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Fragmentation of relativistic gold by various target nuclei

C. J. Waddington, J. R. Cummings,* B. S. Nilsen,‡ and T. L. Garrard†

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
~Received 8 June 1999; published 20 January 2000!

We have studied the interactions of gold nuclei79
197Au at eight different energies between 0.9 and 4.0A GeV,

in targets ranging in mass from hydrogen to lead. This paper combines the results of these studies with earlier
measurements at higher and lower energies. We discuss the production of fragments with chargesZ between 81
and 50. The systematic trends found have allowed us to improve previously developed empirical relations
which predict the cross sections in any target or energy for the production of fragments with 77<Z<67.
Fragments with single and double charge pickup are observed in all targets at all energies. Fragments which
have lost a single charge represent a special case, due presumably to the effects of electromagnetic dissocia-
tion. The energy variations of the total cross sections and the approach with increasing energy to limiting
fragmentation are studied.

PACS number~s!: 25.75.2q, 25.70.Kk, 27.80.1w
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I. INTRODUCTION

When relativistic gold nuclei79
197Au interact with target

nuclei they frequently produce heavy fragments who
charge differs from that of the incident gold nucleus by
relatively small amount. The primary motivation for the
studies was to determine the nuclear parameters neede
calculations of the propagation of very heavy cosmic
nuclei through interstellar and local matter. The product
of nuclei with charges changed from that of the incide
projectile nucleusdZ for 12<dZ<230, has been studie
in this work, using projectile nuclei with energiesE between
0.9 and 4.0A GeV. Our experimental techniques do not a
low us to study fragments with larger values ofudZu, multi-
fragmentation, or any details of the mass changes that oc
We have previously studied these interactions using sim
techniques at energies both lower and higher than those
ported here@1–6#. These earlier studies were based on d
obtained using projectiles of gold accelerated at the L
Bevalac to energies<1.0A GeV, and gold of 10.6A GeV at
the Brookhaven Alternating Gradient Synchrotron~AGS!.
The 10.6A GeV gold results were confirmed by the measu
ments of Hirzebruchet al. @7# using quite different detectors
Large differences were found between the partial cross
tions for the production of each element,s(dZ,E,AT),
where AT is the target mass, at high and low energies.
main goal of this work was to study the form of the ener
dependence of these partial cross sections, and to attem
establish the energy at which limiting fragmentation w
reached. It is frequently suggested that the significant re
sentation of the energy involved in nucleus-nucleus inter
tions should not be the energy per nucleon of the projec
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but the total energy available in the center of mass. This m
well be true for central collisions, in which most or all of th
nucleons of both nuclei are involved. However, it does n
appear to be applicable in peripheral collisions of the s
expected to produce fragments with small charge loss
such collisions not all the nucleons will be involved and t
energy per nucleon appears to be the significant paramet
will be shown in Sec. V C that the partial cross sections w
heavy target nuclei for small2dZ can be well represente
by a power-law dependence onE, the energy per nucleon, fo
E<4.0A GeV, which is not a function of the target mass.

We have now completed a study of the production
fragments by gold nuclei with eight different energies b
tween 0.9 and 4.0A GeV, interacting in targets that range
mass from hydrogen to lead. These results have establi
the excitation functions for this process and suggest that
iting fragmentation is approached by 4.0A GeV, Sec. V A.
The large number of partial cross sections measured in
work have allowed us to establish analytical fits to the var
tions with dZ, E, and AT . These fits have been used
construct relations that can match the values of the meas
cross sections with considerable accuracy and can pre
those that have not been measured, Secs. V B and V C
this new study we observe fragments withZ580, charge
pickup, as before@4,6#. The improved statistics also provid
definitive evidence for the direct production of thallium,Z
581, double-charge pickup, although with cross sections
less than one mbarn.

II. EXPERIMENT

A schematic of the detector array is shown in Fig. 1. T
array is essentially similar to that used previously to stu
the high-energy gold interactions@6#. The analysis is thus
also very similar, apart from the additional steps taken
ensure that the incident nuclei were indeed gold nuclei
not fragments produced in the slabs of material placed
front of the array to reduce the energy. Incident nuclei pas
through a series of ion chambers and Cherenkov coun
The ion chambers in front of the targets served to ensure
the nuclei selected for analysis were incident gold nuclei,
impurities in the beam, or fragments from interactions in t

-

y,
©2000 The American Physical Society10-1



kov

upstream

WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
FIG. 1. Schematic of the detector array. Ion chambers I-0 to24 are four gap parallel plate chambers filled with P10 gas. Cheren
counters C-0 and21 contain radiators of Pilot 425 plastic mounted in light diffusion boxes. The multiwire proportional counters MW20
to 22 have 1 mm wire spacing. The target holder can place any of the targets in the beam by remote command. Local and
degraders were added as needed to reduce the beam energy. S-0 and S-1 were test detectors not used in this analysis.
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energy degraders. Those detectors mounted behind the
gets determined the charges of the nuclei that emerged
ther fragments from interactions in the target material,
surviving gold nuclei. Details of the detectors and the g
eral analysis have been described previously@2,6#.

