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Abstract - Secondary neutron-production cross-sections have been measured from 

interactions of 230 MeV/nucleon He, 400 MeV/nucleon N, 400 MeV/nucleon Kr, 400 

MeV/nucleon Xe, 500 MeV/nucleon Fe, and 600 MeV/nucleon Ne interacting in a 

variety of elemental and composite targets.  We report the double-differential production 

cross sections, angular distributions, energy spectra, and total cross sections from all 

systems.  Neutron energies were measured using the time-of-flight technique, and were 

measured at laboratory angles between 5° and 80°.  The spectra exhibit behavior 

previously reported in other heavy-ion-induced neutron production experiments; namely, 

a peak at forward angles near the energy corresponding to the beam velocity, with the 

remaining spectra generated by preequilibrium and equilibrium processes.  The double-

differential spectra are fitted with a moving-source parameterization.   Observations on 

the dependence of the total cross sections on target and projectile mass are discussed. 



 
I. INTRODUCTION 

 
Advancements in heavy-ion accelerators over the last 30 years have led to the 

development of several new areas of research, such as hadron radiotherapy for cancer 

patients, shielding design studies for deep space missions, and the design and 

construction of high-intensity radioactive beam facilities.  For each of these fields, the 

copious production of secondary neutrons from interactions of the primary heavy-ion 

beam is a concern.  In the case of hadron radiotherapy, as the beam transports through the 

body to the tumor site, nuclear interactions can produce neutrons, which in turn can lead 

to dose in healthy tissue outside the treatment area.  In the case of shielding for missions 

in space, the production of neutrons from interactions of galactic cosmic rays (GCR) can 

make up a significant portion of the total dose received in those missions.  For example, 

theoretical models have shown secondary neutrons to be a major contributor to exposures 

within lunar habitats and on the Martian surface,1 and recent studies have shown that 

neutrons could comprise 30 percent of the dose equivalent on the ISS.2  In the case of 

radioactive beam facilities, such as the Department of Energy’s planned Rare Isotope 

Accelerator (RIA) project,3 the production of secondary neutrons will have an effect on 

the lifetime of key components in the accelerator, as well as have consequences in the 

design of the shielding for the facility. 

Because of the complexity of the applied research mentioned above, much of the 

work in those fields involves the use of heavy-ion transport model calculations. Both 

deterministic and Monte Carlo approaches can be applied to transport model calculations.  

Both methods have inherent advantages and disadvantages, and as such the application of 

those methods very much depends on the particular problem being addressed.  A 



deterministic approach for heavy ion transport in complex media has been developed at 

the NASA Langley Research Center since the mid 1980s. It has yielded a family of 

radiation transport codes mainly dedicated to solving engineering problems in radiation-

shielding analysis for space missions.4-6 One of these deterministic codes is the high-

charge-and-energy transport code HZETRN, based on the one-dimensional formulation 

of the Boltzmann transport equation with a straight-ahead approximation7 and a semi-

empirical abrasion-ablation fragmentation model for nuclear fragmentation processes. 

Using simplifying approximations, the radiation field in and around shielding materials 

can be calculated by this code with an acceptable accuracy for space research and 

dosimetry.  

Several Monte Carlo computer codes exist, or are in the stage of development, for 

the simulation of the transport of light and heavy ions in matter.  Two codes for the 

simulation of hadronic cascades (neutrons, protons, pions), HETC8 and SHIELD,9 were 

developed in the early seventies in the US (Oak Ridge) and the former USSR (Dubna), 

respectively. These two codes have evolved considerably since then.   Various spin-offs 

of HETC have proliferated under the names of HERMES,10 LAHET11, MCNPX,12 

NMTC/JAERI,13 and PHITS.14,15  HETC itself has recently included heavy-ion 

interactions.16,17  Other major Monte Carlo transport codes currently in use that also 

include heavy-ion interactions (or are in the process of including heavy-ion interactions) 

are MARS,18 MCNPX,12 FLUKA19-20 and GEANT4.21 

The validation and verification of the output from transport model calculations 

depends on a reliable set of experimental nuclear data with which to compare.  Until 

recently, the thin-target (cross sections) and thick-target (yields) neutron-production data 



from heavy-ion interactions that was applicable to the general problem of GCR transport 

was scant. A number of thick-target (stopping-target) neutron yields from high-energy 

(>100 MeV/nucleon) heavy ion experiments have been published22-27 which can be used 

for direct confirmation of transport model calculations of various components of the GCR 

field.  A reliable, calculated database of neutron-production cross sections is needed as 

input for transport model calculations.  As such, a set of experimental cross section data 

is needed to verify the database of calculated input cross sections.  There are some 

existing heavy-ion neutron-production cross section measurements relevant to GCR 

transport.28-34  A compilation of heavy-ion-induced secondary neutron thick-target yields 

and cross sections is available in a recently published handbook.35  The handbook 

contains the data as well as descriptions of the experiments and analyses.  The data 

presented in this work augments other published data to provide a broad base of 

experimental data suitable for the study of systematics in secondary neutron production. 

 
II. EXPERIMENTAL DETAILS 

 
The measurements took place in between May of 2001 and July of 2003 at the 

Heavy Ion Medical Accelerator in Chiba (HIMAC) facility of the National Institute of 

Radiological Sciences (NIRS), Japan.  Table I indicates the beam ions, beam energies and 

targets used in those measurements.  The target thicknesses are given in units of g/cm2.  

All targets except the Li target were 10-cm by 10-cm square.  The Li target was a 

cylinder with its cylindrical axis aligned along the beam direction.  The diameter of the Li 

target was 5.7 cm. 

