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Abstract. Small-angle correlations of proton pairs produced
in central Ni+Ni collisions at a beam energy of 1.93 A-GeV
are investigated with the FOPI detector system at GSI Darm-
stadt. A well-defined emission source is selected by triggering
on central events which comprise about 8% of the total cross
section. Simultaneous comparison of longitudinal and trans-
verse correlation functions with the predictions of the Koonin
model allows to unravel the space-time ambiguity of the
emission process. Taking into account the strong collective
expansion of the participant zone, which introduces a reduc-
tion of the extracted source radius of more than 30%, r.m.s.
radius and emission time parameters of .5 = (4.2+1.2) fm
and trms = (117%) fm/c are extracted, respectively. In con-
trast, the analysis of the angle-integrated correlation function
gives an upper limit R,,s = (7.0 £ 1.4) fm of the source
radius.

PACS: 25.70.Pq

1 Introduction

Two-proton correlation functions at small relative momenta
can probe the space-time extent of the reaction zone created
in heavy-ion reactions. This is due to the fact that the magni-
tude of nuclear and Coulomb final-state interactions as well
as antisymmetrization effects, depend on the spatial and tem-
poral separation of the two protons [1-15]. Usually, the cor-
relation functions are evaluated as a function of the relative
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momentum |q] = 1|p; — pz|. The atiractive s-wave nuclear
interaction leads to a maximum in the correlation function
at ¢ ~ 20 MeV/c, whereas Coulomb repulsion and antisym-
metrization cause a minimum at ¢ = 0 [1, 7]. Most analy-
ses give only upper limits for the spatial extent of the source
because of an ambiguous interplay of radius and lifetime of
the source. Thus, model calculations simulating large sources
with short lifetimes can lead to similar correlation functions
as model calculations simulating small sources with long life-
times [1, 6]. This ambiguity may be avoided by applying cuts
on the angle between the vectors of the relative momentum g
and the total pair momentum P = p; +p, {1, 3, 6, 11, 15].

For a source of finite lifetime 7, the phase space distribu-
tion of the emitted protons is elongated in the direction of
P by (v)r, where (v) is the emission velocity of the pair.
For such distributions, the Pauli suppression due to the an-
tisymmetrization of the wave functions is smaller in the elon-
gated (longitudinal, g||P) direction as compared to the none-
longated (transverse, g L P) direction. Reliable impact pa-
rameter sampling is needed for the selection of well-defined
sources, where certain longitudinal and transverse cuts can be
applied in the source rest frame. Otherwise, the small effect
of the directional dependence (about 5-10% of the height of
the the correlation peak [13]) will be washed out,

2 The experiment

The experiment has been performed at the heavy-ion syn-
chrotron SIS at GSI Darmstadt. A ®Ni target of 1% interac-
tion thickness has been irradiated by *Ni ions of 1.934-GeV
beam energy. The present analysis uses a subsample of the
data, taken with the outer Plastic Wall/Helitron combination
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(which covers polar angles from 8.5 to 26.5 degrees) of the
FOPI detector system [16]. The Plastic Wall delivers - via
energy loss vs. time-of-flight (TOF) measurement - the nu-
clear charge Z and the velocity 3 of the particles. The He-
litron [17] gives the curvature (which is a measure of the mo-
mentum over charge (p/Z)) of the particle track in the field
of a large superconducting solenoid. Since the momentum
resolution of the Helitron is rather moderate, this detector
component serves for particle identification only. The mass
m is determined via me = (p/Z2)Het [(37/Z)praws Where
7 = (1 — 3*)~/2, Protons are selected by setting a gate of
Am = £0.30 GeV/c® on the corresponding mass peak which
has a width of about 0.29 GeV/c> FWHM (0.86 GeV/c*
FWTM). Contaminations of #* mesons can be neglected
since they exhibit a well separated mass peak with a width of
0.09 GeV/c> FWHM (0.23 GeV/c? FWTM) whereas contri-
butions of #~ mesons are almost excluded due to the inverse
deflection in the magnetic field. From the velocity, which is
measured with a resolution! of about 2% (FWHM), other ki-
netic quantities like the proton momenta are deduced.

