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Using CR-39 nuclear track detectors and an automated scanning system, we have studied the be-
havior of projectile fragments with charges 8 < Z,. < 13 produced in interactions of 14.54 GeV Si
nuclei with Pb and Cu targets. Both nuclear and electromagnetic spallation contribute to fragmen-
tation of beam nuclei in Pb and Cu. The total charge-changing cross sections of nuclear projectile
fragments with 9 < Z; <13 interacting in Pb are found to be enhanced by 10 to 30 % relative to
charge-changing cross sections of stable nuclides. The enhancement occurs primarily in interac-
tions with large loss of charge. In Cu the charge-changing cross sections of secondaries show no
significant excess. The mean free path of secondary fragments shows no dependence on the distance
from the point of origin. This result rules out at 95% confidence level the production of nuclear
fragments with interaction cross sections enhanced by a large factor as conjectured by some work-
ers, but the result is consistent with a two-component model in which ~30% of secondary beams
are off-stability isotopes with total cross sections enhanced by ~25%. Our measurements of angu-
lar distributions of projectile fragments showed that the transverse momentum distributions are
similar to those measured at (1-2) 4 GeV. The charge pickup cross section of 14.54 GeV Si is mea-
sured to be 0.07-1.3 mb in Pb and <0.9 mb in Cu, which is of the same order of magnitude as that
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measured at ~ 14 GeV.

I. INTRODUCTION

Our goal in this work was to establish which aspects of
high-energy nucleus-nucleus interactions could be investi-
gated using only plastic track detectors, which can mea-
sure charge states and trajectories of minimume-ionizing
particles with Z > 6. This information should then put us
in a position to design future experiments combining
plastic detectors with nuclear emulsion or electronic
detectors. Specifically, we wanted (1) to measure the total
and partial fragmentation cross sections of 2Si into nu-
clear fragments with Z > 6 in Cu and Pb targets of vari-
ous thicknesses in order to evaluate the contribution and
importance of electromagnetic spallation at the energy
14.5 A GeV available at the Brookhaven Alternating Gra-
dient Synchrotron (AGS), (2) to study the interaction of
secondary fragments produced in collisions of 2!Si beam
nuclei in the same Pb and Cu targets, in particular, to
search for a dependence of the local mean free path of
projectile fragments on the distance from the point of for-
mation, which might indicate the production of anoma-
lous fragments, (3) to investigate the angular distribution
of fast fragments in order to extract information about
transverse momentum, and (4) to measure the charge
pickup cross section at 14.54 GeV, which could be com-
pared with values obtained at lower energies.

The availability of beams of 14.5 4 GeV '°0 and 23Si at
the Brookhaven AGS and of 60 4 and 2004 GeV %0 and
32S at the CERN Superproton Synchrotron (SPS) has
made it possible to study the fragmentation of heavy ions
and the behavior of projectile fragments produced in
nucleus-nucleus collisions at energies well beyond those
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previously available at the Lawrence Berkeley Laborato-
ry Bevalac and at the Dubna heavy-ion accelerator. Two
groups' 3 have independently used CR-39 nuclear track
detectors and automated scanning systems to measure the
cross sections for fragmentation of 60 and 2004 GeV °0
and *2S at the CERN SPS. Results of the two groups are
consistent with each other and can be well reproduced by
a theoretical picture in which nuclear fragmentation
dominates at small impact parameters and electromag-
netic spallation dominates at impact parameters outside
the range of the nuclear force. Recently, Brechtmann
et al.* have measured the fragmentation cross section of
283 in single targets at the Brookhaven AGS and have es-
timated the contribution of electromagnetic dissociation
at 14.54 GeV. However, no one has yet studied interac-
tions of secondary nuclear beams either at Brookhaven or
at CERN.

Our study of interactions of secondary projectile frag-
ments was motivated by observations of higher cross sec-
tions of unstable nuclei than of stable nuclei with similar
charge at energies below and around ~14 GeV. Mittig
et al.® have reported that total reaction cross sections at
604 MeV for neutron-rich nuclei from C to Mg increase
linearly with neutron excess at the same fractional rate
for all nuclear charges. Tanihata and co-workers®’ have
found that fragmentation cross sections at ~8004 MeV
are greatly enhanced for nuclides near the neutron-drip
line (e.g., ''Li) interacting in high-Z targets and have at-
tributed this enhancement at least partly to Coulomb dis-
sociation, as discussed by Hansen and Jonson.?

For the investigation of nuclear fragments with an
anomalously large fragmentation cross section, our
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motivation was the many and conflicting claims of posi-
tive results at Bevalac energies.’ In some experiments it
was claimed that some fraction of projectile fragments in
nucleus-nucleus collisions at ~(1-2)4 GeV have an
effective size that is much larger than that of normal nu-
clei. These conclusions were inferred from measurements
of the local mean free path in nuclear emulsion, which
showed that within a few cm from the point of creation,
the mean free paths were shorter than those at a large dis-
tance.!®!! The magnitude of this effect was such that it
was possible to fit the experimental data with a two-
component model in which a few percent of fragments
had a mean free path much less than normal. Evidence
for the existence of such a phenomenon has been reported
sporadically since the 1950’s from cosmic-ray experi-
ments.!> A detailed investigation of this effect was not
possible until the early 1980’s, when relativistic heavy-ion
beams became available at the Bevalac and at Dubna.
Despite a number of studies of this phenomenon in beams
of (3.4-4.1)4 GeV ')C, 2.14 GeV ™0, (3.4-4.1)4
GeV *Ne, 1.84 GeV “Ar, (0.94-1.9) 4 GeV *Fe, and
1.54 GeV ¥Kr by different techniques such as track-
recording plastic detectors,!3”'® Cerenkov detectors,!*?°
plastic scintillators,?!?? nuclear emulsions,?*> 3% and bub-
ble chambers,>>”3® the situation is still controversial.
Particularly, the early nuclear emulsion results were con-
tradicted by other experiments which used different
detection methods, and even by other experiments using
nuclear emulsion.?3727 A particularly stringent upper
limit on the fraction of anomalous fragments produced in
low-Z targets was obtained in two high-statistics elec-
tronic experiments'*?® in which a stack of thin plastic
plates was used as both targets and Cerenkov-radiating
detectors. Both groups found that nuclear fragments,
identified by charge (but not by isotope), had charge-
changing cross sections indistinguishable from those of
primary beams with the same charge. Some groups have,
however, reported evidence for the existence of anoma-
lous fragments with Z > 2 (Refs. 28-33).