Figure 1 shows a schematic diagram (not to scale) of the experimental 

arrangement used for the measurements.  The placement of the neutron detectors is 



identical in angle and path length to the arrangement described in Refs. 33 and 34, 

however it is important to note these experiments were conducted on a different beam 

line at HIMAC than the one used in Refs. 33 and 34.  The most important difference in 

the beam line used for this study is that the beam dump is much closer to the neutron 

detectors, which required the augmentation of the existing dump on that beam line with 

additional shielding materials.  In Fig. 1, shielding material drawn with diagonal lines is 

steel (or iron), and the material drawn with the dotted fill is concrete.  In order to reduce 

the number of beam interactions that occur in air between the target location and the 

beam dump, a thin-walled He-filled tube was placed along the beam axis. 

As shown in Fig. 1, neutron detectors were placed between 5° and 80°, at varying 

flight paths from the target position.  Table II contains information regarding the 

positions of each detector, including the acceptance of the detector given in 

millisteradians. The flight path lengths indicate the distance from target center to detector 

center, in cm.  Each neutron detector is a cylindrical cell of liquid scintillator (NE-213), 

12.7 cm in diameter and 12.7 cm long.  The detectors were oriented such that the 

cylindrical axis was along the line connecting the target center to the detector center.  

Each detector cell was directly coupled to a 12.7-cm diameter phototube.  The intrinsic 

timing resolution of these detectors, as measured with 60Co source, is on the order of 700-

800 ps. 

A 5-mm thick, 12.7-cm by 12.7-cm square, solid plastic (NE-102) scintillator 

(referred to as “veto detector”) was placed in front of each neutron detector.  The veto 

detectors were used to tag events in the neutron detectors that came from charged 

particles produced in the target.  A Monte Carlo calculation estimated that approximately 



1% of the neutron flux is lost due to interactions in the veto detector.  This percentage 

was considered low enough that neutron losses in the veto detector were ignored.   

The iron shadow bars indicated in Fig. 1 were placed between the detector and 

target at various times during the measurements.  These bars were 60-cm long and 15 cm 

by 15cm square.  When placed in front of the neutron detector, they block neutrons 

coming directly from the target, allowing only background neutrons (such as room-

scattered neutrons) to enter the detector.  Because neutron energies were determined 

using the time-of-flight technique, the background neutrons had to be eliminated to 

ensure that only neutrons travelling along a known flight path were included in the final 

analysis.  Also, the elimination of background neutrons ensures that the direction of the 

secondary neutron immediately after the interaction was known.  A total of two shadow 

bars were used, and their positions were shifted from detector to detector during the 

measurements in order that each neutron detector had an adequate determination of its 

background spectrum.  In general, about ¼ of the beam time was used for background 

determination for each detector. 

One major difference in these measurements as compared with the two previously 

reported measurements33,34 is that data was also taken with no target in position while 

beam was on.  The no-target runs were taken with shadow bars both in and out.  By doing 

so, a measure of the neutron production from materials near the target (such as the exit 

window, trigger-plastic detector, and air gap) was obtained.  That measurement is needed 

because when the target is in place and a shadow bar is put into position between the 

target and detector, the shadow bar also blocks neutrons produced from those nearby 



sources.  Thus, neutrons produced by nearby sources will be misidentified as neutrons 

coming from the target, unless a target-out measurement is made. 

Beam pulses were delivered on target every 3.3 seconds.  Pulse length varied 

from 0.5 seconds to 1 second, depending on beam ion and energy.  Typical pulse 

intensities varied between 104 and 105 particles per pulse.  The beam spot size was a few 

millimeters in diameter, and the beam divergence was negligible compared with the 

spread of the beam due to Coulomb scattering through the target and air.  The beam 

exited the vacuum beam line through a 100-µm-thick aluminum window and passed 

through either a 0.5-mm-thick or 0.1-mm-thick, 30-cm diameter NE102 scintillator.  The 

scintillator was placed approximately 5 cm downstream from the exit window.  That 

scintillator, referred to as the trigger detector, was used to count the number of beam 

particles incident upon the target.  It was also used to provide a timing signal for a time-

of-flight measurement with each event in the neutron detectors.  After passing through 

the trigger detector, the beam then passed through the target position, approximately 19-

cm downstream from the exit window.  The beam then passed through a 4-meter long, 

30-cm diameter He-filled tube and stopped in a beam dump located approximately 7 

meters downstream from the target position. 

 
III. ANALYSIS 

 
III.A. Data Reduction, Corrections, and Normalization 

 
The analysis of the data presented in this paper is the same as the analyses 

reported in Refs. 33 and 34, except in this case there is an additional subtraction of the 

target-out measurement (see section above).  The main points of the analysis will be 

described here.  Detailed descriptions may be found in Refs. 33 and 34. 



The data were acquired on an event-by-event basis.  Charged particle events in the 

neutron detectors were separated from other events when the accompanying veto detector 

registered a pulse height above threshold.  Gamma-ray events were separated from 

neutron events using the pulse-shape-discrimination properties of the NE-213 cells.  

Neutron energies were determined using a time-of-flight technique where the signal from 

the neutron detector was used as the timing start, and the signal from the trigger plastic 

was used as the stop.  An absolute time scale was determined by locating the prompt 

gamma-ray peak in the raw time-of-flight spectra.  The overall timing resolution, as 

measured by the width of the prompt gamma-ray peak, was on the order of 1 nsec for 

each detector. Where possible, the data were corrected for excessive constant-fraction-

discriminator (CFD) walk using an off-line analysis technique.36  The minimum time-to-

digital (TDC) bin-width was set to 1 ns in the offline analysis.  Where needed, bin widths 

were increased to reduce the statistical uncertainty.  In general, the statistical 

uncertainties were kept to 20% or less, although in some cases the statistical uncertainties 

were higher (up to 50% for some points in the double differential spectra). 

