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STUDY OF THE ROLE OF COMPLETE FUSION IN
HE REACTION OF “Bca AND 56Fe WITH CERIUM
AND TERBIUM
David Joseph Morrissey
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
ABSTRACT

48Ca and 56Fe beams from the Super HILAC accelerator were used to
irradiate thi:zk metal foils of cerium and terbium. Product gamma ray
activities were detected offliné and individual products were identified
by half-1ife, gamma ray energy and gamma ray abundances. The produc-
tion cross sections were iteratively fit to charge and mass dispersions
to allow correction for parent decay and calculation of mass yields.
From the mass yield curves contributions from quasielastic tramsfer,
deep inelastic transfer and complete fusion reaction mechanisms were
inferéed. Complete fusion was made up of contributions from both
evaporation residue and fusion-fission products for the aaCa induced
reactions. However, only fusion-fission products were detected in the
36pe induced reactions.

Critical angular momenta for fusion were found to be 82 + 8 h

6Fe + 1"OCe, which can be compared

for “8ca + 15%1b and 34 4 5 b for 7
with 53 + 8 h for 12¢ + 197Ay (Natowitz, 1970) and 86 + 5 h for

aoAr + 165“0 (Hanappe, 1973). All of these reactions lead to essentially
the same compound nucleus and seem to show the dramatic decline in

40Ar. The prediction of

complete fusion for heavy ions larger than
this decline was found to be beyond the model calculations of Bass

and the critical distance approach of Glas and Mosel.
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I. INTRODUCTION

A. Background

In recent years the field of nuclear science has been dominated
by research with heavy ion projectiles. The term heavy fon has rather

4He or alpha

loosely been associated with projectiles larger than
particles, but its meaning and usage has generally followed the evo-
lution of the capability of the accelerators that produced these ion
beams. As the contemporary accelerators have the capability of
accelerating any ion, from iH to zggu, qualiffed loosely defined
descriptions such as light-heavy :lonl and very-heavy 1onz’3 have
appeared in the literature. A primary moving force behind heavy ion
nuclear science in the past has been the systematic extension of the
naturally occurring period table to new elements through heavy ion
reactions on heavy element targets. Notable success in this effort
was seen in the synthesis of elements through 2Z = 106 by coumplete
fusion reactions of light heavy ions, 2 £ 10, with targets such as
2l'gcf." In these reactions only two mechanisms were thought to be
aperating, compound nucleus formation or complete fusion, followed by

5

deexcitation of the statistically equilibrated compound nucleus,” and

direct reactions. This deexcitation of the compound nuclel came to
favor the binary fission mode more and more as the Z of the compound
nucleus was pushed further and further beyond the limits of the known
nuclei. Thus, the situation appeared that for projectiles up to 40Ar
the limit on production of new elements was assumed to be on binary

fisgion deexcitation of the compound nucle1.6
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However, a break seemed to occur with the next heaviest projectile
studied, 8"Kr. In the earliest studies of the interactions of 84K:
projectiles with heavy element targets, such as 209317'8 and 238u,9
only a very small percentage of the observed reaction products could
be associated with the complete fusion~fission reaction mechanism. In
fact a new reaction mechanism was found to be operating in these very-
heavy ion induced nuclear reactions, which was termed a deep inelastic
transfer process because the products were typically very inelastically
scattered with relatively small mass exchange. (This process has been
recently reviewed by Schroder and Huizenga.lo) And as even heavier-
heavy ions, such as 136xe, were accelerated and reacted with heavy
element :argets“’12 no reaction products could be attributed to the
complete fusion-fission of the target and projectile.

Thus, there appeared to be a large change in the rcle of complete
fusion between heavy ion projectiles and high mass targets as one went
from ?gAr to ggxr induced reactions. Perhaps this is not unexpected

b e such a change implies a factor of two change in the charge and

mass of the projectile. And with a heavy element target such as 238“
the compound nucleus moves from just slightly beyond known nuclei,

Z = 110, to a reglon beyond most theoretical predictions, 2 = 128.13
As a result of this difference, coupled with the discovery of a new
reaction mechanism, most studies of heavy ion reactions turned toward
14,15,10

understanding the deep inelastic reactiom. Becavse of this

shift of emphasis relatively few studies of the rate of change of the

role of complete fusion with heavy ion projvctiles have been made.

Two exceptions are the study of 56Fe with 238U16 and the study of the
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reaction of 63Cu with various targets.17 The reaction of 56Fe with
238u was very similar to previous radioanalytic studies of heavy ion

induced reactions on uranium targets of the Berkeley group.g'“’18

Comparison of the Berkeley studies with that of Reus et 31.16 showed

that the decline of the complete fusion cross section with projectile's
Z was rather steep. The contribution of complete fusion to the total
reaction cross section dropped from ~55% (40Ar), to ~142 (56Fe), to
~4% (84Kr). This qualitative comparison i1s reasonable because these
three studies were carried out in a similar fashion and at similar
values of the parameter E/B, the average bombarding energy (E) divided
by the coulomb potential at the interaction radius (B = Vcoul(RINT))’
This parameter has been suggested as the basis for an empirical scaling
law for the characteristic features of heavy ion induced deep inelastic

19

reactions by Mathews et al. Again, this comparison suffers from the

precblem that the compound nuclei 278110, 294118, and 322128 are all
unknown and that the complete fusion cross section falls wlth lhe
removal of the compound system from known nuclei.

This situation is very different from that observed for light heavy

ions incident on low and medium mass targets where the complete fusion
cross Section represented nearly the entire reaction cross section.20_23
And also 1t 1s different from reactions like “0ar + 109g + (1497p)s
and BaKr + 650r + (lagTb)*, studied by Britt et sl., because the

complete fusion crose section was found to be greater than one half

of the reaction cross section.24 And even for the case of Baxr plus

165Ho Peter et al. found that ~25% of the reaction cross section could

25

be attributed to complete fusion. Thus the qualitative picture that
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ercrges 1s that the amount ox complete fusion in a given reaction

40

decreases sharply when the projectile 1s more massive than "“Ar, unless

the compound system is within the bounds of "known nuclei", However,
40

data for projectiles heavier than ""Ar are limited to a few studies

of 55Fe and 63cu and Békr.16:17,9,24,25

B. Proposed Study
1. Projectile-Target Combinations

In this study I have explored the role of complete fusion in the
reaction of haca and 56Fe projectiles with cerium and terbium targets.
The choice of projectiles is besed cn the need for study of systems

40 aakr over whick the role

in the transition region between " Ar amd
of the complete fusion process has been shown to change dramatically.z
Also, studies with 325,20'21 350122'26 and 5(’l"‘els indicate that the

aoAr region. The reason for

transition occurs rather sharply in the
the choice of rare earth element targets is twofold: the compound
systeme for the four projectile-target combinations are well within
the bounds of "known nuclei";27 and secondly that the reaction of ABCa
with 159'1‘1: leads to very nearly the same compound system as 56Fe with
laope and also the aoAr + 16580 system previously studied by Tamain

et al.28 Another consideration in the selection of target nuclei is
its isotopic composition. Terbium (element 65) has only one stable
isotope, A = 159. However, cerium (element 58) has four naturally

occurring stable isotopes. The isotopic abundances are given in

Table I.29 one can see that cerium is essentially monoisotopic with

A+ 140,



-5-

Table T. Natural Abundances of Cerium Isotopes*

Mass Number 136 138 140 142
Percent Natural 0.193 0.250 88.48 11.07
Abundance

*from G.L. Trigg, Reference 29

The projectile-target combination. and the nominal compound nuclei
are listed in Table II. With the exception of 215Pa the compound nuclei
are known.27 Alsc shown in Table II are the reaction Q values for the
four syctems studied,ao’31 wich the assumption that natural cerium
zl"Uce. The @ values gradually bccome more negative in value as the
compound nucleus mass increases. This will work to off-et the increase

in the reaction coulomb barrier with the ZIZZ product to g ve similar

excitation energies of th: compound nuclei (see below).

Table I1. Compound Nuclel and Reaction § Values

Reaction*
Compound Q value

Projectile Target nucleus (MeV)
48 140 Nat 188 _
20Ca sgCe (FggCe) 78Pt 94.7
48 159, 207 -
20Ca 65Tb 85At 100.4
564, 140 Nat 196 -
2gFe 58Ce ( 58Ce) asPe 136.0%*
56 159 215 -1z
2¢Fe 65Tb 9P 146,9%*
* Masses from A.H. Wapstra and K. Bos, Reference 30
**Masses from W.D. Myers, Reference 31

There is, however, one rather large difference between IAOCe and

140

159Tb. The lighter target, Ce, has 82 neutrons (a magic number)
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and is thought to be spherical. This is supported by its low value
of B/Bsp‘z 4,32 the ratio of the measured quadrupole deformation
parameter to the single particle model quadrupole deformation para-
meter, This deformation parameter is proportional to the difference

between the extension of the nucleus along the body symmetry axis and
159,

an axis perpendicular to it. However, s/ssp T 15 for Th, a value
vhich is among the largest for non-actinide e1ements.32 Rasmussen and
Sugawara—Tanabe33 have treated nuclear reactions on deformed nuclei and
draw the conclusion that "at higher bombarding energies the reaction
cross section for deformed nuclei should be asymptotic with the classical
formula for spheres." Wong34 also developed a series of mathematical
expressions to describe the cross section for interactions with deformed
targets which led to the same conclusion that deformation effects are
only important near the interaction barrier. Thus, the large difference
in the shapes of the two target nuclei should not affect the overall
features of the reaction due to the high bombarding energy used (see

below), but any effect on the relative population of the various reaction

channels remains to be determined.

2. hthodology.

In order to properly measure the fraction oflthe total reaction
cross section that goes into complete fusion one must choose a method
that is simultsneously sensitive to all reaction channels, or perform
geveral studies each focusing on a specific reaction chanmel which
will be meshed together later to give the overall picture. Previously

reported studies of complete fusion have ranged from mica track detector3?
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and gasjet recoil collection measurements of only the evaporation
residues,36 to counter telescope measurements of correlated fission

fragmen:56'26 or evaporation residues22, to radiochemical measurement

of the radioactive reaction products.la'37 of these the mica track
detector method will not work with ASCa and 56Fe projectiles because
the mica would be nearly as sensitive to the projectiles as to the
reaction products.38 Also, the survival of evaporation residue products
decreases sharply in the region of the compound nuclei of this study
and therefore constitute a smaller and smaller fraction of the complete
fusion cross section.

0f the remaining methods the radiochemical or radio-analytical
method has several attractive features: it is very efficient in terms
of accelerator utilization, typical irradiations of target materials
are on the order of hours, and, barring systematically peculiar radio -
active decay of specific product nuclei, is simultaneously sensitive to
all the reaction channels, However, 1t must be noted that all kine-
matic information is lost im the radiochemical studiez. This has been
shown to be very important in determining the division of the reaction
cross section between reaction channels or mechanisms that lead teo
“similar" radioactive products.2 In particular, the distinction be-
tween quasielastic and deep inelastic products 1s based on the kinematic

difference of the amount of energy dissipated in the reaction that formed
the products and so discrepancies between counter-telescopea.39 and
radiochemical studies? have appeared.2

And so with this caution, the radioanalytical survey of induced

radicactivities was used to study the role of complete fusion products
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from -he interaction of "BCa and 56Fe ions with cerium and terbium

targets.
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II. EXPERIMENTAL METHOD

The radioanalytical method for the study of heavy ion reactions
has been developed in several laboratories around the uorlle’ls’bo
and particularly in Berkeley by the Seaborg group.g'll'ls'bl’bz
The method has been recently described in detailaz-bb by the Berkeley
group. Generally, the measurement involves the irradiation of an
infinitely thick target of a pure element, meaning the incident ions
are stopped in the target. Therefore target nuclei interact with
beam particles with energies raoging from the incident energy down to
the interaction barrier (the implications of thie will be described
later). Subsequent to irradiation the radioactivities are survéyed
with a gamma-ray spectrometer and products identified via their
characteristic gamma-ray energies and half lives.

