities capable of providing useful information have been 

neglected. For example, the study of particle ratios, e.g. 

p-d-3H-3He-4He etc., can give evidence on the entropy of the 

system. 34 } This requires much further work from both experimental and 

theoretical points of view. Another open question is the question of radial 
flow, suggested originally as a blast-wave theory.35} This could change the 

energy balance considerably, and alter our interpretation of the pion and 

proton energy spectra. 15} In most of the measurements made to date radial 

flow is confused with other quantities. 

Rapid further development of the field is likely, because of significant 

improvements in experimental capabilities. The Bevalac has recently (1982) 

been improved to accelerate all nuclei, and experimental data are being 
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extended to much heavier nuclear systems. In 1986, two new facilities will 

come into operation for heavy ion physics: the Brookhaven AGS and the CERN 

SPS. Much of the effort at the latter two will be devoted to searches for a 

phase transition of nuclear matter to a quark gluon plasma. 

In the midst of all this excitement it is a pleasure to welcome the 
National Accelerator Centre into the ranks of competitors and collaborators in ~ 

the Quest to understand that most important part of our environment, the 

atomic nucleus. 
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Figures 

Figure 1. Inclusive spectra of ~ in 800 MeV/nucleon 
40Ar + KC1 collisions (reference 9). Note that the Quantity 

plotted is the Lorentz-invariant cross section. 

Figure 2. Inclusive spectra of protons in 800 MeV/nucleon 
40Ar + KCl collisions (reference 9). 

Figure 3. Proton and ~- energy spectra at 6 cm = 90 0 in 

20Ne + NaF collisions at 0.4, 0.8 and 2.1 GeV/nuc1eon. Eo is 

the slope factor when the cross sections are parameterized by 

exp(-Ek*/Eo) when Ek* ;s the proton (or pion) kinetic energy 
in the c.m. frame (reference 9). 

Figure 4. Exponential slope factors Eo from Figure 3, plotted as a function 
of the beam energy per nucleon in the c.m. frame (reference 9). 

Figure 5. System used in the minimum bias and central trigger runs with the 

streamer chamber. C, Sl' S2' S3 and T are scint~11ators. 
The beam is prepared by the signal B = Sl-S2-S3-C, The 

trigger is defined as the beam in anti-coincidence with the trigger 

scintillator above a certain threshold (B-T). 
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Figure 6. Total charged particle (ntot ) and negative pion (n~-) multi

plicity distributions for the interaction of 40Ar + KC1 at 1 ~8 

Figure 7. 

Figure 8. 

GeV/nuc1eon for the inelastic (e) and central (0) trigger _____ _ 
~- - .. ~ . -- - --- - ~ --

modes. Representative error bars are shown and the curves are 

drawn to guide the eye (reference 11). 

Center-of-mass energy dependence of the mean negative pion 
multiplicity <n -> for central collisions of 40Ar + KCl 

~ 

corresponding to a constant an = 180 mb. The dashed line is 

shown to guide the eye (reference 11). 

Distribution of n for central 40Ar + KCl collisions at 
~ 

1.8 GeV/nucleon (reference 11). The curve shows a Poisson 

distribution of mean 5.81. 

Figure 9. Intensity interferometry correlation functions for 40Ar + KCl at 
1.8 GeV/nucleon yielding 2~- near 45°. Data from reference 13, 

including corrections for the Coulomb repulsion of the pions. The 

curves represent a fit to the data. 

Figure 10. Same as Figure 9 except for 2~+. 

Figure 11. Proton energy spectrum of central 40Ar + KCl collisions at 1.8 

GeV/nucleon fitted with a thermal model prediction for T = 118 MeV 

(reference 15). 

Figure 12. (a) ~- energy spectrum of central 40Ar + KCl collisions at 

1.8 GeV/nuc1eon fitted with a thermal model prediction for T = 
~ 

69 MeV, (b) Predictions of the intranuclear cascade model of Cugnon 
et al. for the ~- energy spectrum. The curve represents a fit 

to the calculated spectrum using T = 73 MeV (reference 15). 
11' 
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Figure 13. (a) Dependence of pion and proton temperatures T and T on 
~ p 

A temperature for rnA = 1232 MeV, (b) Dependence of T~ and 

tp on MA for TA = 135 MeV. 

Figure 14. Results of a cascade calculation for near-central collisions (b ~ 
2.4 fm) of 40Ar + KCl at a laboratory bombarding energy of 977 

MeV/nucleon. The time dependence of the reactions is shown for (a) 
the baryon density, relative to the ground-state value, (b) the 
integrated number of baryon-baryon collisions, and (c) the 

instantaneous number of pions and A resonances. 

Figure 15. Center-of-mass energy dependence of the mean negative pion 
multiplicity <n -> f~r central collisions of 40Ar + KC1 

~ 

corresponding to a constant oR = 180 mb (b ~ 2.4 fm), taken 
from reference 11 .. The dashed line shows a fireball prediction10 

and the full line the prediction of the INC. 16 ,18) 

Figure 16. The mean pion multiplicity as a function of bombarding energy for 
near central collisions of 40Ar + KC1. The triangles show the 

data. Open circles show the results of intranuclear cascade 
calculations. Horizontal arrows show the values of Ec ' the 

compressional energy per nucleon determined from each experimental 
point (reference 18). 

Figure 17. Values of E as a function of mean baryon density calculated in c . 
the intranuclear cascade model. The dashed lines show equations of 
state with incompressibility constants K of 250 MeV and 200 MeV, 
respectively (reference 16). 



16. 

Figure 18. The energy per baryon at zero temperature as a function of density 

(reference 24). The shaded region is the empirical result of 
Figure 17. with some theoretical corrections. The curve FP is from 
a modern variational calculation;25) the curve B is typical of 

non-linear mean field models and is taken from reference 26 with 
CD 'It 

K = 240 MeV and m 1m = 0.65. Curves 3 and 4 correspond to 
equations of state used in shock calculations for c.m. energies 
between 0.1 and 0.4 GeV/nucleon. 

---- --------.~~-.-
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