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observed to correlate with the deduced average angular momentum of

the primary system, <1sys>' Fission yields predicted by the



Wilczynski generalized sum-rule and firestreak models were less than
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HOLMIUM TARGET FRAGMENTATION INDUCED BY

INTERMEDIATE ENERGY 12c anp 160 10NS

I. INTRODUCTION

Considerable interest in recent years has been devoted to the
study of intermediate energy heavy-ion collisions. The sudden and
recent interest in this region of projectile kinetic energy was
predominantly a matter of "technological fate" and partially a result
of "theoretical fancy". Prior to 1974, heavy-ion research was
generally limited to the investigation of interactions induced by
heavy ion projectiles with a maximum kinetic energy of 10-20 MeV/A.
The ingenious concept to use the Lawrence Berkeley Laboratory HILAC
as an injector for the Bevatron led to an hundredfold increase in
attainable kinetic energy for heavy-ion beams. This turn of
technological fate had, in one giant step, opened a completely new
frontier of nuclear science (relativistic  heavy-ion, RHI,
interactions) while, for practical purposes, entirely skipping over
the intermediate region.

The low energy realm of nuclear reactions has been actively
studied for approximately four decades. The realm of low energy
reactions extends from an energy sufficient to induce nuclear
reactions up to about 20 MeV/A. Reactions observed at low energies
are often categorized into four groups: elastic scattering,
quasi-elastic  scattering, deep inelastic  (strongly damped)

collisions, and compound nuclear (complete fusion) reactions [1-12].



These reactions are associated with impact parameter or angular
momentum windows. Lefort [4] extended the sharp cut-off l-window
picture of Blair [5] (originally proposed for elastic scattering
reactions) to describe the entire reaction cross section. Systems

with incident angular momentum between O and 1 t(CF) would result

cri
in complete fusion events. Those systems with angular momentum
between lcrit(CF) and lcrit(DI) would result in a deep inelastic (DI)
event, etc. Lefort’s concept has more recently been extended to
represent a smooth cut-off transition between l-windows leading to a
given reaction mechanism [11-13].

Elastic scattering is the simplest interaction of nuclear
potential fields. This type of interactions results in no net
transmutations of the nuclei. The differential cross section data
(do/dQ, as a function of angle) for elastic events has a signature
similar to purely Coulombic (Rutherford or Mott) interactions
combined with oscillations characteristic of diffraction [14,15].
The overall structure has been successfully described using
semi-classical optical models. The very grazing or peripheral
interactions involve small overlaps of the nuclear surfaces resulting
in short interaction times, small mass, energy, and momentum
transfers, and scattering characteristics similar to élastic events
[16,17]. Deep inelastic (strongly damped) collisions involve
substantial energy and mass transfer [8,18-20]. The interaction is
interpreted in terms of the projectile experiencing strong frictional
forces [21]. The frictional forces convert kinetic energy to

internal excitation energy and transform the angular momentum of the

system to intrinsic spin. Large angle scattering events have been



inter-preted in te rms of a "sticking" deep-inelastic (DI) mechanism
causing the ions to rotate through some relatively large angle (thus
reducing the relative angular momentum of the reaction partners)
before separating [10]. If the angular momentum of the system is
sufficiently low the ions will fuse to form a compound nucleus.

The kinetic energies of low energy reactions are small compared
to the kinetic energies of the Fermi motion. The time scale in which
internal degrees of freedom change is, therefore, expected to be fast
compared to typical collision times for all but the most grazing
collisions. During the reaction the transformation of kinetic energy
and angular momentum to internal excitation energy and spin can be
described in terms of frictional forces. The exchange of nucleons
and further equilibration processes can be described in terms of a
nucleon-diffusion mechanism [22]. These concepts connect, in a
continuous way, the domains of quasielastic transfer, deep inelastic
transfer, and compound nucleus formation to describe nuclear
reactions at low energies.

Relativistic heavy ion (RHI) induced interactions have only been
extensively studied since the Princeton-Pennsylvania accelerator
(PPA) and Lawrence Berkeley Laboratory Bevalac became operational in
the mid-1970's. The LBL Bevalac accelerator is capable of
accelerating heavy ions to approximately 2.1 GeV/A producing intense
(relative to cosmic rays) beams. The realm of high energy (RHI
induced) interactions is typically assumed to extend from
approximately 200 MeV/A to the maximum attainable energy (currently
<2.1 GeV/A). Very simplistically, interactions observed at high

energies have often been categorized as either peripheral or central



collisions. The central collision, in this simplistic picture,
results in the total or near total obliteration of projectile and
target nuclei yielding a tremendous shower with a multiplicity on the
order of 100 particles [23-26]. The peripheral interaction is, by
comparison, a relatively gentle grazing collision resulting in two
relatively cold spectator nuclei, and a group of highly excited
nucleons.

Peripheral collisions constitute the majority of the total
reaction cross section [27]. Theorists have proposed models to aid
the understanding of RHI induced fragmentation interactions. The
abrasion-ablation [28] concept was the forerunner of the models which
envisioned the RHI induced reaction in terms of a two-step process.
Such a peripheral interaction is depicted in figure 1 where the
projectile nucleus is shown with initial velocity B. The fast inter-
action step (abrasion) is governed purely by geometrical constraints.
The projectile slices out a chunk from the target nucleus
corresponding to the volume of overlap between the target and
projectile assuming straight 1line trajectory. This process is
described by a "clean-cut" interaction in which the projectile
spectator retains its initial velocity, B, no kinetic energy or
angular momentum are transferred to the target spectator, and the
highly excited nuclear matter from the overlap volume travels at an
intermediate velocity. The slower second stage is the equilibration
and deexcitation of the deformed residual fragment. The
abrasion-ablation concept was subsequently refined into the fireball
[29] and firestreak [30] models (the latter is described further in

appendix B).



.

A simple schematic representation of an high energy peripheral nuclear interaction.
This figure is borrowed from reference 29,

Figure 1



Nuclear fragments resulting from very peripheral interactions
are envisioned to be relatively undisturbed with little transfer of
excitation energy (with the exception of the deformation caused by
the removed volume) and angular momentum. The overlap region is an
extremely excited volume of nuclear matter which has been modeled by
a hot expanding ideal gas [29] and the coalescing [31,32] (or
condensing) of small particles within a given volume. The
theoretical treatment of the central collision can successfully
incorporate similar concepts used to describe the overlap region for
peripheral collisions [33] to reproduce observations.

The conceptual differences between the RHI induced reactions and
low energy reactions are dramatic. Reactions described by transfer
processes and complete fusion evolve into fragmentation, or
spallation type processes and total nuclear disintegration. The
reaction exit channel changes from containing almost exclusively one
or tvo fragments at low energies to interactions where a few or 100
or more fragments may be observed for a single high energy event.
Large momentum transfers associated with fusion reactions are not
observed for any heavy target residues resulting from RHI induced
interactions. Similarly, reactions at low energy are often
associated with high angular momentum, whereas, at High energy the
degree of overlap (geometry) is the major factor determining the
violence of the interaction. The extremely short interaction times
at high energies do not allow nucleon diffusion, energy equilibration
or angular momentum dissipation processes to occur during the

interaction of projectile and target. Systems in which the



trajectory of a high energy projectile significantly (or completely)
overlaps a target are not expected to survive.

Intermediate energy heavy ion induced nuclear reactions have
recently become an extremely active field of investigation as more
accelerators become available to produce intense heavy ion beams with
energies between 20 MeV/A and 100 MeV/A. Considerable information
and insight has been gained in recent years about this region of
transition between phenomena observed at low and high energies. The
linear momentum transferred to the target nucleus by light-heavy ions
(A<40) has been widely studied. Viola, et al. [34] and Stokstad et
al. [35] have developed systematics of fractional momentum transfer
for light projectiles (& £ 20) that show the fraction of the beam
momentum transferred to the target nucleus decreases approximately
linearly with increasing relative velocity of the colliding nuclei.
Viola et al. [36] and Chan et al. [37] report these systematics are
evidence of a decreasing role of complete fusion in the total
reaction cross section between 7 and 20 MeV/A. Their interpretation
predicts the fraction of the cross section resulting in complete
fusion decreases slowly above 20 MeV/A until around 70 MeV/A where no
complete fusion is observed. Blachot et al. [38] have reported
observing small (1%), however significant, "quasi-compound" nucleus
formation in the reaction of 84 MeV/A 12C with Sn and Ag targets.

Vhile momentum transfer and fusion mechanisms are decreasing
with increasing energy, Natowitz et al. [39] observe significant
signatures of projectile fragmentation, a traditional high energy
mechanism, in 43 MeV/A 2ONe induced reactions. Natowitz also noted

the observation of light fragments characteristic of fusion reactions



and nonequilibrium processes. Lynen et al. [40] studied target
fragmentation of 181Ta, 197Au, and 238U induced by 86 MeV/A 12C.
They assigned significant fractions of the reaction cross section to
high energy processes such as spallation and "deep" spallation;
hovever, they also observed the production of light fragments
(10<A<40) as low multiplicity binary events in sharp contrast to
relativistic heavy-ion induced interactions for which light fragments
are produced in high multiplicity events (central collisions)
[25,26].

The above observations clearly demonstrate the transitional
nature of the intermediate energy regime of nuclear reactions.
Interactions described by low energy mechanisms are observed over a
large portion of this region but diminishing with increasing
projectile kinetic energy. Reactions induced by projectiles at the
high end of the intermediate energy regime show characteristics
similar to high energy mechanisms. This energy region is, in
general, characterized by the slowly diminishing role of low energy
mechanisms followed by (or overlapped with) the onset of high energy
mechanisms.

Researchers have observed other important features of
intermediate energy interactions, not necessarily transitional in
nature. Complete and incomplete fusion and deep-inelastic scattering
have been observed for reactions induced by projectiles with kinetic
energies above 10 MeV/A [20,41,64,68]. The fraction of the observed
cross section that is associated with complete fusion reactions has
been reported to decrease as the projectile energy increases (from

93% for the interaction of 8.5 MeV/A 160 4 19%sm to <5% for 35 MeV/A



120 + 1545m [68]). Incomplete fusion reactions involve the "fusion"
of a portion of the projectile nucleus with the target while the
remainder of the projectile travels at near O degrees with near beam
velocity. The fraction of the observed cross section that is
associated with incomplete fusion has been reported to increase
dramatically between 8.5 MeV/A and 86 MeV/A projectile energies [68].

There are many questions about the nature of intermediate energy
heavy ion induced interactions that remain unanswered.
Radioanalytical techniques allow us to address the more general
aspects of these reactions. The questions which this work addresses

are:

1. How does the fission cross section evolve with increasing
projectile energy?

2. How does the general shape of the target fragment mass yield
curve evolve? What can we learn from the mass yield curves?

3. How does projectile energy affect the excitation functions of
observed nuclides, particularly trans-target species?

4, How well do the Wilczynski sum-rule and firestreak models

predict the observables?
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II. EXPERIMENTAL

A. TARGETRY AND IRRADIATIONS

Interactions were induced in holmium targets by 208 MeV 12¢  and
272 MeV 100 beams from the Lavrence Berkeley Laboratory 88-inch
cyclotron; and 442 MeV 12C, 1020 MeV 12C, and 1635 MeV 160 beams
supplied by the CERN SC synchro-cyclotron. All beams were undegraded
primary beams with the exception of the 442 MeV 12c beam which was
degraded from 1020 MeV. An aluminum degrader block vas placed
upstream from the experimental station. The degraded beam was bent
tvice prior to entering the experimental station removing secondaries
produced in the degrader block. The beam characteristics for each
system studied and the accelerator at which the experiments were
conducted are tabulated in table 1. Target and catcher material
specifications are also given in table 1.

Each holmium target assembly consisted of an elemental 165g,
metal foil target surrounded by forward and backward catcher foils.
Catchers used for 208 MeV 12C, 442 MeV 12C, and 1635 MeV 160 induced
interactions were sufficiently thick to stop all fragments heavier
than A=25. Catcher foils used for 272 MeV 160 and 1020 Mev 1%c
induced interactions were only thick enough to stop fragments with
A60, A schematic of the experimental arrangements used at the CERN
SC synchrocyclotron and the LBL 88-inch cyclotron for the holmium

target assemblies are shown in figures 2 and 3, respectively. The

target assemblies used at CERN were mounted on frames which were



IRRADIATION INFORMATION

PROJECTILE ENERGY TOTAL IRRAD. TARGET CATCHER TAEI to

INIT. -COT~- FLUX LENGTH THICKNE§S THICKNE§S COUNTING
ION (Mev) (Mev) (Mev/A) (IONS) (MIN) (mg/cm®) (mg/cm®) (hours) ACCEL.
1656+ 1712 1635 102. 7.76x1013 515, 114.0 20.3 (C) 86.0 CERN SC
1204+ 1032 1020 85.0 1.17x101° 60. 123.3 5.55 (Al)  130.0 CERN SC
12,4+ 588 442 36.8 1.37x101%  130. 229.1 33.2 (C) 127.0 CERN SC
1606+ 315 272 17.2  1.97x101%  326. 26.4 20.3 (C,Fwd) 4.5 LBL 88"

6.7 (Al,Bkd)

1205+ 536 208 17.3  1.53x101° 583, 26.4 20.3 (C) 96.0 LBL 88"

The above is a tabulatioh of irradiation conditions and targetry data for the indicated
experiments. Projectile energies are tabulated for the extracted beam and at the
center-of-target. The TAEI to counting column shows approximate lapsed times between the
end-of-irradiation and the first gamma spectroscopic measurement for each experiment.

Table 1

1T



Mounting
Frame

Beam
Direction

Aluminum Forward Holmium Backward
Catcher Catcher Target Catcher
Stack .
Mounting

Frame

Holmium target and catcher arrangement used at the CERN SC
accelerator. Target and catcher materials preceding holmium

target stack are discussed in the text.

Figure 2
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Beam Current Monitor
(in Control Room)

—
Cooling

Water

e Guard Forward Holmium Backward Mounting

Foil Catcher Target Catcher Ring

Copper Tag

Target Holder Holmium target and catcher arrangement used at

the LBL 88-inch cyclotron. Target and catcher materials
preceding holmium target stack are discussed in the text.

Figure 3
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attached to a fast-access vacuum chamber provided by the ISOLDE
research collaboration. The target assemblies at LBL were mounted to
a tag-target holder which provided quick access, water cooling, and
charge collection to monitor beam intensity.

Multiple target assembiles were often mounted in the beam to
obtain the greatest use for any given irradiation. A gold target

2 Al catcher folis, one 5.16 mg/cm2

stack consisting of two 6.24 mg/cm
Au foil and a 2.6 mg/cm2 Al guard foil preceeded the holmium target
stack in the 208 MeV 12C irradiation. A 4.65 mg/cm2 Be foil

2 Al catcher foil

supporting 0.97 mg/cm2 Sm followed by a 2.5 mg/cm
preceeded the holmium target stack in the 315 MeV 16O irradiation. A
monitor stack followed by a uranium target stack followed by another
monitor stack preceeded the holmium target stack in the 588 MeV 12¢

irradiation. Each of the monitor stacks consisted of one 20.3 mg/cm2

2 ¢ foils. The

C foil, one 8.65 mg/cm2 Al foil, and three 20.3 mg/cm
uranium stack consists of one 20.3 mg/cm2 C foil, one 46.4 mg/cm2 U
foil, and one 20.3 mg/cm2 C foil. The holmium target stack in the
1032 MeV 12C irradiation had no other preceeding foils. A monitor
stack and uranium target stack preceeded the holmium target stack in
the 1635 MeV 16 irradiation. The monitor stack consisted of two 20.3
mg/cm2 C foils, one 6.9 mg/cm2 Al foil, and one 20.3 mg/cm2 Cc foil.

2 C foil, one

The uranium target stack consisted of one 20.3 mg/cm
46.8 mg/cm? U foil, and one 20.3 mg/cm® C foil.

Holmium targets irradiated by 208 MeV 12C, 272 MeV 16O, 1020 MeV
12C, and 1635 MeV 16, projectiles were 99.99% pure supplied by the
Goodfellow Ltd. company. The holmium target irradiated by 442 MeV

120 jons was 99.9% pure supplied by the Alfa Inc. company. The
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target thicknesses used in the experiments are indicated in table 1.
Carbon or aluminum catcher foils were used in all of the experiments.
The foils used in the five experiments were 99.8% pure 1light-tight
carbon sheets supplied by the Goodfellow, Ltd. company. The
specifications for catcher materials and thicknesses used in each
experiment are tabulated in table 1.

The integral particle intensities are tabulated as a part of
table 1. Beam intensities at the LBL 88-inch cyclotron were
monitored continuously and tabulated periodically by the operations
staff. The beam intensity was calculated from absolute charge
collection of beam ions in the tag target holder used in all of the
irradiations at LBL and the known ionic charge state. The integral
beam intensities at the CERN SC synchrocyclotron were determined
using Al foil monitors and known monitor cross sections. The cross
section wused for the 1020 MeV 12¢ jrradiation vas 34.1 + 0.6 mb [43]
for the 27A1(85 MeV/A 12C,X)ZZNa monitor reaction. The same value
was used to approximate the 102 MeV/A 169 monitor reaction cross
section (the true value for this energy and projectile is not known).
A cross section of 32. + 2. mb [44] for the 27A1(49 MeV/A
12C,X)ZZNa monitor reaction was used to approximate the 37 MeV/A 12¢
value. These monitor cross sections enable us to caiculate absolute
cross sections only for the 85 MeV/A 12C induced reactions for
experiments conducted at the CERN laboratory. The monitor cross
sections used for 37 MeV/A 12¢ and 102 Mev/a 190 induced interactions
are not explicitly known thus the cross sections tabulated for these
experiments must be considered only as relative quantities. The 1020

MeV/A 12C beam intensity calculated from the 27A1(85 MeV/A 12C,X)ZZNa
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monitor cross section disagree with the intensity calculated from the
27A1(85 MeV/A 12C,X)24Na monitor cross section reported elsewhere for
the same bombardment [91].

Beam intensity histories were kept for all of the bombardments
at LBL and CERN. An accurate knowledge of fluctuations in beam
intensity is necessary to accurately calculate production cross
sections when the time scale of the fluctuations are on the order of
half-lives of the observed nuclides. The time delay from
end-of-bombardment (EOB) to the initial gamma-ray spectroscopic
measurements (due to shipping of targets from the accelerator
facility to the laboratory where measurements were made) are included
in table 1 (designated as TAEI, the time after end-of-irradiation).
The delay times for all experiments, with the exception of the 272
MeV 160 irradiation, were significantly longer than the irradiation
period. The delay time for the 272 MeV 160 irradiation was
relatively short and inclusion of beam intensity fluctuations in
calculation of the cross sections for the shorter-lived nuclides
became important. The beam intensity histories were supplied by the
operations staffs of the accelerators at LBL and CERN. The beam
histories obtained from the CERN SC synchrocyclotron operations staff
wvere scaled to the monitor cross sections (above).

Table 1 lists two different beam energies, the first being the
projectile energy entering the irradiation station and the second the
beam energy at the center of the holmium target. The projectile
energy degradation is caused by passage through various target
assemblies and the backward catcher preceeding the holmium target.

The center-of-target energy, E is calculated by iteratively

cot’
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determining the projectile energy after each foil, Eproj(i)'

Eproj(i) is determined by subtracting the thickness of foil i, T,

from the total range of the projectile in that foil material:

init - Ti [eqn 1]

Rein = R
~and converting the resultant range, Rgine to an energy. The ranges

and projectile energies are approximated by wusing the tables of

Hubert, et al. [49].
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B. GAMMA-RAY SPECTROSCOPY

1. Spectroscopic System Calibration

Gamma-ray spectroscopic measurements were made using a system
schematically depicted in figure 4. A gamma-ray detector unit is
comprised of a coaxial lithium drifted germanium, Ge(Li), diode DC -
coupled to a charge sensitive preamplifier. The preamplifier was
connected to a high-rate linear amplifier adjusted to match the input
signal rise-time. The amplifier output was AC - coupled to an
analogue-to-digital converter (ADC). An active baseline restorer was
used to produce consistent amplifier output pulse shapes over a wide
range of counting rates to improve photopeak resolution. Digital
output from the ADC was transferred directly to random access memory
(RAM) through the direct memory access channel (DMA) of the
minicomputer controlled multichannel analyzer system. Data was
acquired into 4096 channel spectra for preset periods of time and
permanently stored with identifying header data, on at least one of
the magnetic storage media available. Systems were adjusted for
approximately 0.5 keV per channel energy calibration with roughly 0.0
keV offset, and lower level discriminators were adjusted to eliminate
noise and X-rays below 80 keV. This calibration allowed the
observation of gamma-rays over an approximate range of 80 to 2000
keV.

An experimental spectra may contain more than 300 resolvable
photopeaks. Determination of accurate photopeak intensities is

dependent upon obtaining and maintaining extremely good spectroscopic
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resolution. The full-width at half-maximum (FWHM) and tailing of
spectral peaks were minimized by carefully matching amplifier and
preamplifier rise-times. Active baseline restoration of the
amplified signal output was adjusted to minimize signal oscillation
about the baseline. Stability and electronic signal to noise ratio
wvere greatly enhanced by linking all system components to an absolute

60co 1332.5 keV gamma-ray

ground. The measured FWHM value for the
line was approximately 1.9 keV for all spectroscopic systems used.

Absolute efficiency and energy calibrations for each detection
system were generated using techniques outlined previously [46]. A
flow diagram of the calibration procedure is shown in figure 5. The
calibration source was the National Bureau of Standards mixed
radionuclide gamma-ray emission-rate standard reference material,
SRM-4275/15. Several calibration spectra of varying acquisition time
vere taken at each geometry used during the experiments. The
calibration spectra provided a database from which to generate
energy, efficiency and photopeak shape calibrations.

The computer program, SAMPO-80 [47,48], has been modified and
adapted to the LSI-11 based Nuclear Data Inc. model 6660 (ND-6660)
multiparameter gamma-ray spectroscopy system. A brief description
the modifications and implementation of SAMP0-80 on the ND-6660 are
given in Appendix A. SAMP0-80 has two primary modes of operation, a
calibration mode and an analysis mode. The calibration mode was used
to determine photopeak shape characteristics. This was accomplished
through the use of a functional form that can be linearly fit to the

photopeak energy (or channel number). The shape of a photopeak was

assumed to be the sum of a Gaussian and two independent exponential
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tails smoothly joined to each side of the Gaussian. Four parameters
were used to describe the shape of a photopeak: the Gaussian
centroid, the Gaussian width parameter, and the distances from the
centroid where each exponential tail joins the Gaussian. These
parameters varied as a function of photopeak energy. A set of four
parameters was generated for each photopeak in a calibration spectra.
Photopeak shape parameters were determined for all calibration
spectra. Weighted averages of each shape parameter for each
photopeak energy comprised the final shape calibration table used by
the analysis mode of SAMPO-80. During the analysis mode, SAMP0-80
generates shape parameters for any part of the spectrum by linear
interpolation between calibration values. The effects of electronic
dead time on the shape of the photopeak parameters were carefully
examined. Photopeak broadening and increased tailing were measurable
in spectra acquired at greater than 15% dead time, thus, the counting
geometry was adjusted to maintain dead time below 15Z%.

Calibration spectra photopeak areas and centroids calculated by
the SAMP0-80 analysis mode were used to generate the energy and
efficiency calibration parameters. The energy calibration for each
detector system was obtained by fitting peak centroids to the

quadratic function:

E (x) = a(1) + a(2)*x + a(3)* x2 [eqn 2]

where EY(x) and x are the peak centroid energy (keV) and channel
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number, respectively. A least squares fitting routine was used to
determine the coefficients, a(i). The amplifier gain and ADC
zero-level offset were used to attempt to calibrate the parameters
a(l) = a(3) = 0.0 keV and a(2) = 0.5 keV.

Absolute detector efficiency functions were determined for all
geometries used during an experiment. The photopeak efficiency was
calculated by dividing the photopeak activity (from SAMPO) by the
"known gamma-ray emission rate. Calculated efficiencies for each

geometry were fit to the function:

e(E) = P(1) * (EF(2) | p(3) * expP(4)*E) [eqn 3]

vhere € is the detector efficiency at a gamma-ray energy E. The
coefficients, P(i), were obtained by least squares fitting. Nominal
efficiency at 1332.5 keV of the Ge(Li) detec-tors used varied between
17% and 21%, relative to Nal at 35cm.

