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Actinide Production from Xenon Bombardments of 

Curium-248 

Robert B Welch 

ABSTRACT 

Production cross sections for many actinide nuclides formed 

in the reaCtion of 129xe and 132xe with 248cm at bombarding ener-

gies slightly above the coulomb barrier were determined using 

radiochemical techniques to isolate these products. These results 

are compared with cross sections from a 136xe + 248cm reaction 

at a similar energy. When compared to the reaction with 136xe. the 

maxima in the production cross section distributions from the 

more neutron deficient projectiles are shifted to smaller mass 

numbers, and the total cross section increases for the production 

of elements with atomic numbers greater than that of the target, 

and decreases for lighter elements. These results can be explained 

by use of a potential energy surface (PES) which illustrates the 

effect of the available energy on the transfer of nucleons and 

describes the evolution of the di-nuclear complex, an essential 

feature of deep-inelastic reactions (DIR), during the interaction. 

The other principal reaction mechanism is the quasi-elastic 

transfer {QE}. Analysis of data from a similar set of reactions, Xe-
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129, 132, and 136 with Au-197, aids in explaining the fealures of the 

Xe + Cm product distributions, which are additionally affected by 

the depletion of actinide product yields due to deexcitation by 

fission. The PES is shown to be a useful tool to predict the general 

features of product distributions from heavy ion reactions. 

January 11. 1985 
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Actinide Production from Xenon Bombardments of 

Curi~248 

Robert B. Welch 

1. Purpose and Introduction 

The purpose of this work is to study the etfect on actinide nuclide produc

tion by use of the more neutron deficient, non-closed shell projectiles xenon-129 

and xenon-132 as compared with xenon-136. The dit!erences observed can be 

explained with the use of potential energy surfaces. which describe the relative 

energy dit!erences between the possible products from a given reaction. We can 

also get an insight into the reaction mechanisms involved in these low energy 

heavy ion reactions. 

The complexity of a projectile-induced nuclear reaction is roughly propor

tional to the total mass involved. A proton or alpha particle bombarding a rela

tively light target, such as iron, can either knock out some other light particles 

or can be absorbed, creating a compound nucleus, which then deexcites by emit

ting mainly gamma rays and neutrons. On the other hand. a heavy ion such as 

xenon bombarding curium can cause many dit!erent products to be formed. 

Grazing collisions can lead to transfer of a few nucleons from projectile to target 

or vice versa. More central collisions can lead to a deep inelastic collision, a two 

body interaction which can lead to large net nucleon transfers. The target-like 

product is formed in an excited state and can deexcite by neutron emission or by 

tlssion. Thus, there are many possible products !rom a heavy ion-heavy target 
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interaction. Because of the possibility of large net nucleon transfers to the tar

get nuclei, heavy ion bombardments of actinide targets are a means to make 

nuclides that cannot be made by other methods, such as successive neutron cap

ture in nuclear reactors. A study of how much of each product is formed is help

ful in explaining the mechanism involved. 

Previous work done in the field of heavy ion bombardments of actinide tar

gets by our group (or in collaboration with others) has involved the use of projec

tiles such as 136xe, 86Kr [Moo83], and 48ca [Gag83], all of which are the most 

neutron-rich isotopes of their respective elements. As one goes to heavier ele

ments, one needs a larger neutron-to-proton ratio to have a nucleus that is 

stable to beta decay. The longest lived isotopes of the heaviest elements are 

expected to be beta stable and have an odd mass number, which increases the 

partial half-life for decay by spontaneous fission of that nuclide. Also, new 

neutron-rich isotopes of previously known elements will be made best by use of 

neutron-rich projectiles. Another common property of 136xe. 86Kr. and 48ca is 

that they all have a closed neutron shell configuration. Shell model theory stales 

that there are certain .. magic'" numbers of neutrons or protons that have an 

additional stability. These magic nuclides have, for example, larger binding 

energies and lower alpha decay energies than can be predicted from use of the 

liquid drop model of the nucleus. To determine the effect of non-closed shell dnd 

more neutron deficient projectiles on the production cross-sections of actimde 

nuclides formed in heavy ion reactions, we bombarded 248cm with 129xe and 

132xe and compared actinide production cross sections from these reactions 

with those from 136xe with 248cm (at similar energies on target) [Moo83]. 
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2. Heavy Ion Reactions - Theory 

Heavy ion interactions can involve a number of reaction mechanisms. If the 

projectile has enough energy to overcome the mutual coulomb repulsion 

between it and the target nucleus, the angular momentum of the system plays a 

major role in determining which mechanism is to be followed. Large angular 

momenta correspond to large impact parameters and grazing colli-sions, where 

the two nuclei only slightly overlap. The nuclear strong force is not strong 

enough to hold the reactants together for long, and so they have time to 

exchange or knock out only a few. nucleons before they separate. These reactions 

are called quasi-elastic reactions (QE) because there is little change, if any, in 

the kinetic energy or mass of the projectile. At smaller angular momenta, there 

is greater overlap, resulting in longer interaction times. During the contact 

time, the two participants form a di-nuclear complex. but do not completely 

fuse. This is the domain of the deep inelastic reaction {DIR). There is an 

exchange and transfer of many nucleons back and forth as the di-nuclear com

plex slowly rotates. Nucleon exchange appears to be the primary kinetic energy 

loss mechanism. Eventually, the angular momentum of the rotating system 

causes it to break apart into a target-like product and a projectile-like product. 

Most of the initial kinetic energy of the projectile is converted into excitation 

energy of the products and so lhey often separate from each other with kinetic 

energies as low as that amount attributable to their mutual coulomb repulsion. 

This is the inelastic part of DIR. For very large systems {those with total mass 

number A> 250), QE and DIR are the only significant mechanisms involved 

[Gob81]. Nearly head-on collisions would lead to complete fusion in the case of 

lighter projectiles. However, fusion has not been found to occur for projectiles 

heavier than Zr on heavier targets [Arm82]. 

The characteristics of a QE reaction are 1.) sharply peaked narrow mass 
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distributions centered around the projectile and target masses, 2) little energy 

loss and little angular momentum transfer to the products. 3) a narrow angular 

distribution of projectile-like products peaked slightly forward of the grazing 

angle in the center of mass frame {c.m.), while target-like products recoil in the 

opposite direction in c.m. For a DIR, one sees 1) a broad double humped mass 

distribution centered near, but not necessarily at, the projectile and target 

masses, 2) much kinetic energy damping, reappearing as excitation energy of 

products, 3} large angular momentum transfer between products and 4) very 

broad angular distribution centered in c.m. frame near the grazing angle and its 

supplement for the system. Near-target nuclides are made principally by QE, 

although DIR will contribute some. Nuclides which involve a larger transfer -

more than about 6 nucleons - are formed primarily by DIR. Because of the two 

body nature of DIR and QE, the same production properties apply to projectile

like products. However, in this work, only target-like products were studied. For 

a more extensive review of deep inelastic reactions, refer to [Mor83], [Vol78] and 

[Sch77]. 

Much work has been done to determine what governs the final distributions 

of mass. energy. and angular momentum during a DIR. The most probable exci

tation energy distribution is proportional to the mass of the product. Eowever. 

there is a width to the distribution which allows a small probability of a product 

being formed in a relatively cold state. The transfer of angular momentum 

depends on how the nuclei move in relation to one another during contact. The 2 

reactants could rotate as one or could roll independently as they stick together. 

The intrinsic angular momentum of the transferred nucleons is also important. 

The net movement of nucleons appears to depend on the system's et!ort to 

equilibrate various modes, such as the neutron-to-proton {N/Z) ratio and the 

mass asymmetry. Mass asymmetry controls whether the system tries to make 2 
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products of equal mass or tries to fuse the reactants into one product. The N/Z 

mode causes a rapid rearrangement of protons and neutrons between the reac-

tants without a significant net mass change in either participant. The equili

brium N/Z value of the products is determined by the interplay of the coulomb. 

centrifugal and nuclear potentials, as well as by the masses of the products. and 

can be roughly approximated by the N/Z ratio of the combined system. The N/Z 

mode equilibration time is about 10·22 seconds [Kra77], while attainment of 

mass asymmetry takes about 10-20 seconds. Even after equilibration. statistical 

tluctuations in nucleon movement cause a distribution in product masses which 

is peaked at the equilibrated value. Thus, there is a small, ftnite probability of a 

very neutron (or proton) ·rich product being made. Because of the tluctuations 

in excitation energy and number of nucleons, DIR may be the best and only way 

to produce some neutron-rich actinide nuclides. 

The life time of the dinuclear complex depends on the amount of overlap of 

the participants due to the impact parameter of the given collision. The total 

kinetic energy loss (TKEL), which is the difference in kinetic energy between the 

reactants and products, is a good measure of the interaction time because the 

TKEL monotonically increases as a function of the interaction time. Determina-

tion of the evolution of product distributions as a function of TKEL has proved 

helpful in interpreting and explaining DIRs. 

