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EERIPHERAL REACTIONS

Doug Greiner

‘We generally thiink of peripheral collisions as being collisions involving a smali
amount of overlap of nuclear matter, but since there's no real way of digitizing
what the overlap is, we depend upon the idee of peripheral being as peripheral
- does. For this we have a lot of clues, a ciue being “scmething that guides
through an intricate procedure or maze of difficulties.”

Here are the clues we have:

“We expect to see Projectile Fragmentation fragments  at
velocities cicse to the beam velocity.

Target Fragmentation perhaps with no beam

We expect to see
fragmentation.

We expect an A3 or Less Target Dependence

Small P, and Py Transfer and, at the lower

“Deeply Inelastic” Scattering ,characterized by
a bell-shaped curve, large negative Q-values,
etc.

energies, what is called

Most measurements t< date have been inclusive:
P + T- F+ Anything Else,

and therein, perhaps, lies a lot of our difficulty. "Anything Else" implies a whole
string of possibilities, including that of large energy and momentum transfer.

Now, how much of the cross section we see looks peripheral? To gt an idea of
the magnitude of the area that we're looking at:

For 160 at 2.1 GeV/A, the cross section behaves as a peripheral cross section
approximately 30% of the time for Pb and 80% of the time for H. It's interesting

that hydrogen only gets up to 80%.
As a demonstration of that fact, here is an example of some data taken by Peter

Lindstrom.



The upper line is cross section for oxygen breaking up into anything that is not
oxygen and the second line going up is the amount of the oxygen that ends up
as bound particles moving in the forward direction, i.e., fragments of mass 2
2. The third line is the ratio of the bound~particle cross section to the total
fragmentation cross section and its value is .8 for hydrogen and .3 for lead.

The cross section for total fragmentation rises and is going up approximately as
A%/3, so it's rising as the whole area of the target, while this fragmentatiorn
cross section is only rising as A4, The ratio is going from about 80% for
hydrogen down to about 30% for lead. The total reaction cross section is only
slightly higher than the total fragmentation cross section, so essentially 80% of
the cross section behaves as A4 for a hydrogen target.
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This is a compilation of the experiments that have been done, the data that's
available and some appioved experiments that are yet to be done. The
references are a partial list of the data that's available and these include
measurements done at both the Bevatron and the 88", All of these 1's are by the
Chamberlain group which averlap with carbon data from the Heckman/Greiner
group, represented by the 2's. The 5 is data taken by the Poskanzer/Gutbrod
group. You'll notice that there are few measurements of the heavier beams at

any energy.
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One of the first general concepts which we found that can be applxed to these
reactions is limiting fragmentation, and the variable of interest is the rapidity

variable,
¥ = tanh™'Py/E

and for P,= 0 y = tanh~1g8

Some typical values are ENERGY Y
2.1 2
1.05 1.4

and a typical fragmeat distribution is ~.1 to .2 units wide if you're looking at,
say, the projectile fragments.

The prediction is that the invariant cross section
Ed%¢/P2dpdl

is independent of E in the limiting region, and what determines the limiting
region is not predicted, but the idea is that there's a loss of communication
between the target and the projectile-like fragments when they're separated by
several of units of rapidity. This has been tested at 1 and 2 GeV/A for He, C and
O projectiles and it's been found to be valid with some restrictions on the
transverse momentum, mainly that the transverse momentum be below .4
GeV/c. Anderson has shown that by 400 MeV/A helium fragmentation is not
limiting. If you integrate these cross sections over the momentum distribution
and look at their energy dependence they are constant down to 80, even to 20
MeV/A, but definitely change by 9 MeV/A. Although there is no real prediction,
if you assume the correlation length is something like the width of the
momentum distribution, then you would expect the hypothesis to break down
when the target fragn:ents begin to overlap the projectile fragments, which is
certainly true at 80 MeV/A.
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This is the distribution of fragments from alpha fragmentation at 2.88 GeV/c/A
showing the structure of the spectrum in rapidity space. You can see there's a
small width peak near the rapidity of the beam and a ]arge valley which is much
more pronounced for the heavier particles. For the 3H and 3He one can see the
beginning of the corresponding peaks for the target fragments. These spectra
are typical fragmentation momentum distributions.
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Looking at the ratio of this fragmentation partial cross section at 80 MeV/A
which has been integrated over momentum to an integrated cross section at
2.1 GeV/A, we see thal the element cross sections are very much the same and
even the ratio of the isotope cross sections remain constant. This is contrary to
some of the emulsion data I've seen which says there should be some energy
variation before this point. Whether it's fortuitous or not will be seen by iooking
at other energies. If you'll recall from the other graph there is an experiment
which is getting ready to take data at 250 MeV/A.
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This data from the 88 compares both element and isotope yields for 20 MeV/A
and for 9 MeV/A. For the 20 MeV/A data compared to 2.1 GeV/A, although the
isotope points seem to be deviating, the element ratio remains constant. But as
soon as you go down to about 9 MeV /A everything changes.
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Another property that can be expecied is factorization. If the correlation
length is small compared to the separation in rapidity space you'd expect the
cross section to factor to a term that depends essentially on the geometry of
the beam and the target and a term that depends on the beam and the

fragment
Edo‘PT/Pzdde = YpT¥PT

again believing that there's no communication between this area and the
rapidity space in this area except for geometrical effects. Quite early the cross
section was found to factor in this way for carbon and oxygen fragments at 1-2
GeV/A and for oxygen at .02 GeV/A,

i .
It fails in three cases. For heavy targets there are the Coulomb effects.
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When you look at single nucleon removal from the beam as you go up in targei
ther~'s a z% target dependence in the cross sections and it's been hypothesized
that this is due to the rirst observation of a collective effect, namgciv a Coulomb
dissociation, and it needs to be verified by seeing both fragments in the same
reaction. . ‘

o(TARGET) @
_ RATIO o (CHyp) a .
2=1%0 6o pEA
Py 2.16ewN B
- i2
i g | "%c BEAM .
o | ]
2 [ i
[
< | i
H BeC Al CuAg Pb
oul] 1 N I I
| 0 100
MASS TARGET (AMU)
XBLT783-525