Once a set of measured product ylelds has been generated these
yields are fit to charge dispersion curves with an iterated procedure
to correct for parent beta (and alpha, when possible) decay feeding,
because, as in fission studies, radiochemical product yield measurements

45 where

fall into two categories, cumulative and independent yields,
cunulative indicates that the measured product yield has summed some
fraction of itg beta decay isobaric chain. The term independent indicates
that there has been no feeding by radiocactive decay to that product. Thus,
using the independent yields as guides, one can construct post-neutron

and charged particle evaporation, pre-beta decay, mass and charge

distribution curves for the nuclear reaction.
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A. Irradiations

All the irradiations were performed at the Super HILAC at the
Lavrence Berkeley Laboratory; a linear accelerator capable of
accelerating heavy ion beams up to energies of 8.5 HeV/nucleon.aG
The irradiations with 56Fe projectiles were performed in the "straight
through” beam line E2. Sequential irradiation of the cerium and terbium
targets was performed with a 473 t 14 (FWHM) MeV 56Fe beam. The
energy of the projectlles was monitored by periodically inserting a
thin gold foil (~ 200 ug/cmz) on an aluminum support (~ 230 ug/cmz)

6Fe projectiles at 16° to the

and measuring the elastically scattered &
beam with a Si-Au surface barrier detector.a7 Irradiation of the
cerium lasted 105 minutes with an average beam intensity of 5.1 x 1012
particles/minute, and irradiation of the terbium was for 137 minutes
at an average flux of 1.5 x 1013 particles/minute.

The aSCa bombardments were performed in the magnetically analyzed
E53 beam line as part of a series of experiments using this exotic
projectile.a7—5° In fact this series of experiments was the first

SCa beam at the Super HILAC.51

to make use of the newly developed 4
The beam energy was measured by attenuating the beam and using an in-line
$i-Au surface barrier detector; the energy was found to be 405 + 12
(FWHM) MeV. The nerium and terbium targets were irradiated gsimultane-
ously with a 208Pb target,48 by using the rare earth elements as beam
defining collimators. This was not the most preferable situation but

the high cost and low availability of 48ca beams necessitated it. As

a result the actual beam flux was not measured but was estimated to be

~1 x 1012 particles/minute lasting for 269 minutes. The estimation
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of the beam flux on the collimator was taken to be the difference
of the entire beam measured at an upstream position minus that which

208Pb target. This was not

went through the collimator annd hit the
a serious problem because (a) we were concerned with measuring the
fraction of the total reaction cross section that goes into complete
fusion, and (b) the cross sections could be extracted from calculations

based on previously developed systematics of the total reaction cross

sections for heavy ion reactionslo (see below).

B. Targetry
Target foils 27 x 25 x 0.25 mm supplied by Alfa-Venton Corpora-

tion, Danvers, Massachusetts, were used in the ABCa bombardments.
Specifications for the cerium and terbium foils called for 99.9 percent
purity, However, subsequent to bombardment the foils were surveyed

by L X-ray fluorescence spectroscopy for impurities. This analysis
showed that the terbium foil contained ~0.5 percent cerium.52 This
level of contamination was not serious but was observable (see below)
in the reaction products. Target folls with the same specifications
were subsequently obtained from Research Chemicals, Phoenix, Arizona.
These foils were found to meet the specifications.

The targets were supported in the beam path in vacuum by a
specifically designed holder.53 The holder consisted of a water cooled
beam collimator and a retractable target support and vacuum lock. These
features allowed rapid removal of the target materials from the beam
line subsequent to bombardment. Target folls were clamped in the support

and low conductivity water was sprayed in a jet up against the back
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face of the target foil by a recirculating pump. The beam flux was
integrated by a Brookhaven Instruments Corporation electrometer and
spurious beam readings were suppressed by an ~500 gauss magnetic
field at the target.

Cerium is air sensitive in the metal form, readily oxidizing on
all exposed surfaces, which leads to flaking. Therefore the cerium
foils used in the bombardments were stored in an oil bath until just
prior to irradiation, when they were washed with acetone to remove
the oil. Terbium foils are not air sensitive so the oil bath was not
used. However, each foil was rinsed with acetone to remove surface

contaminants prior to bombardment.

C. Gamma-Ray Spectroscopy

All gamma-ray spectrometric measurements were made with an ORTEC
coaxial-germanium diode with drifted lithium compensation, this detector
had a nominal 60 cm® active volume. The samplea were mounted on
8.8 x 6.3 x 0,16 cm aluminum cards which were held rigidly in a lucite
holder attached to the Ge(Li) detector, This holder was machined to
reproducibly hold the sample cards in approximately 14 known geometries
relative to the detector. The detector, sample and lucite sample rack
were contained in a graded shield of volume =~} m3 to reduce contribu-
tions from embient background, The shield contained 5 cm of lead,
0.3 cm steel and 0.3 cm aluminum.

Signals arising in the Ge(Li) detector, were fed into an ORTEC charge
sensitive preanp and then into a high rate amplifier which had been

matched to the input specifications of a 50 megahertz Northern Scientific
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ADC. This ADC was part of a pulse height analysis system that included
a Texas Instruments TI-960A minicomputer and an Ampex magnetic tape
drive. This system was programmed to collect a single 4096 channel
spectrum along with a 40 character identifier and output this infor-
mation with the data onto magnetic tape.sa A real time clock with
a Julian calendar was added to enable the system to record the real

time start and stop points of each measurement on the magnetic tape

with each spectrum.

1. Energy Calibration of System
All calibrations of the systems were performed with a National
Bureau of Standards standard reference material gamma-ray source,
SRM-4216-C. This 15 a mixed radionuclide, essentially windowless,
point source that can be used for energy as well as for efficiency
calibration of high resolution gamma ray detectors. A list of the
radiations from the nuclides present in the standard used in the energy
calibration of the Ge(Li) detector is given in Table III. The exact
energy calibration was made by fitting the centroids of the known energy
055.56

gamma-ray peaks as determined by SAMP (see below) to a third

order polynomial of the form:

4
E = 5 a; (Channel No.)1"1 4]
Yoogm)
The polynomial in centroid channel number was least squares fit to the
known energies of the gamma rays from the standard with the computer

code DRGLS57 as well as with a least squares routine contained in
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smo.55 Typical values of the coefficients of the second and third

7 and -3.3 x 10711 respectively

1

degree polynomial terms were 5.7 x 107

for an energy calibration in keV.

Table I1I. KBS Mixed Radionuclide Emission Rate Point Source SRM-4216-C

E Half-1life Emission Rate®

Nuclide (kiv) (days) (gammas/min)
109¢4 88.0 464.6 26960
57¢o 122.1 271.4 38154
139g, 165.8 137.8 42288
203, 279.2 46.61 88440
U3g, 391.7 115.3 97500
85gr 514.0 64.86 154920
137¢4 661.6 30.17%¢ 105840
60¢0 1173.2 5.272%% 233220

1332,5 233520
88y 898.0 106.6 563100

1836.1 588960

* at 1200 EST, 1 Sept. 1975
#*thalf-life in years

The resolution of the entire spectometer system was also
measured with the SPM-4216-C standard. The resolution of a Ge(Li)
spectrometer is traditionally quoted in terms of the FWHM of the
6060 1332,5 keV gamma-ray peak; this value was found to be

2.1 + .05 keV and remained constant throughout the experiments.
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2., Efficiency Calibration of System

All the efficiency calibrations were performed with the NBS
standard SRM-4216-C b~ comparing the known gamma-ray emission rates
with those measured as a function of both geometry and energy. The
energy dependence of the efficiency, L of Ge(L1) gamma ray detectors

has been posiulated to have the form: 58

P
e, (E) =P IE 2, Py exp (P,E ). (2)

The efficlency of the Ge(Li) spectrometer system was measured and coef~
ficients obtained by least squares fitting equation 2 to the measured

gamma-ray emission rates for all the possible geometries.

3. Measurement Strategy

The initial Pf-y activity of the samples was on the order of a
few tens of mt/cmz-ht neasured at a distance of approximately 0.5 meters.
The samples were removed from the beam line, prepared for measurement,
and transported to the gamma-ray spectrometer system in an average time
of approximately 10 minutes. The gamma-~ray spectrometer was located
away from all the accelerators at LBL to reduce the gamma ray background.
The decay of the radioactive products was typically followed for a
period of 1.5 months after the end of bombardment. This allowed
nuclides with half lives between ~30 minutes and a few hundred days
to be observed.

The choice of the duration of each measurement of a given sample
is dependent on many factors., Binder has considered these factors

and has developed a criterion for scheduling samples.44 The basis
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of the schedule lics In recognizing that: 1) the activitles that are
observable in the gamma ray spectrum from a given sample obviously
vary with time; and (2) given that all the production cross sections
of observable nuclei are approximately equal (within a fector of 100)
there is only a short period in which a product activity with a given
half-1ife will be observable, which is the period during which that
given radionuclide is going throngh its second, third and fourth
half-lives. That is, a given radionuclide 1s usually not visible
during its first half-life because it will be obscured by shorter
lived activities. It is also not generally visible at times later
than its fourth or fifth half-life because.of the prominence of longer
lived species. Thus, the first four measurements of each sample were
for 10 winutes plus system dead time each and then the interval would
be doubled to 20 winutes for the next four measurements and so on.

In practice this was repeated until the length of the measurement was
24 hours which was the longest measurement period.

Throughout these schedules the geometry of the sample with respect
to the detector was adjusted to maintain the ADC dead time <15%Z. As
the samples became wesker the samples were moved to higher geometry
with the limiting ¢ondition being that no sample was placed closer to

the face of the Ga(ii) detector than 3 cme.

D. Nuclidic Identification
The product isotopes were identiffed by both known gamma-ray energy
and half-life.59'60 This was accomplished by extraction of the areas

and energies of the full energy gamma-ray peaks from the spectra with the
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computer code SAMP0.55’6° Construction and least square fitting of
decay curves for each observed gamma-ray were then performed. Finally
the consistency of all the assignments was checked by verifying that
all the known gamma-rays of each isotope were present in the correct
ratios or if missing could be shown to be too low in intensity to

be observed. The identification procedure was tremendously facilitated
by the previous development of a decay curve constructi&n computer code
and an interactive decay curve identification code by the Berkeley
group.42‘43 These codes were run on the Lawrence Berkeley Laboratory
CDC computer system and once the gamma-ray spectra were recorded onto
magnetic tape, the data and intermediate results resided in the mag-
netic tape library of the system. When the individual gamma-ray decay
curves had been assigned to individual nuclei the results were output
on punched cards for consistency review and production cross section

calculations.

1. Use of SAMPO

All peak area fitting was done with an automatically operating
version of SAMPO. This computer code takes the spectral input on
magnetic tape and processes each spectrum individually to determine
the energy that corresponds to the centroid as well as the area of
all peaks with a peak to valley ratio above a level of ~2. The
code outputs this information on magnetic tape for the half-life

[
analysis, as well as a microfiche record of the fit obtained for each

42,43

peak., SAMPO was chosen for the peak fitting because it contained

several attractive features. One very important aspect of the perk
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fitting is the ability to "calibrate" the line ahape of a peak generated
by a gamma ray spectrometer. In SAMPO the line shape used to fit peaks
contains a central Gaussian and an exponential tail joined smoothly

on each side,ss'56 which can be adjusted via a leaat squares fitting

to the exact line shape of the spectrometer. A second attractive
feature of this code 1s that the code was developed to analyze
"complex" spectra and as such has included the option of a smoothly
varying polynomial-type background continuum. This type of backgzround
approximation is particularly well suited to the spectra that were
analyzed. After the entire system has been calibrated for energy,
efficiency and line shape and the input spectra have been screened

to be sure that they contained the correct pertinent information, then

the automatic SAMPO analysis was run.