The AGS delivered nuclei to the array with an initial e
ergy of 4.0A GeV. Local lead and external copper degrad
were used to reduce the energy in the targets in a serie
steps. The energy losses in the degraders were calcu
using expressions fordE/dx appropriate for high charge pa
ticles introduced by Ahlen@9,10# and confirmed to within
2% by Waddingtonet al. @11#. Data on interactions were
taken at energiesEbeamof 4.0, 3.3, 2.7, 2.4, 2.0, 1.6, 1.2, an
0.92A GeV. Energies were reduced from 4.0 to 2.0A GeV
by using local degraders placed immediately in front of
first detectors. These local degraders were then replace
an external degrader placed in the beam line upstream
reduce the energy incident on the array to 2.0A GeV. The
majority of the fragments produced in this degrader w
swept out of the beam by downstream magnets before re
ing our array. Only those fragments with rigidities with
about 1% of that of the gold nuclei reached the array. Th
could be clearly identified and eliminated during the ana
sis. Excellent agreement between the results obtaine
2.0A GeV using either internal or external degraders, show
that any effects due to the unavoidable presence of lig
unstable isotopes of gold in the degraded beams was n
gible. Still lower energies were obtained by combining t
upstream degrader with additional local degraders.

At each energy, separate runs were made to take dat
the interactions in targets of polyethylene (CH2), carbon,
aluminum, copper, tin, and lead. The thicknesses of th
targets were chosen so that between 10 and 20 % of
incident nuclei would be expected to interact. In additio
data were taken with no target present, to evaluate the b
ground corrections. Between 105 and 106 incident projectiles
were recorded for each energy and target combination,
Table IV. Comparison of the results in the polyethylene a
carbon targets allowed a determination of the cross sect
in a pure hydrogen target. In practice, each set of runs
cycled through several times in order to increase the stat
cal weight and to ensure that complete sets had been
tained before the experiment was terminated by outside
tors beyond our control. The results from these repeated
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could then be combined, since there were no signific
long-term drifts in the responses of any of the detectors.

One of the most important characteristics of experime
such as these is the degree of charge resolution obtai
Figure 2 shows an individual charge spectrum for the cas
4.0A GeV gold nuclei in a polyethylene target. The char
resolution achieved in each run can be expressed in term
the width of the gold peak, or the widths of the fragme
peaks, measured in the detectors after the target. Table I
the resolutions obtained at each energy, averaged ove
targets, and shows that they are sufficient to resolve
high-Z fragments almost completely. Even those withdZ
561 can be clearly distinguished from the large gold pe
Fragments withdZ,220 show reduced resolution due
the confusing effects of multiple fragments from a sing
interaction, but can still be resolved down todZ5230.

III. DETERMINATION OF TOTAL AND PARTIAL
CROSS SECTIONS

Each detector, aside from the hodoscopes, produced
independent signals which should be identical, apart fr

FIG. 2. A charge spectrum for gold at 4.0A GeV interacting in a
polyethylene target. The four thallium fragments in this data set
not visible on this plot~see Table IV!. The gold peak has a maxi
mum at 1.63105 nuclei.
0-2
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FRAGMENTATION OF RELATIVISTIC GOLD BY . . . PHYSICAL REVIEW C61 024910
random fluctuations. For the ion chambers, these sig
come from two parallel layers of gas, and for the Cherenk
detectors from two interleaved groups of four phototub
observing each radiator. We selected events for furt
analysis where each pair of signals were within three s
dard deviations~scaled with signal size compared to a go
signal! of each other. This ensured consistency between
two signals from each detector and eliminated those
events affected by noise spikes and other random fluc
tions.

The signals produced by gold nuclei in each detector
show small temporal variations due to changes in gas t
perature, voltage, and ambient magnetic fields~from other
large experiments sited nearby in the beam hall!. Each signal
was corrected by a time-dependent factor based on the v
tions in the mean of the peak signals of gold nuclei. T
factors were determined, one for the ion chamber signals
one for the Cherenkov signals. We determined these fac
for each type of detector by selecting a sample of events
which all the signals in the other type of detector were with
two standard deviations of the peak gold signal. Then
constructed a time series of histograms of signals in the
dividual detectors from each 105 successive events. The pea
signals in these histograms defined the variation of each
nal with time. The ion chambers’ variations were domina
by variations in the temperature and gas flow rate during
runs, while the variations in the Cherenkov detectors w
dominated by changing magnetic fields from other large
tive detectors in the experimental hall. These factors ty
cally varied from about 0.95 to 1.05. Periods during whi
the factors varied abruptly were excluded from further ana
sis.

The signals in the Cherenkov detectors were corrected
a factor corresponding to the thickness of the radiators at
particle location found with the hodoscope, MW-1, just
front of the detectors. This factor ranged from 0.994
1.006. No positional corrections were needed for the
chamber signals.

In order to determine absolute values for the cross s
tions we selected a subset of the total number of events
triggered our data collection system. The most importan

TABLE I. Detector resolution at various beam energies. O
standard deviation width is shown for the gold peaks and for th
peaks of fragments with23>dZ>27. The resolution for the
pickup peak is expected to be similar.

Gold energy
A GeV

Width of gold peak
~in charge units!

Width of fragment peaks
~in charge units!

