
COMMISSARIAT A L'ENERGIE ATOMIQUE 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY CEA-CONF - . 8475 

Service de Documentation 

F9119I GIF SUR YVETTE CEDEX 

L3 

NUCLEAR STOPPING POWER AT RELATIVISTIC AND 
ULTRA-RELATIVISTIC ENERGIES 

Madeleine Soyeur 

CEN de Saclay, Service de Physique Théorique 
F-91191 Gif-suv-Yvette Cedex, France 

Communication présentée à : 2 . I n t e r n o t i o n a l workshop on l o c a l e q u i l i b r i u m i n 
s t r ong i n t e r a c t i o n s phys ics 

Santo Fe, NM (USA; 

9-12 Apr 1986 



NUCLEAR STOPPING POWER AT RELATIVISTIC AND 
ULTRA-RELATIVISTIC ENERGIES 

Madeleine Soyeur 

CES de Saclay, Service de Physique Théorique 
F-91191 Gif-sur-Yvette Cedex, France 

ABSTRACT 

The concepts of stopping power and momentum 
degradation length for protons incident on nuclear 
matter are defined and discussed. The in te rp re ta t ion of 
proton-nucleus data a t r e l a t i v i s t i c (E£ a" ^ a few GeV) 

and u l t r a - r e l a t i v i s t i c energies (E™ 3 Z 100 GeV) in 
terms of these concepts i s reviewed. 
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1. STOPPING POWER AND MOMENTUM DEGRADATION LENGTH : DEFINITIONS 

The concept of stopping power of matter to fast particles is 
frame dependent and defined for the ideal scattering experiment 
represented in Fig.l. Let p be the momentum of the incident particle 
along the z axis. We want to study the evolution of the energy E and 
longitudinal momentum p(z) of this particle as it propagates through a 
semi-infinite slab of matter (z > 0). This evolution is a characteristic 
property of the matter contained in the semi-infinite slab. 

(E,p) 
-H 

Figure 1 : Fast particle of momentum p propagating freely for z < 0 and 
through a semi-infinite slab of matter for z > 0. 

The stopping power S is the average energy loss of the incident 
particle along the z axis per unit length, 

dE 
dz (1) 

The degradation length /V of the incident particle momentum is 
defined by the equation 

dp(z) 
dz 

P(z) 
% ' 

(2) 

i.e. p(z) = p(0) e \ (3) 
The stopping power and degradation length discussed in this paper 

refer to the propagation of a high energy proton incident on a 
semi-infinite slab of symmetric nuclear matter (with equal number of 
protons and neutrons). 



2. NUCLEAR STOPPING POWER AT HIGH ENERGY (EJi. 1 GeV) 

2.1. Stopping dynamics : general features 

The definitions given in the previous section have a very simple 
interpretation if the fast incident particle propagates through matter by 
successive elastic collisions (billiard ball model). In this case, the 
stopping power is a measure of the transformation of longitudinal energy 
into transverse energy. 

For protons incident on nuclear matter at high energy (EL̂ . 1 GeV), 

the interpretation of the stopping power is more complicated. 

We consider first the relativistic regime, i.e. proton energies 

of the order of 1 GeV. At these energies, the elastic and the inelastic 

proton-proton cross-sections become comparable as illustrated in Fig.2. > 

The main inelastic channel is the reaction pp -» pnir+. The data ' suggest 

that this reaction proceeds dominantly (~ 80 %) through the intermediate 

[nA*+(1232)] state For E ^ a b > 650 MeV ; other possible mechanisms are the 

[pA+ ] intermediate state or direct pion production. Therefore, a 1 GeV 
proton incident on nuclear matter will deposit energy not only by 
transforming longitudinal energy into transverse energy but also by 
exciting nucléons into A's or, less frequently, by direct pion 
production. 1 proton-neutron collisions, charge exchange reactions are 
also possible. 

In the ultra-relativistic energy regime (E_£ 100 GeV), the 
dynamics of stopping is expected to be even more different from the 
billiard ball model. Because of Lorentz time dilatation, the formation 
time of a secondary particle increases linearly with its energy and 
therefore the fast particles, and in particular the leading baryon, are 
produced far from the collision point, at distances of the order of 

fm (E and m are the energy and the mass of the particle)3). The 

incident proton does not retain its identity after the first collision 
and proton fragments rather than the proton itself rescatter in the 
subsequent collisions. Therefore, the detailed understanding of stopping 
power and energy deposition at ultra-relativistic energies requires 
models involving the dynamics of the nucléon constituents. 