Despite efforts by many groups, the evidence at the Be-
valac and at Dubna for the creation of nuclear fragments
with anomalously high cross sections for further frag-
mentation has been weak, unconvincing, and unreprodu-
cible, and the entire case may be dismissed as due to fluc-
tuations or systematic error. However, the possibility
cannot be completely ruled out that anomalous fragments
might be produced only in certain classes of collisions.
For example, the conjecture that there is a rather sharp
energy threshold for production of fragments with large
interaction cross section is supported by recent work of
Karev et al.,’” who reported that ~8% of the fragments
of 4.54 GeV/c **Mg interacting in plastic Cerenkov-
radiating targets have cross sections about a factor of 70
higher than normal. Their results are by far the statisti-
cally most convincing evidence for anomalous fragments.

The angular distribution of projectile fragments can be
used to infer transverse momenta characteristic of projec-
tile fragmentation at high energies and to search for the
onset of new phenomena. Gerbier et al.® found that the
angular distribution of projectile fragments of 2004 GeV
%0 in Pb has a Gaussian shape and that the derived vari-

ances of transverse momentum are compatible with those
due to Fermi motion in the projectile nucleus, just as was
found in earlier work at ~14 GeV.** An interesting
question would be whether the momentum transfer dur-
ing projectile fragmentation due to electromagnetic disso-
ciation is significantly different from that due to nuclear
spallation at the Brookhaven AGS energies.

A number of groups have measured charge pickup
cross sections at Bevalac energies for various projectile
nuclei in different targets. Ren et al.*° showed that the
dependence of the inclusive cross section of the charge
pickup reaction on the projectile and target can be de-
scribed simply by the expression

Oaz=1=LTX10 Yy pr A3
(in mb), where
ypr=A3+A413—1.0.

Possible explanations of this extraordinarily steep A3
dependence at ~(1-2)A4 GeV energy region were dis-
cussed by the authors. Most of the previous measure-
ments were made at (1-2) 4 GeV. To explore the under-
lying dynamics, one must know the energy dependence of
the charge pickup cross section. Two groups*"*? have
obtained data for '*La and '’Au down to ~0.54 GeV
and have found a trend of increasing cross section of
charge pickup with decreasing energy in the region near
0.54 GeV. A measurement of the cross section at 14.5 4
GeV, an order of magnitude higher than the Bevalac en-
ergy, would provide a clue to the physics involved in this
process.

In Ref. 43 we gave a brief report on the interaction of
secondary nuclei produced in primary collisions of 2!Si
and Pb targets. In the present paper, we present a much
more detailed account of interactions of primary and
secondary nuclei with both Pb and Cu targets.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

Nuclear track-recording plastic sheets of CR-39
(H;gC;,0,) were used to make high-resolution measure-
ments of the charge of the beam and nuclear fragments.
Figure 1 shows the very simple experimental setup for
the two exposures. The first stack consisted of four
target-detector modules (called D, D,, D;, and D, re-
spectively) preceded by two CR-39 plastic sheets (called
D,). Each module was composed of one 1.6-cm-thick Pb
target followed by three sheets of 0.074-cm-thick CR-39
plastic. The second stack consisted of three target-
detector modules (D, D,, and D;), where D, and D,
contained a 1.0-cm-thick Cu target and three CR-39 plas-
tic sheets, respectively, and D, contained a 1.6-cm-thick
Pb target and three CR-39 sheets. For each module, six
surfaces upstream and downstream from the target could
be used to identify the charges (but not the masses) of the
incoming and outgoing beam particles and projectile
fragments. The two sheets in D, were used to identify
beam nuclei. The two stacks were exposed to a 14.5-
GeV/nucleon 2%Si beam at a density of about 500 nuclei
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FIG. 1. Experimental setup. (a) Exposure one: four 1.6-cm
Pb targets were used. (b) Exposure two: the first and third tar-
gets were 1.0-cm Cu; the second target was 1.6-cm Pb.

per cm? at normal incidence. After exposure, the plastic
sheets were etched in a 6.25 molar NaOH solution (35
and 48 h, respectively, at 70 °C for stacks 1 and 2) to de-
velop conical etchpits at the points of intersection of the
trajectories of highly charged particles with the top and
bottom surfaces. The techniques are well developed.**

A fully automated system was employed to scan all the
surfaces of plastic sheets and measure the etchpits due to
the beam particles and relativistic nuclear fragments with
charges higher than 6 with respect to fiducial beam
tracks at two diagonally opposite corners of the sheets.
A brief description of this system can be found in Ref. 38.
A VAX-750 computer operated X, Y, and Z motors that
provided a raster scan in the horizontal plane and kept
satisfactory focus on the top surface of a sheet. Focusing
was done automatically by interpolation between the
stage height Z chosen manually for best focus at a lattice
of positions selected before the scan. A charge-coupled
device (CCD) viewed the plastic through the optics of a
Leitz Metalloplan microscope at a magnification of 10X.
A Vicom image processor digitized each field of view,
stored the location of the centroid of each etchpit, and
measured the perimeter of each etchpit by a gradient
operation followed by thresholding and thinning opera-
tions. The perimeter was fitted by an ellipse in on-line
analysis, providing the parameters of elliptic fit to the
etchpit mouth and the coordinates X and Y relative to the
fiducial events.

