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LBL-12656
EXPERIMENTS WITH RELATIVISTIC HEAVY IONS: A POTPOURRI
OF CHEMISTRY, CANIS MAJORIS AND GRAINS OF SILVER

Harry H. Heckman

Nuclear Science Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Abstract: A selection of three experimental programs, unique in their applied
techniques and physics objectives, form the basis of a review of
contemporary experiments in relativistic heavy ion physics.

1. Introduction

The concatenation of innovative accelerator technology and scientific
interest during the decade of the 1970s marks one of the most incisive periods
in studies of relativistic heavy ion (RHI) physics. Within a span of a few
years, the kinetic energies of accelerated nuclei available in the laboratory
increased by more than three orders of magnitude. The physics of heavy ions has
thus been literally propelled from energies in the realm of 0.01 A GeV to
"0 A GeV, creating new vistas and a powerful means to search for unexpected
and, undoubtedly, new aspects of nuclear matter. As implied by my title,
experiments in RHIs encompass a rich variety of techniques and infusion from a
broad range of scientific disciplines. To pursue this thesis, I shall review
three selected RHI experiments that represent, to me, uniquely different
experimental approaches. Their similarity, however, is that they have produced
striking and quite impressive results., The first experiments involve analytic
radiochemistry studies of target fragmentation by protons and RHIs, The next
section presents early experimental results from two-pion correlation
experiments--experiments that utilize the Hanbury-Brown and Twiss effect first
used 25 years ago to measure the stellar diameter of Canis Majoris A (Sirius).
The third experiment is on the evidence for anomalous nuclei among the
projectile fragments (PF) of relativistic nuclei. This is a nuclear emulsion
experiment, hence entails track following along “grains of silver”.

2. Target Fragmentation: Radiochemistry Studies
and Associated Multiplicities

Because RHI physics can be considered to be an extension of high-energy
particle physics (e.g., baryon numbers B = 0,1) to multj-baryon systems, it was
logical that high energy concepts be introduced to RHI.1-4 The fact is that
some of the earliest experimentatl resu]tg to come from the Bevatron/ Bevalac on
the fragmentation of relativistic nuclei” gave strong evidence that the
hypotheses of limiting fragmentation®~ and the factorization of cross
sections, pertinent to the description of single-particle inclusive spectra,
were applicable to RHI. "Limiting fragmentation" means, in essence, that a
distribution of products with finite energies in the target/projectile rest
frames approaches a limiting form as the beam energy increases. “Factorization®
in the region of limiting fragmentation infers that the modes of fragmentation
of the target (projectile) are independent of the projectile (target) nucleus.

Over the past several years, there have been a variety of radiochemical
experiments on the cross sections and recoil properties of target fragmentation
products (radionuclides) formed by the reactions of RHI (and protons) with
various target nuclei. Among the objectives of these experiments are to test
the hypotheses of limiting fragmentation and factorization. The experiments
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have proceeded with little fanfare or recognition, but have yielded important
information on many aspects of the reaction mechanisms between nuclei at
intermediate and relativistic energies.

Among the radiochemical experiments on t?rg?% fragmentation 1 want to
discuss are those by Cumming and co-workers, 0511 who demonstrated the
approach to limiting fragmentation by examining the energy dependence of the
slope of the mass-yield curve, which is taken to be an approximate measure of
the excitation energy transferred to the target nucleus from the bombarding
particle; a smaller slope means a greater average mass loss, hence higher
excitation energy, on the average. The mass yield curves presented in Fig. 1
give the production cross sections as a function of the product mass of the
fragment_residues from_the fragmentation of Cu by 80-GeV %0Ar, (ref. 10)
25-GeV 12C and 28-GeV H (ref. 11). At these beam energies the striking
feature of the mass yields is that they are essentially the same except for

magnitude, which scales as Og> i.e., oR(40Ar)/cR(H) = 3,5 A]/3(proj).
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Fig. 1. Mass-yield curves from the fragmentation of Cu. Vertical scale for
C is arbitrary.