2.2. Stopping power and baryon densities achieved in central heavy 

xon cCxxisiOus 

A major motivation for studying central heavy ion collisions at 
high energies is the possibility of creating temporarily a 
quasi-macroscopic system of nuclear matter at high density. One hopes to 
be able to determine the equation of state of matter in this regime from 
the reaction products. 
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The stepping power of nuclear matter to fast nucléons is closely 
related to the baryon densities attainable in central heavy ion 
collisions. In order to built up high baryon densities, nucléons have to 
be stopped in the interaction region. 

At incident eut gi<js of the order of 1 GeV, stopping of heavy 
ions in central collisions has been observed at the Bevalac, in event by 
event analyses using 4IT detectors. »5) The experimental signature of the 
complete stopping of the ions is the isotropy of the momentum flux of the 
event. 

The reaction ^Ar + 2 0^Pb at E/A = 0.772 GeV has been studied at 
the Streamer Chamber . ' It was triggered by requiring that only high 
multiplicity events be accepted. The energy and momentum carried by the 
protons only were measured. All neutrons, free or bound in clusters, were 
disregarded in this analysis. The isotropy of the momentum distribution 
of each event is characterized by the ratio of the mean longitudinal 
momentum over the mean transverse momentum, 

IT <P|!> 

= ^ S ( P t l ,!/Z | P | l j , <<») 

in which ptv and p ^ are the transverse and longitudinal momenta of the 
detected protons; for an isotropic distribution, R is unity. The 
distribution of the mean longitudinal and transverse momentum of the 
central collision events is shown in Fig.3- The contour lines of event 
frequency appear rather symmetric around the diagonal which corresponds 
to R=l, i.e. to events with spherical momentum flux. Similar results were 
observed at the Plastic Ball for high multiplicity events created in the 
reaction 9 3 N D + 9 3 ^ at E/A = 0A GeV 5). 

Estimates of the baryon density reached in central collisions of 
heavy ions at Bevalac energies range from 2 to 4 times nuclear matter 
density (i.e. from 0.3 to 0.7 baryon/fm3)7), 

At energies higher thnn those available at the Bevalac, there are 
at present no experimental data on central heavy ion collisions. 
Therefore, it is important to understand the stopping power of nuclear 
matter at these energies to predict the conditions that could be created 
in the interaction region. 

As the incident energy per nucléon increases, one expects that 
the complete stopping of the ior.s will become less and less probable and 
that the transparency regime will set in. In the transparency regime, the 
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Figure 3 '• Contour lines of event frequency for central collisions in the 
reaction Ar+Pb at E/A = 0.772 GeV6K <pt> and <p(|> are the mean 
transverse and longitudinal momenta of the event. 

ions "pass through" each other and emerge after the collision as two 
excited fragments receding from each other at the speed of light; in 
between the ions, a central region of very high energy density but little 
baryon density develops '. It is important to know the energy domain in 
which this transition from stopping to transparency takes place in order 
to evaluate the possibility of creating a high baryon density quark-gluon 
plasma in heavy ion collisions. This issue depends on both the stopping 
power and the energy deposition in the energy range 10-100 GeV per 
nucléon. Indeed, a large fraction of the longitudinal energy lost by the 
incident nucléons is not deposited in the target: the fast fragments of 
the projectile are emitted outside the nucleus. In order to produce a 
high density quark-gluon plasma, one needs complete stopping of the ions 
and sufficient energy deposition to provide the latent heat necessary to 
induce the deconfinement phase transition. This latent heat is expected 
to be of the order of a few GeV fm"3.9) 

Information on nuclear stopping power comes primarily from 
proton-nucleus experiments. We devote the next two sections to a 
discussion of semi-exclusive data taken for incident protons of a few 
GeV1"-1"1^' and to various analyses of inclusive data at ultra-relativistic 
energies (E^ a b = 100-400 GeV) 15- 17). 