0.92 0.148 0.188
1.2 0.132 0.141
1.6 0.119 0.131
2.0 ~local! 0.112 0.124
2.0 ~upstream! 0.111 0.124
2.4 0.108 0.121
2.7 0.111 0.125
3.3 0.108 0.125
4.0 0.106 0.125
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these selections was based on the signals in the ion cham
in front of the target, I0 and I1. We accepted for furth
consideration only those events in which these signals, w
combined, were within 2 standard deviations of the me
signal for gold nuclei. This roughly corresponded to 0
charge units, depending on the energy of the particles.
also selected for position in the hodoscope in front of
target. The location of each event’s trajectory was require
be within the main beam spot~chosen by inspection of his
tograms of position, separately for each run! in both horizon-
tal and vertical coordinates. These selections ensure tha
sentially all the events studied involved incident gold nuc
with the primary energy and mass defined at the accelera
last bending magnet.

We used the hodoscope immediately in front of the tar
holder to impose a cut on the time taken for the signals
reach their peak values after the system trigger. The ho
scopes have the longest expected time to reach peak, an
cut removed a small fraction of events in which the sign
were unusual, for example, events in which electronic no
happened to trigger a single amplifier, or two particles e
tered the detector array in a very short time interval. The v
majority of events in this fraction were also excluded
other cuts.

The incident number of gold nuclei for the purpose
determining cross sections for charge change was define
the number of events satisfying all of these selection crite
We then selected a subset of these events by requiring
the signals of the ion chamber in front~I2! and the sum of
the signals of those behind the Cherenkov detectors~I3 and
I4! were consistent. Each was required to be a similar fr
tion of the signal of gold, to within three standard deviation
or about 0.8 charge units, depending on the energy of
particles. This selection removes virtually all of the events
which a particle changed charge by more than one due to
interaction in the material of the Cherenkov detector. It do
not remove all of the events in which the charge changed
one.

We created a histogram of the remaining events as a fu
tion of the weighted sum of the signals of the detectors
hind the target. In order to find the number of nongold nuc
that were created in the target and not in the material of
detectors, we subtracted from each target’s histogram
scaled histogram of a run with no target and a similar ene
at the detectors. Finally, we obtained the number of event
each peak by a fit to a Gaussian distribution, e.g., see Fig
This number is then the number of nuclei considered to h
undergone a charge change in the target and to have un
gone no further charge changes in the material of the de
tors.

Two further corrections for such charge changes w
necessary to obtain the cross section for interaction in a
target. First, we multiplied the number of events by a fac
equal to the ratio of number of events with a signal cor
sponding to gold in the ion chambers in front of the Chere
kov detectors to the number of events with a signal cor
sponding to gold in the ion chambers in back of t
Cherenkov detectors. This factor allows for the loss of g
nuclei that interact in the detectors. We used the resul
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WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
compute a preliminary estimate of the cross sections for p
duction of nuclei with each value ofdZ. Second, we per-
formed an iterative calculation to correct for those nuc
which suffered a subsequent charge-changing interactio
the target. For this correction, we considered the thick ta
as a stack of thin slabs, and calculated the number of exis
gold and fragment nuclei in each slab. We iterated the
culation, changing the preliminary cross sections until
results matched the numbers leaving the target.

Due basically to the relatively thin targets and the exc
lent charge resolution in all but the lowest energy runs, s
tematic uncertainties are in all cases significantly sma
than statistical. These systematic uncertainties are reduce
ensuring that the runs with no target had adequate statis
weight.

IV. RESULTS

A. Total cross sections

The total charge changing cross sectionsS i were mea-
sured at each energy and in each target. The cross sectio
hydrogen were calculated from the carbon~C! and polyeth-
ylene (CH2) targets using the relation

SH50.5~3SCH2
2SC!, ~1!

noting thatSCH2
is the averaged nuclear cross section

CH2, defined as the cross section per molecule divided b
The energy dependence ofS i is shown in Fig. 3 for all

targets, together with linear fits between 0.9 and 4.0A GeV
of the form

S5S01g•Ebeam. ~2!

The values ofS0 andg are given in Table II.

FIG. 3. Total charge changing cross sectionsST for gold nuclei
in all targets as a function of beam energy. Note break in ene
scale between 4.0 and 10.6A GeV. Linear fits are shown for the
values between 0.9 and 4.0A GeV.
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Note that the earlier measurements at the Bevalac w
E,0.92A GeV @1–3# did not determine values ofS i . It can
be seen from these new results thatS i is essentially constan
for the lighter targets, but that for the heavier targets ther
a small but significant decrease inS i as E increases to
4.0A GeV. This decrease inS i does not continue out to
10.6A GeV. Instead, there are increases, which are grea
for the heaviest targets. These increases at high energy c
be attributed to the increasing importance of electromagn
dissociation~EMD!, which was discussed in some detail pr
viously by Geeret al. @6#. However, the increases for th
heaviest targets appear to be larger than predicted by
earlier analysis. For example,SPb increases by about 100
mb between 4.0 and 10.6A GeV, whereas the analysis b
Geeret al. @6# suggested that the contribution due to EMD
10.6A GeV was only 310 mb. This suggests that either
magnitude of the EMD contribution, which was based
arguments involving factorization, has been underestima
or that the nuclear cross sections increase with energy
mass number. Neither explanation is attractive and furt
data is needed to study this question in more detail.

