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An investigation of the production of neutron-rich isotopes from the fragmentation of Si projec-
tiles at p~ b=14.6 GeV/c per nucleon was performed using the BNL-AGS-E814 spectrometer. We
have measured the inclusive production cross sections of neutron-rich fragments ( He, He, Li, Li,

Be, Be, and B). We have also measured the transverse momentum distributions for He and
Li, and the forward and transverse energy distributions associated with He production. The mo-

mentum distributions were analyzed in the context of the Goldhaber model. The question of whether
the fragments are produced in the decay of the projectile following its electromagnetic excitation
was also investigated.

PACS number(s): 25.75.+r

I. INTRODUCTION

Data from fragmentation studies have been a valuable
source of information used to better understand the com-
position of cosmic rays [1], to aid the search for exotic nu-
clei and, recently, to study the production of secondary
exotic nuclear beams [2]. In the past few years, heavy
ion beams with ultrarelativistic energies have become
available at the CERN-SPS and BNL-AGS accelerators.
These facilities provide a unique opportunity to investi-

gate projectile fragmentation in an energy regime where
data is rather scarce. Ideas and concepts developed to
understand data from measurements at lower energies,
mainly at the Bevalac, can now be tested in a new en-

ergy domain.
The fragmentation of relativistic heavy ions can be in-

duced by either nuclear or electromagnetic interaction.
For nuclear interactions, the cross sections are dominated
by the geometry of the collision [3]. In the limiting &ag-
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mentation hypothesis [4] the production cross sections
have no energy dependence for projectile energies above
a few GeV per nucleon. The level of agreement between
predictions of semiempirical relations [1, 5] and experi-
mental data at or beyond AGS energies has yet to be es-
tablished. The momentum distributions can be described
by the Goldhaber model [6]. In this model, the fragment
momentum is the vector sum of the momentum of its nu-
cleons before the collision, which is related to the Fermi
momentum of the parent nucleus. This interpretation
assumes no momentum transfer to the fragment. How-
ever, studies [7] have shown fragment momentum dis-
tributions that are wider than expected, indicating the
possible presence of secondary processes in the collision.
There is also evidence [8] that the momentum distribu-
tions change with the centrality of the collision.

For electromagnetic interactions the measured cross
sections and the final state energy distributions [9, 10]
for particle emission can be explained by the excitation
of the giant dipole resonance (GDR) through the absorp-
tion of virtual photons &om the target field and subse-
quent nuclear deexcitation [11,12]. The cross sections
depend strongly on the target atomic number and on the
bombarding energy [11],as the number of virtual photons
rapidly increases with both. The high density of virtual
photons suggests that the double GDR could be excited
by the absorption of two photons. Estimates of the cross
sections for the electromagnetic excitation of the double
GDR of a Si projectile on a Pb target at AGS ener-
gies range from 7 mb to 20 mb [ll—13]. It has also been
suggested [12—14] that the large collective oscillations of
protons against neutrons in the double GDR could lead
to the breakup of nuclei into &agments rich in protons
or neutrons. Experimental evidence on the excitation of
the double GDR has been recently reported [15—18].

In this paper we investigate the production of neutron-
rich fragments (Z/A(0. 4) in collisions of Si projectiles
at pi b = 14.6 GeV/c per nucleon with Al, Cu, Sn, and
Pb targets. Since &agmentation with complete isotope
identification has not been previously studied at AGS
energies, the determination of &agmentation production
cross sections and momentum distributions can provide
new valuable information on the production mechanism.
We also investigate the possibility of producing these
&agments through the decay of the electromagnetically
excited projectile.

II. EXPERIMENTAL SETUP

The E814 experimental setup has been extensively de-
scribed in other publications [9, 10]. A schematic view
of the apparatus is given in Fig. 1. It allows multiplic-
ity measurements and it has a 4m calorimetric coverage
around the target, for event characterization. A high res-
olution forward spectrometer detects the particles emit-
ted in an angular range of +18.4 (horizontal) and +12.3
(vertical) mrad relative to the beam direction.