In the off-line data analysis, the following procedures
were applied: (1) Slight variations with position of the
sensitivity of an individual sheet, typically less than 0.3
charge unit over an entire sheet, were eliminated by di-
viding a sheet into a 12X 12 bin array and scaling the
minor axis of all tracks due to beam nuclei in that bin.
The resulting distribution of the minor axis of etchpits
led to a great improvement in charge resolution. (2) In
order to reconstruct the trajectories of events and study

the angular distribution of projectile fragments, etchpits
on each surface were matched to those on the preceding
surface. This step allowed both spallation recoil tracks,
whose range was always much less than the thickness of a
sheet, and surface flaws which showed up on one surface
as a randomly located background, to be rejected. It
turned out that matching distances of 50 um for two sur-
faces within one module and of 200 um for two surfaces
on the opposite side of the target were reasonable. The
mean lateral displacement of tracks passing through a
1.6-cm Pb target and a 1.0-cm Cu target due to multiple
Coulomb scattering was estimated to be ~10 and ~4
pm, respectively, far smaller than both the mean spacing
of tracks (~450 um) and the maximum allowed lateral
displacement for matching tracks, allowing us to follow
the trajectories without any problem. For one set of two
adjacent surfaces, there happened to be a systematic devi-
ation in the alignment of as much as ~15 um, which we
attributed to astigmatism of the stage position encoders
and to dilation of one sheet relative to another due to
humidity and temperature changes during the measure-
ment. A linear transformation involving six parameters,
as used in the previous study,’® improved the alignment
of events down to a few um for a single etchpit. A diver-
gent or convergent beam would not have caused a prob-
lem, since the dilation was based also on the change of
the distance between the two fiducial tracks, which were
chosen to be two beam particles. (3) Two cuts on tracks
were used: a value of Y2<0.6 for the elliptic fitting of
etchpits ruled out most of the surface flaws, and
0.94 < major-axis/minor-axis < 1.1 rejected not only sur-
face flaws but also most of the overlapping etchpits due
to tracks that crossed in regions where the density of
beam particles was unusually high.

In a nuclear track-recording solid such as CR-39, the
area or minor axis of the elliptically shaped etchpit
mouth is a sensitive function of the quantity Z /3 of the
particle passing through it, for a range of values of Z /f3
to which the detector is sensitive (Z /> 6 in this experi-
ment). For projectile fragmentation of minimum-ionizing
particles (8~1), the velocity of the nuclear fragment is
essentially the same as that of the projectile, as a conse-
quence of which there is a monotonic relation between
charge and minor axis of the etchpit due to either the
beam nucleus or the nuclear fragment. A simple non-
linear transformation, determined for each surface, con-
verts a distribution of minor axes to a charge distribu-
tion. In the fourth and fifth lines of Table I, we list typi-
cal values of minor axes of etchpits on the top surface of
the first sheet in module D, corresponding to different
charges for stacks 1 and 2. One notices that the change
in minor axis per unit change in charge decreases some-
what with increasing charge, due to the nonlinear rela-
tion between etchpit radius and charge, as a consequence
of which the charge resolution increases with decreasing
charge. The charge resolution resulting from measure-
ments of etchpits on one surface varies from ~0.16 to
0.20 charge unit for charge Z=8-14. For each module,
measurements of six etchpits per track in three CR-39
plastic sheets leads to a charge resolution of 0.08-0.12
charge unit. As an example of the excellent charge reso-
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TABLE I. Beam composition, scanning efficiency for a single surface, and mean size of minor axis of etchpit mouth in CR-39 as a

function of fragment charge.

Charge of fragment 6 7 8 9 10 11 12 13 14
Detection efficiency (%) ~0 70 85 92 95 96 96 96 96
Composition of beam (%) ~0 ~0 1.28 0.65 1.38 1.56 2.95 3.65 88.5
Minor axis (um) in stack 1 =8 9.1 10.9 12.2 13.2 14.0 14.7 15.3 15.9

<10 12.8 15.1 16.9 18.3 19.4 20.3 21.2 21.9

Minor axis (um) in stack 2

lution of our detectors, Fig. 2 shows the correlation be-
tween charges of events registered in two adjacent
modules D, and D; of stack 2.

The detection efficiency as a function of charge is
essentially unity for particles with charges Z=9-14 and
decreases to zero as the charge decreases from Z =9 to
6. A typical set of data for detection efficiency of a single
measurement of etchpits is given in the second line of
Table I. By applying an appropriate algorithm to the six
measurements taken in each module, we were able to
achieve 100% detection efficiency for charges Z =8-14.
In the third line of Table I we list the composition of the
different nuclear species in the beam measured in D,
module. One sees that a small fraction of the Si nuclei
fragmented before impinging on our detectors. In our
analysis, we follow only Si nuclei into the stack. Charge-
changing reactions are defined by a sudden change of
measured charge. Figure 3 displays charge states as a
function of depth in the stack for a sample event, in
which two charge-changing interactions took place, one
in the first (AZ = —1) and one in the third (AZ = —5) Pb
targets.

