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Measurements of neutrons in11.5A GeV/c Au+Pb heavy-ion collisions
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We present measurements from Brookhaven AGS Experiment 864 of neutron invariant multiplicityAn 11.5
GeVic Au+Pb collisions. The measurements span a rapidity range from center of mass to beam rapidity
(Ypean=3.2) and are presented as a function of event centrality. The results are compared with E864 mea-
surements of proton invariant multiplicity and an averagp ratio at hadronic freeze-out of 1.3908 is
determined for the rapidity range=1.6 toy=2.4. We discuss briefly the implications of this ratio within a
simple equilibrium model of the collision systef$0556-28139)02112-3

PACS numbd(s): 25.75.Dw

I. INTRODUCTION scale of these collisions is so sméthe total duration until
hadronic freeze-out is believed to be on the order 10 fm/c
) o . . . [1D, the collision dynamics are dictated by the strong inter-
As constituents of the colliding nuclei in a relativistic action. It is then reasonable to assume that the behavior of
Au+Pb heavy-ion interaction, neutrons carry over 60% ofneutrons in the collision should closely parallel that of pro-
the incident energy. Knowledge of the final distribution of tons which have been extensively measured for similar col-
neutrons resulting from these collisions is then important follision systems and energi€2—4]. Indeed, in the absence of
the determination of the amount of energy deposited in thaeutron data this has been widely assumed in the calculation
central rapidity region in such collisions. Because the timeof light nuclei coalescence parametésemetimes with the
explicit assumption that the neutron to proton ratio available
for coalescence is the primordial ratii®,6].
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§ nucleons in Au- Au collisions at lower energ}7] do in fact
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IPresent address: McKinsey & Co., New York, NY 10022. exhibit this. This equilibration is expected to be enhanced at

A\GS energies as a result of a large amount of strong reso-
nance production in the collision region which should have
the effect of speeding the system toward chemical equilib-
rium and so transferring some of the initial isospin imbalance
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strange quark mattéstrangeletswhich may be produced in B. Neutron analysis

heavy ion collisions. Plan and elevation views of the spec-

o o We measure the invariant multiplicity of neutrons by di-
trometer are shown in Fig. 1. A thorough description of theyiging momentum space into bins in rapidity and transverse
apparatus is provided in R€f8].

i , , momentum of sizely by Apt. In terms of the actual ex-
A beam of gold ions with momentum 1RA5GeV/c is

! i ; X erimental quantities, we then have the invariant multiplicity
incident on a fixed lead target. The interaction products thef}, o momentum bin with average transverse momer{ipg
travel downstream through two dipole magnets M1 and M2

A collimator inside of M1 defines the experimental accep-

tance; for neutral particles this is32—114 mr in the hori- 1 d°N 1 Neounts
zontal and—17-51.3 mr in the vertical. =

The charged particle tracking system consists of three ho- 2mpr dydpr - 2m(Pr)AYAPT Nevents
doscope scintillator wall§H1, H2, and H3 and two straw 1
tube stationgS2 and SR The hodoscopes provide for each X eacclY,p1) X €red Yop1)
charged particle hit a measurement of time, charge, and po-
sition. This information is then used to build track candidates . .

) ) . . . Here N¢ounts iS the number of neutrons reconstructed in
which are either rejected or confirmed and further refined by lorimet vsis of ¢ is th
straw tube position information. With knowledge of the our calofimeter analysis Meyents €Ven S.'EACC(y’pT) IS the
fields in M1 and M2, tracked particles are then identified bygeometrlc acceptance for neutrons in our apparatus and
mass computed through rigidity, charge, and velocity with
the assumption that the tracks originate from the target.

At the downstream end of the apparatus is the E864 had
ronic calorimeter which is crucial to the neutral particle
analyses. The calorimetésee Fig. 2 consists of an array of
58x 13 towers, each 2010 cm on the front face and 117 cm
long. This lead/scintillator sampling calorimeter is of a spa-
ghetti design with scintillating fibers running lengthwise g
down each calorimeter tower giving a total lead to scintilla-
tor ratio of 4.55:1 by volume. The calorimeter has excellent
resolution for hadronic showers in energyoe/E
=0.34/(JE) +0.035 for E in units of Ge\] and time @,
~400 p3g and is described in detail in REB]. >

