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Charge-changing interactions of Au at 10 Gevinucleon in collisions with targets
from H to Pb
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Total and elemental charge-changing cross sections for reactions AZ = +1, —1, —2, —3 were
measured for 10 GeV/nucleon Au ions colliding with CH2, C, Al, Cu, Ag, and Pb targets.
Contributions to the total cross sections by the process of electromagnetic dissociation are discussed.

PACS number(s): 25.75.+r, 25.70.De, 25.20.—x

I. INTRODUCTION

First measurements of the total charge-changing frag-
inentation cross sections for Au at 10 GeVinucleon
ions available at the alternating-gradient synchroton
(AGS) at the Brookhaven National Laboratory were per-
formed by He and Price [1] and Waddington et aL [2].
The data of these two experiments disagree systemati-
cally, especially for heavy targets. Both groups derived
from their data the contribution by electromagnetic dis-
sociation (ED) to the total charge-changing cross sec-
tion. These cross sections disagree also and appear to
be surprisingly high. The excitation of the projectile
nucleus by absorption of virtual photons from the elec-
tromagnetic pulse encountered in the close passage of
a heavy target nucleus is dominated by the giant reso-
nance. For a heavy nucleus like Au with a neutron
excess it is expected that the deexcitation is dominated
more by neutron emission than by proton emission, due
to the Coulomb barrier. Motivated by the conflicting
results of the two experiments [1,2] and their interpreta-
tion, we remeasured the total charge-changing cross sec-
tions and some elemental charge-changing cross sections
for 1 ( ]AZ~ ( 3 for different targets. In the second

Au run at Brookhaven we irradiated stacks contain-
ing track detectors similar to the experiments of He and
Price [1].

II. EXPERIMENT

We have used CR-39 solid state nuclear track detectors
in the past to investigate the electromagnetic dissociation
of 0, Si, and S in experiments performed at CERN
and Brookhaven [3—7]. In the experiment described here
we additionally used BP-1 glass. BP-1 is a barium phos-
phate glass (the composition is given in [8]), which was
developed by Wang et aL [8] some years ago. It has
an excellent charge resolution for the Au beam particles
and their fragments, especially when etched in NaOH [9].

*Present address: Michigan State University, NSCL, East
Lansing, MI 48824.

Our experimental technique has been published in detail
in [10]. Therefore only a short overview is given here.

We used a simple experimental setup placing on both
sides of the target one BP-1 glass plate of size 10 cmx 10
cmx0. 15 cm for charge measurement and some addi-
tional CR-39 (Ci2His07) plastic nuclear track detectors
for tracing particle trajectories. These stacks were ex-
posed to a 10 GeV/nucleon is~Au beam. The develop-
ment of the latent tracks in the BP-1 was done by etching
the irradiated BP-1 plates in 6N NaOH at 60 C for 12 or
15 h, respectively. The analysis of the tracks on the detec-
tor surfaces was performed with our automatic scanning
system [11].A field of 7 cmx 7 cm was scanned on all de-
tector surfaces. From the maxima observed in measured
distributions of track areas we derived a charge calibra-
tion [9]. The charge resolution for particles with Z = 79—
76 is about o.z ——O. le. The trajectories of the projectiles
and fragments with Z ) 75 were reconstructed and fol-
lowed through the whole experimental setup.

Charge-changing cross sections for the fragmentation
of Au were obtained by following all tracks of Au ions
entering the target and determining the charges of these
nuclei when leaving the target. Since we used targets of
a thickness which corresponds to about 20% of the in-
teraction length, it was necessary to correct for the frag-
mentation of fragments within the target. For the deter-
mination of elemental fragmentation cross sections of the
beam particles, we applied an iterative procedure to solve
a set of one-dimensional difFusion equations as described
in [10]. As an input for this procedure we need total
cross sections for beam projectiles and fragments and el-
emental charge-changing cross sections for the fragments.
The total charge-changing cross sections for beam parti-
cles (Z = 79) are measured directly in our experiment,
whereas those of the fragments were estimated by scaling
the beam cross section with the ratio of predictions by
an empirical overlap formula [12].