The detectors around the target are target calorimeter
(TCal), consisting of 992 NaI crystals assembled in four
side walls surrounding the target and one back wall (see
Ref. [19] for further details); target scintillators (TPad),

made up of 52 plastic scintillator slats lining the in-
side walls of the TCal; participant calorimeter (PCal),
a Pb/scintillator segmented calorimeter (see Refs. [20,
21] for construction and calibration details); silicon mul-
tiplicity detectors (Mult), two silicon disks of 512 pads
each (see Ref. [22] for further details).

The forward spectrometer consists of one cathode
pad readout chamber (DC1) [23] located between the
two dipole magnets (Ml and M2) and two hybrid pad
and drift chambers (DC2 and DC3) [24, 25] positioned
downstream of the second magnet; magnet scintilla-
tors (MSci), 16 plastic scintillator slats lining the inside
walls of the two magnets; fonuard scintillators (FSci),
two hodoscopes, one (10 counters) positioned 12 m and
the other (39 counters) 31 m downstream from the
target; and forward uranium calorimeters (UCal), 25
U/Cu/scintillator segmented modules (see Ref. [26] for
details), positioned downstream of the FSci.

The beam is defined by a set of scintillators (BSci)
placed upstream of the target. Two silicon strip detec-
tors (BVer) are used as tracking devices, defining the
horizontal position and angle of incidence of beam parti-
cles at the target on an event by event basis. To make a
precise identification of the charge of the projectile and
tag an interaction in the target, the pulse height is mea-
sured in two silicon detectors 1 cm in diameter and 100
pm thick placed just upstream and downstream of the
target.

The forward spectrometer (see Refs. [9, 10, 27] for fur-
ther details) is extensively used in the present analysis
[28). The identification of the fragment charge is ac-
complished by the forward scintillators, which are plastic
scintillators of dimensions 10xlx120 cm, read out at
both ends by photomultiplier tubes. The charge mea-
surement (proportional to the geometrical average of the
pulse heights recorded at each end) has a resolution of
3%%uo and allows the unambiguous identification of parti-
cles with atomic number Z=l to Z=14. The energy
of the particles is measured by the UCal [26]. The
UCal modules are segmented in 12 optically decoupled
sections, each read out by two wavelength shifter bars
coupled to photomultiplier tubes. The segmentation of
the calorimeter permits the location of the center of the
shower to within 2 cm. The calorimeters indicated by
the hatched area in Fig. 1 are used in the trigger system
to select neutron-rich &agments with beam rapidity and
0.2(Z/A(0. 4, where A is the fragment mass number.

The tracking devices, &om which the momentum vec-
tors are obtained, are the three chambers, DC1, DC2 and
DC3, discussed in Refs. [23—25]. DC2 and DC3 are sim-
ilar except for the size and number of wires. They were
designed to be sensitive to a wide range of charge depo-
sition, with 300 pm single cell position resolution &om
minimum ionizing to Z=14 particles.

The large gaps in the forward spectrometer are filled
with helium bags to reduce the amount of material along
the &agment path. This procedure decreases the num-
ber of interactions downstream of the analyzing magnets.
Nevertheless a 30%%uo loss of beam particles ( Si) has been
measured in the 36 m Right path after the target. Tar-
gets of natural Al (1.30 g/cm ), Cu (2.24 g/cm ), Sn



9S8 J. BARRETTE et aI. 52

For rrcaFci
Uranium
CalorimetersVeto Vali

Vertical
Scint

P- Neut

Participant Cal
T g t

I

/=
Target
S &t Target Magnet

Scint

& Neutrons

Neutron
Rich

YZA

Heavy
IonsScint Protons

For waFci
Scint

Horizontal
Scint

r
I I
I Si Multiplicity I

Detector
Si S2 S$ S3 ih /)/, )~ Target ~ «I»