The variation ofS i with the mass number of the targetAT
is shown in Fig. 4. This figure shows all the data for ea
energy and power-law fits inAT . Values for the two extreme
cases are shown. The dependence closely follows, but is
exactly equal to, anAT

1/3 relation. Such a relation would im

y

TABLE II. Values of constants from linear fits, Eq.~2!, to varia-
tions with energy of total cross sections for all targets.

Target S0 ~mb! 6 g 6 x2

Pb 6512 228 2172 92 0.43
Sn 5316 149 281 59 0.62
Cu 4408 107 248 42 0.47
Al 3399 57 212.9 22.3 0.93
C 2696 55 8.2 22.1 0.23
CH2 1950 26 27.4 10.7 1.08
H 1577 48 215.7 19.5 0.46

FIG. 4. Dependence of total charge changing cross sectionsST

on target mass numberAT . Power-law fits are shown to values a
10.6 and 4.0A GeV. Other energies are shown by dashed lines
0-4
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FRAGMENTATION OF RELATIVISTIC GOLD BY . . . PHYSICAL REVIEW C61 024910
ply thatS i depends on the impact parameter between the
nuclei. However, it should be noted that this power-law
lation would not extrapolate correctly to a hydrogen targ
but would predict an value appreciably smaller than is m
sured. The good representation of the dependence onAT by a
power law suggests that it is reasonable to predict the c
sections for projectiles other than gold by scaling by anA1/3

term, at least forAP values that are not too dissimilar from
that of gold.

The effects of EMD on the cross sections at the high
energy, 10.6A GeV, can be removed following the same pr
cedure adopted before@6#. These reductions make minima
changes in the power-law fit toAT . The power-law exponen
at 10.6A GeV is reduced from 0.31360.002 to 0.303
60.002, which brings it into agreement with the exponent
0.29960.007 at 4.0A GeV.

B. Partial cross sections

1. Hydrogen

The hydrogen cross sections have been discussed in d
in a recent publication@8#. In that paper the emphasis was o
the astrophysical significance of these cross sections to
problem of the propagation of heavy cosmic ray nuc
through the interstellar medium. Here we will concentrate
a comparison of the systematics of these cross sections
those on heavier targets.

The elemental partial cross sectionss for the production
of fragments withdZ from 12 to 230, were measured a
each energy and in each target. The values fors in hydrogen
were then calculated using the partial cross section versio
Eq. ~1!, with the appropriate values ofs measured in CH2
and C.

The values ofs for negative values ofdZ at the different
energies as a function ofudZu for carbon, polyethylene, an
hydrogen targets are shown in Figs. 5–7. Also shown

FIG. 5. Partial cross sectionss in mb, for gold on a hydrogen
target, as a function of charge changeudZu at all available energies
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these figures are the low-energy data from Cummingset al.
@2#, and the high-energy data from Geeret al. @6#. These
plots are on log-log scales, with the new results shown
solid symbols and the previous data as open symbols. Th
plots, while very busy, illustrate the general power-law n
ture of the relation betweens andudZu for a relatively heavy
target like carbon, and the deviations from a power law
the lighter targets and the lower energies.

Examination of Figs. 5–7 show the considerable ene
dependence ofs, particularly for a hydrogen target. Ther
are obviously very large changes for those fragments w
udZu.10. However, thes’s for the production of these

FIG. 6. Partial cross sectionss in mb, for gold on a polyethyl-
ene target, as a function of charge changeudZu at all available
energies.

FIG. 7. Partial cross sectionss in mb, for gold on a carbon
target, as a function of charge changeudZu at all available energies
0-5
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WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
lighter fragments are all relatively small, and hence, co
paratively unimportant to the propagation problem. The s
nificant s’s are those for the fragments withudZu<10. The
values ofs for each of thesedZ are shown as a function o
the projectile energy in Fig. 8. A This figure shows that
general for smalldZ, sH decreases with increasingE, but
that for largedZ, sH reaches a maximum at an intermedia
energy. As might be expected, at low energies the produc
of fragments decreases rapidly asudZu increases. At higher
energies, this effect becomes less important, ands only de-
creases slowly asudZu increases. For eachdZ, s shows a
dependence on energy that becomes less and less mark
the energy increases, although for somedZ there is still a
indication of a small decrease between the two highest e
gies. For most purposes, it is reasonable to assume that
iting fragmentation has been reached by 4.0A GeV ~see Sec.
V A !.

2. Heavy targets

The partial cross sections in heavy targets show sim
features to those in carbon, Fig. 7. As an example, the va
tions ofs with udZu for the Pb target are shown in Fig. 9. I
all the heavy targets there are good power-law relations
betweens anddZ, at least forudZu,20. It can also be see
that, although there is a dependence on energy, it is m
less than that observed for the hydrogen targets.

V. ANALYSIS

The large body of data that has now been collected on
production of fragments in these relativistic interactions
heavy nuclei in various target materials can be used to
dress a number of interesting topics. The problem of whe
the regime of limiting fragmentation has been reached
these experiments is discussed in the next section. The
lowing sections discuss the derivation of relations allow

FIG. 8. Partial cross sectionss in mb, for gold on a hydrogen
target, as a function of beam energy for different fragments w
udZu between 1 and 10.
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the prediction of partial cross sections for any target or
ergy. These new relations are compared with those der
previously@5# from a more limited data set. Since the maj
cross sections are forudZu<12 and since it is only these
large fragments that are significant in propagation calcu
tions, attention has been directed mainly to predicting
production of these fragments.