2. 1Interactive Computer Graphical Half-life Analysis

After the SAMPO analysis is complete the next step of the analysis
15 to sort the observed gamma ray peak areas so that decay curves can
be constructed. The code TAUl was written tg perform this sorting.42'43
The code starts with the magnetic tape output from SAMPO and searchea
both on the spectrum identification tag and on gamma ray energy. Through
the analysis the time sequence of the original measurement schedule
is preserved. Thus the SAMPO analysis was performed in chronological
order which TAUl preserves, thereby eliminating any chronologic sorting

in TAUl. The code then generates a new magnetic tape as output that

contains the gamma ray intensities sorted by energy for each of the

samples.
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The next stage of the analysis is to briug tt : measured decay
curves for each gamma vay together with a compilation of the known
gamma=-ray trancitions in order to identify the radionuclides present
in the sample. The ~omputer code TAU2 which was used for this task
is an interactive decay curve analysis program that presents decay
curves and also the relevant data for the 20 nearest known gamma-ray
transitions on a computer terminal to facilitate the identification.
The code has been desigied to run on the CDC-6400 machine at LBL with
a Tektronix 4014 graphics termina1.42’43 Inrut data for this code are
the sorted pamma-ray data from TAUl and a listing of the abridged
gamma-ray table of Binder et a1.,59 both of which are stored on
magnetic tape. The operator is then able to choose any single known
line or combination of known lines to be fit to the measured decay
curve, or arbitrary half-lives may be fit to the data. then an
acceptable identification of the decay curve has been made, the
graphical display is recorded on microfiche and the & value along
with its error, energy and radionuclide identification are output on

a punched card.

3. Cross Sections

Cross sections are calculated for each component of every decay

curve by using the Aj value and half life on the punched card output
61

from TAU2 in the well-known equation:

(3)
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where Nt 18 the number of target nuclei in nuclei per square centimeter,
¢ 1s the beam flux in particles per minute (the flux of the 480& and
sspe was nearly constant throughout the short irradiations used in this
work), o is the cross section in square centimeters, A is the decay
constant in reciprocal minutes and ty the lengtr. of the bombardment in

minutes.

The number of target nuclei, N,, was calculated with the aid of
the Northcliffe~Schilling range emergy tables.sz Because the targets
were infinitely thick N, can simply be calculated as the difference
between the range of the incident projectile and the range of the
projectile when its kinetic energy equals the interaction barrier in
the laboratory system. These values, given in Table 1V, are taken

from Northcliffe and Schilling.62 although some deviations from the
calculated ranges have been observed.63 values for the range in cerium
and terbium were obtained by linear interpolation between tabulated
stopplng media and corrections for differemnt projectile mass number

were performed as suggested.62

Table IV. Calculated Target Thick

Range

By ol ChHgot™ b |
48¢q + Ce 405 +12 514 % 1.7 223401 29.1 +1.8
480y + b 405 + 12 55.4 4 1.9 25.6 + 0.1 29.8 + 2.0
56pe + Ce 473 + 14 43.2 + 1.4 21.9 # 0.2 21.9 + 1.6
56pe + Tb 473 + 14 46.7 £ 1.5 25.4 + 0.2 21.3 +4.7
T K

% Calculated according to Ref. 62.
#*B 1g the laboratory interaction barrier. v
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It is at this pcint that all the assignments of the decay curves

to ¥nown gamma-ray transitions were consistent and thereby correct.

This 1s accomplished by checking each isotope to be sure that:

(a)

(b)

(c)

(d)

4.

the gamma-ray transitions were assigned to that nuclide uniquely,
i.e. 1f multiple assignments were made to an observed gamma-ray
decay curve only one of these assignments is accepted as being
correct. If no resolution of the proper identification was
attainable, then that gamma-ray transition was discarded.

All the gamma-ray transitions for each isotope give consistent
values for the production cross section of that isotope; or
alternatively stated, that all the gamma-rays from a single radio-
activity were observed with their proper relative abundances,
All gamma-ray lines for a given radipactivity with intensities
stronger than the weakest observed gamma-ray must have been
present, unless they could have been shown to have been masked
by an activity with a larger cross section.

The energy of the accepted gamma-ray lines should have been
reasonably close to the literature values, typically + 0.2 keV,

Assignments with large deviations were discarded.

Misidentifications

Due to the stringent screening procedure used the number of mis-

identified nuclides that have more than one observable gamma-ray

transition is very small, probablly less than one per experiment,

However, misidentifications can be made for those nuclides with only

one transition. As it turns out such nuclei make up a large class that
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spans the entire range of half-lives and transition energles observable
in this study. Contributions from such misidentifications have been
estimated to be ~1 in 50, These activities are usually recognized

in the subsequent stages of data reduction by their improper behavier

in the charge dispersion fitting.

E. Mass Yield Calculations

Having generated a self-consistent set of isotopic cross sections,
the next step of the analysis is to fit the measured cumulative, partial
cumulative and independent yields to a consistent set of charge disper—
sion curves. By the treatment of the measured yields in this way
one Is able to calculate dozledA for the post neutron-charged particle
emission reaction products, and from this quantity partial integration
generates either do/dA or do/dZ, colloquially referred to as the mass

yield and charge yield, respectively.

l. Charge Dispersions

Because one needs to correct the radiochemically measured production
cross sections for beta decay occurring between the time of the produc-
tion of the nuclides In the nuclear reaction and the time that they
are detected through their own beta decay the concept of charge disper-
sion fitting 18 conceptually attractive. A charge dispersion is simply

a representation of the distribution of the total igobaric cross section,

do

dA or o(A), (mass yleld) along that isobar. If one assumes that the
distribution follows a Gaussian probability function then the independent
yield cross section, oIY(z,A), can be written in terms of the mass

yield ag:64



Z-Z_(A))2
4 E())} “

% = 014(2,8) = 0(8) {(m)"’ exp - —2
where ¢ = ZEZ(A)Z determines the width of the Gaussian and Zp(A)
determineslthe centroid or most probable Z as a function of mass
number, A, This formulation of the charge dispersion curve has three
independent variables, o(A), ZP(A) and oZ(A), so in order to uniquely
specify this function one would need to measure three independent yield
cross sections for each isobar. There are no isobars that contain
three members that are shielded from beta de:ay.65 However, one can
calculate irndependent yield cross sections for cumulative yield isobaric
members once the center and width of the Gaussian are known. Therefore,
even 1f an isobar contains no independent yields, by starting with an
assumed center and width for the Gaussian function one can find an
iterative solution.

Again, the nature of the proposed study and of such radiochemical
studies in general does not lend itself to the measurement of isobars.
In such studies one finds s wide assortment of radionuclides are ob-
servable which span the periodic table with relatively few isobaric
pairs.18 A further assumption needs to be introduced in order to
apoly the Gaussian charge distributions to the measured data. That
is, tﬁe value of o(A) is not changing rapidly as a function of A.

If this 1s the case then one can construct a single charge dispersion
curve for a limited range of isobars. So in practice one can bin
the measured data by A and construct a charge dispersion curve for

bin via an iterative procedure. However, extreme caution must be

used in regions where the mass yleld is changing rapidly, typically
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near the masses of the projectile and target in heavy ion reactions.
The computer code used to calculate the independent and mass

yilelds from the measured data was written by 0tto.66’11 The values
of ZP(A).and az(A) were input parameters that were iterated to obtain
a set of calculated independent yields consistent with the Gaussian
curves they were based on. An example of a final charge dispersion
fit 1s shown in figure one for fission products from the 48¢y 4 159y,
system. The measured data are the solid points and the calculated
independent yields the open points. One can see that corrections for

parent feedings are small. However, this approach did not work in

the near target and projectile regions as expected.

2. Mass Dispersions

An alternative method that has been used to correct the radio-
chemically measured partial cumulative ylelds is fitting the data along
constant Z values (isotopes) to mass dispersion curves.18 This method
is essentially the same as the charge dispersion analysis with the
exception of a change of variables. One assumes that the mass dis-

persions are Gaussian and therefore can be described by the equation:

2 _ -(a-A_(2))?
Toga = 0EA) = 0D {(217 a2)™* exp [_—z‘;ﬁ;]} )

where the three variables o(Z) --g% s Tps and AP(Z) are the charge
yleld, the Gaussian width at constant Z and the most probable A value
for constant Z, respectively. This analysis is reasonable because the
function 0{Z,A) 1s bivariamt in Z and A with a measured correlation

coefficient of r2=’0-95 for heavy ion induced react dons.%’
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The analysis of the data in this framework, though perhaps coucep-
tually more difficult, has several advantages over charge dispersion
analysis: (1) Because of the general stability of even-even nuclei
the radiochemical method has an enhanced sensitivity to odd Z products,
i.e. the number of even Z products that are observable is quite small.
Thus an isobaric analysis will suffer from the deficlency of even Z
products. However, the odd Z isotopic distributions will be cor-

respondingly enh d in the ber of observable products due to the

particular instability of odd-odd nuclei. (2) Because of the large
number of odd Z yields generally one can construct good mass disper—
sion curves for the odd Z products with the mass dispersion curves
for the even Z products typically~missing or having only one measured
yield. Thus one can avoid the problem of fitting "average" charge
dispersion and the problem reduces to inferring the centers and width
of the missing (or poorly described) even Z mass dispersions from the
neighboring odd Z curves. This has the tremendous advantage that it
can treat those areas where do/dZ, or altermatively do/dA, is rapidly
varying. This can be seen in Figure 2 where the calculated independent
ylelds frem the 56Fe + Ce reaction have been plotted versus A for the
near-projectile products. Here the isobaric yield changes by a factor
of 10 for 6 units of Z which would obviate “charge dispersion” fitting.
In practice both charge and mass dispersion fitting were applied
to the data. First, the gross features of the product distributions
were obtained from a charge dispersion anralysis and used to construct

the first fit in the mass dispersion analysis.
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F. Thick Target Reactfon Cross Sections

Because the projectiles are stopped in the target, the total
reaction cross section that is observed in these experiments represents
a weighted average over all energies from the incident (therefore
highest) down to the interaction threshold. Thus one can write the

weighted average reaction cross section, ER' as:IB
E
%= 3 /; O(E) dE ®)

All energies are in the center of mass system and B is the interaction

barrier. The variation of the reaction cross section with emergy is

well knownzo—z2 and has the form:

V(Ry5)
2 12
op(E) = TRE, (1 - —5) ¢

where R;, is the center to center radial separation and V(Rlz) the
value of the ion~ion potential at that separation. This expression
results from a simplification of the summation of the reactfon cross
68-70,33,34

section over the incoming partial waves for incident energiles

large compared to V(Rlz).

The one dimensional fon-ion potent:al, V(RIZ)' 15 usually written
with three components, a coulomb term, a nuclear term and a centrifugal
term.”’68 The anaiysis is simplified by first considering only the
s wave interaction threshold and by realizing that vco;l(RIZ) >>
Yue(R12)1l; therefore reducing the potential to only a coulomb tern,

2,2 e2
122 .
YR ~ R, " Veom a2 T B ®)
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This expression is, of course; independent of the incident energy,

which allows one to evaluate the integral expression of equation (6)

analytically.