Figure 2 gives the energy dependence of the slopes of the exponential mass
yield curves in the region 37 ¢ A¢ ¢ 57 for the fragmentation of Cu by protons,

0.35 <T_ <28 GeV, “He at 0.41 and 0.72 GeV, 3.9-GeV '“Ne, 25-GeV 'ZC and

80-GeV 40ar, A key result here is that the data are ordered when plotted as a
function of total kinetic energy of the projectile nucleus, rather than velocity
or rapidity, i.e., kinetic energy per nucleon. Furthermore, the onset of
limiting fragmentation is evident for total kinetic energies T ¥ 2 GeV, with
notable similarity between protons and heavy ions in terms of their energy
deposition. Evidence supporting these conclusions has come from experiments on
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Fig. 2. Slope of mass-yield curves from the fragmentation of Cu as a function
of kinetic energy of the beam projectile. Filled circles are for protons.

the fragmentation of Ag by 25-GeV ]ZC and 300-GeV protons (ref. 12), ]S]Ta by
8.0-GeV 2ONe (ref. 13,14}, and 197Au by 4.8- and 25-GeV ]2C (ref. 15) and 8.0
(7.6)-Gev PNe (ref. 13,15), and 238 by 4.8-Gev '2C and 5.0-Gev ONe (ref. 16).

The radiochemical technique is also applicable to studies of the recoi)
properties of isotopically identifiable target residues. Such studies have been
found to be particularly sensitive tests of limiting fragmentation as it applies
to the asymptotic kinematic limits of the target recoil velocities. Measured in
these experiments are the fractions of each nuclide that recoil out of a thin
target in the forward and backward directions. By assuming that the recoil
fragments result from a two-step (fast-slow) process, the observations can be
interpreted in terms of the mean forward-directed velocity <B|> of the
prefragment produced in the primary projectile-target interac{ion and the mean
Maxwellian-distributed velocity <B> that arises from the de-excitatiog of the
prefragment to produce the observed residue. The model assumes that v = fBc is
isotropically distributed in the moving frame (B} of the prefragment.

The principal characteristics 9f the velocities <Bj|> and <p> deduced from
experiment via the two-step modell/ are illustrated in Figs. 3 and 4. Figure 3
summarizes the dependence of the mean longitudinal recoil velocity of the first
step, <B|>, on the mass number of the detected fragment. These data were
collected from the works of Loveland'4 and Kaufman and co-workers!5,18 and
include both Broton and_heavy ion beams in the (kinetic) energy range 3-28 GeV,
incident on 19/Au and 181Ta.” The qualitative features of the recoil
velocities <B)> are: 1) their small values, typically 1% of the beam
velocities, and ii) their inverse dependences on fragment mass Af, especially
in the range 24 < Af < 100, and beam energy, where <B”> is observed to
decrease with increasing beam energy, the <Bw> vs. Ar'relationship becoming
Tndistinguishable for protons at 28 GeV and '2C at 25 GeV. These results
illustrate well that <B)> approaches a limiting value in the spirit of limiting
fragmentation and that beam independence is essentially attained at tota)
kinetic energies T ¥ 25 GeV.

The most interesting feature of Fig. 3 to me is that the recoil velocities
<By> are inversely proportional to the mass of the fragment, Ap, particularly
for Ar < 100. This leads to the suggestion that the loci of data points can be
expressed rather well in terms of a characteristic mean momentum Py =
931 A <f> MeV associated with each plot of <g)> vs. Ai' For the data shown, I
have evaluated Py, from the unweighted data for <B“>, with Ar <100, and have
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Fig. 3. Longitudinal recoil velocity of fragment of mass number Af as a
Solid curves are <B> = Py/931 Ap for the
Dashed lines delineate data points.

function of beam and beam energy.
values of Py indicated.
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Fig. 4. Mean velocity of fragments indicated from de-excitation stage as a
function of mass and energy of projectilg Symbols are: for Au target, ¢,
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drawn the resultant curves of the expression <m|> = Py/931 A, where the
values of Py corresponding to curves a), b), and c) in Fig. 3 are 420 7
MeV/c, 200 * 6 MeV/c, and 45 *+ 6 MeV/c, respectively. Although admittedly an
oversimplification, the data are compatible with AF<By> = constant over most
of the range of fragment mass, with the largest deviations occurring at high
beam energies (curve c) and, in all cases, for Ar =~ 140.

Figure 4 illustrates that the mean velocity <B> of a given fragment that
arises from the de-excitation stage is, to good approximation, independent of 1
the mass and kinetic energy of the projectile to beam energies T > 3 GeV. These =
data support the basic assumption that the de-excitation stage is independent of
the kinematics of its formation, consistent with a relatively long time scale )
compared to that of the initial interaction.

Having demonstrated that the quantities <B|> and <B> exhibit the properties
appropriate for a two-step process, let us delve into the (approximate)
kinematics of the two-step model. By doing so, one obtains a kinematic inter-
pretation of the quasi-invariance of Py = Ap<B||> and a means for describing
the asymptotic approach of <B;> to a 1imiting value at high beam energies.