Fig. 1 shows the phase space coverage of the detector
components outer Plastic Wall/Helitron in the transverse mo-
mentum vs. rapidity plane for a central source distribution.
Here, for illustrative purposes the source is simply mod-
elled by a three-dimensional Gaussian in momentum space
with dispersion ¢*(p°) = 1/8. Reduced quantities p° =
(/D /Afe; = BV B1sre; and y° = y/yem — 1 are
used (where y.,, = 0.89 and (p/A)f,’,’}, ; = 0.951 GeV/c for
symmetric collisions at 1.93 A-GeV projectile energy). The
indicated lines of constant reduced momentum p° of 0.14,
0.47 and 1.00 correspond to c.m. kinetic energies of 0.01,0.1
and 0.4 4.GeV, respectively. It is obvious that for central col-
lisions the Plastic Wall preferentially measures midrapidity
particles with small momenta.

Fig. 1. Contour plot of invariant cross section d>o /pydpydy in the p? — y°
planc of a central model source simulated by a three-dimensional Gaussian,
The full lines arc levels of constant yield of 2, 42 and 92 % of the maximum
value. The corresponding ¢.m. Kinetic energies of 0.01, 0.1 and 0.4 GeV per
nucleon are indicated. Dashed fines represent the polar angle limits at 8.5 and

26.5 degrees. Dotled lines give c.m. polar angles of 35 and 70 degrees.

! Taking into account that all particles of an event suffer from the same
time jitter of the start delector, two-particle quantities like the relative mo-
menta of proton pairs are even less aftected by the TOF resolution,
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3 Event classification

Central collisions are selected with the online condition "cen-
tral trigger” (about 10° events) as well as by cutting on large
values of the ratio Err = 3, E1;/ 3, Ey; of total trans-
verse and longitudinal kinetic energies [18] calculated in the
forward c.m. hemisphere within 1° < ;,, < 30°.

Fig.2 displays the multiplicity distribution of charged
particles measured in the outer Plastic Wall (cf. Fig. 1). The
corresponding integrated cross sections are indicated for dif-
ferent trigger conditions. A maximum impact parameter of
brnez = 9.3 fm is assumed which corresponds to a total cross
section of 2700 mb. Integrated cross sections of about 8% and
2% of the total one are selected with the central trigger and
the E,.,; conditions, respectively. For these centrality classes
one would expect - within a geometrical picture - an average
impact parameter of about 1.8 fin and 0.9 fm. Simulations
which we have performed with the [QMD model [19] predict
an average impact parameter of about 2 fm for the 220 mb
multiplicity cut. For very central collisions the E,,; quan-
tity is found slightly better correlated with impact parameter
than the charged particle multiplicity. Thus, an average im-
pact parameter of about 1.3 fm (1.5 fm) is predicted for the
55 mb E,,; (multiplicity) cut. Furthermore, the IQMD simu-
lations have shown that at very low multiplicities the PMUL
distribution decreases slightly steeper than the exponential
fall-off (dashed line in Fig. 2) which is assumed in the region
of unmeasured multiplicities. Consequently, the numbers at-
tributed to the central cuts represent upper limits of the inte-
grated cross sections.
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Fig. 2. Distribution of charged panticle multiplicity PMUL measured in the
outer Plastic Wall of FOPL The histogram shows the distribution for the smun-
imum bius condition. The open dots represent the event distribution tor the
central trigger. Full dots are events selected by cutting on high values of the
ratio fpae of total rransverse and longitudinal energies. The dashed line ap-
proximates the shape ol the distribution of not recorded tow multplicitios
which is extrapolated assuming an exponential spectral shape.