R? E
- 12 B
S = 5% .{ (-3 da ()

T = mRE, {1 - &2 1o @) 10)

which gives the weighted average reaction cross section in terms of
the single unknown parameter R12-

There have been several parameterizations of reaction cross
sections which have led to various prescriptions for the value of
Rio in terms of the mass numbers (and therefore, the radii) of the
20,10 I(RIZ) and S are

reaction partners. The values of R12’ v

cou
tabulated in Table V for the four systems studied in this work. Four
prescriptions for the interaction radius were used: (1) R12 - Rl +
Ry, + 1.7 fu where B, = 1.12 al/3 + 2,009 47173 - 1.513 &™) obtatned
by fitting 325 induced fusion reaction (total reaction) excitation
functions.20 2 Ry, = 1.16 [A%I3 + A%Ia + 2] fm which corresponds
to the separation distance at which the 102 density points of the two

nuclei overlap.7z’4o (3) Rip = ¢+ Cy + ¢ fol® where Cy is the

half-density matter radius72 used in the Proximity Force mode173 and

[3

C,+C
£ ~4,5 - ( 1 2) fm from fitting elastic scattering reaction cross
sect!ons.l And (4) Rlz = 1.07(A%/3 + Aé’a) + 2,7 fm suggested

by Bass after fitting theoretical expressions to experimental inter-

action barriers for a wide range of projectile~target combinations.7é'75
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Table V shows that the first three prescriptions give values that are
in reasonable agreement, with the values of ER being the most sensitive
to the different calculations. The values calculated with Bass'

prescription are significantly. different.

Table V. Weighted Average Reaction Cross Sections

ylab =lab

( 3 £
(fm)INT °°“% R3§T R (ab) PT%J (ev)
1 12.48 179.7 1735.0 278.4
4Beayli0ce 2 12.56 178.6 1768.4 277.7
3 12.62 177.7 1794.6 277.0
4 12.14 173.5 * 1700.8 274.2
1 12.74 191.6 1681.3 286.3
88pa4iS%y, 12.82 190.1 1723.0 285.3
3 12.86 189.5 1740.0 284.9
4 12,39 185.5 * 1653.5 282.3
1 12.67 239.6 1534.4 3444
56pet140pe 2 12.78 237.9 1587.7 343.3
3 12.83 237.0 1595.2 342.7
4 12.35 23344 # 150643 340.4
1 12.91 254.9 14660 354.0
5
bretlSSyy, 2 13.04 252.3 15174 352.4
3 13.07 251.8 1528.6 352.1

4 12.59 248.5 # 14442 350.0
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Table V. (cont'd).
Footnotes
= . = 1/3 -1/3
1 RINT 1 Y + 1.7 fm; R1 1.12 Ai + 2.009 Ai - 1.513/Ai fm
2 Ry = 1.6 (4134 4} 4 2) g

CCy
=C +c,+ E(RSA) fm; E(Rg,) ~ 4.5 - 3 fm

R, + R

3 Bpyr
4 Ry = 1.07¢al3 4+ al%) + 2.7 fm
zlzzez “ila“;/a
* VINT(RINT) = MeV , after R. Bass, Reference 74

- 2.9
173,173
Rone LHEVS,

Also contained in Table V are values for the calculated effective
energy for the thick target exper:lments.18 The effective energy is

calculated by rearranging equation (7) to give:

E (1)

T- "(gR_/_nRi_z)
Again, the first three prescriptions giv: reasonable agreement but Bass'
value of Ry, gives a somewhat lower value.

The cross sections for the 4803 induced reactions were normalized
to the calculated values of ER to allow calculation of the component
cross sections even though the absolute beam Intensity was unknown.
This 1s reasonable because previoua radiochemical studies, where the
absolute cross sections were known, have been shown to be in agreement

with this weighted average cross A;et:t::l.cm.g’l:l"m’l'o'l'8
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III. RESULTS

A. Mass Distributions

The results of this study are contained in Tables VI through XI
and in Figures 3 through 6. The measured cross sections along with
the fractional independent yield and dynamite factor76 are given for
the nuclides observed in the work. The mass yield curves (ﬁ% vs. A)
from the study, Figures 3-6, show several striking features; first,
the gross features indicate the sharp decline of evaporation residue
products as the mass of the compound system increases. And secondly,
in general terms, the relative proportions of the components of the
mass distributions appear to be correlated with the projectile {entrance
channel) rather thanr compound system. In Tables VII through X the
most probable A value ie tabulated as a function of product Z as well
as the nissing mass, v = (4] + 4,) - (Apz + Aph), agsuming no charged

particle evaporation.40
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TABLE VI-A ch-48 + CE
IS0ZPE CROSS SECTION FRACTIDN DYNAMITE
(mB) CUMULATIVE FACTOR
NA- 24 1.5290E+00 +/~ 1,3022E~03 573 1.361
MG~ 28 §.B0S8E~01 +/~ 1.3321€-01 . LT43 2.103
S - 38 1.3046E+00 +/~ 4.5080€-0) 1.000 2.244
K -~ 42 B.0444E+00 +/- 5.9848E-02 1.000 3.253
K ~ H43 1.0651E401 +/- 3.8B865E+D0 L4Te 1.207
ta~ 47 1.2960E+02 +/- 9.4156E+00 1.000 1,673
ST~ 448 T.7998E~0) +/- 2,TB1JE-D] 1.000 19.480
SC~ 46 1.5864E+401 +/- 2.7B3I9E-02 1.000 4.827
SC- 48 9.53119E+01 +/- 2.2B84BE+00 £.000 2,509
MN~ 52 1.4528E+400 +/- 7.7063E-02 .984 10.728
MN~ 56 3.1996E+01 +/-~ T7.2986E-01 .859 1.628
FE- 59 B.6458E+400 +/- 3.2691E~02 1.000 2.139
co- 60 1.1944E+01 +/- 4,1418E-01 1.000 1.683
NI- 65 2.8735E+00 +/- 2.3509E+00 ,1.000 4.774
Cu- 67 6.8121E+00 +/~ 1.0427E-02 1.000 3.223
IN- 69M 4.1431E+00 +/~ 1.412TE-03 -924 2.336
IN- TIM 1.4795E+00 +/- 2.1919E-01 1.000 3.805
GA- T2 7.7587E+00 +/~ 1.0959E:+00 .400 1.007
GA- 73 4 . 0429E+00 +/- 5.9688E-01 1.000 2.813
GE~ I7 | 5.,2939E+00 +/- 2.2132E+00 1.000 5.845
AS~ T8 4,6270E+00 +/- 4_5962E-01 1.000 3.585
as- 76 4.39B4E+00 +.'- 8.5175E~01 1.000 2.37¢6
AS- 78 §.6133E400 +/~ 7.,0126€E-03 .185 806
BR- 76 1.8818E+00 +/~ 7,.3040E-0) .995 24.67T7

BR~ 77 1.4701E+00 +/~ 4.5080E~01 .915 9.79¢



-32-

TABLE VI-~A CA-%8 + CE
ISOTQPE CROSS SECTION FRACTION  DYNARMITE
tme) CumMuLATIVE  FACTOR
B~ 82 $.0399E+00 +/- 3.53T7E-01 1.000 3.677
KR~ 88 T.7303E~01 +/- 4.0884E-0} 1.000 46.719
Rg~ 82M 3.1996E+00 +/- 3.8825€-01 1.000 4.731
RB~ 83 T.2518E+00 +/~ %.167T1E-0) WBIT 2.580
Ra- B4 7.34914E+400 +/- 2.0889E-02 1.000 2.49%
v - 86 1.8370E+00 +/= 2.7886E-01 -T40 6.052
Y - 87M 7.9602E+00 +/- 4. 3717E-0) .834 3.804
v - a8 & 4299E+D0 +/~ 2.8655E-01 .990 3.031
2R- 8% 3.3626E+00 +/- 1.6399E-01 .874 5.105
SR- 92 6.3163E~01 +/- 1.B444E-03 1.600 18.539
Y - 90M B.3424E+00 +/- 4.3516£-01 1.000 2.397
¥ - 92 5 _0B14E+00 /- 6.4379E-01 .530 2.073
2R- 95 4. 2006E+00 +/~ 3 .4855E-02 -880 4.348
IR~ 97 3.8879E-0) +/- 9.85‘005-02' 1.000 19.847
NB- 90 9.0334€-01 »/~ 1.9941E~0) .896 14.843
NB- 9% 8.3585E+00 »/~ 1.0624E+00 991 2.386
NB- 96 5.4997E+00 +/- 2.0769E-0) 1.000 2.845
mo- 93M 1.0485E+00 +/~ 2.3335E~02 1.000 10.785
TC- 95 1.2328E+00 +/= 1.4961E-01 .926 3.7
RU-103 1.2695E+01 +/~ 1.94T3E+00 .T37 2.024
Ry-10% 2.4391E+00 +/~ 7.8960E-02 -878 5.54%
RH- 990 1.8TR4E-01 +/~ 1.0017E~03 -943 27.083
fH-100 1.1148E+00 +/- 5 .5318E-02 .999 12.008
RH=-101M 3.1528E+00 +/- 6.9070E-01 1.000 , 4.0T8
RH=-105 T.0B48E+00 4/~ T.3173E-01 679 1.710

RH-106M 3.6246E+00 +/- 1.9379E-01 1.000 3.195



TABLE VI-A
ISOYOPE

PD-112
AG-106M
CD-111m
IN-110M
IN-111
IN~-116M
SB-113
sB-118m
5B-1208
5B-122
TE~115M
TE-121
TE-123M
I -~121
T -123
XE~123
XE~12T
Cs=-129
BA-128
I -132
BA~132M
BA~139
thA-131
LA~132
LA~140
CE~139
CE~141

CA-48 + CE

w33-

CROSS SECTION
(M)

3.5083E:01
1.6533E+00
3.2517E+00
9.2820E-01
2.2333E+00
2.2226E+01
1.4060E+02
3.3894E+00
2.3068E+00
1.2363E+00
2.4396E+00
2.3135E+00
1.2)184E+03
2. 49T79E+00
6.0263E+00
B8.295TE-01
T.0621E+00
6.5194E+00
T.7611E-01
7.2559E-01
4§, 14~,E¢00
4. 4626E-01
1.2012E+00
3.T91TE+00
3.6T27E+0D
7.1262E+01
5.0520E+01

>/
*f-
+/-
+/-
+/-
/-
+/~
+/~-
/-
+/-
+/=
+/=
+/-
+/~
+/-
+/~
+/~
/=
+/=
+/-
+/=
+/=-

+/=

/-
+/-

+/=-

2.4445E4+00
&.0998E~01

3.4295E-01
5.3540E-01
1.9299E-01
1.1277E+01

8.311/%+01
9.0882E-03
1.730BE-01
&_4152E-03
2.4926E-01
1.7067E~01
2.69T1E+02
1.4554E~01
3.1341E+00
6.083TE~04
1.8604E-01
3.6941E-01
3.1167E~01
2.8908E~01

1.7443E~D2
3.9320E~01

5.9047E~01

2.3429E-01

4,3196E-01

1.0631E+01

2.5233E-02

FRACTION

CumuLs TIVE

1.000
1.059
1.000
,.000
.870
1.000
1.000
1.000
1.000
1.000
1.000
.T24
]J.000
.911
.758
.956
554
612
955
1.083
1.000
.956
.926
412
1.000
494
.860

DYNANITE
FHCTOR
31.254

5.822
2.44%
10.T45
4.859
3.361
61.988
2.590
2.393
8.758
3.7717
1.386
3.025
4777
1.536
7.306
1.178
1.194
6.839
75.686
2.388
47.242
17.204
3.504
12.741
1.245
4.216



TABLE Vi-a
1satare

PR-1380
PR-142
PR-145
Ey-146
Gh-147
Ey-152m
T8-151
TB-152
T8-153
T8~154
D¥-155
TM-1565
tu-167
tu~169
ty-17
HF-1T70
HF-171
HF-173
HF=175
TA-1TT
TA~178M
RE~181 .
RE~182
05~103m
JR~18%
IR~18%

=34

Ca-48 + CE
CROSS SECTION
(mB)

4.8341E+00 +/- 6.4072E-02

1.0179E+0])
1.4341E+00
1.2024E+00
4.3056E+00
1.0124E+00
2.016BE+00
4.36TTE+0)
7.2599E+01
3.50T70E-01
2.T7732E~01
1.4T728E+02
6.T360E+00
1. 10T3E«0GO0
3.4228E+00
3.438BE+00
9.0240E-01
4.2140E+00
4.9830E+00
5.616%4E+00
8.9439E~01
6.7100E+00
4. H171E+00
5.6940E+00
9.7T979E+00
7.0353E+00

*/-
*/=

*/~

*/~
o

- f-

L Y28

/=
+/=
+/-

Y.

