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Abstract

We report a preliminary measurement of coincident neutron-proton pairs
emitted at 45° in the interaction of 400, 530, and 650 MéV/A neon beams inci-
dent on uranium. Charged particles were identified by time of flight and mo-
mentum, as determined in a magnetic spectrometer. Neutral particles were de-
tected using a thick plastic scintillator, and their time of flight was
measured between an entrance scintillator, triggered by a charged particle,
and the neutron detector. At each beam energy, the calculatedvmomentum cor-
relation function for the neutron-proton pairs is enhanced near zero neutron-
proton momentum difference by approximately one standard deviation over the
expected value for no correlation. This enhancement is expected to occur as a
consequence of the attractive final state interaction between thé neutron and
proton (i.e., virtual or "singlet” -deuterons). The implications of these

measurements are discussed.



Introduction

We have investigated the feasibility of observing virtual singlet
deuterons (i.e., ﬁ-p pairs in the unbound spin singlet state), produced in
relativistic heavy ion collisions, by measuring the momentum correlation beQ
tween neutrons and protons detected in Coincidence. The production of these
sing]ét deuterons is of intrinsic interest and has been extensively studied at
low energies. [1-3] In the case of relativistic heavy ion.reactions, it may
be poésib]e to obtain information about spin ordering in the interaction re-
gion by measuring the ratio of triplet to singiet deuteron yield.

The singlet deuterons, the stable triplet deuteron, and other light frag-
ments are thought to result from final state interactions of nucleons emerging
from a highly excited interaction region. [4-6] Sato and Yazaki have gener-
alized the coalescence model to include correlations of neutrons and protons.
(7] In their calculation, the contribution of singlet and triplet spin states
is weighted by tﬁe statistical factor 25+1 that they would have in the absence
of any ordering.

Spin ordering in the interaction region would occur in the presence of a
phase change, such as has been predicted for pion condensation. Pion con-
densation of nuclear matter has been characterized as similar to an antifer-
romagnetic layered structure, [8-10] with antiparallel neutron and proton
spins alternating in direction from layer to layer. Such anvordering would
result in an altered ratio of formation of singlet and triplet states, and we
propose the use of the singlet-to-triplet ratio as a test of such a phenomenon.

In the present work we have been limited by experimental constraints to

the observation of momentum-correlated n-p pairs, since a measurement of



deuteron yields in the same moméntum range was beyond the capabilities of the
available apparatus. We were able to find a correlation signal for n-p pairs
with similar momenta that was well above the uncorrelated background. In the
framework of the coalescence model it seems reasonable to assume that cor-
related n-p pairs in the triplet state emerge as bound deuterons and that
deuterdn breakup is negligible and, hence, that the majority of the observed
correlated n-p pairs are due to virtual singlet deuterons. Such an assumption
~is justified, in part, by the agreement of observed neutron-to-proton inclu-
sive cross-section ratios-[11] with predictions based on counting the nucleons

bound in observed fragments as part of the “primordial" nucleon spectrum. [12]

Experimental Arrangement

A scale diagram of the experimental arrangement is shown in Fig. 1. The
neon beam was produced at the Lawrence Berkeley Laboratory Bevalac and ex-
tracted at energies of 425A, 557A, and 670A MeV. The beamvparticles lost an
_ estimatedv2-4 of their energy traversing various materials between the ex-
traction point and the centér of the target. A.ukanium target and a "dummy"
target holder were used for various experimental tests. The data reported

here were obtained with a 0.968 g em—2 238

U target.

