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Production of particle unstable light nuclei in 11.5A GeVÕc Au¿Pt heavy-ion collisions
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We report measurements from experiment E864 at the BNL-AGS of the yields of particle unstable light
nuclei in central collisions of197Au with beam momentum of 11.5A GeV/c on 197Pt. Yields are reported as a
function of rapidity for the nuclei4H, 4Li, 5He, and5Li in the rapidity range fromyc.m. to yc.m.10.8 and in
the transverse momentum range of approximately 0.1<pT /A<0.4 GeV/c. The yields are compared to previ-
ously reported yields and trends for the production of stable light nuclei. The nonobservation of two excited
states5He16.75 MeV* and 5Li16.66 MeV* is used to set an upper limit on the yields of these states.
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I. INTRODUCTION

Relativistic heavy-ion collisions which are believed
reach energy densities many times greater than nor
nuclear matter allow examination of the strong interaction
a novel environment. In order to understand the dynamic
0556-2813/2001/65~1!/014906~9!/$20.00 65 0149
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the collision system, one must use the only available tool
the species and momenta of the particles which exit
collision region. Because of the violence of heavy-ion co
sions, it is highly improbable for a nuclear cluster ne
center-of-mass rapidity (yc.m.51.6) in a collision at these
energies to be a fragment of the beam or target nucleus@1#.
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FIG. 1. The E864 spectromete
in plan and elevation views, show
ing the dipole magnets~M1 and
M2!, hodoscopes~H1, H2, and
H3!, straw tube arrays~S2 and
S3!, and hadronic calorimete
~CAL!. The vacuum chamber is
not shown in the plan view. The
arrow shows the incident Au
beam.
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This would involve a cluster suffering a momentum loss
several GeV/c per nucleon that does not destroy the clus
which is typically bound by only a few MeV per nucleon
These nuclei then are formed by coalescence and so re
sent correlations of several nucleons. As the mass of m
sured nuclei increases, so does the number of particles
volved in the correlation and so does the sensitivity
features of the freeze-out distribution.

In part due to the fragility of these states, the obse
edlight nuclei are believed to be formed only near freeze-
of the collision system, at which time the mean free path
a bound cluster is long enough for it to escape without f
ther collision. We have previously reported measurement
yields of stable light nuclei up toA57 in collisions of 197Au
with beam momentum of 11.5A GeV/c on 197Pt and 208Pb
targets and have discussed the trends of these measure
@2–4#. At AGS energies many measurements exist of part
spectra for single and composite hadrons in heavy-ion c
sions @5#. Measurements of the yields of particle unstab
nuclei can provide further insight into the evolution of th
collision environment. We designate the resonant states m
sured here as ‘‘particle unstable’’ to distinguish them fro
nuclei which are stable or decay by weak interaction. In
discussion below, any nucleus with a lifetime long compa
to the time to traverse the E864 apparatus ('100 ns) will be
designated ‘‘stable.’’

In this paper we present measurements of the yields of
particle unstable nuclei4H, 4Li, 5He, and5Li and limits for
the yields of two excited states5He16.75 MeV* and 5Li16.66 MeV*
in the 10% most central collisions of197Au with beam mo-
mentum of 11.5A GeV/c on 197Pt. These are compared t
the trends observed in the stable nuclei yields. We note
the widths of these unstable states~less than a few MeV/c2)
give lifetimesct*40 fm, which means most produced n
clei decay outside of the collision volume.

II. EXPERIMENT 864

A. Apparatus

E864 uses an open geometry two-dipole spectrometer
signed for high-sensitivity searches for exotic and rare co
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posite objects. The apparatus~Fig. 1! has been described i
detail elsewhere@6#, so only the key items for this analysi
will be described here. The 11.5A GeV/c beam of Au ions is
incident on a 1.5-cm-thick Pt target~60% interaction length
for Au!. Beam definition counters and a scintillation mul
plicity array @7# near the target form the first-level trigger fo
the experiment. Downstream of the dipole magnets, scin
lation counter hodoscopes and straw tube arrays@8# provide
time of flight ~TOF!, energy loss, and position measureme
which allow off-line calculation of the charge, velocity, an
rigidity of charged particles and thus the mass, moment
and species. A highly segmented scintillating fiber and le
hadronic calorimeter@9# at the downstream end of the ex
periment allows an independent measurement of the T
and energy for charged particles and identification of neu
particles. The tower-by-tower correlated TOF and ene
from the calorimeter are used to make a second-level h
mass trigger~LET! @10#. The LET trigger can reject interac
tions with no high-mass particle in the spectrometer by
factor of 50–70.