When using a more neutron deficient isotope as a projectile, it is expected 

that the peaks of the elemental cross sections should shift to lighter (i.e. more 

neutron deficient) nuclides. This shift is expected for DIR products because the 

equilibrated N/Z value is smaller due to the neutron-poor projectile, causing an 

overall movement of neutrons from the target to the projectile. Because there 

are fewer neutrons in Xe-129 than in Xe-136, there is a smaller probability of 

transferring a neutron in a QE interaction, and so neutron-rich products are less 
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likely to be made. 
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3. Bombardments 

Production cross-sections were determined for actinide products formed in 

three bombardments of a 248cm target. The curium target used contained 

0.485 mg/cm2 248cm. electroplated as the oxide on a 0.5 mil beryllium backing. 

The curium in the target is 97.4% 248Cm in isotopic composition, along with 2.6% 

246 -4 244 . . . 
Cm and lxlO . % Cm. The target was made by electroplatmg layers of 

curium nitrate from an isopropanol solution and converting them to the oxide 

form by heating to 300a C (Mul75,Moo83]. The thickness of the target was deter-

mined by counting the alpha radiation of the curium with a surface barrier 

detector and a multichannel analyzer; 

The xenon ions were supplied and accelerated by Lawrence Berkeley 

Laboratory's Super-Heavy Ion Linear ACcelerator(SuperHILAC), an Alvarez- type 

linear accelerator capable of accelerating ions as heavy as 238u to an energy of 

8.5 MeV/nucleon with intensities ·Of nearly 1 particle microampere [SHL76]. The 

prestripper section of the accelerator accepts ions with energies of 113 

keV/nucleon and accelerates them to 1.2 MeV/nucleon. After passing through 

thin carbon stripper foils to increase the charge on the ions, the post-stripper 

section accelerates them to the maximum of 8.5 MeV /nucleon. Lower final ener-

gies can be obtained by turning oti the radiofrequency field in the Later tanks in 

the post-stripper or by adjusting the gradient of the radio frequency field in the 

last tank used. The SuperHILAC has 3 injectors and with computer control is able 

to deliver 3 ditferent ions as part of the 38 pulse per second beam. The newest 

injector, Abel, was designed to give higher intensity heavy ion {A>86) beams than 

can be delivered by the other injectors [StaB!]. Abel consists of a combination 

Cockroft-Walton {CW) preaccelerator, which contains the ion source, and a 

Wideroe accelerator, which accelerates the ions to 113 keV /nucleon, the energy 

needed by the prestripper of the SuperHILAC. A charge stripper utilizing 
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Fomblin vapors (high molecular weight linear chain ft.uorocarbons) is situated 

between the Wideroe and the SuperHILAC. The transport line in Abel has a right 

angle bend between the CW and the Wideroe, allowing the selection and accelera

tion of one isotope from a natural source. Natural xenon, which consists of 26.4% 

129xe and 27% 132xe among its 9 stable isotopes, was used as the source in these 

experiments. Alter reaching the desired energy, the ions leave the SuperHILAC 

and travel down the beamline to S-cave, the location of the target system. 

Because there are no bending magnets between the exit of the SuperHILAC and 

S-cave, it is necessary to do extra tuning on the beam to ensure that no ions from 

other beams concurrently accelerated come through to S-cave. The beam 

integral is determined by integrating the current that passes through the target, 

and extraneous ions from other beams will cause an erroneously high beam 

integral to be recorded. Also, the unwanted ions may have high enough energy to 

react with the target nuclei, yielding products which we would assume were 

formed by the interaction of the correct ion with the target. During the bom

bardment, the ions react with the target nuclei and the products recoil out of the 

target and stop in a catcher foil. Chemical separation of the product atoms from 

the catcher foil and the measurement of the decay energies and half lives of the 

radioactive products found determine how much of each product was made. 

Alter entering S-cave, the ions pass through a 60 em diameter scattering 

chamber and enter the target system. Figure 3.1 is an exploded view of the tar

get system. The beam passes through a water cooled 6 mm graphite collimator. 

The target is cooled by nitrogen gas, and a Havar window separates the nitrogen 

from the vacuum of the SuperHILAC. Havar is a strong alloy of 9 metals, the most 

abundant being cobalt, chromium, iron, and nickel. Alter passing through the 

target, unreacted beam is stopped by a water cooled beam stop. The catcher foil 

holder is between the target and beam stop. The catcher foils are shaped like 

truncated cones and stop the products which recoil out of the target at an angle 

,.. 
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of 20-60 degrees from the beam. If desired, the more forward recoiling products 

can be stopped in a separate catcher placed against the beam stop. Eowever, 

products from beam ions reacting with catcher material would also be in an end 

piece catcher, and chemical purity of the sample to be counted becomes critical 

because of relatively small amounts of actinide product nuclei compared to 

other products. Because some actinide products have short half l~ves, the target 

system is designed to allow rapid access to the target and the catcher foil. Since 

one need only close a valve and bring the target system up to atmospheric pres

sure, it takes only 2 to 3 minutes from the end of bombardment to dismount the 

catcher foil and begin transporting it to the chemistry laboratory. The target 

system is also designed to handle highly radioactive targets (the curium target 

used decayed at a rate of about 106 dps). If the target should break and be 

sucked into the SuperHILAC, a major ettort would be needed to decontaminate 

the accelerator. The potential for this catastrophe is eliminated by the presence 

of a quickly activated slammer valve situated just outside S-cave. If the pressure 

in the beam line should suddenly rise, which could be a indication of a target 

failure, a tedon wedge is explosively ft.red into the beamline and prevents 

upstream contamination. With a radioactive target, beam cannot be sent into S

cave unless the slammer valve is armed. Less catastrophic failures are 

prevented by an interlock system which turns ott the beam if conditions occur 

which could lead to target damage. The collimator and end piece water pressure 

and temperature, nitrogen gas pressure, beam current, and an infrared meter 

are all connected to the interlock system. 

The energy of the beam ions is appreciably degraded by their passage 

through the Havar window, nitrogen cooling gas and the beryllium backing. The 

range and stopping power tables of Hubert. et. al. [Hub80] were used to predict 

the energy loss through the various pieces of the target system. The computer 

program RANGY was developed to use the stopping power tables to interpolate 
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energy loss through compounds and other untabulated media [Moo80]. We deter

mined that if the ions passed through the beryllium target backing before reach

ing the target, the beam energy on target would be above the coulomb barrier of 

the ion-target system only when the initial energy of the beam is nearly the max

imum obtainable from the SuperHILAC. The largest energy loss occurs in low 

atomic number media such as beryllium. In order to get higher energies on the 

target, the beryllium would need to be thinner or else the target would have to be 

turned around so that the ions hit the target without being degraded by the 

beryllium. In the latter case, however, the product nuclei would have to recoil 

through the beryllium. Our calculations indicate that the energy of these pro

ducts corresponds to a range nearly equal to that in the beryllium and therefore, 

some of them would not get out. We chose to run these experiments with the tar

get facing the catcher foil to minimize loss of products in other media. 

The energy of an ion accelerated by the SuperHILAC is determined by the 

SuperHILAC's own set of surface barrier detectors, whi.ch are located in various 

positions along the beam line from the SuperHILAC to the target system or by a 

phase probe measurement. The phase probe system measures the velocity of the 

ions by using the relative phases of the radiofrequency fields in the accelerating 

sections of the SuperHILAC. To determine the actual energy of the beam as it 

passed through successively more and more segments of the target system. we 

measured the energy with a specially modified target system endpiece which 

included a surface barrier detector. 

For this work. 3 projectile-energy-target systems were studied: 

1) 129xe{hi): 8.49 MeV I A from the SuperHILAC. 791- 769 MeV on target, 1.09 Be. 

2) 129xe{lo): 7.89 MeV IA from the SuperHILAC, 723-700 MeV on target, 1.00 B
0

, 

3) 132Xe: 8.4 7 MeV I A from the SuperHILAC, 817- 793 MeV on target, 1.12 Be' 

where Be is the Couloumb barrier between the nuclei. This barrier represents 
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the minimum kinetic energy needed bring the nuclei into contact. The separa

tion distance used to calculate the barrier is: 

(3.1) 

where A1 and~ are the mass numbers of the two nuclei. 

The range in energies on target shows the energy loss of the projectiles as 

they pass through the target material. The Hubert stopping power tables accu

rately predict these energy losses and therefore could be used to determine the 

energy on target in some of the bombarding systems . 



4. Chemical Procedures and Data Accumulation 

At the end of the bombardments, the catcher foils, which contain the reac

tion products, were transported to the chemistry laboratory, where the desired 

chemical fractions were separated from other products and the catcher foil 

material. Chemical techniques for the identification of product nuclides have 

the advantage of high selectivity and isolation factors, along with z identification 

of the products. Analysis of parent-daughter activities is simplified by knowing 

the chemical composition of a sample at the moment of chemical separation. 

