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Relativistic iron, lanthanum, holmium, and gold projectile nuclei with several different energies
have been fragmented in targets of polyethylene, carbon, aluminum, copper, and lead. Our detec-
tors cleanly resolve the individual charges of the heaviest of these fragments and provide some limit-
ed information on the masses. We have measured 1256 elemental partial cross sections for the pro-
duction of fragments from interactions in these target materials. Values have been derived for
another 417 cross sections in a hydrogen medium. These cross sections depend on the energy and
mass of the projectile nuclei as well as on the nature of the target. Total charge-changing cross sec-
tions were also found, but only in a composite target, and have been shown to be weakly dependent
on energy. The mean mass losses observed for fragments that have lost a few protons show that typ-
ically many neutrons are lost with each proton, producing fragment nuclei that must be highly pro-
ton rich, and consequently very unstable. The cross sections for charge pickup on heavy targets
show a rapid increase with decreasing energy, particularly for the heaviest targets. The systematics
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of the dependencies of the partial cross sections will be discussed in a companion paper.

I. INTRODUCTION

In this paper we report the experimental results from
our analysis of heavy-fragment nuclei produced by in-
teractions of several different projectiles in various target
materials observed in an inclusive experiment conducted
at the Lawrence Berkeley Laboratory’s (LBL) Bevalac
particle accelerator. In a companion paper' we will
present global fits to the data, based on the systematics
observed in the trends of the cross sections for the pro-
duction of fragments from these projectiles. These fits al-
low the prediction of those cross sections that are not
measured directly.

The experimental objective of this experiment was to
measure the elemental cross sections for the production
of heavy-fragment nuclei from charge-changing interac-
tions between heavy-projectile nuclei with energies of at
least several hundred MeV/nucleon and various target
nuclei. Our scientific motivation was predominantly
directed at the astrophysical problems of the propagation
of cosmic ray nuclei through the interstellar medium, and
at the nuclear physics of these peripheral relativistic
nucleus-nucleus interactions. In addition, we were also
concerned with the application of the cross sections and
other results to the calibration and correction of data
from instruments used to detect cosmic ray nuclei in the
vicinity of the Earth. In particular we were concerned
with how they related to our own earlier experiment” on
the NASA High-Energy Astronomy Observatory (HEAO
3) Heavy-Nuclei Experiment (HNE), which was designed
to detect the very rare ultraheavy (UH) nuclei, those with
Z 230, present in the cosmic radiation.

These interactions of high-energy heavy nuclei with
various target nuclei are interesting in themselves, as an
aspect of nuclear physics still not thoroughly under-
stood.® Extensive earlier studies of fragmentation in
peripheral interactions have been mainly confined to
studies with projectile nuclei lighter than nickel and
hence with smaller total kinetic energies.*”7 The sys-
tematics of the yields of the different fragment species
that we find in this work appear to have no obvious
theoretical justification, but are so striking and simple
that they must surely represent a fundamental aspect of
the manner in which heavy nuclei are disassembled dur-
ing the peripheral interactions which leave the large frag-
ments that we are studying in this work.®*° With our
detector we could only observe the summed charge of the
particles produced by the breakup of the projectile nu-
cleus and hence we were unable to study the multifrag-
mentation that is known to occur with greater frequency
as the interactions become more central.!%!" However,
because of the dependence of the detector signals on Z?2,
in interactions where the projectile is less completely dis-
rupted, the heaviest fragment dominates the total signal,
allowing an inclusive measurement of the yields of these
fragments.

We have conducted two previous experiments at
the LBL Bevalac along similar lines to the one reported
in this paper. The detectors have undergone significant
improvements, with better resolution and signal-to-noise
ratios. At the same time the capability of the Bevalac to
provide a wide range of projectiles, with different energies
and species has also improved. The experiment of Ref.
12 sampled one projectile (Au) at one energy on two tar-
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gets and could be characterized by a charge resolution for
energetic gold nuclei of =0.4 charge units (cu). The ex-
periment of Ref. 13 sampled four projectiles on at most
three targets at one energy each, with a charge resolution
of =~0.3 cu. The present experiment sampled four projec-
tiles, each with up to six energies, mostly on four targets,
and with a charge resolution of =~0.2 cu.

Significant results from the analysis of the earlier ex-
periments to which we will need to refer to this paper in-
cluded the derivation of an expression for the total
charge-changing cross sections = of heavy-projectile nu-
clei of mass number 4, on various targets of mass num-
ber A;. The expression derived'* is

S=107r3[ A} + A3 —0.209( dp+ A7), (1)

where ry is 1.35 and 2 is in mb. This formula fits the
cross sections for projectile nuclei heavier than iron.
Earlier, Westfall et al.'> derived a similar expression, but
with a fixed overlap term, based on the original formula
of Bradt and Peters, '® for projectile nuclei lighter than
iron, of the form:

Sp=10mr3(4})3+ 413 —0.83)2 . )

For both formulas, one must substitute 0.089 for the
mass number of 1 when a hydrogen target is considered.
These two expressions match very closely for iron-
projectile nuclei 4, =56 but diverge outside their ranges
of applicability. In both cases it is assumed that there is
no significant energy dependence over the range of ener-
gies studies. In Sec. III E we show that this assumption is
only valid to some 10%, but that this weak energy depen-
dence only introduces a 1% systematic uncertainty into
our derived partial cross sections.

In this study we have mainly expressed our results in
terms of the kinetic energy per nucleon of the projectile
nuclei, rather than in terms of the total kinetic energy of
the projectile, in either frame of reference. The energy
per nucleon represents the velocity of the nuclei and ex-
perimentally describes the expected response from our
detectors.  Furthermore, from an astrophysical
viewpoint, it describes and organizes the nuclei observed
in the cosmic radiation. Earlier studies of target frag-
mentation,®~"!” done mainly with lighter projectiles,
have generally supported the hypothesis of “limiting
fragmentation” where the total projectile kinetic energy
is the important parameter that describes the fragmenta-
tion in peripherical interactions, with the yields reaching
asymptotic values at a few GeV. In our case, where the
projectiles were almost always significantly heavier than
the target nuclei, the relevant energy would be that of the
target nucleus as seen in the rest frame of the projectile.
In the analysis of our data, presented in the companion
paper, we have examined this hypothesis and found that
for these heavy projectiles and light targets, limiting frag-
mentation is only accurate to some 30%. Hence, while
assuming its validity can allow us to make some useful
predictions about the expected behavior of heavy high-
energy projectiles on a hydrogen target, it provides a less
precise representation of the fragmentation on heavy tar-
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gets than that obtained from our own representations,
which are expressed in terms of the energy per nucleon,
and appear to have an accuracy of better than 10%.

II. EXPERIMENTAL

A. Description of counters

The detector for the run reported here consisted of an
array of parallel-plate gas-ionization counters and light
diffusion box Cherenkov counters with Pilot 425 radia-
tors. A multiwire proportional counter (MWPC) was
mounted directly in front of the Cherenkov counters and
was used for position determination. This detector is il-
lustrated schematically in Fig. 1, which shows the
configuration of counters and the location of the target
holder. Projectile nuclei entered I-1 after traversing a
thin vacuum window and some 2.5 m of air. The
thicknesses of all the materials used in the detector, apart
from the targets, are listed in Table I.

Beam

35cm I-1
4cm Target
35cm I-2
13cm | I MWPC

8 PMT's C-1
29 cm

8 PMT's C-2

36 cm
35cm I-3
4cm
35cm I-4
FIG. 1. Schematic diagram of the detector. Ionization

counters are designated I and Cherenkov counters C. The tar-
get and the multiwire proportional counters, MWPC, are
mounted as shown.
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TABLE I. Thickness of all permanent materials used in the detector.