Py

6.8055E-02
1.0389E+00
8.7621E~01
5.1121E-03
1.659%E~01
7.2077E~01
3.5604E~01
3.1555E+01
9.3555E~04
1.7441E-03
8.6592E~01
6.7193E+00
2.8227€-01
5.7256E~01
2.T6T9E~0)
1.0909€-01
7.6%06E~01
7.1436E~01
#.0148E<00
5.9220E~04
1,1203E+00
1.0411E+00
2.7839€E-01
8.7835E~01
2.6530E+00

T
1.000
1.000

.925
.939
.963
1.000
.851
T4l
456
1.000
.686
.288
1.000
-901
.898
1.000
1.000
.e10
.173
234
1.000
-%0)
.802
520
-804
-632

OYNAMITE

FACTOR
4.528
2.802
12.504
14.439
61.200
12.65%
2.817
1.761
.973
2.4)0
1.49%
1.053
1.674
z.299
2.033
3.830
1,946
1.53¢
1.255
1.96%
13.474
977
a.972
1.036
1.419
1.113



TABLE VI-8
1S0TOPE

5C~-
M-
MmN~
FE~
Ni~
IN~-
ZN~
ZN~
GA~
GA~
AS~
AS~
BR=~
BRA~
SR~
¥ -~

24
28
38
39
42
43
47
44m
46
48
52
56
55
65
69M
T1M
72
72
73
T4
76
77
e2
92
86

CA-48 + TB

CROSS SECTION
(mg}

1.1267E+00
6.3942E-01
1.5415E+00
3.020BE+00
8.77T19E+00
1.4105E+01
1.1654E+02
1.13T6E+00
9.9059E+00
4 _435TE+O1
4.8256E~D1
1.53B4E+01
1.0147E+01
3.7597E+00
5.6011E+00
1.4281E+00
9.8108E~01
6.1308E+06
4.3501E+00
4,2023E+00
T.6964E+00
2,0982E+00
6.8603E+00
8,5231E~01
2,.3455E+00

‘7
-
+/-
+/-
+/-
4/
+/-
+/-
+/-
+/=
+/-
4=

4/-

+/=
+/~
/-
/-
+/-
+/-
+/-
+/-
/-
+/=

+/~

1.1654E~03
1.0147E~01
5.0605E~04
6.B&O9E~02
4,3581E~03
4.3794E+00
6.3298E+00
1.4127E-01
4.7825E~01
1.3227E+00
3.2878E-02
1.0242E+00
2.2841E+00
2.3455E~01
1.3183E~03
2.5964E~01
T.7T969E-01

2.556%9E-01

&.8412E~0)

2.3294E+00
4.,1226E~01
2.5145E~02
1.8948E~01

9.5840£-02
2.9579E-01

St
.733
.850

1.600
1.000
1.000
.657
1.000
1.000
1.000
1.000
.999
.778
1.000
1.000
874
1.000
1.000
.585%
1.000
1.000
1.000
-840
1.000
1.000
.T16

DYNARITE
FACTOR
1.996
&.074
4465
2,171
2.422
1,598
2.825
6.872
2.841
2.452
23.680
1.318
1.600
2.928
1.704
7.959
18.126
2,263
5.732
2.457
2.827
3.612
4.128
23.91%
4.903



TABLE vi-B
1SOTOPE

- a7
- 87Tm

- 90m

- 92
2R~ 89
2R- 95
2R~ 97
NB- 90
NB- 95
NB- 9&
mo- 93m
mp- 99
TC~ 95
Ru- 97
AU-103
RU-105
AH-100
RH-105
RH-106M
PD-112
AG-106M
AG-110M
AG-111
cD-111M
IN-110M

Ca-4s + 78
CROSS SECTION
(mB)

5.7540E+00
5 .4B63E+00
9.2621E+00
9.5108E+00
T7.4404E+00
4.1848E+00
6.5354E+00
1.1076E+00
1.5561E+00
1.2459E+01
B.6695E+00
1.2723E+00
1.0433E+01
1.8937E+00
1.82B83E+00
2.2109€+01
4.6925E+00
1.5656E+00
1.5093E+01
5.2470E+00
4.9756E+01
2.7369€+00
6.9612E+00
1.6563E+0]
3.T3T0E+00
1,.5781E+00

+/-
-

+ /-

* /-
*/-
/-
/-
*f-
/-
/-
/-

/-

=36~

2.13623E-01
2.5248E-01
2.42T4€-02
4.0282E~0)
1.2T08E+00
5.3378E-0L
2.4340E-02
5.5316E-04
3.7458E-~01
5.25T3E-01
2.3133E-~01
2.5679E-02
8.8011E-01
T.4331€-02
8.1208E-01
1.34T6E-01
1.0469E+00
1.0425€-01
1.464TE+00
4.5T4TE-O1
4,.5403E+00
1.34T6E~01
1.0901E+00
9.3718E-02
6.0313E-01
T.9671€-03

FRACTION
CUMULATIVE
.831
818
.989

DYNAMITE
FACTOR
3.342
3.279
2.805
2.453
2.712
4.023
5.566
29.016
10.550
2.497
3.19%
8. 148
3.237
10.369
15.390
1.948
6.112
15.500
1.617
2.964
H47.647
6.941
2.287
2.543
2.254
15.12%



“37=

TABLE vI-B CA-48 + T8
ISOTOPE CROSS SECTION FRACTION OYNAMITE
(mg) CUMULATIVE  FACTOR
In-111 4.0911E+00 +/~ 3.9565E-C) .920 6.05%5
SB~116M 2.0902E+400 +/- T.7623E~04 1.000 7.470
SB-118M 5.5967E+00 +/- 3.0852E-01 1.000 2.603
Se-~-1208 5.02028+00 +/- }.87T36E~01 1.300 2.250
sp-122 2.BB4TE+O0 +/- 1.14T1E+00 1.000 4.810
1 ~124 6. TH61E+00 +/~ 6.0042E-01 ' 1.000 2.152
I -126 2.T376E+01 +/- 1.6T17E~02 1.000 3.022
XE-121 1.T266E+00 +/- 8 .54TOE-O1 .581 B7.033
XE-127 1.0484E+0) +/- 5.9486E~01 .621 1.339
Cs-127 5.7409E+00 +/- 5.21T0E-01 .863 3.148
Ba-128 1.6T68E+00 +/- B.3I549E-02 .54 9.023
Ba-129 1.2064E+00 +/~ 3.1656E~01 .B8% 4.177
La-131 1.3586E+00 +/- 6.0357E-0) .902 9.95)
ta-132 4.2250E+00 +/- 4 . T196E~01 . 340 1.934
LA~140 7.9TH4E~01 +/~ £.3019E~02 1.000 21.949
CE-135 5.3165E+400 +/- 6.9882E-01 -BST 3.693
Cg~139 1.3908E40) +/- 3,3120E~02 -405 1.166
CE~141 5.5616E+00 +/~ 1,960TE+00 -893 6.328
PR~138M 3.65T3E+00 +/- B.5231E~02 1.000 3.4M
ND~139M 3.9909E406 +/- 4.1189E~01 .B90 6.409
Pm-148 5.2THBE-0) +/- 1,BD41E~0} 1.000 5.614
Ey~-148 6.9048E+50 +/~ 1.5956E+00 1.000 3.264
§0~149 3.6258E+00 +/~ T7.9305E~03 .885 5.813
TB-151 3.4005E+00 +/~ 9,8400E~01 .918 8.916
T8~152 2.4428BE+00 +/- 1,1450E~03 .936 4.843
Te~153 5.5675E+00 +/~ 2,5591E+00 .643 2.13¢6

78-15% 1.864BE+0) +/- 1,027 7E+01 .597 1.418



-38-

TABLE vI-B CA-48 + TB
1S0T0PE CROSS SECTION FRACTYION DYNAMITE
ms) CUMULATIVE  FACTOR
TR=-156 1.5364E+01 +/- 2.2789€-01 1.060 2. 644
DY-15T 1.156TE+01 +/- 1.0140E-03 -634 1.525
HO~161 1.1208E+01 +/~ 7.1T726E-03 1.600 2.3r13
ER~-140 2.5416E+00 +/- B8.2451E-01 1.000 6.1486
ER~161 5.6355E+00 ¢/~ 6.9553E~G1 -805 3.258
Lu-169 2.1919E+00 +/- 6.2223E~01 .T25 2,316
Lu-171 2.3682E+01 «/~ 4 _8388E+00 .553 1.318
HF=-173 3.6456E+00 +/- 7.2823E-01 612 1.461
TA-175 1.T866E+00 +/- 1.1654E+00 674 1.679
Th=-1T76 1.7346E+00 +/- 1.1091E+00 499 1.193
RE~181 1.1154E+00 +/~ 6.1206E~-01 864 1.312
RE-182 2.T442F+00 +/~ 3.83T2E-01 .T46 1.191
05-183m 6.3%930E-01 +/- %_2740E-01 920 1.600
AU-191 1.3220E+00 +/~ 4.6244E-01 .805 1.196
AU-194 1.2554E-01 +/- B,2890E-03 1.000 9.324
Hr-192 5.0422E-01 4/~ 1.9168E-01 975 2.857
TL-196M 4.6303E~01 +/~ 2.9498E-01 1.000 1.475
TL-198M 5.9955E-01 +/~ 2.4089E-0] 1.600 3.257

PE-201 4.2945E-01 +/- 2.3309€E-03 160 .904
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TABLE vI-C FE-56 + C[E
T1SOYOPE CRDSS SECTIDN FRACTION DYNAMITE
(hB) CUMULATIVE FACTOR
AR- 4] 2.6079E+00 +/~ 9.716TE-04 1.000 10,018
K ~ 43 2.0984E+400 +/« 1.2463E-0} 996 6.361
SC- 84 2.0146E~01 +/~ 4.2800E-02 1.000 2.500
SC- 44m 3.6822E~01 +/~ 8,7T420E-02 1.000 2.500
SC- 46 2.06THE+00 +/~ T.3TT4HE-02 1.000 1.577
Ca- 47 2.5017E~0]1 +/- 1.5493E-02 1.00¢C 218.489
SC~ 47 2.2115E+00 +/« 2.4996E-02 .87 3.124
SC- 48 9.5824E~0]1 +/« T.4965E-02 1.000 12.508
vV - 48 8.9283E~01 +/-~ 2.1461E-02 .989 4.098
MN~ 52 1.3414E+00 +/- 6.9009E~02 .993 T.702
mN- S5é T.7976E+00 +/- 5,8764E-01 .966 .78
Co- 56 1.6802E+01 +/- 4.0851E-02 .955 16.140
Co- 57 2.5754E+01 +/- 1.56%7E~01 .579 4.126
NI- 57 3.1645E-01 +/~ 3.5566E-03 1.000 201.327
co~ 58 3.1992E+0) +/=- 4.2172E~-02 1.000 1.973
FE- 59 2.8851E400 +/~ 2.5039E-01 1.000 5.59%
Cu~- 60 9,420BE+00 +/~ 5.9204E-D2 L7296 37.3466
cy~ 61 1.7711E+01 +/- 1.2630E+00 1,000 7.714
IN- 62 2.6829E+00 +/~ 1.BA1YE-01 1.000 58.880
ZN- 63 1.5760E+01 +/- 1.7956E-01 .989 10.998
IN- 65 2.0040E+0]1 +/- 2.2310E~-01 .892 1.748
GA~ &7 1,2472E+01 +/~ 1.3111E+00 .914 2.085
IN- 691 7.5897E-01 +/- 2.5949E-03 .985 11.722
GE- 59 4 ,5638E+00 ¢/~ 1.7651E~02 .931 2.564%

as- 71 3.3226E+00 +/- 5.1334E~03 . 945 3.252



TaBLE vI-C
1SO0TOPE

SE~

RB~
B8R~

1C~-
RU~

73
T4
75
75
T
B1
82
82a
83
84
asm
86
a8e
a8
8%
0m
80
91m
91
92
3Mm
93
95
95
37

FE~56 + CE
CROSS SECTION
{mB)

1.
2,
5.
.H605E+00
.1190E+00

-

o

T
2
4
2
4

2

3.
3.
3.
2.
1.
1.
8.
5.
1.
3.
9.
2.
1.