The large chemical separation factors allow detection of small levels of activity 

corresponding to products with small production cross sections. The major 

disadvantage of chemical separation procedures is the time involved, which puts 

a lower limit on the half life of observed products. 

During a given experiment, the length of a bombardment is coordinated with 

the half-lives of the particular radionuclides being investigated, and the chemi

cal procedure used depends on the nuclear as well as chemical properties of the 

desired products. Short bombardments maximize the amounts of short-lived 

activities while limiting the production of longer lived activities. Also, sources of 

nuclides which decay by alpha emission must be thin enough not to degrade the 

energy and intensity of the alpha particles when being detected. Sources of 

nuclides which are detected by gamma-ray emission can be much thicker since 

gamma rays are much more penetrating than alpha rays. 

The efficiency of a chemical separation procedure is determined by use of a 

radioactive tracer. A known activity of the tracer is added to the sample at the 

start of the procedure. The tracer undergoes the same chemical reactions as 

the product nuclei of the same element. The fraction of the activity of the tracer 

that appears in the final sample equals the fraction of desired product nuclei in 

the counted sample. The three general chemical procedures used for this 
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project are described next. 

First, separate samples containing mainly short-lived Ek, Cf, Es. and Fm pro

ducts were prepared following a 4 to 6 hour bombardment. The procedure is 

summarized in Figure 4.1. After dissolution of the gold catcher foil, actinide 

nuclides were separated from lanthanides by elution of the actinides with 13M 

HCl ot! of a cation exchange column [Tho54]. The solution containing the 

actinides was loaded next onto another cation exchange column and individual 

actinides were eluted with alpha- hydroxyisobutyric acid (HIBA) (Cho56]. The 

sources were thin enough to be counted for alpha activity as well as for gamma 

activity, and were ready for counting in about 1 hour after the end of the bom

bardment. No tracers were used, so no chemical yield was directly determined. 

However, comparison of relative production cross section of a nuclide with its 

experimentally determined cross section obtained by use of another procedure 

where tracers were used allows us to determine absolute cross sections for other 

nuclides observed in the tracerless experiments. This bombardment was used to 

determine cross sections for short-lived (half lives of 15 to 60 minutes) nuclides 

that would be unobservable in the long bombardment due to the latter's longer 

separation time ( 4 to 6 hours). The nuclides found only in this bombardment 

include 245·24 7 Cf, and 250Es. We also looked for, but failed to find. 25°Fm. 

The second chemical procedure was designed to quickly separate ameri

cium products. The cross sections for the neutron-rich isotopes Am-245, 246, 

246m, and 24 7 are among the largest for any actinide product produced from a 

248cm target because of the small nucleon transfer necessary to make such pro

ducts. A quick separation is needed because all of these nuclides have half lives 

of less than 40 minutes, except for the 2.05 hour 245 Am. The overall procedure is 

adap~d from [Moo63] and is based on the ability to oxidize the most common 

and stable americium ion in acidic solution, Am(Ill), to Am(Vl} by use of the 
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powerful oxidizing agent ammonium peroxydisulfate (NH4)2s2o8. The procedure 

is outlined in Figure 4.2. The catcher foil for this procedure was aluminum, 

which rapidly dissolves in hot 10M NaOH. 241Am was added as a tracer and the 

solution was diluted with water. After a small amount of La(III) carrier was 

added, a lanthanum hydroxide precipitate formed which carried with it the other 

+3 ions such as the lanthanides, actinides, and yttrium, but does not carry the 

aluminum, which stays in solution as Al(OH)4-. After washing the precipitate 

with 1M ammonium hydroxide, it was dissolved with 1M nitric acid. A freshly 

prepared solution of ammonium peroxydisulfate was added to the solution, along 

with a drop of Ag +. which serves as a catalyst for the oxidation of the americium. 

· After heating the solution for several minutes, excess fluoride ion is added to 

precipitate the lanthanum carrier, which should also carry all other +3 actinides 

and lanthanides, and other tluoride-insoluble ions. The Am(VI) does not coprecip

itate with the LaF 3, probably because the fluoride ion forms a stable complex 

with the Am(VI}. The LaF 3 precipitate is discarded and manganous nitrate is 

added to the supernatant solution to reduce the Am(VI} back to Am(III}. Addition 

of lanthanum carrier Leads to the precipitation of Lanthanum tluoride with the 

coprecipitation of the Am(III} fluoride and the ftnal source, the Lanthanum 

tluoride precipitate, is counted for gamma activity. Other actinides, such as 

uranium, neptunium, plutonium and berkelium can be oxidized to high oxidation 

states and could follow Am through the chemistry. However, no gamma rays 

from other actinides have been observed in an americium sample. The cross 

sections for the production of nep~unium and uranium are too small, and the 

half-lives of the neutron-rich plutonium isotopes are too long to cause enough 

activity to be detected. Berkelium would be easy to detect if present, since 

250Bk has a large production cross section, some intense gamma rays in its 

decay and a relatively short half-life (3.2 hr). It has not been detected in ameri

cium fractions probably because the +4 state is not as well stablized by fluoride 
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ion as is Am(VI) causing the Bk to coprecipitate with the first LaF 3 precipitate. 

Thus, only the desired americium products are observed. After all of the short 

lived Am activities had decayed away, the LaF 3 precipitate from the short Am 

chemistry from the bombardment with 132Xe was dissolved with HN03-H3so3. 

The actinide nuclides were separated from the lanthanum and other lanthanide 

nuclides by elution with saturated HCl on a cation exchange column. The result

ing sample was counted for a activity due to 242cm which would be produced by 

tr decay of 242gAm. 

The most important step in achieving large chemical yields is the oxidation 

of Am(UI) to Am{VI). Th~ fraction of americium that is oxidized increases with 

the length of time the solution sits after addition of the s2o8 -
2. One must 

compromise between longer oxidation time and overall chemical separation 

time. Chemical yields averaged about 50 % when the separation time was 

reduced to 30 to 40 minutes. 

The final chemical procedure is used to separate chemical fractions of all 

elements from uranium to fermium from a gold catcher foil after a long (ideally. 

at least 24 hours) bombardment. The procedure is described in detail in [Moo83]. 

summarized in Figure 4.3, and a short review is provided here. The gold catcher 

foil is dissolved in aqua regia and Loaded on an anion exchange column. The 

trans-plutonium actinides are eluted with 9M HCl, while the gold, uranium. nep-

tunium and plutonium remain on the column. The U. Np, and Pu are stripped 

from the column with water. ferrous ion and a .1M HCl/ 1M HF solution. The fer-

reus ion slowly reduces the Au{III) to the metallic state in order to keep the 

Au(Ill) from complexing with the tluoride ions. Addition of lanthanum carrier 

causes the Np and Pu to coprecipitate with Lanthanum ftuoride, while the C stays 

in solution. The precipitate is dissolved with boric acid and loaded on an anion 

exchange column. The Puis eluted with 1M HI/10M HCl and Np is removed with 
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4M HCl/.lM HF. The solution containing the U is made strongly basic, causing 

ferric hydroxide to precipitate. This is next dissolved with nitric acid and the C 

is extracted with diethyl ether. Each of the solutions containing U, Np. and Pu is 

evaporated to dryness on platinum disks to make sources for counting. 

The transplutonium actinides are loaded onto a heated cation column and 

can be individually eluted in the order Fm-Es-Cf with pH 3. 7. 0.5M HIBA. Am. ·em. 

and Bk are stripped from the column with pH 4.2 HIBA and loaded onto another 

cation column. Saturated hydrochloric acid is used to separate these actinides 

from any lanthanides still present and the resulting solution is evaporated and 

plated out on platinum. giving a combined Am-Cm-Bk source. These samples 

were ready for counting 4 to 6 hours after the end of bombardment. 

Upon completion of the chemical separations, the fractions are placed in 

front of the appropriate detectors and the energy spectra of the radioactivities 

present are accumulated and stored. Alpha and spontaneous fissions activities 

are simultaneously detected by standard Si(Au) surface barrier detectors 

(Kno79]. Because of the limited range of alpha particles in air. the detectors are 

placed in chambers kept at a pressure of about 30 microns. Electrons produced 

by the interaction of the alpha particles or fission fragments with the silicon in 

the detector are separated from the corresponding holes and collected with r1n 

applied bias of 50 V. The charge collected is proportional to the energy depos1 ted 

in the sensitive volume of the detector. The output voltage from the preamplll'1er 

is split and fed into 2 amplifiers. One signal is deciphered into an energy spec

trum of the alpha particles, covering an energy range of 5-10 MeV. If the signal 

corresponds to an energy greater than 15 MeV, a single channel analyzer record~ 

the event as a fission. The detectors are calibrated for energy determination by 

use of 241Am, 244cm. and 252cr standards. The 252cr source also supplies nssion 

events. The efficiency of the detectors was determined by use of a 241Am stan-
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dard and found to be 22.4 =: 1.0% for alpha particles. The efficiency for the detec

tion of fission fragments is assumed to be exactly twice as much. Care is taken 

to be sure that all s~urces sit directly over the center of the detector in order to 

maximize the detection efficiency of the sample. The detectors are on a com

puter controlled cycle of accumulation for a preset time, writing the spectrum 

to a magnetic tape, and then clearing the spectrum to allow accumulation of the 

next one. Background activities contribute very few events to an alpha particle 

spectrum, allowing identification of very low-level activities. The Cf, Es, and Fm 

fractions were all counted on this system, as was the 237Np, 238Pu and 241 Am 

tracers {used to determine Np, Pu, and Am chemical yields). 

