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It is interesting to compare this result with
predictions for the C mass in the literature.
These are summarized in Table II. It may be
seen that all predictions based on the transverse
Garvey-Kelson formula give a Inass excess
which is too large by about 500-600 keV. This
trend is similar to that observed in recent mea-
surements of masses of neighboring nuclei, "C
and "N. This suggests that one should recal-
culate the prediction of the Garvey-Kelson formu-
la using the latest experimental values for the
masses of "C [21.023(35 MeV]" and of "N
[15.810(90) MeVj." This gives the "C mass ex-
cess as 25.037(98) MeV, which is in excellent
agreement with our new experimental result.

In summary we have successfully measured
the mass of "C. "C is found to be more strong-
ly bound than was hitherto believed, a trend
similar to that found for other neutron-rich nu-
clei in this region. The pion double-charge-
exchange reaction (m, zz') has been demonstrated
to be a powerful tool in the study of neutron-rich
nuclei far from the valley of stability. We pro-
pose to use it for the study of other light neutron-
rich nuclei in the near future.
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We present evidence of an intensity interferometric effect of identical pions in relativ-
istic nuclear collisions. From the observed correlation, we determine the space-time
structure of the pion-emitting Source.

The principle of intensity interferometry was
first developed in radio astronomy, now known
as the celebrated Hanbury-Brown- Twiss effect.
The idea of utilizing this second-order inter-
ferometric correlation effect of identical par-
ticles as a probe of the space-time structure
of the emitting sources in particle physics has
been discussed by Cocconi, ' by Shuryak, ' and,
in much more detail, by Kopylov and Podgoret-
sky. ' Fowler and Weiner4 further emphasized
that such study can also shed light on the equally

interesting question of the degree of coherence
of the emitting system. Experimental study has
been reported recently for pp, ' ~p,' and ~p, Kp,
and pp' systems, while an indirect manifestation
of this type of effect was observed by Goldhaber
etaI, .' as early as 1959.

The possibility of using pion interferometry
for the study of relativistic nuclear collisions is
particularly appealing, as emphasized recently,
for example, by Gyulassy' and Yano and Koonin, "
since the ideas of a pion production mechanism
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FIG. 1. Kopylov ratio Rn„vs relative pion momen-
tum q. 1.8-GeV/nucleon Ar beam incident on (a) BaI&
and (b) Pb&O& in an "inelastic" triggering mode, and on
(c) Pb&04 triggering on the most central collisions.
The curves are fits by Eq. (1).

and pion coherence as an effective signature of
the occurrence of exotic phenomena' ~" are topics
of primary interest.

We report here the first evidence of a pion in-
terferometry effect in relativistic nuclear col-
lisions. Our data come from a triggered-stream-
er-chamber experiment performed at the Law-
rence Berkeley Laboratory Bevalac. The stream-
er chamber" has proven to be an effective tool
in the study of relativistic nuclear collisions be-
cause of its 4m detection, capacity to be triggered,
and accurate angular and momentum information
content. For the pion interferometry studies, a
particularly salient feature in the design of the
present experiment is the thin targets (- -' in. )
employed, which allow the detection of very low-
energy (~ 10 MeV) pions, with unambiguous
identification of negative pions (&1% electron
background contamination), and a minimum of
multiple-collision events within the target.

In Fig. 1, we present results from three sets
of independent data. We have used a 1.8-6eV/
nucleon 'Ar beam and the events in this sample
contain two to six negative pions. Figures 1(a)
and 1(b) show data from BaI, and Pb, O~ targets,
respectively, in an "inelastic" triggering mode
which allows us to detect all but 10-15~/0 of the
most peripheral inelastic interactions. Figure
1(c) shows the Pb,O, target data taken in a more
restricted triggering mode which selects the
most central collisions, amounting to 15% of the
total interactions. To search for a signature of
pion interferometry, we evaluate, as suggested
by Kopylov, the normalized ratio of the number
of pairs of negative pions from the same event
to the number of pairs of negative pions from
different events, RD", as a function of their

relative momentum q=
I p,.-p„ I and energy dif-

ference qo =
I &; -&~

I
with a cut Iq. l

- 300 MeV.
Statistically large samples of uncorrelated pion
pairs are generated from pairs of different
events, but care is taken to match only events
of the same pion multiplicity to further insure
the absence of any effect imposed by energy-
momentum conservation. It is seen from Fig. 1
that the Kopylov ratio RD in all three sets of
data exhibits a clear peak at low relative pion
momentum (effective mass) of the di-pion sys-
tem.

Next we seek to extract relevant parameters
from these interference patterns. There exist
several analytic expressions for the Kopylov
ratio R, based on different physical assumptions
on the distribution of radiating matter. For a
Gaussian space-time distribution, Yano and
Koonin" have derived the correlation ratio RD
with the following functional form:

RD (q, q )

=K 1+exp—

where ~, and ~ are its characteristic space-time
parameters, and K is an arbitrary normalization
constant.

We have also considered, for a uniform dis-
tribution, the correlation ratio analogous to that
given by Kopylov:

RD (q, q ) =K& 1+ I '(r,q/v 2 )
(2)

with I(x) =2J,(x)/x, where J, is the Bessel func-
tion of the first kind.

Using a maximum-likelihood method, we have
fitted our data with Egs. (1) and (2). The lifetime
parameter v, as expected, turns out to be rel-
atively insensitive and its fitted values range
from 2&& 10 sec to 5&& 10 ~ sec. In Ta.ble I
we present the fitted values of the pion-emitting
source radius r, and the associated X' values,
together with the corresponding X' values for a
straight line fit. In the first two cases, (a) and

(b), the lifetime parameter ~ is fixed at a nom-
inal value of 5 & 10 '~ sec.

For pp collisions the observed radius r, is of
the order of 1 fm, ' whereas our x, values are 3
to 4 times larger, suggesting more extended
sources in nuclear collisions. As our data show
in Fig. 1, the widths of the corresponding peaks
in R are narrower by the same factor. To see
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TABLE I. Fit parameters for data from Fig. 1.

Target g0 (fm)
Eq. (1) fit

T (10 sec) X'/NDF' 0

Eq. (2) fit
7 (10 ' sec) X /NDF

Linear fit
1 /NDF'

(a)
(b)
(c)

BaI2
Pbg04
Pbg04

3.05+ 1.10
3.30+ 0.93
3.98+ 0.78

5
2 0+4 0- i,8

9.49/8
11.29/8
14.69/7

3.09+ 1.17
2.98+ 0.76
3.88 + 0.64

5
3 2+4,6

2.0

9.57/8
11.6 0/8
14.29/7

15.45/9
22.12/9
34.O1/9

~ "NDF" stands for "number of degrees of freedom. "

more detail in spectra from nuclear collisions
thus requires better energy-momentum resolu-
tion in the data. Only further experiment can
show whether the hint of an oscillatory behavior
of the ratio R seen in Fig. 1 is real.

Our observation of the pion interferometric ef-
fect should give impetus to further experiments
to study in detail the space-time structure, as
well as the coherence, of the radiating sources
in relativistic nuclear collisions. The detailed
experimental program must be augmented by
parallel theoretical refinements such as the in-
clusion of effects of the Coulomb repulsion of
like particles and the correction of the Coulomb
effect due to target nucleons. "
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