CHARGE MEASURED IN D3

CHARGE MEASURED IN D,

FIG. 2. An example of the correlation between measured
charges, for events registered in modules D, and Dj; of stack 2.
Diagonal elements represent noninteracting primary and sec-
ondary beams; off-diagonal elements represent beams that in-
teracted in the second Cu target.

III. FRAGMENTATION OF 14.5 4 GeV
IN Pb AND Cu TARGETS

Table II gives the total charge-changing cross sections
and partial cross sections for fragmentation of Si (Z = 14)
into nuclei with charge Z;=8-13 in Pb and Cu targets
with various thicknesses. The errors include counting
uncertainty only. To correct partial cross sections for
loss of fragments within the target, we used the expres-
sion for cross section in a thick target given by

o(®8i,Z1 Z)=N(Z;,Y)A/N(**Si,y)N ;py , (1)

where N(?®Si,y) and N(Z,y) are the number of surviv-
ing ?%Si nuclei and of fragments Z, at depth y, N, is
Avogadro’s number, and p and A4 are the density and
atomic number of the target. This expression differs from
the simple exponential relation for production in a thin
target; it is valid for a thick target when the total charge-
changing cross sections for 28Si and for Z are equal. We
showed earlier' that even if they differed by as much as
50%, Eq. (1) would be correct to within 10%. For a total
cross section in a thick target, the usual exponential ab-
sorption equation is valid.
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FIG. 3. The charges measured in all surfaces of CR-39 for a
sample event with two charge-changing reactions. The charge
resolution for a measurement on a single surface varies from
0.16 to 0.20 for charges from 8 to 14. In the plots, the surface
number is accounted in such a way that it includes surfaces of
target.
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TABLE II. Total charge-changing cross sections and partial cross sections for fragmentation of 14.5 4 GeV Si into fragments with
charge Z,;=8-13 in Pb and Cu targets of various thicknesses. All cross sections are given in mb.

Target Total Z;.=13 Zp=12 Z=11 Z:=10 Zy=9 Z;=8 Zp=7
~1-cm Pb* 4992499 1039+41 441+28 125+16 126x15 96+13 13816 3027+99
First 1.6-cm Pb 5022+66 1072+33 483122 163+13 155+12 80+9 197+14 2872166
Second 1.6-cm Pb 5473+80 1078+38 542427 207+17 190+16 87+11 203+17 316680
Third 1.6-cm Pb 5627195 1199447 546131 223+20 248122 113x15 217420 3081+95
Fourth 1.6-cm Pb 5631+111 1064152 60540 240+£25 209123 10617 243425 3164+111
~1-cm Cu® 2457+59 288+14 190+11 79+7 81+7 54+6 104+8 1661+59
First 1.0-cm Cu 2464+38 267+14 209+12 96+8 9748 80+7 135+£10 1580+38
Second 1.6-cm Pb 5403183 110240 484+27 224427 198+17 111+13 222+18 3062+83
Third 1.0-cm Cu 2563142 328420 210+16 107411 120+12 65+9 123412 1610+42

“These data are taken from Ref. 4 for comparison.

In Table II the cross sections of 2Si in single Pb and
Cu targets measured by Brechtmann et al.* are included
for comparison with our present data. One sees that our
results in the first Pb target of stack 1 and in the first Cu
target of stack 2 are consistent with the results of Brecht-
mann et al.*

In order to estimate the contribution from electromag-
netic dissociation to the measured cross sections in the
first target, we have applied the procedures used by Price
et al.! and Brechtmann et al.?”* We assumed the cross
section for electromagnetic dissociation to a fragment Z
to be the difference between the measured partial cross
section to Z and the cross section for nuclear fragmen-
tation to Z,. This approach is based on the assumption
that nuclear spallation occurs at impact parameters less
than some value R and that electromagnetic spallation
occurs at impact parameters greater than R and without
interference. As a consequence, the measured overall
cross sections are due to a superposition of a series of col-
lisions at different impact parameters. Because the nu-
clear spallation cross section is essentially energy in-
dependent at energies above about 1 4 GeV, one could, in
principle, obtain electromagnetic spallation cross sections
at a given high energy by simply subtracting the spalla-
tion cross section measured at relatively low energy, say,
14 GeV, where electromagnetic spallation is negligible,
at least for targets with not too high Z. Unfortunately,
fragmentation cross sections for 2%Si are not available.
Therefore, for nuclear spallation (NS) we used the sem-
iempirical expression of Westfall et al.,* which fitted
data obtained at (1-2)A4 GeV for projectiles and targets
of mass Ap>12and A, > 12:

onsP,T)=mrd( A} + 4V —b)?,

where r;=1.35 fm and b =0.83, to calculate the nuclear
fragmentation contribution to the total charge-changing
cross section. The results are compatible either with that
obtained by interpolation of fragmentation cross sections
for various nuclei measured at Bevalac energies*® or with
that calculated by Karol’s soft-spheres model*’ within er-
rors of 3%. The electromagnetic spallation cross sections
constitute ~24 and ~ 10 % of the total charge-changing
cross sections in Pb and Cu targets, respectively.