Gamma radiation from radioactive decay is detected by lithium-drifted ger

manium crystals, known as Ge{Li) detectors [Kno79]. They are typically biased 

with about 3500 V and passage of radiation through the semiconductor material 

creates ion pairs. The number of ion pairs produced and collected is propor

tional to the energy deposited by the gamma ray. The signal from the detector is 

converted into an event that is recorded in a multichannel analyzer. Our detec

tors are usually set to record gamma rays with energies of 60 keV to 2 MeV. After 

accumulating for a preset time, the spectra are stored by a minicomputer. The 

energy spectra are calibrated by use of a NBS standard gamma source, which can 

also be used to determine the etftciency of the detector, because the activities in 

the source were accurately known on the given reference date. The etftciency of 

the detector is a function of the distance from the detector and the energy of the 

radiation. It varies from a high of about 10% at 130 keY down to about 1% at 1 \{eV 

and even lower at higher energies. The detectors are shielded by several inches 

of lead to reduce the level of background radiation from outside sources. How

ever, the radiation from the sample itself causes background from Compton 

scattering and pair production, as well as from photon scattering on the sample 

holder and other nearby objects. The more activity there is in the vicinity of the 
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detector, the higher the background level. This is another reason to get the 

cleanest possible chemical fractions. Gamma ray spectra were accumulated for 

the Np, Pu, Am, Cm. and Bk fractions. The Cf andEs fractions from short bom

bardments were monitored for gamma radiation in order to determine cross sec

tions for the production of 24 7 Cf and 250Es. 

To calculate the production cross section for a radionuclide, .one needs the 

activity of that nuclide at the end of the bombardment (also known as the initial 

activity, or A
0

), the target thickness, and the number of beam ions that passed 

through the target as a function of time. The samples are counted until the 

appropriate activities have decayed to negligible levels or until enough spectra 

have accumulated to give a good estimate of the initial activity attributable to an 

observed decay. In each spectrum, the peaks are integrated so one can deter

mine an average activity at the midpoint of the counting interval. For alpha 

spectra, the level of background activity is low enough to allow one to merely 

sum the total number of counts in an isolated peak in order to determine its 

activity. If the peaks are close enough together, the low-energy tail of one peak 

will overlap the high-energy end of a lower-energy peak. Also, the thicker the 

source is, the wider the peak will be, and the more tailing there will be. The tail

ing can be approximated by assuming an exponential decrease on the low-energy 

side of an alpha peak. Gamma spectra are analyzed in a dit!erent manner 

because of the higher level of background radiation and a dit!erent peak shape 

than is seen in alpha spectra. For the gamma spectra. the background contribu

tion to a peak is assumed to be linear and is tltted by average backgrounds on 

both sides of the peak. The calculated background is subtracted from the gross 

peak area to determine a net peak area. Calculated activities for a given peak in 

the spectra of a given sample are plotted as a function of time after end of bom

bardment. Depending on the nature of the decay (for example, one component, 

two component, or growth and decay) a least squares tlt to the data is made by 
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use of the computer code FUTILE [Moo83]. The shape of the decay curve can be 

characterized by the A
0 

and the half-lives of the nuclides involved. FUTILE allows 

one to let the A
0

's and half-lives of the decays vary or to be fixed at a user-chosen 

value. When the decay can be attributed to a given nuclide because of the 

characteristic energy and half-life, the half-life to be used by FUTILE can be fixed 

at the literature value. When the activity comes from the decay of a daughter 

nuclide, the time of chemical separation from the mother nuclide needs to be 

known. 

The calculated A
0

's must now be corrected for detector etnciency, chemical 

yield. and the branching ratio of the observed decay {the fraction of decays of 

that nuclide that decay by the observed alpha or gamma ray). Assuming a con-

stant beam intensity over a time interval t, the production cross section for a 

radionuclide is given by: 

(j ( 4. 1) 

where(] is the cross section in cm2, A
0 

is the corrected initial activity in 

disintegrations/sec,.>.. is the decay constant for the radionuclide produced, x ts 

the target thickness in atoms/cm2 and I is the tiux of ions through the target in 

ions/sec [Mey67]. The beam intensity is rarely constant, however. We periodi-

cally recorded the beam integral during the bombardment. The beam intensity 

can be approximated by the average value over each of the recorded intervals. 

In this case, the production cross section is given by: 

x -~ Ii ( 1 - e-.>..(~+! - ~)) e -.>..(t-ti+l) 

1=1 

( 4.2) (j 
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where I. is the average beam intensity over the time interval i, t. is the time at 
1 1 

the start of the interval i, and tis the time after the end of the bombardment. 

The following table lists the radioactive properties of all nuclides observed 

in addition to a few that were searched for, but not found. The data include the 

nuclide, its half life. the energies of the observed radiations and the branching 

ratio of the most common gamma ray or the sum of the branching ratios of the 

most common alpha rays (TOI78]. 

Nuclide Half life Decal Enersies Branchin~ Ratio 

Np-238 2.117 = .002 d y: 984, 1029 keV 27.8% 

Np-239 2.346 = .004 d -y: 106, 278, 228 keV 27.8% 

Pu-243 4.955 = .003 h -y: 84 keV 23% 

Pu-245 10.48 = .05 h y: 327, 560 ke V 26% 

Pu-246 10.85 = .02 d -y: 224 kev 24% 
(also observed Am-246m daughter) 

Am-239 11.9:!:.1h y: 278 keV 15% 

Am-240 50.8 :!:.3 h -y: 988, 889 ke V 73% 

Am-242g 16.01 = .02 h {J- 82.7% 
(observed Cm-242 daughter) 

Am-244g 10.1 = .1 h y: 7 44, 898, 154 ke V 66% 

Am-245 2.05 = .01 h y: 253 keV 6.1% 

Am-246m 25.0 =:.2m -y: 1079, 799, 1062, 1036 keV 29.1% 

Am-246 39=:3m y: 679, 205, 154, 756 keV 52% 

Am-247 24=:3m y: 285, 226 ke V 23% 

Cm-242 162.26 = .04 d a: 6.113, 6.070 MeV 100% 

Cm-249 65.3::.6 m y: 634, 560 ke V 1.5% 

Bk-245 4.90 = .03 d y: 253 keV 31.3% 

Bk-246 1.80 = .02 d -y: 799, 1082 keV 61.4% 

Bk-248g 23.5 = .2 h y: 551 keV 4.6 % 
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Nuclide. Half life Decay Energies Branching Ratio 

Bk-250 3.222 = .005 h -y: 989, 1029-32, 890 keV 45.2% 

Bk-251 55.6: 1.1 m -y: 178 keV 5.2% .,., 

Cf-245 43.8:.8 m a: 7.137, 7.084 MeV 30% 

Cf-246 35.7:.5 h a: 6. 758, 6. 719 MeV 99;-8%--

Cf-247 3.15 = .03 h -y: Bk Ka1' Ka2 33.7% 

Cf-248 333.5 = 2.8 d a: 6.26, 6.22 MeV 100 

Cf-250 13.08 = .09 y a: 6.031, 5.989 MeV 99.7% 

Cf-252 2.646 = .004 y a: 6.118, 6.076 MeV 96.7% 
SF 3.092% 

Cf-253 17.82 = .09 d p- 99.69% 
(observed Es-253 daughter) 

Cf-254 60.5 = .2 d SF 99+% 

Es-250g 8.6 = .1 h -y: 829, 303, 349 keV 73.6% 

Es-251 33 = 1 h a: 6.492, 6.462 MeV 0.49% 

Es-252 471.7:1.9d a: 6.632, 6.562, 6.482 MeV 75.7% 

Es-253 20.47 = .02 d a: 6.633, 6.592, 6.552 MeV 100% 

Es-254m 39.3 = .2 h p· 99.59% 
(observed Fm-254 daughter) 

Es-254 275.7 = .5 d a: 6.429, 6.416, 6.359 MeV 97.8% 

Es-255 38.3:.3 d a: 6.30, 6.26 MeV 8% 
(also observed Fm-255 daughter) 

Fm-250 30:3m a: 7.44 MeV 100% 
, .. 

