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I- INTRODUCTION

In the summer of 1986 the CERN SPS Committee (SPSC) established several WOrking-groups,
in some cases jointly with the CERN PS Committee, to review and report on a variety of physics
topics and how they might be studied at CERN in the next 5 years.

This document is the report on ultra-relativistic nucleus-nucleus physics, which is a
new field of study at CERK. It has come into being thanks to the generosity of the Gesellschaft
fur Schwerionenforschung (GSI) cf the Federal Republic of Germany, and of the Lawrence
Berkeley Laboratory, USA, who paid for the source, built by R. Geller (Grenoble), and the
radio-frequency quadrupole pre-accelerator (RFQ). The project also relied on the usual
wizardry of the CERN accelerator teams who were able to couple this source into an old Linac
{Linac 1) and thence into the PS-SPS complex.

The project was approved as an exploratory one of two 17-day running periods, one in
December 1986 and the secord in the fall of 1987. The original source was capable of producing
016 ions which were then accelerated up to 200 GeV/nucleon. The running in 1986 was done
mainly at this energy, a smaller fraction being devoted toc 6C GeV/nucleon. For the 1987 run,
which is just finished at the time of writing, the source was upgraded to 532.

Physicists have shown enormous interest in this field. More than 300 physicists are
participating in the experiments, a substantial number coming from the field of low energy
heavy ion physics, and so are newccmers to CERN. The experimental effort consisted of five
large experiments, and a host of smaller ones which usually involvead emulsions. A further
major experiment, using the Omega spectrometer, was approved for 1987.

The two members of the SPSC charged with reviewing the future of heavy ions proceeded
by convening a series of meetings with representatives of the heavy ion community. A list
of those who participated in these meetings, the Heavy lon Discussion Group, is given in
Appendix I. It should be noted that this group first started meeting before the 1886 run
had taken place. The first results from O16 beams are now available, and so conjectures and
extrapolaticns are on a more solid basis.

The aim of this program is the study of the space-time development of partonic/hadrecnic
interactions in nuclear volumes under extreme conditions of energy density and baryon density.
Bigger nuclei and higher energies enable us toO explore these two variablec over a very wide
range selectively, exploring non-equilibrium and equilibrium aspects of nuclear matter. wWhile
we have studied the strong interaction of elementary particles over a large energy domain,
we have not yet studied in parallel strongly interacting systems at high energy density and

high baryon density. The thermodynamics of very dense matter is largely an unexplored field.



One may ask what happens when nuclear matter is compressed to a density far higher than
that of normal nuclear (or hadronic) matter. Given that we know that nucleons are composite
objects of quarks, anti-guarks and gluons, one might anticipate that at some point a des-
cription in terms of nucleons would break down. Experimentally, the only way to achieve a
high density is through sufficiently violent collisions between nuclei.

These conjectures have been put on a firmer theoretical foundation in the framework of
lattice OCD calculations [1.1]. QCD in fact predicts two "phase transitions™ from normal
hadronic matter. One is the transiticn to a "quark deconfinement" phase in which large numbers
of quarks, anti-quarks, and gluons exist in an extended volume without being bound into normal
hadrons. This is the state of no hadronic identity alluded to above. The second transition
is to a state of "chiral symmetry" in which all quarks become effectively massless. Calcu-
lations suggest that these two transitions in fact coincide, or nearly so.

Furthermore, there are two independent routes to high energy density. One is simply to.
compress nuclear matter, thus increasing also the baryon density, and the other is to pump
energy into it, i.e. +o heat it. The theoretician's standard phase diagram for strongly
interacting matter is shown in Fig. I.1. It is described by two independent variables, the
baryo-chemical potential, u, related to the net {i.e. baryons - an;lbaryons) baryon density,
and by a temperature T which is related to the energy density, &, by ¢ « T Lattice gauge
calculations give a deconfinement temperature = 200 MeV (at zero net baryon density) with
ar. error of perhaps 20%, and soO an energy density which is good to about a factor of 2. The
estimates for the critical net baryon density (at zero temperature) vary between 4 and 10
times the nucleon density in ordinary nuclear matter.

Once deconfinement is achieved in a given volume, i+ is instructive to look at the time
evolution of the system. The results of a calculation [1.2] pased on the hydrodynamical model
including transverse expansion are displayed in Fig. I.2. For purposes of the discussion,
suppose that Tc/Ti=l§ (c=confinement, i=initial). At t=1 fm/c, the transverse radius of the’
deconfining volume is about 8 fm. At subsequent times, this radius decreases and the volume
ceases to exist between t=7 and t=10 fm/c.

It is worth noting that the gquark deconfinement phase, usually referred to as the
guark-gluon plasma, has an analogue in the phenomenon of Debye screening in atomic solids.
In Debye séreening the usual Coulomb interaction betweer a nucleus and electron becomes
exponentially damped as the total charge density increases, and the electron becomes "free"
or deconfined.

It should also be pointed out that modern ideas on the origin of the universe suggest
that the universe passed through the gquark-gluon plasma phase at some 10-6 seconds after
the Eig Bang. Heavy ion collisions offer therefore the e§nilarating possibility of recreating

the early urniverse in a "little bang”.



The exploration of the QCD vacuum could have other consequences. In particular, it has
been suggested [I.3] that the reason that many conservation laws are only approximate can
be attributed to the mechanism of spontanecus symmetry breaking [I.4]. The source of this
breaking is most naturally a macroscopic vacuum state and one could consequently be able
to change some conservation laws in a volume by varying the energy density in it. A natural
way to do this would be with heavy ion collisions.

Of course, from the point of view of an experimentalist, the question is what new physics
can be observed when we achieve very high densities over large (i.e. nuclear) volumes. ToO
study this, it is necessary to find some way to connect the measured spectra tc the energy
density and, eventually, to the temperature, and to connect d(p—E)/dy to & measure ©of the
chemical potential, where p and 5 refer to protons and anti-protons.

All this argues for a systematic study of ultra-relativistic nucleus-nucleus interac-
tions, In the first place, the present program needs to be extended beyond 1987. In the longer
term, continuing from the Oxygen and Sulfur studies at CERN energies, we need to extend the

range up to very heavy projectiles, such as Lead, and eventually to much higher energies
(Large Hadron Collider, LHC).

In the next chapter of this report we shall review what has been learnt from the

experiments so far. In chapter III we describe how the parameters controlling the formation
cf the quark-gluon plasma depend on the atomic number, Ap, of the projectile nucleus for
unequal & collisicns. The conclusion is that a significant gain is achieved by having the
largest Ap possible. Accordingly, in chapter IV some brief preliminary comments are made
on how the original five major experiments are considering tackling Pb beams. Finally,»cnapter
V describes how an injector for Fb beams might be realised.

The proposed Pb injector is of course a substantial item. It involves a new ion-
preaccelerator-Linac structure to replace the existing Linac 1 complex. The injector is
equipped with a new high charge state ECR (Electron Cyclotron Resonance) source capable of
delivering beams up to A about 200 (Pb). No major modifications of the PS or SPS are required.
The total cost is about 30 MS{r.

If the LHC were built, then Pb-Pb collisions at 3.2 TeV/nucleon in the centre of mass
are perfectly feasible, but this would require a different front-end structure costing
approximately an additional 20 MSfr.

We are of course aware of the proposed Relativistic Heavy Ion Collider (RHIC) at BNL,
with colliding beams at about 100 GeV/nucleon. However it is not expected that RHIC would
be operational before about 1994-95 [1.5], and the fixed-target Pb beam programme could be
operaticnal well before that (about 1831) at modest cost. Since the international community
interested is this field is finite, it 1is crucial that the start-up of the CERN Pb Deam

programme be as soon as possible to exploit fully this new tool. We therefore have an
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8} Transverse energy

The violence of the collision is also measured by the transverse energy which is related
to the number of participating beam and target nucleons. Very large transverse energy
indicates not only that all the beam nucleons have interacted but also that an unusually
large number of target nucleons have interacted. These events determine the tail of the ET
distribution. It is important to realize that the geometry of the collisions of nuclei plays
a large réle in determining the ET distribution. One can use the well-measured nuclear densic
éistribution of protons, p(r), to calculate the overlap integral, / (pl+92) ds, as a function
of the number of participating nucleons, assuming the neutron distribution to be similar
to the proton. This integral is calculated by IRIS andé is displayed in Fig.II.4 for O-W
interactions. As we shall see, this figure reflects the main features of the data: & rather
flat plateau regicn until the colliding objects fully overlap, corresponding to central
collisions. If one uses the measured density distributions, the tail fallis off more gradually,
since the tungsten nuclieus is non-spherical [II.7]; this effect is not yet in IRIS.

The cross-section, de¢/dET, has been measured for different targets in the Dbackward
hemisphere (Fig.II.Sa) [II.8], in the central region (Fig.II.sb) [II.8], and in the forward
region (Fig.II.58¢c) [II.8]. 1In comparing the predictions to the data, one must remember that
there is in general a systematic ET-scale experimental error of the order of 10%.

In addition to comparisons with IRIS, Fig.II.5b shows a comparison to p-Pb data measured
in the same apparatus, convoluted 1€ times to simulate a central collision. This is of course
approximate since the pPt collisions are averaged over all impact parameters while the OPD
central collisions are averaged over impac:t parameters less than the Oxygen radius. COne sees
that the data are well reproduced; to a certain ex:tent, ET scale errors are minimized.

To determine whether high ET events are due primarily to an increase in multipliicity,
as indicated in section II.2., Or to an increase also in ET/particle, the latter has been

measured in the backward region, near the peak cf the ET distribution (vs 7). In Fig.

+

.6a
[11.8], the charged multiplicity is plotted vs ET (charged + neutral). We see that there

=

is a linear relationship. This 1s seen alsoc in the central regicn, Fig.II.6b [11.8]. The

charged contribution teo ET is 59% as given by the IRIS physics generator. No striking

dependence on ET is observed, giving an <ET>/charged particle = 350 MeV.

The experimental 1/<ET> dET/dn distributions in the backward hemisphere are approximately
independent of ET (Fig. II.7). In the tail of the ET distribution for the W <target,
(GET/&m) . = 100 GeV at m = 2.4. A version of the Bjorken formulf [11.10], eBJ=(dET/d'q)/ﬂR21:,
can be used to estimate the energy density to be about 3.8 GeV/fm~, assuming the thermalization
time = 1 fm. However, it should be ncted that the cylindrical volume used ané the

thermalizaticn time assumed have large uncertainties.



b) Interaction volume and thermalization

One can measure the hadronization volume by hadronic interferometry which involves the
measurement of the normalized one- and two-particle inclusive distributions Pl(p) ard
Pz(pl,pz) for indistinguishable hadrons produced in a reaction. The correlation functicr,
C(pl,p2)=P2(pl,p2)/Pl(pl)Pl(p2), is then constructed and the small relative-momentunm
(lpl“le*O) correlations are analyzed in terms of a space-time picture of the dynamics. For
a distributed source, p(x), one has C = [ ax dxzp(xl)p(xz) P, Using the parametrizaticn
of [11.11], one nhas p(x)xexp(-rz/Rz)exp(-tz/t ) where one assumes separable space and time
gaussian variables. k and 1 are parameters which characterize the space-time emitting volume.
Changing to the momentum representation, one has:

C(q,qo) « 1 + A exp(—quz/Z) exp(-qoztz/z) (11.2)

where A is an empirical parameter which is 1 for an ideal chactic source, i.e. the complex
amplitudes for the two particlies have zero expectation value. This parameter can be different
from 1 if dynamical effects are present [11.12]. To the extent that A approaches one, one
approaches an eguilibrated system.