The shape calibration table, energy and efficiency calibration
function coefficients were used by the analysis mode of SAMPO to

locate peaks and assign absolute energies and activities.

2. Data Acquisition and Analysis
Post irradiation gamma spectroscopic measurements of induced
activities vere made at Oregon State University and the Lawrence

Berkeley Laboratory using a strategy outlined in reference 46. All
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target assemblies irradiated at CERN were shipped via air
transportation to OSU. The target assembly irradiated by 208 MeV 12¢
jons at the LBL 88-inch cyclotron was also shipped by air freight to
OSU. The target assembly irradiated by 272 MeV 169 jons at LBL was
assayed after the end-of-bombardment at LBL. The times after EOB at
vhich gamma-ray spectroscopic measurements began for the various
experiments are tabulated in table 1.

The irradiated samples were disassembled into forwvard catcher,
backward catcher, and target. Each catcher sample and the target
vere separately mounted on counting cards designed for the respective
system on vwhich the sample was to be assayed. The counting cards
vere supported on detector racks designed for reproducibility of the
geometries at vhich samples were counted. The counting geometry for
a sample was chosen to maintain electronic dead time below 15% for
reasons discussed above. Spectra of the various samples were
iteratively collected over a period of 90 to 120 days to allow
half-life determination of most nuclides produced in the interaction.

A flow diagram of the procedure used to analyze spectral data is
shown in figure 6. The block lettered names in the flowchart are the
names of computer codes used in the analysis procedure; these
programs are discussed below. The analysis mode of SAMPO-80 was used
to locate and fit peaks in gamma-ray spectra. The version of
SAMPO-80 implemented on the ND-6660 system (see Appendix A) is
capable of identifying up to 350 peaks in a single spectra and will
deconvolute multiplets containing up to 6 individual peaks. SAMP0-80
output consists of a detailed analysis for each assignment directed

to hardcopy and fit results directed to magnetic storage media for
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subsequent analysis. The summary results consist of an identifying
tagvord, the time after the end-of-irradiation (TAEI) that the
spectra were acquired, and photopeak energy, intensity, and

associated uncertainties for each accepted peak.

3. Decay Half-Life Determination

After the spectral analysis was complete, the code TAUl [46]
sorts the observed gamma-ray peak assignments by spectrum tagword and
gamma-ray energy so that decay curves may be constructed. The first
pass sorts the data by the tagvord which identifies the sample of
vhich the spectrum was taken. The energy sorting algorithm was
designed to group assignments for the same peak together in a single
bin. An average energy and energy window were associated with each
bin. The algorithm iteratively searches through a spectrum,
determines if a peak energy falls within the bounds of a bin window,
and adds the new datum to the bin if it does. New bins were
initialized by assignments not falling within the window of an
existing bin. When a new datum is added, the average bin energy and
vindov bounds were recalculated. A bin window is defined by the

bounds <E>+8 and <E>-§, where

§ = log(<E>) - 1.5 [eqn 4]

and all values are expressed in terms of keV. The final sorted data

consisted of one file per sample (tagword) comprised of records of
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energy ordered decay results (bins). Each final bin consisted of an
average energy and a time ordered 1list of activities. Bins
consisting of a single assignment were automatically deleted.

The next stage of the analysis was to bring the measured decay
curves for each gamma-ray line together with a compilation of known
gamma-ray transitions obtained from a recent compilation [49] in
order to identify the radionuclides present in the samples. The
computer code TAU2 [46] (an interactive decay curve analysis program)
constructed decay curves and presented relevant data on the nearest
known gamma-ray transitions to facilitate the identification. The
input data required by TAU2 was the sorted gamma-ray data from TAUl
and a version of the gamma-ray table [49], obtained most recently
from the Gesellschaft filir Schwerionenforschung (GSI). The data is
stored on the permanent storage system (PSS) at LBL. Prior to 1982
the Binder-Kraus [50] version of the gamma-ray table of the isotopes
wvas used. Results obtained with errant branching ratios from this
table were corrected to agree with the more recent GSI data.

Once the decay data and twenty nearest gamma-ray transitions
wvere displayed on the terminal the operator chose from a list of
several options to fit the measured decay curve. Half-lives are held
constant and activity at end-of-irradiation (Ad) values are
calculated by the 1least squares method. When an acceptable
identification of the decay curve was made, the graphics display was
recorded on microfiche and the AO value, associated uncertainties,
energy, and radionuclide identification was output to punched card
and line printer. The Ag value has units of decays per minute,

having been corrected for transition abundance and parent branching
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ratio when necessary. Resolution of multiple identifications is

discussed below.
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C. YIELD DETERMINATION

1. Cross Section Calculation

An energy ordered list of cross sections was calculated for each
component of every decay curve. A computer code uses the Ay and
half-life information from TAU2 and calculates the nuclidic cross

section with the formula:

A
o = 0 [eqn 5]
n n

N Qi(l—exp[~ktbi]) {exp[-A( tbj)]]

i=1 j=i+1

wvhich incorporates the effects of nonuniform beam intensity on the
cross sections. N is the number of target atoms and A is the nuclide
decay constant. The beam intensity history was used to divide the
bombardment into intervals during which the beam intensity was
relatively constant. Variables t,; and tbj represent intervals in
the beam intensity period defined by the respective summation
indicies, i and j. The intensity for the i-th interval is defined by
;. Large fluctuations in the beam intensity and occasional
interruptions in the bombardment of the target material necessitated
the use of this expanded form of the cross section formula in the
interaction of 272 MeV 160 with holmium due to the short TAEI at

vhich spectroscopy began (see section A of this chapter). Beam

histories and the expanded form of the cross section calculation
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also used in analysis of the other experiments for consistency.
Identifications where the calculated uncertainty exceeded the value
vere discarded at this stage of the analysis.

The TAU2 identifications were sorted by isotope and a second
calculation of the cross section was performed for each observed
gamma transition and weighted average cross sections are calculated
for each isotope. The computer output lists the nuclide, all gamma
transitions used in the calculation and the final weighted average
cross section for the isotope. At this point all identifications
vere screened by hand using the following rules:

a) The energy of each observed gamma-ray transition was within a
maximum window of (log<E>-1.5) keV of published values [49].

b) Each identification is the result of a unique decay curve fit.
1f no resolution of a multiple assignment is attainable, the
identification is discarded.

c) No gamma-ray lines with intensities stronger than the weakest
observed transition can be missing unless they can be shown to
be masked by a more intense gamma-ray oOr the product of an
unresolvable multiple identification.

Table 2 lists all nuclides identified in the various experiments

contained in this study along with the gamma-rays used for
identification (only gamma-rays necessary for accepting a given

identification are tabulated), their energies and branching ratios
used to identify the given nuclide. This list represents gamma ray
energies observed for all identifications of that particular
nuclide. The resultant set of identifications was used for the
final calculation of nuclidic production cross sections. Total

nuclidic production cross sections were obtained by summing the

observed cross sections for each nuclide in the target and forwvard



NUCLIDE IDENTIFICATION GAMMA-RAYS

MINIMUM GAMMA-RAYS TO IDENTIFY
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1778.9--100.

1312.1--100.

27905-_ 2406

183600_— 9904

NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
§§Na 1274.6—- 99.9
28Na 1368.5--100.
43Mg 400.6-- 35.9 941.7-- 35.9
44mK 372.8-- 88.3
4693c 271.2-- 77.8 1157.0--108.3
47Sc 889.2--100. 1120.5--100.
47Ca 1297.1-- 74.9
485¢ 159.4-- 68.0
488c 983.5--100. 1037.5-- 97.5
51v 983.5--100. 1312.1-- 97.5
sngr 320.1-- 9.83
54Mn 935.5-- 94.5 1434.1--100.
56Mn 834.8--100.
ssch 846.8-- 99.9 1238.3-- 67.0
59CO 810.8-- 99.4
65Fe 1099.3-- 56.5 1291.6-- 43.2
692N 1115.5-- 50.7
71Ge 1106.4-- 36.0
72As 174.9-- 83.6
750 144.7-- 83.0 834.0-- 95.6
72Ga 629.9-- 25.2 834.0-- 95.6
72As 834.0-- 80.1
74Se 834.0-- 91.3
75As 595.8-- 60.3 634.8-- 15.1
Se 136.0-- 55.6 264.6-- 58.2
76 400.4-- 11.1
77gAs 559.1-- 44.7
g 3B 239.0-- 23.1 520.7-- 22.4
83Sr 776.5-- 13.4
84gRb 520.4-- 46.1 529.5-- 30.0
Bngb 881.6-— 67.8
86gSr 514.0--100.
87gy 627.7-- 32.6 1076.6-- 82.5
87 Y 388.4-- 85.3 484.9-- 92.2
BEY 381.1-- 78.5
88Y 898.0-- 94.0 1836.0-- 99.4
899Zr 392,9-- 97.3 898.0-- 94.0
99m 2r 909.2-- 99.9
Nb 934.0-- 99.2

Table 2



MINIMUM GAMMA-RAYS TO IDENTIFY

NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
gng 724.2-- 43.7 756.7-- 55.4
959Nb 765.8-- 99.9
gsmNb 235.7-- 25.1
969Tc 765.8-- 93.9
gch 778.2--100. 849.9-- 97.8
goRU 215.7-- 85.8
LoooMo 140.5-- 99.9
9Rh 539,6-- 78.4 822.5-- 20.1 1553 .4--
100 1929.7-- 12.2
Pd 539,6--103.0 822.5-- 26.5 1107.1--
101q 1553.4-- 27.0 1929.7-- 16.0
101oRh 127.0-- 73.0 198.0-- 70.8
102gRD 306.8-- 86.8
105Rh 475.1-- 94.0 631.3-- 55.5
1059RY 497.1-- 89.5
loenAd 280.4-- 29.5 344.5-- 40.9
Ag 451.0-- 28.4 616.2-- 21.7 717 .3--
110m 748.4-- 20.7 1045.8-- 29.7 1527.7--
Ag 657.7-- 94.4 763.9-- 22.3 884.7--
111 937.5-- 34.3 1384.3-- 24.6
llggIn 171.3-- 90.3 245.4-- 94.0
llggTe 644.0-- 84.4
1212Te 153.6-- 67.1 1212.7-- 67.0
151.Te 573.1-- 79.7
153mTe 212.2-- 82.6 573.1-- 79.5
125gT€ 159.0-- 83.6
1550%e 188.4-- 55.1 243.4-- 28.9
1nge 202.8-- 68.1
131452 442.9-- 25.8
Ba 123.8-- 29.2 216.1-- 19.9 373.2--
1 493.3-- 47.1
1339Ce 265.6-- 42.4 606.8-- 19.5
14gCe 165.8-- 78.9
142E0 742.0-- 38.3
144C€ 133.5-- 10.8
145Em 618.0-- 98.6 696.5-- 99.5
14gEU 653.6-- 16.0 893.8-- 63.9 1658.7--
14cEuU 747.2-- 98.0
Gd 154.6-- 43.0 633.2-- 48.0 1297.6--
147 1408.8-- 3.61 1534.2-- 6.80
147EY 121.3-- 22.7 197.3-- 25.8
Gd 229.2-- 57.3 928.3-- 18.0 396.5--

Table 2 (cont.)
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20.5
17.4

29.1
16.4
72.8

14.1



MINIMUM GAMMA-RAYS TO IDENTIFY

NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
148mpy, 550.2-- 92.9 629.9--— 89,2 725.6--
L8 1013.7-- 20.4
Eu 413.9-- 18.6 550.3-- 99.0 611.3--
149 629.9-- 70.9 725.7-- 13.0 1621.5--
15564 149.6-- 41.7 298.5-- 22.6
157588 153.6-- 5.10 174.7-- 2.45 243.2--
Tb 108.3-- 25.0 251.7-- 26.0 287.0--
1529 479.0-- 16.0 731.1-- 9.1
>t 344.3-- 67.2 778.9-- 5.96
123cd 97.4-- 30.1 103.2-- 21.8
1oam 211.9-- 32.5
loaTb 105.3-- 23.0 180.1-- 6.83
156Dy 227.0-- 68.0
Tb 199, 2-- 40.2 534.3-- 67.0 1222.4--
160 1421.6-- 11.6
Tb 298.6-- 27.4 879.4-- 30.0 962.3--
160 966.2-- 25.2 1177.9-- 15.5
Er 197.0-- 15.0 645.5-- 17.0 728.1--
les 879.1-- 23.0 961.9-- 21.0 965.8--
leorm 242.9-- 35,5 297.4-- 13.8 806 .8--
ooy 184.4-- 21.3 705.3-- 14.3 1273.4--
18 7m 207.8-- 41.0
Tm 184.3-- 16.4 198.2-= 50.0 447.5--
Y 815.9-- 46.3
Yb 109.8-- 18.0 130.5-- 11.5 177.2--
169 198.0-- 36.0 307.7-- 11.1
Iru 191.3-- 17.9 960.3-- 20.3 1449 .7--
170y, 1054.3=-- 4.6 1225.6-- 4.84 1280.2--
171 1364.6-— 4.48 1428.1-- 3.38 1512.5--
ILu 667.5-— 10.9 739.8-- 47.6 840.0-~-

33

A tabulation of the minimum number of gamma-rays used to
identify any given nuclide tabulated in table 3.

Table 2 (cont.)
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and backward catcher foils. No corrections of the total production
cross sections were attempted for nuclides which were not observed
in either catcher foil (usually the backward catcher). In the
event no recoils for a given nuclide were observed in either
catcher foil, the data were omitted. The measured cross sections
obtained by this procedure are tabulated in table 3 for each of the
interactions studied. Values calculated for 442 MeV 12c and 1635
Mev 160 experiments are tabulated as "arbitrary units" representing
measured cross sections relative to 27Al(12C,X)22Na = 32.0 mb and
34.1 mb, respectively.

Two major factors contributed to the uncertainties in the
measured cross sections. The uncertainties due to counting
statistics and decay curve fitting were calculated by standard
methods discussed elsewhere [46,47]. The random and systematic
errors due to the experimental procedure are less well known. The
major source of uncertainty is the degree to which the counting
geometry for each sample can be precisely reproduced. The
uncertainty introduced by not exactly reproducing the initial
geometry has been measured to be less than 4% at the smallest
detectorsource distance [46]. A second source of uncertainty would
arise from the lack of knowledge about precise size>of the active
sample area and the activity gradient (if any). The minimum
uncertainties in the experimental procedure are conservatively
estimated at 10%. Calculated uncertainties resulting in values

less than 10% are assigned this minimum value.
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MEASURED PRODUCTION CROSS SECTIONS FOR INTERACTIONS
INDUCED IN HOLMIUM TARGETS BY VARIOUS PROJECTILES

208 Mev 12c 272 Mev 1%0 442 Mev 12c 1020 Mev 12¢ 1635 Mev 180
NUCLIDE (mb) (mb) (a.u.) (mb) (a.u.)
T6ps 8.3 + 0.8 10. + 1.
779g, 2.9 + 0.3 5.8 + 0.6 2.9 + 0.3 2.5 + 0.5
82¢r 0.6 + 0.2
83gb 12, + 1. 24, &+ 2, 5.5 + 0.6 2.0 + 0.2 7.9 *+ 0.8
849pb  15. + 2. 9. + 1. 1.6 + 0.2 1.8 * 0.2
gggSr 8.3 + 0.8 12. + 2. 3.1 + 0.3 2.4 + 0.6 6.2 * 0.6
Iy 5.5 + 2.6
879y 8.8 + 0.9 18. + 2. 4.7 + 0.5 2.1 t 0.2 7.3 + 0.8
87my 12. + 1. 6.5 + 0.7
88y 11. + 1. 17. + 2. 2.8 + 0.3 0.64 + 0.06 1.9 + 0.3
838Zr 2.0 + 0.2 6.3 + 0.6 2.0 + 0.2 2.0 + 0.2 6.2 + 0.6
923Zr 5.6 + 0.6 12,  + 1. 3.6 + 0.4 1.7 + 0.2 6.7 + 0.7
Nb 0.8 0.1
9gSZr 1.5 + 0.2 1.4 + 0.1
92 Nb 4.8 + 0.5 4.6 + 0.5 1.0 + 0.1 0.27 + 0.03 0.7 + 0.1
95mNb 0.22+ 0.04
969Tc 8.7 + 0.9
99Tc 1.9 + 0.2 4.9 + 0.5 1.1 + 0.2
9;Ru 4.9 + 1.5 3.8 + 0.4
LoaMo 2.0 + 0.2 2.0 + 0.2
Pd ' 1.6 + 0.2
10095y, 6.9 + 0.7
igith 1.3 + 0.3 1.1 &+ 0.2 0.8 + 0.1
Rh 1.1 + 0.2 3.9 &+ 0.4 1.3 + 0.2 1.8 + 0.2 9.4 + 0.9
1029pp 4.0 + 0.4 1.7 + 0.3

Table 3 (cont.)
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MEASURED PRODUCTION CROSS SECTIONS FOR INTERACTIONS
INDUCED IN HOLMIUM TARGETS BY VARIOUS PROJECTILES

208 Mev 12¢ 272 Mev 1%0 442 Mev 12cC 1020 Mev 12 1635 Mev 190
NUCLIDE (mb) (mb) (a.u.) (mb) (a.u.)
1%23Ru 3.1 t 0.3 3.7 t 0.4
9Rh 2.4 * 0.2
1059 + + +
10°9ag 0.82 * 0.08 3.4 * 0.3 3.3 + 0.3 3. + 1.
19%mag 1.0 + 0.1 2.6 t 0.3 1.1 * 0.1 0.33 * 0.06
1114R9 0.9 * 0.2 1.1 * 0.1
11o01n 0.85 * 0.09 3.1 t 0.3 0.9 * 0.2 5.0 * 0.5 14. + 1.
121qT€ 0.49 * 0.05 1.2+ 0.2 0.33 * 0.04 2.1 * 0.4 3.4 + 0.3
12197e 0.38t 0.04 1.9 t 0.2 1.4 * 0.2 14. + 1. 29. + 3,
123iMTe 0.56 £ 0.06 0.9 * 0.1 0.27 * 0.03 0.7 * 0.1 1.4 * 0.1
Te 1.5 * 0.2 0.16 * 0.02 0.6 * 0.1
1259y¢ 26 + 3
1279 + + + + i + :
279xe 0.57 0.06 1.8 % 0.2 2.5 * 0.3 28. 3, 33, 3,
131082 1.4 * 0.2 25. + 3, 24. t 17.
Ba 1.0 * 0.1 2.7 * 0.8 36. + 4. 42. + 4.
1359, 30 + 3
1399 N . L
23 3ce 0.38 ¢+ 0.04 1.3 0.1 50. t 5.
14apm 54, * 6. 54, t 5,
12aC€ 0.22 ¢ 0.02
Iiem 1.0 * 0.2 1.1 + 0.1
13cEu 2.4 * 0.2 63. + 7. 40. + 4. 35, + 4,
13eEu 0.32 + 0.06° 14, + 2, 0. + 1.
1%6a 0.11 + 0.01 0.8 *+ 0.2 71.  *+ 8. 43. + 4. 33, o+ 3.
13-Eu 0.44 + 0.07 8. + 3. 111. *11. 61. + 6. a4, + 4,
1306d 1.0 * 0.1 72, o+ 7. 54, + 5, 35, + 4.
Eu 0.23 * 0.02 0.73 * 0.07

Table 3 (cont.)
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MEASURED PRODUCTION CROSS SECTIONS FOR INTERACTIONS
INDUCED IN HOLMIUM TARGETS BY VARIOUS PROJECTILES

NUCLIDE 208 Mev 12cC 272 mev 10 442 Mev 12¢ 1020 Mev 12c 1635 Mev 1%0
(mb) (mb) (a.u.) (mb) (a.u.)
1iggpm 2.2 t 0.3 6.1 + 0.7
Tg,Gd 0.46 * 0.05 2.6 * 0.3 122. * 12. 53. + 5. 49. + 5,
11cd 6.8 * 0.7 124. + 13. 59. + 6. 66. <+ 7.
1529Tb 3.3 * 0.3 31. + 3,
153Tb 4.3 * 0.4 48 . + 5,
1236d 12. * 1. 95. + 10. 54, t 5, 52. + 5,
12:Tb 4.1 * 0.4 8.9 * 0.9 123. * 13.
T 16. t 2. 23. a4, 114. * 12. 46. * 5. 52. + 65,
155 "
1569Dy 57. * 6.
> dTh 1.2 * 0.1 4.3 + 0.5 7.3 t 0.8 10. + 1.
TeTb 1.0 * 0.1 2.5 + 0.3 3.8 + 0.4 4.2 + 0.4
180Er 186.  *19. 97. + 10. 97. + 10. 32. + 3. 27. + 3.
182Tm 431, 43, 149,  + 23. 5. + 2.
1oovp 214, * 2l. 82. + 8. 1.3 + 0.4
logIm 124, % 12. 116.  + 12. 3.1 + 0.3 0.83 + 0.08
169TM 0.90 * 0.09 0.55 + 0.06
LeggYb 6.6 * 0.7 13. + 1. 1.0 + 0.2
° 2oLy 3.5 + 0.6 10. + 1.
171gLu 4.5 + 0.5
Lu 1.6 + 0.2

A tabulation of all measuregznuclidic Cross fgctions for the reaction systems studied.
Cross sections for 442 Mev C and 1635 MeV O data are tabulated as arbitrary units,

(a.u.), resulting from the unknown monitor reaction cross sections used (see exper imen-
tal chapter, section A).

Table 3 (cont.)
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2. Charge Dispersion and Mass Yield Calculation

The nuclidic cross sections calculated by the method described
above were usually cumulative yield cross sections. A measured
cumulative yield is the result of direct production of the observed
nuclide by nuclear reactions followed by deexcitation and
contributions from "fast" beta decay. Fast beta decay
contributions result from nuclides produced in the reaction which
decay to the observed nuclide betveen the time of the reaction and
the time of detection. A small fraction (<10%) of the observed
nuclides are completely shielded from precursor decay. These
independent yields are a measure of only deexcited primary
products. The tabulation of cross sections, tables 4-8, include a
column specifying the tabulated yields as cumulative (C) or
independent (I). All cross sections reported for 442 MeV 12¢ and
1635 MeV 160 induced interactions are relative values.

Independent yield cross sections are calculated from the
observed cumulative values to determine the distribution and
absolute quantity of nuclides produced directly by the
nucleus-nucleus interactions. Cumulative yields are corrected for
precursor decay to obtain independent ("primary") yields of
observed nuclides. Once corrected, these values of independent
production cross sections, °IY(Z’A)’ can be used to calculate the
mass and charge yields, o(A) and o(Z), and to estimate the fission
and total reaction cross sections.

Special attention was given yields of isotopes with two or
more isomers. Isomeric pairs were examined on a case-by-case basis

and vere included in the calculation of charge dispersions and
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208 Mev 12¢ + 18544
MASS YIELD TABLE (mb)

YIELD
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MEASURED
YIELD
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208 Mev 12c + 16940
YIELD TABLE (cont.)

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
iggTb 4.1 + 0.4 4.0 + 0.4 12. + 1. C
1569Tb 16. + 2, 15. + 2, 20, + 2. C
160Tb 1.2 * 0.1 - - C
leoTP 1.0 + 0.1 1.0 + 0.1 8.1 + 0.8 I
lJesEr 186. + 19. 157. + 16. 202. + 20. C
leeT™ 431, + 43, 199. + 20. 436. + 44. C
: 167Yb 214. + 21. - - C
168Tm 124. + 12, 8.9 + 0.9 150. + 15. C
169g2m 0.90 + 0.09 0.90 + 0.09 82. + 21. I
169ng 6.6 + 0.7 - - C
Lu 3.5 + 0.6 - - C

Tabulation of the measured and calculated independent and
masslgields fgg nuclides produced by the interaction of 208
MeVv C and Ho "1 and "C" designate whether the
measured yield is an independent or cumulative yield.
Independent and mass yields were not calculated for Yb and
Lu nuclides due to insufficient data points.