Ion chamber

Name Material cm g/cm? %
em shield aluminum 0.0127 0.0344 25.1
Space air 2.625 0.003 39 2.5
Bag Mylar 0.00127 0.0017 1.2
Gas P10 1.00 0.01067 1.2
Electrode Mylar 0.000 635 0.000 826 0.6
Gas P10 7.015 0.0126 9.2
Electrode Mylar 0.000 635 0.000 826 0.6
Gas P10 7.015 0.0126 9.2
Electrode Mylar 0.000 635 0.000 826 0.6
Gas P10 7.015 0.0126 9.2
Electrode Mylar 0.000 635 0.000 826 0.6
Gas P10 7.015 0.0126 9.2
Electrode Mylar 0.000 635 0.000 826 0.6
Gas P10 1.00 0.00167 1.2
Bag Mylar 0.001 27 0.0017 1.2
Space air 2.625 0.003 39 2.5
em shield aluminum 0.0127 0.0344 25.1

Cherenkov detector

Name Material cm g/cm? %
Light window aluminum 0.0127 0.0343 2.2
Paint “aluminum” 0.0055 0.4
Millipore polyethylene 0.0062 0.4
Space air 14.4 0.0186 1.2
Radiator Lucite 0.569 0.677 44.0
Millipore polyethylene 0.0062 0.4
Paint “aluminum” 0.006 0.4
Light window aluminum 0.0127 0.0343 2.2
Paint “aluminum” 0.0055 0.4
Millipore polyethylene 0.0062 0.4
Space air 13.5 0.0174 1.1
Radiator Lucite 0.566 0.674 43.8
Millipore polyethylene 0.0062 0.4
Paint “aluminum” 0.006 0.4
Light window aluminum 0.0127 0.0343 22

MWPC

Name Material cm g/cm? %
Window Mylar 0.000 635 0.000 826 2.6
Gas Ar-5% CO, 0.1778 0.000 329 1.0
Ground plane Mylar 0.000 635 0.000 826 2.6
Gas Ar-5% CO, 0.1176 0.002 055 6.4
Cathode Mylar 0.00127 0.001 651 5.1
Gas Ar-5% CO, 0.698 5 0.001 286 4.0
Ground plane Mylar 0.000 635 0.000 826 2.6
Gas Ar-5% CO, 0.703 58 0.006 344 19.6
Cathode Mylar 0.00127 0.001 651 5.1
Gas Ar-5% CO, 1.1176 0.002 055 6.4
Ground plane Mylar 0.000 635 0.000 826 2.6
Gas Ar-5% CO, 1.1778 0.000 329 1.0
Window Mylar 0.000 635 0.000 826 2.6
Gas Ar-5% CO, 0.49276 0.000 906 2.8
Space air 9 0.01161 35.9
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TABLE 1. (Continued).

1986 Instrument (summary)

Name Material cm g/cm? %
Vacuum Mylar 0.0654 0.085 3.3
window
Space air 250 0.3225 12.5
I-1 ion chamber 35.34 0.14 53
Target space air 4 0.005 16 0.2
I-2 ion chamber 35.34 0.14 5.3
MWPC 13.49 0.03 1.3
C-1&2 Cherenkov 29.07 1.54 59.6
Space air 36 0.046 44 1.8
I-3 ion chamber 35.34 0.14 5.3
Target space air 4 0.005 16 0.2
14 ion chamber 35.34 0.14 5.3

Ion counters yield signals proportional to the ioniza-
tion produced by fast-moving charged particles in the
gas. For particles with a unique velocity the signal
should be proportional to the square of the charge, and
no evidence of saturation effects was seen in these
counters.'® The electrodes in the ionization counters
were made of thin foils (aluminized Mylar) and hence the
thickness of each counter was only about 0.002 of a nu-
clear interaction length for UH nuclei. The resolution of
these ion counters showed an excellent improvement over
those used in earlier runs, due to greater electrical stabili-
ty and an increased thickness of gas resulting in greater
statistical accuracy. Each counter consisted of four 7-
cm-wide electrode gaps or chambers filled with P10 gas, a
mixture of argon with 10% methane.

The Cherenkov counters were two structurally con-
nected but luminously separate diffusion boxes, basically
truncated square pyramidal aluminum boxes, coated with
white paint. The phototubes were angled away from the
radiators, so that light received at the tubes was reflected
at least once from the surface of the boxes. The paint
served to diffuse the light from the radiator so as to in-
crease the uniformity of the signal over the area of the
detector. The radiators were each 0.57-cm-thick Pilot
425 plastic, which is chemically similar to lucite
(CsH40,), but doped with a wave shifter which converts
ultraviolet light to blue and reemits it isotropically. This
wave shifter approximately doubles the signal detectable
by the phototubes. Each radiator was =<0.1 of an in-
teraction length thick for UH nuclei. Each counter had
eight phototubes arranged in a plane perpendicular to the
beam axis, two on each side.

The resolution of both the Cherenkov counters and the
ion chambers was improved over that obtained previous-
ly. The resolution from the data reported in Ref. 13 for
xenon projectiles with an energy of 1239 MeV/nucleon in
the center of the target was about 0.4 cu for the ion
chambers and 0.17 cu for the Cherenkov counter.'® In
the data reported here, the comparable values were 0.31
and 0.12 cu, respectively, for lanthanum projectiles with
an energy of 1161 MeV/nucleon in the center of the tar-
get. The improved resolution of the ion chambers al-
lowed us to exclude events in which the projectile nucleus

(or fragment nucleus produced in a target) interacted in
the material of the Cherenkov detector. In the worst
case, that of the gold projectiles, interacting nuclei that
produced fragments with a charge change, AZ, of
|AZ| <2 cu, were not completely eliminated, and, in ad-
dition, there were a few interactions in the small amount
of material in the ion chambers. Hence we used runs
with no target present, target-out runs, at corresponding
energies to the target-in runs to correct for such interac-
tions. This correction is described in Sec. III C 1.

B. Corrections to raw data

Each event was defined by 16 pulse-height signals, one
from each detector, and bits which indicated the status of
the detectors (triggered or not triggered). Not all parti-
cles passing through the detector triggered a recordable
event, and not all recorded events had acceptable signals
(Sec. IIB1). Nor were all recorded events initiated by
particles of the projectile type (Sec. II B3). In addition,
the signals from the Cherenkov detectors had to be
corrected for a systematic variation with the position of
the particle path in the radiators, even though this varia-
tion was much less than that in the 1984 experiment (Sec.
IIB2). In the following subsections we discuss a number
of these corrections.

1. Number of incident particles

We chose triggers in the multiwire proportional
counter as the criteria for an event to be recorded during
the run. The reasons were mostly historical. Because it
was the least sensitive detector, triggers in all four of the
MWPC’s signal channels would guarantee measurable
signals in the other detectors. It was also necessary to
have a reliable determination of the trajectory of every
particle through the Cherenkov radiators, since the signal
in the Cherenkov counter varied significantly with posi-
tion. This led to the MWPC being placed behind the tar-
get, close to the Cherenkov counter. As a consequence
particles undergoing collisions in the target which caused
them to break up into small fragments (with the largest
fragment being less than or approximately 0.33Z,;, and
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the rest of the mass in singly or doubly charged particles)
did not trigger the system and hence were not recorded.
We estimated the number of unrecorded legitimate pro-
jectile particles to vary between 5% and 30% of the
recorded particles, depending on the setting of the
discriminator levels and the type and energy of the pro-
jectile. Thus the total numbers of projectile particles
entering the detector are not measured and we can only
determine relative, but not absolute, total or partial in-
teraction cross sections directly from the data.

However, the number of incident projectile particles
can be deduced from a knowledge of the total cross sec-
tions, the thickness of the material in the detector, and
the number of surviving projectile particles. Hence, by
using Eq. (1) or (2), as appropriate, absolute cross sections
can be determined. These absolute cross sections are not
very sensitive to the precise values assumed for the total
cross sections, since none of the targets was more than
0.25 of a mean free path thick. In addition, we can per-
form a check on Eq. (1) by using the material of the
Cherenkov detector as a target. These data provide us
with some indications of the possible energy dependence
or lack of it for total charge-changing cross sections. De-
tails of the analysis of the total cross sections are given in
Sec. IIT E.

2. Mapping correction and position selection

In previous runs the mapping correction for the
nonuniformity of response over the area of the Cheren-
kov radiator was found to be as much as 7%, which for
Au nuclei implied the need to apply a correction of up to
3 cu. For this run, the Cherenkov detector was much im-
proved, and the maximum mapping correction was about
+1.5%, or about 0.6 cu for Au nuclei. There were no
significant mapping corrections for the ion chambers in
any of the runs.

In order to avoid any saturation effects in the ion
chambers the projectiles from the Bevalac were defocused
over a spot of several cm in diameter. We measured the
positions of the particles in our detector with the MWPC,
with an accuracy of 1 mm. It was assumed that the posi-
tions in the MWPC could be mapped directly on the radi-
ators, neglecting any divergence of the projectile or the
produced fragments. Even at the lowest energies used
here, where fragments could be emitted at angles of up to
35 mrad from the projectile direction,'® this divergence
could introduce an uncertainty of less than 1.4 cm in the
location of the impact point in the second radiator. This
location uncertainty would lead to a charge uncertainty
of less than 0.1 cu. At higher energies, where the
Cherenkov signal is more important to the overall charge
resolution, these uncertainties would be appreciably less,
because the angular spread of the fragments is reduced.

Using intentionally defocused beams of La and Fe pro-
jectiles, we constructed signal maps of the two Cherenkov
radiators over the central part of the radiator. The two
sets of maps thus constructed did not differ significantly.
In this analysis, the La maps were used, because La is
closer in charge and signal level to most of our data.
These maps were used to correct the Cherenkov signals.

J. R. CUMMINGS et al. 42

Over the range of positions used, the maximum correc-
tion was less than 1.6%, with an average correction of
0.4%.

