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We have measured in the central region, the ratio of negative pion pairs to that of neg-
ative-positive pion pairs as a function of the Kopylov variables. A correlation was ob-
served. From the shape of the correlation function we determined the radius r and life-
time z of the centrally produced hadronic matter parallel and perpendicular to the colli-
sion axis to be r~~

——0.78 () f( fm, r~ =1.65+0'gg fm, and T(( =(1.97'() 56)&10 sec.

Two decades ago Hanbury-Brown and Twiss ex-
pounded the idea of the intensity interferometer. '
In a subsequent experiment' they used their in-
tensity interferometer to measure the angular di-
ameter of o Canis Majoris A. To settle the con-
troversy stimulated by the novel idea of Hanbury-
Brown and Twiss, Purcell noted' that the idea is
sound and is rooted in a fundamental quantum me-
chanical relationship between spin, statistics,
and the symmetry of a wave function. In studying

p annihilation in nuclei, it was noted by Goldha-
ber et al. that the ~m opening angle distributions
are in slight disagreement with the predictions of
the statistical model. A possible explanation for
this deviation was given by Goldhaber et al. '
which is conceptually a simplified and independ-
ently derived version of the Hanbury-Brown-
Twiss idea applied to high energy physics. Until
recently the effects of Bose-Einstein statistics
on multipion production have been discussed in
rather general terms. ' However, Kopylov has
recently presented a theoretical description of
pion production' which incorporates the neces-
sary symmetry constraints on the process; he
also shows how it can be used to measure the
space and time structure of pion-emitting had-

ronic matter. Kopylov's analysis is also closely
related to that of Ref. 2. A preliminary test of
Kopylov's analysis was carried out by Canter et
al, .' and subsequently by Deutschmann et al. ' and
Grard et al." The significance of our result is
that not only are we able to demonstrate with su-
perior statistics the effect discussed in Refs. 8-
10, but also are able to show that the above ef-
fect is truly a manifestation of intensity fluctua-
tions in the Hanbury-Brown- Twiss sense and
that is is not due to the reflection of other as-
pects of multipion production dynamics. Conse-
quently, we were able to determine the two-di-
rnensional space-time extension of the pion-emit-
ting hadronic matter.

Our analysis was made possible by a novel ex-
perimental technique" which combined the fea-
tures of multiparticle detection, high data rate,
and identification of one or both of the leading
particles. The above features are essential in
establishing the three conditions which must be
satisfied by a reliable analysis: (a) Removal of
leading particle effects; (b) showing that the mo-
mentum distribution of the centrally produced pi-
ons behaves as a Bose-Einstein gas; (c) demon-
strating that the p z distribution as a function
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of the Kopylov variables does not exhibit inten-
sity fluctuation and thereby justifying its use as
a background distribution.

To satisfy Condition (a), we studied the reac-
tion

p, +p2-p, +N~+mesons (190000 events), (1)

where we measured the momentum of all the
charged particles and identified the fast forward
proton" P,. To present evidence for a centrally
produced Bose-Einstein meson cloud [Condition
(b)], in the inset of Fig. 1(a) we show the Feyn-
man-x distribution of the produced pions. In an
earlier Letter we showed" that, for centrally
produced pions, both scaling in the mean and the
Bose-Einstein distribution for p~ are valid. In
the following analysis, we imposed the constrairit"
of —0.2 &g &0.2. To demonstrate that the p'7t

distribution does not exhibit prominent resonance
structure, in Fig. 1(a) we plot the effective-mass
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distribution for the v'm (M,+;) di-pion pairs in
the central region. From Fig. 1(a) it is clear
that the effective-mass distribution is dominated
by a low-effective-mass enhancement. It is
known that at low effective masses the di-pion
system is s-wave dominated. "

Let E„p, denote the energy and momentum (in
the overall center-of-mass system) of the ith pi-
on emerging from the centrally produced hadron-
ic matter in Reaction (1). q, and q, (Kopylov's
variables) are defined by the equations

q. =lE, -E,l,
q =lq —(g n)nl,

(2)

t.o

where ci=p, -p» and n=(p&+p~)/lp&+p, l. The ra-
tio of the number of like and unlike pion pairs in
a given q, and qo interval is denoted by R,
Using the above notation, in Figs. 2(a) and 2(b)
we plot R, as a function of q, for the intervals
0 GeV&q, ~ 0.1 GeV and 0.1 GeV&qo~ 0.3 GeV.
In addition to the q, cuts, the -0.45& cos9~+0.45
condition was imposed on the direction on n,
where 0 denotes the polar angle of n in the over-
all center-of-mass system. The z axis is chos-

0.0 0.5 I.O

M&+7r- (Ge V/c2)
l,5 0.8

0.6
l.6

I I I I I I I

R 0.4 I

(b)

l.4— O. IGGV&q &036eV—
0

I.2—

I.O— I.O

0.8— 0 (b)
0.8—

0.6
0.0

I i I I I PI I

0.2 0.4 0.6 0.8
P~ ~~(GeV/c) [M~~ (GeV/c~}j

FIG. l. (a) Effective-mass distribution of (7r'x )
pairs. The inset is the Feynman-x distribution of pro-
duced pions. (b) The correlation ratio, &, for sin-
gle-arm events as a function of both the pion rnornen-
turn in the di-pion rest frame (lovrer scale) and the di-
pion effective mass (upper scale).
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FIG. 2. The correlation ratio as a function of q& for
n having —0.45 ~ coso ~+0.45. Circles, RD