Since II.2 is no longer Lorentz-invariant, one specifies the frame as the rest system
of the number of participating nuclecns for average central collisions (Nprojzle’ Ntargzss’
see Fig.Il.4), y=2.4. One separates the gR term into perpendicular and longitudinal parts
relative to the beam, (qup)2 + (qul)2' This has been fitted [II.3] for central events
for negative particles, assumed n-, in different regions of rapidity, see Fig.II.8 and Tabie
II.1. The maximum likelihood contours for RD and Rl show no correlation and are clearly
daistinct in the two rapidity intervals, Fig.Ii.Q. It must be recalled that the dimensions
measured here are those at which the ﬂ— no longer interact.

TABLE 11.1. Summeary of pion interferometry results in different rapidity intervals

all y 0.5<y<2 2<y<3
Rp(fm) 4.9 (+0.3)(-0.5) 4.5 +/- 0.5 8.3 +/- 1.2
Rl(fm) 2.7 +/- 0.5 2.8 +/- 0.7 7.0 +/- 1.8
t(fm/c) 0.1 (+0.8)(-0.1) 0.1 (+1.6)(-0.1) 0.0 (+4.5)(-0.0)
A 0.41 +/- 0.04 0.47 +/- 0.07 0.89 +/- 0.20




The general trend is towards a large, spherical, chaotic (i.e. thermalized) sys:tem in
the region of highest energy density (2<y<3). It will be interesting tc study the trend as

a function of the centrality of the collision, in particular in the ET tails.

3 - Possible signatures for plasma formation

It has been conjectured [II.13] that the rising <pT/particle> as a function of dN/av
(or ET) already observed in JACEE cosmic ray events [II.14] would reach a plateau signifying
a phase transition, above which <pT> would continue to rise due to a higher initial
temperature. Indeed, this relationship is regarded as a possible signature for the existence
of a quark-gluon plasma.

Ancther proposed signal for the gquark-gluon plasma 1s that of strange particles, where
hypercns and especially anti-hyperons could be in large relative abundance [II.12]. If the
temperature of the this plasma is high enough so that chemical equilibrium is obtained, states
containing any number of stirange quarks should be equally common. For example the ratio of
anti-Z to antiprotons could be one!

A promising signal for the quark-gluon plasma is the reduction of the ¥ production rate
relative to the continuum rate [II.16]. This arises from the inability of charmed quarks
in the quark-gluon plasma to form bound states, and the large mass of the ¥ prevents it from
being formed later. In addition, there is an argument [II.17] that the suppression is
¥-momentum dependent since produced c-c pairs which are slow will preferentially reach the
¥ radius within the plasma and therefore not produce the ¥, while fast pairs have a chance

to produce the ¥ cutside the plasma.

Preliminary results on these signatures are now presented.

a) pT _spectra for charged particles and photons

1f there is thermalization, the transverse momentum spectrum, parametrized as exp(-pT/T),
should reflect the temperature at which the particles become non-interacting. For hadrons,
ané ¢ from neutral hadron decay, this temperature is that after hadrenization and refleccts
the latter stages of the interaction which are somewhat independent of the early stages.
This implies for example that T(hadrons) should be approximately independent of ET. On the
other hand, for direct or virtual photons T should reflect more strongly the early stages
0f the interaction, giving a strong dependence on ET.

In Fig.11.10 [II1.8], we observe the transverse momentum spectra (dN/deZ) of a) positive
and b) negative particles, in the region 1$n<2, compared to the IRIS predictien for charged

pions. A non-exponential behaviour is observed. The negative particle distribution is
P



dominated Dby ﬂ-, though some K and/or 5 are perhaps present. The positive particle dis-
tribution includes perhaps n+ anda K+, and certainly protons. The flatter distribution Iis
probably due to the latter. The distributions are gquite similar to those (not shown) fer
F-V¥ interactions in the same apparatus.

We are only in the very beginning phase of this type of arnalysis which clearly requires
hadron identification.

In Fig.II.lla, one compares the pW and OW photon pT distributions in the rapidity range
1<y<2 [1I.8]. They are quite similar. In Fig.II.llb, the O-Au and O-C photon oT distributions
are shown for a somewhat different rapidity interval, 1.7<y<2.4 [11.6]. A non-exponential
behaviour is observed, like that for the charged particles. The difference in shape between
the IRIS prediction, arbitrarily neormalized, and the data is puzzling in that IRIS predicts
the rto distribution quite well as we shall see later. .

The comparision of the pT-distribution for photens in +<his rapidity region with that
for m is delicate for two reasons: 1) the photons ccme from neutral hadron decays in a
larger rapidity interval than the charged hadrons anc 2) the neutral hadron parents include
not only ﬂo (1ike n—) but also v, w etc. These effects have not vet been taken into account.

In Fig.1I.12a, one sees that ﬂo are well reconstructed but no v signal is observed; IRIS
predicts m/n= 7%. The resulting nc pT distributions, Fig.II.12b, resemble that of charged
particles [11.8]. As mentioned above, IRIS reproduces the éistribution quite well, with a
relative normalization. It was far from obvious that xo reconstruction could be done in
this high mulitiplicity environment.

In Pig.II.13 [I1.8] the average transverse momentum oI positive and negative particles
as a function of ET (-0.15r<2.9) is plotted. The variaticn of <pT> with ET l1s less than 10%.

Nc sign of a plateau 1is visible.

b) Strange particle production .

At the time of the writing of this repor:t, one can only say that strange particles are
being reconstructed; for exampie, a clear A peak is seen with good resolution in Fig.II.1l4

(again not obvious a priori) [11.3]. We await further results on this important issue.

c)¥ suppression

As in the past, the usefulness of electromagnetic probes for new phenomena may be
repeating itself.

In Fig. II.15 [1I.18], we see the dimuon spectrum where the ¥ peak is quite apparent
for events with a) ET°"'<28 GeV and b) eT®">50 GeV, where 7™ ig the transverse energy measured

. . . . . 2
in the electromagnetic calorimeter. A fit is made to the spectrum (1.7-5.3 GeV/c”) and the

- 10 -



. . , . . 2 . .
¥/ceontinuum ratio is determined for the mass interval, 2.7-3.5 GeV/c‘. A ratic of ratios

gives

R = [w/continuum]nign / [t}s/continuum]low = 0.64 % 0.06

This reduction in ¥ production relative to the continuum goes in the direction of [II.1€].
Such a reduction is not seen in p-U data (not shown) taken with the same apparatus.

The analysis has been made as a function of the dimuon transverse momentum. In Fig.II.is,
we see the ratio of AN/ApT vs pT for the ¥ mass region for the two ET samples. The reduction
seems mOSt pronounced at low transverse momentum as expected [II.17)]. This reduction is
not seen in the mass interval from 1.7 GeV/cz, excluding the ¥, nor in p-U data in the ¥
region. Though the error bars are large, the effect appears more pronounced at small xF than
at large XF (not shown).

It must be noted that the A dependences of ¥ and continuun production are different for
proton-induced reactions [II1.12]. To the extent that these dependences do not change as a

function of the ET of the event, we appear tC have a real suppression. However, the two ET

wn
B

ples of events are quite different in their average impact parameter. The target nucleus
is much more perturbed in the high ET case and thus ¥ absorption could be changed, especially
at low pT.

It is thus too early to conclude definitely on this very sensitive and important poirt.

4 - Tentative conclusions

We are at the beginning of the analysis of the 1986 OxXygen data. The kinds of measuremen<s
that have been made are quite varied and the progress has been very rapid.

The measurements which have just been described are relatively straight-forward, allowing
the preliminary results to be obtained in a short time. However, the guantities which are
sensitive to the the nature of the state are more difficult to measure and results are not
yet all available. It is therefore premature to draw definitive conclusions.

The predictions of IRIS have been given in Figs.I1l1.1-3, 5-7 and 10-13. One observes
that these data are reproduced quite satisfactorily within the expected 10 to 15%. Most
of the first preliminary results seem to be mere extrapolations of p-nucleus physics with
additional geometrical effects.

However, the collective effects necessary for thermalization have begun to be observed.

The simplest understanding of the experimental ¥ suppression at high ET is that of plasma
formation.

- 11 -



In general, we must extend our analysis intc the ET tails. This is an exciting and
hopefully rewarding task.

Data have Jjust Dbeen taken with a Sulfur beam. Compared to the 1986 program, two large
experiments should extend the studies to charged hyperons and anti-hyperons.

The systematic study should continue beyond 1987, with similar projectiles in the short

run, and with much heavier prcjectiles in the long run.

- 12 -



III- RELEVANT A-DEPENDENCES IN NUCLEUS-NUCLEUS INTERACTIONS

From the considerations outlined in Chapter 1, it is clear that the formaticn of the

quark-gluon plasma in nucleus-nucleus ccllisions regquires that:

® Sufficient initial longitudinal energy must be deposited in the interaction volume to
provide the necessary heating and compression. From lattice gauge theory calculatiocns,
the energy density, e, reguired for plasma formation is estimated tc be = 1.5 - 5 GeV
fm -’ a range which reflects theoretical uncertainties and allows some spread in the
value cf the baryc-chemical potential, u. This estimate for & may be compared with the

-3
0.15 GeV fm of normal nuclear matter.

. The interaction volume should be large cn the scale of the inter-quark distance, the
scattering length, and the "screening" distance - in analogy to Debye screening. To
observe a phase transition, a property of infinite systems, finite size effects should

be made as small as possible.

L The energy pumped into the interaction volume should be confined long enough for a global

phase transition to occur.

It is clear then that we are interested in collisions in which the two nuclei collide
essentially "head-on", with a large fraction of the initial nucleons being involved in the
ccollision. These collisions are usually referred to as "central" collisions, and, as explained
in Chapter II, a convenient signature is a large amount of ET. Collisions at large impac:
parameter imply a smaller interaction volume, and are thus of less interest.