For partial cross sections of fragmentation into various
fragments, a factorization is valid not only for nuclear
spallation but also for electromagnetic dissociation (ED),
and therefore the measured cross section can be ex-
pressed by the following formula:

o(P,T,F)=0ys(P, T,F)+ogp(P,T,F)

=vYprYr tEpreT »

where ypr and epr depend on projectile and fragment,
whereas vy and €4 depend on only projectile and target.
Adopting the ¥ and €, obtained in Ref. 4, we have es-
timated the ong(P,T,F) and ogp(P,T,F) in the first Pb
target of stack 1 and the first Cu target of stack 2. The
derived nuclear spallation and electromagnetic dissocia-
tion cross sections shown in Fig. 4 confirm the results of
detailed work in which Brechtmann et al.* showed that
the measured ogp is consistent with a calculation by the
virtual photon method*® using experimental measure-
ments of photonuclear cross sections. We emphasize that
electromagnetic dissociation plays a very important role
in fragmentation involving small charge loss. For in-
stance,

Opp(AZ =1)~50\s(AZ=1)
in Pb and
oep(AZ =1)~0oNs(AZ=1)

in Cu at 14.54 GeV. However, ogp(P,T,F) decreases
much more rapidly than o yg(P, T, F) with increasing AZ,
as seen in Fig. 4. As a way of quantifying the rate of de-
crease of the cross section with AZ, we fitted the data in
Fig. 4 to exponentials for values of AZ from 1 to 5. The
indices are —1.10 for ogp and —0.22 for oyg. For
AZ =6, 7, and 8 (Ref. 4), the cross sections change irreg-
ularly and much less rapidly than exponentially.

A major new result of the present work is that both the
total charge-changing cross section and the partial cross
sections in a particular Pb target increase monotonically
with the thickness of Pb target previously traversed (see
Table II). For the total cross section in Pb targets, the in-
crease is ~13% over the range of thicknesses studied
(~5 cm in Pb); for some of the partial cross sections, the
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percent increase is much larger. Figure 5 shows the total
and partial cross sections measured in stack 1 as a func-
tion of depth in the stack. Both the total and partial
cross sections are seen to depend weakly on the thickness
of target previously traversed, with different exponential
indices for different reaction channels.

The simplest explanation for these increased cross sec-
tions for charge loss of Si, and the one we consider first,
would be that neutron removal reactions convert a con-
siderable fraction of the 2Si nuclei to lighter isotopes,
which probably have higher fragmentation cross sections
than 28Si does and are not distinguishable from %Si in our
detectors. A recent measurement®® of exclusive cross sec-
tions for projectile reactions 2!Si—>n+?’Si and
288121 +25Si in a thin Pb target gave ~570 and ~95
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mb, respectively, of which 264 and 3 mb were due to elec-
tromagnetic dissociation and the remainder were due to
nuclear spallation. Using these cross sections, the 13%
increase of o, with Pb thickness given in Table II and
Fig. 5 could be quantitatively accounted for if o4, of the
light isotopes of Si were nearly three times as large as
that of 28Si. Alternatively, if the cross section for all
neutron-removal processes with AZ =0 were higher than
for 1n and 2n alone, o, for the light isotopes of Si could
be less than three times as large as for 28Si. There exist
cases in which cross sections for fragmentation of unsta-
ble nuclides are greatly enhanced. For example, cross
sections for electromagnetic spallation of 'Li and *Be in
Pb are 40 and 80 times larger than that for '2C in Pb after
scaling the cross section by Z} (Ref. 6). Another con-
ceivable alternative is that an excited state of 2%Si is re-
sponsible for the larger cross section. If so, a fit to our
data constrains its proper lifetime to be greater than
7~1071% sec.

IV. INTERACTIONS OF PROJECTILE FRAGMENTS
WITH CHARGES 8<Z <14

Figure 6 shows our data for total charge-changing
cross sections and for one-charge-loss cross sections for
secondary projectile fragments with charges from 8 to 13
and for nuclei with Z =14 (*3Si + lighter isotopes of Si).
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Instead of plotting absolute cross sections, we have
chosen to plot an enhancement of the cross section rela-
tive to that expected for nuclei on the stability line. We
must explain how we chose the cross sections for primary
nuclei. For 2’Si we used the data of Brechtmann et al.*
For '%0, since no measurement at 14.54 GeV exists, we
used a logarithmic energy interpolation between the
values at high energies (60 and 200 4 GeV) (Ref. 2) and at
2.1A4 GeV.*® We assumed, for definiteness, that the total
fragmentation cross sections of primary nuclei from 9 to
13 lie on a linear interpolation between the values for 10
and 2%Si, and we plotted in Fig. 6 the percentage
difference between our measured cross section and this
linear interpolation. We note that almost all the cross
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sections of secondary nuclei are enhanced compared to
those of primary nuclei with the same charge.

We first discuss the data in Pb targets, drawing atten-
tion to three features: (1) Secondary beams of even-Z nu-
clei have total charge-changing cross sections o, > that
are 10—15 % higher than expected for stable nuclei. (2)
Secondary beams of odd-Z nuclei have 5-20 % higher
values of 0,,>,; than do neighboring even-Z nuclei.
Therefore, if primary beams of odd-Z nuclei were to have
Oaz>1~5-10 % higher than o,,>, for primary even-Z
nuclei, the enhancement for secondaries relative to pri-
maries would be ~10% for both even and odd species.
(3) Interactions involving the loss of one unit of charge
[see Fig. 6(b)] are not enhanced enough to account entire-
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ly for the increase in 0 5, > |, from which we infer that the
excess in the total charge-changing cross section is main-
ly contributed by processes with larger charge loss.

For the Cu data [Fig. 6(c) and (d)], with poorer statis-
tics than for the Pb data, there is weak evidence for an
excess in the total charge-changing cross sections but no
evidence for enhancement of the one-charge-loss cross
sections. (The apparent large excess at Zp=11 may be a
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Figure 7 shows o,; of secondary nuclei with
AZ=1-6 for Si, 1-5 for Al, 1-4 for Mg, 1-3 for Na,
1-2 for Ne, and 1 for F in various targets. For compar-
ison, the dashed line shows the data for primary 2Si. No
data for the partial cross sections of primary beams of F
to Al at these energies exist.