Fm-252 25.39 = .05 h a: 7.04 MeV 100% 

.. Fm-253 3.00 = .13 d a: 6.943 MeV 6.41% 
(also observed Es-253 daughter) 

Fm-254 3.240 = .002 h a: 7.187, 7.145 MeV 99% 

Fm-255 20.07 = .07 h a: 7.016, 6.96 MeV 100% 

Fm-256 2.627 = .021 h SF 91.9% 
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5. Results 

The calculated cross sections ( in ,u.b ) for observed actinides are: 

132 Xe 129xe (hi) 129xe (lo) 
817-793MeV 791-769 MeV 723-700 MeV 

Np-238 112 = 15 32.7 = 5.8 --------
Np-239 149 = 17 48.5 = 8.0 --------
Pu-243 608 = 97 163 = 34 27.6 =16.0 

Pu-245 321 = 60 91.2 = 17.9 135 = 31 

Pu-246 200 = 19 41.7 = 9.2 102 = 67 

Am-239 63 = 19 -------- ---------

Am-240 85.4 = 7.5 83.8 = 7.5 ------
Am-242g 271 = 36 ----- ---------

Am-244g 1410 = 80 878 =52 160 =8 

Am-245 3870 = 370 1950 = 200 240 = 240 

Am-246m 2110 = 150 878 = 148 -------
Am-246 2500 = 360 1540 = 310 ------
Am-247 8730 = 1310 3170 = 1160 ----------

Cm-249 38110 = 4150 29300 = 3900 9300 = 4000 

Bk-245 345 =31 597 =85 108 = 24 

Bk-246 1150 = 80 1570 = 210 332 = 44 

Bk-248g 2540 = 250 2810 = 590 332 = 90 

Bk-250 3210 = 180 2360 = 140 599 = 77 

Bk-251 560;:; 119 ---- -----
Cf-245 4.32 = 1.55 25.5 = 7.4 -----
Cf-246 23.8 = 3.1 79.1 = 10.3 14 = 7 
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132xe 129xe (hi) 129xe (lo) 
817-793 MeV 791- 769 MeV 723- 700 MeV 

Cf-247 104 :t 22 ---------- ----------

Cf-248 499 :t 64 850 = 122 450 = 350 

Cf-250 2690 = 360 3600 = 510 •••••••••• I 

Cf-252 273. = 45. 477 = 65 ----------

Cf-253 13.3 :t 1.6 11.6 = 1.5 ll:tll 

Es-250g 24.1 = 6.0 ----- --------
Es-251 43.4 :t 15.8 ---- -----
Es-252 24.8 = 3.0 40.8=:5.1 7.78 :t 1.63 

Es-253 10.66 :t 1.16 13.2 :t 1.6 2.20 = .30 

Es-254 5.93 = .78 4.83 ::!: . 70 --------
Es-254m 1. 79 :t .20 1.57 :t .21 .252 ::!: .04 7 

Es-255 .526 = .070 .429 = .082 ---------
Fm-252 1.02 ::!:.31 <5.92 =:.73 1.12 ::!: .52 

Fm..:253 1.45 :t .28 4. 70::!:. 75 .84 ::!: .16 

Fm-254 .83 :t.ll .48 ::!: .08 .32 ::!: .08 

Fm-255 .36 = .15 

Fm-256 .093 :t .018 .188 ::!: .056 --------

For the 129xe{lo) bombardments, the beam intensity was lower than during 

the other experiments. As expected, the production cross sections are smaller 

than those from the 129xe(hi) bombardments, because the incident energy is 

lower. Problems which arose during the separations of the Cf fraction and the 

short-lived Am fraction limited the accuracy of the determination of those cross 

sections. 

In the long 132xe and 129xe(hi) bombardments, we placed a catcher foil on 

the beam stop to collect products recoiling from the target along the beam 
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direction. A berkelium fraction was separated and Bk-245,246 were detected by 

their gamma decays. The following cross sections are upper limits for the pro

duction of these nuclides. The small cross-sections indicate that the conical 

catcher foil system used caught most of these products. 

Zero Degree Foils 

132xe 129xe(hi) 

Bk-245 .012 ~ .012 mb .022 ~ .006 mb 

Bk-246 .022 .± .010 mb .040 ~ .007 mb 
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8. Discussion of Results 

The cross sections for actinide products from the three systems studied in 

this work are plotted as a function of mass number A in Figures 6.1. 6.2. and 6.3. 

Figure 6.4 shows the actinide cross sections from 136xe + 248cm [Moo83] at 790-

699 MeV on target. This large energy range is due to the thicker target used, 2.15 

mg/cm2 248cm as CmF 3. Also, since lighter media have larger stopping power 

[Hub80], the proportionally more tight material in CmF 3 compared with Cm 2o3 

makes the energy loss in the target for 136xe + 248cm larger. The 136xe energy 

range is large enough to cover the energies on target for both the 129xe{hi) and 

129xe(lo) experiments. When comparing the elemental production cross sec-

tions from the three different projectiles, we see that the widths and the peak 

positions of the distributions change, as well as the total cross section for pro-

duction of a given element. Due to the determination of fewer cross sections. the 

only conclusion to draw from the 129Xe{lo) bombardments is that the production 

cross sections are smaller than from 129xe(hi), as expected. The Pu-245, 246 

cross sections, however, are larger at the tower bombarding energy. Excitation 

functions of Pu isotopes from 136xe + 248cm [Moo83] show the expected 

increase in production cross section with increasing energy on target. It would 

have been helpful to have determined cross sections for the neutron-rich Am iso

topes from the 129Xe(lo) reaction to see if the production cross sections for 

neutron-r-ich belowtarget nuclides decrease less rapidly with decreasing energy 

on target when using a neutron deficient projectile. 

For reactions occurring at energies nearly equal to the Coutoumb barrier. 

the production cross sections should increase with increasing bombarding 

energy. Because of energy loss in the target, there is a spread in projectile ener-

gies on target, and the higher energies contribute more to the overall production 

than do the lower energies. If the energy dependences of the cross sections are 
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not the same for different elements, the relative difference in cross section 

between two elements depends on the energy range of the projectiles in the tar

get. The relatively poor data from the 129Xe(lo) reaction prevents one from 

reaching any conclusions concerning relative cross sections for products formed 

in the 129Xe(hi) and 129Xe(lo) reactions. 

Figures 6.5- 6.10 show production cross sections for Np-Pu, Am. Cm-Bk. Cf. 

Es, and Fm, respectively, as a function of projectile used in the hig-h energy bom

bardments. The peak in the cross section for a given element shifts to a Lower 

mass number as the projectile is changed from 136xe to 132xe to 129xe. This 

et!ect is most apparent in the Fm, Bk and Pu data. For the above-target pro

ducts, the overall trend is the shift to lighter masses along with an increase in 

total element production. We cannot determine a peak shift for Cf because of 

the absence of data for the cross sections for the long-lived Cf-249,251. both of 

which should have cross sections among the highest for Cf isotopes. The calcu

lated production cross section for 25°Cf has not been corrected to account for 

feeding during the bombardment due to tr decay of the short lived 250Bk. As a 

result, the listed production cross section of 250cr is larger than its actual value. 

The neutron-deficient Es isotopes (Es-249,250,250m and 251) all decay principally 

by electron capture and are detected by gamma ray emission. As explained in 

Section IV, the minimum gamma ray activity needed to see a decay is higher 

than for an alpha particle decay, and an insufficient number of the neutron

deficient einsteinium nuclides are made to allow us to observe any peak position 

changes. The listed production cross section for 25~s may be inaccurate due to 

contamination from its occasional use as a source for calibration of elution post-

tions of actinides on ion exchange columns. When the einsteinium data are plot

ted, only the 254mEs cross section is shown. An interesting and surprising 

feature of the above-target production is that the cross sections for the produc

tion of the most neutron-rich nuclides formed, such as Cf-253,254, Es-254.255, 
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and Fm-255,256, are independent of the projectile. 

The only curium isotope production cross section determined in any experi

ment was for 249cm. The other curium isotopes are too Long-lived, have no 

strong gamma decays. or are undetectable in an alpha spectrum of a curium 

sample due to a large amount of activity from target material that has been 

transferred to the catcher foil due to coulomb interactions and energy Loss 

(appearing as heat) in the target from the projectiles. Cm-249 represents the 

addition of one neutron into a target nucleus. It is not surprising that the exper

imentally determined cross section for Cm-249 increases as the number of neu

trons in the projectile increases. Characteristics of below-target production are 

sketchier because. of fewer nuclides detected. All three below-target elements 

observed (Np,Pu,Am) show decreased production as the projectile gets lighter. 

Only Pu nuclides show the expected peak shift. There are not enough ~P data to 

determine if a peak shift has occurred. The production cross sections for Am iso

topes produced by large transfers are largest using 129xe. but for the 1-3 

nucleon transfers, 136-xe forms the most products. The distribution of cross sec

tions arises from a sum of distributions from the two mechanisms. QE and DIR. 

For Am. a narrow gaussian distribution peaked near Am-247 comes from QE while 

a lower, wider gaussian peaked at a smaller mass number comes from DIR. The 

cross sections for the production of 24 7 Am from 136Xe due to QE reactions are 

the largest of those from the three projectiles because 136xe has the Largest 

mass number and because it would be easier to transfer a proton to the 

neutron-rich (proton-poor) 136-xe than to the neutron-poor (proton-rich) 129xe. 