In a previous investigation of central Au+Au collisions
between 100 and 400 A-MeV beam energy it was found that
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the correlation function of pairs of intermediate mass frag-
ments (IMF) is strongly affected by the collective directed
sideward flow of nuclear matter [20, 21]. This directed side-
flow causes an enhancement of correlations at small relative
momenta. The enhancement results from mixing of differ-
ently azimuthally oriented events; it vanishes if the events
are rotated into a unique reaction plane [22]. Therefore, the
technique of event rotation is applied to the data in order to
exclude such dynamical correlations. Since the protons are
more isotropically distributed in phase space as compared to
heavier clusters (like helinm fragments, see Fig. 3) the effect
is expected to be small.
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Fig. 3. Two-dimensional distribution of particle yields d>N/dpsdy in the
planc of reduced lransverse momentum (projected onto the reaction plane)
vs. normalized rapidity of hydrogen (mostly protons, upper part) and helium
(mostly * He, lower part) fragments measured with the whole forward wall,
The isolines are given for 20, 40, 60, and 80% of the maximum value. The
left column shows the distributions for the central trigger condition. The right
column represents the events selected by cutting on high values of the ratio
Eyqy of total transverse and longitudinal energies. The measured data of the
forward hemisphere are reflected to the backward one.

4 The correlation function

Let Yi2(p1, p2) be the coincidence yield of proton pairs. Then
the two-particle correlation function is defined as

Eevents,pai’rs Yia(p1, p2)
Zeven‘ts,pairs Yi2,mia(P1,P2)

The sum runs over all events fulfilling the above mentioned
global selection criteria and over all pairs satisfying certain
conditions given below. Event mixing, denoted by the sub-
script ”mix”, means to take particle #1 and particle #2 from
different events. We only mix events found within the same
event class. A is a normalization factor fixed by the require-
ment to have the same number of true and mixed pairs. The
correlation function (1) is than projected onto the relative mo-
mentum

1+R(p,p2) =N 1)

g=1q = |p1 — p21/2. )
Besides the above described global event characteristics we
use gate conditions on the angle « between q and the c.m.
sum momentum of the proton pair P§7* = p{™ + p§™ and on

the normalized pair momentum p, = [P¢7*|/(2 - (p/A)em, ).

5 Results and comparison with model

Fig. 4 shows the two-proton correlation function and the rel-
ative momentum distribution of proton pairs from collisions
selected with the central trigger condition. The dashed line
in the lower part represents the distribution of the uncorre-
lated background which is produced with the event mixing
technique. The statistical errors of all the correlation func-
tions presented here are governed by those of the coincidence
yield, since the mixed yield is generated with two orders of
magnitude higher statistics.
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Fig. 4. The experimental relative momentum yicld (fower part) and the cor-
responding correlation function (upper part) of proton pairs from central ig-
ger events, The dashed line represents the uncorrelated background which is
constructed via event mixing.

Obviously, the correlation peak is dominated by the con-
tribution of very few proton pairs in the relative momentum
range 10 MeV/e < ¢ < 50 MeV/c which show up above the
background distribution, The corresponding yield is less than
1 per thousand. For large relative momenta the mixed yield
coincides perfectly with the coincidence yield. Consequently,
a normalization procedure where the constant A" in Eq. (1) is
determined by the requirement that R(q) vanishes for large g
(cp. refs. [10-13]) would give the same correlation function,

As in previous fragment-fragment correlation analyses
[20, 217 an enhanced coincidence yield at very small relative
angles is observed, which is due to double counting caused
partially by the tiny geometrical overlap of two plastic scin-
tillators and mainly by scattering in the scintillator strips.
This disturbing yield is reduced drastically by the require-
ment to match the particle hits on the Plastic Wall with the