Collision centrality is defined in E864 through a measure- \)/
ment of charged particle multiplicity. The E864 multiplicity
counter[10] is an annular piece of scintillator placed around
the beam pipe 13 cm downstream of the target that subtend
an angular range from 16.6° to 45.0°. The annulus is sepa-
rated into four quadrants, each of which is viewed by a pho- |G, 2. The E864 hadronic sampling calorimeter; an array of
tomultiplier tube. The sum of the integrated charge signakgx 13 towers. The active material is scintillating fiber running in
from the four quadrants is proportional to the charged parsmall strips lengthwise down each lead tower in a spaghetti design.
ticle multiplicity of the collision and is used to define event Also pictured is the Cobalt 60 calibration system which is used for
centrality. gain matching among the towers.
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eredY.p1) Is the efficiency for reconstructing with our Ropidity 1.0 | 1400 F Ropidity 2.3
analysis algorithm those neutrons which are accepted. 1000 | ‘ 1200 [
The first step in determinindN.,,nis IS to identify all ;
those calorimeter towers in a given event which are peakyg 500
towers. We define a peak tower as a tower which has mores
energy deposited than any of its eight neighbors. For eact§ «o |
peak tower, we define the corresponding energy shower a<.,,, t
including all towers in a %3 grid centered on the peak § |
tower. A 3x3 array is used because the improvement in © ©¢ Uy 0 gt 2 =
. . . L . mass (GeV/c?) mass (GeV/c”)
energy resolution obtained by using x5 grid is slight and
the resulting contamination is much larger. Approximately
90% of the shower energy for a neutron with a kinetic energy E
of 6 GeV is contained in a 83 grid. 2500 F
Each of these energy showers is then put through the fol- 2000 E
lowing series of contamination cuts: E
(1) There must be no charged patrticle track found using
only the hodoscopes which points to any of the nine towers £
in the shower. With the dipole fields in M1 and M2 setto 1.5 500
T (the fields are aligned in the same direcjiamost charged o Ebo..
particles are swept out of the neutron fiducial region so that °
the ratio of proton hits to neutrons hits is approximately 1 to

T e O oo, a0 1020 (200,250 M) 32224 (3505
P ’ ' 9 9 <400 MeV/lc), y=24-2.6 (2568p;<300 MeVlc), and

calorimeter hits due to these species are suppressed by ya£2.8—3.0 (406 py<450 MeVic). Beam rapidity is 3.2, and

least another order of magnitude. neutron measurements in this paper are reported from rapidity 1.6

Of the chgrged particle F?eaks in the neutral fiduciallregior’hp to 3.2. These four histograms represent the nature of the neutron
of the calorimeter, we estimate from Monte Carlo simula-pass signal and low mass background as a function of rapidity.

tions that 81% are rejected by this method compared with
6% of neutron peaks. (6) Finally, the shower energy profile is compared with
(2) There must be no energy peak larger than some minithe energy profiles of several hundred thousand isolated pro-
mum energyEp in the square of 16 towers which borders ton showers which span the full range of incident angles and
the shower. Values dEpy used in the analysis vary from 1.5 front face hit positions and most of the rapidity range of
to 2.5 GeV as a function of rapidity. neutrons incident on the calorimeter. The fraction of shower
(3) A cut is made on the ratid?s 53¢ 3, Of total energy in  energy in each of the nine towers is calculated and rounded
25 towers around the peak to total energy in nine towerso the nearest 5%. This set of nine fractions is then compared
around the peak. The maximum allowable valudgfs;s«3s  with the set of fractions for each of these isolated proton
in the analysis ranged from 1.7 to 2.5. The cut values foshowers. If fewer than two matching sets of fractions are
Epk andRsy5/3x3 were chosen by observation of the value found, the shower is discarded.
of these quantities for those showers which were designated For those showers which survive the cuts listed above,
as clean by other contamination cuts, with consideratiommass is calculated from the peak tower time, nine tower en-
given both to the level of background present as a function oérgy sum, and shower position a%=Eg,m/(vpeak—1)- A
rapidity and to keeping the efficiency as high as reasonablynomentum is also assigned to the shower assuming a neu-