S069E+00
124BE+00
2785E+0D

.BETIE+Q0
.50T4E-01
. 1324E+00
.3883E+0D
.5580E+00
.4620E~01
.B353E+00

4006E+C
6129E+00
S443E+00
0306E+00
T350E+00
2964E+00
6597E~01
3132E+00
4746BE+00C
9335E-01
6141E-01
1216E+00
66STE+00

D

+f=-
+/=
* /=
/=
+/-
+/=
/-
+/-
+/~
+/ -
+/-
/=
/-
+/=
/=
/=
+/=
+/-
+/-
+/-
+i-
+/=

+ /-

+/-

2.0326E~03
8.352)E-02
B.7095E-01
3.9010E-04
6.9594E~02
9.261BE-~D2
4.6699E-D2
1.3869E-01
8.3824E~02
3.0519E~02
4.2540E-04
2.4432E-01
1.8164E-01
5.4930£~02
1.4623E-01
8.1268E~02
1.2502e-01
4.5529E-01
7.0048BE~01
1.2099E+00
2.5710E-02
6.8489E-02
7.29%1E~02
1.7122E-01
1.4213E~0)

St
1.000
1.000

766
.962
.BOS
.859
1.000
1,000
.584
1.000
1.000
.701
.859
.364
-T45
1.000
.827
1.000
994
.985
1.000
.958
.eas
.e84
.877

DYNAMITE
FACTOR
§.249
2.203
1.373
5.707
1.541
2.109
43.807
1.903
1.186
2.941
3.b64p
1.601
2.280
.BO7
1.515
6.545
Z2.646
16.678
515.080
52.707
2.505
11.546
6.427
2.487
3.155



TABLE vI-C
1SOTOPE

mo~ 99
RH~100
RH~101m
AG~104
RH~105
AG~105
AG~106M
IN-108M
IN-110M
IN-111
Co~811IMm
SB-115
SB-116m
TE~117
Sg~118m
TE~119m
1 ~-120
1 ~120M
T ~121
TE-121
XE~123
1 ~123
XE-125
£5-125
XE-127

FE~56 <« CE

41—

CROSS SECTION
(mB}

2.0824E~0)
1.7558E+00
2.4627E+00
1.2279€+400
1.03646E+00
2.5797E+00
i.8599€+60
5.6013E~01
1.4625E+00
3.3118E+00
1.0159E+00
4 .0504E+00
3.1104E-D1
2.0035E+00
9.3290E-01
1.6B62E+00
4,3970E~01
1,1696E+00
5.56861E+00
6.194B8E+00
4.7219E+00
7.3444E+00
9.0755E+00
7.0828E+00
§.9529E+00

*f -
/-
/-
+ /-
Py
/-
-
-
-
+/ -
+ /-
* -
+/-
+/
/-

/-

1.
8.
1.
4,

1

2.
.2222E-02
.5126E-02

5
2
1
1

B88B5E~02
3869E-02
2970E~02
4641E~0¢

.9000E-01

2526E-01

.3865E-03
.4326E~01

3.7623E-01

9
b}
1
4
1
1
b

5.
1.
3.
2.
8.
3.
9.

097ZE-04
.OTBTE-0)
LTT27E+00
L2150E-02
.5476E-01

1198E+00

.6316E~04

0879E~V]
1480E-02
YE54E-G]
2310E-0}
44T4E-01
1624E-03
20S5E-02

FRALCTIDN
CUMULATIVE

H

1

1

H

1

971
.795
.000
.T49
914
.793
L9000
-goo0
.000
L8666
. 000
.709
.000
L1719
.000
. 000
.600
.000
.558
.336
666
.388
454
.685
.278

DYNAPMITE
FACTOR
30.337

2.235

2.218
3.134

T.345
2.181

Zz.262
7.162
2.738
1.544
3.530
1.961
2.386
2.49¢4
3.052
2.412
1.690
2.819
1.372
1.215

1.741

1.199
1.257
1.986

1.508



TABLE vI-C
ISOYOPE

C5-127
8n-i28
BA-131
LA-131
LA-132
CE-133
CE-135
ND-1386
CE-13TM
PR-138M
CE-139
ND-139m
CE-141
CE~143
EU-145
EU-146
GO-146
EU-147
‘O-147
TB-152
RE~182
PT~191

42

FE-56 + CE
CRDSS SECYION
{(mB)

4 _1B04E+00 +/- §.)1225E~01
5.49800E+00 +/~ 9,35TIE-O01
1.0200E+01 +/- 1,4393E-01
4.9536E+00 +/~ 1.1928E+01
5.8B699E+00 +/- 2,1877E-03
1.7837E+00 +/~ 4 ,0244E-01
T.1240E+00 +/-~ 1 _3340E+00
2.7TB55E+00 +/- 5 . 0966E-01
3.6800E+00 +/- 2Z.3414E-01
3.7710E+00 +/- 8.56B7E-01
H.6439E+0) +/-~ 9 3506E-D2
3.09T4E+00 +/- 1.T763E-01
5.88TBE+00 +/-~ 4 .9017E-02
3.8793E-0) +/- 7.1781E-03
1.8149E+00 +/~ 1.8745E-02
8.7355E-01 +/- 7.1933E-02
1.1190E+00 +/~ 1.196TE+00
2.6144E4+00 +/- 9.5152E-02
1.1484E+00 +/~ 7_093&E-02
2.6988E=0]1 +/- 2. 5750E-02
2.9004E-01 +/~ T7.7023E~-02
2.0092E+00 +/- 5.2937E-02

COMULATIVE
496
664
.362
.566
.309

1.000
454
1.000
1.000
1.000
.079%
.553

964
.699
.64
1.000
.522
.T29
E4S
.203
247

DYNAMITE
FACTOR
1.2990
1.795
1.28%
1.485
.819
1.850
1.282
4.208
4.835
3.064
1.081
1.495
57.004
402,281
2,446
1.817
$.898
1.471
3.008
1.580
1.280
1.303



w43

TABLE vI-D FE-56 + TB~159
1S0TOPE CROSS SECTION FRACTION OYNAMITE
(mB) CUMULATIVE FACTOR
NA- 24 1.67T32E-01 +/~ T.2225E-04 .825 1.056
K = 42 6.7392E-01 4/~ &6.8931E-03 1.000 1.466
SC- 46 1.9958E+00 +/~ 1.6373E~02 1.000 1.331
CA- 47 4.17T42E~01 +/- T.T7T193E-03 1.000 126 .414
5C- 48 1.1043E+400 4/~ 2.8431E-02 1.000 7.628
V -~ 48 5.6457E~-01 +/~ S.TT753E-02 .998 8.477
CR- 51 3.0834E+4+00 +/~ 3.9285E-01 .987 2.832
fiN~ 52 8.4996E~03 +/~ 2.2]143E-01 .999 18.115
CD~- 56 1.8136E+00 +/- T7.3926E-02 .99% 44.086
fiN- S6 B.BTT6E+00 +/~ 3.1050E-01 972 2.217
co- 57 3.2T24E+01 +/- 5.T672E~01 .9%4 6€.7%9
co- s8 6.3180E+00 +/~ 1.T002E-01 1.000 2.274
FE- 59 3,6369E+00 +/- 1,0300E-01 1.000 4.698
Co0- &0 2.864TE+00 +/~ 2.152TE-02 1.000 1.686
GA- 67 5.0301E+00 +/~ T7.6005E-01 .960 2.394
IN- 69Mm 6.1209E~01 +/~ 8.2188E-04 .994 13.220
GE-~ 69 3.6T20E+00 +/~ 7.9731E-01 970 3.069
AS- 71 2.2002E+00 +/- 2.0679E-03 .978 4.095
AS~ T2 3.0429E+00 +/- 9.5391E-02 .940 1.876
SE- 73 9.T254E~01 +/- 4.1445E-04 1.000 5.687
AS~ TH# 1,9869E+00 +/- 2.0736E-02 1.000 L.962
BR- 75 8.0946E-01 +/- 1.6B899E-01 .987 B.22%
AS- Té 2.H062E+00 +/- 1.T64TE-01 1.000 12.136
KA~ T6 2.59T1E-01 +/~ 4.5306E-02 1.000 67.376

BRA- T7 1.47S3E+00 +/- 1.TSTHE-D? .873 1.555



TABLE VI-D
1S0TOPE

RB- 8%
8R- 82
RB- 821
RB- 83
RB~ B4
Y - 86
Y - 87
Y - 88
26~ 89
Y - 90Mm
NB~ 90
TC- 93
M0~ 93Mm
NB- 9%
TC- 9%
TC- 96
NB- 96
RU- 97
0g- 99
RH-100
RH-101M
AG-104
AG~l106M
IN-108M
AG-110M

FE-56 + TB-159

bl

CROSS SECTION
tme)

1.0106E+00 +/~ 2.T7891E-G4

3.2400E-01
1.2633E+00
3.3696E+00
1.9478E+00
1.3662E+00
3.3723E+00
2.58346E+00
2.4791E+00
1.0867E+00
1.0911E+00
1.8851E-01
9.7497E-01
1.047)E+00
1.5412E+00
1.6394E+00
5.7672E-01
1.009GE+00
2.6311E-02
1.0733E+00
1.7102E+00
7.2954E-0)
1.4008E+00
3.THT6E-0L
4.6T6HE=-0)

+/=
+/=-

-

+/=

7.2981E-02
2.945TE-02
9.1098E-02
3.6180E-02
1.3756E-0)
1.4348E-02
3.6936E-02
6.T095E~-03
4.3929E~02
5.8509E~02
4.6197E-02
6.1209E-02
9.T524E-02
8.3700E-02
2.8323E-01
7.5654E-02
4.4118E-02
3.3696E-02
1.6694E-01
9.7470E-03
1.7350CE-04
4.6116E-02
1.0519E-01
1.8535E-01

RriRtn
.922
1.000
1.000
.627
1.000
.80}
.762
.394
.815
1.000
.908
.986
1.000
.951
.912
1.000
1.000
-937
.992
.87%
1.000
.866
1.000
1.000
1.000