3. Selection of projectile particles

The beam from the Bevalac was not completely
“clean” but contained a small fraction ( =2%) of parti-
cles with different charge than those injected, presumably
produced by interactions earlier in the beam path. In ad-
dition, there were some pile-up events with two or more
particles entering the detector within the coincidence
window and having signals double or triple the signals of
single projectile particles. We made a selection for pro-
jectile particles based on the signals in the front ion
chamber. Events to be accepted were required to have
signals in the two halves of the chamber within 2 stan-
dard deviations of the peak of the projectile signals. In
the worst case, that of a high-energy gold projectile, this
corresponded to a value of 0.92 cu. In this case, the
probability that a particle with |[AZ|=1 would pass the
selection in both halves of the detector is 0.19, while the
probability of a particle with |AZ|=2 passing is vanish-
ingly small. For the best case, that of an iron projectile,
the 2-standard-deviation requirement corresponds to 0.15
cu, and essentially no particles passing the selection are
of different charge than that of the projectile. In order
for an event in which two or more nuclei entered together
to pass, the particles would have to have a fortuitous
combination of charges so as to mimic the signal of a sin-
gle projectile particle. Examination of the data indicates
that the probability of such events is negligible.

Three runs with high-energy lanthanum projectiles
were an exception. During these runs, the protective
cover on the thin window to the vacuum of the particle
accelerator was inadvertently left in place. This cover
was a piece of 1.905 cm plywood. The thickness and den-
sity of the cover was equivalent to =1.5 g/cm? of po-
lyethylene, or 0.3 interaction length for lanthanum. The
projectiles lost about 75 Mev/nucleon to ionization ener-
gy losses while passing through the plywood. However,
there was no indication in the appearance of the data or
in the final results that, after the appropriate corrections,
the plywood runs were unusual, and we have included the
results from these runs in our analysis, because they were
at a unique energy.

4. Selection for noninteraction in the detector

The Cherenkov detectors had thick enough radiators
to cause 10% to 20% of the projectile nuclei and frag-
ments to interact. In order to select those particles which
did not interact in the detectors we required consistency
between the ion counters before and after the Cherenkov
detector. The signal in the ion counter just behind the
target holder position (I-2) and the sum of the signals of
the ion counters following the Cherenkov detector (I-3
and I-4) were required to be consistent within 2 standard
deviations. This noninteraction selection excluded many
of the events with |AZ|==1 occurring in the detector,
most of those with AZ=—2, and essentially all with
|AZ]|>2.
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C. The targets

The choice of target thickness was governed by a num-
ber of conflicting requirements. They should be thin to
minimize energy loss and multiple interactions; but thick
to maximize the efficiency of the limited running time
available, to minimize the relative importance of correc-
tions for overlap of the signals from the large projectile
peak with the small peaks due to fragments with small
|AZ|, and to minimize the relative importance of correc-
tions for particles interacting in the material of the detec-
tor. In general, targets used in this run were somewhat
thicker than those used previously, e.g., about 0.32 mean
interaction length for lanthanum on polyethylene as op-
posed to about 0.21 for xenon on polyethylene. This
means that although the statistical uncertainties for each
charge peak were decreased, and the importance of back-
ground corrections was reduced, the correction for multi-
ple interactions in a thick target was more critical than in
the analysis of the experiment of Ref. 13. We chose the
thicknesses of the different targets so that in general the
energy loss was =100 MeV/nucleon, and thus was
significantly less than the energy differences between
different runs. This had the consequence that for compa-
rable exposures fewer fragments were produced in the
heavier targets. Table II lists the thicknesses of targets
used for each projectile-energy-target combination.

We used carbon (C), polyethylene (CH,), aluminum,
(Al), copper (Cu), and, for the iron projectiles only, lead
targets. The cross sections for the fragmentation of a
projectile on targets of carbon (o) and the average cross
sections per nucleus of polyethylene (UCHZ) could be used

to obtain the cross sections on a hydrogen target by sub-
traction

0H=0.5(30CH2—0C) . (3)

The interactions with hydrogen are of astrophysical in-
terest because hydrogen is the dominant component of
the interstellar medium. From a nuclear-physics
viewpoint they can be compared with fragmentation re-
sulting from proton bombardment of heavy targets. Car-
bon also provided a sample of a light target nucleus.
Aluminum is an important component of the material
surrounding many particle detectors in space and balloon
experiments, so a detailed knowledge of its cross section
permits better correction for the interactions of cosmic
rays in this material. It was also a sample of a medium-
mass nucleus. Copper was a sample of a moderately
heavy nucleus. There was insufficient running time to
permit the use of really heavy target nuclei, which re-
quire significantly longer exposure times.

TABLE II. Targets, energies, projectiles, and numbers of particles.

Energy at Target thickness

Energy loss

Number of particles

top of target Target (interaction of beam Number of incident breaking up and
(MeV/nucleon) type cm (g/cm?) length) (MeV/nucleon) beam particles not triggering (estimate)
Gold beam
618 CH, 1.346 1.252 0.3031 118 2250571482 17782
723 CH, 1.346 1.252 0.3031 110 1919091438 9206
821 CH, 1.346 1.252 0.3031 106 170879+413 5204
968 CH, 1.346 1.252 0.3031 101 161 505+401 4039
618 C 0.826 1.520 0.2063 113 164515+416 8702
723 C 0.826 1.520 0.2063 105 178 984+424 5426
821 C 0.826 1,520 0.2063 102 1555231394 1726
968 C 0.826 1.520 0.2063 97 1769441419 1248
618 Al 0.635 1.715 0.1227 113 2742651532 11156
723 Al 0.635 1.715 0.1227 106 272783+523 5655
821 Al 0.635 1.715 0.1227 103 2545131503 3903
968 Al 0.635 1.715 0.1227 97 275 888+524 4412
618 Cu 0.216 1.929 0.0752 111 478 8441704 14 126
723 Cu 0.216 1.929 0.0752 104 443 6071666 2146
821 Cu 0.216 1.929 0.0752 101 4201281646 4879
968 Cu 0.216 1.929 0.0752 97 3517761591 3398
Holmium beam
548 CH, 1.549 1.441 0.3176 124 120 888+348 10764
822 CH, 1.549 1.441 0.3176 104 1197591345 4610
976 CH, 1.346 1.252 0.2759 87 1434641378 5673
548 C 0.953 1.754 0.2198 119 167 7451411 17111
822 C 0.953 1.754 0.2198 100 154947+393 2635
976 C 0.826 1.520 0.1905 83 135321+367 4825
548 Al 0.736 1.987 0.1321 119 180416+426 19790
822 Al 0.736 1.987 0.1321 101 244 1491+494 4443
822 Cu 0.254 2.268 0.0827 101 389816+624 3896
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TABLE I1. (Continued).
Lanthanum beam
543 CH, 0.838 0.779 0.1567 66 1719501414 7986
675 CH, 1.829 1.761 0.3548 118 1334311365 10927
828 CH, 1.829 1.761 0.3548 110 139483+373 9582
956 CH, 1.829 1.761 0.3548 105 1164271341 7681
1130* CH, 1.829 1.761 0.3548 102 692821263 4554
1214 CH, 1.829 1.761 0.3548 100 999224316 6979
543 C 0.508 0.935 0.1087 63 1521871390 4901
675 C 1.118 2.057 0.2391 109 1144891338 5193
828 C 1.118 2.057 0.2391 102 124 939+353 6065
956 C 1.118 2.057 0.2391 97 1145411338 5708
1130* C 1.118 2.057 0.2391 95 989321314 5402
1214 C 1.118 2.057 0.2391 93 1356211368 7698
543 Al 0.406 1.096 0.068 65 178 1841422 4674
675 Al 0.889 2.400 0.1489 113 195250t441 7981
828 Al 0.889 2.400 0.1489 106 1817611426 7838
956 Al 0.889 2.400 0.1489 101 1777791421 7507
1130° Al 0.889 2.400 0.1489 98 1328781364 5598
1214 Al 0.889 2.400 0.1489 96 2159631464 9226
543 Cu 0.140 1.250 0.0428 65 139599+373 2209
675 Cu 0.305 2.724 0.0933 112 385038+620 12097
828 Cu 0.305 2.724 0.0933 105 354 385+595 9444
951 Cu 0.305 2.724 0.0933 101 340518+583 9823
1214 Cu 0.305 2.724 0.0933 96 259493+509 6521
Iron beam
1593 C 1.944 3.577 0.2848 46 1377524371 10007
1593 Al 1.524 4.115 0.1806 48 1944721441 11026
1593 Cu 0.521 4.653 0.1163 48 333967577 12580
1593 Pb 0.655 7.450 0.0886 60 3779671614 12853
2Plywood beam window cover in place; see Sec. II B4.
III. DETERMINATION OF CROSS SECTIONS 40
A. Introduction
The number of particles of each charge leaving the tar- 30
gets was determined from a combination of the signals =
from the Cherenkov and iron chambers; e.g., Fig. 2, see go
Sec III B. The data were reduced to histograms of the 5
number of events per combined signal level, with these £ 20
signal levels being nearly proportional to the square of £
the charge of the largest fragment; e.g., Fig. 3. These his- £
tograms have distinct peaks, nearly Gaussian in shape, -
corresponding to each charge from that of the projectile 10
nuclei Z,; down to |AZ|=~0.5Z . Clearly it is not
difficult to resolve the individual fragments from data of
this quality.
The signal level for any one event was formed from the
combined signals of all the individual fragments of the % 1000 2000 3000 4000

projectile nucleus exiting the target and was proportional
to the sum of the squares of the charges of the particles.
Except in the case of the gold projectile, the largest frag-
ment always had a much higher charge than any of the
other fragments for |AZ| < 50% of Z ... For still larger
|AZ|, the effect of the other lighter fragments became im-
portant enough to smear the resolution of individual
charge peaks. For gold, which has a significant probabili-