Data from two separate runs are used for the anal
presented here. For both sets the first-level trigger sele
the 10% most central interactions. A large data sample
recorded at the highest spectrometer field~1.5 T! with a pri-
mary goal of searching for strange quark matter. At this fi
setting the majority particles (p, p) are swept out of the
spectrometer aperture. There is still moderate acceptanc
4He and 3H ions and good acceptance for neutrons. W
these settings 2503106 LET triggers were recorded which
sampled 133109 10% most central interactions. This set
data is used for the4H and 5He measurements. A second s
of data was recorded at a lower field setting~0.45 T! with
good acceptance for protons and all light ions. At this sett
453106 LET triggers were recorded which sampled 1
3109 10% most central interactions. This data set is used
the 4Li, 5Li, and excited state analysis.

B. Data analysis

Single-particle species are identified by using the cha
and mass calculated from rigidity, energy loss, and TOF
6-2
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PRODUCTION OF PARTICLE UNSTABLE LIGHT . . . PHYSICAL REVIEW C 65 014906
charged particles and the mass calculated from the TOF
energy in the calorimeter for neutral particles. Details of
particle identification and resolution are given in previo
papers@2,3,6#. The particle unstable nuclei are identified b
their decay into two daughter particles:

4H→3H1n,

4Li→3He1p,

5He→4He1n,

5Li→4He1p,

5He16.75 MeV* →3H1d,

5Li 16.66 MeV* →3He1d.

For a given unstable nucleus events are selected which
at least one identified daughter of each type. Both partic
are required to pass track or shower quality cuts and be
sistent with coming from the target within the experimen
aperture. All pairs are used to calculate an invariant m
spectrum. Since most entries in this spectrum are unco
lated background, one must determine the shape of the b
ground spectrum. This is done by combining daughter p
ticles of one type from one event with daughter particles
the other type from another event~event mixing! to form a
mixed event invariant mass spectrum.

An additional cut requires the particles of a pair in bo
the same event spectrum and the mixed event spectrum
separated by more than the two-track resolution in the
evant detectors. For charged pairs the cut is adjusted t
well beyond the observed two-track resolution in the tra
ing detectors. This resolution is set by the width of the sl
in the scintillation counter hodoscopes~1.1 cm in H1, 1.5 cm
in H2, and 2.3 cm in H3!. The cuts used are 5 cm at H1, 6 c
at H2, and 7.5 cm at H3. The calorimeter is not used in
analysis of charged pairs, but is is used in the trigger. T
trigger uses the correlation between the energy and t
from each calorimeter tower to select events more likely
contain heavy particles. An additional requirement impos
off line that the two tracks be separated by more than 30
in either the horizontal or vertical direction at the calorime
assures that there is no correlation in the same event p
due to the trigger which would not be present in the mix
event pairs. A single calorimeter module is 10 cm horizon
by 10 cm vertical.

For pairs with one charged and one neutral particle,
neutral particle was required to be on one side of the dete
~horizontally! and the charged particle on the other side w
the two sides assigned to give optimum efficiency for sim
lated decays and the separation between the two sides l
than the two-shower resolution in the calorimeter. The tw
shower resolution is set by contamination cuts used in
off-line shower analysis which tended to eliminate clo
pairs of showers up to a maximum distance of 30 cm ve
cally or horizontally. The minimum distance between the t
sides of the detector used in this analysis is 30 cm.
01490
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For pairs where both particles are charged the mix
event invariant mass spectrum is modified to simulate
Coulomb interaction of the pair, so it will be canceled b
subtraction from the same event spectrum. The form of
Coulomb interaction is taken to be a simple formula su
gested by Baym and Braun-Munzinger@11#:

q2

2mred
5

q0
2

2mred
1

Z1Z2

r 0
, ~1!