A. Limiting fragmentation

We can study whether the regime of limiting fragmen
tion has been reached in this range of energies by lookin
the changes in the cross sections between the two hig
energies. Consider the ratio

R~dZ,AT!5s10~dZ,AT!/sE~dZ,AT!, ~3!

where for each targetR is a function ofdZ, ands10 andsE
are the partial cross sections at 10.6A GeV and at a lower
energyE, for each value ofdZ. In the case that true limiting
fragmentation has been established byE A GeV, R(dZ)
should equal 1.0 within the experimental uncertainties
each target. Figure 10 shows a plot forE54.0, 3.3, and
2.7A GeV, of the mean values ofR averaged overdZ5
21 to 212 for each of the targets, together with the stand
deviations on these means. It can be seen that there ma
an apparent mass dependence for^R&. With E54A GeV, R is
marginally less than unity for the lightest targets, while f
the heaviest targetŝR& appears to be consistent with unit
although with a large uncertainty. AsE decreases,R be-
comes smaller, particularly for the lighter targets. Examin
tion of the variation ofR(E54) with dZ for a hydrogen
target, shows that these deviations from unity for eachdZ
are small, Fig. 11. For lead it appears that the apparent
crease in̂ R& is due to the high values ofR(dZ521) and

h
FIG. 9. Partial cross sectionss in mb, for gold on a lead target

as a function of charge changeudZu at all available energies, listed
in A GeV.
0-6
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FRAGMENTATION OF RELATIVISTIC GOLD BY . . . PHYSICAL REVIEW C61 024910
R(dZ522), which can partially be attributed to the effec
of EMD at high energies. ForudZu>3, the R values are
consistent with unity.

It appears reasonable to conclude that, in general, limi
fragmentation has been reached between 4.0 and 10.6A GeV
for gold nuclei.

B. Partial cross sections

The variations of the partial cross sections forE
<5.0A GeV in all the targets and forudZu<12, can be fitted
by one or two power-law relations in energy, depending
the target anddZ:

s~dZ,E,AT!5s0~dZ,AT!•En~dZ,AT! mb, ~4!

where s0(dZ,AT), is the value of the cross section
1.0A GeV, and n(dZ,AT) is the exponent of the energ
variation. For a hydrogen target, these parameters also
pend on a critical energyEc representing a transition from
positive to a negative exponent.

FIG. 10. Plot of the ratioR(10.6/E), see Eq.~3!, averaged over
1<udZu<12, between 10.6 and 4.0, 3.3, and 2.7A GeV, as a func-
tion of target massAT .

FIG. 11. Values ofR(10.6/4.0) as a function of charge chan
udZu in hydrogen and lead targets.
02491
g

n

e-

1. Hydrogen cross sections

For hydrogen andudZu.3 it appears thatEc increases
slowly from 1.0 to 1.3A GeV asdZ increases. Examples o
the relatively abrupt change in form seen in the hydrog
cross sections are shown in Fig. 12 fordZ525 and210.
For Ec<E<5.0 or for udZu<3, boths0 andn can be repre-
sented as power laws indZ of the form

s05~26763!•udZu~20.55360.012! mb, ~5!

n5~20.45260.019!•udZu~0.14360.033!. ~6!

At E,Ec andudZu>4, s0 andn can both be represented b
relations of the form

s05~359614!•exp„udZu~20.21760.005!… mb, ~7!

n5~4.7960.29!• ln„udZu~0.2660.009!…. ~8!

It can be seen that the change in behavior at the crit
energy is drastic. The exponent of the energy depende
varies from being positive at low energies to negative
higher energies. In all the fits to the data and to the pow
law parameters there are acceptable values ofx2 for each of
the individual fits. A comparison between all the measu
cross sections in hydrogen and those predicted from E
~4!–~8! is shown in Fig. 13. It is found that 80% of th
predictions are within 15% of the measured values. Alter
tively, 42% of the predictions are within one standard dev
tion of the measured values and 74% are within two stand
deviations.

For udZu.12 it is necessary to increaseEc to 1.8A GeV in
order to obtain acceptable power fits. ForE.Ec there are
drastic changes in the forms of boths0 andn from the values
for lower dZ. For example, Fig. 14 shows the exponent p
rametern at high energy, 4.0A GeV, as a function ofdZ,
together with the fit forudZu<12.

A comparison of the results from these predictions a
those obtained from the revised version derived in ear
work @5#, shows that this new formalism is significantly be

FIG. 12. Partial cross sectionss in mb, for gold on a hydrogen
target, for two values ofdZ ~25 and210! as a function of energy.
Power-law fits of the type in Eq.~4! are shown for each section o
the data.
0-7
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WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
ter at matching the available measured values. Using
present predictions, 91% of the values agree to within 2
of the measured values for 2<udZu<12. The previous for-
malism, which was limited to fewer energies but with mo
projectile types, was only able to match 76% of a data se
within 20%.

2. Heavy target cross sections

For the targets heavier than hydrogen, it is not neces
to invoke a critical energy. All the cross sections for
<udZu<12 andE<5.0A GeV for each target can be fitte
by one power law, although with individual values
s0(dZ,AT) andn(dZ,AT), similar to Eq.~4!. The values of
s0 andn can in turn be described by power laws inudZu of
the form

s0~dZ,AT!5a~AT!•udZub~AT! mb, ~9!

n~dZ,AT!5g~AT!•udZux~AT!. ~10!