The cross sections due to DIR are smaller and the maxima shift to lower mass 

numbers with the more neutron-poor projectiles. 

In order to describe the features of the cross sections for the production of 

target-like products, especially those nuclides produced by DIR, a potential 
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energy surface (PES) has been found to be a helpful tool. The distribution of pri-

mary products (that is, the products present before deexcitation through neu-

tron evaporation or fission) depends on the relationship between nucleon rear-

rangement and the fol"ces acting on the nucleons. The most pl"obable mass dis-

tribution should occur when the density of states in the dinuclear complex is 

largest, which corl"esponds to a minimum of the potential enel"gy of the system 

[Gl"o81]. For a given pair of pl"imary pl"oducts the potential enel"gy used is the 

sum of their ground state masses plus the coulomb, nuclear and centl"ifugal 

potentials, evaluated at some separation distance, usually one col"responding to 

touching spheres. 

V = V(mass) + V{coul) + V{nuc) + V{cent) (6.1) 

The PES is a plot of the ditrerence in potential energy (PE) between product 

pairs and the two reactants and shows the effect of net nucleon fiow on available 

energy. 

PE = V{prod) - V{react) (6.2) 

The largest contribution to the potential enel"gy comes from the ground 

state mass ditrerences, denoted by Qgg· 

Q11 = mass{react) - mass(prod) (6. 3) 

A positive PE, as defined in eqn 2, for a given pair of products means that 

energy is needed to produce the required nucleon ftow to make t~ose products. 

It the PE is too large. the products cannot be made . 

• Excitation energy, E , of the products is indirectly related toPE thl"ough the 

kinetic energy lost during the interaction: 

(6.4) 

where KE. and KE tare the initial and final kinetic energies of the products in Ln ou 
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the center-of-mass frame. Kinetic energy loss is a function of the interaction 

time, which implies a dependence on the impact parameter for a given interac

tion. 

Many researchers have shown that the PES accurately describes the evolu

tion of primary products in heavy ion reactions [Fre64]. The systems studied 

cover a wide range in mass and include 132xe + 56Fe [Heu76], 144sm + l44sm 

and 154sm + 154sm [Wu61] and 236u + 236u [Fre79]. The centroid of the pri

mary product distributions follows the gradient of the PES, beginning fr-om the 

target- projectile combination {the injection point). The interaction time deter

mines how far the system travels along. the PES. As pointed out earlier, N/Z 

equilibration occurs quickly, and is represented on the PES by a drift down the 

steep walls into the valley of the PES, which r-uns near, but not necessarily along, 

the .valley of beta stability. Once in the valley, the system then drifts toward 

equilibration of the mass asymmetry mode (toward compound nucleus formatiOn 

or- toward formation of two equal mass products). In support of this, the experi

mentally determined path of the first moments of the projectile-like nuclide dis

tribution in the reaction of 600 MeV 136xe + 56Fe was shown to closely follow the 

gradient of the PES when the observed nuclides were corrected for- neutron eva

poration [Sch61]. The gener-al shape of equipotential curves is of long narrow 

ellipses aligned along the valley of the PES. The ellipses are often kinked at neu

tron or proton numbers which correspond to closed shells in the projectile or the 

target. 

Shell effects on the PES wer-e shown to be important in the 144sm + 144sm 

and 154sm + 154sm reactions. For 144sm + 144sm, the injection point is a local 

minimum on the PES mainly because both the target and projectile contain a 

closed shell of 82 neutrons. On the PES in the vicinity of Z=62 (Sm), the 

minimum of the PES for a given Z is displaced away from the N/Z ratio of the 
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144sm and toward N=82, due to the shell. The initial drift of mass in the reaction 

follows the shape of the PES and causes products to be more neutron-deficient 

(rich) for z > (<) 62 than can be expected from using the N/Z of 144sm. The data 

from the 154sm + 154sm reaction can be analyzed in a similar fashion. 

The computer program HEAVI was written to calculate the potential energy 

surface for production of target-like nuclides for a heavy ion reaction at a given 

projectile laboratory energy and angular momentum. The mathematical forms 

. of the nuclear, coulomb, and centrifugal potentials used in the calculation are 

from "Heavy Ion Fusion: Comparison of Experimental Data with Classical Trajec

tory Models" by Birkelund et.al.[Bir79]. That work involved solving mechanical 

equations of motion to determine if the nuclei get close enough to permit fusion. 

These equations of motion also include terms which evaluate energy loss due to 

friction, using a one-body proximity form [Ran78]. I chose not to include friction 

terms in HEAVI. The nuclear potential used is a proximity potential [Blo77]. and 

the coulomb potential is a phenomenological one developed by Bendorf [Bon74]. 

The masses used in the calculation of the PES were either the actual ground 

state masses or were calculated shell-corrected, liquid droplet masses of Myers 

[Mye77]. In the actinide region. the calculated liquid droplet mass is often 1.0-

1.5 MeV less than the actual ground state mass. For a mass chain A. a least

squares parabolic ftt was made of the dit!erence between the actual mass (from 

the Table of the Isotopes [TOI78]) and the calculated liquid droplet mass as a 

function of Z. These small corrections are added into the calculated liquid dro

plet masses to get more accurate values for ground state masses of unknown 

nuclides as well as to give better approximations for known nuclides. Use of lhe 

actual ground state masses causes kinks in the PES due to the even-odd effect. 

Calculated liquid droplet masses without the even-odd term give a smoother sur

face, and as long as the excitation energy of the primary products is not too large 

(< 40 MeV), shell corrections still at!ect the mass of the participants. Neither 



- 31-

calculated liquid droplet nor actual masses reflect the deformation of the parti

cipants that occurs during the interaction and subsequent break-up. 

In the calculation of the PES. the various potentials are evaluated at the 

interaction radius for the reactants. This separation distance is a function of the 

masses of the 2 participants. The sum of these potentials and the ground state 

masses of the reactants constitutes the entrance channel potential. Next, for 

each possible product pair, a new separation distance is calculated (reflecting 

the mass transfer needed to make the particular products) and the exit channel 

potential is calculated from the various potentials, reevaluated at this new 

separation distance. 

Shell et!ects in nuclei at!ect the calculation of the PES only through Qgg· As 

pointed out earlier, the value of the PES is additionally decreased along neutron 

or proton numbers equal to magic numbers. If the projectile or target has a 

magic number of neutrons or protons, the injection point of the system is usu

ally at a local minimum on the PES. Otherwise, the system evolves along the gra

dient of the PES to a local minimum. Once there, the movement of nucleons 

involves statistical ductuations. The steepness of the walls of the PES around the 

local minimum induences the spread of the element distribution of products 

formed after arrival of the system at the minimum [Gro80]. The spread is meas· 

ured as the second moment (az 2) of a gaussian used to fit element product distn

butions as a function of the total kinetic energy loss (TKEL) involved. For exam

ple, the injection point for the 208Pb + 208Pb reaction, where both participants 

are doubly magic. is at the overall minimum of a deep well on the PES. In this 

system, a very large TKEL is associated with an increase of u z 2 from 0 to 10 

[Tan80], implying that the shells inhibit nucleon exchange. The PES for systems 

that involve fewer magic numbers or start further from magic numbers are shal

lower, and the TKEL becomes associated with larger uz 2• meaning nucleon 
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exchange is easier. A study of the 238u ~ 238u showed such features [Hil77]. 

F"tgures 6.11, 6.12 and 6.13 show the calculated potential energies for 

target-like products for, respectively, 760 MeV 129xe, 805 MeV 132xe, and 745 MeV 

136xe with 248cm. Figures 6.14, 6.15, and 6.16 are contour plots of the same 

potential energy surfaces. The contours are 2 MeV apart and the injection point 

is denoted by a .. + ... One feature commonto all3 PES is the sharp rise in poten

tial for Z>100 due to the Z=50 shell, as well as a kink corresponding to N=82 in 

the projectile-like fragment. As the projectile neutron number decreases from 

the N=82 shell in 136xe, the injection point moves higher up the slope of the PES 

and the minimum of the PES for a given Z near 96 in the target-like product is at 

N corresponding to N=82 in the projectile-Like product. The path along the gra

dient of the PES from the injection point for the three xenon isotopes explains 

one aspect of the observed production cross sections. For 129xe and 132xe. the 

initial drift of the target-like masses is toward higher Z and smaller N products. 

As a consequence, the above target production increases at the expense of the 

below target production. After reaching the bottom of the valley of the PES, the 

system should then drift toward mass symmetry. For 136xe, the injection point 

is within 1 MeV of the lowest point on the surface and therefore, the product 

mass distributions spread out from the target's proton and neutron numbers. 