Fig. 6



10

Another place where this is violated is for light fragments from heavy beams
and this is some data in the target rest system taken by Hank Crawford, and
between an argon beam and a carbon beam he's looking at the fragments from
the same target, gold. The ratis is steadily changing as you go to lower mass
fragments. You could stiil say that factorization may hold at O degrees and as
we go to higher transverse momentum we're getting more central collisions and
deviating from Al/4 |
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Another case is between 20 MeV/A and 9 MeV/A. If the cross section factors we
would expect these two lines to have the same slope. This is a target mass
difference of 94 to 208. Again, somewhere between 22 MeV/A and 9 MeV/A there
is a change, so it would be interesting to see the energies in between.
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There are many models with which to look at these fragmentation cross
sections, which I won't go into now. In general they give poor fits and since
fitting these cross sections is a hard protiem, I think this is a good time to find
a way to quantify the fits of the models. For example, Lukyanov has & model
where he assumes an excitation parameter giving the temperature, T, another
parameter for the deviation of momenturn distribution from parabolic shape,
and a normalization parameter. So that's three parameters for each charge,
with 3-4 isotopes/charge, and you can do a fit to the isotopes of a siven
charge. If we define

goodness—of—fil = Z(theory—exp.)?/g

NDF

where NDF is the number of degrees of freedom, we get
1.8() S X°/NDF = 296y,

which is a very good fit for Li ranging out to a very poor one for He, with an
average x° of 75. It's an excellent model for looking at systematics between
isotopes and for getling an idea of what the tempera-ure is. But the
temperature does vary —— for the charge 8 particles it's about 4 MeV; for the
charge 1, it's abor't 13, I think the conclusion is that the x2 test is too hard on
the models. So we should invent a Better Statistic, and I propose

BS = £ maxof( [exp/model| , jmodel/exp| )—1/NDF

which has the advantuges that it is independent of experimental errors, and
therefore the model will not be hurt by good experiments, and it measures the
ratio of theory to experiment. And when people talk about models they talk
about the model being good within a factor of 2 or a factor of 10. We can
quantify it by the Better Statistic. So a perfect theory would have

BS=0
and a factor of 2 theory, BS=1.
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So here is a shori look at some of the models.

i

This Silberberg and Tsao model is strictly an empirical model and we're
estimating that they put in 15 parameters, so they have a BS value of 2.5.
Lukyanov doesn't fare too well. He has too many free parameters. With the
abrasion~ablation model Hiifner has zero free parameters and he's doing better
than anyone else.lt's interesting to note that if you just say that if a fragment
comes out it just depends on how tightly bound that fragment is, which is
essentially just an exponential fil to the fragmenlation part of the cross
section. ’
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1. For heavy fragmer:ts out to about 400 MeV/c they are generally Gaussian.
2. They're centere'd slightly below beam momentum.

3. They have tails when you go down =out a decade or so in flux, and they've
been interpreted as the temperature.

The first two properties can be derived rather simply by assuming an excitation
and conservation of momentum, and they also follow from the impulse
appreximation. However, there is no valid prediction of the momentum
distribution widths by any model. There is the parabola shape with which you're
all familiar which exhibits the general trend but there are major deviations

from that.

Most models predict isotropy and it's certainly not true for the lighter
fragments and for heavier fragments it's only been verified to about the 10%
level and that's only where the cross section is still rocughly 1 or 2 decades below
the peak. The ‘He fragment distributions are definitely not isotropic.
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This is a contour plot of rapidity vs transverse momentum for protons coming
from a helium reaction with carbon and you can see it's almost isotropic, but
you still have tails coming off toward the target region of rapidity. The scale is
normalized so that isotropy is indicated by a circular contour at low p, and Py
Atlarge p, and py we see the anisotropy of the distributions.
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This is data of target fragments from protons on carbon from the
Poskanzer/Gutbrod group. The dashed curves show the transformation Lo the
lab energy frame of the Gaussian momentum distributions seen at 2.1 GeV/A.
The tails of the distributions clearly deviate, indicating a different process is

responsible for the higher momentum fragments.
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Fi Directi
At the Bevalac we have:
‘ high A and high 8
To justify this expensive endeavor we must find:
Fundamental physics results which are uniguely available from high A and 8.

Otherwise, »=y
down the tube.

Our main difficulty is:

high multiplicity of final states

Possible Areas:

1. Nuclear force in the presence of nuclear matter not in equilibrium (is it like
N-N?)
2. Effects of known forces on a strongly interacting system.
i.e., electromagnetic can give a known excitation
spectrum.
. Condensation of excited nuclear matter.
. Nuclear equation of state.
. Energy transfer between blobs of nuclear matter.
i.e., is it different from free nucleons? Are there
collective effects?
6. Formalion of heavy fragments
i.e., fast or slow, une or two step
7. Knock on spectrum of nucleons and nuclei by passing nuclear matter.
8. Exotic states (what is their signature?) '

[SLI V]

How do we look in these areas?
The best way is to define the whole systems (47 exclusive).