The two-step kinematic model I adopt is that proposed by Masuda and
Uchiyamalg, which describes target fragmentation by the sequence of reactions,
i) B+ T > B*+ T* and i) T* > F + X, whereby the target (projectile) nucleus
T(B) is excited to the state T*(B*), the decay of which leads to the detected
target (projectile) fragment F. This model has been used successfully in the
interpretation of projectile fragmentation data at relativistic!9 as well as
nonrelativistic energies<V.

Given the approximations that the recoil << excitation << nuclear rest
energies and that the excitation energies of the target and beam nuclei are, on
the average, equal (considerding pionic degrees of freedom, this approximation is
applicable to proton beams), the conservation of energy and momentum leads to
the following expression for the recoil velocity <B)> of the target system:¥

_E* [T
B> = ﬁ;#;TT , | (1)

where E* is the excitation energy of the target (projectile), My is the mass
of the target, and v is the Lorentz factor of the beam nucleus. Given the
approximate constancy of the mean momentum Py = Mg<B||> of the fragments at
beam energy Mg(v-1) as depicted in Fig. 3, the following relation holds:

ME* = P M $§T, with Po = f(y-1) . (2)

Simple kinematics of the two-step model, incorporating the observation Po =
Mg<B| >, thus indicates that the quantity MfE* is a constant for a given beam
energy and that E* is linearly related to the mean recoil velocity <B > of the
fragment F, Eq. 1. This latter feature has been ?reviously demonstrated in a
variety of intranuclear cascade calculations, 18,2

In Fig. 5, I have plotted MpE* (Eq. 2) versus beam kinetic energy for a
variety of beam and target nuclei, using the values of Po extracted from

published <@y > vs. Ap data.l4,15,16,18 Again, the data are ordered by the
kinetic energy of the beam and show that E* associated with each fragment mass
attains a maximum near 5 GeV, decreasing thereafter with increasing beam energy,
approaching an asymptotic value for energies Y 25 GeV. Within experimental

+Derived from relativistic energy conservation with the approximation that
neglects all quadratic terms of the recoil momentum and excitation energies.
The nonrelativistic expression for the recoil momentum is also used.
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Fig. 5. The product of fragment mass and excitation energy as a function of
beam energy and mass. ngbols are: for Au target, o protons, ¢ 12¢, =
Ne; for Ta target, o 2 Ne, and for U target, ¢ ]QC and ¢ 20Ne. Data
are compiled from Refs. 14, 15, 16 and 18.

errors E*(25 GeV) = E* (300 GeV). Limiting fragmentation is thus satisfied for
the variable MgE* for beam energies >25 GeV. Because <B,> « E*, Eq. 1, the
recoil velocity <Bj|>, which is the kinematic quantity that controls the
forward/backward ratio of fragments, also attains a limiting value at beam
energies ¥ 25 GeV. Other obvious conclusions from Fig. 5 are: i) the fragment
angular distributions in the laboratory, because of their dependence on <f>,
will exhibit maximum asymmetries in the laboratory at beam energies "5 GeV,

ii) limiting fragmentation is clearly not met for energies 210 GeV, iii) the
scaling factor that ‘“universally" interrelates <By> and E* for beam nuclei

| < Ag <20 for which data are available is the total kinetic energy of the
beam, and iv) the excitation energies, hence <@ >, are independent of the
projectile mass, i.e., factorization is valid, as indicated by Eg. 1.

The important conclusion to come from these target fragmentation experiments
is that it is the total kinetic energy of the projectile, rather than its
velocity, that is relevant to the physics of these RHI interactions. Similar
conclusions have also been made from the experiment of Sandoval, et al.Z¢,
where it was found that the associated multiplicities varied smoothly with, and
depended only on, the total kinetic energy of the projectile. By associated
multiplicity we mean the multiplicity of particles that is associated with the
coincident detection of a given fragment in a single-particle inclusive
experiment. The multiplicity array used by Sandoval, et al. was sensitive to
particles having kinetic energies %25 A MeV.

Figure 6 gives the average associated multiplicities <M> emitted from a
U target (associated with a coincident proton 40 < T < 200 MeV detected at 90°
to the beam) plotted as a function of the energy and mass of the projectile. It
is clear that <M> depends on the total kinetic energy of the beam, with the
equivalent behavior for protons and heavy nuclei again demonstrated.
Furthermore, not only averages, but the {observed) associated multiplicity
distributions, are virtually identically at the same beam kinetic energies.
This is shown in Fig. 7 for 40Ar and 20Ne projectiles at 42 GeV.