Table 4 (cont.)
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272 Mev %0 + 18940
YIELD TABLE (cont)

YIELD

MASS
YIELD
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MEASURED
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272 Mev 160 + 185y0
YIELD TABLE (cont)

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
iggng 13. =+ 1. - - C
JogLu  10. = 1. - - C
171950 4.5 + 0.5 - - C
Lu l.6 0.2 - - C

Tabulation of the measured and calculated independent and
masslgields fgg nuclides produced by the interaction of 272
MeV O and Ho. "I"™ and "C" designate whether the
measured yield is an independent or cumulative yield.
Independent and mass yields were not calculated for Yb and
Lu nuclides due to insufficient data points.

Table 5 (cont.)
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442 Mev 12¢c + 165y,

YIELD TABLE (cont.)

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
iggcd 95. * 10. 45, + 5, 96. + 10. C
12aTb 123, * 13. 57. + 6. 110. * 11. C
1seTo 114, * 12. 100. + 10. 128. + 13. C
2o9Tp 4.3 0.5 - - C
10mb 2.5 = 0.3 2.5 % 0.3 38, * 4. I
Er  97. * 10. 90. * 9, 98. * 10. C

165 S

1e5mtm 5. * 2. - - C
LggoIm 3.1 % 0.3 - - C
Yo 1.0 t 0.2 - - C

Tabulation of the measured and calculated independent and
masslgields fgg nuclides produced by the interaction of 272
MeV O and Ho. Yields are tabulated asz;arbiﬁrary22
units" relative to a monitor cross section Al(T°C,X)““Na
equal to 32.0 mb. "I" and "C" designate whether the
measured yield is an independent or cumulative yield.
Independent and mass yields were not calculated for Tm and
Yb nuclides due to insufficient data points.

Table 6 (cont.)
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1020 Mev 12c + 165y,
YIELD TABLE (cont.)

CALCULATED
MEASURED INDEPENDENT MASS

NUCLIDE YIELD YIELD YIELD
igéGd 59. + 6. 31, + 3. 62. * 6. c
19364 54. = . 27. t 3. 64. * 6. c
13m 26, = . 34. + 3. 69. + 7. C
18eDy 57t 6. 0. + 4. 67. * 8. c
69rp 7.3 = 0.8 - - C
160, 3.8 ¢+ 0.4 3.8 + 0.4  47. * 5. I
160pr 32. = 3. 31, + 3. 47. + 5. c
vo 1.3 t 0.4 1.2 + 0.4  20. * 6. c

Tabulation of the measured and calculated independent and
masslgields fgg nuclides produced by the interaction of 1020
MeV C and Ho. "I" and "C" designate whether the
measured yield is an independent or cumulative yield.

Table 7 {(cont.)



49

O
o]
W L3~
O© Jdw
— M
<L -
+BHC
3
on
O 3>y
— L1 .
-
> M
Q +
=0
0w Q
N L M
M o
(Vo) —
—

YIELD

w
w
<L
=
e
oz
&
S Na
< =
=
s ¥}
Qm
3 A
L =z
OH
A
3]
~
o
w
<L
£
=

TYPE

YIELD YIELD

YIELD

NUCLIDE

CRORGR _N_NOR_RORORON_RORCROROROR_RORCN _RORCROROROROCRONOH _ROROROR _RORORON _RON_

3.
2.
0.7

+H HH

11.
10.
6.8

WAL

OO OHOQOO

H H HHHHH A

ANOANAINO

NSO

[Xel ™M
LO~A~HOOUNO

OO O0OO0OOOOO

+H H o+ HH O HH

o)) ™M
NEH~EOHOANUDNLOM

M~ MMOWINO

(o) ™M

O [~ 00 1NN ~r~

OCOOOO0OOHO AN

HHHHBHHHHHHD HaHHD 0 HHH

< 00 00 O 00 Q0 O

OO0 NWMIS

—~ —

NFTANNMMMAN M ™M

COO0OO0O0OCO0OO0OOrM OO OO0 OOOO0OOCOO0O

0 O\

e o o o e o o o

QOO m AN
Q0 O

< o o o e o o o

* Q0 ~ — >~ M <

wn —~ N <~

—~
O ANNLTOATNOWA®

HHHHHHH A HHH A

MOWOrANHON r~

HNAANNMOAANANANDANSLSOOMHNOTS

[Xel
N UVNMHAMOWWWIN LW

—~
r~ NANOAAOONOMATANANNTIONOODOSE MO OAIANSHOM

OCrMOO0OO0OO0O0 00000000000 OOOONOO

+l

11.

[=NeNojooNoNoNoRoNo ol No i Nol

+

22.

+

12.

«5

HoH H H H H H H H H H H H HH H H H H H H H H H H H H H HH H

<

r~

—~
(ag} VUNUOOOAMOVOMOMANHOANOOANLL MMUNANMNOWOWWO W <~

<

NOAAMAAAFONOOMNATHNNEEHONNOHOOOOMHODONAMOTM

H Q.0
N

q4g
Rv 0 O N N
0 N

Table 8



50

1635 Mev 180 + 16°xo
YIELD TABLE (cont.)
(arbitrary units)

CALCULATED

MEASURED INDEPENDENT MASS  YIELD
NUCLIDE YIELD YIELD YIELD  TYPE
igigTe 29. + 3, 13. 1. 39, 4, c
Te 1.4 * 0.1 1.4 * 0.1 - I
ignge 0.6 * 0.1 - - I
127gXe 26, * 3. 19. * 2. 35, % 4. C
lnge 33, * 3, 15. * 2. 38, * 4. C
13igBa 24, * 17, 22. * 15, 50. * 36. c
13sdBa 42, * 4. 23, * 2. 6. * s, C
1350ce 30, * 3. 26.  * 3. 8. * 5. C
3¥%9ce 50, * s, 13. 1. 62. * 6. C
162" ig. : g. 18. * 2. 38, * 4. g

u . - . - -
i:ng 33, * 3, - - C
187e0 42, 4. 14, 1. 50, * 5. C
148mgd 32.1 : 3.7 28. * 3. a9. * 5, :

m . - . - -
igiGd 9. * s, 32, * 3. 56.  * 6. C
152,08 6. 7. 28, * 3. 74, 7. C
lSZgTb 31. : 3. 28. : 3. 62. : 6. C
>291, 48, * s, 20, * 4. 4.t 7. C
1936a 52, * . 4. * 1. 58. 6. C
1ssg$g ig. : i° 30. t 3, 57. * 6. g
iggTb 4.2 * 0.4 4.2 * 0.1 60. * 6. I
160pr 27, * 3. 17.  * 2. 27. % 3, c
™  0.83% 0.08 0.014 * 0.002 1.5 * 0.2 C

Tabulation of the measured and calculated independent and
masslgields fgg nuclides produced by the interaction of 1635
MeVv 0 and Ho. Yields are tabulated aszgarbiﬁraryz2
units" relative to a monitor cross section Al(*“C,X)““Na
equal to 34.1 mb. "I" and "c" designate whether the
measured yield is an independent or cumulative yield.

Table 8 (cont.)
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independent yields only if satisfactory decay corrections using the
following rules could be made:

1) If both members of an isomeric pair with known decay scheme
are observed, the individual independent yield corrections and
mass yield contributions are calculated. The mass yield
contributions are summed and tabulated with the ground state
entry for the nuclide in tables 4-8.

2) Ground state isomers for which all (or nearly all) of the
metastable state decays to the ground state by isomeric
transition (IT) or internal conversion (IC) with a short
half-life, relative to the time-of-irradiation, are treated as
non-isomeric nuclides. The parent is assumed to be the next
nuclide in the isobaric chain (not the metastable state) for
calculating independent yield corrections and mass yields.
The maximum error introduced by this procedure was calculated
to be less than 4.3% for all such cases.

3) Independent yield corrections and mass yields are not
calculated for isomers which do not fit either of the above
criterion. Only measured yields are tabulated for these
nuclides in tables 4-8.

Correction for precursor decay was based on the assumption
that independent yield cross sections could be represented by a
histogram that lies along a Gaussian probability function [51,52],
commonly referred to as a charge dispersion. The procedure to
determine the independent yields, °IY(Z’A)’ vas to fit the

experimental nuclidic yields to the Gaussian charge distributions

using the functional form:

Z-Zp(A)2
eXP(———————E) [eqn 6]
-25,(A)

ory(Z,8) = o(8) (2n55(a)2)71/2

SZ(A) is the Gaussian "width" and Zp(A) determines the centroid of
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the Gaussian. The centroid of an isobaric Gaussian 1is the most
probable (non-integer) Z for the given A of the isobar. The
Gaussian described by equation 6 was fit to the data by iteratively
varying the Gaussian width and centroid parameters, S;(A) and
Zp(A), respectively.

Unique determination of the three variables, o(4), SZ(A) and
Zp(A) required the measurement of at least three independent yield
cross sections for each isobar. This requirement could not be met
since no isobaric chain contains three shielded nuclei. These
studies measured many radioactivities spanning the entire periodic
table accessible by the nuclear reaction under investigation. 1In
general, however, the nature of radioanalytical studies (such as
this one) do not lend themselves to the measurement of isobaric
members. The important assumption that o(A) varies smoothly and
slowly as a function of the mass number, A, must be made to correct
for precursor decay with equation 6. A restatement of this
assumption is that the charge dispersion curves for neighboring
isobaric chains are very similar, thus, radionuclide yields from a
small group of isobars can be used to determine a single charge
dispersion curve applicable to that small mass region. Extreme
care was used in the near-target mass region where o(A) varied more
rapidly. No cumulative or independent yields are reported for
several of the heaviest nuclides observed since there was
insufficient data to unambiguously determine the charge dispersion

for that mass region.
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A computer code was used to iteratively fit the Gaussian width
and centroid parameters, Sg(A) and Zp(A) respectively, to the
measured data over small A bins. The width parameter was found to
vary slowly with A, thus, for a group of nuclides spanning a small
mass interval a constant SZ(A) was used. The Gaussian centroid was
usually described by a linear function in A for each mass bin.
Near target mass regions occasionally necessitated the addition of
an AZ term in the Zp(A) expression. The independent yields and
isobaric cross sections calculated in the manner discussed above
are tabulated in tables 4-8 along with the measured production
cross sections. The plotted mass distributions for the systems
studied are shown in figures 7-11. (The plotted mass yield
represents an averaged value for cases where measured yields of two
nuclides from the same isobar existed.) These results are discussed
in the following chapter. Width parameters and Zp(A) coefficients
used for each data set are given in tables D-1 to D-5 of appendix
D. These parameters are viewved as a consistent set of parameters
to describe an individual experiment. The parameters do not
uniquely describe the charge dispersions; therefore, they can not
be used as a reliable mode of comparison of experimental conditions
or mechanisms between different data. The results of this
procedure, the charge dispersions are shown in appendix D where the
calculated independent yield cross sections are plotted versus
Z-Zp(A), the distance in Z units from the center of the isobaric
charge dispersion. The constraint that only small A-bins are
alloved occasionally resulted in bins with only two data points.

These data points were fit with Gaussian width and centroid
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parameters representing a smooth trend between the parameters used
to fit data in neighboring mass regions.

The Zp function results tabulated in tables D-1 to D-5 show
several major discontinuities ({1 Z-unit). A discontinuity is
observed between the mass numbers 120 and 140 in every set of Zp
functions. The discontinuities were found to occur very near
closed proton or neutron shells. Two representative plots of the
Zp function results are plotted in figures 12 and 13 for the 272
MeV 160 + 165Ho and 1635 MeV 160 + 165Ho systems. The two nearly
vertical lines with symbols represent nuclides along the Z=50 and
N=82 closed shells illustrating the proximity of the closed shells
to the discontinuities in the Zp functions.

One explanation may be that the discontinuities are a result
of the secondary stage (deexcitation) of the interaction which are
most likely to be affected by shell closures. Energies in the
primary stage are orders of magnitude greater than closed shell
energies, effectively washing out any observable influence. The
effect of the closed shells on the deexcitation chain was examined
using the Monte Carlo method with simplistic particle emission
probabilities taken from reference 53. Primary fragments predicted
by the firestreak code (see appendix B) were used t6 compare the
calculated effects of the closed shells on the deexcitation paths.
No net effect was observed (£ 0.4 Z-units) between deexcited nuclei
which passed through a closed shell and those that did not.

A possible explanation which can not be examined with these

calculations is the influence of the closed shell near the end of a

deexcitation chain (low excitation energy) where any effect will be
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maximized. The emission of the last few nucleons from a nucleus
with low excitation energy will be extremely sensitive to the
specific level densities of the resultant nuclei. These cases are
not correctly simulated by the Fermi gas level densities used in
our calculations.

Another discontinuity is observed in the Zp functions for the
208 MeV 120 + 16550 and 272 MeV 160 + 16345 reaction systems in the
mass region between 160 and 165. There is no clear explanation for
these breaks, hovever, two possible causes may be that the breaks
occur between trans-target products and products lighter than the
target, and the yield surface is changing very rapidly in this mass
region. A mechanism for how these observations may effect the Zp
functions is not known.

The uncertainties in each point in figures D-1 to D-5 repre-
sent the fractional uncertainty in the measured isotopic cross
section leading to that point and not any systematic uncertainty
introduced by the charge dispersion analysis. The magnitude of the
systematic uncertainty depends on the fit of each independent
radionuclide yield by the Gaussian charge distributions, the
position of the measured radionuclide Z relative to Zp (those

points farthest from Zp have the largest uncertainties),
uncertainties in SZ(A) and Zp(A), and the extent to which the mass
yield curve is a slow, smoothly varying function of A vhose
magnitude and shape are to be determined. Morrissey, et al. [27]
have suggested that by using a propagation of errors treatment one

can estimate that on the average, individual points on the mass

yield curve have a systematic uncertainty of approximately $30%



63

vhich would be added to the uncertainty in the measured value. The
average mass yield within each small A-bin used in the charge
dispersion analysis, howvever, is known to *15% assuming a constant
or slowly varying value of the mass yield over the region of the
A-bin [27,54,55]. This analysis breaks down for regions (usually
near the target mass) vhere the mass yield is varying rapidly with
product mass.

Effects of secondary particle induced reactions on the
measured cross sections must be examined in order to determine the
reliability of the values which are attributed to primary
interactions. Secondary particles of concern are those particles
and fragments produced in the primary interaction with sufficient
kinetic energy to induce an interaction in a second target nucleus.
Several observations of high energy light ion emissions, capable of
inducing secondary reactions, have been reported in the 1literature
from both relativistic heavy ion (RHI) [39,56,57] and intermediate
energy heavy ion [58] induced interactions. The cross sections of
light ions are generally found to decrease rapidly as mass and
charge increase (with the apparent exception of “He [391). The
most abundant emissions are n*, n°, p, n, d, t, 3He, and %He.

The effects of secondary particle induced reactions on
measured target fragmentation cross sections at intermediate
energies is not generally known. One can obtain some information
by examining the data from RHI induced interactions where the
extent of secondary reactions has been videly studied. Secondary
particle induced reactions are expected to be more extensive at the

higher energies due to larger secondary particle multiplicities.
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Cumming, et al. [59,60] reported a study of secondary
reaction contributions to product nuclide cross sections from the
reactions of 28 GeV protons and 25 GeV 120 ions with copper. They
reported finding insignificant secondary contributions for nuclides
more than 11 mass units below the target mass. The contribution of
secondary reactions to the cross section of nuclides 4 mass units
below the target increased to between 1.9% and 2.6% per 100 mg/cm2
of target thickness. Large secondary effects were only reported
for very near-target nuclides (less than 3 mass units away from the
target). The largest contribution of secondaries reported was 30%

2 for nuclides from the 28 GeV proton + Cu experiment.

per 100 mg/cm
Porile et al. [62] have studied the interaction of 25 GeV 12C with
a 100 mg/cm2 Ag target and calculated an average 2.5% per 100

2 secondary particle induced contributions to the target

mg/cm
fragment cross sections. Secondary effects were reported to rise
sharply for nuclides less than 14 mass units from the target. The

2 for

measured contribution was approximately 15% per 100 mg/cm
A=100 and 25X% per 100 mg/cm2 for A=106 nuclides. Morrissey, et al.
[27] have carefully studied secondary effects in the interaction of
8 GeV 20ne vith 197Au. Comparisons of a large numbeg of nuclidic
cross sections for products with mass between 40 and 196 from
targets of 49.3 mg/cm2 and 242.0 mg/cm2 were made. It was found
that the data was consistent with the assumption that there was no

measurable effect from secondary particle induced reactions for any

of the observed nuclides.
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The above analyses, although predominantly from high energy
interactions, indicate that secondary particle induced
contributions to the measured cross sections are well below
experimental uncertainties (=10%) for all but the very near target

160Er).

nuclides (i.e. The most significant secondary particle

induced contributions are observed for product nuclides near the

160Er is the nearest target isotope (5 mass units below

target.
the target) observed and the most likely to be affected by
secondary contributions. 160g, is a trans-target nuclide (only 1
Z-unit above the target) observed with relatively large cross
sections in all systems studied at all projectile energies
indicating possible contributions from secondary reactions. Light
ion multiplicities measured for RHI induced reactions are extremely
large suggesting the observed effects of secondaries discussed
above are generally greater than at intermediate energies. Based
upon consistently small secondary effects over a target mass range
which brackets A=165 (holmium) it is assumed that secondary

particle induced reactions have negligible effect on the

observables measured in this work (with the possible exception of

160Er).
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III. RESULTS AND DISCUSSION

A. YIELDS

1. Experimental Production Cross Sections
The measured nuclidic production cross sections are presented in

table 3. Trans-target nuclides (nuclides with Z > Z ) vere

targe
identified for all interactions studied. The measured nuclidic
production cross sections for observed trans-target nuclides are
re-tabulated in table 9 for each interaction studied. Nuclides with
4 Z-units above the target were observed for 208 MeV 12¢ and 272 Mev
16 induced interactions, with 3 Z-units above the target for 442 MeV
120 and 1020 MeV 120 induced interactions, and with 2 Z-units above
the target for 1635 MeV 160 induced interactions. The observation of
trans-target species at 17.0 MeV/A and 17.3 MeV/A are in
exceptionally good agfeement with the results of Aleklett, et al.
with 4 2Z-units above the target were identified for the interaction
of 19 MeV/A 169 , 154Sm. Trans-target species have been previously
reported at approximately 85 MeV/A, for nuclides with 1 Z-unit [63],
2 Z-units [38,63,65], and in one case, 3 Z-units above the target
[66].

The unexpected observation of 166y} formed by the interaction of
1020 MeV 120 with 165Ho prompted a careful review of the specifics
for the identification of this nuclide. Five gamma-ray lines (184.7,

705.3, 778.4, 1273.4, 2052.9 keV [67]) were identified with a 56.7

hour component. The 778.4 keV line was a poor quality identification



TRANS-TARGET NUCLIDIC CROSS SECTONS

MEASURED YIELDS

TPKE (MeV) 208 . 272 442 1020 1635
(mb) (mb) (a.u.) (mb) (a.u.)
NUCLIDE
160p, 186. + 19. 97. + 10. 97. + 10. 32, + 3. 27. + 3.
ig?,'rm 431. + 43. 149. + 23. 5. + 2.
1e7mm 124. * 12, 116. + 12. 3.1+ 0.3 0.83 + 0.08
Tm 0.90 + 0.09 0.55 + 0.06
igng 214. * 21. 82. + 8. - 1.3+ 0.4
Yb 6.6 * 0.7 13. + 1. 1.0 + 0.2
iggLu 3.5 £ 0.6 10. 1.
Lu - 1.6 * 0.2

A

A ta?glati?gsof the measured fgans-fggget nuclidic yields. The values reported for 442
MeV C + HO and 1635 MeV o + Ho reaction systems are relative values.
Uncertainties reported are with respect to the measured value, the uncertainty with
respect to the absolute cross section is s 50%.

Table 9

L9
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due to the presence of at least two other components. The 184.7 keV
line was identified by a two component growth (166Yb - 166Tm) and
decay fit. The 1273.4 and 2052.9 keV lines were both fit by single
component 166y}, jdentifications, with no other known jidentifications
possible. The set of 166Yb nuclidic cross sections calculated
independently from each photopeak area (except the 778.4 keV line)
agreed well with one another. Each individual cross section was
‘within the experimental uncertainty of the weighted average for the
set.

One may argue that the 1.6 millibarn cross section measured for
the 165H0(1020 Mev 12c, X)166yb interaction was the result of 12¢
reacting with impurities in the target heavier than Ho. Assuming
that the 0.01% contaminant (experimental chapter) is exclusively
168yp, or 170y}, the production cross section for 166yp would have to
be 16000 millibarns (16 barns). The two assumptions necessary to
produce the observed yield of 166y, via contaminant reactions are
exceedingly unlikely, thus, ve conclude that this nuclide is produced
by an incomplete fusion mechanism.

The observation of 1677y in the 1635 MeV 169 , 1654, interaction
is slightly less defensible. The identification is based on the
41.0% abundant 207.8 keV gamma-ray. The next most abundant gamma-ray
(1.6%, 531.5 keV) is more than a factor of 20 weaker than the 207.8
keV line. The 207.8 keV gamma was observed in 12 consecutive spectra
spanning a period of 47 days. The decay consisted of a single 9.2

day component assigned to 167y,
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The yields of several Er, Tm and Yb isotopes are plotted as a
function of total projectile kinetic energy (TPKE) in figure 14. The
yields measured for the 442 MeV 12¢ , 16544 and 1635 MeV 160 + 16580
systems are plotted as bars representing 100% uncertainty in the
absolute value of the cross sections (not the uncertainty of the
measured value). A trend of decreasing nuclidic yield as a function
of increasing projectile energy is clearly evident for 166Yb vhere
all cross sections plotted are absolute. The decreasing yield is
evident, even for nuclides with the large 100% uncertainty plotted
data. (The increase in 169Yb and 169Lu yields between 208 MeV and
272 MeV may be attributed to the heavier primary system formed by the
160 projectile, however, it is curious that the same effect is not
observed for 166Yb.)

Aleklett, et al. [64] and Gavron, et al. [68] have determined
that the bulk of observed nuclides are formed by complete fusion or
incomplete fusion mechanisms. Aleklett reports that 93% of the
interactions at 8.5 MeV/A proceed by a complete fusion mechanism.
This quantity decreases to 35% at 19 MeV/A and <5% at 35 MeV/A. The
yield of trans-target nuclides and the mass of the heaviest
trans-target species reported in this work (table 9) both decrease
with increasing projectile energy, in agreement w{th the results
reported by Aleklett. Although the yields and masses of trans-target
nuclides are decreasing over the projectile energy range studied, it
is clear that at least some amount of projectile mass is transferred

to the target even at 100 MeV/A.
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The masses of the trans-target nuclides observed for reactions
induced by 442 MeV or 1020 Mev 12c, or 1635 Mev 160 indicate these
products could not have been the result of completely fused systems.
The excitation energies for such a fused system would have caused the
evaporation chain to end significantly below the target mass. These
observations are in agreement with the work of Aleklett, et al. ([64]
and Gavron, et al. [68]. They measured velocity spectra which were
interpreted to indicate that the trans-target nuclides were produced
by a combination of complete fusion and incomplete fusion mechanisms
at projectile energies of 15 to 20 MeV/A. The contribution of
complete fusion decreases drastically by 35 MeV/A, and the heaviest
species produced by 85 MeV/A projectiles were the result of very
gentle (lov momentum transfer) interactions. (Note that
contributions from secondary reactions may be significant for the
160Er nuclide--it is almost universally observed for interactions
induced in holmium targets, see appendix C).