MeVv/c
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FIG. 3. Sample mass histograms in four different momentum

possible. tron mass and using energy and time measurements weighted
(4) Each tower of the shower which has a nonzero timeaccording to their errors.
must show agreement within a time winddyy,, with the Momentum space is then divided into bins of 50 MeV/

peak tower. Values of,,., used were 1.6 ns for bins ¢f in p; by 0.2 units iny. For each bin we make a mass plot as
= 1.7 and 1.75 ns elsewhere. Side tower time resolutions ishown in Fig. 3. There is a background at low mass which is
neutron showers were approximately 500(pst Gaussian  clearly evident for rapidities of 2.3 and below. This back-
with some variation as a function of energy. This cut wasground is predicted qualitatively by oUsEANT detector
adjusted to be 95% efficient for isolated neutron showers agimulations as a mixture of scattered photons and hadrons,
rapidity 1.9 and above. but the predicted level is less by a factor of 4 or more than
(5) In bins of rapidity 2.5 and greater, a clear separatiorthe level seen in the data. We believe that this discrepancy is
can be seen between neutrons and photons on a plot diie to a combination of our modeling of the calorimeter time
shower mass versus percentage of shower energy in the pesdsponse near threshold being somewhat incorrect and the
tower, indicating that neutron showers are much wider tharabsence from ouGEANT simulations of certain downstream
photon showers. For these rapidities, we place a cut on thgeometries which may contribute scattered particles to this
ratio of energy in the peak tower to energy in the nine toweldow energy background.
sum to reduce contamination from photons; rejecting show- We count neutrons in the mass range from 0.55 @&V/
ers for which this ratio is larger than 0.83. to 1.55 GeVt? and then subtract out the contribution of this
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2

simulations. The first class is from calorimeter hits by par-
ticle species other than neutrons. This includes mainly neu-
tral kaons and protons which are missed by the tracking sys-
tem. This class amounts to less than a 10% correction to the
number of counted neutrons in most of the momentum bins
in which we measure. The second class of background is due
to neutrons which do not come directly from the target but
come from inelastic scatterings in other parts of the appara-
> > tus (neutrons which elastically scatter are dealt with as part
mass (Gev/c”) of the geometric acceptance calculajiofihese are largely
from the upper edge of the collimator which sits approxi-
mately one meter downstream of the target; only scattering
sources near the target can produce neutrons with time and
energy combinations which will allow them to fall under the
mass peak of neutrons from the target. For this background,
we have a check on the accuracy of the Monte Carlo simu-
lations because a similar background is present for protons.
For protons we can use tracking information to determine if
Aot a track originated in the target or collimator and so we can
mass (Gev/c?) compare the Monte Carlo predictions of this scattered back-
ground to what is present in the actual data. We find agree-
FIG. 4. An example of background subtraction in one momen-ment to better than 25% between the amount of background
tum bin; 1.8<y<2.0, 350 MeVLt<pr<400 MeVic. The top plot  predicted by detector simulations using two different proton
is simply the mass histogram with a fit to an exponential back,,t distributions and the background seen in the data for
ground plus a Gaussian signal over a limited range of the neutrog,,e rot0ns. Corrections for this background are as large as
peak. In the lower plot, the dashed histogram is this same Massge, iy central collisions near center of mass rapidity and
histogram with the background subtracted away according to th'%iecrease with increasing rapidity. Each of these backgrounds

parametrization. The solid histogram which is overlaid in the IoweriS calculated and subtracted separately in eagh bin: the

plot is the result of simulating the calorimeter response to neUtrorl]:)ackgrounds discussed above are summarized in Table |
showers in this momentum bin using identified isolated proton . . . :
showers. eacc(y,pr) is essentially the ratio of the number of neu-
trons which leave the target with momentum inside a given
background according to a parametrization of an exponenty,pr) bin to the number of neutrons which strike the calo-
tially decaying background plus a Gaussian signal. Subtractimeter(not including those which are from inelastic scatter-
ing away the background in this manner leaves a neutroing) with momentum inside thaty(py) bin. It is determined
signal shape that agrees well with simulatiaifég. 4) in  simply by aGEANT simulation of the experimental apparatus.
which isolated proton showers are overlaid on the calorimThe results of the acceptance simulation are largely insensi-
eter to simulate the calorimeter response to neutron showetive to the assumed neutron input distribution, but some shar-
with the contamination of a heavy-ion everfiote that ing between momentum bins does take place particularly at
while the shape agrees well, the energy scale in the simuldarge rapidity and transverse momentum.
tions must often be adjusted by around 5% to show agree- To determinesgec, We have constructed a library of iso-
ment with the data; possible systematic error from this effectated proton showers using the charged tracking system to
is dealt with separately as part of the study of differences iriddentify protons and contamination cuts both in the calorim-
calorimeter response between protons and neujrdiiis  eter and from tracking to ensure clean showers. To determine
low mass background produces only a small correction to théhe efficiency for neutron reconstruction in the calorimeter as
number of neutrons counted; never larger than 14% accordx function of energy and positidior rapidity and transverse
ing to our parametrization. momentun), the overall times and energies of these clean
Two classes of background can produce mass peaks undgroton showers were altered while leaving the relative times
the neutron peak and are subtracted away using Monte Carknd energy fractions intact to simulate clean neutron show-

MeV/¢
» >3 [s] o [}
Q Qo Q (=) Q
[=) o o [a] o
T T T T T

counts in bins of 25 MeV,
g
T

1 PRSI SR

(=]

arbitrary units

TABLE |. Summary of backgrounds present under the neutron peak in centraPALcollisions, along
with their approximate level in two different rapidity rang@sriations withp; within these different rapidity
ranges can be significarand the method by which this is determined.