~' I I '~ ld
t

I Vertex i Vertex 2 f I

Si Detectors

Participant Cal II

L

FIG. 1. The E814 experimental setup.
The incident beam passes through a hole in
the target calorimeter back wall. Forward
emitted particles pass through the partici-
pant calorimeter opening and through mag-
nets Ml and M2. Track positions are mea-
sured in chambers DC 1, DC2, and DC3.
Charge is measured by energy loss in the
forward scintillators and energy is measured
in the forward uranium calorimeters. The
hatched area shows the calorimeter elements
used in the trigger logic.

S 12I, I II
I I

meters

34 SS
I a I a I

(3.35 g/cm2), and Pb (4.36 g/cm2), all with a thickness
of 4% of a 2 Si nuclear interaction length, were used.
Data were also taken with an empty target holder in or-
der to evaluate interactions not originating in the target.

The E814 trigger system is designed to allow data tak-
ing with parallel triggers, with the possibility of reduc-
ing (domnscohng) a fraction of the higher rate triggers,
thus enhancing the fraction of rare events in a given data
sample. The neutron-rich trigger was set to select events
where neutron-rich isotopes (0.2(Z/A(0. 4) with beam
rapidity were produced. This trigger is implemented in
two levels. The first level requires the presence of a beam
particle and energy deposition greater than 7.5 GeV in
the calorimeters labeled "neutron-rich" (hatched in Fig.
1). At the second level it is required that more than 60
GeV of energy be deposited in this same region. In ad-
dition, a reaction in the target is required, as indicated
by the pulse height measured in the downstream silicon
detector. The upper charge limit for accepting an event
was set to the peak position corresponding to a Z=13
particle. This requirement is made in order to minimize
triggering on interactions occurring downstream of the
target. Once a trigger occurs, digitized information &om
all detectors is written to magnetic tape. There are no
significant trigger biases other than the minimum energy
requirement in the neutron-rich region imposed by the
second level trigger. The data sample corresponds to an
integrated number of beam particles of 3x10 for each
target. Since these data were collected in parallel with
other triggers, only one in six neutron-rich triggers was
written to tape. Integral luminosities range &om 0.17
pb for the Al target to 0.056 pb for the Pb target.

III. DATA REDUCTION AND ANALYSIS

The data analysis is made in two steps. In a first stage
cuts are applied in order to reject spurious events. Beam

particles are selected by requiring that the energy loss
of the particle in the beam scintillators and in the up-
stream silicon detector be within specified limits. The
resolution for this energy loss measurement is approxi-
mately 5%%u&'&. Criteria based on the FSci and UCal infor-
mation are used to select events with Z&2. With all cuts
in place, information &om the selected events is used as
input to the tracking analysis procedure.

The tracking procedure consists of the following steps
[10].

(1) A cluster search is performed in the active area
of DC1 and in the pad and drift sections of DC2 and
DC3 where neutron-rich isotopes with beam rapidity are
expected.

(2) Pad clusters from DC1, DC2, and DC3 are com-
bined with wire hits &om DC2 and DC3, UCal clusters,
the FSci hit pattern and the silicon vertex detector hits
and input to the track reconstruction program.

(3) Track fitting is performed, using the fragment rigid-
ity as a variable in the fit. The trajectory of the beam
particle before the target and the reconstructed down-
stream trajectory are required to match at the target.
Due to the lack of measurements of the vertical position
before the target, the vertical position of the vertex is as-
sumed to be at the origin, within the vertical dispersion
of the beam (+1 mm).

