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INTRODUCTION

Investigation of two-particle correlations at small relative momenta gives
one the possibility of obtaining information on the space-time characteris-
tics of the particle emission process. In the case of protons the correlations
arise mainly due to the final state interaction, Coulomb repulsion and quan-
tum statistical effects/1-3/ . The resulting correlations appear in the form
of a broad peak approaching maximum for about 20 MeV/c if the correla-
tion function is plotted versus half difference of the proton momenta. A stron-
ger effect corresponds to smaller space-time parameters of emitting sources.

The first experimental evidence of two-proton correlations at small rela-
tive momenta was found by Siemiarczuk and Zielinski more than twenty
years ago / 4/ Distinct enhancement at the lower end of the two-proton ef-
fective mass distribution has been observed by the authors when comparing
it with the background distribution. This effect was confirmed later /s/.
At present, intensive investigations are being carried on and a large amount
of data has been collected / 623/

The two-particle correlations and space-time characterictics of particle
emission process were investigated during many years at JINR, Dubna.
The theoretical approach was developed by Kopylov and Podgoretsky for
bosons/2/, and by Lednicky and Lyuboshitz for fermions/3/ . Experimen-
tal investigations were performed using two bubble chambers: the 2-meter
propane chamber with tantalum plates in it/6-9/ , and the 180-litre xenon
chamber / 10/ . Some recent results will be discussed in this paper.

PAIR MOMENTUM DEPENDENCE
OF TWO PROTON CORRELATIONS

Experimental investigations of the two-proton correlations have reveal-
ed some interesting regularities. One of the widely discussed effects is the
dependence of the measured size of proton emission volume on the momen-
ta of emitted protons. Generally speaking, faster protons appear to be emitted
from synaller sources /6-17/ | This effect was first observed at Dubna in
198 . As different measurents were performed under different experi-
mental conditions, it is difficult to find a simple rule for all the obtained re-
sults. We have investigated this dependence for various reactions and in the
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secondary proton momentum region from 150 MeV/c up to 1 GeV/c/ S 4 :
The results of these measurements will be discussed below after presenting
them in the unified form as a dependence of the RMS radius of the proton
emission volume on the mean proton momenta:

< l'2>1/21= f(‘< pp>)r

where: p, = (IB; + Pol)/2: Bi1,B o are the momenta of correlated protons.
Fig. 1 shows this dependence for three different reactions. A similar behavi-
our is seen for each set of data.

In the momentum range (0.3-0.4) GeV/c the size of the proton emis-
sion volume appears to be close to that of the target nucleusin all considered
reactions. For lower proton momenta the RMS radii are systematically lar-
ger; for higher momenta smaller radii have been obtained. These effects were
suggested to occur due to increasing lifetime of the sources (in the case of
smallest nucleon momentay 1624/ | or due to non-spherical shape of the
proton emission volume (for higher momenta of emitted protons)’ 17:1%
The questions: whether it is possible to explain similarly the correlations ob-
served in Fig. 1 and how strong the influence of these effects on the two-

proton correlations function is, will be
discussed below.

'f ' ‘ﬁ Verfm | Let us consider the scales in Fig. 1.
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dent and distributed in the space and time according to the four-dimensional
Gaussian law. The BMS radius is then equal to \/3t, . The theoretical corre-
lation functions were computer assuming 7, = 1 fm. The correlation func-

tions were plotied againts k* variable, where k* is the half difference of the
proton momenta in the rest frame of the pair. The details of our experimental
procedure are given in Refs./8—10/

Let us assume now that the changes of the two-proton correlations, giving
growth to the proton emission volume above the RMS radius of the target
nucleus, are due to the increase of the emission time intervals, without chan-
ging the size of the cmission volume. The changes in the opposite directions
are supposed to be caused by decreasing the perpendicular source size with
respect to the incoming particle direction, without changing the longitudi-
nal one. The following figures illustrate the influence of these effects on the
height of correlation maximum for the nuclei discussed here.