Background type Level at~2.0 Level aty~2.8 Determined by
Low mass 5-10 % 1-3% Fit to data: mass peakackground
K| s,ys,protons 7-11 % 2-13 % GEANT-+RQMD simulations
Scattered neutrons 8-20 % 4-9 % GEANT+RQMD simulations, proton data
All other particles <1% <1% GENAT+RQMD simulations
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TABLE II. Efficiency for individual analysis cuts in two different momentum regions, both for neutrons
showers amidst the occupancy of a central heavy-ion dlamled: Centraland for neutrons showers in an
otherwise empty calorimetdtabeled: Empty. Values for transverse momentum are given in MeV/

1.8<y<2.2,156< p;<250 2.6<y<3.0,400<p;+<550

Empty Central Empty Central
Analysis cut

tmax 98% 62% 93% 76%

Epk 100% 74% 100% 75%

Rs5/3x 3 100% 78% 100% 94%
Charged particle veto 93% 93% 93% 93%
Shower energy profile 89% 66% 85% 68%

0.55<mass<1.55 GeVt 92% 71% 80% 68%

ers. These fake neutron showers were overlaid on complete&vo methods of calculating the proton efficiencies agree to
events in the calorimeter, one per event. Because in thigithin 10% of one another with the differences largely ex-
manner we can simulate a shower of a neutron of knowrplained by inefficiencies in our method for identifying iso-
momentum striking the calorimeter in a known position, welated proton showerérefer to the paragraph following this
can determine the efficiency for reconstructing these fak@n®. With the implicit assumption that proton and neutron
neutron showers and take this to be our reconstruction effishower energy profiles will be basically indistinguishable at
ciency for real neutron showers. We find an average effilheése energies of a few GeV, we conclude from this study

ciency of approximately 35% with variations as a function ofthat our method for determining the neutron efficiencies is
momentum. sound to within 10%. Other differences in these processes for

The efficiencies of the individual analysis cuts are Iistedth_e protons and neutror(f;ak_ing_ of charged particle tracks,
in Table 11, both for a neutron shower on an empty Calorim_sllghtly different angles of incidence for protons and neu-

. . rons across the calorimejdnave been studied and are not
eter and for a neutron shower in a central heavy-ion ever]éigniﬁcant sources of erraRefs.[12,4] and[11], respec-
These efficiencies vary as a function of momentum and SQ,

. . . -~ vely).
are listed in wo c_hf_ferent rapl_d|t)_/ ranges. Two small corrections are then made to #g - numbers
The overall efficiency for finding a neutron on an empty

. ; 0 - termined in this manner. The first is because we are arti-
calorimeter is on average about 70% and higher near centrgia|y increasing the calorimeter occupancy by adding these