Calculated heavy fragment distributions were found to agree with
the general conclusion that a significant fraction of the observed
trans-target yield resulting from 208 MeV 120 and 272 MeV 160 induced
interactions (17.3 MeV/A and 17.0 MeV/A, respectively) are from
completely fused systems [64,68]. The probable origin’of these heavy

fragments is discussed further in section C2, below.
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2. Experimental Mass Yields

The isobaric yield distributions, mass yields, for the systems
studied are shown in figures 7-11. A composite of these
distributions is presented in figure 15 to more easily discerﬁ
qualitative changes and trends in the mass yield curves as the
projectile energy increases. In figure 15, one observes an
asymmetric peak occurring in the heavy fragregion (A>120) of the plot
for all systems studied. This "heavy fragment" yield is sharply
peaked at approximately the target mass number for the lowest
projectile energies (208 and 265 MeV). The mass number at which the
yield reaches a maxima decreases and the distribution broadens as the
energy of the projectile is increased. A broad peak in the mass
region 50<A<110 is also observed for interactions induced by 208 MeV
120, 272 MeV 160, and 442 MeV 120 projectiles. Recent work by
Gavron, et al. [68] has identified significant fission cross
sections for similar reaction systems. The nuclides in this interme-
diate mass region are also associated with a generally increasing Zp
trend (becoming more neutron deficient) at fixed mass number, A, with
projectile energy, jllustrated in figure 16. One possible
explanation for this observation is that the primary fragment
excitation energy is increasing with increasing projectile energy.

The mass yields are discussed in more detail, below.
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2a. Heavy Fragment Yields

Focusing attention on the mass region above A»120 in figure 15
we find a major peak in the mass yield curve of all five systems
studied. This peak in the yield distribution is predicted by
firestreak and sum-rule model calculations to be the result of
variously excited fragments relatively near the target mass vhich
undergo deexcitation by particle emission (and fast B-decay, for
which corrections have been made) forming the observed nuclides.
There are two obvious trends which are observed for this region.
First, the mass number at which the heavy mass distribution reaches a
maxima decreases from A=165 for the lowest total projectile kinetic
energies, TPKE's, (208 MeV 12C and 272 Mev 1%0) to A=150 for the
highest TPKE (1635 MeV 160). The decrease in mass number of the
distribution maxima is accompanied with an increase in the overall
vidth and a more pronounced asymmetry with a "spallation-like" tail
tovards lover masses. The increase in width and asymmetry implies a
decrease in slope of the spallation-like tail of the distritoward
lover masses (figure 15).

The slopes of the heavy fragment mass yield distribuhave been
associated with the nuclear temperature, a smaller slope
corresponding to larger average deposition of energy in the target
(higher temperature) ([59]. Campi, et al. [69] have proposed the

relationship:

CE/Ap> = _ 10 wevsa

(S * &)



76

vhere S is the inverse logarithmic derivative of o(Ag). The mass
yield data presented in figure 15 shows a distinct trend of
decreasing slope for the heavy fragment distribution as the total
projectile kinetic energy (TPKE) increases from 208 MeV to 1635 MeV.
This trend continues to higher energies, seen in the isobaric yields
presented in appendix C. The corresponding increase in <E/Aq> is
from approximately 0.2 MeV/A for 208 MeV 12¢ to 1.5 MeV/A for 1635
MeV 160. <E/Ap> increases to approximately 1.9 MeV/A for 2.9 GeV 120
induced reactions. An upper limit of <E/Ap> = 2.3 MeV/A is observed
for reactions induced by 7.7 GeV 2oNe, 20.8 GeV 2oNe, and 33.8 GeV
40,y These results suggest that limiting fragmentation is not
observed in the intermediate energy regime. (The concept of limiting
fragmentation states that product distributions approach limiting
forms as the bombarding energy increases.) The results of the
firestreak code calculations indicate a trend of increasing
excitation energies with increasing projectile energy, however, there
is a parallel trend of increasingly broad primary fragment mass
distributions which contribute to the broad (and subsequently the
smaller slope) heavy fragment distributions for higher energy
projectiles.

The decreasing mass number at which the mass yield maxima occurs
as a function of increasing projectile energy is likely due, at least
in part, to the increasing nuclear temperature. The results of the
firestreak calculations predict the heaviest target fragment
excitation energies increase from =200 MeV at the lowest projectile

energies to 1000 MeV at the highest. The heaviest observed nuclides,

hovever, have been attributed to the gentlest of collisions [64,66]
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resulting from the smallest amount of transferred mass, not from
large mass transfer and subsequent deexcitation.

The increasing width of the heavy fragment yield distributions
is due to an increasing excitation energy which will broaden the
distribution of deexcited products, and a broadening of the primary
fragment distribution (as a result of a variety of mechanisms) which
will be reflected in the observed product distribution. The
distinctly asymmetric shape of a spallation-like heavy fragment
distribution is seen for 1020 MeV 12¢c  and 1635 MeV 160 induced
interactions. The increased width of the heavy fragment distribution
at 37 MeV/A may be partially attributable to spallation-like events,
hovever, the expected asymmetric nature of the heavy fragment
distribution (decreased slope of low-mass side of distribution) is
not observed.

From the observed trends in the mass yield curves and previously
reported observations [63,64,66], one can conclude that as projectile
energy increases the mass of the most probable target fragments
decrease from trans-target species, formed by complete and incomplete
fusion processes, to primary fragments below the target mass. The
fading of the transfer mechanism seems to be rather rapid, evidenced
by figure 14, however, at least a small degree of mass transfer is
evident in all reactions studied from =17 MeV/A to =102 MeV/A. The
decreasing amount of mass transfer is accompanied by the onset of a
high energy spallation-like mechanism (possibly occurring near 37
MeV/A) clearly evident above B85 MeV/A. As the energy of the
projectile is increased, the excitation energy deposited into the

heavy primary product appears to increase along with the decrease in
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mass of the fragment. This study, hovever, is incapable of measuring
the relative extent to which excitation energy and initial primary
distributions effect the observed distributions. The heavy fragment
distribution is formed by a complex combination of many mass transfer
channels and the increasing probability of spallation-type

interactions as the projectile energy increases above =35 MeV/A.
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2b. Fission Yields

The broad peaks at intermediate mass in the mass yield
distributions for 208 Mev 12c, 272 Mev 160, and 442 Mev 1%C induced
interactions have been previously attributed to fission fragments.
Gavron, et al. [68] have recently published cross sections for
fission induced in rare earth targets by 12¢  and 160 at energies
similar to the 208 MeV 12C and 272 Mev 190 used in this study. They
reported fission cross sections comparable to the values reported in
this study, table 10, suggesting that most (or all) of the fragments
observed in the intermediate mass peak are from fission events (see
below for calculation).

A second identifying feature of the fission mass yield is the
full-width at half-maximum (FWHM) of the peak. The FWHM values
determined for the fission mass distributions reported in this study
are included in table 10. These values are similar to the FWHM = 40
mass units reported by Plasil, et al. for 186Os compound nuclei with
E*=120 MeV [70]. The measured values reported in this study also
agree with theoretical FWHM predictions of Nix [71] where FWHM = 41 +
3 for nuclei with fissility parameters equivalent to 177Ta and 181Re
at E*=195 MeV and 240 MeV, respectively. These results are further
evidence that the peaks in the mass yield curves in the mass region
of 45 - 120 are mostly (or completely) the result of fission events.

Lover limit reaction cross sections and fission cross sections
are presented in table 10. The lower limit of the reaction cross
section of a given reaction system is calculated by integrating the
area under the respective mass yield curve between the highest mass

for which data exists and A=40. The fission cross section was



YIELD DISTRIBUTION SUMMARY TABLE

CROSS SECTION

(mb)
TPKE (rxn) (fis) _ %(fis)
A 1 ‘
208 2680(270) 420(60)  13.3
272 2570(260) 570(90) 174
* *
442 2840(280) 160(24) 4.3
1020 2850(290) 0 -
*
1635 2970(300) 0 --

A tabulation of heavy fragment and f

aspects of the yield distributions.

yields for 442 and 1635 MeV data are arb
the value, not absolute cross section.
fission cross section divided b¥2tota1 reaction fg
The cross sections for 442 MeV C and 1635 MeV

are presented as arbitrary units.

YIELD MAXIMA (A-units)
Heavy Frag.

Fission Frag.

MAX FWHM CEN FWHM
163(2) 5.5(.3) 82(5) 35(7)
165(2) 12(1) 85(5) 35(7)
148(3) 17(1) 75(5) 46 (8)
150(5) 35(3) - -
150(5) 39(4) - -

ission yields and parameters describing general
Uncertainties are noted in parenthesis. The

Table 10

itrary units, uncertainties
The %(fis) values represent
oss sections frgm
O (marked with

are relative to
the measured
reference 83.
induced reactions

08
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calculated by integrating the area under the mass yield curve betwveen
masses A=45 and A=120 for reactions induced by 208 MeV 12C, 272 MeV
160, and 442 MeV 120. The fission contribution is also expressed as
a fraction of the total reaction cross section to facilitate
comparisons between the reaction systems. The total reaction cross
section was taken from Wilcke, et al. [83] to reduce uncertainties
from the methods of calculating isobaric yields and integrating the
mass yield curves. There vere no fission cross sections calculated
for the 1020 MeV 12¢ , 16545 and 1635 MeV 16g . 165y, systems since a
fission peak could not be resolved.

The qualitative trend most evident, as a function of projectile
kinetic energy, in the data presented in table 10 is the decreasing
fission yield for reactions induced by 12¢ projectiles. (The
magnitude of the fission cross section is extremely sensitive to the
fissioning system angular momentum [63,68,72-74], therefore, direct
comparisons can only be made between reaction systems with the same
projectile.) The fraction of interactions resulting in fission
decrease significantly betveen 17 MeV/A and 37 MeV/A (even assuming a
100% uncertainty in the absolute cross sections at 37 MeV/u) and
continue to decrease to a small (or nonexistent) level by 85 MeV/A.
Similarly for 160 induced interactions, the fission cross section at
17 MeV/A is significant, while, at 102 MeV/A it 1is nearly (or
completely) absent.

The scaling of experimental observables with a characteristic
reaction quantity (such as total projectile energy) has been shown to
be valid at high energies [76-78]. Many comparisons of intermediate

energy reaction observables are compared in terms of relative
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projectile velocity (MeV/A); however, this quantity cannot function
as a scaling variable. This is evident when comparing the fission
cross sections measured for 208 MeV 12¢ and 272 Mev 169  induced
interactions. A greater fission cross section results from 160 than
12¢ even though the relative velocities of the projectiles are both
17 MeV/A. Many recent publications [79,80] have clearly linked this
effect with the angular momentum carried by the projectile.

The fission yields measured in this work can be used to extend
the data of Sikkeland [81] above =10 MeV/A. The yields measured for
208 Mev 12¢, 272 Mev 160, and 442 MeV 12C induced fission of holmium
targets are plotted in figure 17 along with the lover energy data of
Sikkeland [81]. The abscissa in these plots is Eny-V, vhere Eny and
V are the center-of-mass and Coulombic energies of the reaction
system, respectively. Figure 17 shows the fission cross sections
rising steeply after the threshold of sufficient angular momentum and
excitation energy are reached. Above =10 MeV/A (laboratory frame)
the fission yield gradually slows its rising trend and levels off
around =15-20 MeV/A (laboratory frame) as has been observed elsevhere
[68]. The data from this study extends the trend to higher energies
vhere we find the fission yield, as a function of projectile energy,
decreases rapidly above =40 MeV/A (laboratory frame).

The decrease of the cross section is a good indicator for where
the angular momentum begins to decrease. Although excitation energy
may be increasing, the effect of excitation energy on the fission
probability is small when compared to angular momentum. Using
formalisms taken from the JULIAN-PACE deexcitation computer code (see

appendix B), the observation is illustrated by the change of the
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calculated fission probability, P(fis), as a function of excitation
energy and angular momentum. For the 181ge nucleus with 40 & of
angular momentum, the probability of fission increases from about
0.8% for E¥=200 MeV to 2% at E*-500 MeV. Assuming the same nucleus
vith 300 MeV excitation energy, the change of P(fis) with angular
momentum is demonstrated by P(fis) = 1.2% at 40 f, 3.8% at 50 f, and
12% at 60 fi. These results are a good indication that the decreasing
fission cross section observed in this study is due primarily to a
decrease in angular momentum transferred to the (potentially)
fissioning system.

One can approximate the angular momentum trend as a function of
the projectile energy by making the assumption that the angular
momentum transferred to the fissioning system scales roughly with the
linear momentum [68,82]:

Prar  <lsys’

o

crit

Ppar/PCN is the fractional longitudinal momentum transfer to the

target, and <lg are the transferred and critical angular

ys> and 1o, ¢

momenta for the given system. The linear momenta for observed
fragments were obtained from the systematics of Viola, et al. [36].
These values represent average fractional linear momentum transfer
values. The average fractional momentum transfers for the systems
are shown in table 11. Included in table 11 is a column representing
the <lsys> value estimated by equation 5. The 1., values used to

determine <lsys> values were calculated using values tabulated by
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Vilcke, et al. [83] (1,4, (12c+1%%Ho}=57h and 1., (10+1%H0)-68h).
The Wilcke values were used since it has been shown that the
Wilczynski sum-rule formalism underestimates calculated 1..;, Vvalues
[68,82]. The derived angular momentum limit corresponding to full
linear momentum transfer (l..j¢) reported in reference [82] is equal
to the values tabulated by Wilcke.

The <l ., > values in table 11 clearly demonstrate the reason no

y
fission events are observed for 1020 MeV 12¢ and 1635 Mev 100 induced
interactions. The probability for fission of a hypothetical nucleus
A=180, E¥=500 MeV, and 20 h of angular momentum (resulting from the
interaction of 1020 MeV 12C or 1635 MeV 160 with 165Ho) is less than

0.005. The fission probabilities for <lg = 50 and 60 % are 3% and

YS>
12%, respectively, for hypothetical fissioning systems with A=180 and
E*=200 MeV. Although the fission probabilities can not be used as
quantitative comparisons to measured ratios of fission to reaction
cross sections, the trends are clearly similar. Anticipated fission
cross sections at 85 MeV/A or more would be quite small, while above
20 MeV/A one would expect appreciable fission cross sections

(especially from high-1 tails of realistic angular momentum

distributions).



DEDUCED MOMENTUM TRANSFERS

TPKE (MeV) 208 272 442 1020 1635
Poar’PoN 0.90(9) 0.9(1) 0.76(9) 0.43(7) 0.32(8)
lgys® k) 51 61 43 24 21
o(fis) 13.3 17.4 4.3 — —

A tabulation of the deduced fractional linear momentum transfer,
/P CN? and angular momentum transfer, <1 sys >, to the

tgrget nucleus for the interactions studied.” Fission cross

sections are included for comparison.

Table 11
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B. PHENOMENOLOGICAL MODEL PREDICTIONS

Two phenomenological models of intermediate energy
nucleus-nucleus c¢ollisions have been chosen to predict observables
for comparison to measured values in an attempt to wunderstand
significant features of the data. The first of these models is the
Vilczynski generalized sum-rule model [11,12]. The sum-rule model
calculations were only used for the three lowver energy systems.
Gavron, et al. [68] and Loveland, et al. [84] found large
discrepancies between experimental yield distributions and those
calculated with the Wilczynski formalism for projectile energies
above 45 MeV/A. Natowitz, et al. [39] report observing a projectile
fragmentation mechanism for 43 MeV/A 20Ne entirely analogous to that
observed at relativistic energies. They report the onset of
fragmentation occurs when the projectile velocity becomes comparable
to the Fermi velocity in the projectile. Natowitz also reports
particle emission not characteristic of either a fragmentation or
compound nucleus source with similar systematics of non-equilibrium
particle emissions reported by Awes, et al. [89,90]. The Wilczynski
sum-rule model allows only complete and incomplete fusion reaction
channels with projectile energy only affecting the incident channel
wavelength. The Wilczynski model would not be applicable for
reactions with significant participation of fragmentation-like
interactions.

The data are also compared with the predictions of the nuclear
firestreak model [30,91]. The firestreak calculation was wused to

predict primary target fragment distributions for all experimental
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systems investigated. Unlike the sum-rule model, the firestreak
model can duplicate fusion reactions (capture of the projectile or a
fraction thereof) as well as spallation-like interactions. The
details of the firestreak and Wilczynski sum-rule models and the
specific implementations are discussed in appendix B.

The Wilczynski sum-rule and firestreak models are both
interaction models which predict aspects of the primary fragment
distributions. Two different formalisms were used to calculate the
deexcitation path of the primary target fragments yielding predicted
distributions which are compared to those measured in the laboratory.
The first is a version of the DFF code [53], and the second is the
JULIAN-PACE code [75]. The significant difference between these
calculations is that the JULIAN-PACE code includes the effects of
angular momentum, whereas, the DFF code does not. The JULIAN-PACE
code could only be used to calculate the deexcitation for the three
lover energy reaction systems due to limitations of the computer code
implementation. The DFF code was used for all five systems. Further
discussion and details about the deexcitation formalisms and specific
implementations used are contained in appendix B. This remainder of
section compares the results of the two reaction model calculations
to the data and also discusses the effects of the two deexcitation

codes.

1. Deexcitation Parameters and Procedures
The DFF code has been widely used to predict the deexcitation
path of various calculated primary target fragment distributions for

relativistic heavy ion and high energy proton induced interactions in
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heavy mass targets [27,77,78,84]. This study involves primary
fragment distributions with significantly different characteristics
from those which the DFF code has been used. The average angular
momentum transferred to the target fragment is expected to be as high
as 68 hbar, and the tail of the angular momentum distributions are
expected to exceed 80 hbar [12]. The fission barrier is predicted to
vanish for nuclei near 193Ho wvith >80 hbar angular momentum.
Deexcitation calculations which do not correct barriers for the
angular momentum are clearly unrealistic for nuclei with high angular
momenta. Discussion of fission fragment distributions for 208 MeV
12C, 272 MeV 160, and 442 MeV 120 induced interactions, therefore, is
generally 1limited to distributions for which the fragments resulting
from interactions induced by >80 MeV/A where angular momentum
transfer is expected to be relatively small (<20 hbar).

Prior to the deexcitation calculations the variable fission
parameters, Bf (the fission barrier energy) and af/an (the ratio of
saddle to equilibrium level density parameters), were determined.
The parameters were determined by matching calculated fission cross
sections to accurately measured values. The codes were used to
calculate the fission yields of highly excited compound nuclei in the
mass region specific to this study (A=180). The parameters affecting
fission were varied until the calculated and measured fission cross
sections matched within experimental error. A common technique
[70,88] for determining the fission parameters was to choose a
constant multiplier, M, by which to multiply the C-P-S rotating

liquid drop fission barrier [92] (BRLD), then vary af/an until the
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measured fission cross section equals the predicted value. Common
values of M varied from 0.6 to 1.0 and ag/a; varied from 1.00 to 1.2.

Recent work has attempted to determine absolute fission
barriers, the quantitative dependence on angular momentum, and
realistic values for the ratio of level density parameters. The
ratio of level density parameters, af/an at high excitation energies
is generally expected to be close to 1.00:0.01 [72,73]. The values
used in the calculations performed in this study were allowed to vary
between 1.00 and 1.01. The fission barrier, By parameter, and its
dependence on angular momentum, is the second major factor
determining the calculated fission yield. A consistent description
of the fission barrier was determined by empirically matching
measured fission cross sections of well understood interaction
systems with predicted fission cross sections calculated by the
JULIAN-PACE code. The JULIAN-PACE code includes a Bass model
subroutine [75] which was used to calculate the complete fusion cross
section. Reaction system data and measured o(fis), taken from
references [72,81] are tabulated in table 12 with final values of By,
ag/ap, and calculated o(fis). The fission barrier is expressed as
the Cohen-Plasil-Swiatecki rotating liquid drop barrier, BRLD,
multiplied by a scaling factor.

Recent attempts have been made to directly calculate absolute
fission barriers by including the "finite range" corrections
suggested by Krappe, Nix and Sierk [93]. The fission barriers,
including finite range corrections scaled to angular momentum,
calculated by Blann, et al. matched empirically determined fission

barriers within =1 MeV [13]. The results of the calibration
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FISSION BARRIER COMPARISONS

Meas. Calc.

Reaction System (fis) (fis) M Bf(O) ag/ay
100 mev 2c + 174yp 19.4  40.9 0.8  16.97  1.01
100 Mev 12c + 174yb 19.4  29.2  0.85 18.03  1.01
100 Mev 12c + 74yp 19.4  14.6 0.9  19.09 1.0l
134 Mev 160 + 18%w0 263,  251.2 0.9  19.69 1.0l
140 Mev 160 + 170%:r 294,  456.4 0.8  16.97  1.01
140 Mev %0 + 170pr 204, 361.5 0.85 18.03  1.01
140 Mev 160 + 170gr 204,  278.7 0.9  19.09  1.01
166 mev 160 + 16540 530.  463.7 0.9  19.69  1.01

Tabulation of calculated and measured fission yields as a
function of fission barrier and level density parameters.

The measured cross sections are taken from references 81 and
90. The JULIAN-PACE code was used to calculate fission
yields with ground state fission barrier Be(0) = M*B¢ and
ratio of level densities parameter: ag/a, . Energies are ex-

pressed in the laboratorv frame.

Table 12



procedure used in this study (table 12) indicate the best fission
barrier is 0.90*Bg;n used with a ratio of level densities parameter
af/an=1.01 The fission barrier generated by multiplying the C-P-§
barrier by a constant factor, Bg= 0.90*Bp; p» is found to be within 1
MeV (the observed discrepancy for the finite range corrected barriers
[13]) of recently calculated barriers including finite range
corrections [13,94]. The deexcitation calculations for this work
used the empirically determined parameters for two reasons: they
agreed reasonably well with recent theoretical predictions and this
combination of fission parameters fit the measured fission cross
sections in the mass region around A=180 better than the Sierk
barriers (which included finite range corrections [72,94] with ag/a)
approximately 1.0.

The philosophy used in the deexcitation of the primary fragments
produced by the firestreak and Vilczynski sum-rule codes was that one
should use parameters which reproduced data for studies where the
reaction was well understood. The fission parameters Bf=0'9O*BRLD
and af/an=1.0051.005 vere used for all deexcitation calculations with
both codes. Arbitrarily varying these parameters to fit the measured
data of a poorly understood reaction system would only be an exercise
in numerology and would not yield information about the validity of

the models themselves.
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2. Reaction Yield Comparison

A complete summary of calculated and measured yields are
presented in table 13. The measured percent fission cross section
represent the observed fission cross section divided by the total
reaction cross section published in reference 83. The tabulated
cross sections calculated by the firestreak and sum-rule codes
represent only "transmutation" events (elastic scattering events have
been omitted). The model calculated o(tot) values represent, there-
fore, a lower 1limit of the reaction cross section causing the
"percent fission" to be an upper limit value. This should be noted
vhen comparing calculated and measured percent fission quantities.

Inspection of values tabulated in table 13 shows the reaction
cross sections calculated by the sum-rule model are extremely small.
This observation was expected since the sum-rule model is known to

underestimate 1., 4, [82].
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REACTION AND FISSION CROSS SECTIONS
SUMMARY AND COMPARISON

TPKE (MeV) : 208 272 442 1020 1635
MODELS:
FSTRK o(rxn): 3341 3480 3346 2989 3113
+ o(fis): 4 67 45 - -
WILCZ. ogl(rxn): 1808 2546 1041
+ o(fis): 2 64 13
DFF $(fis): 0.1 2.5 1.3
FSTRK o(rxn): 3341 3480 3346
+ o(fis): 27 161 29
J‘P %(fis): 008 406 0.9
WILCZ. o(rxn): 1808 2546 1041
+ o(fis): 55 202 24
J‘P %(fis): 300 709 2.2
MEAS. o(fis): 420 570 160 - --

Comparison of measured and calculated yields. Measured
cross sections for 442 MeV and 1635 MeV data are tabulated
as arbitrary values. The %(fis) values were calculated by
dividing the measured fission cross sections by total reac-
tion cross sections from reference 83 .

Table 13
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3. Fission Yield Comparisons

The fission cross sections predicted for primary distributions
deexcited by the DFF code are significantly lower than those
predicted by the JULIAN-PACE calculation for all reaction systems.
This dramatizes the importance of including the angular momentum in
the calculation of fission yields (through the effect on the fission
barrier height) for reactions induced in holmium by intermediate
energy heavy ions.