In Chaster II we mentioned that data from the 15986 Oxygen running has already reached
e = 3.8 GeV fm_3 in the tail of the ET distribution, albeit with some model uncertainty.
This could already be in the interesting range, but of ccurse energy density is only one
of the requirements for plasma formation, i.e. it is necessary but not sufficient.

The uncertainties in the predicted critical energy density and critical net baryon densit
lead one to the conservative approach that factors of two can be quite important in achieving
the necessary conditions with a reasonable cross section.

In this chapter, we shall give the arguments which demonstrate the interest of nuclear
beams with large atomic mass even at a small sacrifice of beam momentum/nuclecon. We shall

try tc estimate how the various parameters governing the plasma formation depend on the

- 13 -



projectile mass, Ap. In particular an estimate of the Ap-dependence of the initial energy
density, the net baryon density, the initial temperature, and the plasma and mixed phase
lifetimes will be given. Specifically we shall be interested in comparing O-Pb, S-PZ, and

Pb-Pb collisions.

1 - Simulation of Pb-Pb events and comparison tc O-Pb and S-Pb

The Monte-Carlo generator IRIS has already been described. It is worth stressing that
the parameters for IRIS are tuned using data from e+e- and pp collisions, and subsequent
predictions for p—At and Ap-At collisions are absolute, with no free parameters, except for
the description of the nucleus. It was seen that it gave a good overall description cf tne‘
main features of the Oxyger data reported so far. Its predictions for $ and Pb collisions,
in the absence of new physics, can then be treated with some confidence.

TABLE 1ll.1: Comparision of O-Pb, $-Pb and Pb-Pb generated events

O-Pb S-Pb Pb-Pb

ALL IMPACT PARAMETERS with

parent hadron decayvs
<pbeam participants> g 14 53
<target participants> 20 28 53
<ET> GeV 70 115 350
<N charged> 140 220 680
N charged for 1l%o 430 800 3030 .
dN(charged)/dy at y=*=0 5 &0 210
<Nbaryons> 30 42 103
CENTRAL COLLISIONS with
no parent hadron decays
% of events 20 16 2
dN(total)/dy at y==0 100 200 1160
a(B-B)/dy at y*=0 3.6 7.5 60

Events were generated for O-Fb and S-Pb interactions at 200 GeV/nucleon and Pb-Pb

interactions at 160 GeV/rucleorn, reflecting the smaller Z/A. To give some feeling for the
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experimental difficulties and opportunities, we present in Table III.l1 scme of the
characteristics of the events. Central collisions (cc) are defined as those in which <the

-l -

beam participants > 90% beam nucleons.
In comparing the above results with those for O-Al and O-Ag (not shown), one cbtains
the empirical formulae
4 c,s4

0 ;
’ = 11. T+ 7.7 2 -104 I.1a3)
[dN/d)]cc 11.9 At . 0 (I711.12)

0,54 1,05

-B = 0. . -3.7 I.
[a(B 5)/dy]cc 0.2 A_ + 0.18 Ap 3 (I11.1p)

=3

One shouid note that for Ap=A#290, [an/ay] « Al, as expected.

Since we are comparing different projectiles with the same heavy target, we shall use
the following:

1
N/dy 11.
[a /dx]cc « Ap (111.2a)

1,1

(11II1.25)
3

[d(B-B)/dy]cc « 2

2 - Dependence of plasma formation parameters on projectile mass

3) Temperature-time scenario

Let us recall the standard temperature-time scenario (see Fig.III.1):

e the interaction occurs at proper time 1=0 and the partons are formed at Tp (wnich does
not appear in the figure since a temperature is not yet defined)

L] the partons interact (one must use kinetic theory as a description) and thermalize at
T with temperature Ti'

.

If this temperature is greater than to the confinement temperature, Tc' the partons remain
unconfined. The temperature falls mainly via the longitudinal expansicen which can be

described by hydrodynamics. This is the pure plasma phase.
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] The partons begin to be confined at L (and TC) via a first order transition and enter
the mixed phase. During this phase, further longitudinal expansion occurs, as well as

some transverse expansion, at least for Oxygen. See section III.z2i.

® At the end of this mixed phase, at T the partons have all hadronized and we enter the

interacting hadron phase.

e At some later time (Tf) and temperature (Tf), the hadrons are "“free-streaming" and are
ready to enter our detectors. In this idealized picture, the transverse momentur &is-
+ribution of the hadrons should reflect Tf, and interferometry should measure tne
space-time volume at T,. In contrast, the pT distribution of real and virtual photons

should reflect their fermation temperature.

7o make use of this scenaric we need some dynamical model. Of the various opticng, we
snall use the hydrodynamical model [III.1], noting that the parton mogel [112.2) and the

flux tube model [III.3] give the same A-dependences.

b) Assumptions of the bydrodyvnamical model

We list the assumptions which we have used to compare different projectiles or. the same

heavy target (note that [:11.1] treated only the equal nuclei case at "infinite energy"):
L4 identification of the transverse dimensions with the projectile (£ size of target)
L thermalization
L cvlindrical symmetry
® neglect of transverse expansion
L conservation of entropy, i.e. no particle production from Ty to e
1t the end of this chapter, we shall make some comments on these assumptions.
In the next sections, we shall make an estimate of the A-dependences of the initial net

baryon density and energy density, of Ti’ Ti' the plasma phase lifetime (tc-Ti), and the

mixed phase lifetime (Tn-Tc).
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c) A-dependence of thermalization_time and initial temperature

A simple calculation (see Appendix III.1), assuming entropy conservation and neglecting
the transverse expansion, gives

3 -
T. T, = Ap**l/3 (A.III.1)

i

’I‘i and T, are sensitive to quantum fluctuations which can be ignored if T t, >> 4. Yore
important for our purposes, the product already has the dimensions of 41 and is therefore
. 2
independent of A (=volume), and a model! Thus Ti « Ap**l/B and

L

T, 1/6 111.
| = Apt’u/o (111.3a)
T, = Ap**-l/o (I1I11.3Db)

Since the energy density is preporticnal

ot

o} T‘, its Ap—dependence is Ap**2/3. Howeyer,
from an earlier analysis [III1.6], in which the energy density was given by (dN/dy)<p:>/ﬁR411,
the A-dependence of the energy density was Axx1/3 from (dN/dy)=A and RxAxx1/3. The differenc
is due tc the Ap—dependence cef 1 and <pt> (= Axx1/6) [II1.2], which Bjorken took as
A-independent.

In specific models [I11.4-II1.6], one gets TisTO Axx1/6 ~(140-200) Ax=x1/6 MeV and TiETO
Bxx=1/6 ~(0.2-1.4) A*x-1/6 fermi, which gives for Oxyger, Sulfur and Lead beams, taking the

censervative values TO=14O MeV and 10=l.4 fm:

TABLE 11l.2: Model-dependent values for temperature and proper time at thermalization

Ooxygen Sulfur Lead
initial temperature, Ti (Mev) 220 250 340
thermalization time, T, (fm) 0.9 0.8 0.6

One must remember that the thermalization times can be limited by kinematics as indicated

in section I111.2h, in particular for the case of Lead.

d) A- endence of initial net barvon nsi

The two independent variables of the phase diagram (Fig.I1.l) are temperature and net
paryon density. For the latter we make an estimate relative tc the ordinary nucleon density

in nuclear matter: no=1/7 nucleons/fm3. A simple calculation gives for the central regicn
(see Appendix III.2):

- 17 -



a(B-B)/AV = A*#0.6 (A.1I1I1.2)
This gives a factor of 4.6 (1.5) for Pb-Pb (S-Pb) relative to O-Pb. For central Pb-Pb

collisions, the net barvon density relative to the nucleon density in ordinary matter is

a(B-B)/avs(1/n) = 7 » 60/xt,(7.1)° = 2.7/1,  (see Table IIi.1)
1% &
Thus for values of Ti < 1 fm (see Table II11.2), the baryon density for central Pb-Pb

interactions in the central region is at least 2.7 times the ordinary ruclecn density.

e) A-dependence of lifetimes of plesma and mixed phases

A simple calculation (see Appendix I111.3-4), assuming entropy conservation and neglecting

the transverse expansion, gives a plasma lifetime, t =t -1,

T
plasma- ¢ i .

3
= - /T 4 - - -
Tplasma TO[(-O/;C) Apt*__/B Apx 1/6] (.1I1I1.3)

Comparing two different nuclei for their plasma lifetimes, we have

T ()

== plasma p 2 (n_/b_')**1/3 (neglecting the A_xx-1/€ term)
T (&_") ¥ i
plasma p

In particular, R . _=2.4 (1.3) for A =208 (32) and A _'=16.
rin P P

The mixed phase lifetime, <_. =T -1 is
P . ' "mixed™n ¢’

Thixed = Ap**l/B (A.III.4)

f} A-dependence of mean free path

The mean free path, A=1/en, is inversely proportional to the parton cross section and
the number density of the partons. This is to be compared to the transverse dimension,

R«Ap*t1/3. Since n « T3, we have therefore (see Appendix III.5)

A/R = Ap**(-5/6) (A.I111.5)
This gives a reduction of 8.5 (1.8) in the parton mean free path relative to the size

of the system in going from Oxygen to Lead (Sulfur) beams.

g) Implications for the di-lepton signal

The production of dileptons is very sensitive to the initial conditions. This is because
of the exponential Maxwell-Boltzmann factor exp[-E/T(t)] which must be integrated over the

time evolution of the temperature (see Appendix III.6).
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Within the context of a given hydrodynamical model [111.6], this type of integral was
performed. As we can see in Fig.III.2, the production of dileptons, e.g. around 2 Gev/cz,
is particularly sensitive. At this mass, the plasma phase production dominates the mixed

phase by a factor of 4 to 20 depending on initial conditions.

h) Relationship among beam momentum/nucleon, longitudinal beam size and minimal thermalizaticn time

Theoretical treatments have generally considered the case of extreme energies where the
Tem is very high. One then worries about quantum fluctuations, "wee" partons and minimal
formation times not given by the geometry [11.8]. However, at CERN energies we are in a regime
where geometry still plays a réle. The beam momentum/nucleon is Z/A 400 GeV/c which gives
200 GeV/nucleon for beam projectiles up to Ca and 160 GeV/nucleon for Lead beams. The 7
factors are 10 and 9, respectively, in the nucleon-nucleon system, with longitudinal
dimensions of R/ = 0.3 (Oxygern), 0.4 (Sulfur) ané 0.8 fm (Lead). These dimensions give the

minimal thermalization time for a piasma formed in A-A collisions at these energles.

i) Comments on assumptions: work ne

Ever though we have restricted ourselves in general to Ap-dependences, there are a number

of points which would repay further study:

° Is there +hermalization? Some work has begun on this &ifficult problem in the contex:

of kinetic theory [11I.7].

° What is the effect of a lack of plateau in the central region? Perhaps the cylindrical
symmetry should be replaced by spherical symmetry as anocher extreme case. See the pion
interferometry results of the previous chapter. It appears [11:.8] that for relatively
short times, the cooling is slower in the spherical case.

