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Abstract

Differences between longitudinal and transverse  two-proton  correlation
functions, consistent with finite lifetime effects, are observed for centra 36Ar +
45S¢ collisons at E/A=80 MeV. The correlations between two protons emitted
with low total momenta are consistent with emission from a source of Gaussian
radius rg = 35 £ 0.5 fm and characteristic lifetime t =70 £ 30 fm/c.
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Two-proton correlation functions at small relative momenta probe the space-
time geometry of the emitting system, because the magnitude of nuclear and
Coulomb final-state interaction and antisymmetrization effects depends on the
spatial separation of the emitted particles [1-28]. The attractive S-wa.ve nuclear
interaction leads to a pronounced maximum in the correlation function at relative
momentum q ~ 20 MeV/c. This maximum decreases for increasing source
dimensions and/or emission time-scales. The Coulomb interaction and
antisymmetrization produce a minimum at g = 0. Non-spherical phase-space
distributions, predicted for long-lived emission sources, can lead to a
dependence of the two-proton correlation function on the direction of the relative
momentum {13,23]. Until now, however, such directional dependences have not
yet been observed unambiguously {16,18,21,24,25,28], possibly because a clear
characterization of emission sources was not achieved in previous experiments
[28,29]. In this paper, we present a clear observation of a difference between
longitudinal and transverse two-proton correlation functions in an experimeﬁt
with full event characterization. The observed difference can be attributed to the

finite lifetime of the emitting system.

The experiment was performed at the National Superconducting Cyclotron
Laboratory at Michigan State University. A beam of 36Ar ions at E/ A=80 MeV
incident energy bombarded a 45Sc target of areal density 10 mg/cm2. The beam
intensity was typically 3x108 particles/sec. Charged particles were measured in
the MSU 4x Array [30], which consisted of 209 plastic AE-E phoswich detectors
covering polar angles between 7° and 158° in the laboratory frame. Particles
stopping in the slow (E) plastic scintillators of this array were identified by their
particle type and energy; the energy calibrations for these detectors are accurate

to approximately 10%. One of the hexagonal modules of the 4n Array, located at



38° in the lab frame, was replaced by a 56-telescope high-resolution hodoscope
[24,31,32]. Each AE-E telescope of the hodoscope consisted of a 300-um-thick Si
detector backed by a 10-cm-long CsI(T1) detector and subtended a solid angle of
AQ = 0.37 msr. The nearest-neighbor separation between telescopes was A8 =
2.6%, and the energy resolution of each telescope was about 1% for 60 MeV
protons. During the experiment, both two-proton coincidence and singles events

in the hodoscope were recorded in coincidence with the corresponding data from

the 4n Array.

The problem of identifying finite-lifetime effects is illustrated in Fig. 1. The
figure depicts phase space distributions of protons emitted towards the detector
at B1ap = 38° for a source at rest in the labc;ratory (pari a) and for a source at rest
in the center-of-momentum system of projectile and target (Vsource = 0.18c, part
b). We assumed a spherical source of 7 fm diameter and 70 fm/c lifetime

emitting protons of momentum 250 MeV/c.

For emission from a source at rest, the phase space distribution of particles
mdving with a fixed velocity vp lab = Vemit towards the detector exhibits an
elongated shape [13,24,33] oriented parallel to vp jab. A source of lifetime t
appears elongated by an incremental distance As = Vemit* T=Vplab* T-
Correlation functions for relative momenta q 1 vp 1ab reflect a stronger Pauli-
suppression, and hence a reduced maximum at q = 20 MeV/c, than those for q

" VP’}ab [13,23,24,33].

Previous analyses [2,16,21,24,25] compared the shapes of correlation
functions selected by cuts on the relative angle yiap = cos"1(q-P/qP) between q
and P = p1 + p2 = 2mvp tab, where p; and p, are the laboratory momenta of the
two protons and q is the momentum of relative motion. Such analyses are

optimized to detect lifetime effects of sources stationary in the laboratory system,



but they can fail to detect lifetime effects for non stationary sources. For the
specific case illustrated in Fig,. 1b, the source dimensions parallel and
perpendicular to vp lab are very similar, and no significant differences are

expected for the corresponding longitudinal and transverse correlation functions.

For a source of known velocity, the predicted lifetime effect is detected most
clearly if longitudinal and transverse correlation functions are selected by cuts on
the angle Wsource = cos'H{q"-P'/q'P"), where the primed quantities are defined in
the rest frame of the source. (In Fig. 1b, the source dimensions should be
com'pared in directions parallel and perpendicular to vemit.) Such analyses can
only be carried out for emission from well characterized sources [28]. In the

following, we corroborate these qualitative arguments by our experimental data.

The experimental two-proton correlation function 1+R(q) is defined in terms

of the two-proton coincidence yield Y,(p;,p,) and the proton singles yield Y,(p):
z YZ(Pl.rPg) =C[1 +R(q)] )> Yl(pl)Yl(PZ)' Y

where q is the (invariant) magnitude of the relative momentum four-vector. For a
given experimental gating condition, the sums on each side of Eq. (1) extend over
all proton energies and detector combinations of the 56-element hodoscope
corresponding to each g-bin. The normalization constant C is determined by the

requirement that R(q) vanish for large q.