The fission yields predicted by the firestreak model
(deexcitation calculated by the JULIAN-PACE) are significantly less
than the measured yields. The observed fraction of yield which
fissions is 5 to 20 times greater than predicted by the firestreak
model. The fission yields predicted by the sum-rule model are also
substantially less than measured yields, however, they are also
larger than (2 to 4 times) the values predicted by the firestreak
model. The low fission yields predicted by the Wilczynski sum-rule
model were expected based on the previous findings that the model
underestimated the angular momenta transferred to primary fragments
[68,82). The results of Huizenga, et al. [82] indicate the 1..4.
values calculated in the sum-rule model are factor of =7/5 too small.
Gavron, et al. [68] reported fission cross sections calculated by
the sum-rule model underestimated measured values by a factor of 10
for 315 Mev 160 4 142N4.  Gavron attributed this observation to
insufficient transfer of angular momentum in the initial interaction.

The magnitude of 1 is extremely important but the shape of

crit

the angular momentum distribution was found to be the major factor

determining the calculated fission yield for the reactions studied in
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this work. Most calculated fission events occur for the primary
fragments which make up the high-1 tail of the angular momentum
distribution for a given fragment. Two examples of the sum-rule
generated angular momentum distributions for typical reaction
channels are shown in figure 18. WVhen the primary distributions
predicted by the firestreak and sum-rule models are deexcited by the
JULIAN-PACE code, substantial differences between fission cross
sections are observed (table 13). Inspection of the primary fragment
distributions indicate very similar excitation energies for all
fragments and the average angular momentum transfer calculated by the
tvo reaction models was similar. The firestreak code divides the
calculation into impact parameter bins effectively generating a sharp
cuating a sharp cut-off angular momentum distribution. The sum-rule
code, on the other hand, smooths the angular momentum distribution
cut-off by adding the "“transmission coefficients", T [95]. The
resulting high-1 tail of the distribution represents primary fragment
cross section having significantly enhanced fission probability.
This tail is not reproduced by the firestreak calculation (i.e. for
(sum-rule) = 62 %, 1

the (160,43e) channel: 1 (firestreak) = 55

max

'ﬁ, and <1l(sum-rule)> = <l(firestreak)> = 46'5) and represents the

max

13
increased sum-rule fission yields observed for these fragments.
Thus, calculated fission yields can be greatly altered not only by

increasing 1.4, (and thereby <1>), but also by changing the shape of

cri
the angular momentum distribution.
The trend of the measured fission yields for reactions induced

by 12C projectiles has been shown in section A, above, to reach a

maximum value for =17 MeV/A and then decrease substantially (by a
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factor of between two and four, accounting for the 50% uncertainty in
absolute cross sections) for 37 MeV/A 120. No fission cross section
wvas observed for 85 MeV/A IZC: The fission yield measured for the
272 MeV 169 . 165q, system was at least 25X greater than for the 208
MeV 12¢ induced reactions. This is attributable to the increased
angular momentum and excitation energy available [68-70] and the
increased fissility of the compound system [70,92]. The trend for
the calculated fission yields decreases between 17 MeV/A and 37 MeV/A
by less than 40% in the case of the sum-rule primary distribution.
There is no apparent decrease in fission yield predicted by the
firestreak model calculation.

The total calculated fission cross section was found to result
from the fission of several channels. The major contribution from
the sum-rule primaries came from the large complete fusion cross
section which accounted for >90% of the calculated fission yield for
208 MeV 120 and 272 MeV 160 induced interactions, decreasing to =75%
for 442 MeV 125 induced fission. The remainder of the fission yield
originated from the (HI,n), (H1,p), and (HI,«) channels. The
sum-rule model is known to overestimate the complete fusion cross
section [64] resulting in a overestimate of the fission cross section
contribution from this reaction channel. The firestreak model
yielded a more even distribution of primaries resulting in a wvider
variety of channels contributing to the fission yield. The major
channels which led to fission were: complete fusion, (d1,n), (HI,p),
(BI,np), (HI,p2n), and (HI,a). These channels accounted for »92% of
the fission cross section for the three lowest energy systems. The

completely fused system predicted by the firestreak model accounted
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for 73%, 50%, and 33% of the fission yields for the 208 MeV 12C, 272
MeV 160, and 442 MeV 12C induced reactions, respectively. An
increasing contribution to the fission from incomplete fusion
primaries is suggested by the decreasing values of Ppar/PCN in
previous observations [68,69].

All efforts, within the philosophy expressed above, to more
accurately reproduce the observed fission yields from the calculated
primary distributions failed. The measured fission cross section for
the 208 MeV 12¢ + 16540 and 272 Mev 160 + 169Ho (and possibly 442 MeV
12C) systems are greater than any of the calculated fission yields.
The Wilczynski sum-rule primary distributions deexcited by the
JULIAN-PACE code yield the largest fission yields; hovever, still
underestimate the measured values by factors between roughly 3 and 5.
Numerological exercises were performed to force fit the data. All
three of the observed fission cross sections can be independently fit
by JULIAN-PACE deexcitation of primary fragment distributions given
an allovable range of input fission parameters: Bg=0.75-0.90*Bg; and
af/an=1.05-1.10. This range of parameters has previously been used
to reproduce data with calculated yields [70,91, 96]. Recently,
strong arguments have been presented that for very high excitation
energies, values of af/an>1.02 are unrealistic [72,73,75], suggesting
that the primary angular momentum distributions are in error and not
the deexcitation parameters or formalism.

Gavron, et al. [68] recently compared the results of predicted
fission cross sections to measured values for reactions induced in
several targets by 12¢ and 160 vith energies up to 24 MeV/A. They

report results of calculated fission cross sections which are greater
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than measured values. The assumption was used that only the complete
fusion channel contributed to the fission yield. The complete fusion
cross section was given by the Bass cross section. The Bass model
wvas shown to overestimate the complete fusion cross section by
including partial waves which contributed to incomplete fusion
channels. The results from calculated fission cross sections were in
good agreement with the data for 238U targets because the partially
fused systems still had high fissility. The calculated fission cross
sections for lighter targets, however, were overestimated since the
partially fused systems were far less likely to fission. We have
used the Bass model to calculate the complete fusion cross section
for 17 MeV/A 16O + 165Ho. Assuming a simple (21+1) angular momentum
distribution, af/an=1.01, and Bf(0)=0.9(Bf) the JULIAN-PACE
deexcitation code predicts a fission cross section of 595 mb. This
value is in generally good agreement with the measured value,
overestimating it by only about 5X.

A brief summary of the above comparison between calculated and
measured fission yields is that both the Wilczynski sum-rule and
firestreak interaction models probably underestimate the angular
momentum (or at least the tail of the distribution) transferred to
the target fragment. The similarity in average transferred angular
momentum and the extremely large differences between fission cross
sections predicted by the sum-rule and firestreak models (especially
for the 208 MeV 12C + 165Ho system) suggests that the shape of the
calculated angular momentum distribution may be incorrect as

predicted by the firestreak model.
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4. Heavy Fragment Yield Comparisons

Calculated heavy fragment distributions were found to agree with
the general conclusion that a significant fraction of the observed
trans-target yield resulting from 208 MeV 12¢ and 272 Mev 16, induced
interactions (17.3 MeV/A and 17.0 MeV/A, respectively) are from
completely fused systems [64,68]. The Julian-Pace code was used to
calculate the possible effects of deexcitation of 1774 (from 208 MeV
120 + 165Ho) and 181Re (from 272 MeV 160 + 165Ho) excited nuclei.
The results indicated significant production probability for
deexcited trans-target nuclides with masses to A=168 (14%) and A=170
(15%) originating from 177Ta (E*=171 MeV) and 181Re (E*=200 Mev),
respectively. Approximately 45X of the total calculated trans-target
yield resulted from complete fusion events. Similar calculations
wvere performgd for 442 MeV 12C, 1020 MeV 120, and 1635 MeV 160
induced reactions with holmium targets. No trans-target nuclides
vere predicted to survive, regardless of initial origin. This
observation disagrees with the experimental results. Although the
heaviest predicted factions are the result of the "softest"
collisions, too much excitation energy is transferred to allow the
survival of any trans-target nuclides.

Although the complete fusion mechanism may be predominantly
responsible for the production of the observed trans-target nuclides
for interactions induced by projectiles between 15 and 20 MeV/A, the
nuclides with 2 > Ztarget observed for interactions induced by
projectiles above 30 MeV/A are probably not primarily a result of
complete fusion, rather of incomplete fusion processes. The

incomplete fusion mechanism is responsible for the production of
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observed trans-target nuclides throughout the intermediate energy
region (17.0 MeV/A to 96 MeV/A). The role of incomplete fusion
processes in this energy regime is also interpreted as a decreasing
trend with increasing projectile energy, however, still evident at
100 MeV/A.

The heavy fragment yield distributions generated by the various
model calculations discussed above were found to be identical for 208
MeV 12c and 272 MeV 163 induced reactions. The various calculated

distributions for the 442 MeV 12C 165Ho

+ reaction system are
presented in figure 19. The mass axis has been significantly
expanded to emphasize differences in the various distributions. The
smaller Wilczynski peak magnitudes are a result of the smaller total
"reaction" cross sections, discussed previously in section 3a.

The heavy fragment yield distributions calculated for 442 MeV
120 jinduced interactions are distinctly different. The final
distributions calculated by the JULIAN-PACE code are significantly
broader than those generated by the DFF code. This observation can
be explained by the combined effect of angular momentum and
excitation energy on the particle emission widths. Large fragment
angular momenta and excitation energies are known to enhance the
emission probability of particles heavier than neutrons [86,87], such
as deuterons, tritons, and alphas. The heavier particles remove
smaller amounts of energy per emitted nucleon than lighter ones
resulting in a generally lower-mass final distribution of fragments.

The JULIAN-PACE deexcitation of 177Ta, E*=345 MeV, and <1>=39.8

4 is an example of this effect. The average calculated energy

removed by the neutron was 16.9 MeV, and for the alpha was 30.5 MeV.
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The overall probability of emitting an alpha particle from the above
excited 177Ta nucleus is 38%; while for the same nucleus with E*=182
MeV, and <1>=44.2 % the probability is only 7.3%. Figure 20 shows
the final product distribution resulting from the deexcitation of
1771a, E*-345 MeV, and <1>=39.8% calculated by both the JULIAN-PACE
and DFF codes. The final product distribution calculated by the
JULIAN-PACE code is broader (with a smaller slope on the low-mass
side of the distribution) and peaks at a lower mass number than the
distribution calculated with the DFF formalism. The widths may be
approximated by fitting the distributions with a normal curve. The
full-width at half-maximum (FWHM) are estimated to be 8.7 and 6.5
mass units for the final product distributions calculated by the
JULIAN-PACE and DFF codes, respectively. The full-width at
quarter-maximum (FWQM) for the same distributions are 12.5 and 9.4
mass units. The requirement of large angular momentum and high
excitation energy for significant heavy particle emission is the
reason heavy fragment distributions calculated by the JULIAN-PACE
code for 208 MeV 12c and 272 Mev 169 induced reactions are not
obviously broader than those calculated by the DFF code. This effect
is illustrated in figure 20, where the final product distribution
resulting from the deexcitation of 177Ta, E*=182 MeV, and <1>=44.2%
calculated by both the JULIAN-PACE and DFF codes are shown. For
primary distributions with low to intermediate excitation energy or
relatively low angular momentum, the DFF code would be expected to
calculate heavy fragment distributions which are generally the same
as the JULIAN-PACE code. These model calculations suggest that the

width and the slope of the heavy fragment distribution are affected
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by a combination of the primary fragment excitation energy and
angular momentum.

A great deal of attention was devoted to the differences between
the calculated heavy fragment distributions in the preceding
discussion; however, the outstanding feature is the similarity of
these results. The following discussion compares measured heavy
fragment distributions to the general features of the theoretical
curves. The heavy fragment data are plotted with the model
predictions in figures 21-25. The predicted distributions for the
twvo lowest energies are represented by a single average distribution
because of the general similarity of the different curves.

The observed heavy fragment distribution width increases and the
slope of the low-mass side of the distribution decreases with
increasing projectile kinetic energy. This general trend is
duplicated by the calculated heavy fragment distributions. More
specifically, the data are well represented by model calculations for
interactions induced by 1020 MeV 12C and 1635 MeV 169 projectiles.
The width of the measured heavy fragment distribution for the 208 MeV
12¢ , 165g, s slightly underestimated, becoming more severe for the
272 MeV 165 165Ho system. The sumrule and firestreak models
(deexcited by the JULIAN-PACE code) adequately predict the general
heavy fragment distribution for 442 MeV 12¢ induced interactions.
The sum-rule model, however, predicts a significant valley near mass
number 155 which is not observed. The final distributions resulting
from the DFF deexcitation calculation are significantly narrower than
the results measured for 442 MeV 12¢ jnduced interactions. General

features of the measured heavy fragment distribution at higher
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energies are reproduced by calculations based on the firestreak model
and deexcitation by the DFF code, however, the yields for the high
mass nuclides are significantly overestimated.

The observed heavy fragment distributions are, in general,
accurately represented by the calculated distributions for projectile
energies above 440 MeV. The results for the 442 MeV 120 + 165Ho
reaction system demonstrate the necessity of including angular
momentum effects in deexcitation calculations for this projectile
energy regime. At higher energy the importance of angular momentum
seems to decline since the general shape of the observed distribu-
tions are reasonably well reproduced by the DFF code. This may be
due to the smaller momentum transfers occurring in the higher energy
systems. All model calculations underestimate the heavy fragment
distribution widths for 208 MeV 12 and 272 Mev 169 induced
interactions. The cause of this discrepancy between observations and

calculations is not known.
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IV. SUMMARY AND CONCLUSIONS

This chapter reviews and highlights noteworthy aspects of the
data and comparisons with phenomenological models. New revelations
and topics of agreement or disagreement with previously reported work
and theories are reviewed. Finally, ideas on the direction of future
endeavors to ansvwer questions raised by this study are presented.

The "points of interest" are:

1. Trans-target nuclides are observed for all projectile energies
studied. The charge, mass, and cross section of the
trans-target species all decrease steadily as the energy of a
given projectile is increased. The evolution of the heavy
fragment yield with increasing projectile energy is generally
characterized by a decreasing mass at which the yield maximum
occurs and a significant decreasing slope of the low-mass side
of the distribution. These observations may be indicative of
a slowly decreasing contribution of complete and incomplete
fusion events, an increasing excitation energy and angular
momentum (up to 40 MeV/A) and the onset and increase of a
spallation-like mechanism (above 30 MeV/A) as the projectile

energy increases.

2. The firestreak and Wilczynski sum-rule models predict very
similar heavy fragment distributions for 208 MeV 120 and 272
MeV 160 induced interactions. These calculated distributions

are narrowver than those observed. The firestreak model
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(deexcitation calculated by the JULIAN-PACE code) accurately
predicts the shape of the observed heavy fragment yield

12C induced interactions. The

distribution for 442 MeV
sum-rule adequately predicts the width; however, the shape is
poorly reproduced. Angular momentum effects are observed in
the calculated heavy fragment yields of the 442 MeV 12¢
165g, system. The DFF code (which omits angular momentum
effects) predicts distributions narrower than those generated
by the JULIAN-PACE code for 442 MeV 12C. The firestreak model
(deexcitation calculated by the DFF code) accurately predicts
heavy fragment distributions for 1020 MeV 12¢ and 1635 Mev 16
induced interactions, however, overestimates high mass yields.
One should note that these conclusions are affected to an
unknown extent by the assumption that the charge dispersion of

mass captured by the target is assumed to scale linearly with

the A/Z ratio of the projectile.

Both the firestreak and Wilczynski sum-rule models
significantly underestimate the fission yields for the systems
in which fission is observed. Previous work has concluded
that the angular momentum transferred to the target fragment,
in at least a fraction of the events, is underestimated by the
sum-rule model [68]. The firestreak model predicts similar
average transferred angular momentum suggesting these
quantities are unrealistically low. The firestreak model also

predicts a narrower (sharp cut-off) angular momentum



115

distribution than the sum-rule model which may also be unrealistic.

4, The evolution of the fission yield with increasing
projectile energy is characterized by a broad maximum near 200 MeV
center-of-mass energy, an increasing Zp of the fragments. The

decrease in observed fission cross sections above 17 MeV/A projectile

energy is found to correlate with a decrease in <1 the deduced

sys>’

average system angular momentum.

The necessity of future research in this region of nuclear
reactions is clear. The results of this study suggest the
complicating influence of angular momentum and the overlap between
fusion and spallation-like processes on the measured quantities
reported. The need to characterize the contributions of these
processes is necessary to understand the observed trends. The
subsequent incorporation of these effects, and an accurate
representation of angular momentum distributions in an interaction
model is important to understand measured trends. Assessment of
reaction model performance is dependent on the deexcitation code
used to determine the final fragment distributions. The results
reported in this work proved the necessity of including angular
momentum effects in the deexcitation calculations for intermediate
energy heavy ion induced interactions in low fissility targets.
Effects of angular momentum were observed in fission yields (and
for heavy fragment yields from 442 MeV 120) resulting from highly

excited, rapidly rotating primaries.
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The firestreak model 1is very useful over an extremely wide
range of projectile energies. Modifications which are indicated by
the data suggest a re-examination of the energy and angular
momentum transfer mechanism, especially for the most peripheral
collisions. The model clearly underestimates the angular momentum
and probably predicts an unrealistic distri bution of values. A
severe limitation at the lowest energies is the sudden geometrical
cut-off. This allows the target nucleus to capture only that
portion of the projectile volume which overlaps the target in a
straight-line trajectory. A more accurate approach would be to
simulate a more realistic trajectory and include a semiempirical
characterization (to facilitate calculations) of nuclear forces to
allow the capture of projectile nucleons whose trajectory may not
directly overlap with the target.

The realm of intermediate energy nuclear reactions is a field
rich with information about the interaction process between nuclei.
The transition between low-energy and high energy mechanisms is
complicated. Mechanisms identified with 1low-energy reactions
overlap with high-energy processes. This work, and others like it,
have given a broad panorama of the region and given scientists a

general knowledge base with which to design future endeavors.
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A. SAMPO-80

The gamma-ray spectral analysis program, SAMPO [97], wvas
originally introduced for use on large mainframe computers. SAMP0-80
[47,48] is an adaptation (updated and somewhat abbreviated) of the
original code for batch use on a 16-bit minicomputer. SAMPO-80
functions as a two-part code enabling it to run on minicomputers with
limited memory and program size. Part I (SAMPOCAL) calculates peak
shape parameters from calibration spectra. The peak shape parameters
are used by Part II (SAMPOFIT), along with energy and efficiency
calibrations, which identifies peaks and calculates peak area,
energies, intensities, and associated errors. A flowchart of the
procedure used to determine the various calibration parameters is
given in the experimental chapter (figure 4).

Adaptation of SAMP0-80 to the Nuclear Data 6660 (ND-6660) system
at OSU and to our specific needs required significant revision of the
code including greater interactive capability, expanded analysis
capabilities, and various I/0 options. The implementation was
written in standard FORTRAN-77. Only the 1I/0 routines required
library programs not available in ANSII standard FORTRAN. Several
desirable user options not included in the original code vwere added.
Segments of the code were rewritten to optimize memory allocation and
runtime and properly interface with the file structure used in our
system. Program segments executing input of control information for
the program, spectral data, and output of the results table for
subsequent use have been rewritten to allow the user complete

interactive control of file definitions.
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The peak identification segment of SAMPOFIT was replaced with a
more efficient logic sequence, however, the basic algorithm was
unchanged. A significant modification in the implementation of the
peak finding routine was made to identify multiplets more reliably in
the low-energy quarter of the spectrum (=80-500 keV) and avoid errant
elimination of multiplet peaks in the high-energy quarter of the
spectrum (>1500 keV). The interpolation subroutine was rewritten and
minor changes in program logic throughout the codes were made to
optimize runtime under FORTRAN-77 compilation. Common area usage to
pass variables was greatly expanded resulting in significant
optimization of runtime and a small overall reduction of memory
requirements.

SAMPOFIT supports five output modes to display the peak fit
results. The first format is unalterable by the user since it is
matched to the requirements of TAUl [46]. The remaining four modes
are user selectable for line printer output. The default output mode
is a short summary table listing the peak channel number, energy,
area, intensity, and associated errors. Included with each peak
listing is the fit interval and number of peaks fit together in a
multiplet. The user may select a detailed analysis including
complete listings of least squares fit parameters, peak shape
parameters, error analysis results, and all of the information
included in the summary table. A user selectable option to display a
line printer plot of spectral data, background and peak fits for each
fitting interval may be added to either of the above tabular

listings.
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SAMPOFIT may be run in a completely interactive mode or job
streams may be created for automated batch style analysis enabling
overnight processing of data. The most time intensive part of the
analysis is the output of data to a dot-matrix printer. Table A-1
compares SAMPOFIT run times for the shortest and longest output
modes. It is clear that the program is printer bound for the system
configuration used at OSU. The actual analysis time (cpu processing
time) is approximated by disposing the output to hard disk (the
fastest output device available). The processing time is found to be
exceptionally fast at approximately 2 seconds per peak. The computer
code is available upon request from the author. Minimum hardvare
requirements are 256k-bytes of internal memory, an hardcopy output

device, and a mass storage medium.



SAMPOFIT Runtimes for Various Output Formats

Output Output Analysis # Peaks Sec/Peak

Mode Device Time Fit
Summary Table Printer 471 sec. 130 3.0 sec.
Longest Qutput Printer 3132 sec. 127 24.7 sec.
Summary Table Disk 290 sec. 130 2.2 sec.
Longest Output Disk 620 sec. 130 4.8 sec.

A tabulation of the analysis time of the SAMP0O-80 computer
code implemented on the OSU ND-6660. The analysis times of
shortest and longest output formats are compared for standard
dot matrix printer and disk file output.

Table A-1

129
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B. THEORETICAL MODELS

1. INTRODUCTION

This appendix describes the models and the implementations used
to generate the various calculated quantities for comparison to the
data. This work was not designed to be a comprehensive discussion of
all current models used to predict the various observables of a
reaction. Instead, two popular reaction models, the firestreak [30]
model as implemented by Morrissey and McGaughey [91] and the
Vilczynski generalized sum-rule model [11,12] have been chosen. Two
deexcitation calculations were also used. These methods, a version
of the Dostrovsky-FraenkelFriedlander (DFF) deexcitation code [53]
and the PACE modification of the JULIAN code [75], are conceptually
similar with the exception that the JULIAN-PACE code explicitly

includes angular momentum and the DFF code does not.
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2. FIRESTREAK MODEL

The firestreak model was originally proposed by Myers [30] to
aid understanding of fragmentation in relativistic heavy-ion (RHI)
reactions. Gosset, et al. [98] have used this model to predict
light particle spectra produced in RHI induced collisions. Cecil et
al. [99] later formulated analytic expressions for the collision
model to include nuclear diffuseness in the calculation of
experimental observables. This model was implemented by Morrissey
and McGaughey [91] to follow the target fragmentation process and
include a nuclear transparency function. The firestreak model is
unique in the capability to describe both high energy fragmentation
processes and the capture of projectile fragments at lover energies.

The firestreak model has its conceptual origins in the purely
geometric abrasion-ablation model of Bowman, et al. [28]. The
abrasion-ablation model envisioned a relativistic projectile
colliding with a target nucleus in such a way that the entire
overlapping region of the two nuclei would be sheared away in a
nclean-cut" fashion (see figure B-1). The remaining piece of the
target, the target spectator, would gain an excitation energy due
only to the increased surface area of the nucleus. The collision is
assumed to be "clean-cut", therefore, no momentum or frictional
energy are transferred to the target. The projectile, similarly,
would gain an excitation energy due to the nuclear deformation and
would continue at the beam velocity in the forward direction (at 0

degrees, B in figure B-1). The overlapping region would travel

inc

independently of the projectile and target spectators (at an



A simple schematic representation of an high energy peripheral nuclear interaction.
This figure is borrowed from reference 29.

Figure B-1

el
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intermediate velocity, B in figure B-1) and could be described by a
thermal model such as the fireball proposed by Westfall, et al.
[29].