Figure 2 shows the time dependence of the height of the two-proton
correlation function (k* = 20 MeV/c) for different space sizes of the emit-
ting sources. The chosen values of r  and v correspond to our experimental
conditions: r , values are simplyy/3 times less than the RMS radii of given
target nuclei and v corresponds roughly to the mean velocity of registered
protons. Considerable changes of the correlation function are seen, up to ct
values of several tens of fm.

A similar type of dependence presents Fig. 3 where the height of the
two-proton correlation function is plotted versus the values of the transver-

l T T T

& i T T rer

" t’=1{m A
% i v=04
L3
8 i
%
i H
R
:—ni
o
1 ol
0 1 I A lollslo 10 ‘nl é :7'
1 2 5 10 2 h i

T, fm
Fig. 2. Time dependence of the height Fig. 3. Perpendicular size dependence of the
of the two-proton correlation function height of the two-proton correlation func-
for different source sizes of the emission tion for different longitudinal sizes r of
volumes. the emission volume.
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sal size r, of the proton sources. All the curves are drawn up to the values
corresponding to spherical shapes of emitting volumes. For heavy nuclei the
correlation effect changes considerably and for perpendicular dimensions
less than 1 fm the maximum of the correiation function is more than two
times higher than in the case of spherical shapes of the emitting volumes.

Let us return now to the scales in Fig. 1. The right hand side scales (non
linear) indicate the values of time intervals and perpendicular dimensions
which should be used to obtain the correlation effect corresponding to the
RMS radius on the left-hand side scal%g—h% pbtained values are in agreement
with the experimental results in Refs. ", They correspond to the results
of theoretical computations performed in Ref. 724/ a5 well.

COMPARISON WITH OTHER DATA

The dependences presented separately for different targets in Fig.l
can be simply compared by changing the RMS radius of the proton emission
volume with the ratio:

rre] _— .\1-/2/@2 R 142_
where <r? > lf;zis the RMS radius of the target nucleus. Fig. 4 combines
in this way three parts of Fig. 1.

It is interesting to compare these results with the others obtained else-
where. There are a few works where two-proton correlations were investi-
gated in a relatively narrow momentum or energy intervals/ 13-15. 18/ The cor-
responding results are shown in Fig. 4, as well. All the quoted data are con-
verted to the RMS radii, if necessary, prior to present them in Fig. 4/ 25/
The RMS radii of the nuclei were obtained from the experimental data of
Ref. 28/, Thus, some common features can be seen.

1. The observed momentum dependence divides emitted protons into
three different classes corresponding to different space dimensions of the
emitting suorces, as compared to the dimensions of the target nuclei.

2. For the mean proton momenta about 0.4 GeV/c, the source dimen-
sions are comparable to those of the target nucleus independently of the
target mass. The only exception are data for very low incident energy (E/A=
- 35 MeV/13/ ),

3. The relative decreasing of source radii in a higher momentum region
seems to be stronger in the case of heavy targets.

Similar dependences have also been observed qualitatively in several
other works/7. 11,12 On the other hand, there are indications that this
general dependence is affected by some additicnal effects. In the low incident
nucleus energy region (E/A £ 60 MeV) the influence of the projectile mass
4
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and energy has been observed/15/ . An angular dependence seems also to be
imposed on the momentum one/18/ . The form of the momentum depen-
dence, presented in Fig. 4, may be treated therefore as a reference function
to look for other effects depending on particular experimental conditicens.

Fig. 5 presents a direct comparison of the RMS ~adii obtained for ”’fast”
protons (<pp> > 0.3 GeV/c) in different experiments with the correspon-
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ding RMS radii of the target nuclei. The reactions, where the mass of ihe
target nucleus is much greater than that of the projectile, were selected.
The straight line presents the approximation of experimental data obtained
for the RMS radii of different nuclei,” 28/, One can see that for fast protons
the RMS radii of the emission volume are compatible with the RMS radii
of the target itsif. Some dispersion, seen for heaviest nuclej, reflects the n o
mentum and angular dependences due to different experimental conditic:s.
Three points are located relatively high . though their positions follow the
overall dependence. These data corresporil to backward emitted pro-
tons /18, 19/ and will be commented on iater.