The spectra were normalized to the number of incoming beam ions, as measured 

by the trigger detector.  The number of neutron events in a particular energy bin was 

corrected for the energy-dependent detection efficiency.  In general, detection efficiencies 

ranged between 10 and 40 percent above the pulse height threshold.  Pulse-height energy 

calibration was done for each detector using gamma ray sources and the proton-recoil 

calibration method.26 

The spectra were corrected for neutron flux attenuation due to transport through 

the target and air gap between the target and neutron detector.  For the purposes of 



transport calculations, it may be preferred to have the data without corrections for neutron 

flux attenuation.  If so desired, the uncorrected data is available in Ref. 35.  The amount 

of attenuation was calculated using a Monte Carlo code that incorporates relevant elastic 

and non-elastic neutron-scattering cross sections.  Some of the neutron-interaction cross-

section data bases extend to neutron energies of 1000 MeV; however, most of the data 

bases used in the code only report cross sections for neutron energies up to 150 MeV.  

For those cases, cross sections above 150 MeV were assumed to be equal to the value at 

150 MeV.  For purposes of the calculation, interactions that produce neutrons were 

assumed to occur at the midpoint of the target.  From that point, neutrons were 

transported through the remaining target and air gap, and neutrons that did not make it to 

the neutron detector were tallied.  Figure 2 shows the percentage of transmitted neutron 

flux as a function of neutron energy, angle, and target material.  Neutron flux attenuation 

was greatest for the 230 MeV/nucleon He systems, leading to an approximate 15% 

correction in the total cross section.  For other systems with heavier projectiles and 

thinner targets than the 230 MeV/nucleon He systems, the correction to the total cross 

sections was as little as 3 to 5 percent.  The amount of attenuation is greatest at 80° for all 

beams and targets. 

 
III.B. Systematic Uncertainties 

 
The systematic uncertainties considered here include estimated and measured 

effects in: (1) correction for detection efficiency, (2) correction for loss of neutron flux, 

(3) uncertainty in the solid angle subtended by each detector,  (4) uncertainty in the 

calibration of the charge-to-digital (QDC) data, referred to as “pulse-height calibration” 

above, and (5) the uncertainty in the number of beam particles counted by the beam 



scintillator (trigger detector).  A detailed discussion of the how the uncertainties were 

determined for the first four items may be found in Ref 34.  The uncertainty in solid angle 

may be found in Table II.  The uncertainty in the number of beam particles was 

determined by estimating the number of events that had two beam particles striking the 

trigger detector close enough in time that they only generated one CFD pulse that was 

counted.  This was determined by looking at the QDC spectrum for the trigger detector, 

and estimating the number of events that had a total integrated charge that was 

appreciably greater than the total integrated charge from just one beam particle.  The 

fraction of events that had more than one beam particle depended on beam conditions, 

but in the worst case it was no greater than four percent of the events.  It was 

conservatively assumed that each beam had an uncertainty of four percent in the number 

of beam particles. 

Table III shows the percent uncertainty for all five items as a function of detector 

number (re: Table II).  The overall systematic uncertainty (column 7 of Table III) was 

determined by adding the individual uncertainties in quadrature.  The systematic 

uncertainties were applied to the angular distributions and total cross sections. 

 
 

IV. DOUBLE-DIFFERENTIAL SPECTRA 
 

Figures 3 through 24 show the double differential spectra from all the systems 

identified in Table I.  The error bars represent the statistical uncertainties in the data.  The 

solid lines indicate fits to the data using a moving source parameterization (see discussion 

below).  The spectra shown in Figs. 3 through 24 follow the same general trends seen in 

similar data.32-34  The spectra at 5° are dominated by neutrons from the breakup of the 



projectile, resulting in a peak that is centered near the beam ion’s specific energy (the 

beam’s energy in units of energy-per-nucleon).  At 10° and 20°, evidence of neutrons 

from projectile-like fragments can still be seen, although the peaks are broader and 

centered at lower energies.  The peak or bump at 20° due to projectile fragmentation is 

most clearly seen for the lighter mass projectiles.  At larger angles, the spectra appear to 

be generated from two distinct sources: (1) Evaporation from the target residues that 

dominates the spectra below 20 MeV, and (2) decay of the overlap region between the 

projectile and target that produce neutrons with energies from a few MeV up to hundreds 

of MeV. 

The solid lines in Figs. 3 through 24 show fits to the data using a moving source 

parameterization.  Three sources were assumed in the fitting: (1) breakup of the 

projectile, (2) breakup of the decay of the overlap region, referred to as pre-equilibrium 

emission, and (3) decay of the target remnant.  

As was done in Ref.33, the projectile-like source was assumed to have the form 
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where pc is the momentum of the neutron in the rest frame of the source and σ is a width 

parameter that is related to the internal momentum of nucleons within the source.37  The 

double-differential spectra reported here are related to the cross section in Eqn. 1 by 
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where Ec is the neutron’s kinetic energy in the source’s frame, and p is the neutron’s 

momentum in the lab frame.  Ec is related to the kinetic energy in the lab frame by 
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where β is the source velocity (v/c), γ is the Lorentz factor, and θ is the lab angle. 

The other two sources assume an isotropic decay in their rest frame and are given 

the following Maxwellian form (in the rest frame) as: 
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Table IV shows the fit parameters for all systems except the 500 MeV/nucleon Fe 

+ CH2 system.  The first part of the table shows the parameters from Eqn. 1, and the 

second half shows the parameters from the two Maxwellian sources described in Eqn. 4.  

Because there was no data at 5º and 10º for the 500 MeV/nucleon Fe systems, the 

parameters from Eqn. 1 were difficult to extract for those two systems.  In general, the 

fits are adequate in describing the magnitudes and shape of the spectra between 5º and 

80º.  Because the moving-source parameterization does not yield unique solutions, these 

fits are unsuitable for extrapolating to larger angles, or to systems with beam or target 

masses much different than the ones described here. 