Cherenkov detector signal

FIG. 2. Plot of the sum of ionization counter signals versus
the sum of the Cherenkov detector signals for 1165
MeV/nucleon La on polyethylene. The total number of events
shown is 22 777, while 47 537 are excluded in the ellipse around
the projectile peak. Each dot may represent more than one
event.
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FIG. 3. Histogram of combined ion chamber and Cherenkov signals for 1165 MeV/nucleon La on polyethylene from Fig. 2. Max-

imum peak height of 2260.

ty for undergoing fission, ' the two fragments produced
by events with symmetric fission had a combined signal at
a nominal AZ = —23, spreading up to slightly less nega-
tive values of AZ as the fission becomes more asym-
metric, and spreading broadly down as the number of
subsidiary fragments increases (“‘dirty” fission). The
peaks due to individual fragments in this charge region,
although still resolvable, consequently had an additional
component of fission interactions which produced a con-
tinuous background. These background events were
counted along with the events in the corresponding
charge peaks, and are reflected in apparent excess cross
sections when compared to the general trend of the cross
sections with AZ. The specific cross sections that can be
derived for the fission process will be discussed in the
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Cherenkov detector signal

FIG. 4. The sum of ionization counter signals versus the sum
of the Cherenkov detector signals for a 621 MeV/nucleon La
projectile on a polyethylene target.

companion paper. !

The counts observed in the charge peak are for those
events where the particles did not interact in the material
of the detector. To find the numbers of particles of each
charge produced in the target we corrected for those that
did interact, by using the total charge-changing interac-
tion cross sections from Eq. (1). We also corrected for
the effects of secondary interactions where particles in-
teracted more than once while passing through the tar-
get. This “thick-target correction” is discussed in Sec.
IIIC3. Cross sections for the production of nuclei of
each AZ were determined by comparison of the corrected
numbers of particles of each charge produced in the tar-
get to the number of entering projectile particles. This
number was deduced for each run from the number of

S00 T T T T

400 |- B

200 F 4

Number in bin

1 Pl "

) 1
550 600 650 700 750

Combined signals

FIG. 5. Expanded histogram of combined signals from Fig.
4, showing the peaks from AZ=+1to —6.
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surviving particles and the total cross sections for
charge-changing interactions in the detector and in the
target, as described in Secs. IIB 1 and III C 2.

B. Signals

For each run we constructed a charge histogram from
a combination of the Cherenkov and ion chamber signals
in the instrument. To combine the individual ion
chamber and Cherenkov counter signals into single sig-
nals, we used weighting factors which gave the best ratio
of signal to dispersion for the total signal.

There were considerable variation in dispersion, as
measured in cu, between the ion counter and Cherenkov
signals from projectile to projectile and energy to energy.
The Cherenkov signals were greatly reduced at lower en-
ergies, with larger relative photon statistical fluctuations,
while the ion chamber signals were somewhat increased.
At the higher energies, neither type of detector was very

sensitive to energy and thus, at these energies the best
charge resolution is obtained by combining the signals
weighted according to the standard deviation for each.
At lower energies, the best charge resolution is obtained
by combining the signals with weighting found from the
energy response of the two types of detectors. In prac-
tice, the weighting was found from the scatter plots of ion
counter signals versus Cherenkov signals, e.g., Fig. 4, by
determining the slopes of the major axes of the roughly
elliptical distribution observed on these plots for each
charge. The resolution obtained, Fig. 5, is not
significantly improved by slight variations of the weight-
ing from those found by eye and straight edge, so a sim-
ple visual fit was used to determine the slopes of the axes.
When there was no target only a few particles interacted
in the small amount of material between I-1 and I-2,
hence, the slopes of the ellipse axes in the target-out runs
are not well defined. Instead, the weighting for target-in
runs was used for the corresponding target-out runs.

TABLE III. Corrections for La on CH, at 1163 MeV/nucleon.

Number in beam =99922+316

Total cross section =1682.6 mb

Number Target-out Number Number at First estimate of Thick-target Cross section

AZ counted correction in peak top of detector  cross section (mb) correction (mb) (mb)

1 238.8+16.4 308.2+18.4 16.3 3.6+0.7 19.9+1.4
0 52871.3+229.5 68176.0+£260.7

-1 2443.2+52.7 3147.3£59.0 166.8 36.2+2.4 203.0+4.5
-2 1579.8+40.2 2024.9+45.4 107.3 18.3+1.8 125.6+3.3
) 1333.0 12.1 1320.9+36.6 1691.4+41.4 89.6 13.3+1.6 103.0+3.0
—4 1148.6 9.2 1139.3+34.0 1451.4+38.3 76.9 9.5+1.4 86.5+2.7
=5 1120.0 7.5 1112.5+33.6 1414.31+37.8 75.0 8.6t1.4 83.6+2.6
—6 909.3 6.4 902.9+30.2 1143.1£34.0 60.6 4,9+1.2 65.412.3
-7 940.7 5.5 935.2+30.7 1180.3+34.5 62.6 5.2+1.2 67.7+2.3
—8 812.0 4.9 807.1+£28.6 1015.5+32.0 53.8 3.0t1.1 56.8+2.1
-9 729.0 4.4 724.61+27.1 908.7+30.3 48.2 1.8+1.0 50.0+1.9
—10 649.0 4.0 645.0+25.5 805.4+28.5 42.7 0.81+0.9 43.4+1.8
—11 588.0 3.6 584.41+24.3 728.1+27.1 38.6 0.21+0.8 38.7x1.7
—12 512.0 33 508.7+22.7 631.6+25.2 335 —0.6+0.8 32.9£1.5
—13 471.2 3.1 468.1+21.8 579.31+24.2 30.7 —0.81+0.7 29.9+1.4
—14 380.2 2.9 377.3£19.6 465.9+21.7 24.7 —1.7£0.6 23.0+1.2
—15 328.6 2.7 325.9+18.2 401.3120.2 21.3 —1.81+0.6 19.4%+1.1
—16 286.9 2.6 284.3+17.0 348.1+18.8 18.5 —2.0+0.5 16.5+1.0
—17 277.1 2.4 274.7£16.7 334.6+18.4 17.7 —1.7+0.5 16.1£1.0
—18 251.0 2.3 248.7+15.9 302.1£17.5 16.0 —1.710.5 14.3+1.0
—19 246.2 2.2 244.0+15.7 295.6+17.3 15.7 —1.410.5 14.3+1.0
—20 234.3 2.1 232.2+15.4 279.9+16.8 14.8 —1.3+04 13.5+0.9
—21 213.5 2.0 211.5+14.7 254.3+16.1 13.5 —1.3+04 12.1+0.9
—22 197.8 1.9 195.9+14.1 234.2+15.4 12.4 —1.3+04 11.1+0.8
—23 200.3 1.8 198.5+14.2 236.4+15.5 12.5 —1.1+04 11.4+0.9
—24 177.8 1.8 176.0+13.4 208.7t14.6 11.1 —1.2+0.4 9.84+0.8
—25 196.3 1.7 194.6+14.1 230.3+15.3 12.2 —0.9+04 11.3+0.9
—26 171.8 1.6 170.2+13.2 199.9+14.2 10.6 —1.1+04 9.51+0.8
—27 170.5 1.6 168.9+13.1 197.5+14.2 10.5 —1.0+03 9.5+0.8
—28 184.6 1.5 183.1+13.6 213.41+14.7 11.3 —0.8+04 10.51+0.8
—29 177.1 1.5 175.6+13.3 203.5+14.4 10.8 —0.9+04 9.94+0.8
—-30 189.6 1.4 188.2+13.8 217.6+14.8 11.5 —0.7+0.4 10.8+0.8
—31 163.7 1.4 162.3+12.8 186.8+13.8 9.9 —1.0+0.3 9.0+0.7
—32 167.3 1.4 165.9+13.0 189.4+13.8 10.0 —0.9£0.3 9.2+0.8
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TABLE IV. Corrections for Au on Cu at 559 MeV/nucleon.