The bombarding energy and impact parameter for a given nuclear interac

tion determine the interaction time and consequently. how far the system moves 

along the path on the PES. Because of the rotational energy contribution to the 

PES, each different impact parameter yields a slightly different PES. When cal

culating the PES for the reactions studied, an initial angular momentum of 150 1r 

was chosen. This corresponds to about 0. 7 times the grazing angular momentum 

for the higher energy bombardments. 

The separation distance R used in HEAVI is the interaction radius Rint' which 
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corresponds to the separation distance of the reactants where elastic scattering 

changes to nuclear reactions [Wil80]. Rint is mathematically related to the 

matter half density radii cp and ct for the reactants as follows: 

{6.5) 

(6.6) 

Rt = 1.28 • ~113 - 0.76 + 0.8 • ~-113 fm (6. 7) 

where Ri is th: eq'l:'-ivalent sharp radius for a nucleus of mass number Ai. Other 

possible choices for a separation distance include the sum of the equivalent 

sharp radii Rt + Rp , and 

R = 1.36 • (Af/3 + AJ13) + .5 fm (6.8) 

which comes from a tit to R-values derived from reaction cross sections [Wil73 ]. 

However, as shown in Table 1, the choice of Rdoes not affect the calculated 

potential energy surface significantly because the PES is the difference between 

the potentials for the products and reactants at the given R. The magnitude of 

the PES changes slightly, but the calculated position of the minimum of the PES 

does not change. The calculated excitation energy of the products formed by a 

DIR mechanism is sensitive to the choice of R, because the products are assumed 

to separate with an energy attributable to the coulomb repulsion of 2 spheres 

whose centers are separated by a distance R. Therefore, the calculated excita-

tion energy increases for larger values of R. 

It has been noted [Mer83] that mass distributions in high energy heavy ion 

reactions often cannot adequately be analyzed by use of a static PES, the kind 

used here. Deformation due to high excitation energies is one effect whose con-

tribution to the PES has not been included. However, all the bombardments done 

here were at energies slightly above the barrier, and the PES has been shown to 
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be useful in this energy regime. 

Other r.esearcbers have claimed that the peak in the primary cross section 

distributions <A> for a given element produced primarily by DIR is indicated by 

the minimum of the PES for that Z [Sch82]. The di.tference between <A> and the 

observed peak in cross sections <A'> indicates the average number of neutrons 

emitted during deexcitation, and provides as well an estimate of the excitation 

energy of these surviving products. All of those reactions, though,. involved 

neutron-rich projectiles and targets. Table 2 summarizes the Bk to Fm cross 

section maxima as predicted by the PES and by the N/Z ratio of the combined 

system. Also shown are the actual peak positions and the mass weighted excita

tion energy of the nuclide at the peak. The calculated PES for the reaction of 

129· 132 Xe on 248cm predicts the peak in the primary distributions for Fm and 

Es products to be at a smaller A than is actually observed for the final products. 

Lack of a cross section for the production of 25°Fm from the reaction with 129xe 

prevents the determination of the peak for Fm, but the data indicate a peak near 

252Fm. since the distribution appears to be leveling otf at that position. The Bk 

and Cf distributions also peak at a higher mass than predicted, but since QE is a 

significant mechanism for these small transfers. it is not surprising that the 

peaks are at mass numbers near that of the target, making them much larger 

than those resulting from PES predictions. 

There are not many mechanisms that result in a primary distribution mov

ing to higher mass numbers following deexcitation. One possibility is that the 

more neutron-deficient isotopes have much more excitation energy than do the 

heavier ones, thereby severely depleting the neutron-poor side through the loss 

by fission. The total excitation energy for the 2 products. assuming a DIR 

mechanism, was given by Eqn. 4. The kinetic energy after the reaction is 

assumed to result from the coulomb repulsion of the 2 touching products. For 
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Fm products from 1 ~9Xe(hi), the total excitation energy for the 2 products is 

nearly constant, at about 29-34 MeV, for 248Fm to 256Fm. If the excitation 

energy is split among the products proportional to their mass, the Fm gets about 

22 MeV. The range in excitation energy does not appear to be large enough to 

cause preferential depletion of the lighter isotopes, unless the energy split 

among the products favors highly excited neutron-poor Fm along with cold 

neutron-rich ones. Another possibility is that the reactants did not stay in con

tact long enough. The mass distribution modes for the combined system may 

not have reached equilibrium values (the minima of the PES) and this would 

leave a distribution that was more neutron-rich than eXpected. 

Finally, QE may contribute more than originally expected to these 6Z=4 

transfers. For 129xe + 248Cm, QE would produce a more neutron-rich distribu

tion of Fm than would DIR. Since we did not find any Fm isotopes lighter than 

252Fm, the DIR contribution could be centered at 250rm. as predicted by PES. 

but the QE contributions in the heavier Fm's could make the final distribution 

the one that we see. 

This possibility is supported by conclusions drawn from bombardments of 

197 Au by 761 MeV 129xe, 764 MeV 132xe and 787 MeV 136xe at energies near the 

barrier (Kra79]. In that work, radiochemical techniques were used to determine 

production cross sections for target- and projectile-like products, as well as 

those nuclides formed by the ftssioning of excited target-like fragments. The 

mass yields of elements near the target or projectile were deconvoluted into QE 

and DIR distributions. The low spin isomers of near reactant nuclides were 

assumed to be formed principally by QE reactions, while the high spin isomers 

and the more nf:lutron deficient products were the result of a DIR mechanism. 

Production due to QE drops rapidly as the net number of protons transferred 

increases. Because product cross sections were determined for both target- and 
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projectile-like nuclides, the number of neutrons emitted by the complementary 

fragments during deexcitation could be calculated. 

The QE products appeared to be formed with little excitation energy. 

because the sum of the mass numbers at the peaks of the QE cross section distri

butions for complementary products equalled the sum of the mass numbers of 

the reactants. For the DIR products, the missing mass increases with the net 

increase of transferred nucleons, implying higher excitation energies, more 

kinetic energy loss, and longer interaction times. The mass number of the peak 

of the DIR distribution after deexcitation by neutron evaporation for a given Z 

could be accurately predicted by assuming the excitation energy was split 

among the 2 products in proportion to their masses and by using a potential 

energy surface. Inclusion of shell corrections for the masses used in the PES 

resulted in better fits for damped products with excitation energies of> 50 MeV. 

It should be noted that the NIZ ratio of the maxima of the DIR elemental distri

butions is poorly predicted by assuming the NIZ ratio of the products is equal to 

the overall NIZ ratio of the combined system. 

As expected, the use of the more neutron deficient projectile in the Xe + Au 

reactions produces a more neutron deficient distribution of products. A com

parison of the PES's for the three Xe +Au systems shows that the injection point 

for all three systems is only a few MeV above the bottom of the PES. Also, the 

ratio of above target element production to below target element production 

should be nearly constant for all three projectiles, since the gradient of the PES 

from the injection point is rather small. These conclusions have been experi

mentally verified by analysis of the bombardment of 197 Au with 900 MeV 132xe 

(Kra61]. The integral element yields of damped products from 6.37 MeV I A 132xe 

+ 197 Au and from 7.2 MeV I A 136xe + 197 Au [Rus77] show the same element dis

tribution (after the 136-xe data were normalized to the 132Xe data at Z = 79). 
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Also, above target production is only slightly larger than below target produc-

tion. For bombardments with the different xenon isotopes at the same energy. 

the projectile with the largest mass number should have the largest total reac-

tion cross section and therefore the largest QE cross section ( since the DIR con-

tributions from the three different isotopes are the same). 

The total reaction cross section a r for heavy ion reactions can be estimated 

by: 

( 
V (R ) ) u = 10 rr R2 1 - c tnt 

r tnt E 
em 

mb (6.9) 

where Rint is the interaction radius in fm, V c(Rint) is the coulomb potential in 

MeV evaluated at Rint• and Ecm is the incident energy in MeV in the center-of

mass reference frame [NorBO ]. The factor of 10 scales a r to millibarns. If the 

target is thick enough.to degrade the energy of the projectiles as they pass 

through it, a modified expression for the calculation of a r is used: 

(6.10) 

. where E1 is the incident energy and E2 is the energy of the projectile (both in the 

center of mass frame) after passing through the target [Kra76]. The beam 

energy is often reduced to a value below that of the coulomb barrier, in which 

case no nuclear reactions take place. E2 is then equal to V c(Rint). 

After calculating a r' the quasi-elastic cross section (a QE) can be approxi

mated by assuming that the critical phenomenon determining the mechanism to 

be followed during a nuclear interaction is the contact time of the reactant 

nuclei (Wes83]. The critical merging time of the reactants is derived to be: 
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(A A f/3 [(A r/3 [A )1/3) tm = 2.6 X to-23 Al/2 :2? J AT + : sec (6.11) 

where tm is the merging time, At, and Ap are the mass numbers of the target and 

projectile and A= At, + Ap. The impact angular momentum l which causes the 

separation distance of the reactants to be 'less than R. t for the time t is used m m 

to calculate a QE: 

rnb (6.12) 

The value of Rint used in [Wes83] was calculated as: 

Rmt = Cr + Cp + 2. 97 fm . (6.13) 

where Cr and Cp are calculated from Eqn. 6.6. For l < l(tm), the nuclei overlap 

sufficiently to characterize the reaction as DIR. Table 3 shows the calculated a r' 

a QE' and aDIR for Xe-129,132, and 136 + Cm-248 and Au-197 reactions, along with 

experimentally determined aQE and a 01R for the 129xe + 197 Au reaction. For 

these low energy reactions, QE accounts for about half of the reaction cross sec-

tion of the primary distribution. 