°

How does the transverse expansion influence the mixed phase? The setting in of the

is

transverse expansion occurs at a time equal to the radius of the system dividedé by the
speed of: sound, which for an ideal gas = 1/¥3, or at At=5.2, 6.6 and 12.3 fm for Oxyger,
Sulfur and Lead, respectively. Thus the increase is 2.4 for Lead relative to Oxygen.

L4 Wwhat is the effect of entropy production, especially in the mixed phase?

what is the influence of the limitation on the formation time given by the bear momentum?
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® What signals other than di-leptons are affected "exponentially" by increases in the plasma

and mixed phases?

e What signals are affected by the large net baryon density?

3 - Conclusion

In Table III.3, we collect all the Ap—dependences discussed in the previous sectiorn.

TABLE 1/1.3: Summary of A-dependences for central coliisions in the central region

a for Ax=xx 0O/Pb S/Pb
factors factors

initial net barycn density 0.6 1.5 4.6
energy density 2/3 1.8 5.5
initial temperature 1/ 1.2 1.5
rplasma lifetime >1/3 >1.3 >2.4
mixed phase lifetime 1/3 1.3 2.4
thermalization time -1/6 0.8% 0.65
confinement time 1/3 1.3 2.4
hadronization time 1/3 1.3 2.4
relative mean free path -5/6 0.56 0.1 .
onset of transverse expansion 1/3 1.3 2.4

Whilst the gain from any one of these factors is maybe not overwhelming, they are gll
trends in the rignt direction, and, taken together, suggest that a Lead beam will enhance

greatly the -chance for plasma formation in ordinarv central collisions.
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IV- EXPERIMENTAL CONSIDERATIONS

1 - Introduction

The primary motivation for the study of ultra-relativistic nucleus-nucleus collisions
is the search for a new state of matter: the guark-gluon plasma. However, there is
unfortunately no dramatic new particle whose observation can confirm the existence of this
plasma. Rather, the expected observable signatures are in terms of the spectra of "cld"
particles.

The experimental problem is to discern these signatures in collisions which produce

hundreds and even thousands of particles. Furthermore, since the laboratory frame is <th

[}

target rest frame, one centre-of-mass hemisphere is boosted forward tc a cone of a few degrees
in the laboratory frame. On the other hand, a nice feature of Pb-heavy target collisions
is that the beam and target are symmetric, or nearly so. Hence, for general specira, it
suffices to measure in one centre-of-mass hemisphere only, and the backward hemisphere is
fanned out over a large solid angle in the laboratory, which eases the experimental problems
in a high multiplicity environment.

From the discussion in Chapter 111, a physics generator ¢f O-Pb and Pb-Pb even:is suggests
that parameters such as mean multiplicity, transverse energy, dN/dy, etc. increase by a fac:zor
of abcut 5 for 'minimum bias' ceollisions, and by a factor cf about 10 for average 'central'
colliisions. For example, the mean charged multiplicity in the tail of the transverse energy
distribution is estimated to be about 3000 in Pb-Pb collisions, Tarle III.1. To 'zeroth!
order one can say that calorimetry continues to work (the gains may have tc be lowered),
and tracking detectors, which are already being pushed to the limit in Oxygen ccllisions,
will have to be retracted so that they see an acceptable particle density. This is reflected
in the comments from the experiments made below.

Five major experiments have been installed for the exploratory studies of 1886 ané 1Sg7.
(A sixth large experiment using the Omega spectrometer was approved. It will not be considered
further in this chapter.) With the exception of NA38, which is a dedicated di-muon experiment,
all the experiments are capable of measuring the general features of heavy-ion collisions
in terms of energy flow and multiplicity distributions. In particular they can trigger on

"central" collisions by requiring large transverse energy, or roughly equivalently, a low
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amount of forward energy. The experiments differ in how they choose to identify and measure
particles away from the high density forward cone.

Overviews of the apparatus are shown in Fig.IV.1l, and the main features of the experiments
are summarized in Tables IV.l and IV.2. Further details can be found in ‘'Experimerts at
CERN 1986' and references therein.

In addition to these five major detectors, a host of smail emulsion based experiments
has been carried out with OxXygen beams. Some emulsions would surely be exXposed tc Pb beams,
but, since the emulsion technique is not susceptible to significant change, such experiments
are not discussed further here.

Obviously the experimental groups have been very busy with the assembly and commissioning

£ their detectors and the analysis of the first data. It is +herefore clear that at this
stage their ideas on how to meet the challenge of Pb beams are only beginning to be tnougk‘.t.
about ac the experience of the Oxygen and Sulfur running is absorbed. It is in this spirit
~hat the comments made below should be viewed.

Fur-hermore, although discussions with representatives of these exXperiments have made
it clear that there is great enthusiasm for Pb beams, nothing written here should be construed
as implying any kind of formal commitment by the Institutes involved in the experiments at

the present time.
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TABLE IV.1: Summary of general festures of detectors

ExXp Calorimetry Chgd Det| Tracking+Magnet Special Det Comments
WAB0 6<8, Ad=2x Plastic
granularity Ball
20x20cm2 scintillator:
10<6<20, A$=80 1<@<160 | none measures low
granularity energy target
3.5x3.5cm2 fragments
30<B<160
11<6<20, A$=10 photons
granularity (lead glass)
20X20cm2
HELICS 6>0, Ad=2n emulisiocn
granularity Mmuon spectrometer Fhotons
N&34/2 15x15mm2 behind hadrer (conversion
strips and absorber method)
towers <4t
5<O<100, Ad=2n spectrometer
granularity with hadron
20x20¢cm2 identification
15<@<45, A$=5
NA3Z <12, Ad=2n streamer chamber neutral
granularity in magnetic strangeness
An=0.2 field
N&33 <8, Ad=2n TPC in magne:zic charged and
granularity field+downstreanm neutral
sx5cm2 chambers strangeness
NAZ3S 0<45, Ad=2x spectrometer high tricger
e.m. only downstream cf capability
granularit hadron absorber q
&n=0.4 fer muens >10 /sec
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TABLE IV.2: Summary of the Capabilities of the Experiments

target ET,E Eveto gy chgd 1 identified
A flow mult particles
WASO | .005 2.4<n<5.5 | 20.3° n<4.4 1.7<y<2.4| y<1.6 = P,&,..
-1.6<n<1.6 -1.6<y<2.2 chgd

NA34 .01-.001] -0.1<n<6 +1.4° 3<y<E 0.9<n<5 1<y<2 0.7<y<2 n,X

X10 .2<y<1.5 p,p
NB33 .01 2.25<n<5.9| £0.3° 0<1<3 2.3<y<3.5| 0<y<3 7 ,A,K_
NA3E .0021 2.3<7 1<n<4 1<v<é

X10 e.m.
NA3S .01 1.8<n<4 3<y<s

x10 e.m.
EMU 4n

2 ~ Preliminary ideas from the experiments

a} WAS0

Photon detection in the angular region 10°<€<13° is cne of the main features of WASC.
In order to cope with the increased multiplicity of PD ccllisions whilst preservinc their
single pnoten resolution, WABC are considering retracting their photon detector to a distance
some 2 to 3 times further away from the target.
appropriately to cover the same solid angle. Given the arrangement of the apparatus this
change in the photon detector would then entail pushing back the forward calorimetry by a

similar factor and building more modules.
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As an alternative, WABS0D are considering, in conjunction with other groups, a completely
new experiment combining the measurement of low mass di-muons (MSJ/¥), forward calorimeiry,

and tracking in the backward centre-of-mass hemisphere.

b) HELIQS (NA34/2)

The HELIOS experiment would keep the basic design of the experiment, but add new devices
to tackle the detection of electron-positron pairs. A RICH device to cover the regicn 1SnS2
_ is being studied in prototype version, and could be ready for 1989. For the forward region

(3sv<p) ideas for a "super-TRD" are being discussed, but this could not be ready before 1990.

c) NA3S

NA35 would continue to focus on the study of events with the highest energy densi:y,
and their calorimetry detectors could be used for Pb beams with no significant change.
However, the streamer chamber would be swampeé in its present position, and would have to
be retracted so that it covers particle preoduction in the 'mid-rapidity' (mS3) regien.
Particle identification is feasible in this region and would be added, using scintillator
hodoscopes. A Si-strip detector to measure the charge multiplicity distripution is currently
under construction for the 1987 run, anéd would be retracted and erlargec for Pb beams.

NA33 are also considering a completely new experiment in the framework of a larger

NA36 have a similar problem to NA35, in that their tracking detector {(TPC) must be moved
to aveid being swamped. In adéition some of the downstream tracking chambers could be upgraded

to planar TPCs. The feasibility of a strangeness trigger would be investigated. The coverage

of the forward calorimetry would also be increased.

e) NAZE

NA38 would aim to preserve the two prominent features of their present di-muon
spectrometer: compactness and nigh-rate capability. The di-muon background from = and K
decay goes like the square of the multiplicity, whilst the genuine signal, at least at the
¥, does not grow as fast. However, in Oxygen collisions NA38 have observed that the background
is only 2-3% at and above the ¥, and so should be manageable even in Pb collisions. (The

background to signal might increase to 20-30%.)

NR38 are considering some extensions to the detector in the target region, together with
other groups.
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V- ACCELERATION OF HEAVY NUCLEI IN THE SPS AND LHC

1 - Basic Requirements and Boundary Conditions

The scheme [V.1] proposed in this chapter for the acceleration of nuclear beams up to
mass RB=208 (Pb) is an extension of the present nuclear beam acceleration program [v.2].

The pre-accelerater components are:

L High charge state electron cycletron rescnance (ECR) source, made by R. Geller, Grencble.
2 first source delivered Oxygen ions for the 1885 run, and the present source produced

Oxygern and Sulfur ions for the 1887 run.
L4 Low velocity transport system, provided by GSI.
. Radio-fregquency quadrupole (RFQ) pre-accelerator, stpplied by LBL.
® Refurbished CERN Linac I.

At the exit from Linac I ions with Q/A=0.% have been accelerated tc 11.€ MeV/A, and ar
then injected into the PS Booster, and thence into the PS and SPS.
It should be noted that the present scheme respects two important boundary cecnditions

which serve to minimize cost, effort, and time:

L4 All pre-accelerator components fit within the space confines of the Linac I area.

-

L Modificgtions to the accelerators (Booster, PS, and SPS) are minimized.

As will be seen, the scheme proposed for Lead beams alsc respects these conditions.