Number in beam =478 844.41+704.2

Total cross section =4116.9 mb

Number  Target-out Number Number at First estimate of Thick-target Cross section
AZ counted correction in peak top of detector cross section (mb)  correction (mb) (mb)
1 1892.5+93.5 2709.3+97.7 3212 12.5+1.8 333.7+12.2
0 311254.7£573.0 444 119.0+£679.1

-1 4875.31£208.7 6944.81+213.6 823.3 31.7+2.8 855.0+26.4

-2 1256.7+52.5 1785.6+57.3 211.7 1.6x1.4 213.3+7.0

-3 996.9 115.6 881.3136.0 1250.1+40.8 148.2 2.3+1.2 150.5+5.1

—4 800.5 83.0 717.6+31.9 1014.4+36.2 120.3 1.8£1.0 122.1+4.5
=5 616.7 64.1 552.5+28.0 779.8+31.8 92.4 1.0+0.9 93.5+3.9
—6 604.5 52.0 552.6+27.2 777.8+31.1 92.2 1.3+0.9 93.5+3.8
-7 491.5 435 447.9+24.6 628.9+28.0 74.6 0.7+0.8 75.2%3.5

—8 495.8 373 458.5+24.3 642.0+£27.9 76.1 0.9+0.8 77.0+3.4

-9 423.8 32.6 391.2+22.5 546.8+25.8 64.8 0.5+0.7 65.313.2
—10 400.5 28.8 371.7+21.8 517.7+24.9 61.4 0.5+0.7 61.9+3.1
—11 341.9 25.8 316.0+20.2 439.4+23.1 52.1 0.2+0.7 52.3+£2.8
—12 367.8 234 344.4120.7 478.0+£23.7 56.7 0.51+0.7 57.2+2.9
—13 329.5 21.3 308.2+19.6 426.6+22.4 50.6 0.2+0.7 50.8+2.8
—14 275.4 19.6 255.8+18.1 353.1+20.6 41.9 0.0£0.6 41.9+2.5
—15 262.8 18.1 244.7£17.6 336.9+20.0 39.9 0.0+0.6 39.9+2.4
—16 257.4 16.8 240.6+17.3 330.3+19.8 39.2 0.1+0.6 39.2+2.4
—-17 245.3 15.6 229.7+£16.9 314.2+19.2 37.2 0.0+0.5 37.3+2.4
—18 272.7 14.6 258.1+£17.6 352.4%20.1 41.8 0.2+0.6 42.0+2.5
—19 249.0 13.8 235.2+16.9 320.2+19.2 38.0 0.0+0.6 38.0+2.3
—20 238.9 13.0 225.9+16.5 306.7+18.8 36.4 0.0£0.5 36.41+2.3
—21 251.7 12.3 239.4+16.8 323.7£19.2 384 0.1+0.6 38.5+2.3
—22 242.7 11.6 231.1t16.5 310.4+18.8 36.8 0.0+0.5 36.81+2.3
—23 264.1 11.0 253.1+17.1 338.0+19.4 40.1 0.1+0.6 40.2+2.4
—24 269.1 10.5 258.6+17.2 342.0%+19.5 40.5 0.1+0.6 40.6+2.4
—25 270.9 10.0 260.8+17.2 343.2+19.5 40.7 0.1£0.6 40.8+2.4
—26 248.1 9.6 238.5+16.5 311.0+18.6 36.9 —0.1+0.5 36.8+2.3
-27 265.9 9.2 256.7+£17.0 332.8+19.1 395 0.0+0.5 39.5+2.3
—28 271.4 8.8 262.6+17.2 338.0+19.2 40.1 0.0+0.5 40.1+2.3
—-29 243.0 8.4 234.6+16.3 300.0+18.2 35.6 —0.21+0.5 35.4+2.2
—30 235.5 8.1 227.4t16.0 289.0+17.8 343 —0.2+0.5 34.1+2.2
—31 287.3 7.8 279.5+17.5 353.2+19.5 41.9 0.1+£0.6 42.0+2.4
—-32 241.0 7.5 233.4x16.1 293.0+17.9 347 —0.31+0.5 34.5+2.2
—-33 250.7 7.3 243.4+16.4 304.1+18.2 36.1 —0.2+0.5 35.9+2.2
—34 211.2 7.0 204.2+15.1 253.8+16.7 30.1 —0.3+0.5 29.7£2.0
—35 237.7 6.8 230.9+16.0 285.4%17.6 33.8 —0.2+0.5 33.7+2.1
—36 229.6 6.6 223.0+15.7 274.5+17.3 325 —0.2+0.5 32.3+2.1

C. Corrections

Three main corrections have to be made to the raw
data in order to find the true cross sections. Each of
these corrections is discussed in the following sections.
As examples of the magnitudes of these corrections
Tables III and IV show those for lanthanum on a po-
lyethylene target with an energy of 1163 MeV/nucleon in
the center of the target, and gold on a copper target with
an energy of 559 MeV/nucleon in the center of the tar-
get, respectively. We can see that the relative importance
of the various corrections varies with projectile and AZ.
These are examples of some of the smallest and largest to-
tal uncertainties for heavy projectiles. Apart from the
corrections to the top of the detector, which makes quite
large changes in the individual numbers, but very small
changes in the relative numbers, the corrections are

smaller than the statistical uncertainties for most values
of AZ.

1. Target-out correction

By applying the same selections and corrections to the
target-out runs as the target-in runs, we can correct for
particles interacting in the material of the detector,
nonprimary projectile particles, and other background
particles which pass the selection criteria. The energies
through most of the detector of the particles in these
target-out runs were somewhat higher than those in the
target-in runs at the same projectile energy, because of
the ionization energy losses in the targets. Thus the rela-
tive sizes of the signals in the Cherenkov and ion
counters are different between the two runs. We, there-
fore, have a choice as to which target-out run to use with
a given group of target-in runs. Either we can use the
target-out run taken at the same projectile setting and
close in time, which presumably had similar contamina-
tion and energy distribution within the run, or a target-
out run which more closely matched the energy of the
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target-in run after passing through the target space
(entering ion counter I-2), and so had similar signals and
dispersion in the various detectors. Because in every case
the contamination should be almost completely eliminat-
ed by the front ion counter selection (Sec. II B4) and the
energy spread in the projectiles was small, we used the
second choice whenever possible. A typical target-out
run is shown in Fig. 6 and can be compared with Fig. 3.
Details of the application of these corrections are given
elsewhere.?* In most cases, apart for small |AZ|, the
target-out correction was small compared to statistical
fluctuations.

2. Top of detector correction

The corrections described above, when applied to the
numbers of selected events, given the numbers of parti-
cles of each charge which were produced in the target
and did not interact in the material of the detector.
However, the proportion of particles interacting in the
detector is dependent on the type of particle, and so was
different for each Z. In order to obtain the true number
of particles which interacted in the target, we had to
correct for those interacting in the detector. In addition,
although we had the number of particles in the projectile
charge peak which did not change charge in the target
nor in the material of the detector, we did not have the
number of projectile particles entering the top of the tar-
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get. The entering number had to be determined from the
surviving number. Therefore we needed the total
charge-changing interaction probability due to the ma-
terial in the detector for each charge peak, and also the
total charge-changing interaction probability of the pro-
jectile in the target. The probability for interaction can
be determined from the cross section (2 in mb) and the
thickness of material (x in g/cm?). If Ny is the true num-
ber of incident particles, determined from the number
surviving, and 4,,, is the average mass number of the
target,

_6.02X10"%3
A

avg

Ninteract =Ny [1—exp 4)

For = we used the total charge-changing cross sections
as determined from Eq. (1), which is valid for all nuclei
with Z >26, or Eq. (2) for those nuclei with Z <26.
These expressions have no energy dependence but it is
not expected that the total cross sections should have any
large energy dependence at these energies (see Sec. III E).
Table II gives, for each projectile and energy, the num-
bers of particles that failed to trigger the system after in-
teracting. It can be seen that these numbers are generally
of the order of 5% of the numbers of incident particles.
The statistical fluctuation in the number of particles in-
teracting in the detector was added quadratically to the
overall uncertainty.
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FIG. 6. Histograms for a target-out run of 1214 MeV/nucleon La, showing the region corresponding to AZ=+2 to —5. Max-

imum peak height of 3152. This figure may be compared with Fig. 3.
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In this analysis, it was necessary to assume that a given
element has the standard distribution of stable isotopes,
since both expressions for cross sections are dependent on
the mass of the projectile. This assumption is not quite
correct for most of the charge-changed fragments and for
a number of those projectile charge particles that interact
without changing charge, since, as we will show in Sec.
IV, there appear to be considerably more neutrons than
protons lost in these interactions. Moreover, the cross
sections for particles which have just been produced in a
peripheral nuclear interaction have been the subject of
some controversy and could be appreciably different from
those for normal, stable, nuclei. The “anomalon” phe-
nomena, ”°~2? which suggested that some fragments and
larger than normal cross sections shortly after produc-
tion, has not been confirmed, at least in so far as it applies
to heavy fragments. Hence we have assumed that these
cross sections are not significantly different from those of
normal nuclei.?