The experimental arrangement for measuring and identifying charged parti-
cles consists of four sets of multiwire proportional chambers (MWPC1 to MWPC4)
that determine the trajectory of a charged particle in the magnetic field of a
magnet with entrance plane parallel to the beam line. Scintillators S1 and

S2 at the entrance to the magnet, triggered in coincidence by a charged par-

ticle, provided a starting signal for two different time-of-flight (TOF)



measurements.‘ One of these measurements corresponded to the TOF of charged
partic]es.between Si, 52’ and a “picket fence" of scintillation counters
denoted A and B; the other meaSurement corresponded to the TOF of neutrons
(and gamma rays) between Sl’ Sz, and a 25.4 cm diam, 15 cm thick plastic
scintillator Nl' A second neutron detector, NZ’ was placed next to NI’

but shadowed by the magnet yoke, to sample accidental n-p coincidences pro-
duced by background neutrons. Charged-particle veto counters, Vl and V2,

consisting of 6-mm thick plastic scintillators, were placed before N1 and
N,. |

The spéctrometer was positioned to detect particles emitted at a labora-
tory angle of 45° (+6°,-8.4°), defined by scintillator S, and MWPC2; the
neutron detector diameter subtended an angle of 2.5°. Typical charged-
particle trajectories are shown in Fig. 1 for momenta of 400, 800, and 1200
MeV/c. At momenta above ~1 GeV/c, the momentum resolution for charged
particles is 10 MeV/c. At lower momenta the resolution is limited by
scattering in the wire chambers and intervening material and is estimated to
be 4% at 500 MeV/c for protons. /

The neutron detector had a TOF resolution of 0.9 nsec, as given by the
full-width at half-maximum (FWHM) of the gamma-ray peak (obtained using a
thick target for better statistics). The pulse height of signals produced in
N1 and Nz was measured for every detected particle and calibrated against

the light output produced with a 228

Th source [13]; events resulting in a
'light output greater than that expected for 7 MeV recoil protons were ac-
cepted. With this threshold the neutron detection efficiency of N1 and Nz

was calculated to be ~16 for neutron momenta above 500 MeV/c, increasing to a



max imum of ~24% at lower momenta down to ~250 MeV/c. The detector properties
are tabulated in Table I.

The detectors were éhie]ded from background events produced along the
beam line by a lead wall extending beyond the magnet. Shielding against
events produced in the beam dump ~8 m downstream from the target was also pro-
vided. As a consequence, background events, measured as a ratio of empty tar-
get holder to real target as well as spectra obtained by NZ’ were_negTigi-
ble. A calculation of accidental coincidences caused by p-n knockout re-
actions in 5152 yielded an effect at the 1% level.

Pulse heights in all scintil]ation counters, the TOF in the charged and
neutral arm of the spectrometer, and the MWPC positidns were recorded on mag-
netic tape with a PDP 11/45 computer-based data acquisition system [14]. The
triggering logic was given by S1 and 52 in coincidence with at least one
pair of the A-B scintillators and with either N1 or N2 and in anticoin-
cidence with V1 and Vz.

The beam intensity was monitored with two calibrated ionization chambers
and a scintillator telescope. Beam rates were kept below 107 particles/

pulse for the final data, to keep accidental n-p coincidences low.

Data Analysis

For charged particles the momenta and direction cosines of the vector momentum
were obtained from the MWPC trajectories and the measured magnetic field data;

the momentum of neutrons was obtained from the TOF. The charged particles at

5 3, 3 4

45° consist’ mainly of p, d, “H, “He, and "He. The spectrometer acceptance

is strongly biased against detection of the relatively slow, short-range

isotopes corresponding to the same rigidity as the accepted hydrogen



isotopes. The simultaneous TOF and momentum information was used to separate
protons and deuterons. Figure 2 is a scatter plot of the observed charged-
particle events as a fun;fion of TOF and momentum. Three regions can be
clearly distinguished, Corresponding to the values calculated for fhe hydrogen
isotopes; ‘To identify protons and deuterons boundaries defined by the line
segments A-F were used as shown in Fig. 2. The singies spectra are shown in
Fig. 3. The upper gnd lower boundaries of these spectra include the effects
of the spectrometer acceptance cutoff. At the high end, the acceptance was
limited by the magnetic fier of the spectrometer and at the low end by the
minimum range of the particle required to prdduce an acceptable signal in a
detector of A or B.

Figure 4 shows a scatter plot and a computer generated contour plot (in
relative units) of the events‘in the momentum plane Pn and pp. The
horizontal anglé_increment accepted corresponds to almost twice the neutron.
detector angle increment, and it is centered at a mean angle of 43.5°.