To explore further the global total charge-changing
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FIG. 7. (Continued).

cross sections of secondary beams, and to search for
anomalous nuclear fragments, it is useful to organize the
data in such a way that one can see the dependence of the
mean free path for charge-changing interactions of sec-
ondary fragments on the distance from the point of their
formation. Figure 8 presents these data for each of the
individual nuclear fragments with charge 8=Z <14.
Only statistical counting errors are included in the error
bars, and where not shown, error bars are smaller than
the size of the points. On such a graph the presence of an
admixture of anomalous fragments would be inferred if
there were a significantly depressed value of mean free
path in the first one or two bins. Figure 9 shows the re-
sults of a Monte Carlo calculation for a two-component
model in which there are a fraction f of anomalous frag-
ments with mean free path A,=rA, and a fraction
(1—f) of normal nuclei with mean free path A,. Clearly,
the typical values of the two parameters for anomalous
fragments reported by previous workers (f =5-10 % and
r=0.01-0.1) should yield a significantly depressed mean
free path in the first bin. Therefore, the absence of sys-
tematically depressed values of mean free path in the first
bins of Fig. 8 enables us to set a stringent limit on the
presence of an admixture of anomalous fragments. The
fitting to our data excludes the region in parameter space
of f and r at 95% confidence level shown by the shaded
region in Fig. 10. A fraction of 3% or more of anoma-
lous fragments with r <0.2 can be ruled out at 95%
confidence level. Our result thus excludes the anomalous
fragments with f=8.4% and r=0.0143 reported by
Karev et al.’” as well as values of f and r inferred from
other experiments in which positive claims for anomalous
fragments were made. The dashed curve in this figure
shows values of f and r that can give rise to a 10%
enhancement in total charge-changing cross sections for

interactions in each individual module. There do exist
values of f and r that can account for the data in both
Figs. 6 and 8. Values such as f=30% and »=0.75 seem
reasonable for the production of unstable isotopes with
moderately enhanced fragmentation cross sections rela-
tive to stable isotopes.
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FIG. 8. The local mean free path as a function of distance
downstream in Pb units (1 Pb unit = 1.6 cm of Pb + 0.22 cm of
CR-39 plastic) from the point of creation. To display all data
for different nuclear fragments in the same graph, the measured

MZp) have been displaced upward by the number of Pb units
indicated.
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V. ANGULAR DISTRIBUTIONS AND INFORMATION
ABOUT TRANSVERSE MOMENTUM OF FRAGMENTS

For a thick-target experiment, with an error in position
measurement of a few pum, it is possible to measure the
emission angle of projectile fragments in nucleus-nucleus
collisions with an accuracy ~0.1 mrad. Figure 11 shows
the experimental angular distribution for various frag-
ments produced in the first Pb target of stack 1 and in the
first Cu target of stack 2. Gaussian fits to the data yield
acceptable values of ¥? for every fragment charge in both
targets. The first three rows of entries in Table III give
x? per degree of freedom, mean angle {6), and angular
variance o4 A systematic increase of o4 with a decrease
in fragment charge is seen for both the Cu and Pb targets.

In addition to the finite angular resolution of our detec-
tors, there are two processes which contribute to the an-
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FIG. 10. Values of f and r in a two-component model for
enhanced cross sections. The shaded region is excluded by data
in Fig. 8. The dashed curve accounts for 10% overall enhance-
ments in 057>, given in Fig. 6. There exist values of f and r
that can explain the data in both Figs. 6 and 8.

gular distribution: multiple Coulomb scattering and
momentum transfer in projectile fragmentation. The ob-
served angular distribution is a result of the convolution
of three Gaussian distributions due to these three pro-
cesses. To infer the angular variance due to momentum
transfer alone, we carried out a two-step deconvolution
operation, the results of which are given in the lower
rows of Table III. First, we give the standard deviations
after correction solely for finite angular resolution, which
varies from sheet to sheet but should be independent of
fragment charge. For fragments with charge Z =14, al-
though lighter isotopes are produced by neutron
knockout reactions, the uninteracted isotope 4 =28 is
still dominant ( =70% of charge 14). It is thus reason-
able to assume that the standard deviation o, of charge
Z =14 after correction for angular resolution is due
mainly to multiple Coulomb scattering as the first order
of approximation. This assumption and the fact that the

TABLE III. Angular distribution parameter and transverse momentum of projectile fragments produced in collisions of 14.5 4
GeV Si beam with the first 1.6 cm Pb in stack 1 and the first 1.0 cm Cu in stack 2.

Fragment charge Target 14 13 12 11 10 9 8
x*/DOF for Pb 1.1840 1.1212 1.7535 1.1736 0.7414 1.5074 0.8553
Gaussian fit Cu 3.2912 0.6004 1.0699 1.0351 0.6549 1.6616 1.1306
Average angle Pb 0.7777 0.8353 0.9500 0.9595 0.9110 1.0269 1.0992
() (mrad) Cu 0.9034 0.9449 0.9264 1.0331 1.1613 1.1854 1.1276
Standard deviation Pb 0.6205 0.6665 0.7580 0.7656 0.7269 0.8193 0.8770
04 (mrad) Cu 0.7208 0.7539 0.7392 0.8243 0.9266 0.9459 0.8997
0, after correction Pb 0.5915 0.6395 0.7344 0.7422 0.7023 0.7976 0.8568
for resolution Cu 0.3994 0.4565 0.4317 0.5652 0.7061 0.7312 0.6704
g due to Pb ~0 0.2431 0.4352 0.4483 0.3785 0.5350 0.6198
variance in Py Cu ~0 0.2210 0.1637 0.3999 0.5823 0.6124 0.5384
op, (MeV/c) Pb ~0 92 152 143 110 140 163