Calculating the difference in cross section for a nucleus
of normal and stable mass and for a nucleus with a mass
reduced by an amount consistent with the estimates of
neutron loss in Sec. IV, gives us an estimate of the magni-
tude of the systematic uncertainty introduced by this as-
sumption of stable fragments. For a AZ = —1 fragment
of 3"La, such as l¥'Ba, the cross section in Lucite
(Cherenkov radiator material) is 1720 mb according to
Eq. (1), while for {°Ba, which has lost seven neutrons,
the cross section in Lucite is reduced by only 45 mb. So
the probability for a charge-changing interaction in 1.6
g/cm? of Lucite varies from 0.220 to 0.215 between these
two nuclei. The uncertainty introduced by our assump-
tion is thus of the order 0.5%. This was not included in
the quoted uncertainties, but is small compared to the
other uncertainties.

3. Thick-target correction

The targets we used in this experiment were not thin
(see discussion in Sec. II C), in the sense that particles
which interacted early in their passage through the target
had an appreciable chance of suffering a second interac-
tion. Thus the numbers in each charge peak reflect a
smaller population of small charge changes and a larger
population of large charge changes than would occur in a
thin target.

To correct for this effect, the thickness of the target
was considered in thin slabs of no more than 0.01 of the
interaction length for the projectile nuclei. For each slab
a computer program performed an iteration wherein a
first guess for the partial cross section for the particular
charge change gave the production rate of the given ele-
ment, and the total cross section for charge change of
that element from Eq. (1) or (2) (assuming normal, stable
isotopes) gave the destruction rate of the existing num-
bers of that element. The deduced number was compared
to the measured number of that element, and the initial
guess was adjusted until these numbers differed by less
than 0.1%. This calculation assumed that the partial
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cross sections for production of a certain charge change
are a constant fraction of the total charge-changing cross
section, an approximately valid assumption. The uncer-
tainties introduced by this correction were combined qua-
dratically with the other uncertainties.

D. Cross sections

1. Cross sections for negative charge change

Here we show plots of cross section values o as a func-
tion of AZ for all negative values of AZ, Figs. 7-13. For
the pure targets the general power relationship between o
and AZ is illustrated by using log-log scales on these
plots, apart for the case of the Fe projectile. For the
measured CH,, and deduced hydrogen targets, the gen-
eral exponential nature of the relationship is illustrated
by using log-linear scales. Apart from these overall sys-
tematics, which will be discussed in more detail in our ac-
companying paper, there are certain specific features ap-
parent to a greater or lesser degree. These include a no-
ticeable odd-even effect for the iron cross sections, with a
particularly strong peak at silicon, AZ =—12, Fig. 7. On
the other hand, none of the heavier projectiles show any
significant evidence for such an odd-even effect. The La
plots appears to show, at least at low energies, a
significantly enhanced cross section for Sn, AZ=—7,
Fig. 8. Finally, and most well defined, is the fission peak
for Au, in the region of 22 < |AZ| <28, Figs. 10 and 13.

The complete set of cross sections found in this work
and also the slightly modified cross sections found in the
1984 experiment!? are listed in the thesis by Cummings?*
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scales, each energy run is displaced by a multiplicative factor from the preceding run for clarity, with the highest-energy run further
displaced to the right. The individual energies are listed in Table II.



2522

J. R. CUMMINGS et al.

T

750E 557 ;
coE ° Au on Al 3
450 F 3
ok 666 266 915 MeV/n (b) ;
L . M 3
L
5250 F 7
£ 200 - . . ]
‘; . .
Gsor o . . )
— +
o 100 - . . 1
w 'y ¢ R *
@ % ¢ ‘e
8 ¢ * M +
(3 ‘“ “ 4% +*
*f ’\ " Y "* |
4 M ﬁ“ “ 4
%
¥ *"*4 A ¥ \\d "
1 1 1 1 1
Charge change (AZ)
E% T T T T 3
;5)3 - 359 Au on Cu 3
. E 915 MeV/n 3
S0F 667 ¢ (c) 3
350 F 767 3
2250 | t + ]
5200 N ® . . . 4
5150 ® . . ¢ ]
= ®
|3} ¢ ¢ .
- ¢ _
$ 100 o v, +
é, " [N +,
= % .l +* +
4 4 ()
C st % " % th i
# H
it y ¥ f A
% W A S AT
f ' ¥ #
Charge change (AZ)
FIG. 10. (Continued).
550 E T T T T T T T T T T T 3
4005 516 o) s La on CH2 E
300F o 908 1,065 (cach shifted b
a o ° R 1,166 MeV/n by 7 n a2) _
n
3200 [ R . o M Yy 4
- o .
= 150 ° R ° ’. m .
\; 100 + ° . o ° Wm ] -
9 ° . ®® 0. @ g
= . @ hd o a®
Q - Og ]
L 50 ° hd ® - o . 4
- °, . ° - o s
w2 o »
=} . o . ® .
— ¢ . *
@} ¢ . ® B L & .
4% Y ¢ ‘s ¢ @ “t
44 . ® * ) "
¢ w0 & & e ]
$o0,4, * @ LTV L]
st 0000 0 0 0 ¥ 00y Fon sut, Tabd g4
i $¢$$+ *%“m%?w“i# *¢¢¢¢* LU
1 1 1 1 1 1 1 1 1 1 1

Charge change (AZ)

FIG. 11. Partial cross sections, in mb, for La at six different energies on CH, as a function of AZ. Plotted on log-linear scale, each
energy run is displaced by an additive factor from the preceding run for clarity, with the highest-energy run furthest displaced to the
right. The individual energies are listed in Table II.



42 DETERMINATION OFTHECROSS ... . L. ... 2523

L B e LSS LA S S S A B ML N S Ty T T Ty T

550 E ° 487 3
400 E Ho on CH2 3
- 771 3

300 2 o e 921MeV/n (each shifted :

z(x) :_ 'y ° by 7in AZ) -
—~ L
D150 F ° ° * -
\E, A4 * ]

100 ° ° . b
= ® o .
S o ®
3 ° ° *
o S0 ° @ 0. B
« ® *
%) %9
» R .,
8 o S0 S

6® A .
¢ 3
¢ é ¢ *
05 08 iite. o
*y ¢$¢¢¢ AT
¢ 4 ¢
oL 1 1 1 " | 1 " 1 " N [N

Charge change (AZ)

FIG. 12. Partial cross sections, in mb, for Ho at three different energies on CH, as a function of AZ. Plotted on log-linear scale,
each energy run is displaced by an additive factor from the preceding run for clarity, with the highest-energy run further displaced to
the right. The individual energies are listed in Table II.

LA LN A S By S S S S S S (N N S i LN SN N S N SN SN S Sy BNL A S A S BN SN S SN e SR S SN AN BN SN S

550 £ o 3
E o 556 Au on CH2  J
400 £ . 765 913 MeV/n 3
300 + ® . (each shifted 3
200 E A . ® . by 21 in AZ) .
S1s0F 0 ° . ® ]
E 3 . ° < .. 1
N - * .
o 100 Y ° oo °
o L L ] L3 *
.: ° . .
8 sof ® -
2 . . ® LN
» * ° ° .
§ Oo .. 'Y L J
L J
&) . X IS -, %“ & - 0s
' . * ¢ OO @ i
o w0 o % AT
'Y .¢¢ & % L L7 * .
* ¢ é
1 L 1 1 ol " 1l . al . a1 P | L

Charge change (AZ)

FIG. 13. Partial cross sections, in mb, for Au at four different energies on CH, as a function of AZ. Plotted on log-linear scale,
each energy run is displaced by an additive factor from the preceding run for clarity, with the highest-energy run further displaced to
the right. The individual energies are listed in Table II.



2524 J. R. CUMMINGS et al.

375 F T T T n
00} ¢ ]
R ® Au beam 1
250 4 Ho beam ]

r O La beam ]
200 L ¢ Al — — ]
150+ .. J
125 q

= Al A

© 100 b

£

= 75k * o2 1

£ ca

= @ %

Q CH2 &

5]

: S0 . B

3 m e 4 . @

@) ¢ AR

1]
o
e [ ‘&m "Q o Al ]
251 i} 4 4
b @
y ¢ bc
b ch2
L L L |
400 600 800 1000 1200

Energy (MeV/nucleon)

FIG. 14. Partial cross sections, in mb, for AZ=+1 as a
function of energy. For clarity, runs made at a similar energy
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and are available on request.?® The cross sections cover a
range of values of AZ=+1 to —36. The uncertainties
for the cross sections reprinted from Kertzman’s thesis'*
have been modified to include statistical uncertainties
from the thick-target correction, and hence are a very
small amount (= 5%) larger than reported here. In addi-
tion, for the CH, targets only, an uncertainty in the
thick-target correction program caused the reported
cross sections for |AZ| > 10 to be a few percent too large.
This has been corrected.

We did not use a polyethylene target with an iron pro-
jectile, so we could not deduce the cross sections for iron
on a hydrogen target. Webber et al.?® have published
data for iron on hydrogen cross sections and also for iron
other targets. The agreement between our results is
good.