Isotope identification is made based on the three fol-
lowing parameters assigned to each particle: (i) momen-
tum vectors from the tracking procedure, (ii) charge, as
measured by the energy loss in the forward scintillators,
and (iii) energy, as measured in the forward uranium
calorimeter. Figure 2 shows a plot of energy loss in the
forward scintillators (charge) vs magnetic rigidity for re-
constructed events. The isotope separation is further im-
proved by requiring a match between the fragment mo-
mentum and the energy deposited in the calorimeter. For
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FIG. 2. Area plot of energy loss (charge) of fragments,
as measured in the forward scintillators vs magnetic rigidity
(P/Z) measured in the downstream spectrometer. Isotopes
of beam rapidity are cleanly identified in such a plot [37].
The overlap between isotopes is due to the spread in momen-
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of the low statistics regions.

f (p;) oc exp( —p; /2cr ), i = x, y, z,

with

o = tro2K(A —K) /(A —1), (2)

where K is the mass number of the fragment, A the mass
number of the parent nucleus, and oo is a parameter to
be adjusted. The fragments are then transported through
the spectrometer, and spatial coordinates are generated
in all tracking devices and at the face of the forward
calorimeters, allowing a direct comparison between sim-
ulated and experimental events. The energy loss of the
beam particle and of the fragment in the target as well as
in other parts of the experiment is included in the simu-

each event containing a neutron-rich fragment two other
global quantities were used for event characterization:
the zero degree energy Eo (the energy in the forward ura-
nium calorimeters) and the transverse energy ET (mea-
sured in the participant and target calorimeters). The
production cross sections were determined for He, He,
Li, 9Li, Be, Be, and B. Due to statistics limita-

tions, momentum distributions were determined only for
He and Li.

The measured cross sections are corrected for the ac-
ceptance of the apparatus with the aid of a Monte Carlo
simulation. For this simulation, we assume a momentum
distribution for the fragment of the form [6]

lation. The energy deposit in the UCal is also simulated
[26].

The correction factors for the cross sections due to ge-
ometrical acceptance depend on the value of the width
o. of the momentum distributions. For He and Li, the
value of o is obtained from the measured momentum dis-
tributions (which are discussed in Sec. IV). For the other
fragments we used the values of o obtained from Eq. (2)
with a value of oo extracted from the measured He and
Li momentum distributions. In estimating the errors in

the correction factors for the fragments for which we did
not have the full momentum distributions, we assume an
error on the value of cro of (+io)%. This error is based
on an analysis of the applicability of Eq. (2) to the set
of fragmentation data of Greiner et al. [29] for 0 and
i2C projectiles at 2 GeV/c per nucleon.

The simulation allows the correction of measured quan-
tities due to geometrical acceptance and trigger biases. A
fraction of the events is not detected because fragments
of interest with low momentum hit the forward calorime-
ters outside the neutron-rich trigger region shown in Fig.
1. All cross sections are corrected for the geometrical ac-
ceptance, which ranges from 98'%%uo to 50'%%uo for all isotopes
except isB and ioBe, whose acceptance values are 17%
and 6%, respectively.

The second level trigger threshold on the UCal energy
(60 GeV) introduces a bias for sHe. The fluctuation in
energy deposition causes some events to yield a mea-
sured energy below the threshold. Furthermore, some
fragments hit the calorimeter at the edge of the trig-
ger region and the shower may not be entirely contained
within it. The losses were evaluated including both the
energy fluctuation and shower proGle in the simulation
[26]. Approximately 5% of He are lost due to these ef-
fects.

Rather than simulating the loss of fragments due to
secondary interactions, either in the target or between
the target and the trigger calorimeters, we have simply
estimated the probability for the process using the geo-
metrical cross sections of the fragments, combined with
a detailed accounting for all materials downstream of
the target. Losses in the fragment yield due to these
downstream interactions range &om (13+2)% for sHe to
(20+2)% for ' B.

The total systematic uncertainty for He production
cross sections is of the order of +15%, most of it due to
the trigger bias. For He and Li, the systematic uncer-
tainties are small ((5%). For the other fragments the
systematic uncertainties are mostly due to the correc-
tions for geometrical acceptance: +10% for Li and Be,
(+so)% for B, and (+so)% for ioBe. The systematic
uncertainties in the widths of the measured momentum
distributions ( He and Li), due to uncertainties in the
beam momentum, Geld strength, and e8'ective length of
the spectrometer magnets, as well as position resolution
of the tracking devices, are about 3%.