corresponding tracks in the forward drift chamber Helitron.
However, mismatches of tracks and scattering processes es-
pecially at the wire planes of the chamber can give rise to a
small amount of double counting, too. The remaining smail
amount of pairs of doubly counted particles is eliminated by
excluding, around a given hit, positions within a rectangu-
lar segment of |@¢) — ¢2| < 4° and |8, — 62} < 2°. The
relative-momentum distribution of the excluded proton pairs
allows for a direct experimental determination of the g reso-
lution. For the dispersion of this distribution a typical value
of Gezp(g) = (6% 1) MeV/c is estimated. In order to keep the
influence of the exclusion of small angles onto the correlation
function as small as possible, the same procedure is applied
to the uncorrelated background. Additionally, the bias of the
correlation function at very small relative momenta due to the
exclusion procedure is tested with GEANT [23] simulations
using the IQMD model [19] as event generator. It has been
found that for ¢ > 12 MeV/c the correlation peak, which is a
measure of the source size, is almost unbiased.

Fig. 5 shows two-proton correlation functions of central
events selected by the central trigger (dots) and by the 55 mb
E..: condition (squares). No variation of the correlation with
increasing centrality is observed. This is not surprising since
the phase space distribution of protons changes only slightly
with decreasing cross section whereas that of the heavier frag-
ments shows a significant evolution to a much more compact
central source (cf. Fig. 3). Therefore, we restrict ourselves to
the more abundant central trigger data which would allow ad-
ditional cuts on the normalized pair momentum p{, and on the
angle « between the sum and the difference of the momenta
of the proton pairs (cf. Section4).
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Fig. 5. Correlation functions of proton pairs selected with the ceniral trigger
condition (full dots) and with a 55 mb cut on large values of the ratio Erge
of total transverse and longitudinal energies {open squares).

No significant dependence of the correlation peak on the
pair momentum has been observed. The averaged (over a rel-
ative momentum region of ¢ = 12 — 32 MeV/c) peak height
rises only by 1% if the normalized momentum is increased
from p¢, = 0.3 £ 0.1 to p{, = 0.7 & 0.1. (Simultaneously,
the statistical error increases trom 2% to 4%.) This finding
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is somewhat in contrast to the strong increase of the corre-
lation peak with the total pair momentum found for central
collisions of Ar+Sc at 80 A-MeV, where also Boltzmann-
Uehling-Uhlenbeck (BUU) calculations predict not only the
same trend but also the same magnitude of the effect [10, 13].
Unfortunately, we can access only a momentum range re-
stricted to pf, < 0.8 (cf. Fig. 1) due to the necessity of having
a sufficiently large number of pairs with small relative mo-
menta. On the other hand, the restriction to small c.m. mo-
menta should have the advantage of carrying an increased
sensitivity to lifetime effects [11, 13, 15] when applying di-
rectional cuts on the correlation function (see below).

In Fig. 6 the angle-integrated two-proton correlation func-
tion of central trigger events is compared with the predic-
tion of the Koonin model {11 with zero lifetime and Gaus-

sian radius R, = \/gR,ms = (3.9 + 0.8) fm. The theoreti-

cal correlation function is folded with different ¢ resolutions
Texp(q). The following observations have to be pointed out:
Only with the resolution of g.z,(g) = 6 MeV/c (full line)
the folded Koonin curve reproduces the shape of the exper-
imental correlation function. The dotted and dashed-dotted
lines should give an impression of the typical variation of the
peak height with the resolution. This variation corresponds
to a variation of the r.m.s. radius of about £0.2 fm. With-
out taking into account the experimental resolution (dashed
line) at all the height (width) of the peak would be higher
(smaller) than the experimental one. A 10% larger source ra-
dius (R,ns ~ 5.3 fm) would be necessary in the Koonin
model in order to match the experimental peak height.

2
1.8[-
Koonin model
R (ms= 4.8 fm
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- T=0
+
Sl # Y T 0me(q)=0
T - 00e(()=0.005
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Fig. 6. Corrclation functions of proton pairs sclected with the central trigger
condition {dots). The different lines are results of Koonin model simulations
with zero lifelime + and Gaussian radius iy = \/g Ry folded with anex-
perimental resolution function of Gaussian shape with ditferent dispersions
Terp ().