3. STOPPING POWER AT RELATIVISTIC ENERGIES : SEMI-EXCLUSIVE STUDIES 
OF PARTICLE PRODUCTION IN A FEW GeV PROTON-NUCLEUS REACTIONS 

We discuss in this section the semi-exclusive proton-nucleus data 
obtained at the 12 CeV KEK proton synchrotron 1 0" 1^. 

The aim of these experiments is to measure the stopping 
cross-section for several GeV protons incident on various nuclear 



targets. A stopping event is defined as a highly inelastic process with 
no forward leading particle; it is characterized by multiparticle 
emission in the target rapidity region. Stopping events are identified by 
a two component spectrometer 1 2 , 1 3 ) consisting of a cylindrical drift 
chamber and a forward spectrometer. The cylindrical drift chamber covers 
the angular range 8 = 30* to 120* for all azimuthal angles; it detects 
the particles emitted in the target rapidity region. The forward 
spectrometer covers the angular range 9 = 0 " to 6*; it allows detection 
of the forward leading particles. The trigger condition for inelastic 
events is that at least one particle be detected in the cylindrical drift 
chamber. The forward spectrometer allows then to separate inelastic 
events with and without leading particles. The latter are the stopping 
events. 

The semi-exclusive reactions studied are therefore of the type, 

p • A - Nj • N£ f • X , (5) 

in which N'£ and N^ are the charged particles observed respectively in 
the forward spectrometer (leading particles) and in the cylindrical drift 
chamber (target fragmentation). The incident proton momentum varies from 
1 to 4 GeV/c (i.e. 0.43 < E ^ a b < 3-17 GeV). The targets are 2 7A1 and 
2 0 8Pb. 

The observation of nuclear stopping is illustrated in Fig.k for 
4 GeV/c protons incident on Al and Pb targets 3). This figure shows the 
cross-sections for inelastic events as a function of the charged particle 
multiplicity. The squares and circles refer to different trigger 
conditions (at least one and at least two particles observed in the 
cylindrical chamber respectively). Together with the cross-sections are 
shown the fractions of events (in percent) with leading protons. One 
observes that the fraction of leading proton coincidences decreases very 
fast with increasing multiplicity and goes to zero for events with 
multiplicity larger than 5-

Stopping cross-sections can be derived from these data by 
subtracting from the inelastic cross-sections the contribution from 
events with leading baryons. Only leading protons are measured. 
Therefore, to deduce stopping cross-sections, one needs to estimate the 
forward leading neutron component. Neutrons come fnom charge exchange 
reactions or from the decay of A's and N 's produced in the projectile 
fragmentation region. A very rough estimate1^; of the leading neutron to 
proton ratio gives 

- = 0.75 ± 0.25 . (6) 
P 

Using th i s r a t i o , En'yo derived the following values of the stopping crews 
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Figure ^ : Charged multiplicity distributions for the 4 GeV/c a) p+Al and 
b) p+Pb reactions. The fraction of events with leading protons are shown 
in c) for the p+Al reaction and in d) for the p+Pb reaction12'. 

sections for 4 GeV/c protons 3) 

p • 2?A1 : cr s t o p =: (200 ± 17) mb . 

p + 2 0 8 p b . CTstop= (1160 ± 110) mb 

(7) 

(8) 

These stopping cross-sections represent respectively 50 % (for Al) and 
80 % (for Pb) of the geometrical cross-section. Therefore, to a large 
extent, heavy nuclei at these energies (~ 3 OeV) are not transparent. 

To estimate the energy deposition in the target nucleus, one has 
to evaluate the contribution from the neutral particles. For a target 
with N neutrons and Z protons, the number of emitted neutrons is taken to 
be (N'/Z) Limes the observed number of protons and the number of TT*'S is 
assumed to be the same as the number of ir~'s. The energy deposition in Al 
and Pb calculated with th^se assumptions is shown as a function of the 
mean multiplicity in Fig.3*3), The incident proton momentum is k GeV/c. 
In high multiplicity events, a very large fraction (more than 80 %) of 
the incident energy (3-17 GeV) is deposited in the nucleus. 
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Figure 5 : Multiplicity dependence of the energy deposition in the 
4 GeV/c p + Al and p + Pb reactions*'*}. 

4. STOPPING POWER AT ULTRA-RELATIVISTIC ENERGIES 

k.l. Inclusive proton-nucleus cross-sections at 100 GeV 

Estimates of the nuclear stopping power at ultra-relativistic 
energies (E^ a b £ 100 GeV) are based on proton-nucleus inclusive data, 
i.e. on differential cross-sections for the reaction 

p • A - p • X , (9) 

with various nuclear targets. 