FIG. 13. Comparison between measured partial cross sectio
gold in hydrogen fordZ between21 and 212 and the values
predicted from Eqs.~4! to ~8!.

FIG. 14. Values of exponent parameter from Eq.~4! as a func-
tion of charge changeudZu for gold on hydrogen at 4.0A GeV.
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Finally, a andb can be described by power laws inAT ,
andg andx as linear relations inAT :

a~AT!5f•AT
« , ~11!

b~AT!5q•AT
t , ~12!

g~AT!5a1b•AT , ~13!

x~AT!5c1d•AT . ~14!

The fitted values of these various constants with their
certainties are given in Table III.

Examination of these values shows thatb, g, and x are
nearly independent ofAT . The resultant global fit to the dat
is then given by

s~dZ,E,AT!5~fAT
« !•udZuqAT

t
•E~a1bAT!•udZu~c1dAT!

mb.
~15!

Application of this global fit to all the available data fo
2<udZu<12 and 0.5<E<10.6A GeV shows that the fit is a
good representation of the data. Figure 15 shows a histog
of the ratio of the predicted to the measured cross sect
for the 627 cross sections. 60% of all the predictions
within 5% of the measured values, 88% are within 10
Alternatively, 65% of the predictions are within one standa
deviation of the measured values and 93% are within t
standard deviations. Given the uncertainties in the const
of Table III, the predictions appear to be excellent. Note t
these predictions are significantly better than those deri
above for the hydrogen target.

of

TABLE III. Values of constants in Eqs.~9!–~14!.

Constant Value 6 Constant Value 6

f 196 5 a 20.253 0.014
« 0.108 0.008 b 2(0.631024) (531024)
u 20.788 0.017 c 20.143 0.034
t 20.017 0.007 d (431024) (531024)

FIG. 15. Histogram of ratio of predicted to measured par
cross sections for all targets carbon and heavier. All energ
0.5A GeV and above, 2<udZu<12. Note does not include value
for dZ521.
0-8
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FRAGMENTATION OF RELATIVISTIC GOLD BY . . . PHYSICAL REVIEW C61 024910
If we neglect those terms with small constants then

s~dZ,E,AT!'~196•AT
0.1!udZu20.8

•E~0.25!•dZ20.15
mb.

~16!

From this form we note thats is only weakly dependen
on AT , but does show a clear dependence onE for E
<4.0A GeV whenudZu<12. Thus

s~dZ,E,AT!}AT
0.1;}udZu20.8;}E20.25•dZ20.15

for E<4.0A GeV and 2<udZu<12.

TheE dependence is not a function ofAT , showing that it
is not appropriate to consider the total energy in the cente
mass as an organizing variable in these peripheral inte
tions.

If we attempt to extend this global fit to those cross s
tions for fragments withudZu.12 we find that there is a
reasonable representation forudZu<20. An example is
shown in Fig. 16 for Al at 4.0A GeV. Clearly, the predictions
seriously underestimate the cross sections forudZu.20. This
must at least be partially due to the effects of fission of
gold nuclei, which has been shown to be strongly ene
dependent@12#. Symmetric fission~40,39! results in an ap-
parent fragment withdZ'223, while asymmetric fission
~20,59! appears atdZ'217. Such events will increase th
apparent cross sections and result in the measured cross
tions being larger than those for the production of a sin
fragment. Examination of Fig. 7 shows the increasing cr
sections in carbon forudZu in the low 20’s that reflect the
effects of fission. However, even forudZu<20 the global fit
is not as satisfactory as for the lowerudZu values. Figure 17
shows a histogram of the ratio of the predicted to measu
cross sections for 13<udZu<20, for all heavy targets and
energies. There is a consistent underestimation of the c
sections by rather less than 10% on average. Since t
cross sections are small compared to those for smalludZu, a
failure to predict them as precisely is unlikely to have a
significant effects on propagation calculations.

FIG. 16. Plot of ratio of predicted to measured cross sections
gold on aluminum at 4.0A GeV, as a function of charge chang
udZu.
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C. Minus 1 cross sections

The cross sections for those fragments that have lost
one charge are not well described by the global fit deriv
above. In general, the measured cross sections are sig
cantly greater than those predicted. Examination of the cr
sections for each target as a function of energy, Fig.
shows significant changes from the simple power-law re
tions at both the highest and lowest energies. At low energ
this presumably is a reflection of the lack of total ener
available to remove more than a single proton from the g
nucleus. At high energy the effects of EMD become notic
able@6#. In both cases these effects are largest for the he
est targets, as could be expected.

D. Plus 1 cross sections

In each run it was possible to identify a clear peak of80Hg
nuclei, resulting from a single charge pickup, ‘‘plus 1’s.’’ I
most runs it was also possible to distinguish a small num

r FIG. 17. Histogram of ratio of predicted to measured par
cross sections for all targets carbon and heavier. All energ
0.5A GeV and above, 13<udZu<20.