This is impossible!
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Can we isolate fundamental physics by defining part of the system? How small a
part is sufficient?
Sinzl ticle inclusi

Results are not conclusive,
models come close with only conservation of P and E,
there is too much integration and interaction.

Consid ltiparticle inclusi

Case b~0: maximum interaction of system, impossible to define
whole final state,

What is the consequence of the lack of definition?
Will we again see phase space?
Case b=0: SPI reactions have shown that we have factorization of

,the strong force and limiting fragmentation.
i.e., independent of the target.

Basic philosophy is: PROJECTILE FRAGMENTATION EXCLUSIVE MEASUREMENTS
ALLOW US TO APPLY THE STRONG FORCE IN A CONTROLLED MANNER AND DEFINE
THE FINAL STATE SYSTEM.

The final state can be defined because it occupies the forward angles in the
laboratory.

I believe this approach allows theoretical tools to be considered.
Perhaps OPEP, sudden approximation, QED.

This approach should yield information in areas 1-3, 5-7.

4 may enter if the mode's are applied to the forward and backward directions
and if they differ.

8 — Who knows? Experiments of this type are:
230,231,350 H/G exclusive measurement with
emphasis on projectile fragments
178 Kirk — 2 body clusters
352 Hendrie/Scott, 2 partic'e bprojectile
fragment correlation.
and HISS
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Andres Sandoval

In this talk I want to present the experimental status on central collisions; to
extract as model-independantly as possible the main trends and conclusions
from the data, to present a broad overview, not only the highlights, and to

understand aspects of it,

Central collisions are defined as non peripheral collisions, i.e., collisions
involving a large projectile and target density overlap. The problems with

central collisions are the following:

—There is not one single reaction mechanism, since there are participants and
spectators of the primary interaction.

—~It often can be very difficult to disentangle both contributions; for example,
here one can see the overlap of the two contributions when the cross section
from argon on lead is plotied against the rapidity.

SPecTmoR

TROT&TILE

0 Y proj y

—There is a continuum of impact parameters from reaily central to

serniperipheral.

~The non-zero impact parameters will have an inherent asymmetry over which
in general the experiment will average.

—It might be that for a fixed impact parameter abnormal effects such as high
density, pion condensation, etc. have only a small partial amplitude. In order

to occur they may require, for example, the instantaneous alignment of the
Fermi motion of projectile and target nucleons.

In general, central collision data will be averaged over
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internal Fermi motion

impact parameter

azimuthal asymmetry for non-zero impact parameter
participant and spectator contributions.

In spite of the problems, there has been a lot of experimental work on central
collisions, which I have listed below. I have attempted to include all of the work
and hope I haven't left any out.



Experiment Proj EQleV/A) Target Fragment
Nagamiya C 800 C 1T 50-1000 MeV
Pb P 5u-2000 MeV
d single particle
Ne 800 NaF t inclusive
Cu 3He associated multiplicity
Pb o 2 particle inclusive
Nakai Ne 800 NaF 1 20-100 MeV
Cu single particle inclusive
Pb associated multiplicity o
N
Cork Ar 400 u ™ cross section for multi-pion
9c0 u events
Poskanzer/ He 400 U p  20-130 MeV/A,
Gutbrod Ne 250 U d  20-140 MeV/A, single particle
400 U t  20-140 MeV/A, associated multiplicity
2100 u* 3He 20-140 MeV/A,
2100 A o 20-140 MeV/A

*Li-0 10-60 MeV/A



Experiment Proj E(MeV/A) Target| Fragment
Poskanzer/ Ar 400 ca |;7"  20-100 Mev
G brod . i
U . P 5-200 MeV
1050 Ca |id  10-250 Mev
U Yt 10-300 Mev
Ne 250 v single particlé inclusive
400 Al
U with associated multiplicity
1050 u
He 400 u
Al
1050 u
p 1040 U
Igo/ c 2100 Be (r) from projectile rapidity
Perez Mendez Cu p down to intermediate rapidity
Ar 1800 Be |}d single particle inclusive
cu 't associated miltiplicity

2 particle inclusive

144



Experiment Proj| EMeV/A) Target | Fragment
7 Anderson P 400 H (m) 0.25 < P/Z < 9 GeV/c
d 1050 C p 0° <6 < 12°
o 2100 Cu 3 projectile fragmentation
single particle inclusive
c Pb e
‘o
8 Schroeder P 2100 C i 180° production
a 1050 Qu {p single particle inclusi-z
Pb d
Lxv]
[
9 Price C 2100 Au 1i +Na 10-50 MeV/A
Ne u
Ar single particle inclusive
10 Poe C 400 LiH charged particle exclusive
Ar 1050 NaF 4r  detector
2100 Bal, m mlviplicities
Pb,0

374




E(MeV/A)

Experiment Froj Target Fragment
11| Heckman/ He 2100 emulsion black, gray, fast particles
Greiner 0 2100 4v  detectors
Ar 1800 correlations analysis
12} Jacquot 0 2100 emulsion black, gray, fast particles
Strasbourg 4n  exclusive
correlations analysis
13 Schopper He 870 AgCl 4n  detector
2100 Angular distributions of
4000
C 250 prongs in star events
1700
4200
o] 870

2100

¥z



Biological and Medical Research with
Accelerated Heavy lons at the Bevalac, 1977-1980

M. C. Pirruccello and C. A. Tobias, Editors
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Seaborg c 2100 Au radiochemical determination
Loveland Pb of residual nuclei
u
19 Meyer/ 2100 u heavy particles and
Gutbrod 1050 An fission products
Ne 400 Ag angular correlations

and associated multiplicity

92
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1 will now go through these experiments looking at the following experimental
observables:

1. Single particle inclusive spectra
a)m
b) p
c) light fragments (d - a)
d) not—so-light fragments (Li > )
e) residual nuclei
f) fission channel (for intermediate and heavy

targets.)
2. Integrated cross sections -
3. Charged particle multiplicities
a) pion muitiplicity
b) unbiased multiplicity
c) associated multiplicity

4. Multiplicity bias on single particle spectra (by selecting on muitiplicities)

5. Correlations
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This is Nakal and Chiba's work where we see some peaking at backward angles
at about 40 to 60 MeV. The solid lines are the data of Cociiran for p—nucleus
pion production, which has been scaled according to the z and neutron number
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This is the same data for a heavy target, in this case lead, showing the same
features., with the spectra peaking at backward angles, again compared with
the scaled up proton—nucleus data.
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Here they have transformed their data for the equal projectile and target -
masses to a center of mass system that is well defined for the equal projectile
and target masses and have plotted the angular distributions in the center of
mass frame for the different energies. In the center of mass, the angular
distributions are symmetric around 90 degrees, so we will have at the high pion
energies a forward and backward peaking, while at the lower energies the
angular distributions become isotropic or even somewhat peaked at 90 degrees.
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Higher energy pions have been measured by Nagamiya and here is an example
of the same reaction, Ne on NaF, producing 7~ from 180 MeV to 1 GeV. The
spectra are smooth, exponentially decaying.
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Here is the same data in a contour plot in rapidity vs P, of the pions with
contour lines of constant invariant cross section. They are compared here to an
isotropic distribution in the center of mass. For the higher energy pions the
lines of constant cross section are very similar in shape to the isotropic
distribution in the center of mass, but there is no prediction as to what the
slope should be. We see also that the n* and n~ yields are the same for equal
mass of projectile and target. For the intermediate energies, which also overlap
with Nakai's data, they are much broader, having a forward and backward

peaking.
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Plotting the spectra as a function of transverse kinetic energy at half the target
and projectile rapidity, we obtain a nice exponential with a characteristic
temperature of 55 MeV for equal projectile and target and up to 59 MeV for Ne |
on Pb.
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There are also some data from Lee Schroeder of pion production from protons
on lead at 180 degrees. An exponentially decaying spectrum with a slope of
about 44 MeV.
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Compared here are the n~ production for C + C and Ne + Pb. The main features
are the same, suggesting a common origin, e.g., statistical, independent
nucleon—nucleon interactions. There are some slight deviations, namely the
asymmetry for Ne + Pb. At the present it isn't clear if this is due to some pions
from thermal origin, or to absorption and degradation of the pions in the target

spectators.
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Summary of n Data:

a) For C on C and C on Pb the double differential cross sections can be
superimposed. (1)

b) For high p, the 7 production is isotropic in the center of mass. ( Ne + NaF)

c) At lower energies, corrssponding to the decay energy of the A they are
forward and backward peaked. Reasonable agreement to p+A data. (1,2)

d) For E_,, < 50 MeV they are again isotropic in the center of mass. (2)
e) The non temperature ~ 50 MeV.

f) For equal projectile and target n* and 7~ have the same yield. (2)
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Proton Production

This is proton data from the same reaction, Ne on NaF from Nagamiya's data,
looking at protons from 15 to 130 degrees in momentum vs invariant cross
section. You see here that the data extends .nuch farther than the beam
momenta.
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This is the same data transformed into a P, vs rapidity distribution compared to
an isotropic distribution. As expectea, it is symmetric about (y,+y,)/2 but the
shape of the lines of constant invariant cross section don't agree with a single
isotropic source in the czr.t2r of mass. For very low p, we actually expect them
to peak at the target and projectile rapidities.

N e S N I s e o e s N I e B D N B B O
800 HeV/K doeNeF —-g + X 1SOTROPIC DISTRIBUTION _

vl 75 v .LE

0 | 2 -l 0 +l
y y



39

As we change the mass of the target we get scrme distortions around the
symmetry axis. As the mass of the larget incieases we lose the symmetry
around the intermediate rapidily, as we see here for a lead target. We have a
systematic tread in that the maximum of the invariant cross section at a given
value of p, occurs at increasing values of the rapidity for increasing p,.
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1

Plotting the spectra along the line of maximum p, for a given level of cross
section vs. the transverse energy, they get again nice straight lines with a
temperature of the order of 70 MeV.
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Here we have proton data for different bombarding energies of Ne and a's on U
treated with the fireball model which gives temperatures of from 28 to 47 MeV.
At 2.1 GeV/A we were unable to fit the data with the simple fireball model;
however, although the absolute normalization of the data is somewhat
uncertain, some firestreak model calculations of Jean Gosset, Joe Kapusta and
Gary Westfall seem to reproduce the shape fairly well.
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Here are the contour plots in the p, vs rapidity plane for protons and heavier
fragments from Ne+U at 400 MeV/A. We see tLat there is not a unique source.
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The proton spectra, as well as the light fragments, show a characteristic
saturation effect with the bombarding energy, as shown on this plot of 3He
production, namely that the forward production is saturated for different
bombardment energies from 250 to 2100 MeV/A, while the higher energies
contribute to higher transverse momentum production.
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Summary of p data:
a) non-~isotropic in any frame ( there isn't a single source) ( 1, 4, 5)

b) As the bombarding energy increases the yields at forward angles saturate
and more p, is produced. (4)

c) At 250 MeV/A and 400 MeV/A bombarding energy they are fit by the fireball
model, 7= 28 MeV- 47 MeV. (4)

