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Abstract 

The kinetic energy spectra of fragments (2<Z<14) from the Inter
action of 1 to 19 GeV protons and xenon nuclei have been measured using an 
internal gas jet target in the AGS main ring. It is observed that the shape 
of the energy spectra change radically as the incident proton energy de
creases from about 10 GeV while at energies between 10 and 19 GeV, the shape 
of the spectra are identical to those measured using much higher proton 
energies. The evolution of the lower energy spectra can be viewed as the 
superposition of two components. One component is identical to the higher 
energy spectra; the second component is symmetrical and consistent with the 
fragment spectra emitted from a binary or asymmetric fission process. 
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We have recently reported the results of an inclusive measurement of 
intermediate mass fragment production from the interaction of 80 to 350 GeV 
protons with Kr and Xe nuclei [1-5]. These reports indicate that this range 
of proton energies is well within the limiting fragmentation region, where 
the observed fragment production systematics are no longer dependent on the 
incident proton energy. In ar. effort to further understand the p + nucleus 
reaction, we proposed to study intermediate mass fragment production in the 
threshold region where production cross sections are known to vary. 

The experiment was conducted at the AGS where we installed an internal 
gas jet target in one of the straight sections of the main ring [6]. The 
jet could typically be fired for about 50 ms during each AGS acceleration 
cycle, sampling a 2 to 3 GeV wide beam energy interval. By adjusting the 
start of the jet pulse relative to beam injection, we were able to study 
fragment production over a nearly continuous range of incident energies 
between 1 and 19 GeV. Fragment charge (2<Z<14) and kinetic energy (5 to 
120 MeV) were measured at scattering angles of 48.5° and 131.5" using iden
tical hybrid gas ionization delta-E, Si E telescopes. The gas jet target 
consisted of a 1% or 3% xenon-hydrogen mixture which provided a xenon thick-

p ness of about 3 ng/cm . Elastically scattered protons from the hydrogen 
component were measured using two delta-E-E-Veto Si stacks located at 84.4" 
to the beam. The p-p elastic data were used to provide an absolute normali
zation for the fragment differential cross sections. 

Figure 1 shows the differential production cross sections as a function 
of the incident proton energy for Li through Si at 48.5°. The data have 
been binned into eleven beam energy intervals and span the range 1.3 to 
19.1 GeV. The points at 80 GeV are from our previous Fermilab experi
ment [3,7]. The differential cross sections between 10 and 20 GeV agree 
remarkably well with this earlier data. Clearly the limiting fragmentation 
region is reached by about 10 GeV. It is also evident from the figure that 
there is a well-defined threshold for significant fragment production near 
1 GeV. Interestingly, this threshold coincides with the rapid increase in 
the p-p inelastic cross section between 1 and 2 GeV. It should also be 
noted that the differential cross sections for Li through Si at 131.5° show 
a similar energy dependence but are somewhat reduced from the forward values. 
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Figure 1. Excitation functions for Li thru Si at 48.5°. The statistical 
errors in do/dSJ are generally 10% to 14% while the systematic errors 
are estimated to be as much as 30% to 40% for the points at 14.5 and 
15.6 GeV due to uncertainty in the AGS beam intensity at these energies. 
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Figure 1 continued. 
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Figure 2. Kinetic energy spectra of Be fragments emitted at 48.5°. 
The width of the proton energy interval is indicated in the figure, 
(a) These spectra are for proton energies between 9 and 19 GeV. The 
functional form for the curves is described in the text, (b) These 
spectra are for proton energies below 6 GeV. The functional form used in 
(a) provides an increasingly poor fit. (c) The addition of a gaussian 
component to the curves in (b) restores the fit to the data. 

In order to calculate the fragment differential cross sections, the 
total yield of each element in every proton energy interval had to be relia
bly estimated. The measured yields obtained from the kinetic energy spectra 
were not an accurate estimate of the total yield due to the low energy cut
offs in the measured laboratory kinetic energy imposed by a number of 
absorbers (foils and windows) along the length of the fragment telescopes. 
To reliably estimate a total elemental yield from a measured kinetic energy 
spectrum, a functional form was developed to describe the spectrum shape. 
Each spectrum is described as a convolution of two Maxwell-Boltzmann distri
butions. One distribution is characterized by a slope parameter Tl, which 
we associate with the mean square nucleon momentum in the fragment emitting 
system. The second distribution is characterized by a slope parameter T2, 
which we interpret as the temperature of the emitting system. The Coulomb 
energy, which, in this model, is characterized by the radial position of the 
fragment within an assumed spherical emitting system, must be explicitly 
removed from the energy used in the convoluted Maxwellian. This energy 



(the available center-of-mass energy) is essentially fixed by the thermal 
and non-thermal Maxwell-Boltzmann distributions before the system dis
integrates. 