FIG. 18. Partial cross sections fordZ521 in heavy targets, as
a function of energy. Values for each target are connected to g
the eye.
0-9
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WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
of 81Tl nuclei, double-charge pickup, ‘‘plus 2’s.’’ The on
exception was for the runs at 0.92A GeV, which had the
worst charge resolution. The numbers of Hg and Tl fra
ments detected in all the runs withE.1.0A GeV are given in
Table IV, together with the cross sections deduced for
production of Hg after allowing for interactions in the low
detectors. The numbers of Tl nuclei that could be expec
from secondary interactions of Hg nuclei in the targets w
calculated assumed that the cross sections for producin
from Hg was the same as that for producing Hg from A
Between 10 and 20 % of the observed Tl nuclei could h
been produced in such successive pickup interactions.
clear excess of observed Tl nuclei over the estimates
secondary production indicated that there must be a me
nism for the direct production of nuclei that gain two charg
in an interaction.

Our previous studies of charge pickup@4,6# involved a
number of different projectiles and targets, but apart fr
one series of runs using gold nuclei with 10.6A GeV, was
confined to energies of less than 1.5A GeV. These new re-
sults are limited to a single projectile, but cover a range
energies between those previously available. In addition,
targets used cover a wider range than was generally u
previously.

The variation of these cross sections with energy is ill
trated in Fig. 19, which shows all the data obtained in t
experiment, together with the previous high-energy result
can be seen that the cross sections decrease quite ra
with increasing energy between 1.2 and 2.3A GeV, and then
appear to become almost constant up to 4.0A GeV. This fall
in the cross sections with increasing energy is consistent
that reported for the pickup cross sections of228U @12#.
There is apparently a further small, but significant decre
in the cross sections between 4.0 and 10.6A GeV. Since the
total charge changing cross sections are almost constan
fraction of interactions producing Hg nuclei shows a simi
energy dependence to that seen in Fig. 19. This fraction
ies between 1.35 and 0.3 %, being highest in polyethyl
and least in lead. In addition, it is clear that the cross sect
do depend on the mass number of the target.

FIG. 19. Cross sections, in mb, for the production of80Hg nuclei
from 79Au nuclei in all targets, as a function of energy.
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The earlier high-energy results were found to be well
ted by a power-law dependence on the target mass num
AT of the form

s115m~AT!k. ~17!

In these previous fits, values for a hydrogen target dedu
from the cross sections in carbon and polyethylene were
cluded. In the present analysis, we have confined our res
to the directly measured cross sections. The results of pow
law fits, weighted by the experimental uncertainties,
shown in Fig. 20. Here the cross sections are plotted a
function ofAT for eight different energies of the gold nucle
The values of the exponent coefficientk and intercept coef-
ficient m for the plus 1’s are shown as a function of energy
Figs. 21~a! and 21~b!. The interceptm is seen to fall steadily
with increasing energy between 1 and 2.5A GeV and then
become essentially constant at higher energies, altho
there may be a slow decrease with energy. The power de
dencek is consistent, within the uncertainties, with bein
constant with energy, and reflects a rather weak depend
on AT . It should be noted that this constancy was not app
ent at energies less than 1.0A GeV @3#, wherek decreased
sharply and a power-law fit became less satisfactory. The
to the data reported here had reducedx2 values with a mean
of 1.09, showing that a power representation is acceptabl
has been suggested@12,13# that these cross sections shou
instead be fitted by a linear relation of the form

s115d@AT
1/31Ap

1/320.75~AT
21/31Ap

21/3!# ~18!

originally proposed to represent single nucleon removal
teractions@11#. However, applying Eq.~18! leads to reduced
x2 values with a mean of 2.83, showing that it is not as go

FIG. 20. Cross sections, in mb, for the production of80Hg nuclei
from 79Au nuclei at various energies, as a function of target m
numberA. Power-law fits of the type of Eq.~17! are shown at each
energy.
0-10
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TABLE IV. Numbers of incident gold and produced mercury and thallium nuclei in each target at
energy. Also percentage ratios of Hg/Au nuclei and cross sections for production of Hg.

Target
Energy

~A GeV!
Gold
Z579

Mercury
dZ511
Z580

Mercury/gold
%

Thallium
dZ512
Z581

Mercury
~mb!

CH2 0.92 549 865 2246 0.408 15 40.162.7
CH2 1.2 677 551 1810 0.267 11 26.163.2
CH2 1.6 606 394 1329 0.219 15 21.566.1
CH2 2 1 016 661 1792 0.176 11 17.365.4
CH2 2.4 653 505 890 0.136 3 13.468.3
CH2 2.7 510 195 704 0.138 6 13.5611.2
CH2 3.3 208 545 286 0.137 3 13.562.2
CH2 4 758 697 1003 0.132 4 13.062.7

C 0.92 265 343 535 0.202 3 35.463.0
C 1.2 332 145 539 0.162 3 28.464.0
C 1.6 291 779 519 0.178 3 31.264.6
C 2 607 879 756 0.124 11 21.865.8
C 2.4 350 532 381 0.109 2 19.161.9
C 2.7 244 360 233 0.095 0 16.762.8
C 3.3 233 817 225 0.096 1 16.962.4
C 4 388 740 366 0.094 3 16.563.7