d) At B00 MeV/A their temperature, T~ 75 MeV, is higher than the pion
temperature. (5)
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These light particle production cross sections from Ne on U at 250 MeV/A show
the same characteristic features for all fragments — smooth energy spectra,
decaying exponentially, and sharply peaked angular distributions.
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These 2He production data in a P, vs rapidity plot are compared at different Ne
bombarding energies. You see the beam rapidity moving out and at the same
time there is a component of this cross section moving out with with the beam .
Again we see that there isn't a unique source.
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All these data have been fit with the coalescence model, which takes the proton
double differential cross section and scales it to a power corresponding to the
fragment mass. It's a remarkably good fit, although there is not much insight
into why this is happening.
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This can be extended to the heavier fragments also, in this case Li and Be. Again
a coalescence fit with a parameter pg of around 130 MeV/c. The striking thing is
that this model seems to apply also to Anderson's data for the projectile
fragmentation, so there might be more physics than the model seems to imply.
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Jim Carrol's data for d production from Ar+Cu at 1.8 GeV/A. Although the main
data is near the projectile rapidity there are some tails that extend down to
intermediate rapidities. The solid lines are firestreak model fits to the data.
This mode! divides the projectile and target densities into strips and lets them
interact, assuming that for each pair that interact a thermalized system is
created. Chemical equilibrium is assumed among the different species. Each
firestreak expands to a freezeout density, py, at which the double differential
spectra of all the species are calculated.
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Again a firestreak fit to‘the triton data for the same reaction.
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Summary of light particle production:

Astonishing functional dependence on the proton double differential cross
sections. (4,6,9)

d%0/P3dpdQ = 1/A! (k* W% ,/PPdpd)*



Severai groups have integrated the double differential cross sections to extract
- the dependence of the fragment production on the projectile, target or
bombarding energy. Here we have, for example, the 7~ production from 800
MeV/A Ne on different targets as a function of the lab angle.
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Here we see the same for the proton production and we have the problem that
although the yield gives a straight line as a function of the target mass, its
slope changes with angle. This is due to the fact thai we are dealing with
exponentially decaying spectra which weire integrated in an arbitrary energy or
momentuin bite in the laboratory, so the kinematics has a very strong
influence. Also, the participant and spectator contributions change in the
different regions and we can't disentangle them.

BLRELE RALLY rT:

- PROTON PRODUCTION
- BY 800 MeV/N Ne

10000

T TTITT

1000

T Ty

109

Relative yield
TUET ‘"'

T

11 Tlﬂ'l‘
.\?.
‘\

NoF Cu Pb 7

NSRRI i1t

500

S
n
S
=]
S



54

Summary of Integrated Cross Sections:

It is of no use to compare different projectile, energy, or target combinations.
(1, 3,4, 11, 13)

They are integrated between some arbitrary values and for exponentially
decaying spectra the result is strongly dependent on the kinematics.



This is data from the streamer chamber showing the total multiplicily
dependence on the pulse height from the trigger scintillator, a measure of the
amount of forward emitted particles from the interaction. Triggering
scintillators were placed in front of and behind the target to discriminate
against beam particles going through without interacting. We see a very strong
dependence, with the very low pulse heights having the highest multiplicities,
and corresponding Lo the more central collisions. This shows one of the
problems in defining wherc the central collisions are.
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.Here we are looking at the dependence of the total charge mult.iplicity to the m
multiplicity and the pion multiplicity is essentially a straight hpe at about 10%
of the total multiplicity. This is from the reaction on lead oxide of Ar at 1.8
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From the same reaction this is the total multiplicity distribution on a linear
scale going from 0 up to 100 charged particles. This is an exponential
distribution with the cut—off at lower multiplicities caused by the apparatus.
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These are multiplicity distributions from emulsions from the Heckman/Greiner
group, for which they had defined central collisions to be those interactions for
which there are no beam-like particles in a 5 degree cone. This distribution is
much different from that of the streamer chamber, these being more
symmetric and Gaussian-like.
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We can compare those "unbiased" distributions with some that have been
obtained triggered by particles at a finite angle, in this case, a fragment at 90
degrees. Again we see a sharply peaked distribution, not at all like the one from
the streamer chamber. One has to understand what kind of bias this is.
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Here we have plotted the mean multiplicities against a parameter,(M), which is
essentially the average number of participants in a geometrical model. At 400
MeV/A the line has a 45 degree slope which means the mean multiplicity is equal
to the amount of participants in the nucleus. At 1.05 GeV/A it is much higher
than what the geometrical model would predict. '
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Summary of Multiplicity Data:

a) Difficulty in defining a central collision (5, 10, 11)
b) Operational definition:
Central collisions are those in which there are
no projectile remnants. (11)

c) The multiplicity shows a small dependence on the oLserved fragment. (4)

d) At 400 McV/A the mean multiplicity <M> is equal to the mean number oi
participants in a geometrical model (clean cuts). (4, 5)

e) At 1.05 GeV/A <M> is lwice as big.



Multinkicity Bi
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Here we have for Ne on U at 3 energies the ratio of the cross section for high
associated muitiplicities to that for low multiplicities as a function of the
laboratory angle of the telescope. You can see that there is a general trend of
an increase in events with high multiplicities at backward angles.
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A more dramatic bias on the multiplicity has been obtained in a measurement
of the fission fragments we obtained from 400 MeV/A Ne on U and Au, shown
here in a AE vs E plot. Shown are points corresponding to fission fragments and
to fragments of mass from Ne up to Mg and higher.