The major constraint on the present solution results from using the old proton Linac 1
which, ideally, can accept only fully stripped ions, such as 16O(8+), 325(16+) or 4OCa(20+),
with Q/A=0.5. In practice a 30% increase of the RF acceleration voltage permits one to
accelerate incompletely stripped ions, 0(6+), S(12+), ca(15+), although at the limit of stable

Linac 1 operation. These are still very high charge states which, at the required high currents
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(about 30uA), represent the state of the art of source technology. Above mass 40 such
intensities at @Q/a>0.35 cannot be attained. Note that although the number of circulating
Charges is low (=109) in the synchrotrons, the small injection duty factor Linac to Bcoster

-5 . . .
(=5%10 ~) and the low transmission source to Booster (0.2) lead to a high instantaneous source

current reguirement.

oo

The acceleration of heavy projectiles thus calls for replacement of Linac 1 by a structure
accelerating ionic species of about 0.15<Q/A<0.2. This range corresponds to PR{30+) to
Pb(40+); it may require some further development of the ECR source technology which is in
progress [V.3], and a new RFQ. The new Linac structure constitutes the major cost factor,
resulting in the overall option for a high charge state source and a correspondingly short
Linac, of about 40-55 MV total acceleration voltage gradient, which will fit inte the
available space without new building construction. Injection into the PS-Booster will take
place at & MeV/A, and bocth the Booster and PS synchrotrons will have to accelerate
incompleteley stripped ions. This reguires an average vacuum level of 10—9 Torr which Is
available at the PS after the present upgrade program, but calls fer a similar effort at
the Booster. At the 8PS, no additional effort will be required other than implementaticn
of a rebunching (change of RF harmonics) acceleration mode. The top SPS extraction energy
for Z“SPb will be 175 GeV/A. The new facility will provide external beams of all lighter
nuclei as well, with a maximum energy of 225 GeV/A for nuclei up to 40Ca, and external beam
intensities of about 5x108 ions (Ca) to 107 ions/s (Pb). The total cost is about 30 MSF.

The pre-accelerazor, Linac, accelerator, and stripping phases are described in more
detail in section 2. A possikle injector layout and cost are given in section 3, and a possible
schedule in section 4. Finally, in section 5 we look rather further into the future, and
discuss very briefly the additional requirements on the pre-accelerater for achieving Pb-Fb

collisions in the LHC at 3.2 TeV per nucleon in the centre of mass.

2 - Lead Beams in the SPS

As already indicated, in order to fit into the space confines of the Linac I area, a
high charge state, relatively low intensity source/injector has to be used in order to keep
the Linac structures short and cheap. In other words: no kind of "Unilac" type structure,
with low charge state, high current, several stripping stages, various Linac structures etc.
may be employed. In the present proposal we assume that the further development of the Geller
ECR source should soon produce ionic species like Xe(25+) and Pb(37+) at the level cof 50ua
instantaneous current {(for 150us). The resulting external beams would thus not exceed a&arn

. . 7. . X . . . )
intensity of about 5x10  ions/s for Pb, but higher intensities are hardly compatlble with
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the radiation limitations in the North and West area external beam systems. Furthermore,
higher intensities would very quickly saturate the data acquisition rates of the present
set of experiments. Higher effective luminosities could still be employed with internal
SPS targets, if necessary, because the internal beam luminosity is higher by 5x104. Also
the external beam intensity could be higher for lighter projectiles, reaching 106 ions/s
for the Xe isotopes, and about 5x108 for Ca.

The total length of Linac structures is then fixed: on the one hand by the input ionic
Q/A, and on the other by the minimum energy per nucleon at which the Booster can be injectec.
Two considerations govern this energy: firstly the stripping efficiency to higher charge
states, Ca(20+) to Pb(60+), at injection, and secondly the incident velocity which, witnh
the available RF freguency swing, should produce a reasonable top energy of the Booster
acceleration. The latter constraint is not very stringent if one considers the option of.
re-bunching (change of RF harmonics) in the Booster. The resulting Linac top energy is £-8
MeV/L. For B MeV/A, the reguired total Linac voltage gradient for Pb (35+) acceleration is
45 MV, resulting in a length of about 20 to 25m. For the Linac, the technical sclution could
be an Rlvarez structure [V.4] or the "pig" structure [v.5]. A superconducting solution, like
the Argonne type [v.6] might alsc be considered. We favour the Alvarez solution (see next
section).

A sketch of the injector structure is given in Fig.v.l. The ECR source is followed by
a ©90° charge state analyzing magnet, a 1low energy beam 1line focusing into an
RFQ-preaccelerator, anéd a re-bunching section injecting the Linac. This design is analogous
to the presently employed 160-325 injector but it may require a high RF frequency (perhaps
20 GEz) ECR ané certainly a new RFQ designed for the O/ range of 0.15 to 0.20 encountered
in Xe(25+) and Pb{35+) acceleraticn. Of course, ail lignhter ions can also be handled by this
RFQ in the appropriate charge states, such as Ca(8+).

The Linac is broken up into two sub-units for construction convenience. Furthermcre,
a future upgrade of this design, to accomplish an crder of magnitude intensity increase in
connection with LHC (see sect. 5), would imply & different front end structure. This would
be matched to the acceptance of the second Linac section, thus maintaining the major element
of the first phase.

At the end of the Linac a foil stripper changes the charge state to Xe(44+) and Pb(60-+).
This beam is injected into the Booster which accelerates the Xe and Pb ions to about 120
£o 150 MeV/A. The injection rigidity is above that of 50 MeV protons, in both cases. The
extraction rigidity corresponds to that of 1.8 GeV/c protons. The final velocity is f=0.5.
The Booster vacuum has to be upgraded to about 10—9 Torr in order for the incompletely stripped
ions to survive acceleration with less than 10% loss due to change of charge state [v.7].

This requires conventional measures only (outgassing in situ, more pumps, leak searches etc).
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Injecting into the PS at $=0.5 implies using the maximum PS RF frequency swing of about
2. Stripping before injection makes sense for the Xe ions where the efficiency of complete
stripping to Xe(54+) is about 50%. For Pb, however, 120 MeV/A is insufficient for complete
stripping, and the intensity loss due to distribution over about 6 intensely populated charge
states 1s too high. One will therefore choose not to strip at this stage. The PS vacuum system
will be improved in 1987 to about 10-9 Torr, and the Xe(42+) and Pb(60+) beams could be
accelerated with no more than 10% loss [V.7].

We note here that due to the PS vacuum requirement of 10-9 Torr it will be unlikely that
heavy ion running could be maintained during the LEP filling periods. The dynamical recovery
of the PS vacuum, from the reduced level cof electron cycles back to 10‘9, is too long fer
imbedding ions into the SPS LEP filling supercycle. This implies a down-time of about 0.E
hours every 4 hours, assuming that it takes % hour to fill LEP and that this is required
every four hours.

At extraction from the PS, the rigidity of 24 GeV protons corresponds to energles of
7.7 GeV/A for Xe and 7.0 GeV/A for Pb. These beams will then be transferred to the SPS after
compiete stripping (>95% efficiency). However, this injection energy is too low for the
standard SPS acceleration scheme: the limited SPS RF swing requires 10 GeV/A at injection.
A rebunching (change of harmonics) mode of acceleration has to be developed in order to reach
the top energies for the heaviest projectiles: 187 GeV/A for Xe and 177 GeV/A for Fb. No
rebunching will be requiredé for the lighter ions because they can be accelerated to above
10 GeV/A in the PS. The SPS vacuum is not critical. 4

The overall pattern of Dbeam intensity in <the various acceleration stages may be

illustrated for Pb acceleration:

*Source output = 35uA (one ion is 35+)

+Linac transmission 0.5

*Stripping efficiency at 8 MeV/u: C.17 to Ph(&0+)

*Booster injection 60 us = 6:'(.1.0.5 efficiency

+Icns in Booster: 3x.107

*Booster, PS, transfer to SPS overall efficiency: 0.5

+4 PS cycles injected into SPS

---> Final vield: 53;97 ions per SPS cvcle

For 4OCa acceleration, an estimated 40uA output of the same source for Ca(8+), and a
petter stripping efficiency at 8 MeV/u to Ca(20+) - no further stripping occurring - leads
to 25x108 ions per SPS cycle.

SPS extraction energies for Pb will range from about 50 to 177 GeV/A, with about 2 s
spill length at the top, and about 8 s at the bottom energy in a 14.5 s supercycle. The
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transport of these ions in secondary beam lines appears to pose no problems; see the note

py P. Grafstrom in Appendix V.1.

3 - Injector Layout and Cost

For a detailed technical solution of the structure sketched in Fig.V.1 we adcpt the study
of Haseroth, Lompardi and Weiss [V.4] of CERN which is attached as Appendix V.2 to this
chapter. Its main components are an advanced ECR source, an RFQ preaccelerator and an Alvarez
Linac.

ECR source: The key to improving the yield for high charge state ions in the ECR is tc
increase the RF frequency. Stepping up from 10 GHz (present 16O source) to 16 GHz, R.Geller
[v.3] obtained an increase of the 32S(12+) yield from about 1 to 30 charge uh. Ionic outpuss
in the Pb region have not been analyzed yet. The present study assumes a source with 30 charge
fA output for Pb(35+). RF freguencies of at least 20 GHz will be required to match <his goal
but overall the intended solution can be ceonsidered [v.3] as "state of the art".

RFQ: The RFQ accelerates 208Pb(35+) from 15 keV/u up to 0.3 MeV/u. The effective
acceleration voltage therefore is 1.8 MV. A 200 MHz solucion leads tc a length between 3
an2 6 meters, indicating the most likely final solution will consist ©of two or more
subsections. Depending on the final choice of Alvarez design, a shorter RFQ section, for
0.15 MeV/u top energy, may also be opted for.

Alvarez: A possible layout is indicated in Fig.V.2 of appendix V.2: a 2 m RFQ injects
at 0.15 MeV/u into a first 7m Alvarez section operating in 2fx mode, which accelerates Pp(35+)
to 1 MeV/u. It is followed by a fy structure of 18m leng:zh taking the beam up to B MeV/u.
Both structures operate at 200 MHz, with an accelerating field of 2.5 MV/m. In view of our
intention to stay compatible with a possible later "stage 2" golution (for LHC injection)
it would be more appropriate to extend the 287 part up to 1.5-2 MeV/u or, egquivalently, starc
the fv sector at this energy rather than at 1 MeV/u. The reason: in stage 2 one would most
likely replace the RFQ and 2§t structures by a system accelerating high currents of low charge
state, Pb 5+ to 10+. Stripping to the range 30+ to 35+ with high yield requires about 1.5-2
MeV/u. The By Alvarez - the most expensive component of stage 1 - could then be employed
again.

This solution would exceed somewhat the 30m total length limitation imposed by available
space at the old Linac 1. However, one might consider to fold up the structure behind the
2f7 section, thus fitting into the space.