IV. RESULTS AND DISCUSSION

The cross sections for the production of neutron-rich
isotopes are presented in Table I. As shown in Fig. 3,
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ET(C11)

(mb)

2.60 + 0.16
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o (Sn)
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1.32 + 0.40



52 PRODUCTION OF,NEUTRON-RICH ISOTOPES FROM THE. . . 961

40

30—

20

Al

10

0

40

30lO

C
o 20

10

0

II

4

Cu

Pb

10

II

0
0 100 200 300 400 500

Forward Energy (GeV}

a data base for heavy ion fragmentation cross sections.
The expected production cross sections so obtained for
the neutron-rich isotopes investigated in the present work
are shown in Fig. 3 (solid lines) together with our mea-
sured values.

There is overall agreement between the present data
and the extrapolated values for the cross sections. The
discrepancy for Be and He may reQect the lack of data
for neutron-rich isotopes in the database. The parame-

FIG. 4. Forward energy distribution, Ro, associated with
the production of He fragments, as measured in the forward
calorimeter (UCal). The error bars are statistical uncertain-
ties.

ters of Ref. [33], used in the present work, are adjusted
for secondaries commonly found in the cosmic ray data,
such as the proton-rich nucleus Be. Inclusion of the
present data in the database could contribute to improve
the cross section estimates for such isotopes.

For the production of Li and Be, the estimated
cross sections for the Pb target are 3 pb and 20 pb, re-
spectively. A search for these rarer isotopes was carried
out. Two events were found for which Li was identified. ,
one each for the Cu and Pb targets. The corresponding
production cross sections are 7 pb and 18 pb, respec-
tively. No Be events were found.

Distributions for the three components of the momen-
tum vector were obtained &om the tracking procedure.
Due to the low statistics available, results are presented
only for He and Li fragments. Within statistics, the
distributions for the difFerent targets are similar and thus
were added for the extraction of the momentum width
parameters. Distributions for the two transverse com-
ponents p and p„were evaluated (p„ is the direction
perpendicular to the bending plane). Figure 6 shows the
distributions for these components for He and Li. Also
shown are Gaussian fits to the data. The correspond-
ing parameters of the fits to the transverse momentum
distributions are presented in Table II.

The contribution of multiple scattering and energy loss
in both the target and the materials between the target
and the tracking devices is found to be negligible. The
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TABLE II. Adjusted values for the width of the p and p„(p„perpendicular to the magnet
bending plane) distributions and deduced values for o'0 and pp.

Fragment

He
'I,i

~(p-)
(MeV/c)

188+20
281+12

~(p. )
(MeV/c)

226+12
278+27

b

(MeV/c)

94+5
111+6

PF b

(MeV/c)

210+11
248+13

Corrected for experimental resolution.
Calculated from the average values of p and p„.

position resolution in the horizontal direction causes no
significant broadening of the horizontal momentum dis-
tribution. However, the position resolution in the verti-
cal direction, of 0.2 cm for DC2 and 0.3 cm for DC3,
contributes to the broadening of the momentum distri-
bution in this direction and was subtracted quadratically
from the adjusted values in order to obtain the quanti-
ties shown in Table II. As discussed in Sec. III, the He
data are affected by acceptance inefBciencies in the low
momentum region. Therefore, only the data for p & 0
were used in fitting the Gaussian (centered at 0 MeV/c).