The elemental fragmentation cross sections of the frag-
ments were estimated assuming a constant fragmentation
probability for beam particles and fragments for the same
AZ. Based on this assumption the cross section for beam
particles was scaled down with the ratio of the total cross
sections.

For the C target, we took cross sections measured ear-
lier [9] as an input for the first iteration. After several
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iterations the results depend only slightly on the initial
input data. The fragment cross sections for the other tar-
gets were determined from the C target data by scaling
them with the ratio of target factors given by the ratio
of the square roots of the total cross sections.

'"Au 1 0.6 GeV/nu c leo n

~ He and Price

& Waddington et al.

& this experiment

III. EXPER,IMENTAL RESULTS

The derived cross sections for the target set CH2, C,
Al, Cu, Ag, and Pb are listed in Table I. In Fig. 1 we
compare our total charge-changing cross sections with
the results of He and Price [1] and preliminary results
of Waddington et al [2]. Obviously we find a very good
agreement for all targets with the data of Waddington
et al. , whereas the data of He and Price tend to be sys-
tematically higher. The curve in Fig. 1 has been derived
from an overlap model of the form [13]

10 10

Tar get mass number, A,

FIG. 1. Total charge-changing cross sections for Au at
10 GeV/nucleon from this experiment (closed triangles) in
comparison with the data obtained by He and Price [1) (closed
squares) and Waddington et al. [2] (open squares). The line
represents a simple overlap model fit as described in the text.

with parameters ro ——1.31 fm and 6 = 1.486 fitted to our
data.

The partial charge-changing cross sections for AZ &
—1 show a similar behavior. We Gnd a reasonable agree-
ment with the data of Waddington et al,. [2] whereas the
partial cross sections measured by He and Price [1] are
systematically higher, although the eKect is not as strong
as for the total cross sections. Our measured cross sec-
tions for charge pickup (AZ = +1) are in better agree-
ment with the data of Waddington et at. [2] than with
He and Price [1].

IV. DISCUSSION AND INTERPRETATION OF
THE DATA

A. Electromagnetic dissociation

TABLE I. Measured total and partial charge-changing
cross sections for Au at 10 GeU/nucleon. All values in

mb.

Target
H

CHg
C
Al
Cu
Ag
Pb

Total
1502+ 50
1945+ 30
2830+ 40
3523+ 64
4603+ 75
5437+250
6908+196

AZ =+1
9.8 + 3.3
10.8+ 2.0
12.7+ 3.1
20.8+ 5.8
15.8+ 5.7
22.3+ 8.7
28.4+15.2

AZ= —1
168+11
180+7
203+4
257+14
298+32
437+57
575+47

AZ= —2 AZ= —3
81 +7 64 +6
89 +4 67 +4
104+5 72 +4
123+7 87 +6
145+10 94 +8
170+21 129+15
227+26 134+12

Electromagnetic dissociation is important for the emis-
sion of single nucleons or a particles from a projectile
when interacting with the electromagnetic Geld of a heavy
nucleus. It occurs for impact parameters which are too
large for an overlap of target and projectile nuclei. In our
experiment, similarly to the other two experiments, the
sum of contributions by both the nuclear and the elec-
tromagnetic processes is measured. For the separation of
both components di6'erent methods have been applied.

Waddington et al. [2] use a semiempirical formula for
the nuclear cross section which was derived by Binns et
al. [14] from experiments with heavy projectiles and light
targets at Bevalac energies (around 1 GeV/nucleon).
They assumed that the total nuclear cross section does
not change for 10 GeV/nucleon and subtracted the pre-
dicted cross sections from the measured ones, thus de-
termining a difFerence cross section (Waddington et al.
call it the excess cross section) which they provisionally
attributed to ED. Thus they found a charge-changing
ED cross section for Au interacting with Pb at 10
GeV/nucleon of about 600 mb, whereas using the He
and Price data they get a value of nearly 2400 mb when
applying the same method.

He and Price performed a Gt to their measured data
using an overlap model for the nuclear component and
a power law for the electromagnetic component. In this
way they derived an ED cross section of more than 1000
mb for the Pb target.