Fig. 30
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The multiplicity distributions for these two components show a radical
difference, that for the light fragments peaking at a multiplicity of around 12

and 14, while the fissioning channel has a very low multlphclty peaked at 0 for
both targets
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Summary of the effects of biasing on different multipiicities:
a) Increased large angle emission for high multiplicity events (1, 4, 5)

b) The fission channel has a much lower rultiplicity, corresponding to larger
impact parameters. (19)
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Correlatiops

¥We have been talking mainly about data that is being fit by thermal theories so
it wouid be interesting to see the amount of thermalization taking place in
these reactions,

These are data taken by Nagamiya., measuring a two particle correlation,
‘namely the ratio of events for particles 180 degrees apart in plane to those 90
degrees apart out of plane for proton production from carbon on carbon and
from carbon on lead. We see that for the C on C there is a strong correlation in
which the peak corresponds exactly to the proton-proton elastic scattering.
This isn't really surprising for the C on C interaction. For C on Pb there is not
such 1n indication. Still this doesn't imply that those are equuibrated.
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A different type of correlation analysis was done by Jacquot for 15 emulsion
stars with prong numbers varying between 7 and 30. A higk multiplicity event,
projected on Lhe transverse plane is shown here.
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He did a coplanarity aunalysis described below.

Jacquot
-ty
‘m Coplanarity analysis
Let T and T_ be the unit vectors along the
direction of two tracks in an emulsion experiment.
Define N N
. =k A
— Bl,m,n__ k ¢« (Tm A Tn)
TU\ with k the beam direction.
Fig. 34
Two particles are coplanar if
IBI m,n l<a Bl,m,n
Construct B "2
1,m,n
5
A= L e A1
m#n
To evaluate the probability of casual aligment distort each track by a A
random between - B" ax < Ap < Bmax

Such that therc is not more than 250 MeV/c transverse momentum violation.

Construct Ap,. ... with this distorted sample.
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His results are shown heve as a frequency histogram of the ratio of the
coplanarityy coefficients for real to distorted events. They conclude that the
deviations from the statistically expected distributions are significant but don't

give any interpretation as to its meaning. They note, though, that for half of
the coplanar tracks both lie on the same side of the beam axis.
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Another correlation analysis was made by Chernov, again on emulsion stars.
Measuring the emission angles, he constructed the standard correlation
functions, C5, R, and found very prominent structures. But he could
reproduce them exactly with a Monte Carlo calculation, and concludes that
there are no correlations besides phase space.
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Summary of correlations:
a) Evidence for non thermalization on C + C. (t)

b) Contradictory results, probably due to the difficulty of defining what phase
space and conservation laws would give as correlations. (11, 12, 15)
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1 will finish by summarizing some of the needs there are for data.

1. Data for trivial effects like p+A - n
P

at the relevant bombarding energies.

2. To get a handle on the degree of equilibration
a) in the fireball volume
b) in the firestreak volume,

3. Theory that can analyze one single exclusive event:
raultiplicity
baryon/meson
nucleons/composites
total p,
4, Determine experimentally the mean free path for momentum degradation,
which possibly can be extracted from Anderson's data
a- H
C
Cu
Pb

5. For correlation studies be able to provide the quantities for uncorrelated
events to compare to.

6. For comparison with theory the absolute cross sections are very important.

Requirements for the ideal central collision experiment to search for high
density effects:

a) Equal projectile and target mass

b) No projectile-like fragments

¢) Measurement of all momenta of produced particles exclusively.

d) A couple of good theoreticians.
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*
COMPARISON OF MODELS OF HIGH ENERGY NUCLEAR COLLISIONS
Miklos Gyulassy

1. Hopes and expectations

I1. Choice of theoretical framework
I11I. ‘Thezoo of models (p inclusive)
Iv. Llight composites

V. Models vs. experiment
tthat have we learned?
What experiments are needed?

VI. Pion production

*(See LBL-6594 preprint,



1. Expectations, hopes, and goals of high energy heavy ion collisions.
’ HE— o) " x (,:_
A. lor B - 100 MeV/A, vV \’sound’ VF i

= cxpect density pileups (shock waves)

o~ @-8 o, , py=017 fn3

Also expect high internal excitation

*
energies E ~ 50 - 100 MeV/A

%
“ Extreme conditions [p > Pgr E > El-']

far outside rcalm of conventional

*
nuclear physics [p < ey, E << EF]

B. Hope is that novel collective phenomena will be observed:

*

llensity isomers

(Lee, Wick; Greiner ct al.)
X

Pion condensat ion 5/
*(Migdal; Sawyer; Baym,--«-)
Dynamic pionic instabilities
(Gyulassy, Greiner, Ruck)

*
Quark soup!
(Chapline, Kerman)

B'. Hope to learn about baryon spectrum
(Glendenning,
Karant)

C. Major goal of high energy
heavy ion collision to
learn about nuclear
matter equation of state: 4

E/A = W(e,T)
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The determination of the nuclear incompressibility,

_aldW
K = 9p :—pz- (0,50},

would alone be a great achievement.

II. Which theoretical framework?

A.

The ultimate theory should include

1. particle (m) production Relativistic Quantum
2. quantum effects Field Theory:

3. nucleon interactions with explicit

4. many body correlations meson degrees

5. finite geometry of freedom

For E ¢ 500 MeV/A, (1) can be neglected

RQFT + Quantum Many Body Theory with effective NN potentials
Kauffmann is attempting to solve this)

Can we neglect quantum effects?