That the total kinetic energy of the projectile orders both the mass-yield
curves from the radiochemical experiments and the associated multiplicity date
indicates that the physics beneath these rather diverse observations are
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Fig. 6. Average associated multiplicities as a function of total kinetic energy
for various beam nuclei on uranium.

related, as indeed they are. Because the associated multiplicities measured
predominantly light, energetic fragments from the target, they are the
complements of the residues of the target nuclei, hence related to the mass
yield curves.

I would Tike to point out the observation that even for the lowest values of
the multiplicities m, Fig. 7 (where one normally would assume the collisions to
be heavily biased towards peripheral collisions, hence towards large imgact
paramgters), no discernible difference between the m-distributions for 40Ar
and 20Ne projectiles is evident. It is just from this type of collision that
one generally attributes to the production of the large target residues, i.e.,
the target "spectators", that are subject to radiochemical analyses.

A conclusion one is almost forced to, then, is that the target “"spectators"
sense, in some coherent way, the energy of the entire incident beam nucleus,
rather than the kinetic energy of the individual nucleons, irrespective of the
projectile mass and impact parameter. We are seeing an effect that is truly
nuclear. An explanation of these, ag well as some very recent resu]t; on the
"explosive" reactions of 1.7 A GeV 9OFe observed in nuclear emulsions?3,
must invoke p; -effects that effectively increase the "transverse communication"
between the geometrically defined spectator and participant nucleons.

3. Pion Interferometry: Source Sizes
lndepengegély proposed by Cocconi2? and Kopylov, Podgoretsky and

co-workers? was that the principle of intensity interferometry can be
applied to systems of hadronic dimensions. This is a well-known astronomical
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Fig. 7. -Coincidence probability distributions for 42 GeV 20Ne and %0Ar
incident on uranium, Symbols are o, 20Ne and ., Oar.

technique developed and first used b¥ Hanbury-Brown and Twiss to measure the
apparent angular diameter of Sirius.?’/ In analogy to the Hanbury-Brown and
Twiss effect, the correlations between simultaneously emitted identical bosons,
i.e., pions, can be used to establish the space-time dimensions of the
interaction region from which they are emitted.

The principle of pion interferometry is schematically illustrated in Fig. 8,
which depicts an event in which a pion, T with four-momentum P is

detected at space-time Xy» in coincidence with a second pion, Ty with Py

at Xo Owing to the space-time extension of the source, the coincident event
can occur in two ways; either ™ is emitted from 8 and Ty from ro

(solid lines) or the m, is emitted fron " and m from ry (dashed

lines). Because the two possible configurations are indistinguishable in
producing a coincidence, the total amplitude ¢ of the event is, for pions, the
sum of the partial amplitudes. The coincidence rate, assuming plane waves, is
proportional to the probability

R R R
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Fig. 8. Possible configurations of a two-pion coincidence event.

u)? <lexp{ilpy=(x; = ry) *+ pye(x, = r,)7}
1y e 2°\%p = 12

+ exp{i[p]~(x] - rz) + pz'(xz - r])]}lz

=1+ coslpy - py)elry - ry)] . : (3)

With p = (E,B) and r = (t,?), we have

W2« 1+ cosla (ty - t,) - a=(F) - 7)1, (4)

where 9y = E] - E2 and a = 3] - Bé in the CM system.

The coincidence rate measured as functions of go and q for pairs of like
pions will therefore exhibit a modulation, i.e., a second-order interference
effect, from which the characteristic space-time dimensions of the pion-emitting
source can be determined. Because ry and rp represent but two distinct
emitters in_the source, the observed coincidence rate R is obtained by inte-
grating |v]¢ over the space-time distribution p(r) of the source. An analytic
expression for R that is most commonly used to extract the characteristic space-
time parameters of the source from the experimental data is based on an assumed

Gaussian distribution of the form o(t,r) ~ exp-[rz/rg + tz/Tz], which
results in a coincidence rate given by