2. Cross sections for positive charge change

Results on the production of elements with AZ =+1
have been reported by us previously?’ for some of the
runs discussed here. We found that for heavy-projectile
nuclei, cross sections for these charge pick-up fragments
were about 10% of the cross sections for production of
fragments with AZ=—1. We have now found that an
iron projectile also can undergo a positive charge change,
but with cross sections that are relatively much smaller,
being only about 1% of the AZ = —1 cross section. We
have also measured these cross sections at more energies
and for Ho projectile nuclei. All our available values are
listed in Table V, and, with the exception of those for Fe,
are shown in Fig. 14. It can be seen that at all energies
these cross sections are dependent on the mass of the tar-
get nucleus, generally increasing as the mass increases.
The energy dependencies can be more clearly appreciated
by scaling these cross sections with the total interaction

TABLE V. Cross sections for AZ =+ 1 fragments.

Cross section

Energy for AZ=+1
Beam Target (MeV/nucleon) (mb)

Fe C 1569 0.63+0.25
Fe Al 1569 0.98+0.40
Fe Cu 1569 1.18+0.66
Fe Pb 1563 2.07+1.30
La H 516 33.9+3.3
La H 621 31.9+2.5
La H 776 21.5+2.1
La H 906 18.8+2.1
La H 1065 13.2+2.6
La H 1166 19.0+2.3
La C 516 30.3£3.1
La C 621 28.0+2.1
La C 777 22.3+1.8
La C 903 21.6*+1.8
La C 1065 21.2+2.2
La C 1166 21.7£1.8
La Al 515 39.6+5.3
La Al 618 28.7t£2.4
La Al 775 29.41+2.4
La Al 901 30.2+2.2
La Al 1080 27.9+3.2
La Al 1165 27.9+2.4
La Cu 515 62.1+10.5
La Cu 618 44.1+3.8
La Cu 775 25.8%3.1
La Cu 901 29.2+2.6
La Cu 1165 42.614.2
Ho H 488 53.7+4.4
Ho H 772 29.2+2.7
Ho H 992 24.11£2.4
Ho C 489 69.5+3.8
Ho C 772 30.5+2.1
Ho C 922 27.9+2.2
Ho Al 489 106.3£6.5
Ho Al 772 33.9£2.6
Ho Cu 772 41.5+4.0
Au H 557 49.6+4.3
Au H 665 46.6+3.2
Au H 766 36.6t£2.9
Au H 914 30.3+2.6
Au C 557 144.3+4.9
Au C 666 37.1+£2.9
Au C 766 31.9%2.6
Au C 915 30.9+2.2
Au Al 557 192.416.8
Au Al 666 65.8+5.2
Au Al 766 27.6+3.9
Au Al 915 40.1+3.1
Au Cu 559 333.7+12.2
Au Cu 667 63.21+9.0
Au Cu 767 18.7£7.3
Au Cu 915 49.8+6.0
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cross sections 2 from Eq. (1), as shown in Fig. 15. It can
be seen that above =700 MeV/nucleon these scaled cross
sections are relatively independent of energy and projec-
tile, with 0(AZ =+1)=1% of 2. However, there are
strong dependences below 700 MeV/nucleon on both
projectile and target. While La has only a slight energy
dependence, Ho shows a significant energy dependence,
but one that is relatively independent of the target, al-
though there was no available Cu target data at the
lowest energy. Au has a large energy dependence that is
strongly target dependent, with Au on Cu at 557
MeV/nucleon having 0(AZ = +1) as great as 8% of =.
At intermediate energies, Au at 766 MeV/nucleon, the
target dependence appears to reverse, an indication of the
complexity of the process. It clearly would be of great in-
terest to study these cross sections at still lower energies,
but unfortunately this detector is not suited to such mea-
surements.

A few isolated events due to the apparent production
of fragments with AZ = +2 have been observed in some
of the runs. The number of these events is so small that
at best we can place upper limits on the cross sections of
the order of 1% of the cross section for AZ =+ 1. How-
ever, enough events were seen to exclude the possibility
that they were merely the consequence of two successive
interactions. Within the statistics these results are con-
sistent with the report by Guoxiao et al.?® of detecting
two such events with 88 AZ=+1 events from a La pro-
jectile of 1.28 GeV/nucleon in a CR-39 target. These ob-
servations in plastic, where the charge change is observed
to occur between two sheets, prove that these AZ=+2
fragments are not formed by successive AZ = +1 interac-
tions, nor by decay of an excited fragment. An order of

magnitude greater statistics would be needed to establish
reasonable estimates of the true cross sections for these
events.

E. Determination of some total charge-changing cross sections

Because of the triggering conditions used in this exper-
iment we could only determine the total charge-changing
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FIG. 16. Total charge-changing cross sections 2, in mb, in
the material of the Cherenkov detectors, as a function of energy,
compared with the predictions of Eq. (1), shown as horizontal
lines.
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TABLE VI. Total charge-changing cross sections in the Cherenkov counter material, compared with
the predictions from Eq. (1). The approximate 1% uncertainty on the value from Eq. (1) is estimated
from the quoted deviation from the data to which it was fitted (Ref. 8).

Number Total charge-changing

Energy Number surviving cross section (mb)

Beam (MeV/nucleon) in run® (from fit) per target nucleus
La 543 164 901 133493 1562+48
La 675 165074 131849 166142
La 956 165074 130789 1721+37
La 1216 90961 72034 1724+£50
La Eq. (1) 1785+18
Ho 547 87012 67371 1891182
Ho 769 165074 127 301 1920+52
Ho 962 165074 126 555 1964146
Ho Eq. (1) 1942+19
Au 614 165074 123759 2129+88
Au 718 158 665 116 545 2280+95
Au 964 164 886 121067 2283174
Au Eq. (1) 2121+21

2Part of some runs were not used because of limited computer space.

cross sections for the case of particles interacting in the
material of the Cherenkov counter. In this case, by using
the ion chambers on either side of the Cherenkov
counter, we could measure the number of projectile parti-
cles that enter and compare the number with the number
that survive. For several target-out runs at various ener-
gies, we considered only those events which passed all the
selections except for particles interacting in the material
of the detector. It was then required that the events be
projectile particles and have signals in the second ion
counter (I-2 following the location of the target holder)
within 2 standard deviations of the peak signal of the pro-
jectile. This data set selected only particles which were
projectile particles as they entered the front of the
Cherenkov detector. Emerging particles were analyzed
by fitting Gaussian peaks to a histogram of the sum of the
signals of the last ion counters (I-3 and I-4) in the region
of the histogram near the projectile peak. The number of
surviving non-charge-changed particles in the projectile
peak compared to the total number of incident particles,
together with the knowledge of the thickness of the ma-
terials, gave the total charge-changing cross section for
the mixture of materials in the Cherenkov detector. The
residual uncertainties due to the nonresolved AZ = —1
fragments can hardly exceed 10%, due to the size of the
partial cross section, and the correction made for these
fragments should be good at least 10%; so any residual
uncertainties due to this effect must be less than 1%.

The cross sections determined in this way are shown as
a function of energy for each projectile in Fig. 16, and are
listed in Table VI. In both cases they are compared with
the energy-independent cross sections found from Egq. (1),
taking into account all the differing materials in the
Cherenkov counters, Table I. The data suggest that there
is apparently a small energy dependence of the total cross
sections, with the cross sections increasing as the energy

increases. There is also an indication that cross sections
increase faster with projectile mass than indicated by Eq.
(1). However, given the insensitivity of the determination
of the partial cross-sections to the assumed value of the
total cross section, where a 10% uncertainty in the total
cross sections results in a 1% uncertainty in the partial
cross sections, it is acceptable to neglect second-order
variations in this analysis. Hence we used Eq. (1) for the
total charge-changing cross sections of heavy nuclei
throughout. Additional measurements of the total cross
sections are needed to refine Eq. (1) for these heavy pro-
jectiles, particularly on targets that contain hydrogen.

IV. MASS LOSSES IN INTERACTIONS

A. Introduction

Nuclear interactions will normally result in changes in
the neutron number (AN) as well as in the proton num-
ber AZ. There is also a non-negligible cross section for
interactions with finite AN but zero AZ. A knowledge of
the cross sections for production of all the isotopes is im-
portant for application to the problem of cosmic ray
propagation and to understanding the nuclear physics
that is occurring. However, at the high energies of in-
terest to comic ray physicists, isotopic identification is
difficult, and in this range of masses, beyond current tech-
nology.

The semiempirical cross-section formulas®® predict
larger than proportional neutron losses in small charge
loss interactions and also large neutron losses for charge
pick-up interactions. Our results from the 1986 experi-
ment confirm these qualitative statements but differ
significantly quantitatively. We have analyzed these
small AZ interactions in the lower energy La and Au
runs in a previous paper,?’ and the reader is referred

9
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there for the experimental details. Here we will concen-
trate on the mass losses observed in interactions with
larger values of AZ.