1. Interference: z:“h- ~ 1-2fm = ) = -01—'* 2fm
V2niE P

Need a random phase assumption:
many collisions = loss of phase information

2. off-shei1: aE~Y

= & ~25% = can ~ neglect off-shell

~50 - 100 MeV

For 100 £ E < 500 McV/A, a classical framewnrk has partial
validity. taaand
Classical Dynamics:
Equations of Motion with effective NN forces (Bodmer, Wilets)
Mumerical complexity necessitates even further simplifications!
(We are getting further and further away from Paradise)
Heavy Ion time scales for 100 ~ 500 MeV/A:

h
1. -rint=force range/c~m"—cz ~1 -2 fm/c
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2. ol = MV ~ 3 -4 {m/c
3.t = WV L 10 - 20 /e

Tint < Trel < Tcol

1. If Tint<<Trel = isolated Z body collisions (dilute gas limit)
. . . Boltzmann equation
kq. of Motion Int..nuclear cascade

= fany collisions ~ thermalization

2. If 1 <7

rel ol
. : N Hydrodynamics
tq. of Motion W{p,T) is then input

3. If e Trer Teo1 = eyuilibrated dilute gas
. < N Hydrodynamics with
Lq. of Motion Ideal gas W(p,T) = 3/2T

%
Note th.t nonc of thesc approximations can be rigorously justified for high
enerpy heavy ion collisions hut each is at least partially justified.

llowever, Tippy < Tpe] < 1cg) implies that cach is at least partially 3ustilicd.
The errors inherent in cach approximation cannot be determined a priori.
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MODELS OF HIGH ENERGY HEAVY ION COLLISIONS:
I. Macroscopic: Assume local thermal equilibrium
A. Ideal Gas W(p,T) - no compression effects

1. "Fireball" - no T, V gradients (Westfall, et al; LBL)
2. '"Firestreak" - with T, V gradients (Myers; LBL)

B. Realistic W(p,T) - finite K ~ 300 MeV
3a. "1-fluid hydro" (Nix, Amsden, Harlow; LASL)
I1. Semi-Microscopic: finite mean-free path .
A. Continwm, partial equilibrium
3b. ""2-fluids hydrodynamics' (Nix, et al., Goldhaber; LASL)
B. One dimensional cascade
4. '"Row on Row" (Hiifner, Knoll; MPIM)
C. Knock-out (Koonin) (Blankenbeckler)
1II. Microscopic: Input NN cross sections
A. Ideal classicai cascade
5. '"Hard spheres' (Halbert, et al.; OkNL)
B. Experimental cross section
6. "Cascade 1" - (Ginocchio; LASL)
7. "“Cascade 2" - (Smith, Danos; Duke)
8. ''Cascade 3" - (Fraenkel)
(IV. Quantal Many Body (Kauffmann))
Thermodynamic Models:
Assume: 1. £3,b) = —2 exp _(p-pcme))z)
mr )’ ZIEY



2. p Cm(b) and T(b) given by energy momentum conservation
*
(E =3/2T)
R +IL1_

3
3. t_;;% (% +Ap>p+X) =j e 2bdb N(b) f(p,b)
0

&) Flrebq” s (Wegtfalietal. LBL)

) Firestreak : Cm“ﬁ VS;L/.’)L) (Cait inclucle. Al oseness)

Tﬂ:,'i) % @\) P
v .,Q?Z/ZL_»

o Pem (b 4D

LN

Fig. 2

Neglects 1. Compression effects
2. Spreading of interaction region 1l to beam
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3. Hydrodvnamics (Nix, Amsden, Harlow)

Advantages: 1. 115 "co1 is a approximately satisfied

2. Deals directly with W(p,T)
3. Finize 3D geometry

*Nnglects viscosity, dissipative effects even though
Vo] 3 p/A = need Navisr Stokes
-Numerical reliability of computer code is difficult to assess.

a) 1-fluid model

/ 2 - 17 o l/' Q i Baryon momentum
33t |m) + _.V'-T.‘) = -Yp. | > comservation cnergy
e Ve L-0eVp /]

2
Pressure: p = p BW[D’T)/aplconst. entropy Sip,T)

b) 2-fluids model:

- treat projectile and target as separate fluids
- interacting via energy momentum exchange:

("_;}WI ) = [DPDT UNN ,vp"-i'r” [um(VP - VTJ]
=40mb o = (1/4 -1/2)
Simulates partial transparency

Note on 1 - fluid pictures

1) Central collisions refractive effects due to finite geometry destroys
Mach cone

.) Large perpendicular spreading of interaction region in contra. ¢ to
fireball and streak

3) Striations indicate possible numerical instabilities at large b
MNote on 2 - fluids medel

1) Transparency

2) Slower perpendicular spreading of intermal region


file:///-7-Vp

81

7 4iod medel (Nix et al\

.20Ne . 238U
E, /20 =250 MeV
om
Time
(10-2%)
0.0
5.1 -
12,5
25.3

Ol 05 0.9

Impact Parameter (R;+Rp)
Fig. 3



2-Fluids model (Nixetal ,'éold haber)
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20pe +238
Epom/20-250 MeV
Time Free-Nucleon-Nucleon Coupling
(10723 g)
00

5.