2 g r2q2
R(g,q,) ~ 1 + exp\- —= - —§——' ? (5)

where ro and 1 are the space-time parameters of the source.28 The saliant
features of R(g,d9) are: i) for pions of the same charge there is
constructive interference, an effect of the Bose-Einstein statistics, as q + 0,




i.e., the pions have the same momentum vectors, and as 4o > 0, i.e., the pions
have equal energy and ii) R(q,qo) decreases from a maximum value of 2 at the
origin monotonically approaching a plateau value of 1 for % > 17! and for
I sy -]

lat >> v ",

The most crucial aspect of an experimental measurement of the two-particle
correlation function is the determination of the background distribution in the
absence of Bose-Einstein correlations. The Brocedure that has been adopted in
RHI experiments is that suggested by Kopylov 5, which is to construct an
uncorrelated background distribution by selecting each like-pion from a
different event. Although the procedure clearly establishes the pions to be
uncorrelated, it is not without inherent difficulties. For example, momentum is
not conserved (this should, however, introduce minimal effects because of the
large number of final-state particles in RHI interactions), and, second, the
procedures and methods to evaluate the statistical significance of the
background spectra so generated are obscure and not fully established.
Consequently, the systematic errors introduced into the resultant source
parameters ro and T deduced from experiments have yet to be assessed.

Thg first application of pion interferometry to RHI collisions was by Fung,
et al.29 who carried out a study of 27" correlations in reactions of
1.8-A GeV “"YAr beams with heavy target nuclei positioned in the LBL streamer
chamber. Representative data from this experiment are given in Fig. 9, which
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Fig. 9. Kopylov ratio Rg:: versus relative pion momentum q. 1.8-A Gev 40ar
beam incident on Pb304, "central® trigger.

gives the ratio RS-_, i.e., the normalized ratio of the number of =~ pairs

from the same event to the number of 7~ pairs from different events (bin by
bin), versus g{MeV/c) for events from a Pb305 target selected by a "central
collision" trigger mode. The data show a clear enhancement of low values of q.
The parameters extracted from these data are listed in Table 1. A re-analysis
of these data has subsequently_been made by subgrouping the events into
different pion multiplicities.30 As tabulated in Table 1, the pion source is
seen to increase from 3.1 2 1.1 to 5.6+ 1.2 fm as the pion multiplicity
increases from the interval 2-4 to 13-15. Because of the insensitivity of the
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Table 1
Pion interferometry analysis based on Gaussian source-density
distribution, Eq. 5. ¢t is either estimated or set to 1.5 fm.
Gamov-corrected values of ry are indicated by *., Beam is

80pr at 1.8 A GeV in all cases.

Pair Target N, - ro(fm) cT(fm) Ref.
7" Pb,0 2-15 3.98 + 0.78 0.6 ¥ 12 29
3% -98 % 0. ° _ 0.5

2r” " 2-4 3.12 £ 1.10 = 1.5 30

2n” "  5-8 4.00 + 0.72 1.5 30

on” " 9-12 4.82 + 0.65 1.5 30

on” " 13-15 5.57 + 1.71 1.5 30
- +0.27

2n KC1 1.88 T 0voe 1.5 35

on” " 2.98 * 0.30% 1.5 35
+ " +0.55

2n 1.60 0% a0 1.5 35

ont " 3.85 + 0.45% 1.5 35

value of L to the lifetime parameter, ct is set to 1.5 fm for this analysis.
The principal features of the ro parameter that characterizes the 2r~

correlation data from this streamer chamber experiment are:

40

i) r_ is comparable to the radius of the "~Ar projectile nucleus

0

L2 A]/3 = 4.1 fm, incompatible with the (fermi momentum) values of

o ~ 1 fm= h/pf obtained from 2n correlations in pp (ref. 31) and

wp (ref. 32) collisions.

i1) rgp increases monotonically with the pion multiplicity, indicative

of a correlation between the size of the pion source with the degree of
excitation energy in the collision.

iii) the pion multiplicity N,- appears to be proportional to r8, the
volume of the pion-emitting source.

iv) When compared to the thermodynamic model of Gyulassy and Kauffmann,33
the values of roy are more consistent with a nuclear freeze-out density

be = g (normaA nuclear density).than with the typically assumed value

of (!c = ilo/3.