Fig.6 shows the data of Barton et al1^) obtained with 100 GeV 
protons incident on p, 1 2 C . 2 7 A 1 , 6 3Cu, 1 0 8 A g and 2 o 8 P b . The invariant 
cross-sections are plotted as functions of Feynman x which is 
approximately the ratio of the outgoing proton momentum over the incident 
proton momentum. These results cover the kinematic range 
30 < p < 88 GeV/c and p t = 0.3 GeV/c. 
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Recencly, data on the reaction 

A -» n + X (10) 

at 400 GeV have become available-""'. Fig.7 shows the x dependence of the 
p+p -+ n+X cross-section; the 400 GeV p+p -» p+X cross-section is also 
plotted for comparison. It is about twice larger than the neutron 
inclusive cross-section. Fig.8 shows the x dependence of the p+Pb -» n+X 
cross-section at 400 GeV compared to the p+Pb -• p+X cross-section at 100 
GeV. 

Proton-nucleus inclusive data at 120 GeV for targets ranging from 
Be to U have also been measured at CERN ''. They cover the kinematic 
range 15 < P < 70 GeV/c and are averaged over p t. 
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k.2. iiJipirical determination of the mean proton rapidity loss in the 
center of a heavy nucleus 

The Barton et al data1-*) described in the previous paragraph have 
been used by Buzsa and Goldhaber1"' to estimate the stopping power of 
nuclear matter. They transform the invariant inclusive cross-section of 
the p+Pb -» p+X reaction shown in Fig.6 into a probability that the 
incident proton loses rapidity (-Ay) after traversing the inner part of 
the Pb nucleus. This transformation rests on a few simplifying 
assumptions and on a simple model for the nuclear surface. The 
assumptions are that the inclusive pt distributions are independent of x 
and A and that the ratios of production of the various baryons are 
independent of A. The outer half of the lea.I nucleus is described as n 
nuclei of small mass1"'. The result of this work xc shown in Fig.9« The 
average rapidity loss in the inner part of the Pb nuclov= for 3 100 GeV 
proton is Ay = -2-5 ± 0.2.l8) 
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Figure 9 : Probability distributions for rapidity loss of protons in Pb 
nucleus at 100 GeV. The contributions from the inner and outer parts of 
t!:e nucleus are indicated "'. 



4.3- Multiple scattering expansions 

4.3.1. Sequential nucleon-nucleon scattering along straight line 
trajectories 

The simplest approach to describe the stopping of a high energy 
proton by a heavy nucleus is to assume that the incident proton undergoes 
successive collisions with the target nucléons on a straight line 
trajectory. This approach neglects the property that the leading baryon 
is produced outside the nucleus and cannot rescatter as a nucléon (see 
the discussion of section 2). The sequential nucleon-nucleon scattering 
picture should therefore be viewed as an effective analysis of the data 
whose main interest is to provide order of magnitude estimates of the 
momentum degradation length of a high energy proton in nuclear matter. 

The sequential scattering evolution model was initially proposed 
by Hwa1^) and later on refined by a number of authors u ' . 

We recall first briefly the geometry of the model. The incident 
proton collides on average with a number of nucléons N^(b) given by 

NA(b) = crNN J dz PA(z.b) , (11) 

where a^ is the nucleon-nucleon cross-section and P A the nuclear density 
distribution. The cross-section for collision with N target nucléons in a 
row is then23) 

a A(N) = J* d 2b ~; [N A(b)] N exp[-NA(b)]. (12) 

The dynamics of the model enters through the evolution equation for the 
momentum degradation of the incident proton in successive collisions. If 
H(x,N) is the probability that the nucléon has a fraction x of the 
initial momentum after N collisions, the evolution equation1?) reads 

H(x,N+l) = 1 dx' , 
— H(x'.N) Q 

x x 

(13) 
X' 

in which Q(x) is the probability that the incident nucléon has momentum 
fraction x after a collision with one more target nucléon. 

The various analyses using the sequential evolution model " ' 
differ by the choice of Q(x), i.e. by the relative probability of hard 
and s',ft collisions. Fig.10 (from Csernai and Kapusta22') shows the 
different functions used for Q(x). 