The space-time ambiguity of the correlation function can
be reduced by analysing two-proton correlations with cuts
on the angle & = cos™HP - q/(Pq)) between P and q. As
mentioned in Section 1, the correlation function carries a di-
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rectional sensitivity due to the Pauli suppression in the non-
elongated direction [1, 6]. Since the pair momentum P de-
pends on the rest frame of the source, whereas the relative
momentum g does not’, the angle « depends on the rest
frame of the emitting source. Thus, a careful selection of a
well-defined emission source is required. In the present anal-
ysis, we investigate correlation functions of proton pairs from
central trigger events. The pair momentum is defiped in the
rest frame of the central source, P = P{7*. Experimental
transverse and longitudinal correlation functions are gener-
ated here by selecting proton pairs with angles |cos(a)| < 0.5
and [cos(a)| > 0.5, respectively®. These cuts are applied both
to the coincidence yield and to the uncorrelated background.
The normalization constant AV in Eq. (1) is determined indi-
vidually for each ¢ cut. The longitudinal and transverse cor-
relation functions are presented in Fig. 7. The wanted effect
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Fig. 7. Transverse (dots) and longitudinal (squares) corrclation functions of
proton pairs selected with the central irigger condition. Dashed and full lines
are the corresponding resulis of Koonin model calculations using the Gaus-
sian source parameters of radius and lifetime R, = 2.4 fm and (v)7 =
6.3 fm, respectively, as delivered by the x minimum of Fig. 8. The results of
the model are folded with an experimental resolution of eqp(g) = 6 MeV/e.

is clearly visible: We find a suppression of the transverse
correlations with respect to the longitudinal ones of about
10% which is consistent with model predictions for the emis-
sion from a source of finite lifetime [1, 3, 6]. Obviously, the
peak width of the transverse correlation function is smaller
than the width of the longitudinal one. The finite ¢ resolu-
tion leads to a reduction of the height and an increase of the

2 For the present system and phase space coverage the Lorentz invariant
momentum difference g3, deviates by less than 59 from the classical mo-
mentum difference ¢ as far as one deals with momenta in the ¢.m. system of
the source, This deviation vanishes for true transverse correlations (since the
particles have the same energy) and it is largest for true longitudinal correla-
tions {which cannot be measured due to the finite granularity of the detector
system).

# More restrictive conditions as jcos(a)] < 0.26 and Jeos(e) > 0.64
for the selection of transverse and longitudinat correlations lead to the same
results.

width of the correlation peak. Thus, the experimental reso-
lution even increases the difference of the peak heights and
consequently the sensitivity of the directional cuts to possi-
ble lifetime effects. Koonin model calculations of longitudi-
nal and transverse p-p correlations are performed for a wide
range of Gaussian source parameters R, and (v)7. The re-
sults of the mode] are folded with the experimental resolution
of Oeap(g) = 6 MeV/c. In order to find the optimum set of
parameters, for each set the agreement between experimental
and simulated transverse and longitudinal correlation func-
tions is tested by evaluating the x> per degree of freedom in
the peak region of ¢ = 12 — 32 MeV/c (5 bins each 4 MeV/c
wide). Fig.8 shows, as contour plot, the distribution of this
quantity as function of R, and (v)7.

i

(fm)

R rme

8 10

[
<v>T (fm)

0 2 4

Fig. 8. The distribution of x? per degree of freedom as determined by si-
multaneously comparing measured longitudinal and (ransverse correlation
functions (over the range ¢ = 12 — 32 MeV/e) with the correlution funclions
predicted by the Koonin model, The guantity is given in dependence of the
r.ns. radius Rpms and the Gaussian lifetime parameter {v)7.