Figure 2 shows longitudinal and transverse two-proton correlation functions
for central 36Ar + 455¢ collisions at E/A = 80 MeV selected by appropriate cuts
[34] on the total transverse energy detected in the 4n Array. In a geometrical
picture [34,35], the applied cuts correspond to reduced impact parameters [35] of
b/bmax = 0 - 0.36. Longitudinal (solid points) and transverse (open points)
correlation functions were defined by cuts on the angle y = cos-1(q-P/qP) = 0°-

50° and 80°-90°, reSpeCtively. (The normalization constant C in Eq. 1 is
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independent of y.) To maximize lifetime effects and reduce contributions from
the very early stages of the reaction, the coincident proton pairs were selected by
a low-momentum cut [34] on the total laboratory momentum, P = 400-600
MeV/c. The top panel shows correlation functions for which the angle y was
defined in the center-of-momentum frame of projectile and target (y = Wsource);
for central collisions of two nuclei of comparable mass, this rest frame should be
close to the rest frame of the emitting source. The bottom panel shows correlation

functions for which the angle y was defined in the laboratory frame (y = yap).

Consistent with the qualitative arguments presented in Fig. 1, a clear
difference between longitudinal and transverse correlation functions is observed
for cuts on Ysource (top panel of Fig. 2), but not for cuts on yi,p (bottom panel of
Fig. 2). The clear suppression of the transverse correlation function with respect
to the longitudinal correlation function observed in the top panel in Fig. 2 is
consistent with expectations for emission from a source of finite lifetime
[13,23,24,33]. The solid and dashed curves in the top panel of Fig. 2 depict
calculations for emission from a spherical Gaussian source of radius pameter r, =
3.5 fm and lifetime T =70 fm/c, sée also Eq. 2 below. The data in Fig. 2 represent
the first clear experimental evidence of this predicted lifetime effect.

Clean characterization of a relatively well defined source frame appears
crucial. Two-proton correlation functions selected by more peripheral cuts did
not éxhibit any differences between longitudinal and _tran;t'.verse correlation
functions, irrespective whether the cuts on y were defined in the laboratory, the
center-of-momentum frame for the 36Ar + 45Sc system, or the projectile rest
frame. Indeed, for such collisions no single unique source velocity may exist, and
more sophisticated analysis techniques may be necessary to exploit directional

dependences of two-proton correlation functions. More interestingly, even for



central collisions no significant difference between longitudinal and transverse
correlation functions was observed for protons selected by cuts on large total
momenta, P 2 700 MeV/c. These very energetic protons appear to be emitted on
a very fast time scale and/or at such an early stage of the reaction where the

concept of emission from a single source does not apply.

For a more quantitative analysis, we performed calculations assuming a
simple family of sources of lifetime 1 and spherically symmetric Gaussian density
profiles, moving with the center-of-momentum frame of reference. Energy and
angular distributions of the emitted protons were selected by randomly sampling
the experimental yield Y(p). Specifically, the single particle emission functions

[23,24] were parametrized as
g(r,p.0) < exp(=r2/rl -1/ 7)-Y(p). )

In Eq. 2, r,p, and t refer to the rest frame of the source. Phase-space points
generated in the rest frame of the source were Lorentz boosted into the
laboratory frame, and the two-proton correlation function was obtained by
convolution with the two-proton relative wavefunction, see refs. [13,23,24] for

details.

Transverse and longitudinal correlation functions were calculated for the
range of parameters ro=2.5 - 6.5 fm and © = 0 - 200 fm/c. For each set of
parameters, the agreement between calculated and measured longitudinal and
transverse correlation functions was evaluated by determining the value of x2/v
(chi-squared per degree of freedom) in the peak region, q=15-30MeV/c. A
contour plot of %2/v as a function of rp and tis given in Fig. 3. Good agreement
between calculations and data is obtained in a valley roughly bounded by (ro =
4.5 fm, =40 fm/c) and (ro = 3.0 fm, T = 110 fm/c). The extracted emission



timescales of 40 - 110 fm/c are consistent with those predicted by microscopic

transport calculations [22-24].

In conclusion, we have presented the first conclusive measurement ofa
difference between longitudinal and transverse two-proton correlation functions
which is consistent with a predicted {13,23,24,33] finite-lifetime effect. For the
identification of this effect, determination of the source rest frame was shown to
be essential. For central nucleus-nucleus collisions at intermediate energies, such
clear-cut event characterization appears possible by impact parameter selection,
but for peripheral collisions more sophisticated techniques may be needed to
exploit the directional information contained in two-proton correlation functions.
The observation and exploitation of directional dependences of two-particle
correlation functions promises to open new possibilities of probing the space-
time characteristics of reaction zones formed in intermediate and high-energy
nucleus-nucleus collisions with much higher sensitivity than achieved in

previous investigations.
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Fi Captions:
Fig. 1. Schematic illustration of phase space distributions at a time t =70 fm/c,
seen by a detector at 81ap = 38°, for a spherical source of radius r = 3.5 fm and
lifetime T = 70 fm/c emitting protons of momentum 250 MeV/c. Part a: Source at

rest in the laboratory. Part b: Source moves with Vsource = 0.18¢.

Fig. 2: Measured longitudinal and transverse correlation functions for protons
emitted in central 36Ar + 45Sc collisions at E/ A = 80 MeV; the correlation
functions are shown for proton pairs of total laboratory momenta P=400-600
MeV/c detected at <61,5>=38°. Longitudinal and transverse correlation functions
(solid and open points, respectively) correspond to y = cos"1(q-P/qP) = 0° - 50°
and 80° - 90°, respectively, where P is defined in the rest frame of the presumed
source. Upper panel: vggurce = 0.18¢; solid and dashed curves represent
longitudinal and transverse correlation functions predicted for emission from a
Gaussian source with ro = 3.5 fm and t = 70 fm/c, moving with vsource = 0.18c¢.

Lower panel: vsoyrce = 0.

Fig. 3: Contour diagram of x2/v (chi-squared per degree of freedom) determined
by comparing theoretical correlations functions to the data shown in the upper
panel of Fig. 2. The fit was performed in the peak region of the correlation

function, q = 15-30 MeV/c. Details are discussed in the text.
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