In Goldhaber's [6] interpretation of the fragmentation
process, the &agment is formed combining K nucleons,
which are randomly chosen &om a nucleus with A nucle-
ons and net momentum p~ ——0. In this model, the width
of the momentum distribution of the produced &agments
is given by Eq. (2), and 0 o is related to the Fermi momen-
tum of the parent nucleus by p~ = os~5, as previously
suggested by Feshbach and Huang [34]. The values ob-
tained from the present data for os are 94+ 5 MeV/c and
ill 6 6 MeV/c for sHe and Li, respectively. These val-
ues correspond to a Fermi momentum for 28Si of 210+11
MeV/c and 248+13 MeV/c from the sHe and Li data,
respectively. The Fermi momentum for Mg obtained
from electron scattering experiments is 235+5 MeV/c
[35]. Fragmentation data for C and sO projectiles ex-
ist for beam energies around 1—2 GeV per nucleon [29],
from which was obtained a Fermi momentum of 178+5
MeV/c for C and 185+3 MeV/c for O.

Data presented in Ref. [36] suggest that the width of
the &agment momentum distribution increases with in-
creasing centrality of the collision. Subsequently, it was
found [8] that for light fragments (p, d, n) the width of
the momentum distributions indeed depends on central-
ity. For &agments such as He or He an increase in the
width should be observed only for very high centrality
events where the present data have poor statistics.

Vfe have also investigated the possibility that neutron-
rich isotopes are produced electromagnetically. The
energy-integrated total cross section for the excitation
of the sSi double GDR calculated in Ref. [12] is 20 mb.
Events with production of fragments via electromagnetic
dissociation should not produce signals in the detectors
surrounding the target; also, due to the low transverse
momentum produced in this type of reaction, our for-
ward spectrometer has full acceptance for the &agments,
implying that all the projectile energy should be seen in
the forward calorimeters. We have made use of these
characteristics for the measurement of the cross sections

for the removal of a few nucleons via EMD [9, 10,37]. For
this analysis, as in Refs. [9, 10, 37], we require (i) very low
multiplicity in the target scintillator pads, at the level of
the 8-electron background; (ii) energy deposition in the
TCal below 20 MeV; (iii) low multiplicity in the silicon
multiplicity detector, also at the level of the b-electron
background; and (iv) total energy deposition of less than
1 GeV (with less than 200 MeV per cell) in the PCal.

The entire data sample contains only one event with
a He fragment that meets the above requirements, ob-
served in an interaction with a Pb target. Also, both the
downstream silicon detector signal and the parameters of
the fit of the trajectory by the tracking algorithm indicate
that the &agment originates in the target. The energy
deposited in the forward calorimeters is equal, within the
resolution of the detector, to the total energy carried by
the beam particle.

The He EMD event candidate includes three to four
protons and no neutrons, with the remaining &agments
in the beam region (2/A 0.5). Even considering a fi-
nal state with the lowest threshold ( He+3p+ F), the Q
value would be —59.5 MeV and it seems therefore unlikely
that such an event would originate &om 2 Si electromag-
netic dissociation in the Pb target field. It is also known
from a previous analysis [10] that very peripheral nuclear
reactions may have similar signatures as those for EMD
reactions. Although the background due to nuclear reac-
tions can be subtracted statistically &om the EMD data
through the cross section dependence on the target Z
[10], it is impossible to carry it out on an event by event
basis. Based on this data sample, we estimate for the Pb
target. an upper limit of 54 pb (at the confidence level
of 95%) for the EMD cross section into any of the exam-
ined channels. We conclude that electromagnetic dissoci-
ation does not contribute significantly to the production
of neutron-rich isotopes in projectile &agmentation.

To summarize, we have presented a measurement of
cross sections for neutron-rich isotope production &om
a 14.6 GeV/c per nucleon Si beam incident on several
targets. Our results indicate that these fragments are
produced in semiperipheral collisions with an average ra-
dial overlap between the target and projectile of approx-
imately 2 to 3 fm. Within the precision of the measure-
ments both the cross sections and the momentum width
distributions are consistent with lower energy &agmenta-
tion studies. In the data sample collected, corresponding
to approximately 3 x 10 integrated beam particles for
each target, there are no events originating &om EMD
into neutron-rich isotopes.
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