 
V. ANGULAR DISTRIBUTIONS 

 



Figures 25 – 29 show the angular distribution spectra for the indicated systems.  

The data points, shown with open and closed symbols, were obtained by integrating the 

experimental double-differential spectra over energy for neutron energies greater than 10 

MeV.  The error bars include the statistical and systematic uncertainties added together in 

quadrature.  The lines show fits to the data using the following parameterization: 

 
)exp()exp(/ 4321 θθσ aaaadd −+−=Ω ,                                                                          (5) 

 
where θ is in radians, and a1, a2, a3, and a4 are the fit parameters. Table V shows the 

fitted parameters from all systems.  The first two terms in Eqn. 5 represent the breakup of 

the projectile, and the last two terms represent the contribution from the decay of the 

overlap region and the target remnant.  Because no data were taken at 5º and 10º for the 

500 MeV/nucleon Fe systems, no fits were made to their angular distributions.  The 

projectile decay parameters for the 400 MeV/nucleon Kr + Pb system and the 400 

MeV/nucleon N + C system are anomalous due to fitting the relatively low yield at 10º 

(see Figs. 25 and 26).   All of the systems exhibit a strong focussing of the spectra in the 

forward direction.  Because a neutron energy threshold of 10 MeV was used, a sizable 

fraction of the yield from the decay of the target remnant is missing, which in effect 

enhances the forward-focussing of the angular distributions. 

 
VI. TOTAL CROSS SECTIONS 

 
The angular distribution data shown in figs. 25 – 29 were integrated over angle to 

yield the total cross sections.  The angular cross sections at 5° were integrated over the 

range of 0° to 7.5°, the 10° yields were integrated from 7.5° to 15°, the 20° yields were 

integrated from 15° to 25°, the 30° yields were integrated from 25° to 35°, the 40° yields 



were integrated from 35° to 50°, the 60° yields were integrated from 50° to 70°, and the 

80° yields were integrated from 70° to 90°.  Table VI shows those results for neutron 

energy thresholds of 5 MeV (column three) and 10 MeV (columns 4 – 6), and for yields 

with (columns 3, 4, and 6) and without (column 5) corrections for neutron attenuation.  

The total cross sections from 0° to 180° were deduced by adding the data-integrated cross 

sections from 0° to 90° together with the calculated total cross sections from 90° to 180°.  

The total cross sections from 90° to 180° were calculated by integrating Eqn. 5 from 90° 

to 180°, using the parameters listed in Table V.  Comparing columns 4 and 5 in Table VI, 

it is seen that approximately 3 to 8 percent of the total cross section is estimated to be lost 

due to neutron flux attenuation, at least for the thinner targets used.  For the thicker 

targets used with the 230 MeV/nucleon He beams, about 15% of the flux is estimated to 

be lost. 

 
Using the total cross sections from 0° to 180° in this work together with the total 

cross sections reported in Ref. [Iwata01], it is found that the total cross sections can be 

estimated using a simple parameterization that is based on the geometric cross section 

and the number of projectile and target neutrons from each system.  The parameterization 

has the form: 

 

( ) ,
23/1

arg
3/1)( 




 ×+





 ××






 +×= tNtfpNpftAprojACtotneutσ                                       (6) 

 
where σneut(tot) is the total secondary-neutron-production cross section from 0° to 180°, C 

is a normalization constant, Aproj and Atarg are the atomic numbers of the projectile and 

target, Np and Nt and the neutron numbers of the projectile and target, and fp and ft are the 

fraction of projectile and target neutrons contributing to the yield.  A global fit to all of 



the data using a single set of parameters (C, fp and ft) was somewhat successful, yielding 

a χ2 of 1.89 per degree of freedom.  However, it was found that better results were 

obtained when the data was split into three categories: (1) light-mass projectile systems 

(He, C, and N beams), (2) intermediate-mass systems (Ne, Si, and Ar beams), and (3) 

heavy-mass systems (Kr and Xe beams).  Table VII contains the fit parameters from all 

three categories, along with the fit parameters from the global fit.  The last column shows 

the chi-square per degree of freedom for the corresponding fits; the fits in the individual 

categories each yield a χ2 of less than 1 per degree of freedom. 

Figure 30 shows the total cross sections from column 6 in Table VI and the data 

from Table IV in Ref. 33 extended to 180 degrees, along with the fits to the data using 

Eqn. 6 and the parameters from Table VII.  The data for C, N, and O projectiles are 

shown with the open circles, and the fit to that set of data only (row 2 in Table VI) is 

shown with the solid line.  The data for Ne, Si, and Ar projectiles are shown with the 

open triangles, and the fit to that set of data only (row 3 in Table VII) is shown with the 

small-dashed line.  The data for heavy projectiles (Kr and Xe) are shown with the filled 

diamond-shaped symbols, and the fit to that data set only (row 4 in Table VII) is shown 

with the large-dashed line.  The global fit to all the data (row 5 in Table VII) is shown 

with the red dot-dashed line. 

The trend of the parameters in Table VII as a function of projectile mass (rows 2-

4) suggest that as the projectile mass increases, the percentage of target neutrons 

contributing to the yield also increases.  This is consistent with the picture that, averaging 

over impact parameter, the larger the projectile, the larger the overlap region between 

target and projectile, and hence a larger fraction of target neutrons participating in the 



interaction.  The parameters also suggest that as the projectile mass increases, the fraction 

of projectile neutrons contributing to the neutron yield decreases.  This is also consistent 

with the interaction dynamics described above.  Observation of the data in Fig. 30 

suggests that the light-mass projectile data (in particular, the C + Pb systems) forces the 

global fit to underestimate the data from heavier mass projectiles.   