(if 4/Z=2) Cu ~0 84 57 128 169 160 125
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multiple Coulomb scattering width depends only on
Z /Pf3, and thus is a function of the ratio 4 /Z, allows us
to subtract the contribution of multiple Coulomb scatter-
ing to angular variance for all the secondary fragments
by using the value for Z =14. The next to last sets of en-
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FIG. 11. Angular distribution of various detectable nuclei
(Z=28-14) produced in (a) the first Pb target of stack 1 and (b)
in the first Cu target in stack 2. The data are scaled by factors
of 1, 1, 10, 10% 10°, 10 and 10° for Si, Al, Mg, Na, Ne, F, and
O, respectively, in order to display all the distributions in one
figure. For y? of fit, average angle {8), and o, see Table III.

tries in Table III are the derived net angular variance o,
due only to the momentum transfer in projectile fragmen-
tation. The corresponding widths in terms of transverse
momentum o p_ for each fragment are given in the last

sets of entries. The errors in measurement of o p, are es-

timated to be ~20 and ~30 MeV/c for the Pb and Cu
targets, respectively.

An earlier study of '°C and !°0O at Bevalac energies®
showed that o, depends only on fragment and projectile,
not on the target or the beam energy [at least in the ener-
gy interval studied, (1-2)4 GeV]. A recent measure-
ment of o, for fragments C, N, and O in fragmentation
of 2004 GeV '%0 in Pb by Gerbier et al.?® confirmed the
independence of o p on energy in the region of (1-200) 4
GeV for '°O. A parabolic dependence of 0% on fragment
mass based on Fermi motion was proposed by many au-
thors®® and was shown by Greiner et al.* to give a plau-
sible fit to their data on fragmentation of 1.05 and 2.14
GeV 2Cand 2.14 GeV '%0. Figure 12 shows a fit of

0t =403M(Mp—My)/M3

to our data. Here Mp and M are the mass numbers of
the projectile and fragment nuclei, respectively, and o is
the fitted variable. In this fit, we assumed M,=2Z
since the mass of fragments was not measured in our ex-
periment. It should be noted that the final results change
less than 15% if we take isotope production into account
and use various possible A4 /Z ratios. The fit gives
0,=160 MeV/c with x? per degree of freedom of 2.4,
which is compatible with the result of Greiner et al. at
lower energies.

Since much of the cross section for fragmentation at
1454 GeV, at least for the Pb target, is due to elec-
tromagnetic dissociation, we infer from the above result
that the momentum transfer in electromagnetic dissocia-
tion is not markedly different from that in nuclear spalla-
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FIG. 12. Standard deviation in"the transverse momentum
distribution of projectile fragments produced in collisions of 2*Si
nuclei with Pb (solid circles) and Cu (open circles). The para-
bolic fit to the data (dashed curve) gives 0,=160 MeV/c.
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tion. We can understand this similarity in terms of the
following picture. In the fragmentation model the
momentum transfer due to nuclear spallation is related to
the Fermi motion of nucleons in the projectile nucleus by
0% =>50%73. In electromagnetic dissociation, the momen-
tum due to the Coulomb collision is given by
P;=2Z,Ze’/bv, where the impact parameter

b=1.35(A4)3*+ 4}73) fm .

The momentum transfers caused by these two processes
are similar in order of magnitude. Moreover, if the elec-
tromagnetic dissociation occurs via the absorption of gi-
ant dipole resonances, the derived decay energy is in the
possible region discussed in Ref. 51.

VI. CHARGE PICK-UP CROSS SECTION
AT 14.5 4 GeV

We followed ~ 75000 Si nuclei in Pb and ~ 32000 Si
nuclei in Cu and found one bona fide charge pickup
event. Charges measured at each surface of the stack of
CR-39 detectors are shown in Fig. 13 for this event. We
note that the event experienced a charge pickup reaction
in the third Pb and interacted again in the first CR-39
sheet after the fourth Pb, losing one charge and returning
to charge 14. The one-charge-loss reaction has a mea-
sured branching ratio of ~0.2 relative to the total
charge-changing cross section of Si in Pb. Based on one
event, we infer a charge pickup cross section of 0.07-1.3
mb for 14.54 GeV Si in Pb at 68% confidence level.
Based on a null result, we infer an upper limit of 0.9 mb
for charge pickup in Cu at 689% confidence level.

At Bevalac energies, the charge pickup cross section
has not been measured for a 28Si beam. To investigate
the energy dependence, we can either use an empirical
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FIG. 13. One charge pickup event found in this experiment.
The projectile experienced a charge pickup reaction in the third
Pb target and then returned to charge Z =14 by losing one
charge in the first CR-39 sheet after the fourth Pb target. In the
plots, the surface number is accounted in such a way that it in-
cludes surfaces of target.

formula derived from data at Bevalac energies (Ref. 40)
or simply interpolate logarithmically within data for a
charge pickup of >C, %0, *Ne, °Fe, %Kr, *®La, and
197 Au projectiles at Bevalac energies to get the cross sec-
tion of 28Si at ~14 GeV. In either case, the expected
cross section at (1-2)4 GeV is 07— ;=0.1-0.7 mb.
The agreement between this estimate and our data leads
to the interesting conclusion that there is essentially no
energy dependence of the charge pickup cross section in
the interval (1-14.5) 4 GeV.