The best agreement of experimental data and model cal-
culations is found for Gaussian source parameters of R, =
(2.35 £ 0.65) fm and (v)7 = (6.3 £ 1.7) fm. The correspond-
ing r.m.s. quantities are Ryys = /3/2R, = (2.9 0.8) fm
and (v)tpns = (¥)7/ V2 = (4.5 £ 1.2) fm. The resuits of the
Koonin model with this parameter set are depicted in Fig. 7.
It should be mentioned that for zero lifetime in Fig. 8 one
would predict an r.m.s. radivs of Ry = 4.9 fm in good
agreement with the results of the previous analysis of the
angle-integrated correlation function {cp. Fig. 6). For the de-
termination of the mean lifetime of the emission process one
has to take into account the emission velocity of the particles.
For proton pairs of central trigger events, which have relative
momenta in the region of the correlation peak. this velocity
exhibits a distribution with a mean value {v) =0.42canda
dispersion ¢, = 0.1 ¢. Considering these quantities an r.m.s.
lifetime of #,.,;5 = (11%5) fm/c can be derived.

The present source emission time is only slightly larger
than the total transit time 5, =~ 6 fm/c of the colliding nuclei.
Furthermore, it does well compare with results of calculations
we have performed with the BUU model {24] which predict



about 10 fm/c for the time the system needs for the expansion
from the maximum density of about two times nuclear matter
ground state density p =~ 2p, to a value of p ~ p, /4.

Since central nucleus-nucleus collisions are characterized
by the collective expansion of nuclear matter after the com-
pression phase the question arises how the extracted source
radii are influenced by this correlation of coordinate and mo-
mentum space. For this reason, we have modified within the
Koonin model the single-proton phase space emission func-
tion

i r
g(p,r,t) o exp( T B ) 3)
by introducing a linear velocity profile which accounts for the
radial expansion

; ~ (p—oar)?
exp( 2'm,,T) — expl 2mpT

Repeating the derivation given in ref. { 1] (see also ref. {7]) one
gets the same relation for the correlation function C(P, q) =
1 +R(P, q) containing a reduced radius

R,
R = e )

2 E.
VARS S o

instead of the original source radius R,. The parameter ¢ is
connected with the (non-relativistic) radial flow energy

)- C))

£ = mp®37  (?r?)  3a’R2
r = = ==

2 2m, 4 m, ©
and with the mean radial blast velocity 7, whereas m, and T
represent the proton mass and the temperature, respectively.
(The brackets in Eq. (6) imply averaging over the Gaussian
density distribution.) From Eq. (5) one finds that the appar-
ent source radius R* decreases monotonously with increas-
ing ratio of flow energy over temperature and that the rela-
tive reduction R*/R, does not depend on the radius itself.
These observations do well compare with recent results of
the investigation of the sensitivity of the proton-proton corre-
lation to collective expansion in central Au+Au collisions at
1504-MeV beam energy {25). There, the authors performed
schematic calculations based on the Pratt [2, §, 6] formal-
ism using a homogeneously filled sphere and a self-similar
velocity profile superimposed on the thermal velocity distri-
bution. They find a relative reduction of the source radius of
about 15% - 20% if radial flow energies and temperatures
comparable to the experimental findings [18, 26] are taken
into account. A very similar radius correction would be cal-
culated with Eq. (5). In contrast, the apparent reduction of
the source radius due to radial expansion as deduced from
relative-velocity correlations of IMF pairs in case of central
Au+Au reactions between 100 and 400 4-MeV [20, 21] is
much stronger (up to a factor of two). This can be attributed
to the fact that heavy fragments probe collective motion ef-
fects more sensitively than light particles [26].

For the quantitative estimate of the apparent reduction
of the present source radius due to collective expansion we
have generated energy distributions of light charged parti-
cles measured with the same Plastic Wall/Helitron detector
combination as used for the investigation of the two-proton
correlations. Proton, deuteron and triton c.m. kinetic energy
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spectra have been accumulated in the polar angle range of
55? < O¢m < T0° (cf. Fig. 1). They are analysed in the
framework of the picture which assumes that the final energy
distribution is the result of the superposition of a collective
expansion and a random thermal motion. Using the relativis-
tic form {28]