rapidity than near beam rapidity. The extra factor of twofake neutron showers. We account for this following Ref.
(from 70% to 35% of loss in efficiency is then due to occu- [13] and find that it amounts to never more than a 5% cor-
pancy in the calorimeter. There are on average ten showefgction for any momentum bin and is significantly less over
in the neutral fiducial region of the calorimeter with peak most of the momentum space we measure. The second is
energy greater than 1 GeV in a central event, leading to apecause the cuts placed on the proton shower library which
overall occupancy of about 15% of the towers having anvere necessary to ensure isolated showers result in throwing
energy of 500 MeV or higher in an average event. The ocout a few percent of showers which are not significantly
cupancy is somewhat greater nearer to the neutral linecontaminated. In particular, since part of the requirement for
(=~20%) and less near the edges§%). Although the a clean proton shower is timing agreement among the towers
overall occupancy is smaller for less central events, it is inn the shower, the set of proton showers does not include the
fact slightly larger near the neutral line and thus the overaltails of the timing agreement distribution. Thus neutron effi-
efficiency increases only by a few percent, with a larger inciencies calculated using proton showers are slightly overes-
crease at high transverse moment(away from the neutral timated. We determine the size of this correction partially by
line). using data from a later run of the experiment with an incident
The efficiencies for finding the neutron showers are crubeam of protons rather than heavy ions to reduce contamina-
cial numbers in this analysis, so it is important that thetion of the proton showers. We estimate a resulting correc-
method described above give us an accurate calculation @ion that is 2% at center of mass rapidity and rises to 9% at
these efficiencies. As a check of this method we have rebeam rapidity.
peated the process by following essentially the same recipe Sources of possible systematic error which we have quan-
using protons rather than neutrons. That is, we add a prototified include:
shower from our shower librargalong with fake hits in our (1) Error due to the assumed input distributions of neu-
other detectors to simulate the corresponding charged patrons and sharing between neighboring biparticularly in
ticle track to a heavy ion event and calculate our efficiencytransverse momentynin determination of bothegec and
for finding this fake proton showdwhen we find the corre- excc. By using alternative input distributions, we estimate
sponding fake tradk For protons, we can compare this effi- the size of this effect to be approximately 5% over most of
ciency to the efficiency for finding a real proton showerthe momentum space which we measure.
when we know a real proton hits the calorimetee., we (2) Possible differences in the calorimeter response to
find a proton track in our dataWe do in fact find that the proton and neutron showers. This is quantified by explicitly
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TABLE lIl. Neutron invariant multiplicities for 10% most central AuPb events and their total uncertaintissatistical and systematic
errors are added in quadrature

y 1.7 1.9 2.1 2.3 25 2.7 2.9 3.1
pr(MeV)

75 29.0-4.8 27.2:4.2 32.3:4.6 28.5:4.8
125 32.3:4.2 29.0-3.6 30.5-3.3 27.1+3.0 35.4:4.7 33.1+5.1
175 33.4:4.7 31.1+3.9 26.8:3.0 27.5:2.9 28.3:3.0 27.9:3.1 41.9:5.9 71.3:26.3
225 36.0-5.4 31.0:3.8 28.8:3.3 28.1+2.9 30.3:3.2 25.4:2.8 34.8:3.8 41.8:55
275 34.2-5.6 30.2:3.7 25.4-2.9 28.2:3.1 28.13.0 25.0-2.8 26.6-2.9 25127
325 28.2:3.7 27.0:3.1 25.3-2.8 26.2-29 22. %25 21.4-2.3 19.6:2.2
375 33.2:5.1 24729 24127 21.6:2.6 21,124 18.9-2.0 15.5-1.8
425 24.2:3.1 23.6£2.7 22.0£2.5 18.7#2.1 15.3:1.7 11.4-1.3
475 27.0:3.7 21.5:2.6 19.6:2.3 15.8-1.8 12714 7.8:1.0
525 18.x2.1 15.%+19 15.2:1.8 11.+1.3 6.9-0.9
575 17.0c2.1 12.1-1.6 11.6:1.4 8.6:1.1 4.8-0.7
625 14.2:2.0 10.9-1.4 11.0:1.3 7.1+0.9 4.3:0.7
675 10.5:1.5 7.9-1.0 6.0-0.8 2504
725 8.5£1.3 6.8-0.9 4.2-0.6 2.2-0.4
775 6.8£1.1 5.6-0.8 4.0-0.7 2.1+04
825 6.-1.0 4.7+0.7 3.4:0.6 0.9:0.2
875 4.3+0.7 3.0:0.6 1.0-0.3
925 0.8£0.2
975 0.9x0.3

changing the gains factors used in the analysis and observirgrotons is quite close where comparisons are possible. This

the resulting change in measured yields. This adds only 3%s consistent with the assumption that the spectra of the two

to 5% systematic error over most of the acceptance but bespecies should not differ considerably other than by an over-

comes larger near edges of our kinematic acceptance. all scale factor, justifying, for example, the calculation of the
(3) Assumed input distribution for background studies,

both for scattered neutrons and for particle species other tha g 10%
neutrons. This adds a 10% systematic uncertainty near centeg [+ * * y=1.7(x107)
of mass rapidity and decreases at higher rapidity. Q10F
(4) Uncertainty in fit parameters in the subtraction of low 5 | e o ¢ y=1.9(x108)
mass background. This is estimated to add a maximum sys€ 107
tematic error of 8% in any given bin and the uncertainty © NSRS y=2.1(:109)
decreases as rapidity increases. 5 10°g
The statistical errors are generally dominated by system-; R R T T . y=2.3(x104)
atics. We add these two types of errors in quadrature and Iis§105;-
the total uncertainty in each bin along with the measuremeni® | emsttine g, o e y=2.5 (x10%)
in Table 1I. %1045- W oy,
~— E L PN “ . .
203 e e, =2.7 (x10?
Ill. RESULTS AND DISCUSSION SOF . * e ,y, b1
o F A o W
As in the E864 light nuclei measurements, we divide 5 10%f ' fee ., . y=2.9 (x10)
events into three centrality classes: 10% most central, 10-2 : ‘., * e,
38% central, and 38—66 % central. The centrality is defined s 1o e,
by our multiplicity detector and is reported in terms of per- § : o NEUTRON te, ‘e y=3.1
cent of the geometric cross section definedoby 7r3(AXS £ + L S eroron ., 44,4,
+A,13’§ 2 with ry=1.2 fm. 0 200 400 600 800 1000