Fitting the Barton et al data*5) with the sequential evolution 
model, one can determine the momentum degradation length /Y, 
[eqs.(2)-(3)] in the nuclear interior. The first calculation of Ap by 



Hwa1*) m approximate solution of the evolution equation (13) and 
gave A_= 17 fn. Solving eq.(13) exactly, Csernai and Kapusta ' found, 
with the same function Q(x), /V= *J.9 fm. Wong °' obtained /V= 5-3 fn» and 
Hufner and Klar^x' got Ap~ 7-3"8.8 fm (for a more detailed discussion see 
ref.22). 

3.0 

Figure 10 : Probability that the incident nucléon has momentum fraction x 
after a collision with one more target nucléon. The various curves refer 
to the values used by the authors of refs. 19-21. This figure is taken 
from ref.22. 

Taking into account the difference between the proton and neutron 
inclusive data, Csernai and Kapusta ^ 2) fitted both the Barton et al1-1' 
and the Forrest ^ data and obtained 5-7 < \< 6.9 fn. This range of 
values is consistent with the Busza-Goldhaber analysis '. 

U •} 0 success! interaction» uf nucléon constituents 

As emphasized in section 2, the ultra-relativistic proton-nucleus 
dynamics should be describee at the level of the nucléon constituents to 
take into account the nucléon fragmentation. 

We review briefly in this section the results obtained in the 
framework of the dual parton model which provides a unified and quite 
successful description of particle production in nucleon-nucJeon, 



nucieon-nucleus and nucleus-nucleus collisions^4*^* . 

In this model, the incident proton splits during the first 
collision into 2n colored fragments (n is the number of rescatterings). 
Each of these fragments together with a complementary colored fragment of 
another nucléon generates a color flux tube which gives rise 
asymptotically to a chain of hadrons^'. This is illustrated in Fig.11. 

^ q_ C 

c c r c 

Co) c{2) c^>Cc4) 

c C c £ 

Figure 11 : Proton-flue Zeus interaction in the dual parton mode i24K 

The momentum distribution functions of the valence and sea quarks are 
given in terms of the dominant Regge singularities and the hadronization 
of the chains is described by quarks fragmentation functions'^4'. 

The leading baryon is this picture is produced in the chain 
formed by the diquark of the incident proton and a valence or sea quark 
of a nucléon from the target^->) . 

It is interesting to relate the results of such model to the 
stopping power parameters defined previously. This is shown in Fig.12. 
The average rapidity loss of a 200 GeV/c proton is plotted as a function 
of the number of successive collisions. <AY>m is defined by 

< A Y>m = Ymax " <Y> (I'D 
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Figure 12 : Average rapidity loss of a 200 GeV/c proton and average 
inelasticity coefficient as a function of the number of collisions nr '. 

where <Y>m is the average baryon rapidity after m collisions. <AY>j is 
approximately 1. If <E>m is the mean energy of the leading baryon after m 
collisions, the inelasticity coefficient I m is defined by 

<E>m = (1-IaXEVi (15) 

I± is ~ 0.5^5). The value of the momentum degradation length Ap is 7-5 
fm, a value quite comparable to the estimates of the previous section. 

Similar values have also been obtained using the multi-chain and 
additive quark models °'. 

5. CONCLUDING REMARKS 

We have briefly reviewed in this talk our present understanding 
of nuclear stopping power at relativistic and ultra-relativistic 
energies. 

At relativ.i.stic energies (a few GeV), it seems important to be 
able to reproduce the semi-exclusive data 1 0 4' on particle production in 



proton-nucleus collisions. These data provide strong constraints on the 
conditions created in relativistic heavy ion collisions and need to be 
understood in order to relate particle production in central 
nucleus-nucleus collisions to the equation of state of nuclear matter. 

At ultra-relativistic energies (~ 100 GeV), a detailed 
description of the energy deposition in proton-nucleus collisions has to 
involve the nucléon constituents. Progress in this approach is important 
to evaluate the possibility of creating a high baryon density quark-gluon 
plasma in ultra-relativistic heavy ion collisions. 

The author thanks K.Nakai for sending her the most recent 
proton-nucleus data obtained at KEK and G.Baym for many useful 
discussions on stopping power at ultra-relativist'- energies. 
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