_E Ki(Ame/T)
(Ex) = -‘K:{)ﬂow"'%— (Amo [m - 1] +3T> D

of the dependence of the mean kinetic energy (E) on the
mass number A (where v, = (1 — 3272 and R is the
modified Besse!l function of order J), a temperature of T =
(72 % 8) MeV and a flow epergy per nucleon of (£) 10w
mo(yr — 1) = (138 £ 12) MeV are deduced?. In addition,
a simultaneous fit of the shape of the three spectra with the
Siemens-Rasmussen formula [29, 28] of an expanding spher-
ical shell has been performed. From this analysis we get
the very similar results T = (65 & 8) MeV and (£)f100 =
(138 + 13) MeV. The deduced (relativistic) flow energy is
equivalent to an averaged expansion velocity of 3, =~ 0.49
5. Putting this blast velocity in Eq. (6) and taking an averaged
temperature of T = 68 MeV the correction factor (square root
in Eq. (5)) amounts to 1.45+0.05 and gives a true r.m.s. radius
of Ry = (.2 £ 1.2) fm. Similarly, the radius deduced tfrom
the angle-integrated correlation function has to be corrected
10 Rppyy = (7.0 £ 1.4) fm.

6 Summary

In conclusion, we have presented experimental two-proton
correlation functions for central collisions of Ni+Ni at 1.93
A-GeV.

For the first time the difference between transverse and
longitudinal correlations has been derived in heavy-ion re-
actions at energies in the 1 — 2.4-GeV region. This differ-
ence can be explained as a result of the finite source lifetime.
The additional information allows to unravel the space-time
ambiguity of the emission process. We have fitted simulta-
neously the longitudinal and transverse correlation functions
with the predictions of the Koonin model taking into account
the experimental relative-momentum resolution and the ap-
parent reduction of the source radius due to collective ex-
pansion effects. The best agreement with experiment is ob-
tained with r.m.s. parameters of the radius and the emission
time of the source of Rpmy = (4.2 £ 1.2) fm and ¢,y =
(1 1175) fm/c, respectively. The corresponding sharp-sphere ra-

dius Ry, = \/5/3R.4 allows to determine the breakup vol-
ume V = A/p = 4xR3,/3 = 670 fm*® of the source. For

* The application of Eq.(7) in the non-relativistic limit (Ep) =
.'t(jt'_;:)ﬂ,,w + %’[‘ would give a very similar flow cnergy (%)jlow ={134 &
12) MeV but a significantly larger temperature T = (93 £ 10) MeV.

5 Recently, transverse momentum distributions of %™, p, d particles of
central Au+Au and Ni+Ni collisions between 1 and 2 GeV per nucieon have
been analysed in the framework of un expanding thermal source [27]. For the
Ni+Ni system at 1.93.1:GeV the spectra of midrapidity particles with trans-
verse momenta beyond the aceeptance of the detector components used in
the present pp-correlation analysis (p7 > 0.7, cp. Fig. 1) give a temperature
and a radial blast velocity of T = (92 £ 12) MeV and g, = 0.32 £ 0.04,
respectively. The obvious observation of a longitudinally clongated proton
momentum distribution is supported by the ellipsoidal flow patterns given in
Fig. 3.
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an estimated participant multiplicity of the central source of
A ~ 80 this volume gives a density of p = 0.70p,.

In contrast, the usual comparison of the angle-integrated
correlation function with the model mixes the spatial and tem-
poral size of the source and delivers - after correcting for col-
lective expansion - an upper limit R,.,5 = (7.0 £ 0.7) fm of
the source radius. It would give a breakup volume (density)
which is about 4.5 times larger (smaller) than the value deliv-
ered by the correlation function with directional cuts.

The estimated characteristic source emission time is the
shortest one determined with the method of directional cuts
on the two-proton correlation function known so far. It is
only slightly larger than the transit time of the colliding nu-
clei and does well compare with the typical expansion time of
the source. Thus, it is certainly appropriate to assume that the
proton emission is not governed by sequential decay chains
but by a sudden explosion/expansion process. Dealing with
such short time scales the notation "lifetime” looses almost
its meaning.
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