To allow for a continuum of Coulomb energies, a probability distribution 
is chosen for the radial position of a fragment at freeze-out. By arguing 
(or assuming) that the probability to form a fragment at a particular loca
tion within the emitting system is directly related to the density distribu
tion just prior to freeze-out, and that the density distribution is,radially 
symmetric with a maximum at the center of the emitting system, a gaussian 
radial probability distribution with mean zero is chosen. The convoluted 
Maxwellian is then weighted by the radial probability distribution and inte
grated over all possible Coulomb energies. The shape of the kinetic energy 
spectra are then described by only four parameters, i.e., an overall nor
malization, Tl, T2 and a, the width of the gaussian probability distribu
tion. The parallel component of the center-of-mass" velocity, (3, is deter
mined separately for each element from the shift in the kinetic energy spec
tra peaks at 48.5° and 131.5". Because the emitting system is essentially 
at rest in the laboratory frame, p has very little influence on the shape 
of the kinetic energy spectra. 

Figure 2 shows the kinetic energy spectra of Be fragments emitted at 
48.5° for various proton energy intervals. The curves in Figure 2a were 
produced by the functional form d-escribed above with Tl=16 MeV, T2=2.3 MeV, 
and a approximately 1.5 fm. The quality of the fits for all of the other 
elements and for every beam energy interval above 9 GeV is comparable. 
However, below 6 GeV [8], the shape of the kinetic energy spectra begin to 
change radically as a function of the incident proton energy, rn Figure 2b, 
the functional form used to describe the spectra above 9 GeV provides an 
increasingly poor fit to the data as the beam energy decreases. Within the 
framework of the above parameterization, we were unable to restore the fits 
by allowing the values of the model parameters to vary. We did find, how
ever, that the addition of a gaussian component to the curves in Figure 2b 
was able to restore the fit to the data (Figure 2c). 

The key to the fits in Figure 2c is that the values of the parameters 
Tl, T2 and a were fixed at their average values from the higher energy 
(>9 GeV) fits. The only fitted parameters for all of the spectra below 
6 GeV were the normalization for the Maxwellian component, and the 



normalization, peak and width of the gaussian component.- The peak of the 
gaussian component at 48.5° increases monotonically from about 22 MeV for 
the Li spectra to about 40 HeV for the Ne spectra, and is independent of the 
proton energy. The width of the distribution is approximately 30% of the 
peak value for all beam energy intervals and elements. The gaussian compo
nent was not included for the fits to the Na, Hg, Al and Si spectra because 
the low energy cut-offs in these spectra were comparable to the peak 
energy. Notice that the relative contribution of the symmetric component 
increases with decreasing proton energy and becomes comparable to the 
Maxwellian component at the lowest energy interval; this behavior was evi
dent for the other elements as well. The inclusion of the gaussian above 
9 GeV does not improve the fits; typically the gaussian was only one or two 
percent of the total integrated yield. 

The evolution in the kinetic energy spectra seen below 6 GoV may indi
cate the appearance of an additional fragment producing mechanism [9]. In 
intermediate-energy heavy ion collisions, fragment production is the result 
of a binary process [10-13] and can be understood as part of a continuum of 
statistical break-up processes ranging from evaporation to fission [14]. 
The observation of the symmetric component in the kinetic energy spectra 
below 6 GeV may simply be the result of the rapidly decreasing cross section 
for the Maxwellian component which is reflected in the excitation functions 
in Figure 1. This symmetric component is likely due to a statistical binary 
process (asymmetric fission) which has been proposed by Moretto [14]. This 
viewpoint is consistent with the observed spectra since the statistical 
model [14] predicts symmetric kinetic energy distributions for all but the 
lightest fragments. Furthermore, the mean energy of the gaussian component 
is consistent with tangent-spheres Coulomb energies for the breakup of the 
emitting system. It is interesting to note as well that the differential 
cross sections for the asymmetric fission component are approximately con
stant as a function of the incident proton energy, and decrease slightly 
with increasing fragment charge (although within the estimated error bars, 
the cross section is also constant as a function of Z). At 48.5", the aver
age differential cross section for the symmetric component is about 210 
microbarns and at 131.5°, the average is about 190 microbarns. At 5 GeV, 
the symmetric component is only about 5% of the total differential cross 
section. 



In summary, there is a distinct threshold for significant fragment pro
duction in p + nucleus reactions at a proton energy of about 1 GeV. This 
threshold corresponds with the rapid increase in the p-p inelastic cross 
section between 1 and 2 GeV. The fragment kinetic energy spectra measured 
using 9 to 19 GeV protons on xenon are identical to those obtained at Fermi-
lab energies (80 to 350 GeV) [3]. Fragments are most likely produced in 
this limiting fragmentation region by a multi-fragmentation process. 
Perhaps the most distinctive feature of this mechanism is the Maxwellian 
shape of the kinetic energy spectra and the observation that this shape does 
not change as a function of the incident proton energy from the threshold up 
to 350 GeV. The spectra obtained at energies below 6 GeV, however, clearly 
indicate a contribution from a fragment producing mechanism whose system-
atics are completely different from the multi-fragmentation component domi
nant at the higher energies. This second component is consistent with a 
statistical binary process and appears to have a relatively stable cross 
section as a function of the proton energy between 1 and 6 GeV, and as a 
function of observation angle and fragment charge. 

This work was performed under the auspices of the U.S. Department of 
Energy by the Lawrence Livermore National Laboratory under contract number 
W-7405-ENG-48. 
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