The calculation of total charge-changing electromag-
netic cross sections requires photonuclear data describing
the reaction of the nucleus when absorbing photons. For
is Au the (p, n) cross sections were measured by the au-
thors of [15] and [16] in the giant resonance regime, but
for the emission of charged particles no photonuclear data
are available. In order to estimate electromagnetic cross
sections for the emission of charged particles we thus had
to make reasonable assumptions. For the emission of a
proton from an Au nucleus a photon energy of at least
E&h«, h = —Q+ Ec~„i is needed, where Q is the binding
energy of a nucleon within the Au projectile and E, „~ is
the size of the Coulomb barrier. Using the parametriza-
tion for the Coulomb barrier of Kox et al. [17], we find
a value of about 20.4 MeV for Eth„,h. This threshold
energy lies well beyond the giant resonance of the Au
nucleus.

The total calculated ED cross section is very sensitive
to the input photonuclear data close to the threshold,
since the photon spectrum is much more intense in this
region compared to higher energies. We assume that the
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Target
C
Al
Cu
Ag
Pb

o.(AZ = —1)
uncorrected

203
257
298
437
575

o.(AZ = —1)
ECC corrected

175
225
284
404
553

TABLE II. Measured partial charge-changing cross sec-
tions AZ = —1 for Au at 10 GeV/nucleon (second col-
umn). The same partial cross sections after correction for
the eKect of electronic charge capture (ECC) are given in the
third column. All values in mb.

0
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'"Au 10.6 GeV/nucleon
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different targets should, for pure nuclear cross sections,
lead to a constant value which is equal to the square root
of the total cross section quotient. To demonstrate this
we have plotted in Fig. 4 the ratio of the Pb and Cu
target cross sections of Waddington et al. (taken from

[2]) to the values for a C target. The horizontal lines
are calculated from the square root of the ratio of total
cross sections as mentioned above. For the Pb target and
LZ = —1 we find a significant enhancement of the cross
section ratio over the average value which we attribute
to the ED efFect. Figure 5 shows the same plot for our
data and all targets. ECC corrections were applied to
the AZ = —1 channel. The contribution of the ED to a
partial cross section with a charge change AZ can now
be estimated by evaluating the difference cross section:

o- . (AZ, T)

xcr, (b,Z, C).

This relation originates from the factorization of partial
nuclear and ED cross sections [5] under the assumption
that ED can be neglected for the C target. ED cross sec-
tions derived by this procedure are given together with
the calculated total charge-changing ED cross section in
Table III. The cross sections resulting from our data

FIG. 5. Cross section ratios for targets Al/C, Cu/C, Ag/C,
and Pb/C for three partial cross sections from this work.
The horizontal lines show the square roots of the total
charge-changing cross sections of this work.

agree fairly well within the errors with those we have de-
termined in the same way from the data of Waddington
et al,. Furthermore, the agreement with the calculated
total value (it is assumed that the ED partial cross sec-
tions AZ = —1 and AZ = —2 totally exhaust the total
charge-changing ED cross section) is good considering the
quite simple assumptions made for the input data of the
calculation. This leads to the conclusion that charge-
changing ED cross sections for Au are smaller than
was estimated before [1,2].

The target dependence of total ED cross sections is
dominated by two effects. First, the number of virtual
photons available for ED interactions scales with ZT (ZT
= target charge) [3]. Secondly, the total ED cross sec-
tions vary due to the minimum impact parameter for ED
interactions with diferent targets. As a result, the cross
section can be parametrized in the form

with a 7 (E) different from the value 2. In Fig. 6 we
show the exponent v for this power law fitted to the cal-
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FIG. 4. Au partial cross section ratios for targets Pb/C
and Cu/C. Data are taken from Waddington et al. [2]. The
Cu/C ratios are shifted down by 0.5 units. The horizon-
tal lines show the square root of the ratio of the total
charge-changing cross sections.

Energy (GeV/Nucleonl

FIG. 6. Energy dependence of the exponent w of a power
law fit o.ED ——kZT to the calculated charge-changing ED cross
section for 0, Si, and Au.
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TABLE III. Calculated total charge-changing ED cross sections 0, l, and partial ED
charge-changing cross sections a,„pt derived from experiments with Au at 10 GeV/nucleon.
All values in mb.