whereq0 is the measured relative momentum of the pair,q is
the modified relative momentum,mred is the reduced mass
andZ1 andZ2 are the charges of the two particles. The o
parameterr 0 which accounts for the average distance b
tween the particles in the pair at freeze-out is determined
illustrated below from the deuteron-proton invariant ma
spectrum where no other significant correlations are
pected. Figure 2 shows the ratio of the deuteron-proton
variant mass spectrum for same event pairs to mixed e
pairs without the Coulomb correction@Fig. 2~a!# and with the
Coulomb correction@Fig. 2~b!# using the valuer 053.7 fm
which is the best fit to give a flat ratio after the correctio
We note that the shape in Fig. 2~a! is dominated by our
resolution. The maximum shift inq for the Coulomb correc-
tion used here is atq50 and is 22 MeV/c while our resolu-
tion in q is 35 MeV/c. Modification to the subtracted spec
trum from the Coulomb interaction of the particles in a p
with the field of all the other particles is ignored. This inte
action affects the single-particle distributions and sho
largely cancel in the subtraction. Although other treatme
of the Coulomb correction have been published~@12#, for

FIG. 2. Determination of the Coulomb correction from th
deuteron-proton invariant mass spectrum. Panel~a! shows the ratio
of the same event to mixed event mass spectrum with no correc
Panel~b! shows the same with the Coulomb correction.
6-3
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T. A. ARMSTRONGet al. PHYSICAL REVIEW C 65 014906
example!, since the shape in our data is dominated by
resolution, this simple parametrization is adequate for
analysis presented here.

At this point, the shape of the mixed event spectrum
assumed to represent the shape of the uncorrelated b
ground plus the Coulomb interaction in the same event sp
trum. However, the relative normalization of the two spec
is still unknown. The mixed event spectrum is normalized
the same event spectrum to extract the signal in two ways
the first method the mixed event spectrum is normalized
the same event spectrum in a mass region above the exp
signal. This is illustrated in Fig. 3 where the top and midd
panels show the same event invariant mass spectrum an
mixed event spectrum~with Coulomb correction! for the 5Li
data sample in the rapidity range 2.0<y<2.2 and 0.1
<pT /A<0.4 GeV/c. We typically mix the tracks from one
event with several other events so that the statistical erro
the subtracted spectrum will be dominated by the numbe
pairs in the same event spectrum. To obtain the normal
tion between the same event and mixed event spectra, th
contents for each spectrum are summed from 4.68 GeV/c2 to
the highest mass entry~well off the plot in Fig. 3! as indi-
cated by the shaded region in Figs. 3~a! and 3~b!. The ratio of
these sums is used to scale the mixed event spectrum~middle
panel! and the scaled mixed event spectrum is then s
tracted bin by bin from the same event spectrum. The res
ing subtracted spectrum should display the desired5Li signal
and is shown in the bottom panel in Fig. 3. The shad
region in the bottom panel in Fig. 3 is integrated to count

FIG. 3. Illustration of first method of mixed event analys
Panel~a! shows the invariant mass spectrum for same eventp-4He
pairs. Panel~b! shows the invariant mass spectrum for mixed ev
p-4He pairs. Both spectra are for pairs in the rapidity range
<y<2.2 and 0.1<pT /A<0.4 GeV/c. The shading in both show
the region integrated to normalize the mixed event spectrum to
same event spectrum. Panel~c! shows the result of subtracting th
normalized mixed event spectrum from the same event spect
The shading shows the region summed to count the5Li signal.
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number of5Li in this rapidity and transverse momentum bi
The second method is illustrated in Fig. 4. Same ev