-11-




The analysis by Lu, et al.30 follows directly from Eq. 5 and does not take
into account corrections for the relative Coulomb interactions between the pions
(in their CM), Coulomb effects owing to the nuclear charges, and possible
final-state interactions. That such corrections may be significant comes from
the analysis bg Bistirlich, et al.>” of their experiment on T correlations in
the reaction %0Ar + KC1 ~ 27 + X at 1.8 A GeV. In this experiment a magnetic
spectrometer was used to measure the momenta of the like-pions (either ++ or --)
in the range 200 <p <800 MeV/c, emitted within a solid angle 0.1 msr at lab
angles 40 to 50°. Bistirlich, et al. have shown that the most significant, and
most tractable, correction is that due to the 2r relative Coulomb interaction.
At low relative momentum, Gpey, in the 2-pion system, Coulomb repulsion
between the pions suppresses the number of events in the observed ratio
R(q,qo) at low values of g. The correction for this effect is given by the

expression n = G(n)" {q), where n(q) denotes the density of events

corr Nobs
at g and G(n) is the Gamov function

6(n) = 2m/(e”™ - 1), with n = m c/137q _, . (6)

rel

To stress the importance of this effect, at qpe71 = 5 MeV/c, G(n) = 0.5--which
is sufficient to suppress completely any Bose-Einstein enhancement that might be
present,

The effect of the Gamov correction on the correlation function is
demonstrated in Fig. 10 and therefore on the estimates of r, in Table 1. The

corrected estimates of ry (with ct = 1.5 fm) obtained by Bistirlich, et al.
are typically 1-2 fm larger than the uncorrected values of rg. This is shown

25 . ,

o-
RS-

| |
0] 100 200 300
q (MeV/c)

XBL B15-9834

Fig. 10. Kopylov ratio versus relative pion momentum; 1.8 A GeV 20Ar incident
on KC1. Gamov-corrected data with fitted (solid) curve are shown. Dashed curve
is fit to uncorrected data.
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in Fig. 10, where the Gamov-corrected 2n° correlation data are plotted. The
solid line corresponds to a (Gaussian) source of o = 2.98 + 0,30 fm and

€t = 1.5 fm, The dashed 1ine indicates the fit to the data before the Gamov
correction is made, the (uncorrected) parameters in this case being
ro = 1.84 +0.27 fm and ct = 1.5 fm.

Demonstrated by these initial RHI experiments on pion interferometry is that
the space-time structures, and even coherence, of the pion-emission sources are
subject to experimental study. They also have pointed out technical and
sensitive analytical problems that must be fully understood and resolved if we
are to probe the actual size and shape of the pion source. That the space/time
properties of the interaction volumes appear to be correlated with the
associated pion multiplicities clearly adds new dimensions to the problem and
certainly enhances our ability to get to the "heart of the matter".

4. The Short MFP Phenomenon: Anomalons?

In 1954, six years after the discovery of the heavy ion component in cosmic
rays, the first disquieting evidence emerged for projectile fragments (PF) from
RHI collisions having, apparently, anomalously short reaction mean free paths
(MFP). (See ref. 36 and references therein.) Although subsequent cosmic ray
experiments through 1972 extended and generally supported such evidence, it was
not until beams of accelerated nuclei became available that the technical and
statistical Timitations of the cosmic-ray experiments could effectively be
eliminated and the problem systematically pursued. Two Bevalac experiments that
have focused on the interaction properties of relativistic PFs in nuclear
research emulsions have been carried out, the first by B. Judek, NRC, who
studied the PFs of 160 at 2.1 A GeV and the second at LBL, where 26Fe
projectiles at 1.9 A GeV were used. The scanning and measuring of these
experiments were done independently at the respective laboratories; the analysis
of the data from each experiment was carried out at LBL. The results of the NRC
and LBL experiments were compatible with each other, hence have been combined to
improve the statistical accuracy of the final result.

The emulsion stacks used in the experiments were fabricated with I1ford G.5,
600-um-thick pellicles, with stack I (NRC) containing 50 pellicles, 15 x 30 cml
and stack II (LBL) 41 pellicles, 7.5 x 12 cm?. The stacks were exposed with
the beams normal to their entry faces, parallel to the surface planes of the
pellicles. Scanning of the pellicles was performed by picking up the entering
beam nuclei within a few mm from the entrance edge and following along each
individual beam track until it either interacted or left the stack (NRC) or
pellicle (LBL). An interaction is defined to be one that involves the emission
of at least one observable hadronic track, from either the projectile or target
nucleus. Interactions involving i) neutron emission only and ii) low-momentum
transfer elastic nucleus-nucleus scattering are therefore excluded from the
data. ATl relativistic tracks Z > 3 emitted from the primary, secondary,
tertiary... interactions within a 100-mrad forward cone were followed until the
topology of each event was completely determined. Charge measurements to jaz] ¢
1 unit were carried out for all fragments, under the assumption that projectile
fragments are produced at beam velocity.