 
VII. Conclusions 

 
Neutron production cross sections, angular distributions and total cross sections 

were measured in a variety of heavy-ion interactions.  Projectile masses ranged from He 

to Xe, and beam energies ranged between 230 and 600 MeV/nucleon.  Targets varied in 

mass between Li and Pb, and cross sections from a polyethylene target were measured as 

well.  Neutrons were measured between 5 and 80 degrees, and the reported neutron 

energy thresholds varied between 3 and 10 MeV, depending on angle and system.  A 

moving-source parameterization of the double-differential cross sections was performed, 

along with a parameterization of the angular distributions.  A simple parameterization 

utilizing just the geometric cross section and neutron number of the target and projectile 

was performed on the total cross sections above 10 MeV.  The systematics inferred from 

the parameterizations are consistent with the picture of neutron production in heavy-ions 

collisions: projectile breakup contributing to forward-focussed high energy yield, target 

evaporation contributing to the low-energy (10-20 MeV and below) yield, and decay of 

the overlap region contributing to a wide range of neutron energies at a wide range of 

angles.  These data, along with other referenced data, will provide a comprehensive data 

base of neutron production from medium-energy heavy-ion interactions that will be 

useful to several transport models that are either working on the inclusion of heavy-ion 



interactions, or have just recently made public versions of the codes that do include 

heavy-ion interactions. 
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FIGURE CAPTIONS 
 

Fig. 1.  A schematic view of the experimental arrangement used for the 

measurements (not to scale). 

Fig. 2.  The fraction of neutron flux transmitted from the target to the neutron 

detector as a function of neutron energy.  Plots are shown for the four cases indicated in 

the legend. 

Fig. 3.  Double-differential spectra from 230 MeV/nucleon He interacting in an Al 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 4.  Double-differential spectra from 230 MeV/nucleon He interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 5.  Double-differential spectra from 400 MeV/nucleon N interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 6.  Double-differential spectra from 400 MeV/nucleon N interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 7.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 



Fig. 8.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 9.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 10.  Double-differential spectra from 400 MeV/nucleon Kr interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 11.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a 

Cu target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 12.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a Pb 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 13.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 14.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 



Fig. 15.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 16.  Double-differential spectra from 400 MeV/nucleon Xe interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 17.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

Cu target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 18.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

Pb target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 19.  Double-differential spectra from 500 MeV/nucleon Fe interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 20.  Double-differential spectra from 500 MeV/nucleon Fe interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10. 

Fig. 21.  Double-differential spectra from 500 MeV/nucleon Fe interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

Fig. 22.  Double-differential spectra from 600 MeV/nucleon Si interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 



Fig. 23.  Double-differential spectra from 600 MeV/nucleon Si interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 24.  Double-differential spectra from 600 MeV/nucleon Si interacting in a Pb 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 

Fig. 25.  Angular distribution from the 230 MeV/nucleon He systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 

Fig. 26.  Angular distribution from the 400 MeV/nucleon N systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 

Fig. 27.  Angular distribution from the 400 MeV/nucleon Kr systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 

Fig. 28.  Angular distribution from the 400 MeV/nucleon Xe systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 

Fig. 29.  Angular distribution from the 600 MeV/nucleon Si systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 

Fig. 30.  Total cross sections for neutrons above 10 MeV and angles between 0 

and 180 degrees, as a function of a parameter that is proportional to the geometric cross 

sections.  The lines indicate fits to the data using Eqn. 6. 



TABLE CAPTIONS 

 

Table I 
 

  Target species and thickness (g/cm2) used with the indicated beams 
 
 

Table II 

Neutron detector information. The uncertainty in the solid angle is reported as a 

percentage. 

 

Table III 

Systematic uncertainties as a function of detector number, expressed as a percentage.  

Adding the individual uncertainties in quadrature yields the total systematic uncertainty 

listed in column 7. 

 

Table IV 

Parameters from moving source fits to the indicated systems.  The first part of the table 

contains the parameters of the projectile fragmentation source, and the second part 

contains the parameters from the two Maxwellian sources (see Eqns. 1 and 4). 

 

Table V 

Parameters from fits to the indicated angular distributions using Eqn. 5. 

 

 

 



Table VI 

Total cross sections for the indicated systems.  Columns 3 – 5 show the integrated cross 

sections from 0 to 90 degrees.  Column six shows the deduced total cross sections from 0 

to 180 degrees. 



 

 

Fig. 1.  A schematic view of the experimental arrangement used for the 

measurements (not to scale). 
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Fig. 2.  The fraction of neutron flux transmitted from the target to the neutron 

detector as a function of neutron energy.  Plots are shown for the four cases indicated in 

the legend. 
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Fig. 3.  Double-differential spectra from 230 MeV/nucleon He interacting in an Al 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 4.  Double-differential spectra from 230 MeV/nucleon He interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 5.  Double-differential spectra from 400 MeV/nucleon N interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 6.  Double-differential spectra from 400 MeV/nucleon N interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 7.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 8.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 9.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 10.  Double-differential spectra from 400 MeV/nucleon Kr interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 

 



101 102 103

10-6

10-5

10-4

10-3

10-2

10-1

100

d2 σ/
dE

dΩ
 (b

ar
ns

 M
eV

-1
 sr

-1
 )

5 deg
20 deg (x0.1)
40 deg (x0.01)
80 deg (x0.001)

Neutron Energy (MeV)
101 102 103

10 deg
30 deg (x0.1)
60 deg (x0.01)

 
Fig. 11.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a 

Cu target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 12.  Double-differential spectra from 400 MeV/nucleon Kr interacting in a Pb 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 