To show the correlation between the np pairs, we have calculated the cor-

14 The

relation function in the manner used by Zajc for 2-pion correlations.
spectrometer has peaked distributions for the proton spectra. Uncorrelated
n-p events may show an apparent correlation, even though the neutron
acceptance and the emission cross sections are relatively flat [4,11]. We
correct for possible bias by taking the ratio of correlated events to

correlations generated by sampling neutrons and protons from different events;

(1)

1+R=C=(N- 1)Snp/Smix .

where 1 + R = C is the correlation function, and where Sn is the number of np

p



pairs (same event) whose momentum difference ap = Bh - Ep falls into a
given bin. Smix is based on a population consisting of a proton, pp from one
event and neutrons with momentum Pn from all other events with the same ap.
The factor N - 1 ariseslbecause there are N events for Snp and N(N - 1)
“pseudoevents" for Smix' The meashred Smix is also a function of R, and

Eq. (1) would normally be iterated to remove this dependence [14]. In our
case, the statistical fluctuations associated with the small number of events
were too large to result in a convergent iteration.

The proton momentum resolution varies between 5 and 15 MeV/c as the pro-
ton momentum decreases from 1000 to 250 MeV/c, whereas the neutron momentum
resolution has the opposite behavior, varying between 70 and 5 MeV/c in the
same momentum range. On this basis, the bin width chosen was ap = 25 MeV/c,
which is equal to the expected resolution in the region around 500 MeV/c,
where most events are detected. |

The correlation functions are plotted in Figs. 5a,b, and c for the data
sets corresponding to each of the incident beam energies. The figures re-
present projection over a broad proton angle cut of 36.6°- 51°, though most
significant events lie between 39° and 46°, as discussed below.

At all beam energies the bin around zero ap has the most events and usu-
ally the highest correlation function. The correlation fdnction falls off on
either side with about the momentum resolution intrinsic to the experiment.
The side peaks have few events and are considerably less than a standard de-
viation above 1. The central peak rises to values of 1.34 to 1.63, at all
beam energies being about one standard deviation above unity (i.e., above the
value expected for no correlation). Off-peak the correlation function is

unity within statistics. When we noted side peaks, we at first thought we



might be-abie to measQre the n-p pair breakup at the nuclear surface relative
to breakﬁp'after full Coulomb acceleration. In the former case the final
protoh energy would exceed the neutron energy by the Cou]omb potential at
breakup, while in the latter case the correlated proton and neutron energies
should be the same. The nominal surface Coulomb energy for uranium is ~15 MeV
-and for the fused uranium—nebn‘~16 MeV. An extra 15 MeV applied to a mean
proton energy of 130 MeV in this experiment will give a momentum shift of 33
MeV/c; Although the main peak in Figs. 5a,b, and c seems slightly (~15 MeV/c)
shifted, our knowledge of the true zero is not this accurate. Observation of
correlation peak shape and absolute shifts could help to determine the range
of distances over which n-p pair breakup occurs, but better momentum resolu-
tion and statistics are needed.

The apparent width in angle of the correlation function is of the order
of 6 degrees, which for the most probabTe momentum gives an angular width of
~50 MeV/c, neglecting corrections due to possible small angle neutron
scattering into the detector. This appareht width is consistent with that
expected on the basis of the neutron detection angle and the smearing of the
proton emission angle by multiple scattering in the uranium target and the two
entrance scintillators. (The proton multiple scattering angle varies between
2.5° and 0.5°, and.ié calculated as 1.1° at the mean momentum of 500 MeV/c.)

Table II shows the correlation functions for the three different beam
energies. Column 2 is the average over all non-central bins, i.e., the
baseline for normalization. In column 3 we give the value of the central bin

(same as figures). In column 4 the normalized correlation function, i.e.



ratio of column 3 to column 2 is given. Column 4 may be the best measure of
the true correlation function, since the base line of column 2 should be
unity, or uncorrelated. The three measurements of positive correlation, are

approximately 1 standard deviation above unity.