B. Method of mass discrimination

The detector was not designed to detect isotopes, but
the presence of material in the detector allows a degree of
mass discrimination. The signals in the detector are
dependent both on the charge and velocity of the nuclei.
The velocities of the nuclei decrease as they pass through
the detector due to ionization energy losses. The magni-
tude of the total energy loss depends on the charge but
not the mass of the nuclei, but the velocity change also
depends on the mass, being greater for lighter isotopes
than for heavier isotopes of the same element produced in
fragmentation. Thus the projectile nuclei have a well-
defined velocity throughout the detector, but fragments
have velocities that may be greater or lesser than that of
the projectile according to whether the energy loss per
nucleon of the fragments is less, or greater, than that of
the projectile. Thus a histogram of the velocities of frag-
ments of a given charge is composed from a series of
peaks with the heavy isotopes at the high-velocity end
and the light isotopes at the low-velocity end.

The Cherenkov detector provides a signal for each par-
ticle which is strongly dependent on the velocity. Once
the charge of a particle is determined, the Cherenkov sig-
nal can be converted to a velocity. However, there are
contributions to an energy spread among the fragment
nuclei besides the differential energy per nucleon loss of
different isotopes. Most notably, since the targets have a
finite thickness, one fragment may have interacted near
the front of the target while another with the same mass
and charge may have been produced near the back of the
target. Thus in the former case, the nucleus will have lost
energy at a rate proportional to (Z,+AZ)? through the
target, while in the latter case, the nucleus will have lost
energy at the same rate as the projectile nuclei, propor-
tional to Z3, throughout the target. In addition, the orig-
inal projectile will have a finite range of velocities. Final-
ly, the instrumental resolution at a fixed velocity and
charge is limited by photon statistical fluctuations.

The greatest rate of energy loss, and so the largest
differential energy loss, occurs at the lower energies of the
energy range available to us from the Belavac, but even in
these cases actual resolution of isotopic peaks is not pos-
sible. However, it is possible to find an average energy
loss of the fragments of a given charge, and so approxi-
mate average mass loss. In addition, starting with an as-
sumed set of cross sections for the production of each iso-
tope we can generate an expected distribution of veloci-
ties, by folding in the information about energy loss for a
given charge and mass, the target thickness, and the in-
strumental resolution. Thus, with an assumption about
the shape of the isotopic distribution of fragments, we
can fit a distribution to the Cherenkov signal-velocity his-
togram.

C. Fits to the Cherenkov signal data

The simplest distribution for the isotopic composition
of the fragments of a given charge which is consistent
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with the available information is a Gaussian one. We
have fitted the data with Gaussian distributions of iso-
topes and obtained good values of reduced chi squared,
x*. The fits are not as good for an assumed square distri-
bution of isotopes. However, the fit would be just as good
for Gaussian distributions with every other isotope com-
pletely missing. Hence the fits are really only useful for
determining mean mass losses, rather than the detailed
shape of the isotopic distribution. These fits would also
be distorted if there were appreciable numbers of other
light fragments or meson production affecting the shape
of the distributions. Such effects would cause us to un-
derestimate the true mass losses.

A Gaussian distribution has also been used by Webber
et al.?® to fit the isotopic distribution of fragments from
lighter projectiles (Z <28). However, their fits indicate
isotopic compositions much closer to the line of stability
with respect to beta decay than do our results. Tentative-
ly, we may account for this by the fact that there is less
binding energy per nucleon for the heavier nuclei we are
using and the lighter fragments have narrower valleys of
stability.

The median mass losses obtained from such fits to the
signals for two gold and one lanthanum run on a carbon
target at low energy are shown on Fig. 17 for |AZ| <13,
compared with the predictions of the semiempirical ex-
pressions®® for a hydrogen target for |[AZ| <10. The indi-
vidual values are given elsewhere.?* It can be seen from
the figure that there is a steady increase in the median
mass loss as |AZ| increases, and that it is dependent on
the mass of the projectile nucleus. It can also be seen
that the predictions for a hydrogen target are not too
different from the observations for a carbon target. This
is in accord with the observation that for small AZ the
median mass loss is essentially independent of the tar-
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get.?” These median mass losses can be scaled by AZ to
give the median neutron loss per proton. These are shown
in Fig. 18, where it can be seen that the median number
of neutrons lost for each proton steadily decreases as
|AZ| increases, as it clearly must do physically. The
large neutron losses found indicate that for |AZ]| as large
as 1015, the fragments formed are very proton rich, and
will decay in time to stable isotopes with AZ as much as
5-8 smaller than that of the initially produced fragments.
Since these mass losses also have a wide range of values
the composition of a decayed sample of fragments will be
significantly different from the sample observed directly
after the interactions, and thus affect any calculation of
cosmic ray propagation. It should be noted that none of
these median losses are so large that they come close to
predicting physically unreasonable nuclei with lifetimes
less than those necessary for transit of the detector. (This
analysis assumes that the fragment experiences no energy
loss in the interaction.?’ Introducing an energy loss will
slightly reduce the calculated neutron loss. For example,
a mean energy loss of 5 MeV/nucleon when 621-
MeV/nucleon La produces a AZ = —13 fragment only
reduces the median mass loss from 49 to 45 nucleons.)
The uncertainties on our estimates of these losses are
larger for the higher-energy runs than for the lower-
energy runs, because the instrumental resolution becomes
more important relative to the signal difference caused by
differential energy loss of isotopes. The uncertainties for
the lowest-energy lanthanum runs are large because we
used thinner targets in these runs and so had less
differential energy loss than for thicker-target runs. At
approximately AZ = — 15, the varied composition of the
subsidiary fragments begins to play a role in the spread of
Cherenkov signals for the major fragment. The subsidi-
ary fragments may be protons, alpha particles, or larger
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FIG. 18. Median neutron loss per proton as a function of AZ
for a La and a Au run on a carbon target. For AZ=+1 the
values shown are for the medium mass loss.
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nuclei. The width of the mass distributions obtained
from fitting the Cherenkov signals remains approximately
constant down to about AZ = —10. Then the width be-
gins to increase with increasing |AZ| and by — 15 has be-
come significantly larger. For example, consider two in-
teractions both occurring at the center of the target.
Then for a projectile energy of 621 MeV/nucleon, the sig-
nal of a fragment of a lanthanum nucleus which has lost
10 protons and 30 neutrons plus the signal of the 10 free
protons would be equal to the signal of a fragment which
has lost 10 protons and 31 neutrons plus the signal of 2 a
particles and 6 protons. Variable amounts of meéson pro-
duction would further confuse the analysis. Since we
cannot at present predict the composition of the subsidi-
ary fragments for a given interaction, we cannot with cer-
tainty find the mass distributions for large charge
changes.

Studies of nuclear emulsion exposed to a 990
MeV/nucleon gold projectile'® indicate that, in interac-
tions in which gold nuclei break into large fragments plus
subsidiary fragments, the subsidiary fragments are com-
posed of approximately 72% singly charged particles and
24% doubly charged particles at a mean energy of about
600 MeV/nucleon, and a decreasing percentage of multi-
ply charged particles with increasing energy.’ Interac-
tions may also result in the creation of pions. As col-
lisions become more and more central they will lead to
greater and greater charge changes, with a wider and
wider spread in the number of pions being created, reduc-
ing the ability of detectors such as ours to determine the
mean mass of the leading fragment. At much higher en-
ergies the production of large multiplicities of mesons
must reduce the ability of this technique to measure even
the charge of the fragment, since this depends on observ-
ing the total charge emitted from the interaction. For ex-
ample, emulsion and counter measurements of 14.6, 60,
and 200 GeV/nucleon '°O nuclei making interactions on
heavy targets give mean meson multiplicities per wound-
ed nucleon of ~1.0, ~2.6, and ~4.0, respectively.?! ™33
Even in peripheral collisions the number of wounded nu-
cleons will increase rapidly with increasing |AZ|, partic-
ularly with heavy targets, possibly enough that fluctua-
tions in multiplicity from event to event will begin to ob-
scure the resolution between charged fragments. The
difference between the signals from a La projectile and a
AZ = —1 fragment is 113 singly charged particles, that
for a Au projectile is 157, but between AZ=—10 and
—11 fragments from Au it is 137, or only =3.4 particles
per nucleon removed from the incident nucleus.

V. CONCLUSIONS AND SUMMARY

We have been able to study the production of frag-
ments over a relatively wide range of |AZ| produced by
heavy projectiles incident on a range of target nuclei with
energies between 1.5 to 2.2 times the rest mass energy.
The charge pick-up reactions with AZ = +1 show cross
sections with some very strong energy and target depen-
dences, suggesting some form of resonance phenomena
occurs for the lowest energies and heaviest targets. The
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charge-loss reactions with AZ < —1 have cross sections
that show significantly systematic trends. These sys-
tematics will be described in a companion paper and used
to derive global fits to the data. The mean mass losses
that we have studied show that from three to 12 neutrons
are lost for each proton over the range of AZ that we can
examine. Clearly this cannot continue out to much larger
AZ. Presumably, the point at which this rate of neutron
loss decreases marks the transition from a peripheral in-
teraction to a more central collision.
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counters are designated I and Cherenkov counters C. The tar-
get and the multiwire proportional counters, MWPC, are
mounted as shown.