101 102 103
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

d2 σ/
dE

dΩ
 (b

ar
ns

 M
eV

-1
 sr

-1
 )

5 deg
20 deg (x0.1)
40 deg (x0.01)
80 deg (x0.001)

Neutron Energy (MeV)
101 102

10 deg
30 deg (x0.1)
60 deg (x0.01)

 
Fig. 13.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 14.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 15.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 16.  Double-differential spectra from 400 MeV/nucleon Xe interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 17.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

Cu target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 18.  Double-differential spectra from 400 MeV/nucleon Xe interacting in a 

Pb target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 19.  Double-differential spectra from 500 MeV/nucleon Fe interacting in a Li 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 20.  Double-differential spectra from 500 MeV/nucleon Fe interacting in a 

CH2 target.  The spectra at each laboratory angle are offset by the indicated factors of 10. 
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Fig. 21.  Double-differential spectra from 500 MeV/nucleon Fe interacting in an 

Al target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  

The lines come from a moving-source fit described in the text. 
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Fig. 22.  Double-differential spectra from 600 MeV/nucleon Si interacting in a C 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 23.  Double-differential spectra from 600 MeV/nucleon Si interacting in a Cu 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 
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Fig. 24.  Double-differential spectra from 600 MeV/nucleon Si interacting in a Pb 

target.  The spectra at each laboratory angle are offset by the indicated factors of 10.  The 

lines come from a moving-source fit described in the text. 



0 20 40 60 80Angle (deg)

10-1

100

dσ
/d

Ω
 (b

 sr
-1
 )

He + Al
He + Cu

 
Fig. 25.  Angular distribution from the 230 MeV/nucleon He systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 
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Fig. 26.  Angular distribution from the 400 MeV/nucleon N systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 
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Fig. 27.  Angular distribution from the 400 MeV/nucleon Kr systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 
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Fig. 28.  Angular distribution from the 400 MeV/nucleon Xe systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 
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Fig. 29.  Angular distribution from the 600 MeV/nucleon Si systems for En > 10 

MeV.  The lines show a fit to the data using Eqn. 5. 
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Fig. 30.  Total cross sections for neutrons above 10 MeV and angles between 0 

and 180 degrees, as a function of a parameter that is proportional to the geometric cross 

sections.  The lines indicate fits to the data using Eqn. 6. 

 



 
Table I 

 
  Target species and thickness (g/cm2) used with the indicated beams 

 
Beam (energy) 
(MeV/nucleon) 

Target Thickness 
(g/cm2) 

He (230) Al 5.40 (2.0 cm) 
 Cu 5.38 (0.6 cm) 
N (400) C 1.78 (1.0 cm) 
 Cu 2.69 (0.3 cm) 
Si (600) C 1.80 (1.0 cm) 
 Cu 3.58 (0.4 cm) 
 Pb 4.54 (0.4 cm) 
Fe (500) Li 0.903 (1.7 cm) 
 CH2 0.957 (1.05 cm) 
 Al 1.285 (0.476 cm) 
Kr (400) Li 0.47 (0.885 cm) 
 C 0.55 (0.3 cm) 
 CH2 0.46 (0.5 cm) 
 Al 0.54 (0.2 cm) 
 Cu 0.90 (0.1 cm) 
 Pb 1.02 (0.09 cm) 
Xe (400) Li 0.48 (0.9 cm) 
 C 0.27 (0.15 cm) 
 CH2 0.20 (0.22 cm) 
 Al 0.26 (0.095 cm) 
 Cu 0.45 (0.05 cm) 
 Pb 0.57 (0.05 cm) 

 



 

Table II 

Neutron detector information. The uncertainty in the solid angle is reported as a 

percentage. 

 
Detector Flight Path Length 

(cm) 
Lab angle  

(deg) 
Solid angle  

(msr) 
N1 506 5 0.494 ± 5.0% 
N2 506 10 0.494 ± 5.0% 
N3 456 20 0.608 ± 5.6% 
N4 456 30 0.608 ± 5.6% 
N5 406 40 0.767 ± 6.2% 
N6 356 60 0.998 ± 7.1% 
N7 306 80 1.35 ± 8.3% 

 
 

Table III 

Systematic uncertainties as a function of detector number, expressed as a percentage.  

Adding the individual uncertainties in quadrature yields the total systematic uncertainty 

listed in column 7. 

 
Detector 
number 

Detection 
Efficiency 

Flux 
Attenuation

Solid 
Angle 

QDC 
calibration 

Beam 
Integration 

Total 

N1 10 7 5.0 5.2 4 14.7 
N2 10 7 5.0 5.4 4 14.8 
N3 10 7 5.6 3.8 4 14.5 
N4 10 7 5.6 6.3 4 15.4 
N5 10 7 6.2 9.1 4 16.9 
N6 10 7 7.1 3.8 4 15.2 
N7 10 7 8.3 7.9 4 17.2 
 
 



 

Table IV 

Parameters from moving source fits to the indicated systems.  The first part of the table 

contains the parameters of the projectile fragmentation source, and the second part 

contains the parameters from the two Maxwellian sources (see Eqns. 1 and 4). 