Figure 11 is a microprojection drawing of a characteristic type of event
observed in the experiments: a linear chain of successive PF interactions. In
this event, a (first generation) 56Fe projectile initiates a succession of
projectile fragmentations that gives rise to leading fragments of charge 1 = 24,
20, and 11_in the second through fourth generations, respectively. Because no
PF with 2 2 3 is emitted from the fourth generation, the event terminates at
this point. The largest chain of this type was observed at NRC where the
sequence was 160 * N ~C > B > B >~ B ~ Be ~+ He (out stack), a 7-generation
event. Note that the interactions in Fig. 11 are characteristic of high-energy,
hardonic interactions, namely, the projectile fragments are confined to a narrow
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Fig. 11. A succession of {4) fragmentation reactions initiated by a 1.9 A GeV
56Fe (enters from the left). Actual distance between first and final
interactions is 5.7 cm.

forward cone, with significant particle production and target excitation being
evident.

The data base consists of a total of 1456 interactions, second through
seventh generations inclusive. The following quantities were measured for each
PF: i) charge Z, ii) potential path T available for interaction in the emulsion.
detector, and, if it interacted, iii) the distance X to its interaction point.
From these data, the MFP for PFs of charge Z, A;, is given by

AF .
7= IS, (7)

where IS; is the total path length followed for both interacting and
noninteracting tracks that leads to N7 interactions. The estimate of the MFP

by this procedure is independent of the stack size and/or potential path T. This
is illustrated in Fig. 12, where the value of A* observed for primary 169

beam nuclei for each 1 cm interval is plotted as a funtion of distance 0 from the
scan-line (pick-up point) of incident nuclei. In effect, the 30 cm long emulsion
detector is segmented into 30 independent, 1 cm long, detectors. The data are
well accounted for by a constant value of A* as expected by Eq. 7, the
straight-line fit to the data at = 11.9 ¢m having a x2 = 20, 29 DOF.

The '90 data are representative of a series of MFP measurements of beam
nuclei, varying from 3He to 56Fe, which, by definition, are taken to be the
"normal" MFPs of nuclei. A useful result of the MFP measurements of beam nuclei
is that they can be parameterized as

_ pq-b
AZ = AZ > (8)

where the A for beam nuclei is Apeam = 30.4 = 1.6 cm and b = 0.44 = 0.02.

This expression approximates well calculationsof MFPs in emulsion based on
geometrical-overlap models. It also enables one to reduce all measurements of
37 (Eq. 7) of the PFs to a single parameter, A*, given by the expression

* *Zb :
A= BN T EN, (9)
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Fig. 12. Measured values of MFP of incident 2.1 A GeV 160 as a function of
distance from scan line, stack I (NRC).

Figure 13 presents the mean-free-path parameter A* for PFs (aMn
generations combined), plotted as a func%éon of distance D from the origin of
egission of the PF. In contrast to the '%0 beam data, Fig. 12, the values for
A" are low for the first several centimeters, becoming compatible with Apeam
for D ¥ 5 cm. The difference between the observed MFPs of PFs and their
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Fig. 13. MFP parameter /i* versus distance from origins at PFs: full circle, Z
experiment; dashed line, prediction from Apeap; solid line, prediction B
assuming 6% admixture of PFs with A3 = 2.5 cm. ;

_]5'_ . B



expected values based on beam calibrations exceed 4.5 standard deviations. The
short MFPs at small distances D mean that there is an excess in the number of
interactions at these distances. To obtain some insight as to the nature of
this excess of interactions of PFs at short distances, a most elementary
assumption can be made: In addition to normal nuclei, there is a component of
"anomalons", PFs that are produced with probability a, having a constant,
*anomalously short" MFP, Aa' Estimates of a and Aa Trom the data give a* ~

6% and X; ~2.5 cm. (For comparison: X(56Fe) ~7,3 cm, A(4He) ~ 22 cm.)

The solid curve through the data, Fig. 13, is the computed D vs A* based on
these parameters. Although this primitive model is compatible with the
experimental data, it is quite clear that it is not necessarily a unique one.

A criticism of the above analysis is that it depends on the comparison of the
MFPs of PFs with the predictions obtained from the approximate parametric
expression for the MFP of beam nuclei, Eq. 8. An analysis of the data that is
independent of this parameterization is to test whether two estimates of A. sav
AT an , are compatible with the assumption that they are sampled from the same
distribution. This is done by computing the ratio F = A%/A, which propitiousiy
obeys the well-known F-variance ratio distribution. Given the number of events
N2 and Ny used to evaluate X? and X?, the probability P(<F), which is the
integral of the F-variance ratio distribution, can be evaluated for the ratio F.
The important feature of P(<§) is tgat it is uniformly distributed between 0 and
}, with <P> = 0.5 provided X5 and A are, in iact, f;om the same distributiop.