The abrasion-ablation model has been found to be somevhat
unrealistic. The predicted excitation energies due to surface
deformations significantly underestimate observed results [100].
Further, the "clean-cut" concept assumes that no momentum is
transferred to the target spectator which has been experimentally
shown to be incorrect [9,84]. The firestreak model is an enhancement
of this concept and attempts to treat the collision in a more
realistic manner.

The firestreak model simulates the collision of a high-energy
heavy-ion with a target nucleus as a totally inelastic process in the
overlap region. The overlap geometry is identical to the
abrasion-ablation model, but the nuclei are assumed to have diffuse
surfaces which are generated by folding a surface described by a
Yukawa function into a conventional sharp-sphere density
distribution. During the instant of the collision process, the
interaction is assumed to be confined to the geometric overlap region
with straight line trajectories. The colliding regions of the
projectile and target are divided into "infinitesimal" colinear tubes
of nuclear matter which undergo inelastic collisions (figure B-2). A
"transparency function" was included to prevent collisions from
occurring between tubes containing an insufficient density of
nucleons. The transparency function included a variable parameter

allowing a measure of control over the total reaction cross section.



p—

" A Y
Vi J 4 / y 4

Schematic representation of colliding tubes concept used in the firestreak model.
Incident projectile, P, collides with target, T, with overlap b. After the interaction
tubes captured by the target contribute to final fragment mass and excitation energy.

This figure is borrowed from reference 110,

Figure B-2

PET
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Upon collision of two tubes, it is assumed that the tubes fused
and the kinetic and thermal energies equilibrated. The kinetic
energy of each tube will determine its final disposition: whether it
remains as part of the target fragment or is ejected. If the
resulting kinetic energy of a given fused tube is 1less than its
binding energy to the target remnant, the tube remains a part of the
fragment and contributes its mass, linear and angular momenta,
kinetic and thermal energies to the fragment. The angular momentum
for each tube is assumed to be equal to the linear momentum times the
radial distance of the tube from the center of the target nucleus.
The momenta and energies of the captured tubes are summed to
determine the resultant values transferred to the target fragment.
After determining the final status of all the tubes, a final
excitation energy is added to the target fragment based upon the
deformation resulting from tubes which have escaped from the target
remnant. No deformation energy is added if a net mass is captured by
the target fragment.

The charge dispersions (or dispersion of the number of neutrons
and protons in the residues) in the primary distributions of
fragments with net mass less than the target were calculated by the
GDR model of Morrissey, et al. [52]. This calculatién is based upon
the concept that the fluctuation in the number of neutrons and
protons swept away from the target residue can be described by the
zero point vibrations of the giant dipole resonance (GDR) of the
target nucleus. The GDR has been described as an out-of-phase
vibration of the neutrons against the protons [102]. Myers, et al.

[103] have treated the GDR in terms of harmonic oscillator (HO)
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potential to describe the motion of the neutrons against the protons.
This results in a Gaussian distribution in the number of protons
removed from the target which is centered about the target Zp/Ap and
with a width proportional to the HO classical turning point
displacement. The charge of heavy primary fragments with a net mass
greater than the target was calculated assuming the mass transferred

to the target had the same mass to charge ratio as the projectile.
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3. SUM-RULE MODEL

The Wilczynski sum-rule model originates from the concept that
incomplete fusion and complete fusion (compound nucleus formation)
are directly linked with the angular momentum of the reaction system
[10]. It is believed that if the projectile is to fuse with the
target, the angular momentum of the system must be between Oh and the
critical angular momentum, lcr’ which defines the limiting angular
momentum for the complete fusion channel [4]. The natural extension
to this concept is used to explain the relationship between angular
momentum and incomplete fusion. Any given fragment of the projectile
may fuse with the target provided the angular momentum of the
reaction system is less than the lcr(f) value for that particular
fragment, £f. The reaction l-space is thus broken into windows, each
window corresponding to a reaction channel representing transfer of
the heaviest fragment allowable by the angular momentum constraints.
Vindows with successively higher angular momenta will correspond to
reaction channels where the projectile fragment that fuses with the
target becomes smaller.

Sivek-Wilczynska, et al. [11], in their first paper on the
generalized concept of critical angular momentum, incorporated the
above concepts in the model to describe incomplete fusion reactions
between light heavy-ions and rare earth element targets. Using this
model, one can calculate critical angular momenta for the fusion of
the projectile and various projectile fragments with the target

nucleus from the balance of Coulomb, centrifugal and nuclear forces.

A sharp cutoff approximation is used to determine the fraction of the
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total cross section which results in a given reaction channel. The

12C + 160Gd reaction is used to demonstrate the model :

1=1hg
2 —
= y 21 1 B-1
°R 8muE /.4 ( + 1 [ ]
1=0

1=0 is the reaction cross section, wvhere lhg is the hard-grazing
angular momentum characterized by the distance of closest approach
equal to the sum of the nuclear half-density radii. The sharp cutoff
approximation divides the reaction cross section into the folloving

1-windovs:

0<1K 1cr(C+Gd); complete fusion [B-2]
. 8
lor(csgd) <1 <€ (12/8)1er(Bescd)’ Be capture

1cr(Be+Gd) <1< (12/4)lcr(a*Gd); a capture

wvhere 1cr(C+Gd)’ 1cr(Be+Gd)’ and 1cr(a+Gd) are the critical angular
momenta for 12C + 160Gd, 8Be + 160Gd, and o + 160Gd systems.

The sum-rule model incorporates two major refinements of the
sharp cutoff model discussed above. These are 1) each reaction
channel is assigned a statistical probability [95], and 2) an angular

momentum "transmission coefficient" is used to smooth the l-cutoff.
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The probability factor was developed by Bondorf, et al. to explain
the exponential dependence of the cross section on the ground state

Q-value, Qgg:

P(i) = C exp{[Qgy(i)-0n(1)1/T) [B-3]

where T is the effective temperature and Q. is the change of the
coulomb interaction energy due to the transfer of charge in the

interaction. The smooth cutoff 1 "transmission coefficient", Ty, is

given by:
Ty = (1 + exp[(1 - 1y4,(i))/8])"1 [B-4]
AP
vhere, llim(i) = K;E lcr(target + cf)

and Ap is the projectile mass, A.f is the captured fragment mass, and

1cr is obtained from the balance of forces. The final expression for

the cross section for a given reaction channel is:

lmax

—

2 :
o(i) = égﬁﬁ /, QLDNTI() exp([0g5(1)-0.(1)1/T) [B-5]

1=0
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vhere Ny is a normalization factor and 1, .., 1is the maximum 1 for
vhich the colliding system gets in to the region where the total
nucleus-nucleus potential is attractive [103].

The excitation energy for a given transfer product generated by
the sum-rule model was calculated using the optimum excitation energy

formalism of Hubert et al. ([112], where:

E(opt)™ = Qg - Q

¢ - %opt [B-6]

Qopt = E(f)cm - E(i) ey

wvhere E(i)cm and E(f)cm are the entrance and exit channel kinetic
energies, respectively. E(f)cm is the optimal kinetic energy of a
system taken from the semiclassical DWBA analysis of Toepffer [104]
for transfer reactions. Hubert et al. [112] included recoil effects

to arrive at the following relation:

ZA'ZB’ 1 - (meA’/mARmin)

E(f) oy = B(1)

In this expression, my, m,, and mp are the masses of the transferred
fragment, the incident particle and the target, respectively. R,,
and R ; are the radius of the projectile fragment and distance of

closest approach, respectively.
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The angular momentum of the target fragments is given by a
distribution in 1l-values. Geoffroy, et al. [105] found that the
average angular momentum transferred to the target by the capture of
a given projectile fragment increases linearly with the mass of the
captured fragment. One can calculate the distribution of angular

momentum transferred to the target, by scaling the

1frag’
distribution of projectile angular momenta resulting in a given
reaction channel by the fraction of the projectile mass captured by

the target:

IN
—

max [B-8]

for values of projectile angular momentum between 1=0 and 1=l ..
(APF/AP) is the fraction of the projectile mass captured by the
target. The expression in brackets, taken over the range 0<1<1 ..
represents the distribution of angular momenta which contribute to
the reaction channel "i" (taken at any one l-value, it represents the
probability for that given l-value contributing to reaction channel
i). The distribution in angular momentum of each primary fragment

serve as input parameters for the Julian-Pace deexcitation code.
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4. DEEXCITATION

The firestreak and Wilczynski sum-rule models discussed above
are used to predict the "primary product" distributions resulting
from the direct interaction of projectile and target nuclei. The
computer code implementations of these models calculate "primary
products" which are nuclei with varying amounts of excitation energy,
angular momentum, and recoil energy. The calculated primary products
must be deexcited in accordance with some formalism to yield a
product distribution which can be compared to experimental
observations.

The DFF formalism of Dostrovsky, et al. [53] is the first of
two used in this work. The DFF formalism treats the deexcitation of
nuclei by particle emission and fission as a Monte-Carlo process.
The formalism allows proton, neutron, deuteron, triton, 3He, and 4He
particle emission. One should note that in calculating all emission
widths (including fission), no angular momentum corrections were
considered. A modified version of the original DFF code {91] was
used. This implementation includes a more realistic treatment of
fission as outlined in Vandenbosch and Huizenga {106]. The
probability of fission is estimated by I'¢/I ), and is determined at
each step of the evaporation chain composed of the excited primary
fragment and the various successive deexcitation daughter nuclei.

The expression used for rf/rn is (equation [B-9]):
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K%, ([4ag(E-Eg)]1/2 - 1)

Ie/T, =
En " A% 3a (E-B_) expll4a,(E-B)1Y7 - [4ag(E-Ep)1 /2D

K°=h2/8n2mr2, af/an is the ratio of saddle point to equilibrium
deformation level density parameters, E is the excitation energy, E¢
is the fission barrier energy and B, is the neutron binding energy.
‘The fission barrier heights in the implementation used were modified
from those used in reference 91 to reflect the more recent liquid
drop parameters. The Cohen-Plasil-Swiatecki (CPS) nonrotating liquid

drop fission barriers were used and are defined as follows:

For 0 < x £ 0.75:

BLD _ 444.89[0.2829 - 0.3475x - 0.0016x% + 0.0501x°] [B-10]

For 0.75 < x £ 1.0:

BLD _ 444.89[1.4(1-x)2 - 4.5560(1-x)> + 6.7443(1-x)*]

E
and X = iél - (22/a) [50.883(1-1.78261%)171
S

vhere x is the fissility parameter, and I=(N-Z)/A 1is the relative
neutron excess. A variable parameter, M, is incorporated into the
EVA code to allow scaling of the fission barrier according to

Bf=M*BLD. This parameter is discussed further in the Results and
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Discussion chapter. One should note that this treatment is for a
nonrotating liquid drop and does not include the CPS rotating liquid
drop formalism for angular momentum. The resultant fission fragments
are deexcited as necessary until the fragment excitation energy is
less than 10 MeV.

The JULIAN-PACE deexcitation code [75] is generally similar to
the DFF formalism discussed above. The deexcitation process is
followed by a Monte Carlo procedure, and fission competition is
allowed at each stage of the deexcitation chain. JULIAN-PACE,
however, includes angular momentum throughout the calculation. The

total emission width is used in determining the probability of

fission:
EI
Te¢D) N{Ns+2 ] (e)ue. (E'-¢,J) de )1 [B-11]
+ o (€E)ue '-¢ € -
Troc (D) /. ] BRI
v 0

where the sum is taken over the allowed decay modes (neutron, proton,
deuteron, etc.). u is the reduced mass; g, is a statistical factor
for particle emission; cv(e) is the inverse cross section; and B, is

the binding energy of the evaporating particle. Also,

E"

hz "
N = [ﬁ] ] p(E"-n)dn [B-12]
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E' = E-Ep;n(3)-By

E" = E-Esp(J)

and

o(E,J) = py(U)(2J+1) exp(2[a(U-E . (3))]1/2)

In the above expressions, E 1is the excitation energy of the
fissioning nucleus and p(E,J) is the level density at excitation
energy E. U=E-P where P is the pairing energy; Erot(J) is the
rotating liquid drop energy obtained using the CPS formalism [92];
po(U) is taken from the Gilbert and Cameron formalism [107]. After
each stage of the deexcitation chain the fission barrier is
reevaluated to reflect the loss of angular momentum and excitation
energy in the previous step. The user-defined parameters used in
JULIAN-PACE are: ag/aj, the ratio of level density parameters at the
saddle point and ground state deformations; and Bg, the fission
barrier. Angular momentum is included in the fission barrier
calculation using the CPS formalism, however, input parameters allow
the user to effectively represent other barrier values.

The two deexcitation formalisms used are conceptually similar
with the major exception that angular momentum effects are included
in JULIAN-PACE but not in the DFF formalism. The comparison of
calculated results to measured quantities may give an indication of
the importance of angular momentum in the deexcitation processes for

the fragments produced in the reactions studied in this work.



146

C. HIGH ENERGY DATA

I. INTRODUCTION

The data presented in this appendix have been reported, in part,
in reference 86. The data are included with this work without
comment (except for instances noted previously). The purpose of
including the data with this work is to gather together in one place
all data resulting from the study of interactions induced in holmium
targets by intermediate and high energy projectiles.

The data are presented in tabular form using the same format as
vithin the main body of this work. The procedure of data acquisition
and analysis is identical to the procedures outlined in the
Experimental chapter. Unique aspects of beam flux measurement at the
LBL Bevalac are discussed in reference 91.

The data are presented for the interaction systems tabulated in
table C-1 along with the irradiation information. The accelerator
used was the Bevalac at the Lawrence Berkeley Laboratory. The
typical experiment at the Bevalac involved irradiating several
target/catcher stacks simultaneously to maximize the use of beam
time. A tabulation of materials preceeding the holmium target stack
is présented in table C-2. The Salamon formalism [108] was used to

calculate the center-of-target projectile energy, (COT). The

Eproj
observed gamma-rays necessary to identify a nuclide are tabulated in
table C-3. Measured production cross sections and calculated

independent and isobaric yields are tabulated in tables C-4 to Cc-11.

The isobaric yields are plotted as a function of the nuclidic mass
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number in figures C-1 to C-8 (these are all placed immediately after
table C-11). The Zp functional forms used to determine independent
and mass yields are presented in tables C-12 to C-19. The measured
kinematical result (F/B and 2W(F+B) values) are tabulated in tables
C-20 to C-22; and the deduced kinematical quantities (Bpar, Ppar’ <\
and <T>) are compiled in tables C-23 to C-25. Kinematical quantities
vere not obtained for the other experiments because catcher foils
vere not counted separately from the target.

The data for the 12.5 GeV 12C 165Ho

+ system are anomalous.
There is no consistency betveen yields of determined for this
experiment and those of experiments with lower or higher energies.
No explanation for this phenomenon is available, however, a possible
ansver may be that the target may have contained a gross impurity

(such as uranium). The data should be viewed with this in mind.



IRRADIATION INFORMATION

PROJECTILE ENERGY TOTAL IRRAD. HO TARGET  CATCHER  TAEI to
INIT. -coT- FLUX ~ LENGTH THICKNESS THICKNESS  COUNTING
ION (GeV) (GeV) (GeV/A) (IONS) (MIN) (mg/cm™) (mg/cm”) (hours) ACCEL.
1206+ 3.9 2.9 o0.24 8.39x1013 1605, 225.0 35.8 15.0 Bevalac
200010+ g 9 7.7 0.38 3.74x1013 1073. 220.0 35.4 3.5 Bevalac
12.6+ 15 6 12.5 1.04 9.07x101% 750.  (Ho) 224. 35.8 14.5 Bevalac
12.5 1.04 (144Sm) 15.1 17.5 14.8
12.5  1.04 (1525m) 22.1 17.5 15.0
20010+ 51 0 20.8  1.04 1.07x10%3  859.  (Ho) 223. 17.5 4.0 Bevalac
20.8 1.04 (Ce) 77. 17.5 4.3
40, 18+ 3¢ 9 33,3 0.85 2.51x101% 1243. 1650. 20.3 4.0 Bevalac

The above is a tabulation of irradiation conditions and targetry data for the indicated
experiments. Projectile energies are tabulated for the extracted beam and at the
center-of-target. The TAEI to counting column shows approximate lapsed times between the
end-of-irradiation and the first gamma spectroscopic measurement for each experiment.
Mylar was used for all catchers in the above experiments.

Table C-1

8v1



Projectile

)
3 GeV °0Nf

™

[

12.6 Gev 1%c
21 Gev 2%ne

35.9 Gev ‘0aAr

A tabulaticn of t
monitor foils which pre

this work.

MATERIALS IN

Mylar Al
216. 10.
432. -

34.4 80.
142. -
980. 29.

BEAM (mg/cmz)

Ta - Bi
59. 244. °
588. 148.
175. -
363. -

Table C-2

he total thickiess of targets, catchers and
ceded the target assemb
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U

lies discussad in



NUCLIDE IDENTIFICATION GAMMA-RAYS

150

1778.9--100.

1312.1--100.

1434.1--100.

40605—— 120

NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
;ﬁua 1274.6-- 99.9
2eNa 1368.5--100.
2%mg 400.6-- 35.9 1342.2-- 54.0
K 1524.2-- 18.4
443K 372.8-- 88.3 617.5-- 78.7
4235c 1157.0-- 99.9
sc 271.2-- 77.8 1157.0--108.3
4635c 889.2--100. 1120.5--100.
27Ca 1297.1-- 74.9
sc 159.4-- 68.0
485 983.5--100. 1037.5-- 97.5
48y 983.5--100. 1312.1-- 97.5
51y 320.1-- 9.83
529y 744.2-- 90.0 935.5-- 94.5
ggMn 834.8--100.
Mn 846.7-- 98.9
§$Co 846.8-- 99.9 1238.3-- 67.0
ca.Co 122.1-- 85.6
9¢co 810.8-- 99.4
22Fe 1099.3-- 56.5 1291.6-~ 43.2
®52n 1115.5-- 50.7
Ge 1106.4-- 36.0
63TZn 438.6-- 94.8
As 174.9-- 83.6
72¢4 629.9-- 25,2 834.0-- 95.6
72ps 834.0-- 80.1
7;25e 834.0-- 91.3
Ise 361.2-- 97.
;gAs 595.8-- 60.3
Se 136.0-- 55.6 264.6-- 58.2
;23r 286.5-- 92.0
ens 559.1-- 44.7
9Br 559,1-- 72.3
Topy 270.2-- 21.0 315.7-- 40.
779y 239.0-- 23.1 520.7-- 22.4
7ggxr 261.3-- 12.7
Sr 776.5-- 13.4
82mpp, 554.3-- 62.8 776.5-- 84.5
8395, 381.6-- 17.3 762.7-- 29.7
883Rb 520.4-- 46.1 529.5-- 30.0
49pb 881.6-- 67.8

Table C-3
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NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
gggSr 514.0--100.
BeCRD 1076.6-- 8.78
Y 627.7-- 32.6 777.4—- 22.4 1076.6-- 82.5
o6 1153.0-- 30.5
Rt 243.0-- 95.8 1076.7-- 82.5
879y 388.4-- 85.3 484.8-- 92.2
Ty 381.1-- 78.5
2%y 898.0-- 94.0 1836.0-- 99.4
899%% 392.9-- 97.3 898.0-- 94.0 1836.0-- 99.4
899y 909.2-- 99.9
50 202.5-- 96.9 479.5-- 90.6
oInb 141.2-- 69.0 1129.1-- 92.0
o 30Mo 257.3-= 77.6
e 684.7—— 99.7 1477.1-- 99.1
0 oTC 1363.0-- 65.8 1520.3-- 23.8
osoTC 702.7-- 99.8 849.7-- 97.7 871.0--100.
9 2CNb 765.8-- 99.9
a2 dTc 765.8-- 93.9
00qIC 765.8-- 93.9
S97c 778.2--100. 849.9-- 97.8
goNb 568.9-- 55.7 778.2-- 96.9  1091.3-- 49.5
3 gRU 215.7-- 85.8
ga MO 140.5-- 90.7
100 oRh 340.6-- 69.1
oo 2rh 539.6-- 78.4 1553.4-- 20.5
Pa 539.6--103.0 822.5-— 26.5 1107.1-—- 17.4
Lo1g 1553.4-- 27.0
1019gn 127.2-- 73.0 198.0-- 70.8
01Mgh 306.8-- 86.8
109¢P8 296.3-- 19.2
1953Rn 475.1-- 94.0 631.3-- 55.5
102029 118.7-- 31.3 148.2-- 28.4 1273.8-- 9.4
1022 555.8-— 92.8 767.6-- 65.9
LoooRh 318.9-- 19.2
10%92g 280.4-- 31.0 344.5-- 41.6 ,
Ag 406.2-- 13.5 451.0-- 28.4 717.3-- 29.1
Logm 748.4-- 20.7 1045.8-- 29.7
108myp, 242.9-- 37.0 875.6-- 93.0 1056.8-- 30.5
110mrn 657.7-— 97.0 884.7-- 91.7
10%ag 657.9-- 94.7 884.7-- 72.9
1in 171.3-- 90.3 245.4-- 94.0
Te 93.7-- 31.2 931.8-- 27.7 1293.5-- 95.0

Table C-3 (cont.)
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496.3-- 47.1
41804-_ 1802

105807"" 704

928.9-- 18.8

NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
li;;Te 719.7-- 64.7
11are 644.0-- 84.4
1o hre 153.6-- 66.7 1212.7-- 67.0
1710 560.4-- 73.0
121 5me 573.1-- 79.7
22 1Te 212.2-- 82.6 573.1-- 79.5
121 212.5-- 85.0
122%e 252.7-= 17.6 445.2-- 10.8
122%e 350.2-- 7.74 564.1-- 17.7
13331 159.0-- 83.2
23Tre 159.0-- 84.0
123%e 148.9-- 48.6
12041 602.7-- 61.0
259%e 188.4-- 54.9
1201 388.6-- 32.2 666.3-- 31.3
129088 233.6-- 20.4 388.6-- 42.3
279xe 202.8-- 68.3
12ics 124.7-- 15.8 411.9-- 59.0
12%8a 273.4-- 14.5 442.9-- 25.8
1359Cs 371.9-- 31.1 411.5-- 22.7
239Ba 123.8-- 29.2 216.1-- 19.9
13iLa 108.5-- 23.1 365.8-- 16.0
132¢s 667.5-- 97.4
132La 464.5-- 77.0
132ce 182.1-- 79.0
132282 356.0-- 62.3
13a0cs 604.7-- 97.6 795.8-- 85.4
13g0Ce 265.6-- 42.4 606.8-- 19.5
329ce 165.8-- 78.9
1a3ce 145.4-- 48.4
1sen 742.0-- 38.3
143Ce 133.5-- 11.1
1aeem 618.0-- 98.6 696.5-- 99.5
1ieEu 653.6-- 15.3 893.8-- 65.8
1iopn 453.8-- 62.3 747.4-- 35.9
13CEu 633.2-- 43.0 747 .2-- 98.0
Gd 154.6-- 46.5 747.2--108.0
1534.2-- 6.80
i:;Nd 91.1-- 27.9
1oEu 121.3-- 22.7 197.3-— 25.8
L1a0Gd 229.2-- 64.4 396.5-- 34.1
148gpm 550.2-- 22.0 915.3-- 11.5
Pm 550.2-- 95.6 630.0-- 89.1

Table C-3 (cont.)
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NUCLIDE (ENERGY (keV)--BRANCHING RATIO (%))
148
Eu 550.3-- 99.0 611.3-- 19.3 629.9-- 70.9
149 725.7-- 13.0
15,64 149.6-- 41.7 298.5-- 22.6 .
Pm 167.7-- 7.8 275.2-- 6.6 340.1-- 22.4
151 717.6-- 4.0
151684 153.6-- 5.10 243.2-- 4.59
155Tb 108.3-- 25.0 251.7-- 26.0 287.0-- 25.0
152g2Y 256.8-- 97.5
153Th 344.3-- 57.0
12364 97.4-- 30.1 103.2-- 21.8
152410 211.9-- 32.5
J5eTh 123.1-- 28.0
122Tb 105.3-- 23.0 180.1-- 6.83 262.3-- 4.8
15630Y 227.0-- 68.8
1eoTb 199.2-- 40.2 534.3-- 67.0 1222.4-- 31.2
leoDY 326.2-- 93.2
LeomTP 298.6-- 27.4 879.4-- 30.0 966.2-- 25.2
leoHo 728.1-- 30.0
Er 728.1-- 36. 879.1-- 23. 961.9-- 21.
965.8-- 21.