~ for
single-arm events; squares, p, for single-arm
events; triangles R ++ for double-arm events. The
smooth curves represent the fit of 8, (q&, q()) [Eq (4)]
to the single-arm data, integrated over the respective
ranges of qo for Figs. 2(a) and 2(b).
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en along the incident proton (p, ) direction. The
data points with the square symbols represent
events where only P, was mass-identified as a
proton (single-arm events) and therefore only p,
was excluded from the mm correlation analysis.
To check that the observed enhancement is not
due to a slow proton component of the positive
tracks, in Fig. 2(a) we also present our results
for events where both protons (p, and p, ) were
mass-identified and both p, and p, were excluded
from the zm correlation analyses and are repre-
sented by the triangular symbols (double-arm
events). Although the errors are large, both
curves reveal similar dependence on q, .

Next we show that our observed peak of R,
is not a reflection of m'p correlation [Condition
(c)]. We follow Kopylov's suggestion' and evalu-
ate the normalized ratio of the number of pairs
of negative pions from the same event to the num-
ber of pairs of negative pions with each Pion be

$ A

ing from a different event, RD--, as a func-
tion of q, . Our results for R 8- - are plotted
in Figs. 2(a) and 2(b) as circles. The curves so
obtained are in good agreement with our results
for R+ ",which means that the unlike pion pairs
are uncorrelated. In Fig. 1(b) we plot the ratio
R+ as a function of the di-pion effective mass
or equivalently the pion momentum in the di-pion
rest frame. No restriction is made here on the
direction of n. Figure 1(b) exhibits a strong peak
at low effective mass or pion momentum in the
di-pion rest frame, in agreement" with our re-
sults in terms of q, and qo. There is very little
known of the dependence of R+ on n. Thus our
procedure presented above is repeated for —1
» cos8» —0.9. In Fig. 3 we plot the double-arm
and the single-arm results for R+, as well as

with the 0 GeV&q, » 0.1 GeV cut. We ob-
serve a stronger q, dependence than that for equa-
torially produced pion pairs.

According to Kopylov, the q, and q, dependence
of R+ ", for a uniformly radiating sphere, is

I'(rq, )R+ (qt, qo) =K 1+
1 + (7'g'O)

where K, z, and 7 are, respectively, an arbi-
trary normalization constant, the radius of the
radiating sphere, and its lifetime, and I(x) =28,(x)/
x (J, is a Bessel function). Using the maximum-
likelihood method, we fitted the single-arm data
of Fig. 2 to Eg. (4). The results are r~~+0. 73+00",o,

fm, r„=(1.97", ,",)&& 10 "sec with X' per degree
of freedom of 2.1. The subscript denotes the fact
that me determined that dimension which is paral-
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FIG. 3. The correlation ratio as a function of q& for
n having —1.0 ~ cos6~- 0.9. Circles, RD-- for sin-
gle events; squares, R+ "for single-arm events; tri-
angles, R+ '++ for double-arm events. The smooth
curve represents the fit of R+ (fh) tEq. (5)] to the
single-arm data.

lel to the motion of the incident protons. Inspec-
tion of Fig. 3 shows that Eg. (4) cannot give an
adequate description of the data because of the
sharp drop of the correlation ratio as a function
of q, . One possible explanation is that the uni-
formly radiating sphere model is not adequate
mhen viewing the object from along the incident
direction. If the radiating matter has no sharp
cutoff, then instead of Eq. (4) we have'

R, (q, ) =K,(1+K,(q,r) expf- (rq, )'j), (5)

where K,(qadi) ~ 1 for small values of q, . Fitting
the data in Fig. 3 to Eq. (5), we obtain r~ = 1.65+,",',
fm with y' per degree of freedom of 3.1, indicat-
ing that the transverse dimension of the radiator
is larger than the longitudinal dimension.

In conclusion, we have obtained a value for the
longitudinal size and lifetime of the centrally pro-
duced radiating matter. Our values are in good
agreement with the recent estimate of E. Cal-
ligarich et al."who studied lower-energy m"-in-
duced reactions. There is a qualitative indica-
tion that the transverse dimension is larger than
the longitudinal.
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We have measured the differential cross section for proton-proton bremsstrahlung at
sixteen photon angles for 730-MeV incident protons. At ali angles, the photon spectra
fall smoothly with increasing photon energy up to E - 80 MeV and are in quantitative

y
agreement with the prediction of external-emission dominance (EED). Above F& -80 MeV
the spectra are consistently above the EED calculations.

We report on new measurements of proton-pro-
ton bremsstrahlung (PPB) at an incident energy
of 730 MeV. This energy is substantially higher
than that of previous PPB measurements, ' mak-
ing our experiment different from earlier ones
in some important ways. First, the maximum
photon energy at many angles is so large that the
photon wavelength is smaller than the hadronic
interaction radius. At such photon energies, PPB
can be sensitive to the internal structure of the
nucleon-nucleon interaction. Second, the inci-

dent proton energy is well above the pion produc-
tion threshold and approximately half of the pp to-
tal cross section at 730 MeV is inelastic. All
previous PPB experiments have been below pion
production threshold. There is no potential mod-
el which describes the elastic scattering at 730
MeV and there are no theoretical calculations of
PPB in the inelastic region. Even the soft-pho-
ton approximation (SPA), which is based on the
theorem of I ow' and is expected to be valid for
low-energy photons, cannot be evaluated at our