Target
C
Al
CU

Ag
Pb

~-~ (l&ZI & 1)
3.8

15.6
68.0

166.0
455.?

o'e&cpt (AZ: —1)
Our data

30+16
61+33

162+58
280+49

o'empt (AZ: —1)
Data of [2]

61+23

294+36

~,„„(aZ= —2)
Our data

26+22
65+27

culated charge-changing ED cross sections for 0, Si,
and s Au ions. For 10 GeV/nucleon a value of about
1.84 can be expected for Au.

Waddington et al. [2] fitted a power law of the form
A to their measured excess cross sections to investigate
whether these cross sections are caused by ED. Thus they
determined a value of T = 0.6. A Gt of the form Z gives
a value of ~ —0.8. This value is surprisingly small and
indicates that their excess cross sections contain other
contributions apart from ED.

From a 6t to our experimental ED cross sections of
Table IV we get 7. = 1.41 and k = 0.88 mb with a value
of y /f = 0.63. If we fix the exponent 7. to 1.84 we get
k = 0.13 mb with a value of y /f = 1.09. The y values
of both Bts indicate that the target dependence of our
measured ED cross sections is not in contradiction to the
theoretical predictions.

B. Total charge-changing cross sections

In Table IV we compare our total charge-changing
cross sections with those measured by Binns et al. for
the fragmentation of Au at 1 GeV/nucleon [14] and
the nuclear cross sections calculated with an empirical
overlap formula and parameters as determined by the
same authors. We determined the total nuclear cross
sections at 10 GeV/nucleon by the difference of our mea-
sured and ECC corrected total cross sections and total
ED cross sections derived from results of Table III. Our
cross sections exceed the calculated values of [14] signif-
icantly. It should be noted, though, that the difference

is biggest for the targets Cu, Ag, and Pb, for which no
cross sections were measured by [14].

V. SUMMARY AND CONCLUSIONS

Using simple experimental setups with nuclear track
detectors we have measured the total and some elemen-
tal charge-changing cross sections for fragmentation of
10 GeV/nucleon Au projectiles in the targets H, C,
Al, Cu, Ag, and Pb. Our data, which were obtained us-
ing a similar experimental technique as that of He and
Price [1], disagree with their data. However, they are in
excellent agreement with the data of Waddington et al.
[2], who used an experimental setup with ion chambers,
Cherenkov counters, and multiwire proportional coun-
ters.

We have considered that LZ = —1 cross section mea-
surements for heavy projectiles even at energies of about
10 GeV/nucleon are affected systematically by electronic
charge capture in the target. After correction of the data
for this small effect our experimental ED cross sections
are in good agreement with calculated values.

To determine the total nuclear cross sections at 10
GeV/nucleon we subtracted ED contributions from mea-
sured values (after ECC correction). The cross sections
exceed the values predicted by an empirical formula [14].
Based on the data presently available it cannot be de-
cided whether this formula, which was Gtted to data

TABLE IV. Comparison of our measured total charge-changing cross sections of 10 GeV/nucleon
Au to calculated nuclear cross sections and cross sections measured by [14] at energies of about

1 GeV/nucleon. The values of [14] have not been ECC corrected since the correction is negligible
for this experimental setup. All values in mb.

Target
C
Al
Cu
Ag
Pb

&tot
ECC corrected
2802+40
3491+64
4589+75
5404+250
6886+196

~ED
3.8 (calc)

30+16
61+33

188+62
345+56

nucl
~tot

tot —~ED
2827+40
3494+66
4542+82
5249+258
6564+204

nucl
&calc
[14]

2696.1
3257.1
4105.2
4809.6
5937.0

nuc1
+expt

[14]
2731+58
3240+82
no data
no data
no data
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for light targets, fails for heavier targets, or whether
there is an unexpected energy dependence of the total
nuclear charge-changing cross section. This needs fur-
ther investigation. We plan to repeat our experiment for
1 GeV/nucleon Au ions and heavy targets at GSI,
Darmstadt.
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