DYNAMITE
FaCTOR
2.261
85,055
1.709
1.126
2.801
1.736
1.30%
777
1.478
7.804
3.052
19.766
2.387
8.528
2.702
1.969%
29.878
3.632
62.315
2.402
1.9%9
4.122
1.978
10.207
10.031
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TABLE Vi-D FE-56 + 7TB-159
ISOTOPE CROSS SECTION FRACTION DYNAMITE
(hB) CUMULATIVE FACTOR
IN~1108 1.1SG4E+00 +/~ 2.5607E-01 1.000 2.605
CD-111m 6.5T1BE~01 +/- 1,0527E-01 1.000 3.332
IN-111 2.4062E+00 +/~ 1.0870E-01 .T48 1.509
IN-114M 7.7031E-01 +/~ 1.2050E-01 1.000 4.459
TE-11¢6 1.3254E+00 +/- 2.B8431E-01 1.000 5.673
SB-116M 1.1910E+00 +/- T7.643TE-02 1.000 2.068
TE-117 1.4323E+00 +/~ 3.3642E-04 .875 2.86%9
SB-118M 9.2988E-01 +/- 9.3123E-02 1,000 2.672
TE-119Mm 1.4253E+00 +/- 3.593T7E-02 1.000 2.041
I -119 1.5522E+00 +/- 4.T7952E-01 .871 3.783
TE-121 2.6954E+00 +/- 3.1320E-01 .352 1.147
1 -124 4.1850E~-01 +/- 4.9464E-02 1.000 4.087
XE-122 1.097BE+00 : /- 9.0990E~03 1.000 2.938
XE-123 1.2690E+00 +/- 1.0446E~01 .T75 1.840
XE-125 3.0186E+00 +/- 2.8323E-01 .510 1.176
XE-127 3.539T7E+00 +/- 2.2915E-01 .262 1.371
BA-128 1.B044E+00 +/- 1.79%8E-01 .781 1.942
C€s-129 3.73491E+00 +/- 1.9178E-01 .312 1.188
LA-131 2.3050E+00 +/~ 2.155%E-01 .693 1.601
BA-131 8.2593E+00 +/~ 2.1927E+00 .39%2 1.171
CE-132 1.4988E+00 +/- 6.3639E-02 .863 3.290
CE-135 2.1090E+00 +/~ 2.3765E-01 543 1.243
CE-12% 3.331BE+00 +/~ 4.8303E-02 .07 1.088
ND-139M 9.0018E-01 +/- 1.0738E-01 .685 1.601

Eu-145 3.2454E+00 +/- 3.6531E-01 R-L1 3.363
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TABLE VvI-D FE-5¢ + TB-159
ISOTOPE CROSS SECTION FRACTION DYNAMITE
(MB) CUMULATIVE FACTOR
EU-147 3.6639E+00 +/- 1,06B84E-01 660 1.587
GD-147 2.T162E+00 +/- 1,8225E-01 .869 4.745
TB-1484 2.2054E-D)1 +/- 6.1857E-02 1.000 15.128
Eu~-148 8.437SE-01 +/~ 2.9862E-02 .992 2.366
GD-149% 4.1850E+00 +/- 3.215TE~01 .739 1.97¢
TB-151 1.2644E+0]1 +/- 3.3534E+00 .781 2.486
TB~152 2.6Y93E+00 +/- 4 0419E-0) .678 1.739
GD-153 5.0922E+00 +/- 3.1833E-01 .239 1.006
T8-153 1.8079E+00 +/~ 1.3500E+00 454 1.093
DY-155 S.1462E+00 +/~ 1.8206E+00 651 1.633
T8-155 9.4554E+00 +/- 2.0066E+00 .361 1.189
TB-156 3.8B80E+00 +/- 7.T436E~02 1.000 4,746
rg-156 2.346€6E+00 +/- 3.6822E-01 .T86 2.873
oy-157 8.67TBE+00 +/- 6.6420E~04 421 1.169
HO-159 1.6146E+01 +/~ 3. 7179E+00 .252 L6440
ER~159 3.3129€+00 +/~ 1.0816E-0] 1.000 2.600
T8-160 5.240TE+00 +/- 2.8053E-01 1.000 76.102
ER-160 4.538TE+00 +/~ 9, 4446E-01 1.000 1.861
HO-160 3.1320E+00 +/- 6.0831E~01 669 1.983
ER-161 S.0679E+00 +/- 1.8492E~01 543 1.356
TM-162 3.0051E+00 +/- 3.83467E~03 .483 1.529
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Table VII. Most Probable A Value, Ca + Ce

7 Aot 2, Ak
12 ~28 66 152.9 7.1
13 - 65 150.6

14 - 64 -

15 - 63 148.8

16 - 62 -

17 - 61 -

18 - 60 -

19 42.8 59 141.0 4.2
20 45.5 58 137.8 4.7
21 47.7 57 134.6 5.7
22 - 56 132.1

23 ~ 55 129.4

24 - 54 127.1

25 54 .8 53 123.8 9.4
26 57.0 52 -

27 -~ 51 118.7

28 ~ 50 -

29 - 49 114.,0

30 ~ 48 -

31 71.1 47 109.1 7.7
32 73.7 46 -

33 76.1 45 i03.9 8.0
34 ~ [ 101.5

35 79.6 43 98.2 10.2
36 ~ 42 -

37 84.2 41 94.4 9.4
38 £6.9 40 91.9 2.2
39 £%.6 39 89.6 8.8

* errors in A_ on the order of <+ 0.5 amu
Ry = (A + Ag) = (Apy + AR)
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Table VIII. Most Probable A Value, 480a + Tbh

zl ApJ* Zh Aph* vk
17 38.6 68 -

18 - 67 129.9

19 43.0 66 157.3 6.7
20 45.5 65 155.0 6.5
21 47.7 64 152.0 7.3
22 - 63 150.0

23 - 62 -

24 - 61 -

25 55.2 60 -

26 57.5 59 -

27 - 58 138.0

28 62.7 57 135.0 9.3
29 - 56 132.0

30 68.7 55 129.0 9.3
31 71.4 54 125.5 10.1
3z - 53 123.0

33 75.7 52 -

34 - 51 118.2

35 80.3 50 -

36 Q 49 113.5

37 - 48 -

38 87.1 47 109.0 10.9
39 89,7 46 -

40 92.3 45 104 .4 10.3
41 94,1 44 101.1 11.8
42 96.6 43 -

* errors in Ap are on the order of < # 0.5 amu
kky = (4) + 45) - (Apl + Aph)
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Table IX. Most Probable A Values, JOFe + Ce
z, Ay* z, At vh
18 39.9 66 -
19 42.1 65 151.0 2.9
20 4.7 64 148.5 2.8
21 46.6 63 146.2 3.2
22 - 62 -
23 50.5 61 -
24 - 60 -
25 54,4 59 -
26 56.0 58 136.1 3.9
27 57.8 57 -
28 60.0 56 130.6 5.4
29 61.9 55 -
30 64.1 54 124.6 7.3
31 67.5 53 121.6 6.9
32 70.2 52 118.6 7.2
33 72.3 51 115.5 8.1
34 747 50 -
35 76.2 49 111.3 8.5
36 - 48 -
37 82.9 47 106.9 6.2
38 - 6 -
39 87.3 45 102.2 6.5
40 89.7 4 99.5 6.8
41 92.2 43 96.8 7.0
42 94.5 42 94.5 7.0

* errors in Ap are on the order of < % 0.5 amu
= - +
*ky = (A + Ay) (A Aph)
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Table X. Most Probable A Values, 56pe + Tb
*

4 41 I App* e
19 42.0 72 -
20 44.3 71 -
2] 46.7 70 -
22 - 69 162.5
23 50.1 68 160.2 4,7
24 52.3 67 158.1 4.6
25 54,5 66 155.7 4.8
26 56 .0 65 154 .4 4.6
27 58.9 64 148.5 7.6
28 - 63 146.1
29 - 62 -
30 - (3} -
31 68.2 60 -
32 70.3 59 -
33 72.6 58 133.4 9.0
34 74.7 57 131.4 8.9
35 76.7 56 129.4 8.9
36 78.8 35 127 .4 8.8
37 83.0 54 125,2 6.8
38 - 53 120,7
39 88.0 52 118,7 8.3
40 90.3 51 116.0 8.7
41 92.5 50 -
42 - 43 111.5
43 96.9 48 108.9 9.2
44 99,1 47 106.7 9.2
45 102.0 46 -

* errors in Ap are on the order of <+ 0.5 amu
My o= () R Ay) - (Bt Ag)



-5}~

As in previous studies of heavy jon induced nuclear reactions the
mass (charge) distributions of the products seem to suggest Gaussian
18,24,26
shapes. In the past the mass yleld curve has been divided
into contributions from macroscopic reaction channels on the sole
basis of these different Gaussian components-18'16 There are three
reaction channels open to the systems in this work, the quasielastic
transfer reaction (QET) characterized as peripheral or grazing col-

77,78 the deep

lisions where only a few nucleons can be exchanged,
inelastic transfer reaction (DIT) thought to represent more solid
collisions where a dynamical equilibrium exists between the reaction
par:ners,10’79'80 and complete fusion (CF) or compound mucleus forma-
tion where the "completely fused" system de-excites by particle emission
or fission on a time scale much longer than the collision time.s‘
While this division is possible in this study, the distinction
between QET and DIT is a kinematical one and there is no kinematical
information in a mass yield curve.2 Using previous countertelescope
studies as a guide,24’26 the contributions to the mass distribution
curves were obtained by the component analysis shown in Figures 3
through 6. One notes that evaporation residue (ER) products, curve A,
are only visible in the lighter systems and that complete fusion-fission
(CF-f), curve B, becomes less important for the 56Fe induced reactions.
The DIT products are represented by curves C and D and the QET transfer
products are represented by curves E and F. The fractions of the
reaction cross section that these reaction mechanisms make up are given

in Table XI. While not specifically shown, the cross section for

the DIT light fragments, C, i1s approximately equal to the cross section
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for the DIT heavy fragments, D. The same is also true for the QET

cross sections, E and F.

B. Complete Fusion

The results for the fraction of the total reaction cross section,
op» that goes into complete fusion, CF, are given in Table XI. The
immediately striking feature of these results is that the fraction of op
that 1s represented by CF processes seems to be determined by the
projectile, and not by the target, nor by the compound system. It is
interesting to note that for the 48Ca induced reactions the CF cross
section is divided differently between ER and CF-f for the two targets
(reflecting the different fission competition in the compound nuclei)
but comes up to the same total fraction. And as mentioned previously,

56

there were no evaporation residues detected for the " Fe induced

reactions due to their relatively low production cross sections.



Table XI.

Macroscopic Reaction Channel Cross Sections

48

Ca + Ce

percent_(mb)

4BCa + Tb
percent (mb)

e + Ce
percent (mb)

56pe + b
percent (mb)

ER

9Cr-£

“QET

1T

14 %2

20

-+
w

34+ 4

29 +3

7 +4

(247)

{353)

(600)

(512)

(653)

<1 (x 24)

33 +3 (561)

3% + 4 (585)

29 + 3 (496)

37 + 4 (634)

6+1 (98)

50 + 6 (820)

4+ 3 (720)

<< 1

542 (78)

542 (78)

60 + 7 (940)

35+ 3 (550)

-£G=
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IV. DISCUSSION

It has become standard to describe the limitation of
complete fusion in heavy ion reactions in terms of a critical angular
momentum.81-83'7o’74 This description is based on a partial wave
analysis of the reaction where the reaction cross section is written

in the form:68

-
=m? oz (2 +) T, a2)
=0

°r
where % 1s the reduced wavelength of the heavy ion projectile and Tl is
a transmission coefficient through a one dimensional (radial) fusion
barrier. The values of T, range from 1, pure transmission, to 0, no
transmission. Because of the properties of the Tl's and the large
values of &, it is conventional to introduce sharp cutoff values.84
Thus T, = 1 when & < lmax and Ty = 0 when . > Rmax, which gives:

o = ™2 B e 1) (13)

=0

Therefore, when it was found that the complete fusion cross section was
less than the reaction cross section a lower L value cutoff to complete
fusion appeared in a very natural way.as So one can write the complete
fusion cross section in a form analogous to Equation 13 as:

[ 3
2 it e 14y
=0

9% = ™

where lcrit is the sharp cutoff critical angular momentum for fusion.
Implicit in this expression is the assumption that large t values

(grazing collisions) do not lead to fusion., This picture has been
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extended with the inclusion of deep inelastic collisions in the region
that intervenes between low & - complete fusion and high t - elastic
transfer.81 This picture of the L dependence of the reaction channels
is shown schematically in Figure 7.86 In the next sections the critical

angular momenta are deduced and compared to model calculations.