 
Beam Target Projectile fragmentation parameters 
(AMeV)  N1 σ (MeV/c) β 
230 He Al (1.67 ± 0.18) x 10-8 75.9 ± 4.0 0.559 ± 0.004 
230 He Cu (5.1 ± 0.6) x 10-8 68.8 ± 3.0 0.553 ± 0.004 
400 N C (8.7 ± 0.8) x 10-8 67.6 ± 2.4 0.696 ± 0.002 
400 N Cu (1.22 ± 0.17) x 10-7 78.2 ± 4.1 0.690 ± 0.004 
400 Kr Li (1.61 ± 0.04) x 10-6 71.6 ± 0.6 0.724 ± 0.001 
400 Kr C (1.66 ± 0.06) x 10-6 72.9 ± 0.8 0.721 ± 0.001 
400 Kr CH2 (3.23 ± 0.10) x 10-6 69.0 ± 0.7 0.719 ± 0.001 
400 Kr Al (2.31 ± 0.15) x 10-6 72.7 ± 1.4 0.712 ± 0.001 
400 Kr Cu   (3.23 ± 0.28) x 10-6 68.9 ± 1.9 0.702 ± 0.002 
400 Kr Pb (1.63 ± 0.79) x 10-5 44.5 ± 6 0.694 ± 0.003 
400 Xe Li (4.43 ± 0.08) x 10-6 60.8 ± 0.4 0.6957 ± 0.0003 
400 Xe C (4.58 ± 0.18) x 10-6 61.2 ± 0.8 0.6915 ± 0.0007 
400 Xe CH2 (7.30 ± 0.27) x 10-6 62.1 ± 0.8 0.698 ± 0.001 
400 Xe Al (4.37 ± 0.32) x 10-6 66.4 ± 1.8 0.690 ± 0.0013 
400 Xe Cu (6.27 ± 0.52) x 10-6 64.1 ± 1.5 0.682 ± 0.0015 
400 Xe Pb (9.54 ± 1.88) x 10-6 62.6 ± 4.0 0.676 ± 0.002 
500 Fe Li (2.25 ± 0.77) x 10-8 203 ± 17 0.716 ± 0.023 
500 Fe Al (8.1 ± 44) x 10-6 101 ± 101 0.74 ± 0.10 
600 Si C (1.31 ± 0.06) x 10-7 91.3 ± 1.4 0.768 ± 0.001 
600 Si Cu (1.67 ± 0.11) x 10-7 106 ± 3 0.763 ± 0.002 
600 Si Pb (2.45 ± 0.31) x 10-7 116 ± 6 0.751 ± 0.003 
 
 

Beam Tgt Pre-equilibrium source Equilibrium Source  
(AMeV)  N τ (MeV) β N τ (MeV) β 
230 He Al 0.88 ± 0.05 44.7 ± 1.8 0.311 ± 0.013 0.87 ± 0.09 14.8 ± 2.0 0.00 ± 0.13 
230 He Cu 2.19 ± 0.14 49.0 ± 1.9 0.250 ± 0.014 2.14 ± 0.30 7.9 ± 1.0 0.027 ± 0.012 
400 N C 1.83 ± 0.09 62.8 ± 2.5 0.516 ± 0.010 1.24 ± 0.17 21.7 ± 2.3 0.007 ± 0.024 
400 N Cu 7.2 ± 0.3 73.0 ± 2.4 0.408 ± 0.013 4.7 ± 0.4 13.0 ± 1.1 0.033 ± 0.012 
400 Kr Li 8.8 ± 0.4 76 ± 4 0.419 ± 0.020 1.2 ± 0.5 10.4 ± 8.8 0.044 ± 0.068 
400 Kr C 9.7 ± 0.8 82.7 ± 5.5 0.418 ± 0.020 2.1 ± 1.8 12.9 ± 11.5 0.079 ± 0.133 
400 Kr CH2 14.1 ± 0.8 84 ± 7 0.43 ± 0.02 1.4 ± 0.8 14 ± 12 0.104 ± 0.08 
400 Kr Al 22.3 ± 1.0 101 ± 8 0.438 ± 0.019 4.7 ± 1.3 9.4 ± 3.8 0.098 ± 0.071 



400 Kr Cu 34.2 ± 1.5 107 ± 12 0.44 ± 0.02 14.8 ± 1.7 36.7 ± 7.4 0.23 ± 0.05 
400 Kr Pb 129 ± 5 69 ± 3 0.327 ± 0.015 72 ± 7 8.0 ± 1.1 0.0 ± 0.02 
400 Xe Li 10.3 ± 0.3 48.6 ± 1.5 0.610 ± 0.004 2.4 ± 0.4 12.6 ± 1.6 0.0085 ± 0.015 
400 Xe C 12.0 ± 0.8 52 ± 2 0.600 ± 0.011 4.3 ± 0.8 70 ± 6 0.18 ± 0.08 
400 Xe CH2 14.0 ± 0.9 77 ± 13 0.573  ± 0.085 18 ± 3 70 ± 18 0.0 ± 0.063 
400 Xe Al 25.1 ± 1.8 70 ± 5 0.538 ± 0.017 40 ± 37 2.9 ± 0.4 0.132 ± 0.015 
400 Xe Cu 48 ± 3 74 ± 4 0.514 ± 0.014 17.3 ± 3.2 23 ± 5 0.074 ± 0.035 
400 Xe Pb 142 ± 9 78 ± 3 0.396 ± 0.019 67 ± 10 14.9 ± 2.7 0.044 ± 0.025 
500 Fe Li 4.5 ± 0.5 83 ± 6 0.47 ± 0.03 3.0 ± 0.5 14 ± 4 0.022 ± 0.046 
500 Fe Al 8.0 ± 0.9 85 ± 10 0.62 ± 0.08 10.5 ± 1.0 73 ± 8 0.186 ± 0.103 
600 Si C 3.57 ± 0.14 83 ± 6 0.54 ± 0.03 2.8 ± 0.2 33 ± 4 0.0 ± 0.017 
600 Si Cu 14.3 ± 0.4 90 ± 4 0.41 ± 0.02 14.3 ± 0.5 19.9 ± 1.5 0.0 ± 0.008 
600 Si Pb 55.2 ± 1.5 100 ± 4 0.213 ± 0.021 69.0 ± 1.5 12.7 ± 0.6 0.0 ± 0.018 

 
 
 

Table V 
Parameters from fits to the indicated angular distributions using Eqn. 5. 