A tabulation of observed gamma-ray photopeak energies and
associated branching ratios required to identify a given
nuclide. This tabulation represents the fewest gamma-rays
observed for a given nuclide (other characteristic gamma-
rays may have been observed for various nuclides).

Table C-3 (cont.)
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2.9 gev 12c + 165yo
YIELD TABLE (cont)

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD _ YIELD TYPE
i%igTe 18. * 2. 5.5 0.6 32, + 3. C
13,Te 0.98 : 0.01 1.0 : 0.1 - I
153%e 15, 2, 12. : 1. 35, + 4. C
12591 26. + 3, 10. o, 30. * 3. C
127gXe 29. 3, 15. 2, 37. £ 4. C
127Xe 21. 2. 5.9 * 0.6 33. + 3, C
128Cs 29. * 5, 17. 3, 37. + 7. C
1293a 16. £ 2, 12. f 1. 30. + 3, C
l3lgCs 27. f 3. 9.1 N 0.9 35, + 4. C
134g§a gg. : g. 11. . 31, + 3. C
s . s . - - C
1ings 26.  * 3. 16. * 2. 35, + 4. C
1465u 23.4 : 3.8 11. . 26, * 3. C
u . * . - - C
i:ng 25. % 3, - - C
147Eu 42. f 4. 22. f 2. 92. + 9, C
148Gd 25. t 3, 17. : 2. 29, + 4. C
149EY 6.7 * 0.7 6.7 : 0.7 43, + 4. I
15,64  30. f 3. 16. : 2. 35, + 4, C
1519Gd 23. * 2. 10. : 1. 37. + 4. C
1529Tb 18. : 2. 16. : 2. 38. + 4, C
1e3Tb 35, : 4. 28. T 3. 52. * 5, C
12364 36. - 4, 10. Tl 59, % 6. C
JosTo 33, t 3. 24. 2. 41. + 4. C
1oaTb 42, : 4. 18. T2, 46. + 5, C
1569Dy 35. : 4. 31. 3, 52. + 5, C
1573b ig' . L : " ¢
leobY . t 4, 29. t 3, 47. + 5, C
Er 11. o, 10. o, 46. + 5, C

A tabulation of measured nuclidic yields and calculated inde-
pendent and mass yields. The Yield Type column indicates
whether yields are independent or cumulative yields.

Table C-4 (cont.)
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7.7 GeVv 20Ne + 165Ho
MASS YIELD TABLE (mb)

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
4ﬁgMg 2.4 % 0.2 2.3 * 0.2 3. * 1. c
1 sc 2.6 * 0.7 2.6 * 0.7 15. * 3, C
demsc 3.0 * 0.4 3.0 * 0.4 - I
43Sc 8.4 * 0.8 8.4 * 0.8 15. * 2. 1
185¢ 3.6 * 0.4 3.6 * 0.4 10. % 1. C
Josc 2.5 % 0.2 2.5 % 0.2 16. * 2. I
saov 2.9 % 0.3 2.8 * 0.3 11. * 1. C
IMn 1.5 + 0.2 1.4 * 0.1 8.8 * 0.9 C
ngCO 1.1 + 0.1 1.1 * 0.1 11. *+ 2. C
ch 6.3 * 0.6 - - 1
39pe 2.0 * 0.2 2.0 % 0.2 12.  * 1. C
ggce 6. + 1. 4. o+ 1. 10. + 2. C
732As 6.5 + 0.9 6.4 * 0.9 14. + 2. C
7‘ZSe 4.2 + 0.4 3.5 + 0.3 9.1 + 0.9 C
As 3.1 + 0.3 3.1 + 0.3 11, + 1. I
S;SSe 7.0 + 0.7 4.0 + 0.4 9.1 + 0.9 C
Mrb 5.3 * 0.6 - - I
83Rp  11. * 1. 5.1 * 0.5 14. + 1. C
869y 8. + 2. 5. + 1. 12.  * 3, C
879y 9. + 2. 6. + 1. 24. + 4. C
87my 14. + 2. 7.2 + 0.8 - C
8997, 11, o+ 1. 6.8 + 0.7 15. + 2. C
909y, 9.4 + 0.9 7.8 + 0.8 19. + 2. C
93my, 4.5 + 0.5 - - I
959\p 1.0 + 0.1 1.0 + 0.1 14. + 1. C
959 9.4 + 0.9 7.0 * 0.7 42. o+ 12. C
93$Tc 13. + 6. 13. + 6. - C
Ru 7.6 + 0.8 6.1 + 0.6 16. + 2. C
101mpy 7. o+ 1. - - C
18§9Rh 5.0 + 0.9 4.5 + 0.9 50. + 9. C
iOGgAg 17.  + 4. 10. * 2. 27. . + 7. C
Ag 3.0 + 0.3 - - I
110m, 2 8. + 3. - - C
11197, 14,  + 1. 7.8 + 0.8 21.  + 2. C
11676 16, + 3. 13,  + 2. a4. + 7. C
11;7Te 20. + 3. 14, + 2. 38, + 5. C
19mpe 2.9 + 0.4 - - I

Table C-5
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7.7 Gev 20Ne + 165Ho

YIELD TABLE (cont)

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
1f§§Te 18. + 2, - - I
I 29. * 5, 16. * 2. 38. * 6. C
1%?31 23. * 4. 8. * 1. 29. * 5, C
I9%e 21. * 2. 10. * 1. 28, * 3. C
1265, 14, * 6. 11. * 4. 38. * 16. C
1§79Xe 21. * 2. 5.8 * 0.6 39. + 4, C
lzgsa 31. * 4. 19. * 2. 46. * 6. C
13% Cs 30. * 3, 8.7 * 0.9 55. * 6. C
98a 40. * 4. 13. 1. 62. * 6. C
1132Ce 23, * 2, 17.  t 2. 46. * 5. C
359c¢ 36, * 5. 16. * 3, 49. t 6. C
1399c¢ 29, * 3, 2.8 * 0.3 110. * 30. C
iing 39. * 4, 15. * 2, 52. t 5, C
190 4l * 4, 32, * 3, 8l1. * 8. C
l4ng 28. * 20. - - C
13Teu 47, * s, 28. * 3, 62. * 6. C
Gd 27. * 3. 22. * 3, 74. 7. C
148mp 6. 1% 1. - - I
149:3 40, * 4. 28. * 3, 60. * 6. C
ig%gTb 60. * 18. 47. * 14, 115. * 35, C
9 47. * 13. 32, * 9, 69. * 19. C
152n 21, £ 4. 18, * 3, 92, t 18. C
1533 35, * g, 9.4 * 0.9 57. * 6. C
1550 33, £ 14, 13. * 5, 47. * 21. C
155p0 56, * 11. 37, 7. 80. * 15. C
liGgTb 11. * 1. - - C
5Tpy 68. 7. 31, * 3, 85. * 9. C
160, 6. * 1. 6. * 1. 43. t 9, I

A tabulation of measured nuclidic yields and calculated inde-
pendent and mass yields. The Yield Type column indicates
whether yields are independent or cumulative yields.

Table C-5 (cont.)
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12.5 Gev 12¢c + 16540
MASS YIELD TABLE
CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
giNa 19. =+ 2. 18. * 2. 44. £ 5. C
2iNa 30, * 3. 26. * 3. 47. * 5, C
25ng 5. + 1. 5, £ 1. 40. * 8. C
41K 6. * 1. 6. * 1. 24, * 6. C
46 Sc 5. t 1. - - I
4350 20, £ 2, 20, t 2, 30. * 3. 1
2845C 6.2 * 0.6 6.2 * 0.6 17. 2. C
2asc 2.0 + 0.2 2.0 * 0.2 18. * 2. I
5oV 3.5 + 0.3 3.5 * 0.3 16. *+ 2. C
559Cf 13t L. 13.  * 1. 28. + 3, C
2 un 1.7 + 0.2 1.7 * 0.2 15. * 2. C
Seln 19, x 2. 19. * 2. 29, 3, C
56Mn 9. * 3. 8. + 3. 21. + 8. C
580C0 1.9 + 0.2 1.9 * 0.2 18. + 2. C
59Co 16. + 2. - - C
SoFe 3.8 + 0.4 3.6 *+ 0.4 16. + 2. C
°2Ge 4.4 + 0.5 4.3 + 0.5 29. + 3, C
JyAs 3.9 + 0.4 3.8 + 0.4 38. + 4. C
JeBs 31, o+ 3. 31. 3. 52. + 5, I
7ose 20, 3. 18. * 3. 40. + 5. C
77gPS 9.0 *+ 0.9 9.0 * 0.9 36. + 4. I
79Br 15. + L. 14. + 1. 39, =+ 4, C
Sr 1.8 = 0.2 1.7 + 0.2 31. + 4. C
83Rb  26. =+ 3. 23. % 2. 37. + 4. C
85¢r 29, s+ 3. 25. & 2. 41. + 4. C
865, 0.6 + 0.3 0.3 * 0.3 31. + 18. C
gggy 8.7 + 0.9 8.4 + 0.8 26. + 3. C
Y 18. + 2. - - C
88, 8.8 + 0.9 8.5 + 0.9 35, + 4. C
88y 23. + 2. 23, + 2. 39, + 4. C
ggng 13. =+ 1. 12. =+ 1. 25. + 3. C
gong 6.8 + 0.7 6.6 + 0.7 37. =+ 4. C
93$y 11. =+ 1. - - I
5amMo 2.5 + 0.5 - - I
INnb 1.5 + 0.3 1.5 * 0.3 22. 4. C
ggch 11. + 4. 9. + 3. 21. + 8. C
93Tc 4.2 + 0.4 - - C
99 Ru 10. + 2. 8. + 1. 25. + 4. C
mRh 7. + 2. - - C
Table C=-6
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12

C +

165y,

YIELD TABLE (cont)

159

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
1288Rh 10. * 3. 9. * 3, 22. + 6. C
LoimPd 2.7 % 0.3 2.6 * 0.3 27. % 3. C
102 Rh 19. ¢ 2. - - C
longh 13. ¢ 5. - - C
lOSgAg 10, ¢ 1. 10. * 1. 30. * 3. C
longh 4.3 % 0.8 4.3 * 0.8 40. + 7. C
Ag 3.1% 0.4 - - I
llomAg g8. ¢ 3. - - I

111g N

1742In 27, % 3. 23. * 2. 43. =+ 4. C
119q1N 1.4 % 0.1 - - I
llggTe 13. * 2. 7. 1. 23. + 3. C
1200Te 4. * 1. 2.2 t 0.4 - C
lZIng 0.25 0.03 - - C
1510Te 22, % 2. 6.3 * 0.6 34, + 3. C
159Te 5.8 % 0.6 - - I
1o3.xe 11, % 2. 9., * 2. 22. + 5. C
123Te 0.8 % 0.4 - - I
12541 20, ¢ 3. 6.5 t 0.9 25. + 4. C
123Xe 20, % 4. 8., * 2. 25. * 5. C
15gke  14. % 2. 2.9 * 0.4 27. + 4. C
131452 20, ¢ 2. 16. * 2. 31. + 3. C
139Ba 29, * 3. 10. * 1. 37. * 4. C
135512 42, ¢ 7. 17. * 3. 34. + 6. C
JagCe 24, % 5. 13. * 3, 29. + 6. C
1agBu  27. % 3. 19. * 2. 42. + 4. C
146Eu 26. = 3. - - C
14764 15. % 2. - - C
147Bu  37. % 10, 18. * 5, 47. + 12. C
lagpSd 18. % 2. 15. * 2. 37. + 4, C
lagPm 15. * 2. - - I
l1agBu 15. % 2. 15. * 1. 53, + 5. C
Gd 30. * 3. 18. * 2. 39, + 4, C

A tabulation of
independent and mass yields. .
indicates whether yields are independent or cumulative

yields.

Table C-6 (cont.)

measured nuclidic yields and calculated
The Yield Type column
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12.5 gev 12c + 132gp
YIELD TABLE (cont)

161l

MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
9gOMo 0.9 * 0.5 0.9 * 0.5 9. + 5, C
INb 4.8 * 0.5 3.8 * 0.4 6.9 * 0. C
ggmMo 2.3 * 0.2 - - I
959Nb 0.5 * 0.1 0.5 * 0.1 7. o+ 2, C
95%Tc 6.5 * 0.7 4.8 * 0.5 22, = 2. C
oTc 6.0 * 3.0 6. t 3. - C
o oNb 1.4 * 0.4 0.9 * 0.3 19. + 7. C
Ru 6.6 * 0.7 5.3 * 0.5 13. + 1. C
) 990 0.13% 0.07 0.13 *+ 0.07 11. + 5. C
ggth 8.1 * 0.8 7.2 * 0.7 16. =+ 2. C
P& 2.8 * 0.3 2.6 * 0.3 18. + 2. C
llolpd 4. + 1. 4. * 1. 13. + 5. C
lglth 1.8 * 0.6 1.8 * 0.6 16. + 2. C
1meh 8.7 t 2.5 5.5 * 0.6 C
iOSgAg 9.4 * 0.9 7.0 % 0.7 16. = 2. C
1829Rh 2.3 £ 0.5 2.2 % 0.5 18. + 8. C
Tag 2.5 * 0.4 - - I
111grp 10 *= 1. 6.1 * 0.6 13. =+ 1. C
ii4m1n 18. * 6. - - I
99 e 6. * 3. 3, ot 1. 15. + 3. C
119my 3. 0t 1. 3, o+ 1, - I
12190 74, = 1. 4.1 * 0.4 27. & 3. C
121lmp, 1.4 * 0.2 1.4 * 0.2 - I
121, 16. * 3. 8. * 1. 18. + 3. C
12246 10. = 1. 8.0 * 0.8 20. + 2. C
1§3mTe 0.8 * 0.2 - - I
234 18. * 3. 6.0 * 0.9 22. + 3. C
124, 3.8 * 0.9 3.8 * 0.9 23. + 6. I
1259y  17. * 2. 7.6 * 0.8 21. + 2. C
1279y¢ 14, * 1. 3.3 % 0.3 25. + 2. C
127.¢  17. = 7. 9. t 4. 21. + 8. C
1285, 14. * 1, 1. * 1. 24. + 2. C
1319g, 17, = 2. 5.4 % 0.6 29. + 3. C
1324 0.4 * 0.1 0.4 * 0.1 34. =+ 11. I
1329r, 30, * 3. 8.7 * 0.9 25. % 2. C
1320 18. * 3. 14. * 2. 36. + 5. C
13395, 12, * 1. - - C

Table C-7 (cont.)
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12 152

YIELD TABLE (cont)

Sm

162

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPL
igggCe 18. * 2. 8.3 * 0.8 24, * 2, c
3¥ce 15, * 2. 2.0 * 0.2 47. * s, C
1aipm 18, * 2. 15. + 1. 60. * 6. C
Tfn 22, 2. 22. 2, 65. * 7. c
1% 1.3 * 0.1 1.3 * 0.1 55. * 12. C
14%E0 2.4 = 0.3 - - C
147N 9. * 1. 8. * 1. 61. * 10. c
LaggEY 5. T 2. 5. * 2, 46. * 17. c
19%9%m 10, 1. 10.  + 1. 63. * 6. I
18pm 11, o+ 1. 11. + 1. - I
12lem 5.0 = 0.5 4.7 * 0.5 70. * 7. C
LaiTh 1.8 * 0.9 1.7 * 0.9 59. * 30. C
5297y, 0.5 * 0.1 0.4 * 0.1 7. + 2, C

A tabulation of measured nuclidic yields and calculated
independent and mass yields. .
indicates whether yields are independent or cumulative

yields.

Table C-7 {(cont.)

The Yield Type column
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12.5 Gev 2c + 144gp
YIELD TABLE (cont)

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
SSY 1.8 * 0.5 1.6 * 0.4 5. + 1. C
goglf  15. 2. 11. * 1. 26. + 3. C
oodzr 13.1 : é' 7.9 * 0.8 17. =+ 2. C
y 1t 0.2 - - I
988Nb 10.  * 1. 7.7 * 0.8 19. =+ 2. C
93mﬁo g.g : 8.; 2.1 * 0.7 20. + 6. g
(@] . = . - -
ggch 21. 2. 15. = 2. 35. &+ 4. C
oenTc  10. % 3. 10. * 3. - C
S9rc 3.0 * 0.3 - - I
gooRU  13. 1. 9.2 * 0.9 20. &+ 2. C
ggth 0.7 f 0.3 0.7 f 2.3 23. + 5. C
Rh 1l. * 2. 9. * 2, - C
lggth 16. * 2. 12, *+ 1. 26. + 3. C
152%pg 7.2 * 0.7 6.5 t 0.7 32. s+ 3. C
IOIth 3.3 * 0.8 3.3 * 0.8 27. + 3. C
losqRR  15. * 2. 9.4 * 0.9 - C
10soRh 1.6 * 0.6 1.6 * 0.6 21. &+ 2. C
ag  17. * 2. 13.  + 1. 28. + 3. C
106m,g 1.9 * 0.2 - - I
iiégln 17. + 2. 11. *+ 1. 23. &+ 2. C
11o9re 21, * 2. 11. * 1. 31. 1+ 4. C
12157 1.8 * 0.2 1.8 * 0.2 - I
12197 23, o+ 2. 6.9 + 0.7 37. s+ 4. C
22 e 0.6 * 0.2 0.6 * 0.2 - I
I 28. * 6. 21. * 4, 52. + 11. C
1%§i¥e 13.4 : é.l 10. * 1. 51. + 5. g
e . - . - -
123, 31. * 3. 16. * 2. 37. &+ 4, C
ig?gXe 27. t 3. 18. * 2. 38. + 4. C
Xxe 29. t 3, 11.  * 1. 38, + 4. C
i%;cS 25. % 6. 17. + 4. 38, + 10. C
12852 19. * 2. 16. * 2, 52. + 5. C
139Cs 34, = 3. 15. 2. 42. + 4. C
Ba 30. * 3. 16. * 2. 38, + 4. C
13297,  40. * 4. 22. 2. 49. =+ 5. C
13352 18. * 2. - - C

Table C-8 (cont.)
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12.5 gev 12c + 144gp
YIELD TABLE (cont)

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
lii%Ce 37. + 4. 25. + 3. 53. + 5, C
1dice, 2.2 0.2 1.9+ 0.2 5.0+ 0.5 C
ldce, 4. = 1. a. + 1. 57. + 20. C
pm° 1.4t 0.3 1.4+ 0.3 18. + 3. I

A tabulation of measured nuclidic yields and calculated
independent and mass yields. The Yield Type column
indicates whether yields are independent or cumulative
yields. Significant secondary contributions are expected
for very near target nuclides (flagged with "*").

Table C~8 (cont.)



20.8 Gev 29Ne + 16340

MASS YIELD TABLE (mb)

166

CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
422Mg 6.1 * 0.6 5.9 + 0.6 33, * 3, C
adsc 2.0 * 0.4 2.0 * 0.4 18. * 3. C
Jesc 4.2 * 0.7 4.2 + 0.7 - I
josc 11, = 1 11. + 1. 19. % 2. I
14a5¢ 7.3+ 0.7 7.2 + 0.7 19. =+ 2. C
185¢ 2.8 * 0.3 2.8 + 0.3 18. =+ 2. I
S5V 4.4 + 0.4 4.3 * 0.4 18. *+ 2. C
s35Cf  13. & L. 12, + 1. 27. o+ 3. c
23mn 2.2 % 0.2 2.1 * 0.2 13, *+ 1. C
°1Ge 9. + 1. 6. + 1. 16. *+ 2. C
Jas 6.1 * 0.6 4.6 * 0.5 13, + 1. C
J2as 6. + 1. 6. + 1. 13.  + 3. C
77gPS 4.1 * 0.4 4.1 * 0.4 13. =+ 1. I
719%8r 7.2t 0.7 4.5 * 0.5 1. *+ 1. C
873Y 10. + 3, 8. + 2. 18. * 5, C
87mY 17. 2. 10. + 1. 20. 2. C
Iy 18. * 2. 10.  + 1. - C
Y 5.9 * 0.6 5.6 + 0.6 17. + 2. C
1003T° 5.5 * 0.6 4.5 * 0.4 15. = 1, C
Rh 9.0 * 0.9 8.8 + 0.9 24, * 2, C
101my) 1 . 9 * i c
110m> - L
111 In 9, r 2. - - C
9in  18. + 2, 11. + 1. 28. + 3. C
l%i7Te 17. % 3. 13.  + 3. 37. o+ 7. C
1 ?Te 21. + 2, 7.7 + 0.8 30. + 3. C
2lye 8.2 * 0.8 7.3 + 0.7 34. + 4. C
i%%Xe 16. * 2. 16. * 2. 37. o+ 4. C
1531 29. 3, 13. + 1. 38, + 4. C
LaoXe 1o, = 2. 14. =+ 1. 33, o+ 3. C
135cke  26. 6. 13. + 3. 32, . 0+ 7. C
279%e  24.  * 2. 7.9 + 0.8 40.  + 4. C
Cs 28. % 3. 16. + 2. 39, + 4. C
1285, 25, * 3, 18. + 2. 48. + 6. C
1§§9CS 34. * 3, 13.  + 1. 50. + 5. C
9ga  30. t 2, 14. + 1. 40. + 4. C
1310 26. t 3. 18. + 2. 46. + 6. C
1359ce 30,  * 3, 19. + 2. 44. + 5. C

Table C-9
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Ne + l65HO

8 GeV

YIELD TABLE (cont)

167

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
ij?au 27. + 3. 25. + 3, 106, * 11. C
Gd 26. * 5. 24. * 5, 94. + 18. C
igicd 32, t 3, 27. = 3. 67. + 7. C
15ogTb  23. 8. 21. + 7. 72. + 24, C
229mb 59, = 13. 49. * 11. 113. + 25. C
155Tb 41, * 7. 19. * 3. 49, + 8. C
15eDy 49, * 5. 40. + 4. 89. + 9. C
157Tb 16. * 2. - - C
Dy 70. % 6. 40. + 4. 84. + 8. C

A tabulation of measured nuclidic yields and calculated
independent and mass yields.
indicates whether yields are independent or cumulative

yields.