and mixed event invariant mass spectra are generated
the first method. Additionally, an invariant mass spectrum
generated by using Monte Carlo generated resonance de
which are simulated through the entire apparatus~including
detector resolution! and reconstructed. The top panel in Fi
4~a! shows the mixed event spectrum from the data and F
4~b! the Monte Carlo simulated5Li spectrum. A linear sum
of the Monte Carlo spectrum@Fig. 4~b!# and the mixed even
spectrum@Fig. 4~a!# is fitted to the same event spectrum@Fig.
4~c!, circles#. Figure 4~c! ~squares! shows the result of this
two-parameter fit overlayed on the same event spectrum
see the signal more clearly one can subtract the mixed e
spectrum scaled according to the fit from the same ev
spectrum. This is shown in Fig. 4~d! ~circles! where the
Monte Carlo spectrum scaled according to the fit is ov
layed ~squares!. The signal is integrated in the subtracte
spectrum as in the first method. We have included data fr
the full rapidity and transverse momentum range used in
analysis in Fig. 4 to improve the statistics so as to be abl
use finer binning to compare the signal shape from the d
to the Monte Carlo signal shape. For the results presente
this paper, the two methods agree well within statistical er
We note that the signal width in Fig. 4 is dominated by o
resolution. Reconstructing Monte Carlo simulated5Li de-
cays including the detector resolution gives an invari

t
0

e

m.

FIG. 4. Illustration of second method of mixed event analys
Panel~a! shows the invariant mass spectrum for mixed eventp-4He
pairs with a correction to simulate the Coulomb interaction. Pa
~b! shows the Monte Carlo simulated signal for5Li. Panel ~c!
shows the same event mass spectrum~circles! overlayed with the
sum of the Monte Carlo resonance spectrum plus the mixed e
spectrum normalized with the parameters from a linear fit to
same event spectrum as described in the text~squares!. Panel~d!
shows the result of subtracting the normalized mixed event sp
trum from the same event spectrum~circles! with the normalized
Monte Carlo spectrum overlayed~squares!. The arrow shows the
nominal 5Li mass. The plots include data from the full rapidit
range to decrease the statistical error so that fine binning ma
used to see the shapes.
6-4
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TABLE I. Acceptances in percent for5Li decays with a magnetic field of 0.45 T. The first line is the to
acceptance. The second line is the acceptance for a5Li decay when the4He is inside the calorimeter trigge
region. These are typical of the acceptance for the data reported here.

Rapidity 1.7 1.9 2.1 2.3

Acceptance~%! for 5Li 1.8 4.4 7.7 10.0
Acceptance~%! for 5Li when 4He is in the calorimeter trigger region 26.1 43.7 61.7 73.
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mass peak with a width of 4 MeV/c2 @full width at half
maximum ~FWHM!# while the natural width is G
51.5 MeV/c2 @13#.

Mass spectra are made for all rapidity bins with enou
data to see a signal. As a result of the limited statistics, d
are combined over a transverse momentum range of app
mately 0.1<pT /A<0.4 GeV/c. To compare the yield of un
stable nuclei (Yunstable) to the yield of the species of th
heavy decay daughter (YHeavy) we measure the number pe
collision, N(y,pt), of each in a given rapidity bin (Dy) and
in a pt range (Dpt) centered about (y,pt). The invariant
multiplicity is given by

Y~y,pt!5
1

2ppt

N~y,pt!

DptDy
. ~2!

The ratio is given by

Yunstable~y,pt!

YHeavy~y,pt* !
5

Nunstable~y,pt!

NHeavy~y,pt* !
S mHeavy

munstable
D 2

3
1

accept~y,pt!3effic~y,pt!3h targ
,

~3!

where accept(y,pt) and effic(y,pt) are the acceptance an
efficiency for the light daughter when the heavy daughter
been accepted and the unstable parent is in the bin (y,pt). As
is the practice in calculating the invariant coalescence fac
BA , we wish to compare the spectra at similar velocit
since the constituent particles must be close in velocity
coalesce. Thus we take the ratios in the same rapidity bin
with the pt bin width and center for the heavy decay daug
ter, pt* , Dpt* , scaled from those of the unstable parent
the ratios of the masses of the two nuclei@see, for example
@14#, Eq. ~1.1! and the following text#. Finally, h targ is the
calculated target absorption for the light daughter. In t
ratio, the trigger efficiency, acceptance, detector efficien
and target absorption of the heavy decay daughter canc

Table I shows the acceptance for5Li decays in the kine-
matic range accessible for the 0.45-T spectrometer field
ting. Also shown is the acceptance for5Li decays when the
decay 4He is in the region of the calorimeter used for t
level II trigger for this data set. These values are typical
the acceptance for the unstable nuclei reported here.