Measurements of neutron multiplicity in 10% most cen- pr (MeV/c)
tral Au+Pb collisions are presented in Fig. 5 and in Table g 5. Neutron invariant multiplicities in 10% most central
I1l. Also shown in Fig. 5 are E864 measurements of protonay+pp collisions as a function of transverse momentum for rapidi-
invariant multiplicity[4] in central collisions for the rapidity ties from near center of masy £ 1.6) to beam y=3.2). Each
range where they overlap the neutron measurements. Megapidity range is multiplied by a successive factor of 10 for presen-
surements in each rapidity bin are multiplied by a differenttational purposes. Proton multiplicities measured by E864 in central
factor of 10 for presentational purposes. Agreement with theollisions are shown for comparison for rapidities 1.7 to 2.5.
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FIG. 6. Ratios of neutron to proton and triton éle invariant FIG. 7. Neutron to proton ratio in 10% central collisions and

mUItlph?t'eS n 10/|° cen/t::llf cotlllqlsmns.dptlotted vers#s tralrllsfversepredictions of the ratio byrQmD version 2.3 without mean field
momentum per nucleopy or the rapidity rangeé where all four 0 iials. The E864 ratios shown here have not been corrected for

species are measured by E864. Corrections for feed down frorqueed down from hyperon states; see the text for a discussion of this
hyperon states are not included in tifg ratios shown here; see the point

text for discussion of this point.

cally weighted average, we obtain t&He ratio of 1.23
light nuclei coalescence paramet&g in terms of the ratio  +0.04. which is consistent with our value for the freeze-out
of coalesced nuclei to protons only rather than protons and/p ratio.
neutrons. The incident nuclei have a total p ratio of 1.52, so this

The agreement between the two species is made mowmbserved final ratio of 1.19 signifies considerable equilibra-
guantitative by Fig. 6 in which we show the neutron to pro-tion of the two species from their initial abundances. This is
ton ratio along with the triton téHe ratio[4] in the rapidity  not surprising in light of the amount of strong resonance
region where all four species are measured by E864. If weroduction which is believed to occur in the collision system
assume no kinematic dependence of e ratio and take a and which should facilitate the evolution of the system to-
statistically weighted average of each point shown in Fig. 6ward chemical equilibrium. Evidence for a large amount of
we find an average/p ratio of 1.14+.08. A(1232) resonance production is present in the measured

To determine the ratio which is present at hadronicpion transverse momentum spectra and to =" ratio in
freeze-out of the system, we need to subtract from thé\u-+ Au-type collisions at the AGS from experiments 866
nucleon multiplicities the results of feed-down from hyperon[2] and 877[3]. RQMDV2.3 in fact predicts that for some
decays which occur long after freeze-out. To make this subeuration of the evolution of an AGS AuAu collision, the
traction, we assume A distribution which is parametrized majority of baryons exist as strong resonankEg and the
according to measurements by E§34] and use a distribu- resultingRQMD prediction forn/p ratios match reasonably
tion for the X hyperons given by the cascade caglemp  well with our measurementsee Fig. 7. Indeed, in a sim-
version 2.3. We follow the hyperon decay products through @lified isobar mode(following Ref.[18]) in which half of all
GEANT simulation of the E864 apparatus to determine thethe incident nucleons are excited to resonances by the reac-
number of neutrons and protons in each momentum bition N+N—N+A with isospin conserved, the neutron to
which are produced in these decays. We find that the contriproton ratio reaches a value of less than 1.1 without any
bution to nucleon invariant multiplicities from hyperon feed further interactions.
down is on the order of 15%. After correcting for this feed In a model which imposes chemical and thermal equilib-
down, we find an average/p ratio at freeze out of 1.19 rium on the system, there is the approximate constraint that
+0.08. Rlz(Nn/Np)zz(Nf/Nﬁ) (this is only strictly true if we