Discussion

Sato and Yazaki [6,7] have developed the theory of two-nucleon corre-
lations with the density matrix formalism. Their Fig. 4 of Ref. 7 shows ex-
plicitly the n-p correlation expected in a heavy-ion coTlision with fireball
radius of 3 fm and with four different values of their diffusion length param-
eter 1. They state that the n-p correlation is given approximately by three—
fourths of the n-n correlation. These correlation functions are slightly
anisotropic and sharply peaked at zero momentum difference, falling to half
their central values by about 15 MeV/c. Their narrow predicted widths are
consistent with a correlation within the first bin of 25 MeV/c width. ‘Future ,
experiments clearly should improve on our neutron momentum resolutibn, either
by sharper timing or longer flight paths. Also, many neutron detectors or
large position—senéitive detectors should be used. The *"singlet-to-triplet"
(unbound-to-bound) deuteron ratio cannot be estimated reliably from the data
obtained by this experimént. We believe we have demonstrated the feasibility
of n-p correlation experiments with relativistic heavy-ion beams, and we have
shown that the correlation is sharper than ~25 MeV/c, consistent with
Sato-Yazaki theory. Future experiments must be carried out with better
resolution and statistics in order to test this theory and to determine

whether an anisotropy exists.
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Table I.

Experimental Parameters

1. Incident Beam:

Neon at 650, 530, 400 AMeV

2. Target:

238, (0.968 g/cm?)

3. Neutra] Detector:
Solid Angle: 1.4 msr
Neutron Efficiency: 16% above 500 MeV/c
Pulse-height Threshold: 7 MeV protons
TOF Reéolution (FWHM Gamma Peak): 0.9 ns
ap/p (0.25-1.0 GeV/c): 1-7

4. Charged Particle Detector:
Solid angle: 30 msr
Max. Proton Efficiency: ~75%
Max. Deuteron Efficiency: ~50%
TOF Resolution: 0.9 ns
ap/p (1.0-0.25 GeV/c): 1-6%
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Table II.

Averaged Values of Correlation Function

Beam <L *+R>4p 5> 25 Mev/c <1 *+ R>25 Mev/c <1 * R>porm
Energy
A MeV Non-Central Bins Central B8in

400 0.75 = 0.18 "~ 1.51 = 0.46 2.02 £ 0.78
530 0.81 £ 0.12 1.16 + 0.24 1.44 £ 0.37
650 1.54 £ 0.40

0.79 £ 0.12 1.22 £ 0.26




Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4a.b
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Figure Legends
Schematic layout of JANUS Spectrometer system for the n-p
correlation experiment. Magnet and detector sizes are to scale, but
the positions are only approximately to scale. Trajectories for
protons of three different momenta are shown. Time of flight is
determined between coincident scintiHatorsASI-S2 and coincident
scintillators A-B for charged particles and between Sl-S2 and
N1 for ﬁeutron particles. The four multiwire proportional
counters MWPCl-4 define the charged particle trajectories through
the magnet. V1 and V2 are thin scintillators used to veto
events with a charged particle incident on N1 and NZ'
Scatter p]of of charged particle time of flight vs their momentum.
Protons and deuterons were assigned to the regions labelled "p" and
“d*, respectively, by inspection, and line segments A-F were drawn
by hand to demarcate the separate regions. |
Spectrum of charged particles separated as shown in Fig. 2, plotted
vs total momentum. .Notice that the momentum of the detected
deuterons corresponds to about twice the momentum of each nucleon,
so a comparison between singlet (np pairs) and triplet deuterons at
the same momentum was not possible. The peaking of the spectra is
an artifact introduced by the acceptance cutoff of the spectrometer.
Scatter plot and contour plot (in relative units) of neutron
momentum vs proton momentum for momenta between 300 and 1000 MeV/c.
The data obtained with all three beam energies have been pooled to

make the correlation pattern recognizable by eye.
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Fig. 5a-c. Correlation functions histogram for data obtained at beam energies
of ~400, ~530, and ~650 AMeV, as a function of the momentum
difference between the neutron and proton. The bin width was AD =
25 MeV/c in all cases. The statistical standard deviation is shown
by dashes above and below each histogram/bin, and the number of

events in each bin is written at the top.
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