The Yield Type column

Table C-9 (cont.)
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20.8 Gev 20ne + Matce
MASS YIELD TABLE (mb)
CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
4§gMg 4.1 * 0.4 4.1 * 0.4 34, + 3. C
133sc 1.4 * 0.5 1.4 * 0.5 14. + 2. C
1psc 3.5 * 0.4 3.5 * 0.4 - I
155¢ 1.4 * 0.1 1.4 * 0.1 13. + 1. I
5oV 3.7 + 0.4 3.6 * 0.4 11. =+ 1. C
SgMn 2.2 % 0.2 2.2 * 0.2 11. =+ 1. C
2gFe 1.6 * 0.2 1.5 * 0.2 11. *+ 1. C
ooGe 7.  * 4. 6. * 4. 9. + 5, C
,22as 11, * L. 11. * 1. 14. + 1. C
725e 4.8 * 0.5 4.8 * 0.5 11. *+ 1. C
Se 10. * 8. 7. * 6. 12. + 9, C
;28r 4.6 * 0.5 4.6 * 0.5 13. + 1. C
As 1.1 * 0.8 1.1 * 0.8 28. + 21. I
823Rb 17.  + 2. 6.4 * 0.6 22. + 2. C
879Y 13. + 1. 7.2 * 0.7 i6. =+ 2. C
873Y 23. + 2. 13. + 1. 30. + 4. C
I8y 20. * 2. 11. * 1. - C
a0 Y 5.8 + 0.9 5.3 * 0.8 20. + 3. C
909Zr 17. = 2. 9. t 1. 22, + 2. C
93ng 12. + 1. 9.2 * 0.9 21. + 2. C
93ch 6. + 1. 5., + 1. 24, + 7. C
94 Mo 5.2 * 0.5 - - I
9rc 7.2 + 0.7 - - C
933Tc 6.2 + 0.7 - - I
Ru 13. * 1. 10.  * 1. 24. & 2. C
101mpy 39, + 2. - - C
1034 6.9 + 0.7 6.5 * 0.7 34, + 3. C
10425 13, =+ 1. 11. + 1. 30. + 5. C
10595 20, = 2. 16. * 2. 31. + 3. C
106m, o 6.2 + 0.6 - - I
108my 7. + 4, - - C
110my 30, 2. - - C
iiégln 25. % 3. 15. + 2. 30. + 3. C
Mre 10, % 1. - - 1
1204 24. + 4. 23, * 4. a4. = 7. C
12194, 34, = 3, 11. * 1. 44. + 4. C
121, 40. + 5. 37. £ 5, 59. :+ 6. C

Table C-10



169

20.8 Gev 2One + Matce

YIELD TABLE (cont)

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
i§§Xe 22. 2. 18. t 2. 41. 4. C
1231 59, * 6. 22, * 2, 65. * 7. C
1oaXe 38 a4, 27. 3. 40. * 4. C
125gI 5.7 f 0.6 5.7 N 0.6 41. f 4. I
jpoXe 54, * 5. 27. % 3. 43. 4. c
127558 35, = 7, 27. % 6. 93. % 21. C
$)3xe 53, * 5, 15. 2. 70, * 11. C
159C8  27. * 10. 16. * 6. 49. % 18. C
131458 33, * 3, 11. = 1. 44, * 4. C
J33Ba 60, * 6. 27. % 3, 66. * 7. C
132982 32 + g, 23. * 6. 63. * 17. C
1350La 43, * 5. 24, t 3, 60. * 9. C
13glax 26 % 6. 26 6. - I
133558+ 15. * 2. 13. * 1. 87. % 10. C
1350Ce, 9. * 5. 8. * 4. 18. * 10. c
9ce 44. ¢ 4. 28, % 3, 6l. * 6. C

A tabulation of measured nuclidic yields and calculated
independent and mass yields. The Yield Type column
indicates whether yields are independent or cumulative
yields. Significant secondary contributions may be present
for very near target nuclides (flagged with nkwy,

Table C-10 (cont.)
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33.8 gev 20ar + 16540
MASS YIELD TABLE (mb)

CALCULATED

MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
ggNa 36. + 4. 31,  * 3, 57. * 6. C
25ug 7.2t 0.7 7.1 + 0.7 a5. 4. C
232K 8. t 2. 8. + 2. 17. 4. C
44gSc 3.0 * 0.7 3.0 * 0.7 20, * 3. C
sc 4.5 * 0.5 4.5 + 0.5 - I
469c. 10, + 1. 10,  * 1. 19. 2. I
2ZSC 5. o+ 2. 5. + 2. 15. * 5, C
Josc 2.6 * 0.3 2.6 + 0.3 19. * 2. I
Sy 3.8 + 0.4 3.8 + 0.4 14. * 1. C
g4Cr 11,  + 1. 10.  + 1. 19. * 2. C
ooMn 11, 1. 11. + 1. 18. 2. I
>oFe 2.4 % 0.2 2.3 % 0.2 15. * 1. C
®Szn  11. o 1. 8.6 * 0.9 15. * 1. C
®3Ge 6. + 1. 6. + 1. 11. 2. C
7As 5.4 * 0.5 4.9 + 0.5 11.  + 1. C
T2as 7.1 0.7 7.1 * 0.7 12, * 1. C
Se 1.2+ 0.2 1.1 + 0.1 8. * 1. C
;gAs 3.5 + 0.4 3.5 + 0.4 10. + 1. I
7ose 9. * 2. 7. 1. 11. * 2. C
As 1.1 * 0.3 1.1 + 0.3 28. + 9, I
7798y  16. + 3. 12, & 2. 20. + 4. C
83pb  11. ¢ 2. 3.2 + 0.6 13. + 3. C
86, 4. o+ 2. 4. = 2. 16. + 9, C
869y 14. + 1. 11. =+ 1. 19. + 2. C
879y 15. + 2. 8.4 + 0.8 28. + 4. C
87my 17.  + 2. 8.6 + 0.9 - C
gng 15. + 2. 12.  * 1. 20, * 2. C
Y 4. o+ 2. 4. + 2. 14. + 6. C
SSQZr 11.  + 1. 7.1 *+ 0.7 13. 1. C
10.  + 1. - - I

ggch 5.5 + 0.9 5.2 + 0.8 27. * + 5, C
94 Mo 5.3 + 0.5 - - I
gngc 7.0 + 0.7 - - C
9INb 1.1 + 0.2 1.1 + 0.2 22. * 4. C
959pc 14, o+ 3. 11. + 3. 24. * 6. C
969 4.4 + 0.5 - - C
97Ru 8.8 + 0.9 7.8 + 0.8 21. + 2. C

Table C-11
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CALCULATED
MEASURED INDEPENDENT MASS YIELD
NUCLIDE YIELD YIELD YIELD TYPE
10095, 8.2 £+ 0.8 7.8 + 0.8 16. * 2. c

10054 3.2 + 0.3 3.0 * 0.3 21. % 2. C
10lmpy 11, ¢ 1. - - C
1059,4 12, * 2. 10. * 2. 21. * 3, C
106m + _ _ 1

Ag 3.8 * 0.4
110mpp 7.4 * 0.7 - - C
11197, 14, * 1. 10. + 1. 20. t 2. C
11995, 19, * 2, 12. + 1. 30. * 4. C
119mne 3.7 £ 0.7 3.7 £ 0.7 - I
121g + _ _ I
Te 19. - 2.

121, 37. t 5, 25. t 4. ag. t 7. c

12200 11. * a4, 10. * 3. 32. % 11. C
1259y¢ 21, t 2. 13,  * 1. 25. t 3, C

126 2.9 £ 0.3 2.9 + 0.3 52. * 5, I
1279y¢ 21, * 2. 6.8 + 0.7 28. t 3. C

1275 334. * 6. 25.  + 4, 47. t 8. c

12850 21. = 2. 19. + 2. 56. * 6. C

129.c 35, =+ 4, 16. * 2. 43. * 5, C
1319, 22. t s, 13.  * 3. 27. % 6. C
13297 39, + 12. 28. + 9, 60. t 19. C

133g2  24. t 7. - - C
13590, 28, = 3, 23. £ 3. 47. * 6. C
13990 31, * 4. 9. + 1. 42. t 6. C
139mey 10, * 2. - - I

143, 62. + 8. 29. + 4. 79. * 11. C

1450, 35, + 4. 29. + 3. 83. + 8. C

146 . 1 - N c

14733 151 + 14. 31. + 9. 67. * 19, C

1479 15, = 3, 13. 3. 25, t 5, c

148 « 1 10. =+ 1. 25. t 3. I

Eu 10. .

1493  49. : 10. 35, & 7. 727. %+ 16.- C
151gpy, 22, & 10. 17. =+ 8. 42. * 20. C
15290, 52, + 5. 36. + 4. 76. * 8. C

15309 37. : 6. 9. &+ 2. 58. t 9. C

1530, 69, + 7. 56. + 7. 70. 7. C

Table C-11 (cont.)
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MEASURED INDEPENDENT MASS YIELD

NUCLIDE YIELD YIELD YIELD TYPE
léggTb 54. + 5. 17. + 2. 73. o+ 7. C
169, 31, o+ 3. - - C
16OHo 44, + 7. - - I
™ 14. + 2. - - c

A tabulation of measured nuclidic yields and calculated

independent and mass yields.

The Yield Type column

indicates whether yields are independent or cumulative

yields.

Table C-11 (cont.)
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2.9 gev 12c + 16540

MASSY Z__ FUNCTION PARAMETERS

P
MASS REGION 2, FUNCTION WIDTH
24 - 28 0.46 A + 0.05 0.5
46 - 59 0.45 A + 0.59 0.6
65 - 77 0.45 A + 0.52 1.0
82 - 90 0.445A + 0.72 0.6
95 - 111 0.44 A + 0.63 0.5
121 - 135 0.37 A& + 8.27 0.6
143 - 151 0.382A + 18.69 - 5.E-4A° 0.7
153 - 160 0.36 A + 15.86 - 2.5E-4A% 0.6

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiVe mass regions used for calculation of
independent and mass yields.

Table C-12
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7.7 Gev 2ne + 165

MASSY Z_ FUNCTION PARAMETERS

Ho

P
MASS REGION Z, FUNCTION WIDTH
Lp o LA
28 - 59 0.453 A + 0.37 0.6
69 - 75 0.439 A + 1.29 0.8
82 - 97 0.418 A + 2.93 0.8
105 - 113 0.394 A + 5.41 1.0
116 - 127 0.382 A + 6.86 0.9
128 - 139 0.39 A + 5.64 0.9
143 - 160 0.34 A + 13.37 0.8

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table C-13
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12.5 cev 1%c + 10%m0o
MASSY Zp FUNCTION PARAMETERS
MASS REGION 2__ FUNCTION WIDTH
22 - 28 0.46 A + 0.24 0.6
43 - 54 0.45 A + 0.51 0.5
56 - 59 0.45 A + 0.45 0.7
67 - 77 0.43 A + 1.21 0.6
82 - 90 0.425 A + 1.71 0.6
95 - 102 0.415 A + 3.11 0.7
105 - 111 0.41 A + 3.19 0.6
119 - 127 0.385 A + 6.58 0.8
128 - 138 0.37 A + 8.42 0.7
145 - 149 0.365 A + 9.85 0.8

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table C-14
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12 152

12.5 Gev ~“C + sm
MASSY 2 FUNCTION PARAMETERS
MASS REGION 2 FUNCTION WIDTH
22 - 28 0.45 A + 0.56 0.6
42 - 59 0.44 A + 0.98 0.6
65 - 79 0.415 A + 2.88 0.6
83 - 90 0.408 A + 4.03 0.6
95 - 111 0.401 A + 4.61 0.8
118 - 128 0.371 A + 8.24 0.8
131 - 139 0.35 A + 11.37 0.9
143 - 152 0.349 A + 10.04 0.9

A tabulation of the 2 function and Gaussian width paramn-
eters of the respectiEe mass regions used for calculation of
independent and mass yields.

Table C-15
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12.5 Gev 12C + l44Sm

MASSY Zp FUNCTION PARAMETERS

MASS REGION 2, FUNCTION WIDTH
28 - 59 0.44 A + 1.21 0.6
65 - 79 0.412 A + 2.84 0.7
82 - 90 0.408 A + 3.69 0.8
95 - 111 0.378 A + 7.11 0.8

118 - 135 0.388 A + 5.77 0.8

141 - 144 0.388 A + 5.88 0.7

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiEe mass regions used for calculation of
independent and mass yields.

Table C-16
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20.8 Gev 20ne + 16540

MASSY Z_ FUNCTION PARAMETERS

P
MASS REGION 2. FUNCTION WIDTH
.—p—— —_—
69 - 77 0.437 A + 1.39 0.9
100 - 111 0.398 A + 4.87 0.9
117 - 125 0.382 A + 6.71 0.8
127 - 136 0.365 A + 8.86 0.9
145 - 157 0.355 A + 10.57 0.7

A tabulation of the z_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table C-17
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20.8 Gev 2One + M@tce

MASSY Zp FUNCTION PARAMETERS

n

MASS REGION 2., FUNCTION WIDTH
28 - 59 0.45 A + 0.60 0.6
67 - 76 0.44 A + 1.30 0.5
83 - 97 0.41 A + 3.80 0.8

101 - 111 0.415 A + 3.18 0.7

119 - 124 0.38 A + 7.05 (Iodine) 0.5

121 - 131 0.365 A + 8.85 0.8

131 - 135 0.355 A + 10.14 0.8

A tabulation of the Z_ function and Gaussian width param-
eters of the respectige mass regions used for calculation of
independent and mass yields.

Table C-18
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33.8 Gev 20ar + 18%po
MASSY ZP FUNCTION PARAMETERS
MASS REGION 2__ FUNCTION WIDTH
28 - 59 0.45 A + 0.55 0.6
65 - 77 0.42 A + 2.64 0.6
83 - 89 0.39 A + 5.54 0.6
93 - 97 0.37 A + 7.49 0.7
100 - 111 0.37 A+ 7.79 0.7
119 - 139 0.34 A + 11.77 0.7
143 - 156 0.365 A + 9.42 0.8

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table C-19
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2.9 gev 12c + 16940
MEASURED KINEMATICAL QUANTITIES

2W(F§B)

NUCLIDE F/B (mg/cm® HO) k N
23Na 4.2 + 0.5 17. = 2. 0.369 1.88
718¢ 4.6 * 0.5 13. + 2. 0.769  1.29

77gS 6.5 = 0.7 5.2 £ 0.6 0.911 1.12
87g% 6.3 * 0.6 4.4 + 0.5 0.791 1.21
g7y 3.7 £ 0.4 2.4 * 0.2 0.610 1.38
89gY 14, + 4. 3.4 + 1.0 0.637 1.35
9321 8.3 * 0.8 4.4 * 0.5 0.725 1.24
101mRY 13. + 5.0 5. + 2. 0.698 1.23
111qRP 18. + 1. 3.6 + 0.4 0.626 1.31
lzgxn 13. =+ 2. 3.6 + 0.5 0.521 1.40
1291 24, + 7. 1.5 * 0.4 0.282 1.89
Cs 10. + 3. 2.3 + 0.5 0.308 1.76

A tabulation of the measured kinematical quantities, the
forward- to-backward ratio (F/B) and the "pseudo-range"

(2 [F+B]), for nuclides identified in the target and both
catcher foils. Also tabulated for each nuclide are the
range-energy formula fit parameters, k and N (see text).

Table C-20
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12.5 Gev 12¢ + 1850

MEASURED KINEMATICAL QUANTITIES

2W (F4B)

NUCLIDE F/B (mg/cm® HO) k N
ggNa 2.7 + 0.4 10. * 2. 0.588 1.61
2%ug 2.5 * 0.3 11. 1. 0.576 1.57

2iaK 2.0 0.2 5.4% 0.5 0.791  1.28
Wsc 1.4 * 0.6 4.2% 0.5 0.783  1.28
1osc 1.4 % 0.5 4. * 1. 0.824 1.24
2asc 1.8 * 0.2 6.1 0.6 0.982 1.1l
2osc 1.5 % 0.2 4.8% 0.5 0.817 1.23
28v 1.2 % 0.1 6.2 0.6 0.997 1.10
74As 2.3 £ 0.6 5. % 1. 0.817 1.18
77ghS 2. t1. 5. t 2, 0.825 1.16
79Br 1.9 % 0.2 3.2% 0.4 0.649  1.32
Rb 1.4 0.4 1.7% 0.4 0.538 1.70
8Zgy 3.3 % 0.3 3.2% 0.3 0.646  1.31
o8y 1.6 0.2 1.5% 0.2 0.309 1.69
goozr 1.9 * 0.6 1.1+ 0.4 0.431 1.72
9092r 4.0 * 0.9 2.5%* 0.5 0.560 1.37
9Nb 3.4 0.6 2.9% 0.5 0.555 1.38
969m¢ 2.8 t 0.6 3.0% 0.7 0.590 1.33
97ru 4. *1. 2.6 % 0.6 0.568 1.34
iggth 2. *1. 2. + 1. 0.539  1.39
1112Rh 4.2 f 0.6 2.4* 0.4 3.514 i.gl
In 8. * 4, 2. % 1. .373 .61
12845, 2.8 % 0.8 1.5+ 0.4 0.260 1.88
1319g, 2.3 % 0.2 0.9+ 0.1 0.219 1.97

A tabulation of the measured kinematical quantities, the
forward-to-backward ratio (F/B) and the "pseudo-range”
(2w[F+B]), for nuclides identified in the target and both
catcher foils. Also tabulated for each nuclide are the
range-energy formula fit parameters, k and N (see text).

Table C-21
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33.8 GeV 4OAr + 165Ho
MEASURED KINEMATICAL QUANTITIES

2w(F§B)

NUCLIDE F/B (mg/cm® HO) k N
ggNa 2.4 0.2 9.2 * 0.9 0.656 1.54
225mg 2.1 0.4 8. * 2. 0.707  1.45
R 1.7 0.2 6.7 £ 0.7 0.799  1.24
B¢ 1.8 *0.3 7. % 1. 0.760 1.26
28sc 0.7 %0.4 9. * 4, 0.840 1.19
g7gPS 2.0 %0.2 3.1t 0.4 0.844 1.16
879y 3.6 *0.4 2.5 * 0.3 0.588  1.36
o 2.9 *0.4 2.2 + 0.4 0.569 1.39
L0ggRY 6. t2. 3. % 1. 0.628 1.27
1oo9rn 3.1 *0.9 2.6 + 0.7 0.570 1.35
I11qRD 3.5 0.4 2.7 + 0.3 0.577 1.34
In 2.8 0.6 1.9 + 0.3 0.416 1.51

A tabulation of the measured kinematical quantities, the
forward-to-backward ratio (F/B) and the "pseudo-range"
(2W[F+B]), for nuclides identified in the target and both
catcher foils. Also tabulated for each nuclide are the
range-energy formula fit parameters, k and N (see text).

Table C=-22
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2.9 gev 12¢ + 18940
DEDUCED KINEMATICAL QUANTITIES

NUCLIDE 8 P V> <T>
par (MBEVc) (v/Mev/al)  (MeV)
731As 0.0094 620. 0.64 17.
8793r 0.0077 549. 0.54 13.
873Y 0.0035 287. 0.36 6.4
89gY * 0.0072 585. 0.37 6.7
95 2E 0.0081 670. 0.50 13.
lolmRY * 0.0092 833. 0.48 13.
111th 0.0077 721. 0.35 7.2
12510 0.0073 759, 0.38 9.3
199l * 0.0045 520. 0.21 3.1
Cs 0.0048 578. 0.30 6.5

A tabulation of kinematical quantities deduced following the
two-step interaction formalism as implemented by Winsberg
[111]. These quantites are only tabulated for nuclides for
which the quantities are thought to be valid. Uncertainties
are estimated to be <25%, nuclides for which the uncertainty
is between 25% and 50% are flagged with a "*" (see text).

Table C-23
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12.5 GeVv 12C + 165Ho
DEDUCED KINEMATICAL QUANTITIES

NUCLIDE B P <V> <T>
pax (MBRYc) (vIMev/al)  (MeV)
;iAs * 0.0073 482. 1.1 23.
e 0.0077 530. 1.2 30.
BgBr 0.0038 270. 0.78 13.
g7oRD * 0.0011 86. 0.45 4.7
83y 0.0066 532. 0.70 12.
e 0.0015 119. 0.40 4.0
892 * 0.0015 126. 0.33 2.7
gogzr 0.0059 491. 0.56 7.8
96ng 0.0059 496. 0.63 10.
gch * 0.0053 478. 0.66 12.
100gRY * 0.0062 559, 0.56 8.7
lolnRR * 0.0031 290. 0.56 8.9
111th 0.0068 636. 0.65 12.
15810 * 0.0057 584. 0.38 4.6
131qB2 * 0.0028 333. 0.38 5.1
9Ba 0.0016 199. 0.29 3.1

A tabulation of kinematical quantities deduced following the
two-step interaction formalism as implemented by Winsberg
[111]. These quantites are only tabulated for nuclides for
which the quantities are thought to be valid. Uncertainties
are estimated to be <25%, nuclides for which the uncertainty
is between 25% and 50% are flagged with a "*" (see text).

Table C-24



33.8 gev 40ar + 16544
DEDUCED KINEMATICAL QUANTITIES

194

which the quantities are thought to be valid.
are estimated to be <25%, nuclides for which the uncertainty
is between 25% and 50% are flagged with a "*" (see text).

NUCLIDE 8 P V> <T>
par MBSV c) (VIMeV/Al)  (MeV)
47

285S 0.0081 352, 1.7 79.
778¢ 0.0005 23, 1.7 82.
87ghS 0.0042 275, 0.77 24,
g70Y 0.0055 448, 0.56 16.
9$Y 0.0042 340. 0.52 13.
100gRY * 0.0081 730. 0.58 18.
101oRh * 0.0050 461. 0.58 19.
111gRb 0.0055 518. 0.58 19.
In 0.0050 511. 0.43 12.

A tabulation of kinematical quantities deduced following the
two-step interaction formalism as implemented by Winsberg

These quantites are only tabulated for nuclides for

Table C-25

Uncertainties
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D. CHARGE DISPERSIONS

The charge dispersions generated by the fitting procedure
described in chapter II, section C-2 are shown in figures D-1 to D-5
for the reaction systems indicated. The abscissa is 1labeled with
Z-Z(mp) which is the distance a given nuclide lies away from the most
probable Z-value for the respective mass bin. The Zmp for a nuclide
is calculated using the Zp function for the given mass region. The
Zp function parameters and Gaussian width parameters resulting from

the fitting procedure (chapter II, section C-2) are presented in

tables D-1 through D-5.
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208 MeV Z-Z(mp) plot, A=153-160
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system 208 Mev 12¢ + 18%Ho.
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MASS REGION

46
65
83
95
103
121
146
153

160

59
77
89
99
111
144
149
160

168

218

208 Mev 12c + 18Ho
MASSY Zp FUNCTION PARAMETERS
Z__ FUNCTION WIDTH
0.45 A - O. 0.5
0.445A - 0.319 0.6
0.425A + 1.373 0.6
0.39 A + 4.43 0.7
0.345A + 9.275 0.8
0.318A + 13.14 0.6
0.24 A + 28.03 0.6
0.295A + 23.88 - 0.0002A° 0.4
0.292A + 21.36 0.4

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table D-1



219

272 mev 12c + 16940
MASSY ZP FUNCTION PARAMETERS

MASS REGION 2 FUNCTION WIDTH

43 - 52 0.45 A + 0.18 0.7

54 - 69 0.45 A - 0.02 0.5

71 - 77 0.422A + 1.61 0.7
83 - 89 0.395A + 4.42 0.6
95 - 99 0.38 A + 5.99 0.8
101 - 111 0.355A + 8.83 0.8
121 - 139 0.385A + 6.13 0.8
145 - 151 0.23 A + 28.74 0.7
151 - 155 0.26 A + 24.4 - 0.6
160 - 169 0.33 A + 14.86 0.3

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiEe mass regions used for calculation of
independent and mass yields.

Table D-2
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442 Mev 12¢ + 1690

MASSY Z_ FUNCTION PARAMETERS

P
MASS REGION Z_ FUNCTION WIDTH
_p——— —
48 - 59 0.445A + 0.44 0.7
71 - 77 0.425A + 1.89 0.7
83 - 89 0.422A + 2.258 0.5
101 - 131 0.375A + 7.175 0.6
143 - 151 0.23 A + 29.82 0.6

A tabulation of the 2_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table D-3
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1020 Mev 12c + 10°no
MASSY 2 FUNCTION PARAMETERS

MASS REGION 2__ FUNCTION WIDTH

46 - 59 0.44 A + 0.95 0.6

74 - 77 0.425a + 2.275 0.6

82 - 89 0.425A + 2.43 0.5
105 - 121 0.38 A + 6.34 0.6
127 - 131 0.375A + 7.715 0.7
143 - 151 0.30 A + 19.15 0.5
153 - 160 0.25 A + 26.34 0.6
160 - 166 0.20 A + 35.70 0.4

A tabulation of the Z_ function and Gaussian width param-
eters of the respectiEe mass regions used for calculation of
independent and mass yields.

Table D-4



MASS REGION

22
46
65
83
95
118
128
145

151

28
59
75
89
111
127
139
149

167

222

1635 MevVv 12C + 165p0
MASSY Zp FUNCTION PARAMETERS
2, FUNCTION WIDTH
0.45 A + 0.32 0.5
0.45 A + 0.445 0.6
0.43 A + 1.75 0.6
0.425A + 2.43 0.6
0.39 A + 5.419 0.6
0.319A + 14.07 0.7
0.3192 + 14.63 0.6
0.20 A + 34.44 0.6
0.21 A + 32.78 0.6

A tabulation of the Zz_ function and Gaussian width param-
eters of the respectiee mass regions used for calculation of
independent and mass yields.

Table D.5