At rapidities far from the beam rapidity of 3.2 such as areassume also a Boltzmann distribution for each spgdiese
shown in Fig. 6, light nuclei are very unlikely to be beam also impose the approximate conditions that the total number
fragmentq 15,16 and must therefore be formed by a coales-of nucleons is conserveignoring strange baryohsind that
cence mechanism. We expect then that the tritofHe ratio  the total charge of the nucleons plus pions at freeze-out is
should match the neutron to proton ratio which is present agqual to the initial charge of the system, we can obtain an
the time when this coalescence occurs. Computing a statistapproximate value for the ratidR,=(N_,++N_-)/(N,
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FIG. 8. Neutron multiplicities in 10% central collisions and pre- my (Mev/¢?)

dictions of RQMD version 2.3 with(solid histogram and without

(dashed histograjrmean field potentials FIG. 9. Neutron invariant multiplicities plotted versus transverse

mass and fit to a Boltzmann function in each rapidity slice to extract

. . the inverse slope parametEas a function of rapidity. Points at low
+Np). With a freeze-out neutron to proton ratio of 1.19, we ,_ near beam rapidityrepresented by hollow circlpsvere ex-

obtain values of approximately 1.4 and 3 f@ and Ry, cluded from the fits to minimize the contribution of spectators.
respectively. Including feed-down from resonances in this
simple equilibrium model does little to change these num-Near beam rapidityrQMD overpredicts the neutron yields;
bers. this is due at least in part to the fact that light nuclei are not

These ratios are strongly dependent on the impptratio,  included inrRQMD but are likely present in large numbers as
and the results of these simple calculations can be made tseam fragments near beam rapidity.
agree reasonably well with measurements by Eff6and In the rapidity bins in which we have sufficient coverage
E877[3] if we instead assume arip ratio of 1.11(the lower in transverse momentum, the neutron data fit well to Boltz-
end of the range included in 1.19.08). This yields values mann distributions in transverse mass,
of approximately 1.2 and 1.3 fdrR; and R,, respectively;
thus this set of measurements can be accommodated within 1 d°N ST
this simple model. Note also that the inclusion of a light 2mp dydprocmTe @

T

quark saturation factor of larger than 1 as proposed in Ref.

[19] can change the predictions from such a simple picture(with my= \/pT2+ m?) as shown in Fig. 9. The extracted in-
The predictions of neutron invariant multiplicity from verse slope parametefsare shown in Table V. For the fits
RQMD version 2.3 1] with and without mean field potentials shown in Fig. 9, we have excluded the points at lowest trans-

are shown in Fig. 8. As demonstrated, with potentials turnederse momentum near beam rapidigshown in Fig. 9 as

on the multiplicities near center of mass rapidity are undehollow circleg to minimize the effect of spectator neutrons
predicted by a factor of approximately 2. Agreement in thison these slope parameters. Alternatively, we can use a fitto a
rapidity range is much better with mean fields switched off.sum of two Boltzmann distributions in these bins to account

TABLE IV. Inverse slope parameters extracted from Boltzmann fits to neuffgnand proton T,,) spectra. Shown in parentheses after
each value fofT,, is the totaly? number of degrees of freedom of the Boltzmann fit from which these values were extracted; these reduced

x? values are generally significantly less than one due to the presence of some amount of common mode uncertainty in each rapidity bin
which will not affect the extracted, .

Rapidity 2.3 2.5 2.7 2.9 3.1

T,(MeV) 10% central 22327 (2.3/10 150+11 (4.1/13 144+10 (2.6/13 121+11 (3.7/10 95+10 (14/1)
Tp(MeV) 10% central 21216 16710

T,(MeV) 10-38% 18924 (2.8/10  138+11(7.3/13 129+ 9 (6.9/13 112+10(10.6/10  95+10 (8.7/11
T,(MeV) 10-38% 17512

T, (MeV) 38-66% 17230 (3.2/10  119+12(2.4/13  126+11(6.6/13 95+11 (7.1/10 80+ 9 (9.5/1)
T,(MeV) 38-66% 1438
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FIG. 12. Neutron invariant multiplicities in less central events

Au+Pb collisions. For those; ranges not covered by direct mea- plotted versus transverse momentum. Shown as the solid circles are
surementgor having a large contribution from spectator neutjpns multiplicities in 10-38 % most central events and shown as the

a Boltzmann fit is used for the integration in;. Hollow points

denote a reflection about center-of-mass rapidity.
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FIG. 11. Panel(@ shows neutron invariant multiplicity in a
transverse momentum range from 150 to 250 Me¥®$ a function
of rapidity. Panelb) shows a slightly differenp; range(100—-200

crosses are multiplicities in 38—66 % most central evéthis most
peripheral collisions for which we make neutron measurements

for these spectator neutrons, and the resulting slope param-
eters are the same as shown in Table IV within the quoted
uncertainties. For the bing=2.3 andy=2.5 where we also
have measurements of proton inverse slope parameters, the
slopes agree quite close(gee Table V.