The option for 200 MHz implies re-using the existing RF equipment of Linac 1. The total

cost of the above design can then be estimated to amount to:
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This estimate is rather conservative because the Linac lengths refer tc a 30+ instea
of a 35+ charge state of Pb. At this level there is a finite possibility that the 1987 ECR
(for 2S) already yields the reguired 30y of Pb(30+), eliminating the need for a new source.
The "phase 2" compatible solution (Linac break at 1.5 MeV/u) might require an additional 4
MSF.

A superconducting scluticn could also be developed based on the structures described
by Bellinger and Shepard [V.6] for the upgrade of the ANL "Atlas" heavy ion Linac. This design
is similar in its use of a high charge state ECR source, which is followed by a seguenc
of superconducting structures tailored to the increasing ionic velocity [v.8]. We have no:t
pursued this approach in detail because with its average acceleration field of 2-3 ¥v/m it
does not offer significant length saving and, hence, no better cost-effectiveness.
Furthermore, the ANL structures are designed fcr a DC acceleration of an average lonic current
of about Q/eud whereas the injector considered here would only have to deliver +his intensity
for 100-200 us, with a 1s repetition rate. The effective RF power dissipation 1s thus lower

by orders cf magnitude, which again makes a conventional Alvarez approach simpler and probanly

more cost andé effort-effective.
4 - Possible Schedule

The CERN management and committees should manifest their encouragement to this progranm
by the end of 1987 [V.3). During 1988, the experiments will continue their analvses of the
1986 Oxygen data and should demonstrate the interest in the extrapolation to higher AD through
their analyses of the 1987 Sulfur data. During this same year, the proposed fundiﬁg cf the
Pb injector shculd become clear. A proposal will be made and the CERN management will then
be asked to approve the project. If approved, construction of the various elements should

be accomplished during 1989-1990. The first Pb beam for SPS fixed target experiments should
be available by 189:i.



5 - Nuclear Beams in the Large Hadron Collider (LHC)

A preliminary outlook [v.10] can already be given concerning the possibility to collide
nuclei in the LHC at 3 to 4 TeV per nucleon in the center of mass.

26
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Considering a luminosity of 2x10 cm secC to be the minimum reasonable goal, the

following scenario might be suggested:

L4 Provide 108 circulating ions per PS cycle

L] Inject 15 PS cycles into the SPS at flat bettom

L] Transfer 4 such SPS fillings to each LHC ring ’

L Employ bunched LHC beams, apout 30 m bunch spazing (100ns), about 30 cm bunch width.
This increases the average luminosity by 100, and is of no importance to the instantaneous

event rate because the average number of events per bunch crossing is far below unity.

The stapility and life-time of the collider mede (apout 20 hrs for protons) has not been
calculated yet. See Fig.Vv.3 for a possible relationship between beam lifetime and luminosity.
Of key importance will be the Weizsacker-Williams process of electromagnetic nuclear exci-
tation [Vv.11]. For Po on Pp at 3 TeV/A the corresponding nuclear fragmentation cross section
has been estimated [Vv.12] to be of the order of magnitude of 500 barn, i.e. of atomic cross
section size, and about 100 times higher than the strong interaction total inelastic croess
section. At L=2xlo26 ~he beam is thus lost with a rate of 105 ions/s due to this process.
The number cf circulating ions being about leog, one then expects to reach a lifetime o"
several hours duration.

The 108 PS ions per PS cycle, forseen in this outlook, can be easily obtained from the
injector discussed in the previous sections for A < 100 nuclei. For Pb collisions in the
LHC the injector current has to be increased by a factor of 5 or 10. Alternatively, one might
also consider the possibility of RF stacking in the PS, thus accomodating 10 extractions
from the Booster. In order not to lose too many ions during the prolonged PS flat bottom
period, the PS vacuum might then have to be improved slightly beyond 10-9 Torr.

A higher injector current, about 108 to 2xJ.o8 Pb ions per Booster filling, requires a
different front-end and, in particular, an additional stripping stage at low energy (with
the unavoidable loss of B80-85%) because it is inconceivable that the output of ECR sources

+ -+
could be further increased for 30 - 35 .



Thus, & source with an output of about 30 particle-uA is reguired, with a low charge
state like 5+. Acceleration to 1.5 MeV/u would require 62.5 MV total voltage, and foil
stripping to 30+ at this energy would match to the main (87 Alvarez) part of the Linac
corresponding to phase I. Obviously, the product of source ionic charge and required
additional Linac voltage and length is constant. An appropriate solution [V.13] could consist
of a saries of Q/A RFQ's, up to 0.2 MeV/u, followed by the Munich IH-type Linac [V.5], which
offers highly cost-effective low-f acceleration. The additional cost can be estimated to
be 20 MSF.



VI- CONCLUSIONS

As explained in Chapter I, the study of ultra-relativistic nucieus-nucleus collisions
is in its infancy. However, we already know from the first results with OxXygen (see Chapter
I1) that:

L there is nothing very surprising in the gross features of the data except perhaps in

the photon pT spectrum in the central region

L the energy densities attained in the central region seem sufficient to produce the‘

guark-gluon plasma, at least in rare events
L there is a tendency towards thermalization in the central regien

-

L the experimentally established suppression cf the ¥ relative to the continuum goes in

the direction of plasma formation.

These are preliminary results and definite conclusions cannot yet be made. Continuing

analyses of the 1985 run and analysis of the 1887 sulfur run are obviously important. RuURs

bevond 1987 wilil surelv Dbe necessarvy.

In Chapter III, we have indicated how the various parameters which govern the plasma
formaticn vary with increased projectile mass. In particular, it has been shown that P- beams

would be significantly better for each of the important parameters, and would therefcre offer

an enormous advantage overall. We demonstrated this in the context of a specific model, but
all models give essentially similar facteors. Further confidence will be gained for the scaling
laws when the comparison between Oxygen and Sulfur is made.

Lead beams present specific experimental challenges. A first rapid loock at the problems
posed by Pb interactions indicates that these are not insurmountable.

A specific proposal has been put forth in this document for a Pb injecteor which 1o0ks

vite feasible technically, with little necegsarv R and which represents excellent value
for monev.

We realize that it may seem somewhat premature to be proposing a significant upgrade

at this stage, but the realization of Pb beams will take some time, and if a start is not

made soon the opportunity may, effectively, be lost. But the cost is relatively modest, the



advantages of Pb overwhelming, and the time is very ripe. We believe it is a chance which
must be seized.

we would like to acknowledge the important contributions of the members cof the Heavy
Icn Discussion Group, composed of various members of the five major electronics experiments

as well as emulsion representatives. In addition we would like to thank J.-P. Blaizot and
H.Haseroth.
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VIIl- APPENDIX II: IRIS event generator

IRIS [I1I.1] is a Monte Carlo generator of nucleon-nucleus and nucleus-nucieus interac-
tions at high energy (250 GeV per nucleon for the projectile on a fixed target). The physics
basis of the generator is the exchange of colour with a long formatien time for hadrons.

The main goal of IRIS is the prediction of what to expect in nucleus-nucleus collisions
as a result of a simple extrapolation from nucleon-nucleus collisions, i.e. the situation

in which there is po_ new_physics, for the various signals suggested for detecting the

guark-gluon plasma: (1)<pt> of the produced particles; (2)rapidity density fluctuations;
(3)lepton pairs; (4)strangeness production, as well as the ET distribution, ccnsidered to
measure the centrality of the ccllision. The predictions of the data have to be done with
a single set of parameters.

In IRIS, a nucleus-nucleus collision is an incoherent superpositicon of elementary coli-
lisions at the parton level. Individual collisions are described by the exchange c¢f colour
and emissior of gluons.

The starting point is the Dual Parton Model as develcoped by A. Capella and J. Tran Thanh
van. The hadronization of cclorless strings is done with the LUND program. To this descripticn
of non~-diffractive inelastic processes, we have added the diffractive process and hard
processes.

There are obvious parameters suCh as the atomic number, the charge and the momentum oI
the initial state particles. The other parameters are: a) the total and inelastic p-D Cross
sections used to compute the number of participating nucleons and the p-nucleus and
nucleus-nucleus cross sections. D) the QCD parameter A; C) the non perturbative cutoff,
QO' of Odorico's program; d) the coefficients of the structure functions for low P, physics;
e) the gquark and gluon masses; f) the intrinsic pt of quarks and gluons, important for the
ET distributions; g) the cutoffs for hard scattering; h) the coefficients of the structure
functions for hard scattering; i) the parameters of the hadronization are those obtained
from the study of e+e- = hadrons at PETRA and are considered to be fixed, except for the
diquark production which has been roughly adjusted in order to reproduce the production rate

of antiprotons in the central region at the ISR.

IRIS continues to be developed and there are probably =10% prediction errors.

set _bv e+e-_and ollisjions.



IX- APPENDIX III: A-dependences in the context of the hydrodynamical model

Let us calculate the number density of non-interacting massless DCSONS at temperature
T. The average number with energy E is 1/[exp(BE)-1] where f=1/kT, k being the Boltzmann
constant. The number of states in volume V is V d3p/n3. This gives a density:
3 3
an = a(N/V) = &°p/(hc)” 1/[exp(BE)-1]

Integrating, we get

47:/(hc)3 J p2 dp/[exp(BE)-1] or

3
1}

o

41:/(nc)3 T3 J x2 ax/[exp(x)-1]

0

=]
n

where the integral is the Riemann zeta function 2! §(3). Therefore

n = T3 5(3)/ [ﬂz(ﬂc)3] where #=h/2=n

In the following table, we have listed similar useful relations, derived in the sane

manner.
TABLE !ll.4: Some useful thermodynamic relations
per degree number energy entropy
f freedom density, n density, ¢ density, s
. . 3 4 3
non-interacting §(3)T 33(4)7T 4%(4)T
massless -
bosons n?(fc)3 n2(fic)3 n2(1c)3
. . 3 & 3
non-interacting c(3)T 3c(4)T 4c(4)T
massless
fermions n? (#ic)3 72 (AC)3 n2(Mc)3
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As can be seen, the zeta function, §(n), for bosons is replaced by a modified function
for fermions, c{n). Some wvalues are t(3)=1.2, «c(3)=0.9, §(4)=ﬂ4/90=l.08 and
c(4)=77"/7200.947.