For charged light daughters the efficiency includes de
tor and cut efficiencies~from data'0.8) and occupancy ef
ficiency due to loss of the light daughter from overlappi
tracks ~from Monte Carlo tracks embedded in real eve
01490
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'0.7). For neutral light daughters~neutrons!, the combina-
tion of cut efficiencies and loss due to overlapping show
in the calorimeter is calculated from embedding simula
showers in a real event ('0.3 combined efficiency!. A cor-
rection is made using the Monte Carlo resonance shape
loss of signal outside the mass region used for the sig
which varies from'5% in the lowest-rapidity bin to'10%
in the highest-rapidity bin. For theA55 ground states, a
correction is also made for3He contamination of the4He by
extrapolating the3He shape under the4He peak. This cor-
rection is field and rapidity dependent, varying from le
than 1% in the low-rapidity bin (1.6<y<1.8) to 16% at the
high-rapidity bin and low-field setting (2.2<y<2.4 and 0.45
T!. All these corrections are calculated as a function of
pidity and in the samepT /A range used for the analysis.

Systematic errors that we have characterized incl
variation of the calculated acceptance with assumed prod
tion model (615% in the lowest-rapidity bin to63% in the
highest!, uncertainty in the correction for contamination
4He by 3He for 5He and5Li ~only significant in the highest-
rapidity bin,68%), anduncertainty in the Coulomb correc
tion for charged pairs (65% to615% depending on specie
and rapidity bin!. To estimate possible systematic errors
calculating the acceptance due to the uncertainty in the sh
of the production spectrum, we used several variations of
production model. We characterize the production by a B
zman distribution inmt and a parabolic shape in rapidit
(y): dN/dy5a1b(y2yc.m.)

2. This parametrization de
scribes our previously measured spectra for stable nuclei
duced in these collisions@2#. We varied the inverse slope~T!
in the Boltzman distribution from 60A to 180A MeV and
varied the concavity of the rapidity distribution (b/a in
above expression fordN/dy) from 0 ~flat! to 12. We note
that in themt and rapidity range of our measurements t
observed rapidity concavity for the stable nuclei ranges fr
0 for A51 to 3 forA54, increasing withA. We also used a
model with a Gaussian variation of the inversept slope with
rapidity: T51121117Ae2(y2yc.m.)

2/2s2
(MeV) with width

s51.1. For all these variations, the calculated accepta
varied by63% to615% of itself depending on rapidity bin
and species.

For 4Li and 4H we note that the widths of the recon
structed invariant mass peaks are narrower than the v
given in Ref.@13#. For example, for4Li the width that we
observe is consistent with our resolution for a zero-wid
peak ('3.5 MeV/c2 FWHM!. We conclude that the width is
less than'3 MeV/c2 which is consistent with other mea
surements~e.g., @15,16#!. The value of this width slightly
affects the acceptance and the correction for signal lost
6-5
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T. A. ARMSTRONGet al. PHYSICAL REVIEW C 65 014906
side the mass region integrated to count the signal. For
4Li results presented here, a width of 2 MeV/c2 is used, and
an additional systematic error of63% –5% is included
which covers a possible variation in width from 1
3 MeV/c2. For the data presented here, the total estima
systematic error is added in quadrature to the statistical e
No corrections have been made for possible contribution
the mass peaks from excited states. We note that if th
higher states are produced just in proportion to their s
factors, then they would represent'50% –60% of the mea
suredA54 yield and'13% –17% of the measuredA55
yield.

For the two excited states where we see no signal the
error, including statistical errors, systematic errors, and
rors on the branching ratios@17,18# added in quadrature, i
used to estimate a 90% confidence level upper limit for
yields.