The relationship, shown in Fig. 5, is similar as observed by J.Bartke for
pions/ 28/ , but for protons the projectile mass has been replaced by the mass
of the target nucleus.

CONCLUSIONS AND COMMENTS

We have discussed the dependence of the size of the proton emission
volume on the momenta of emitted protons. The common experimental
rule is that faster protons are emitted from smaller sources. Two factors ave
been tested to explain this dependence: large emission time intervals and «
small perpendicular size of the emission volume. Each of these factors was
SUppPOSsed L0 UoIninale i Gillerent prubui mornintur mterni

In principle, the factors considered can oxpicin he necimenial re-
sults although some comments are needed here.

1. The correlation function is less sensitive to tiie changes of the time
parameter than to the space ones. To explain our ‘experimental resuits, time
intervals should be as large as several tens of fm/c.

2. A stronger momentum dependence observed for heavy targets at
higher proton momenta seems to be compatible with the assumption that
it is caused by systematic decreasing of the perpendicular sourse size. To ex-
plain our results, the shape of the fast proton source should be in the form
of a thin tube corresponding to the path of the projectile throughout the target.

3. Sharp limits assumed, when considering separately the two different
effects, should be taken as a crude approximation. Even, if only these two
factors are responsible for the observed momentum dependence — smooth
transition is much more reliable.

4. Taking target mass as a reference variable, the tacit assumption has
been made that registered protons are mainly target fragments, what is not
a case when a massive projectile with not too high energy per nucleon is used.
As mentioned above, the influence of the projectile mass and energy on the
overall pair energy dependence was observed for the reactions in a relatively
low energy region/ 15/ Since for a higher incident energy the projectile mass
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dependence has not been observed (see Ref./8/ }, it seems natural to suppo-
se that, if the incident energy is insufficient for colliding nuclei to penetra-
te each other, the measured sizes reflect the limits of the reaction zone.

5. Correlations between the space and time characteristics are possible
in the process of particle emission. A sequential ejecting of nucleons during the
passage of an incident particle through the target nucleus leads to the strong
angular dependence of the two-proton correlations/ 17/ . This effect is con-
sistent with the assumption on a small parpendicular size, fast protons are
ejected from. Similar result can be expected if secondary protons are emitted
from a moving sources. Angular dependence of the two-proton correlations
has been observed experimentally, indeed/ 18,29/

6. Different emission angles can reflect different mechanisms of the
particle emission, conseqently, different space-time characteristics of the
emission process. Protons emitted into the backward hemishere represent,
for example, a special class of the so-called, cumulative particles emitted into
the kinematical region forbidden for one-nucleon collisions/30/ . Backward
emitted protons are often considered as essentially emitted from a therma-
lized system”’29/

7. Analysis of final-state interaction effects points out also to the depen-
dence of the correlation function on the pair velocity with respect to the
emitting sources /3 17/, This effect, important for relativistic protons, may
slightly affects the momentum dependence of the two-proton correlations
alscussed nere.

The following picture seems to emerge from the data analysis performed
above. Fast protons are emitted successively in the first stage of the collisions.
Their space-time characteristics reflect the collision geometry. Decreasing
of the proton momenta is related with the expansion of the emission zone
to spread eventually over the whole target nucleus. Corresponding time inter-
vals increase as well. Slow protons are emitted according to the typical ther-
malized process.

In reality, several interrelated factors contribute to the correlations
observed. Some of them were listed above. A detailed analysis is still necessa-
ry for separated momentum and angular intervals of registered protons to
disentangle various effects involved here.
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