A. Deduced Critical Angular Momenta

The maximum angular momentum that can be brought into the reaction
has been analyzed in terms of Fresnel diffraction87 and in turn related
to the quarter point angle in elastic scattering experiments.88 The
quarter point angle is defined as the center of mass angle at which the
ratio of measured elastic scattering cross section to the calculated
]hn:l‘nex‘fordﬂ9 cross section is 0.25. The measured cross section for
elastic scattering drops below the Rutherford cross section with the
onset of nuclear reactions. Thus the radial separation at which nuclear

reactions begin to dominate and elastic scattering is no longer possible

can be written:

8
Ry = nx (1 + cosec ()] as)

where eQ 1s the quarter peint angle and n is the Sommerfeld parameter
equal to the distance of closest approach on a classical orbit divided
by the reduced wave length:

mlmz

2
ne ZlZZe

y M=t (16)
H[ZE/T™ (m,+m,)

The maximum angular momentum, Loax? ig related to the quarter point

angle the expression:
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]
Lo =0 cot(—zoh) 7

No elastic scattering studies have been done for any of the systems
studied in this work, however, from the systematics of Ry, detailed
above one can calculate 9Q and then in turn Lnax ODce a value for

RIZ has been chosen. Ti:e average value of entries 1, 2 and 3 from
Table V was used for Ry, in these calculations, and the results are
given in Table XI1. One can see that the angular momenta brought into
these systems 1s quite high on the order of 150 T units.

Using the sharp cutoff model and the angular momentum fractiona-
tion shown schematically in Figure 7 the g cutoff values for the three
reaction channels are given in Table XII. Again, because of the nature
of the experiment, the actual g cutoff values between QET and DIT may
be somewhat different. A striking feature is the factor of the

difference in ..., between the 6Bca ana ¢

Fe induced reactions. This
difference is also seen in Table XIII where four different reactions
that produce an At (or nearly At) compound nucleus at nearly the same
excitation energy are compared.as‘za As in the earliest experiment
where complete fusion was studied as a function of entrance channel,90
the comparison shows that the role of complete fusion is determined in
the dynamics of the entrance channel and not by the equilibrium

properties of the compound nuclei. These cutoff values are plotted

versus zprojectile in figure 8, along with the Loax fOr the reaction.
This figure indicates the 2, ., value 1s restricted by kinematics for

low zproj' and therefore seems to go through a maximum in the Ar-Ca

reglon.



-57-

Table XII. Calculated lmax and Lerit Values

48ga 4 140ge  4Bgy 4 158qy,  56p, 4 140, 56p, 4 159
E 205.5 216.6 242.9 258.9
Gy
R * 12.55 12.80 12.76 13.01
(}m)
* .05325 .05107 .04630 04408
(fm)
n 76,20 84.48 96.39 106.5
3 140 143 151 156
(ﬁaﬁnits)

o4 by - gy 2" by o

QET 118 ~ 140 21 - 143 107 - 151 99 - 156
DIT 81 - 117 83 - 120 35 - 106 34 - 99
CF 0 - 80 0 - 82 0 - 35 0 - 34

* average value of

entries I, 2 and 3 in Table V



Table XIII. Comparison of Critical & Values for the Compound System, At

1

System o E L E* [ L Reference
C)
@@ W wen b &
o1 9T au 2ae 126 70 102 1403 ¢ 421 5348 Natowitz, 85
oart Eh0 203ae 225 99 93 860 + 90 86 4 5 Hanappe et al., 28
agca+!2im Qe 2172 143 116 585 + 60 82 + 8 this work
3ere+ldlce 12%p0 243? 151 108 126 + 16 45 this work

1 The experimental critical & value calculated as Lzﬁz = °CF/"*2'

2 Effective bombarding energies for thick targets, discussed in text.

-8¢-
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B. Comparisons with Reaction Model Calculations of lcrit

Because of the "thick" target nature of the experiments of this
work and the "thin" target nature of theoretical calculations one
mist be cautious about direct comparison of radiochemical ' rk with
theoretical calculations. However, the recent calculations of Birkelund
et 81.91 do show that the sitvuation may not be as bad as might ta:
imagined. These calculations, and their comparison with data, indicate
that the dependence of °cr on energy follows the simple form of equa-
tion (7) with the exception of the very high and very low energy
regions.91 This would indicate that the "effective energy" previously
calculated should be approximately correct and any strong deviations
of calculated quantities from the experimentally measured values are to
be considered serious discrepancies.

The measured values of the critical angular momentum for fusion
have been given in Table XIII. In the following sections various
will be described and compared with the

prescriptions for ‘crit

measured values in Table XIV.

1. Bass Model

Bass has developed a classical model for the calculation of fusion
excitation functions with a radial nuclear potential that depends on
the difference in surface energies between a given finite separation

and infinite separation.74'75 This nuclear potential is written:

R, (R,+R,)
- 1/3,1/3 _4d ~ Ram Ry
Va (Ryp) ag A7 T4 R R, e"P( T — ) (18)

vhere a; = 17 MeV is the surface energy coefficient in the liquid drop
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mass fotmula,92 d = 1,35 fm is the surface diffuseness, and

Ry = 1.07 Ai/3 fm. Explicit formulae for the £ ., Values as a

function of energy were not given but rather a graphic analysis is

necessaty.74 However, Namboodiri et al. have written an analytical

function for the Bass model ‘cr1:93 which 1s written as:

2 1/3,1/3\ | %
Z,2,e da A}’ "A;

. 1 = f2ur?, [ Eq, - + 19
erit 12\"cM R, R, (19)

vhere the parameters a_ and Rl2 retain the same meaning as in

equation (1B).

2. Critical Distance Model
Glas and Mosel have postgla:ed that a critical distance of approach

determines the complete fusion cross section rather than a critical

L value.%’95 This approach to the calculation of complete fusion

cross sections has also been discussed extensively by Lefort.83’81

In this formulation the ocF i1g given by the expression:

Twl 1+ exp[Zw(E-VB)fhm

9% “ (ZuE ) In 1+ exp[Zw(E-VB-I (20)

crCEVer? /1gtu]

where Ig, Vp are the moment of inertia and potentfal energy at the
interaction distance (RB), while ICR and VCR are the same quantities
at the critical distance (ﬁCR). E i3 the center of mass energy and
tw is the barrier curvature. Based on the analysis of a large amount

of data Lefort and coworkers have found that:83'96

R = (1.0 + 0703 + a1/%) £o (21)

Ngo has found that the values of VCR are given by:97
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Ve = (0.124275 leZ =~ 17.6) MeV , ZlZZ < 1000 (22)
Ver = (0.11705 ZIZZ = 6.9) Mev , Z]Z2 > 1000 (23)

The values contained in Table XIV were calculated with Equatioms 20-23
ustng Ry = 1.44(a}73 + al/3)fn and hw = 5 Mev. As remarked by

Scobel et al. this approach shouil be valid if 212y < 1700,21 that

is, for all the systems in this study. The value of lcrit was
obtained as:
O.p ]k
_ CF
Rerge P = [11%}] @

This employs the sharp cutoff model and the approximation that
L

CR _ 2

I" (22 + 1) = 2507

0
As can be seen in Table XIV poth models are in reasonable agreement

with the experimental data that had been previously reported.zs’85
However, as the projectile mass increases (reaction asymmetry decreases)

the models predict too large a cross section, or too large a value

for the critical & value.



TABLE XIV. Comparison of g, ;. with Theoretical Calculations.

exp 2 2
System E Lot an: ﬂotdel Crit:l.cacf’tﬁ.stance Reference
) ) 1) ™)
120,197 119 5348 55.8 52.6 Narowitz, 85
‘0+!65H° 181 86 + 5 80.1 75.2 Hanappe, et al., 28
480q315%y, 217 82 48 109.5 107.9 this vork

56pes+140g, 243 WS 109.5 . 93.1 this work

-zg-



—-63-
V. CONCLUSIONS

Several conclusions can be drawn from this work. The first one
is that a radiochemical, nee radioanalytic, study of the complete
fusion process can provide useful information on the gross features of
the process. These types of study have the tremendous advantage of
requiring only a very small amount of accelerator time and can be
very important in uncovering the reaction mechanisms operating as new
preliminary heavy lon beams become available.

A second conclusion is that rather sharp changes in the coﬁflete
fusion reaction are taking place as the projectile ion enters the first
row of the transition metal region of the periodic table. It had

4OAr induced reactiomns

been known that large changes had occurred between
and 84Kr induced reactions and a clue was obtained for ®Fe + U by

Reus et al. that things were changing r 18 However, the Reus study
suffered from the problem that the co nucleus was unknown and
predicted to be unstable.92 These studi.s and comparisons with previous
studies of the complete fusion reaction to produce At compound nuclei
indicate that the fusion of projectiles heavier than 40pr with medium
mass targets 1s severely restricted.

A third conclusion is that current models of the heavy ion induced
complete fusion process are unable to predict the sharp decline in %cp
that has been observed.

Finally, this work indicates that there is indeed a very large
and unexpected effect of entrance channel on the reaction mechanisms,

showing up particularly in the Ar - Fe region. This should have serious
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consequences for studies such as those of Oganessian who has apparently

8 This can also be tzken as a refutation of the

not seen this eifect.g
comment of R. Stock that "just creeping up 16 nucleous from Ar cannot
make any difference to reaction mechanisms."99 Although to be fair,

this comment was directed at relativistic heavy ion reactions, it

does point out the start’ing nature of the demise of complete fusion.
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FIGURE CAPTIONS

ZBE finiggcharge dispersion curve for "fission" products from the

ca + Tb reaction. Shown are the measured yields (solid
points) and the independent yields corrected for precursor decay
on the basis of the fitted Gaussian curve {open points).

Mass disggrsion curves for products in the near-projectile region
for the “"Fe + Ce system. Note that maximum values of the
isotopic curves fall by a factor of 10 in 6 Z units. The data
points have been corrected for precuvsor decay on the basis of
the fitted isobaric yield curves.

The mass distribution curve Q%E vg, A) for the ABCa + Ce system.

The area under’ the curves has Qeen normalized to the mean geometrical
cross section (see text). Macroscopic reaction channel components

to the mass distribution curve are labeled: A - evaporation residue
products, B - complete fusion-fission products, C and D - light and
heavy deep inelastic transfer products, respectively, and E and

F - light and heavy quasielastic transfer products.

8 159

The mass distribution curve for the 4 Ca + Tb system, normalized

similar to Figure 3 (see text).

The mass distribution curve for 56Fe with Ce. MNote the lack of
evaporation residues and the predominance of quasi elastic transfer
products.

The mass distribution curve for 56Fe with Tb; note the similarity

to Figure 5.

A schematic representation of :h§6£ dependence of the reaction
channels in heavy ion reactionms.

The critical angular momenta for fusion as a function of projectile
Z to form an At compound nucleus, this work plus references 28 and
85. Also shown are the maximum entrance channel angular momenta
(solid squares).
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