 
Beam Target a1 a2 a3 a4 
(AMeV)  (b/sr) (1/radian) (b/sr) (1/radian) 
230 He Al 1.76 ± 0.16 4.4 ± 0.8 0.225 ± 0.18 0.72 ± 0.57 
230 He Cu 3.72 ± 0.06 5.96 ± 0.08 0.88 ± 0.01 1.11 ± 0.01 
400 N C 190 ± 150 42 ± 22 3.4 ± 0.3 2.63 ± 0.13 
400 N Cu 34 ± 24 18 ± 8 8.1 ± 0.8 1.92 ± 0.11 
400 Kr Li 4080 ± 1420 39.3 ± 4.1 20.1 ± 2.8 3.49 ± 0.22 
400 Kr C 3940 ± 1570 37.6 ± 4.7 25.7 ± 3.9 3.24 ± 0.23 
400 Kr CH2 6750 ± 2220 37.6  ± 3.9 29.8 ± 5.6 3.25 ± 0.28 
400 Kr Al 4190 ± 2350 35.4 ± 6.6 53.6 ± 8.7 3.21 ± 0.24 
400 Kr Cu 8630 ± 5530 42 ± 13 79 ± 8 2.77 ± 0.14 
400 Kr Pb (9.6 ± 5.1) x 106 114 ± 15 132 ± 13 2.16 ± 0.10 
400 Xe Li 4230 ± 1440 39 ± 4 20.5 ± 3 3.42 ± 0.23 
400 Xe C 3680 ± 900 31.4 ± 3.0 47 ± 9 3.94 ± 0.34 
400 Xe CH2 7260 ± 1900 33 ± 3 43 ± 13 3.38 ± 0.52 
400 Xe Al 2840 ± 780 26.7 ± 3.2 53.4 ± 9.8 3.03 ± 0.26 
400 Xe Cu 3560 ± 1000 26.8 ± 3.3 90 ± 11 2.74 ± 0.16 
400 Xe Pb 7160 ± 6300 32.4 ± 10.2 160 ± 19 2.07 ± 0.13 
600 Si C 156 ± 31 23.1 ± 2.3 5.9 ± 0.7 2.63 ± 0.14 
600 Si Cu 354 ± 117 26.2 ± 3.8 17.8 ± 1.2 2.08 ± 0.07 
600 Si Pb 520 ± 210 24.5 ± 4.5 30.8 ± 1.7 1.28 ± 0.05 
 
 



Table VI 

Total cross sections for the indicated systems.  Columns 3 – 5 show the integrated cross 

sections from 0 to 90 degrees.  Column six shows the deduced total cross sections from 0 

to 180 degrees. 

 
Beam Target > 5 MeV(w/ c) > 10 MeV(w/ c) > 10 MeV(w/o c) > 10 MeV(0-180) 

(AMeV)  (barns) (barns) (barns) (barns) 
230 He Al 1.39 ± 0.10  1.28 ± 0.09 1.06 ± 0.07 1.65 
230 He Cu 3.14 ± 0.20 2.68 ± 0.17 2.29 ± 0.14 3.20 
400 N C 3.00 ± 0.20 2.92 ± 0.20 2.70 ± 0.18 2.96 
400 N Cu 11.5 ± 0.8 10.6 ± 0.7 9.7 ± 0.7 11.2 
400 Kr Li no data 18.8 ± 1.5 17.8 ± 1.4 18.85 
400 Kr C no data 23.2 ± 1.8 22.4 ± 1.7 23.29 
400 Kr CH2 no data 31.8 ± 2.6 30.7 ± 2.5 31.90 
400 Kr Al 42.4 ± 3.2 41.9 ± 3.1 40.4 ± 3.0 42.10 
400 Kr Cu 71.2 ± 4.9 70.0 ± 4.8 66.3 ± 4.5 70.76 
400 Kr Pb 179 ± 13 168 ± 12 160 ± 12 173.34 
400 Xe Li no data 28.0 ± 2.3 26.5 ± 2.2 28.02 
400 Xe C no data 33.6 ± 2.7 32.6 ± 2.6 33.64 
400 Xe CH2 no data 47.4* ± 4.2 46.0* ± 4.0 47.51 
400 Xe Al no data 52.9 ± 4.2 51.2 ± 4.1 53.19 
400 Xe Cu no data 90.8 ± 6.5 87.5 ± 6.3 91.73 
400 Xe Pb no data 210 ± 15 201 ± 15 217.89 
600 Si C no data 6.20 ± 0.40 5.76 ± 0.37 6.28 
600 Si Cu 24.2 ± 1.5  22.5 ± 1.4 20.4 ± 1.3 23.36 
600 Si Pb 75.7 ± 5.1 66.7 ± 4.4 59.9 ± 4.0 78.21 
 
 

(w/ c) – includes correction for attenuation of neutron flux 
(w/o c) – not corrected for attenuation of neutron flux 
* - integrated from 0 to 70 degrees 

 
 



Table VII 
 

Fit parameters to the total cross sections (0° to 180°) using Eqn. 6. 
 
 C fp ft χ2 (d.o.f.) 
He, C, N projectiles 0.014 ± 0.004 1.0 ± 0.5 0.18 ± 0.05 0.61 
Ne, Si, Ar projectiles 0.016 ± 0.008 1.0 ± 0.5 0.44 ± 0.21 0.65 
Kr, Xe projectiles  0.014 ± 0.006 0.65 ± 0.28 0.78 ± 0.31 0.64 
All systems 0.013 ± 0.004 0.90 ± 0.22 0.29 ± 0.08 1.89 
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