Al 0.92 42 660 136 0.319 3 48.763.6
Al 1.2 216 822 434 0.200 4 30.565.7

Al 1.6 490 641 926 0.189 9 28.861.7
Al 2 200 126 309 0.154 3 23.662.1
Al 2.4 164 246 193 0.118 1 18.062.6
Al 2.7 188 591 216 0.115 1 17.563.2
Al 3.3 152 519 164 0.108 2 16.465.0
Al 4 288 463 299 0.104 6 15.965.2

Cu 0.92 282 294 556 0.197 3 69.361.5
Cu 1.2 404 781 496 0.123 3 43.062.1
Cu 1.6 357 277 376 0.105 3 37.062.4
Cu 2 354 919 298 0.084 0 29.563.0
Cu 2.4 390 826 306 0.078 1 27.663.6
Cu 2.7 311 719 219 0.070 2 24.764.2
Cu 3.3 280 340 169 0.060 0 21.261.6
Cu 4 470 655 336 0.071 2 25.162.2

Sn 0.92 341 775 791 0.231 1 122.962.3
Sn 1.2 508 699 444 0.087 4 46.263.2
Sn 1.6 969 544 789 0.081 6 43.263.7
Sn 2 183 827 96 0.052 0 27.764.4
Sn 2.4 575 610 392 0.068 4 36.261.8
Sn 2.7 467 333 262 0.056 2 29.862.2
Sn 3.3 374 170 218 0.058 4 30.962.3
Sn 4 602 846 306 0.051 1 27.063.0

Pb 0.92 337 026 614 0.182 3 145.664.0
Pb 1.2 564 934 360 0.064 1 50.864.5
Pb 1.6 535 712 368 0.069 1 54.861.4
Pb 2 545 319 343 0.063 5 50.261.9
Pb 2.4 637 275 266 0.042 1 33.461.9
Pb 2.7 548 070 213 0.039 2 31.062.7
Pb 3.3 455 235 167 0.037 3 29.363.1
Pb 4 481 736 176 0.037 1 29.264.3
024910-11
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WADDINGTON, CUMMINGS, NILSEN, AND GARRARD PHYSICAL REVIEW C61 024910
a representation of the data in this energy range as a sim
power law.

E. Plus 2 cross sections

Small numbers of81Tl nuclei, plus 2’s, have been ob
served. The cross sections for the production of these nu
are less than 1.0 mb. It has only been possible to dete
significant number of these rare nuclei due to the larger n
ber of interactions that were obtained during these latest
at the AGS.

The cross sections were determined using the same
cedures as for the plus 1 cross sections, and corrected fo
small probability of two interactions resulting in doub
single charge pickup. The resulting cross sections are plo
in Fig. 22 as a function of the target mass. The large un
tainties prevent any meaningful analysis of trends but it
pears that there is a general tendency for the cross sectio
increase withAT , which is consistent with the results foun
for the plus 1’s.

VI. SUMMARY AND DISCUSSION

We have determined the total charge changing cross
tions for gold nuclei interacting in a wide range of targe
over energies between 0.9 and 10.6A GeV. These cross sec
tions show little if any dependence on energy except for
heaviest targets and at the highest energy. The increas

FIG. 21. ~a! Values of intercept,m and~b! exponent,k, from Eq.
~17! for charge pickup as a function of energy.
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high energy do not appear to be fully accounted for
simple EMD arguments. The variation of the cross sectio
with target mass number appear to scale slightly less rap
than the one-third power that would be expected.

The partial cross sections results obtained here and pr
ously, have been used to derive new expressions for
variations with energy and mass. These expressions are
ferent for hydrogen and heavier targets, but provide be
fits to the measured data than previous expressions. At
present time these expression represent the best pos
means of predicting those unmeasured cross sections tha
required in calculations of the effects of interstellar propa
tion on the abundance of the heaviest UH cosmic ray nu
@14#.

The nature of the pickup nuclei is not well defined in th
experiment. We know that they are stable enough to surv
the transit of the charge measuring section of the dete
array. At these energies this only places a lower limit on
lifetime of about 1026 s. While we have not measured th
mass numbers, previous studies at lower energies sug
that typically there is significant mass loss. The simplest p
cess would be the transformation of one or two neutrons
protons, forming80

197Hg or 81
197Tl. Both these nuclei have quite

adequate lifetimes to traverse the detector array. In the c
of 197Hg the nuclei would be stable so long as they we
stripped, since the decay is byK capture with insufficient
energy to allow alternative positron decay. If additional ne
trons are lost during the interactions then long lived, or ev
stable, e.g.,196Hg, nuclei of Hg and Tl can be formed. A
experiment to measure the masses of these pickup nucle
the numbers of associated neutrons produced during t
formation, would help to define the processes that prod
them.

The original motivation for these experiments was
study the astrophysical implications of the production
fragments during the propagation of heavy cosmic ray nu
through interstellar and local matter. It seems unlikely th
these pickup processes will be significant to these stud
since the cross sections are so small and the nuclei are p

FIG. 22. Cross sections, in mb, for the production of81Tl nuclei
from 79Au nuclei at various energies, as a function of target m
numberAT* .
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ably not stable. However, it is possible that in certain ca
pickup would have to be considered. For example,
production of208Bi from 208Pb would be possible if there i
no mass change, since208Bi has a long lifetime againstK
capture and might be stable in the cosmic radiation. T
could be of interest when good statistical, high resoluti
data on the very heavy cosmic ray nuclei becomes availa
J.
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