III. RESULTS AND DISCUSSION

The ratios of invariant multiplicities for4H/3H, 4Li/ 3He,
5He/4He, and 5Li/ 4He are shown in Figs. 5 and 6. We u
the previously reported invariant multiplicities@2# to convert
these ratios to the invariant multiplicities shown in Figs.
and 8. Included in Fig. 7 for comparison are the invaria
multiplicities for 4He from Ref. @2# averaged over thepT
range used here. Also shown in Fig. 8 are the 90% co
dence level upper limits for the twoA55 (3/21) excited
states. The ratios and calculated multiplicities and errors
also given in Table II.

Some interesting features are evident from these figu
The invariant multiplicities for theA54 unstable nuclei are
within 50% of the invariant multiplicity for4He even though
the spin factor for the unstable nuclei is 5 (J52) while it is

FIG. 5. Ratios of invariant multiplicities ofA54 unstable nuclei
to invariant multiplicities of the heavy decay daughter species. D
points for different species are offset slightly from rapidity bin ce
ters for clarity.
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only 1 (J50) for 4He. There are no stableA55 nuclei to
compare with the unstable states, but they can be comp
to the trends observed for the stable nuclei. Figure 9 sh
the invariant multiplicities for ten stable nuclei at lowpt
(pt /A<300 MeV/c) and 1.8<y<2.0 @2# along with the
measurements for the four unstable nuclei and limits for
two excited states reported here. All multiplicities in th
figure have been divided by (2J11)/2 ~spin factor normal-
ized to protons! so as to allow a more direct comparison. T
A57 points which were measured in different rapidity bi
have been shifted by a correction factor extrapolated fr
the rapidity shapes of the lighter nuclei (30.61 for 7Li and
30.90 for 7Be). The exponential curve is fitted to the stab

ta
-

FIG. 6. Ratios of invariant multiplicities ofA55 unstable nuclei
to invariant multiplicities of the heavy decay daughter species. D
points for different species are offset slightly from rapidity bin ce
ters for clarity.

FIG. 7. Invariant multiplicities ofA54 nuclei. Data points for
different species are offset slightly from rapidity bin centers
clarity.
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nuclei. The unstable nuclei follow the general exponen
fall with increasingA that is seen in the stable nuclei, but a
significantly below the level indicated by the fitted expone
tial. The ratios of the measured yields to the fitted curve
0.3660.12 for 5He and 0.5060.15 for 5He.

Since the mass difference between the stable and uns
A54 nuclei ('23 MeV) is small compared to the temper
tures of these collisions at freeze-out ('100 MeV or greater!
@19#, a thermal model@20# would lead one to expect that th
yields ~scaled by the spin factor! would be similar. Thermal
models generally give yields integrated over kinematic va
ables but our measurements are over a certain range i
pidity andpT . Given the large difference when corrected f
the spin factor between the stable and unstableA54 multi-
plicities, however, and the fact that the ratios of the unsta
to stable states vary by less than 25% from their average

FIG. 8. Invariant multiplicities ofA55 nuclei and upper limits
for the two excited states. Data points for different species are o
slightly from rapidity bin centers for clarity.
01490
l

-
e

ble

i-
ra-

le
er

the large rapidity region covered, it is not possible to ascr
the difference to the high-pt region not measured in our ex
periment.

The yields of theA55 excited states are significantl
below the ground state yields. In many lower-energy exp
ments, the ratio of yields of these excited states to the gro
states has been used to determine the temperature of the
tem produced in the collision@21#. This method is not ex-
pected to be valid when the temperature is much greater
the excitation energy of the excited state. It is interesting
note, however, that the upper limits on the production of
two A55 excited states would imply a temperature low

et

FIG. 9. Invariant multiplicities divided by (2J11)/2 for stable
and unstable nuclei in the range 1.8<y<2.0. For the unstable nu
clei and 6He, pt /A<400 MeV/c. For the remaining nuclei,pt /A
<300 MeV/c. The curve is an exponential fitted to the stable n
clei.
the
ported
TABLE II. Ratios of the invariant multiplicity of the unstable nucleus to the invariant multiplicity of
species of its heavy decay daughter and the invariant multiplicities calculated using previously re
yields for the species of the heavy decay daughter. For the excited states,5He16.75 MeV* and 5Li16.66 MeV* the
90% confidence level upper limit is given.