For the following, we have taken the gluon degrees of freedom = 16 (8 color states x 2
spin states), the gquark degrees of freedom = 24 (3 color states x 2 spin states X 2 flavors
X 2 for quarks and anti-quarks) and the hadron degrees of freedom = 3 for pions (surely an
underestimate, but unimportant for the A-dependence). Thus, for example, the energy density

for a massless parton gas is

3§(4)T4

g = ———— [ 16 + 24 x 7/8 ] where 7/8 = c(4)/%(4)
2 3
n (#ic)

1 - A~dependence of thermalization time and initial temperature

For massless bosons, the entropy density is related to the particle

[o]]

e

o1
n
-
(34
<
.

s=4nt(4)/%(3)=3.6n. In particular, for a pion gas (i.e. the final state):
n{=) = . or
(=) sf/B £

dN/dn = (s,./3.6) dv/dn where n = dN/av

From cylindrical symmetry, we have dv=ﬂ22dz and, since z=1fsinnn, dz/dn=rfcosnn=1: ac
n=0. Therefore
2

dN/dn = (sf/3.6) nRT,

From entropy censervation we have SeTSS. Ty and therefore
< 2
dN/dn = nR Siti/3'6 or

dN/an = R2 Ti3 1, since s = T3
4

For central collisions, dN/dm = Apl, see I1II.1. Therefore (R=l1.2RA=xx1/3):

Ti3 T « Ap**l/3 (R.III.1)



2 - A-dependence of initial net baryon density

The initial net baryon density is related simply to the final net baryon rapidity density,

which is a measureable quantity, if we again assume no particle production and only longi-

tudinal expansion:

a(B-B)/dav = d(B-B)/dy = dy/av

As above, we have (v = y in the central region):
a(s-B)/av = a(B-B)/ay = (1/nR°t,)
« A_xx1.1/(A_**2/3 * B_xx-1/6) ‘
prid/(Agne2/ S
[for the Ap—dependence of d(B-B)/dy, see III.l1]

or, a(B-B)/aV « Ap**o.e (A.I11.2)

3 - A-dependence of confinement time: lifetime of plasma phase

If entropy is conserved during the expansion and cooling from the time of initial

thermalization to the confinement time, and if we neglect the transverse expansicn, we have

3 3
. T, =1 T
i1 c e
Since T_ is fixed, we have '

~

3
. = IO(TO/TC) Ap**l/3

where we have used the parametrization of III.Z2c for T, and T,.
-

The conservative Oxygen, Sulfur and Lead confinement times are 1.2, 1.5 and 2.8 fm

respectively (1o=l.4 fm, T.=140 MeV and Tc=200 MeV)

0
The plasma lifetime, <t =T _-1., is
plasma ¢ 1

=« [(T. /T

3
Tplasma ot'*o AP‘*1/3 - Ap**-l/6] (A.1I11.3)

<)
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4 - A-dependence of hadronization time: lifetime of mixed phase

Likewise, if entropy is conserved during the mixed phase and the transverse expansicn

is neglected, we have =t T sc. The only difference between the entropy densities, at

n°n= T
fixed temperature Tc’ is the number of degrees of freedom. Therefore

= 7
T 1. 37/3 or

T, = Ap**l/3
and the mixed phase lifetime, T_._ _.ET -1
mixed h ¢

’
Thixed « Ap**-/3 (A.11I1.4)

(Though our arguments do not depend on this, we remind the reader that the factor 27/3

is uncertain maybe by a factor 2.)

5 - A-dependence of mean free path

The mean free path, A=1/on, is inversely proportional to the parten cross section and

the number densiiy of the partons, given by

nee————— [ 16 + 24 %x 3/&4 ] where 3/4 = c(3)/8§(2)
=2 (#c)>
This is to be compared to the transverse dimension, R = Ax»x1/3. With T « Axx1/6, we

have therefore

A/R = prr(—5/6) (B.I11.5)

6 - Temperature-time evolution of the di-lepton signal

The exponential Maxwell-Boltzmann factor exp[-E/T(t)] must be integrated over the time

evolution of the temperature. For example, in [111.8], an explicit form is given for this

integral:

da/[d(PTc)2 dy d(M2c4)] = 2ﬂain¢2F(Pc/Mc2)Zeqz/(hc)4 Jv(r) exp[-E/T(1)] d(ct)
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where

G,

in
F(x)
T(1)

v(t)

Ze
q

M,

PT' y, E and P refer to the dilepton
inelastic nucleus-nucleus cross section
[1+ arctan(x)(1+x2)/(2x)]/2

time evolution of the temperature

time evolution of the volume = nth
fine structure constant

sum over charges of different flavors
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X- APPENDIX V.1: Note on the possibility to transport Lead ions in SPS secondary beams

Per Grafstrom, CERN

The extracted 200 GeV/nuclecn OxXygen beam had a measured contamination of nuclear
fragments, when reaching the experiment, on the level of 1-2% [v.14]. This agreed roughly
with a calculation based on the flux of fragments produced in material traversed and on
surfaces of septa [V.15]. This note addresses the question of contamination if Lead icns
instead of Oxygen ions are transported in the secondary beamlines.

A basic ingredient in the calculation for the Oxygen beam was the cross section to create
a fragment with 2/A=0.5 in interactions with material in the beamline. The unavcidable
material, 2 g/cm2 Carbon equivalent, is situated in the upstream part of the beamiine and
thus only fragments with the right Z/A will be transported to the experiments. 1In the case
of Oxygen-Carbon collisions, & cress section of 1 barn was used. Clearly, the geometrical
cross section in a Lead-Carbon collision is larger than in an Oxygen-Carbon collision. A
simple estimate of the geometrical Lead-Carbon cross section gives roughly 3 barns. However
this cross section has to be multiplied with the probability to create a fragment wit the
same Z/A as Lead. In order to preserve the Z/A, the Lead nucleus cannot be broken up too
much, and only interactions with the outer skir. of the nucleus have to be considered. Assuming
a skin thickness of 0.5 fm already reduces the geometrical cross section by a factor 10.
The beamline can transport fragments with Z/& within a couple per thousand of the nominal
Z/A. All other fragments will be lost. In the mass range 120<A<200 there are akout 400
isotopes. Of those 400 there are about 30 with an acceptable Z/A. Thus one could guess that
the probability is reduced by another factor 10.

From the argument above, it is clear from the point of view of contamination due to nuclear
interactions, a Lead beam is even more favourable than an Oxygen.

At high energies and with high Z projectiles like Lead, it is not enough to consider
the strong processes. The Coulomb dissociation cross section becomes important. For a 200
GeV/nucleon incident Au ion on a Au target, this cross section is 30 barns [v.15]. Assuming
that the cross section for Lead ions is the same and scaling with 22 of the target nucleus,
one gets a cross section of about 3 barns for Lead on stainless steel. There is 0.6 mm of
stainless steel in the beamlines, the only high Z material present. This leads to an
interaction probability of 2%. Thus concerning the material in the beamline, the Coulomd
dissociation process does not cause a major problem.

Up to now, we have only considered the effect of material in the beamlines. There are

also contributions from the surfaces of the septa used to split the beams. These contributions
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were calculated for Oxygen [V.16] and found to be less than 1%. In the case of the contri-
butions to fragmentation from strong interactions there is no reason to believe that the
situation will be worse using Lead ions, the arguments being the same as éevelopped above
in connection with material in the beamlines. For Coulomb dissociation, the situation is
however different. There one cannct strongly rely upon the reduction due to different Z/A
of the daughter nucleus since the most frequent process is just one nucleon being lost. In
the worst case, assuming that every Lead ion interacting with the surface of the septum gives
an isctope with an acceptable Z/A, one would get a contamination of roughly 15%. On the other
hand, is it of importance if 15% of the beam would Dbe PD2O7 instead of szos?

To conclude, we do not see any major problem in transporting Lead ions in the secondary
beamlines instead of Oxygen.
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XI- APPENDIX V.2: Feasibility study concerning a possible layout for a Lead-ion injector
for the CERN accelerator complex

H.Haseroth, AlLlombardi and MWeiss. CERN [V 4]
Presented at the 1987 Particle Accelerator Conference

March 16-19, 1987, Washington DC, USA

"' 1 - Abstract

A possible machine layout for acceleraticn cf Lead ions is presented, based on the
experience gained with the successful, but vainful, acceleration of Oxygen ions in the CERN
Linac 1 [v.17].

The scenaric consists of an ECR source, an RFQ and an ALvarez Linac. One has tried to
optimize the parameters within the restrictions of the space availarle, keeping in mind the

requirements and desiderata of the subsequent machines.

2 - Introduction

After the successful acceleration of Oxygen ions in the complex of CERN acceleratcrs,

. an interest for acceleration of heavier ions is growing among the comrunity of physicists

[V.l]. As a reasonarle step forward, one env.sages the acceleration of Lead ions, which are

tc be extracted from an Electron Cyclotron Resonance (ECR) ion source in a rather highly

ionized state. The linear accelerators, which follow the ECR ion source must be designed

for a charge to mass ratio q/A*21/7, which means that one expects from the ion source Pb(30+)
ions.

The CERN Linac 1 accelerates now O(6+) ions (q/A*=o.375) for the CERN accelerator complex
and protons (or H ) for the LEAR machine. We propose to separate these two operations: for
the accleration of Lead ions a special Linac should be built, whereas Linac 1 (or rather
its first tank only) would serve exclusively LEAR from another location. The new Linac (Linac
3) could be housed in the old building of Linac 1, extending the possible range of q/A* from

0.375 to 0.144. The boundary conditions for Linac 3 are:
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1. overall length £ 35 m

2. final energy/nucleon = 8 MeV/u (minimum energy for injection into the Booster)
3. operating frequency = 200 MHz.

These conditions are imposed by the existing space and by cost effectiveness ocbtained

by using available 200 MHz RF equipment.

3 - General Considerations

To facilitate the choice of parameters for the Pt linear acceleratcr complex, we proceed

as follows:

1. establish a 'reference' layout by choosing some realistic main parameters. The reference

layout we start with is schematically represented in Fig.V.4.

2. analyze <he reference design by applying approximated analytic formulae (smooth, linear
motion) to see the interdependence of various parameters. Change parameters until a

reasonable set of values is found.
3. correc+t the reference layout for the new set of values.

The ECR ior source will be of a similar type like the one used for the O(6+) {v.18],
however, the magnetic field will be increased as well as the RF freguency (up to about 30
GHz). The source will ther be capable to deliver currents of 30 to 40 uA of Pb(35+) [Vv.3].
The extraction voltage will be pushed to about 100 kV to provide beams of 15 KeV/u. In what
follows, a normalized emittance EN=lﬂ mm mrad is assumed.

The two accelerators which follow in cur reference scheme are the RFQ and the Alvarez
Linac. We analyze these accelerators with linear optimization programs, which contain
essentially analytic formulae shown below. With a low q/A' ratio, it is not trivial to finéd
acceptable acceleration and focusing parameters Dby keeping ES and Bm in reasonable 1limits

(see formulae V.15 and V.16).