13.5

25.3

Ol

05
Impact Parameter (R;*Rp)

Fig. 4

03




3) Yet final distribution rather similar to one fluid

> insensitivity ol results to non-cquilibrium-dynamics

4, "Row on Row' (Hiifner and Knoll)
Linear cascade = semi-microscopic Firestreak

- Neglects 1. perpendicular spreading of cascade
- 2. compression

1.4007.77 WPi W

(@@@)——-4 0060600

Fig. 5

Computes first two moments of each nucleon's momentum distribution via
recursion relations.
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100
fong fodmal | v . b
’;‘,fb”‘,félnz';ﬁ Wil oS e 1
{or 3 0on ]

10.¢

B

Lt x gt

'

L L
PylPe
Fig. 6
""Quasi-Theorem':
s s e 1
If < L, then central limit th, = £(§) = 3 ©
stop ’ 5 (2ma%)

N s g
and energy, momentum conservation determine Pgs -

S. '"Hard Spheres' (Halbert et al.)
Monte Carlo classical cscade with

1. hard spheres r = ).45 fm= o0 = 25 mb

2. soft spheres: for b < 2r, random 4n scattering at

point of closest approach
. Both scattering mechanisms lead to ideal gas
Wip,T) = 3/2T for p < P ™ 1500

2
Yet different pressures P = p -g%’ 1"
S

(e.g. Pz%’_[p /DS dilute hard sphere)

for hard spheres
for soft spheres

2p

] a«a{
max 4p°

(=)
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Knowledge of W(r,T) is NOT sufficient to
determine the dynamics

}

This makes determination of W from heavy ion .llisions very difficult!

6. Cascade ! (Ginocchio)
Independent nucleon-nucleus cascade

A, + A'l' M.x'_; /\Px (n + AT)

[
ﬂée VEGAS code
3

- neglects collisions between |

cascading nucleons : - . .
- no density pileup I too few NN collisions
- optical potential absorb !

Result: do/ddF ~ % (experiment)

Sap ANy (e AP

7. Cascade 2 (Smith, Danos)

Full 3D intranuclear cascade with n production, binding, fermi
motion, surface, exclusion principle

- uses very novel numerical techniques
- very expensive
- not free from difficulties:

L. n+Ap data not reproduced

2, other cascade model (Z. Fraenkel) on Ne + U gives
different results.
However, great versatility of code allows study of effect of
specific microscopic details on final results.
Also, phenomenal success for Ne + U +p + X,
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IV. light Composites
Experiment :
for Elab < 50 MeV/nuc., up to 70% of nucleons emerge in light

Fragments: d, t, He, ...

1) Coalescence Model (Johansen, et al.)

A
dsagl\) a(dsa( ) (py -3
[+}

dp dp

where pO(d), ro(t), ... =100 - 140 MV/c

define coalescence radii in phase space
(relation verified experimentally)

2) Chemical Equilibrium (Mekjian)
assume existence of source with 8,T

A A
3 -E, /T ! ~(E./A)/T 3 \
do(d) o , tot! e t {9 o(ES \
P ' - \dp,

* Same relation as in (1)

Normalization follows from law of mass action

/ 3 A-1
A "T )
./V('P)Mn) [ freeze,

v R. = A(pg) 1 (1 3
freeze’ R Mpg) = = Pg = ’
: °‘2bs"f °ﬁbs

= mean free path
for absorbtion = size of system
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Fireball —— - -
Firestreak =
Deta (Poslcanzer, Gtlieet, Steck,etal) oo @
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Fig. 9 ¢
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Thus, freeze-out density differs for all fragments!

3 4

F ‘ d t He .
, (Mekjian)

pf/po 0.25 0.40 0.40 0.67

Also, T(pf) is an unknown parameter

- - f\ISO-emerae‘ﬁé exfanSIOn

"‘.P@al;"’ . .
~ o P lsev\'l'v-orua exloans.»ah

V, foee

Fig. 16
<. Taking T(pf) from iso-energetic curve and fixing p £ for all fragments to
be the same cannot be justified (beware firstreakers)

Summary: proton + composite inclusive

1) =] mo theory of nuclear collisions
2) Z) prewry! of models (classical)
3) Most models reproduce single particle inclusive data to factor
~ 2-4 because
a) JSbdb averapes over errors
b) ’\stop < I, = quasi-thermalization (insensitive to non-
equilibrium details)

c) correlation information averaged out in single particle
observables
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4) Differences between models is largest for b ~ 0 = must isolate
b = 0 collisions cxperimentally

high multiplicity
A+A~F+X } + azimuthal symmetry

5) Yet even for b =~ 0, W(p,T) cannot be deduced from data (need
8(p,T) also) .
Too bad Mach cones not observed!

Perhaps from explosion hole in dzo/dm.E relative stiffness
can be found.
6) Azimuthal correlations can distinguish between knock-on and thermal
models
= need two particle inclusive, especially at high energy phase space
(especially at the energy region above the proton-proton elastic
peak)

Pion production

Experiments:
1) E™ ¢ 50 MeV, isotropic

2) 50 ~ 200 MeV, anisotropic
3) 2 200 MeV, isotropic

Models:
A. Independent p + A+ 7w  (Nakai)

dU(AP + AL - ) = Zp do(p + A.r +T) + dio(n + AT+1I)

B. Chemical equilib n  (Kapusta)
self consistent, chemically equilibrated, diffuse firestreak with
ONE pg
and T(pf) taken from iso-energetic expansion

- both (A) and (B) consistent with (1) to factor 2
- (A) consistent with (2); (B) NOT consistent
(reasons: A3z production mechanism)
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- (B) too high in region (3)
reason: different mechanism = Fermi tail praduction?

7
can be tested in p + A + w(high energy)
= need such experiments

(A) has not been tested in this region because

Sumary of experiments needed soon to help weed out models:
-+ Single particle inclusive

1) A+A=+p, 4, ... at b=p

2) p + A+ high energy {p}
- Two particle inclusive

3) Azimuthal correlations between high energy fragments
- Miltiparticle

4) A+A>nx7w at b~0

(Please, no more impact parameter averaged data),