In Fig. 10 we display the yieldsIN/dy for participant
neutrons. These were determined by directly integrating our
measurements where available and extrapolating with the
Boltzmann fits shown in Fig. 9 where necessary. The points
with significant contributions from spectator neutrons which
are displayed in Fig. 9 as hollow points were not integrated
directly (i.e., the Boltzmann fit was used to integrate these
points.

Due to our limited coverage ipt near center of mass
rapidity we cannot accurately integrate the spectra to
measuredN/dy for neutrons in this region. To examine the
behavior of the spectrum as a function of rapidity we plot the
invariant multiplicity neamp;=0 versusy in Fig. 11(a). This
pT range(150-250 MeV¢) was chosen because it was com-
mon among all rapidity bins. A similar plot showing com-
parison with the protons in a similap; bite (100-200
MeV/c) is shown in Fig. 11b). There is some evidence here
that the neutrons exhibit a slight peak near midrapidity while
the protons are flat, but in light of the size of the systematic
errors on these points, this evidence is slight. One can ask if
such a difference in shape would be consistent with the ad-
ditional Coulomb repulsion felt by the protons. Under the
assumption that the Coulomb force only has an effect after
the nucleons reach freeze-out from the strong force, one can

MeV/c) and covers a smaller range in rapidity for comparison withwith a very simplified model estimate the effect of the Cou-
proton invariant multiplicity. Hollow symbols denote reflections of lomb force on a proton following Ref.20]. Assuming a
measurements about center-of-mass rapidity.

freeze-out radius and that all net charge of the source is
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contained withirr (in a simple spherically symmetric model, high rapidity and lowp as we go to less central events. We
this should provide a generous upper limit for the Coulombalso note that the inverse slope parameteee Table 1Y
effec, a proton with center of mass momentyy will be  become smaller as centrality decreases and as in the central
accelerated to a momentum Q/{ﬁszr 2mpzNe2/r_ Taking data agreement between the proton and neutron inverse slope
Zy=150 andr=5 fm, we find that a proton at center of parameters is quite close where comparisons are possible.
mass rapidity withp+= 150 will receive an extrg kick of
over 100 MeVt from the Coulomb interaction. With a IV. SUMMARY
somewhat realistic assumption including some form of radial
flow, however, the amount of charge that is contained within We have presented results from Experiment 864 for neu-
a sphere with radius equal to the freeze-out radius of such #on invariant multiplicities produced in 11A5GeV/c Au
proton should be at most only a few percentZgf, leading  + Pb collisions. These are the first neutron measurements for
to an extrapy kick for such a proton of at most a few Med// @ system of comparable size at AGS energies or above.
and so we do not expect any observable effect from the Cou- We observe little kinematic dependence of the neutron to
lomb interaction. proton ratio, consistent with the idea that the neutron spec-
Shown in Fig. 12 are the neutron multiplicities for 10— trum should to a good approximation differ from the proton
38 % and 38—66 % most central events. These measuremersigectrum only by an overall scale factor. An average neutron
include larger uncertainties than are present in the 10% mo#@ proton freeze-out ratio of 1.390.08 is observed within
central data, particularly near center of mass rapidity wher®.8 units of midrapidity. This value is consistent with E864
to a first approximation the neutron signal scales as the nuntmeasurements of the ratio of coalesced tritonéHe nuclei
ber of participants while background sources tend to remai@nd represents a significant equilibration from the initial
constant or grow as the number of spectators. Correctionstate.
due to beam interactions which do not occur in the target are
taken into account for these centralities using data from
empty target runs, and this is not a significant source of
systematic error. We gratefully acknowledge the efforts of the AGS staff in
We do see the qualitative behavior which we expect inproviding the beam. This work was supported in part by
these centralities; the multiplicities near center of mass ragrants from the U.S. Department of Ener@OE) High En-
pidity scale crudely with the number of participant nucleonsergy Physics Division, the U.S. DOE Nuclear Physics Divi-
and we see larger contribution from spectator neutrons aion, and the National Science Foundation.
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