GZOT = 32/8712 - HUZOL (v.1)
o0, = (7% ge Avlsin(¢5)|]/[A*m52c2 (V.2)REQ
B = [12 ge xV] / [c2 2* m az] (v.3)

x =1- AIO (wa/gec) (v.4)
V= xV+ AV I (wa/fc) (v.3)
Av/Az = [n qe AV cos(®_)]/(28" BA) (v.6)
ve/a €5 107° (uv)em” (v.7)
UZOL = [2n ge E T RNzlsin(és)|]/[Atmﬁc2] (V.8)Alvarez
B = [xz qe N x8G] / [ca m ] (v.9)
+=: x = 4/7 sin(ismA) (v.10)
++==: x = B/V2n sin(%mA) (V.11)
+++me=: x = 8/n sin(mA/B) (v.12)

a = SF{(INE, /o) (1+B/4n?)/(1-8/47°)}°"> (v.13)
AW = ge EmT L cos(¢s)/A (v.14)
Es = LC Em Er/g (v.15)
B =6 (a + 1 mm) (v.186)

Definitions

¢ _.: sync. phase advance/period

o)
UO;: betatron phase advance/period
'S intervane voltage in RFQ
A: acceleration factor in RFQ
x: feccusing factor
B: focusing parameter
a: mirnimum aperture radius
EN: normalized beam emittance
IO: zero order modified Bessel function
A: quad. f£illing factor
N: number of fA/pericd
Em: mean acc. field
T: transit time factor
Bm: magr.. flux density at pole type (S 1.3T)
L: accelerator length
LC: cell length
g: gap length
Es: maximum surface field (£ 25 MV/m)

SF: safety factor (1.253)

EF: enhancement factor (1.5)
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4 - Analysis of the RFQ

We start analyzing the RFQ: low phase advances per period, o~ and o, are chosen because

of the 1low q/A*. However, we try not tc descené below UOL=UO"=lO°' The breakdown criterion

which is applied is a semiempirical one (equation V.7), derived from [v.12].

The results of computations are presented in Table V.l. Several frequencies have been

considered, but it is the 200 MHz which interests us mostly. In fact, with %57 and UOL below

15°, solutions can be found. It is interesting to see which portion of the intervane voltage

V is needed for acceleration (AV) and which for focusing (xV): it is the latter which

predominates; compare formulae V.2, V.3 and V.5.

TABLE V.1: RFQ Parameters

W. =15 KeV/u; W =300 KeV/u
in out

fr p=S B a xV AVIo Vv V2/a L
(MEZ) ) | o) | ooy | o) | oevEen ) (r)
107¢

OOT=15° 200 .33 2.8 3.2 .08 .06 .15 6.8 2.9
OOL=15° 150 .45 2.8 3.7 .06 .06 .12 . 4.1
120 .52 2.8 4.2 .05 .06 .11 2.0 4.9

OOT=lO° 2C0 .24 1.9 3.8 .0S .03 .11 3.2 6.3
UOL=lO° 150 .28 1.9 4.4 .08 .03 .09 1.8 8.€
120|  .3a] 1.8 s.0| .0s| .03 .o8| 1.2 10.3

5 -~ Analysis of the Alvarez

The situation is more complicated with the Alvarez. In order to fit in the available

space, the Alvarez length should be LASZS m. Thie gives for the accelerating field EnT

2.5 ¥V/m (¢s is taken as =-30°).
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The length of the period of betatron motion depends on the type of fozusing: it is Nj3A,
with N=2(+-), 4(++--) or 6(+++---). The last type of focusing is unusual, but it has alsc

been tried out.

il

The period of the synchrotron motion is JBA; however, the phase advances o.. gquoted in
(S
following tables refer to the same length as UOT'

With EmT=2.5MV/m one gets aOL=30°; the result for various ¢ and types of focusing are

presented in Table V.2. To facilitate the comparison of resuifi, one has always kept the
£illing factor A=k and the ratio g/fA=k.

From Table V.2 we see that with win=300 KeV/u none of the solutions is satisfactery,
although we came close with +++--- focusing. The situation would improve going to higher
injection energies, but then the RFQ gets too long and complicated.

The same calculations are repeated for a lower freguency (150 MHz) and the results
presernted in Table V.3.



TABLE V.2: Alvarez parameters for f=200 MHz

W, =300 KeV/u, W =3 MeV/u, E_T=2.5 MV/m, L=25m
in out m

UOT a GEE Bm E§1 in
(deg) {mm) (Tm (T) (Mvm
30 3.4 616 2.7 18.9 .79
+- 25 3.7 552 2.6 18.2 .78
20 4.1 482 2.5 15.7 .76
UOL=3O° 15 4.7 432 2.4 20.5 .72
10 5.6 392 2.5 22.1 .67
50 4.3 352 1.9 20.0 .74
- 40 4.6 315 1. 20.5 .73
30 5.2 282 1.7 21.4 .69
UOL=60° 20 6.2 256 1.8 23.2 .63
10 8.5 238 . 28.0 .51
60 5.3 217 1.37 21.5 .69
B i 50 5.6 202 1.33 22.1 g7
40 6.2 188 1.35 23.1 .65
UOL=9O° 30 7.0 177 1.41 24.S .60
20 8.4 166 1.88 28.7 52
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TABLE V.3: Alvarez parameters for f=150 MH2z

W, =300 KeV/u, wout=8 MeV/u, EmT=2.5 MV/m, L=25m

in
. B E .
“or a G;g Ls_l Tln
(Geq) (mm) (Tm ™) (T) (Mvm ™)
30 4.0 357 1.8 18.3 .81
+= 20 4.8 283 1.7 18.9 .79
ao,=36° 10 6.6 248 1.9 20.6 .78
50 5.0 211 1.27 19.1 .78
- 40 5.5 1€2 1.24 19.4 .77
30 6.2 175 1.26 2C.1 74
OO?=72° 20 7.4 162 1.36 21.5 .6S
10 10.3 183 1.73 26.1 .57
60 6.3 133 0.87 20.3 .74
Frt——— 40 7.35 118 0.85 1.5 .62
oOT=lOS° 20 iC.0 108 1.20 26.0 .57
10 13.9 106 1.59 34.8 .43
As expected, with the +++--- focusing ocne is now comfortably within the limits imposed

on Bm. Tne freguency could be raised somewhat, staying between 150-200 MHz.
L solution where the 200 MHz freguency could be kept is to start with an Alvarez operating
in the 2 (A mode and returning to the A mode at a somewhat higher energy [v.20]. such a

nybrid structure has been analyzed as follows:

L find lowest win for the PBA structure with +- and ++--— focusing; Es=20 and 25 ¥Mv/m,

respectively. The bore hole radius a=émm (a=SFxbeam radius, SF=1.25); g/fA=k
L find lowest win for 2 BA structure with +- focusing and other conditions as above

L repeat the two steps with a=7.5mm and SF=1.5. (It is a check how critical the choice
of a and SF is.)



The results are grouped in Table V.4 which shows several solutions for Linac 32, one c¢f

which is shown in Fig.V.5.

TABLE V.4: Parameters of the hybrid structure

W_ . =8 MeV(u)
out

282 BA
E W, L foc. W, L L
s -1 in 1 A
(v m ™) (KeV) (m) (KeV) (m) (m)
a= € mm Sr=1.25
28 140 5.3 +- e50 17 23.3
140 3.2 +—— 550 19 22.2
20 110 8.5 - 850 21.6 30.1
110 4.3 - 480 24 28.32
a= 7.5 mm SF=1.5
z3 150 12.2 += 15C0 15.7 28.9
130 5.4 +sm— 700 18.5 23.4
20 120 15.8 += 1300 20.2 36.
120 6.4 e 600 23.5 2¢.9

6 - Discussion

The analysis which was carried out was only a feasibility study, from which it follows
that a Pb(30+) Linac could be built in the frame of conditions imposed. This analysis is
) ) . ) 2
in a certain respect complementary to [V.1] where the effective shunt impedances ZT" for

BA and 2 BA structures were considered. Due to OUr space limitations we have to find an optimum
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compromise between Z'I‘2 (RF power) and ET (efficlency of acceleration); this has nct yet been
done. However, ZT2, also in the worst case (2 fBA structure at injection), was kept > 10MQ/m.
To accelerate Pb ions in the CERN accelerator complex, only scme minor improvements are
necessary for the vacuum of the machines following the Linac 3, as PSB and PS.
It should also be mentiocned that the feasibility study showed that q/A*=1/7 is not so
critical and that one could go even lower. This is particularly interesting if one requires
higher beam intensities which could eventually be supplied by other sources having a lower

charge to mass ratio.
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XI1I- FIGURE CAPTIONS

Fig. I.1. Phase diagram from ref. [I.1
Fig. I.2. Temperature distribution as a function of r for cylindrical transverse
expansion coupled to longitudinal expansion. Each curve is labeled by
the time in fm/c that has elapsed since the ccllision with Ti=l.
Fig. II.1. NA35 and NA36: the inelastic nucleus-nucleus cross section as a function
of projectile and target masses
.2. KLM Collaboration: charged multiplicity vs pseudo-rapidity ‘
. WAB0: a) charged multiplicity vs energy at “zero degrees" for differen:
targets, and b) “"zero degree" energy specira
Fig. II.4. IRIS probabilicy distribution of number of participants
Fig. 11.5. ET distributions: a) HELIOS (backward hemisphere), b) NA35 (central region)
and c) WABC (forwaré region). Note that there are apout 10% ET scale errors
on the data
Fig. II.6. ET/particle distribution: a) HELIOS (packward region, scale errors abcut 10%)
and (b) WAB0D (central region)
7. HELIOS: @ET/dr vs ET for O-W interactions
Fig. I1.8. NA35: Examples of the fits to the perpendicular extent of the pion source
in different regions of rapidity (a) 2<y<3, (b) 0.5<y<2 and (c) ali v,
for QO, QL < 100 MeV/c.
Fig. II1.S. NA35: Likelihood contours for the perpendicular and longitudinal extent of
the pion source ’
Fig. I1I.10. HELICS: pT distributions a) positive and b) negative particles
Fig. II.11. pT distributions of photons for a) HELIOS: 1<y<2 and b) WAS0: 1.7<y<Z.&
Fig. II.12. WAB0: (a) no reconstruction and (b) pT spectra for different targets
Fig. II.13. HELIOS: <pT> for charged particles vs ET
Fig. 1I.14. NA35: A mass spectrum ‘
Fig. II.15. NA38: dimuon mass spectrum for a) low ETem and b) high ETem
Fig. I1I.16. NA38: dimuon pT spectrum for high ETem relative to low ETem
Fig. III.l. Standard temperature-time scenario
Fig. III.2. Sensitivity of di-lepton spectrum to the initial conditions

Fig. IV.1. Overviews of the 5 Major Experiments: a)HELIOS, D)NAZ3, c)WAS0, A&)NA36, e)NA3S
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Fig. V.l1. Sketch of the injector structure

Fig. V.2. Sketch of the front end structures of a) Phase 1 (SPS fixed target)
and b) Pnase 2 (LHC)

Fig. V.3. The relation of storage time to luminosity and circulating current

Fig. V.4. Reference layout of the Ppb Linac complex

Fig. Vv.5. A Possible Pb Linac Layout
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