The provocative conclusion by Ren et al.*C that the
charge pickup cross section at energies of ~(1-2)4 GeV
is proportional to A3 has not yet led to a quantitative
theoretical model. It would be interesting to extend mea-
surements of charge pickup another order of magnitude
higher in energy by using the 32S beam at CERN.

VII. ADDITIONAL DISCUSSION

The interaction cross sections of secondary nuclei, and
particularly the local interaction cross section as a func-
tion of distance from the creation point, have long been
used to characterize whether secondary fragments show
anomalous behavior. Two facts established in this
experiment—a global enhancement of ~10% in total
charge-changing cross section of secondary nuclei and a
stringent limit on the dependence of local mean free path
for charge-changing interaction on the distance from the
point of origin—exclude anomalous fragments with the
properties  usually  searched for (f=5-10%,
#r=0.01-0.1), but are consistent with a class of two-
component models in which a large fraction of fragment
nuclei has moderately enhanced interaction cross section.
The values of f and r allowed in our experiment seem
best accounted for in terms of production of weakly un-
stable isotopes. An acceptable fit to our data is obtained
if ~30% of the fragments produced in reactions of pri-
mary nuclei are weakly unstable (and thus less tightly
bound) isotopes with ~25% higher cross section than the
stable (and most tightly bound) isotope. This conclusion
does not necessarily imply new physics, but it does lead
to the prediction that, when it becomes possible to identi-
fy the masses of fragment nuclei produced at 14.5 4 GeV,
it will be found that their charge-loss cross sections are
enhanced by ~25% over those of stable nuclei. Our ex-
perimental findings provide no support for the existence
of ““classical”” anomalous fragments.

We observed that odd-Z fragments have higher
charge-loss cross sections than even-Z fragments, which,
in turn, have higher charge-loss cross sections than
values predicted by an interpolation between values for
32S and '°0. This result could come about in either of
two ways: (1) Primary (i.e., stable) odd-Z nuclei have
substantially higher cross sections than their even-Z
stable neighbors, in which case both even-Z and odd-Z
unstable secondary nuclei have cross sections enhanced
by similar amounts, of the order of 10%. (2) Both odd-Z
and even-Z stable nuclei have charge-loss cross sections
lying along an interpolation between values for 32S and
10 and odd-Z unstable secondary nuclei have charge-
loss cross sections enhanced by at least twice as much as
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even-Z unstable secondary nuclei.

Reviewing published studies of nuclear fragmentation
cross sections at the Bevalac and at Dubna, which in-
clude the recent systematic measurements by Webber
et al.,> we found no evidence for large enhancements of
cross sections of secondary nuclei, with the exception of
the studies of nearly unbound nuclides such as ''Li and
“Be. Of all the previous studies of secondary interac-
tions, only the one by Symons et al.?® had counting
statistics sufficiently good to detect a weak odd-even
effect. A careful inspection of their data shows that the
charge-changing cross sections for odd-Z projectile frag-
ments of 1.8 4 GeV Fe appear to be higher by 2-3 %
than those for the even-Z neighbor at Z =12. Our new
data seem to show that differences in charge-loss cross
sections for odd-Z and even-Z nuclei are substantially
larger at 14.5 than at (1-2) A4 GeV.

In the remainder of this section we comment on the
relative roles played by electromagnetic and nuclear spal-
lation in fragmentation at 14.54 GeV. A comparison of
the data taken with the two stacks shows that both the
Cu and the Pb targets create secondaries with similar
properties, namely, that secondaries have enhanced
charge-loss cross sections in a Pb target, whether they
were created in a Cu or a Pb target, and do not have
enhanced charge-loss cross sections in a Cu target. We
know that electromagnetic spallation is more important
in a Pb target than in a Cu target. We conclude that elec-
tromagnetic and nuclear spallation create the same types
of secondaries, but that the increased frequency of in-
teractions of these secondaries is mainly due to an in-
crease in the electromagnetic spallation cross section.
The much greater enhancement in charge-loss cross sec-
tions of odd-Z nuclei relative to even-Z nuclei at 14.5
than at 1-2 4 GeV, and for a Pb target rather than for a
Cu target, suggests that the odd-even effect is stronger for

electromagnetic spallation than for nuclear spallation.

Llope and Braun-Munzinger>® have shown that recent
data® on cross sections for a number of electromagnetic
dissociation reactions of 14.54 GeV 28Si are consistent
with a model of first-order electromagnetic excitation fol-
lowed by statistical decay of the excited nucleus. For
eight reactions ranging from ln to 2p2n, they found an
exponential decrease of exclusive cross section with
negative-Q value, corresponding to a factor of 1.24 de-
crease per 1 MeV change in Q. As an example, they pre-
dict a 335-mb cross section for 28Si breaking into
*He+2*Mg, with Q=—10 MeV. Based on their ex-
ponential relation, we would expect increases of 15-25 %
in the cross sections for alpha emission from 2’Si and 2°Si.
Typically, in cases of secondary beams of interest in the
present work, the Q values are 1 or 2 MeV less negative
for charged-particle emission from off-stability isotopes
than for their stable neighbors. This would imply in-
creases by 25-55% in cross sections for specific reac-
tions. It would be interesting to use the model of Llope
and Braun-Munzinger to make quantitative predictions
of o, for off-stability projectiles.

We are currently engaged in a study of the behavior of
nuclear fragments with charge Z;=6-15 produced at
CERN in interactions of a 200 GeV/nucleon 3?S beam
with Cu and Pb targets.
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