Ratios to heavy decay daughter
Rapidity 1.7 1.9 2.1 2.3

4Li/ 3He 0.01660.004 0.01760.003 0.01560.003 0.01760.003
4H/3H 0.02260.008 0.03360.006 0.02660.008
5Li/ 4He 0.03160.017 0.02960.008 0.04560.007 0.04860.009
5He/4He 0.02160.007 0.03160.007 0.05460.021

Invariant multiplicities3105 (c2/GeV2)

4Li 12 6 2 15 6 2 16 6 1 25 6 2
4H 22 6 10 346 9 39 6 14
5Li 0.53 6 0.29 0.616 0.18 1.36 0.2 1.96 0.5
5He 0.446 0.15 0.866 0.21 2.26 1.1
5Li16.66 MeV* ~90% C.L. upper limit! 0.11 0.11 0.17
5He16.75 MeV* ~90% C.L. upper limit! 0.06 0.06 0.16
6-7
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than 7–13 MeV (y52.3–y51.9) if interpreted in this way.
Since temperatures at these energies have been previ
measured to be'100 MeV or greater, it is highly unlikely
that nucleons at a temperature of'100 MeV would coalesce
into resonant nuclei with temperatures this low. A more co
sistent interpretation of the lower yields of excited and u
stable states may come from a coalescence model suc
that of Scheibl and Heinz@14# which explicitly includes the
internal structure of the formed cluster. In particular, th
quantum-mechanical correction factor which would be
for the production of point particles becomes increasin
smaller as the size of the coalesced system approache~or
exceeds! the size of the region of homogeneity for the col
sion ~given, for example, by HBT radii!. Scheibl and Heinz
calculate that for deuteron production in Au-Au collisions
SPS energies this correction factor is 0.66–0.86 for a var
of collision fireball parameters and deuteron wave functio
Scheibl and Heinz use a deuteron rms radius of 1.96 fm
radii of homogeneity ofRuu(mt51 GeV/c2)53.2 fm and
R'(mt51 GeV/c2)55.1 fm.

Direct measurements of radii for the particle unstable
clei reported here are not possible; however, circumstan
evidence suggests these nuclei are large. The states ar
bound and typically have very large resonant cross secti
For example, then-4He cross section is about 7 b at reso-
nance@22#. The recent availability of radioactive beams h
allowed measurement of the interaction cross sections
metastable halo nuclei from which one may deduce a rad
For 14Be, for example, Suzukiet al. @23# determine an rms
radius of 3 fm and a valence radius~core to halo! of 5 fm.
Scheibl and Heinz have not made calculations for nu
aboveA53; however, they do include a calculation for de
terons produced fromp-p interactions. Using a radius o
homogeneity of about 1 fm compared to the deuteron rad
of 1.96 fm, they obtain a value for their correction factor
0.15. Again, this factor would be 1.0 if the deuteron were
th
tin

A
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ds
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point particle. It seems quite possible then that the large
of the unstable states accounts for the suppression in co
cence yield compared to the stable nuclei. To make this st
ment quantitative, however, will require a detailed calcu
tion including the nuclear wave functions.

We note that data are now available for yields of co
lesced nuclei from heavy-ion collisions at AGS energies
to A57. Others have pointed out that coalescence yie
represent correlations of the coalesced nucleons and can
complementary information to the correlations studied w
HBT analyses @24,25#. Detailed calculations including
nuclear wave functions, although difficult, can provide mo
information about the density profile of the collision
freeze-out.

IV. SUMMARY

We have measured the yields of four unstable nuclei4H,
4Li, 5He, and5Li in 11.5A GeV/c Au1Pt 10% most centra
collisions in the rapidity range fromyc.m. to yc.m.10.8 and in
the transverse momentum range of approximately
<pT /A<0.4 GeV/c. The invariant multiplicities in this ki-
nematic range fall significantly below what would be e
pected from a simple thermal model based on the previou
measured yields of stable nuclei. It is likely that a detail
calculation which includes the nuclear structure will sho
that this is expected for these large nuclei.
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