This test was made for two cases, where A5 and A7 are i) the values of A7 of
the PFs for distances D <2.5 and > 2.5 cm and ii) the values of AZ for the
third (and higher) and second generation PFs. The results are shown in Fig. 14,
which gives in histogram form the values of P(<F) for each pair of A” values.

The shaded areas identify the (6) ratios from the NRC data to show the agreement
between the laboratories. The distributions of P(<F) do not appear to represent

¥BL B06-10260

Fig. 14. Frequency distributions*a) Pp(Fp) for A; (D) and AE (>D), with
D =2.5c¢m, b) Pgen (<Fgen) for AZ (3rd and higher gen) and A*(2nd gen).
Mean values indicated are to be Compared with expectation valle <P> = 1/2.
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uniform distributions (indicated by the dashed lines) in either case. The means
<P> of the observed distributions are -3.4 SD (Fig. 14a) and -2.1 SD (Fig 14b)
from the expectation values of 1/2. The conclusions drawn from these
distributions are: from Fig. 14a, the MFPs of PFs at short distances D from
their points of emission are significantly shorter than the MFPs at longer
distances, independent of any hypothesis as to the dependence of the MFP and Z,
methods and efficiency of scanning and other possible inter-lab differences; and =
from Fig. 14b, the MFP of tertiary and higher generations of PFs appear to be
shorter, as a whole, than the MFP of secondary PFs. Although the statistical
significance of this generation effect is not particularly strong (2.1 SD), the
result does suggest the presence of a "memory" phenomenon, which infers that
once an "anomalon" is produced, it tends to persist in subsequent interactions.

Taken at face value, the LBL-NRC experiment have sustained the early
cosmic-ray evidence for a short MFP component among the PFs of RHI. Barring the
possibility that the results are attributable to a statistical fluctuation of
probability 25 x 10~%, the observations are compatible with a (presumably)
muitibaryon state that interacts with matter with cross sections 3-10 times
larger than those of beam nuclei of the same charge. To affect a A = 2.5 cm,
such a multibaryon state would have to have an effective interaction radius
about 3 fm larger than ‘that of a uranium nucleus.

Such a conclusion, obviously, is a profound one, and other possible
interpretations of the experiment must be explored. Systematic errors arising
from scanning techniques, gross arithmetic mistakes, errors in charge
assignments, and the assumption of the persistence of (beam) velocity of the PFs
have been examined by rescanning, Monte Carlo calculations, etc. and have been
shown unable to explain the observations. Conventional explanations invoking
excited states of conventional nuclei, hyperfragment decay, background stars
owing to neutrons, and the superposition of particle tracks either do not lead
to MFPs as short as 2.5 cm or can be directly rejected by comparing the
topologies of the interactions of PFs and beam nuclei.

A new experiment by the LBL-NRC-Marburg collaboration is now underway to
extend and amplify the foregoing results. Measurements on Z = 2 PFs from 26Fe
interactions in emulsion at 1.9 A GeV are in progress, as are a serijes of
calibration measurements for MFP and charge for 2 A GeV beams of 3’4He, 6L1,

C and 40ar. The advantage of a Z = 2 PF experiment are: i) low rate of Z
misidentificatjons, ii) no gxcited states in the He system, iii) the PFs are
predominantly “He and “He (PHe/He = 0.003) both of which are available as B
beam nuclei for calibrations, and iv) the high detection efficiency for Z = 2 E
interactions. To date, preliminary results show the pattern of interaction of
Z = 2 PFs from 56Fe to be similar to those described above for Z = 3 PFs.

Should this trend be sustained, the experiment will eliminate many of the
uncertainties in previous experiments and will greatly clarify the -
interpretations of the results.

The rather surprising and, so far, baffling observations of PFs with
anomalously short MFPs at Bevalac energies give urgent need of new experimental
approaches and information. Future directions in such experiment must address
qguestions pertaining to the lifetime of anomalons, production/reaction
mechanisms, energy dependence, and, ultimately, masses and decay mechanisms.

The experiments will be difficult but certainly motivated by the provocative
hints of what may be a new state of nuclear matter.

1 want to thank W. Loveland, S. Fung, W. Zajc, and my colleagues in the
LBL-NRC collaboration for their critical comments and contributions of data for
this review. This work was supported by the Director, 0ffice of Energy
Research, Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under Contract W-7405-ENG-48.
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