As shown in the Xe + Au bombardments, the QE mechanism produces 

nuclides with little excitation energy, while the DIR products have much more. 

although there is a range of possible excitation energies. For actinide products. 

fission is a very favorable deexcitation mode for primary products. The products . . 

with large E (from DIR) will be strongly depleted by fission, while the QE pro-

ducts will be proportionally less depleted. For the 129xe and 132xe projectiles, 

the primary DIR product distribution for a given Z peaks at a smaller A than does 

the QE. However, the depletion by fission of the DIR makes the final distributions 

peak at higher mass numbers than would be predicted by the PES because of the 
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less depleted QE contribution. For the neutron rich projectiles, like 136xe and 

48ca, the DIR product distribution peaks at mass numbers close to where the QE 

products peak, and so fission depletion of the DIR products does not affect the 

peak position of the final products as much. In the primary product distribution, 

the QE contribution is greater than the DIR contribution for ~Z s 2. The Pu. Am, 

Bk, and Cf products show that most of these final products are formed by the QE 

mechanism, as evidenced by where those distributions peak. The DIR contribu

tion is indicated by the presence of nuclides such as 240 Am and 245·246cf. These 

• products can be formed cold (i.e. with little E ) or by the evaporation of neutrons 

(without any fission) from a heavier isotope with considerable excitation energy. 

The determination of production cross sections for projectile-like products could 

help decipher the energy distribution. However, because the target system used 

requires the projectiles to pass through many materials before reaching the tar-

get, there are many ways to make projectile-like products. Also, the neutron-

rich projectile-like products have the same mass numbers as fission products of 

the. target-like products. Therefore, no chemical separation of projectile-like 

products was performed. 

Finally, the projectile-independent cross sections for the neutron rich Cf. 

Es, and Fm nuclides is a consequence of the shift of the centroid of the distrtbu-

tions to lighter A and larger cross sections as the neutron number of the projec-

tile decreases. These two effects offset each other in this region. If the even 

more neutron rich nuclides such as Cf-254,255, Es-256 and Fm-257 had been 

observed, 136xe would probably have made more of them than would 132xe or 

129xe. 
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7. Conclusions 

The potential energy surface has been shown to be et'fective in predicting 

the trends in actinide product cross section distributions for the three xenon 

isotopes ( 129xe, 132xe, 136Xe) used as projectiles in these heavy ion reactions 

with 248cm. The actinide product distributions are a sum of distributions from 

the two reaction mechanisms, quasi-elastic (QE) and deep inelastie reactions 

(DIR). The QE distribution is strongly peaked at A and Z values near those of the 

target and projectile. These products are formed with relatively little excitation 

energy. The minimum of the potential energy surface (PES) for a given Z should 

be the maximum or the primary distributions of the DIR products. The small 

fission barriers for actinide nuclei allow fission to be the primary deexcitation 

mode for the products with excitation energy. Therefore, the DIR products are 

more heavily depleted by tlssion than are QE products. For the more neutron 

deficient projectiles, the DIRdistributions peak at much smaller A than do the QE 

distributions. So, the maxima in the product cross section distributions for D.Z 2: 

3 can appear at mass numbers greater than that predicted by the PES, because 

the DIR contribution has been reduced to a size comparable to the QE contribu

tion. For the neutron rich projectile, 136xe, the two mechanisms give distribu

tions that peak at similar A values, so the depletion of the DIR products does nul 

cause a large shift to higher mass numbers. In fact, the distribution may shtft to 

lighter mass numbers due to the fact that those DIR actinide products which t.itd 

not fission must have evaporated neutrons to deexcite. 

The PES also predicts that above target nuclide production increases wilh 

the more neutron detlcient projectiles at the expense of the below target produc

tion. However, most of the increase goes into the neutron deficient products. 

limiting the usefulness or the 129xe and 132xe projectiles in making new neutron 

rich products. 
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Figure Captions 

3.1) Exploded view of the target system used at the SuperHILAC. 

4.1) A brief description of the rapid chemical separation procedure used to 

isolate short lived Bk, Cf, Es, Fm, and Md nuclides produced during short bom

bardments of 248cm is shown. These samples are suitable for a- or 1-ray pulse 

height analysis. 

4.2) A brief description of the rapid chemical separation procedure used to 

isolate short-lived Am nuclides produced during short bombardments of 248cm 

is shown. The sample generated is suitable for only 1-ray analysis. 

4.3) An outline of the chemical separation procedure used for the separa

tion of fractions of U through Md from long bombardments of 248cm is given. 

6.1) Production cross sections in millibarns of actinide nuclides formed in 

the reaction of 791- 769 MeV 129xe with 248cm. 

6.2) Production cross sections in millibarns of actinide nuclides formed in 

the reaction of 723- 700 MeV 129xe with 248cm. 

6.3) Production cross sections in millibarns of actinide nuclides formed in 

the reaction of.817- 793 MeV 132xe with 248cm. 

6.4) Production cross sections in millibarns of actinide nuclides formed t n 

the reaction of 790- 699 MeV 136xe with 248cm. 

6.5) Np and Pu production cross sections from 129xe(hi), 132xe. and 136xc 

with 248cm. 

6.6) Am production cross sections from 129Xe(hi), 132xe. and 136xe with 

24Bcm. 

6. 7) Cm and Bk production cross sections from 129xe(hi), 132xe. and 136xe 

with 248cm. 

6.8) cr production cross sections from 129xe(hi), 132xe, and 136xe with 
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24Bcm. 

6.9) Es production cross sections from 129Xe{hi), 132xe, and 136xe with 

248cm. 

6.10) Fm production cross sections from 129xe{hi), 132xe, and 136xe with 

248cm. 

6.11) Calculated Potential Energy Surface (PES) for 760 MeV 129xe 

+ 248cm, with l = 150 1'i. The masses used are calculated liquid droplet masses 

corrected with a least squares ftt to actual masses, but without the even-odd 

term included. 

6.12) The calculated PES for 805 MeV 132xe + 248cm, with l = 150fl. Same 

modifications in mass are used as in Fig. 11. 

6.13) The calculated PES for 745 MeV 136xe + 248cm. with l = 1501i. Same 

modifications in mass are used as in Fig. 11. 

6.14) Contour plot of PES for 780 MeV 129xe + 248Cm {ftg. 11). Contours 

are 2 MeV apart. Injection point {target Z and N) is indicated with a" +".The 

curve starting at the injection point is along the gradient to the PES. The cen-

troid of the primary distribution of target-like products moves along this path as 

a function of increasing interaction time. 

6.15) Contour plot of PES for .605 -MeV 132xe + 248cm. See figure 14. 

6.16) Contour plot of PES for 745 MeV 136xe + 248cm. See figure 14. Note 

that the injection point is within MeV of the lowest point on surface. 
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Rapid Bk-Md Separation 

Gold Catcher Foil with 
Reaction· Products 

• dissolve with aqua regia 

- extract Au with diethyl ether 

- load· on cation column 

- elute, in order: Md, Fm, Es, Cf, Bk 
with pH 3.7 a-HIBA 

- plate on Pt disc, flame, a count 

l1gure4.1 
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Rapid Chemical Separation Procedure for Americium 

Al Catcher Foil with Reaction Products 

-Dissolve with 10M NaOH (including 241 Am tracer) 

-dilute, add La +3 carrier, 

- La(OH)3 precipitates 

-wash precipitate with 1M NH40H 

· -Dissolve precipitate with 1M HN03 
-add .2M s2o8 -z. 1 drop 10% Ag(N03) solution 

-heat 

1 Am(III) 

-add 1M NH4F 

. ~ 
LaF 3 precipitate 

discard 

l1gure4.2 

-~-..~ Am(VI) 

Am(VI) in solution 

Am(VI) - ...... :> Am(III) 

+3 -add La 

LaF 3 (with Am) 

-collect on filter frit 
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Dissol1tio1 of 
h catcller foil 
in aqaa regia 

1 Actinide Separation 

Solution loaded Scheme 
on Down -1 

Alioa Resin 
L 

Elutiu of 
Transplutoniam eluent Eluent taken ActiYity picked up 
ele•nts witb to dryness in HCJ and loaded on 

con HCI Benson Cation Resin 
! ~ 

U, Np, Pu stripped Column buffered 
with H10, Fez· and with NH~CI and 

HCI/HF rinsed with H!O 

l ~ 

laF, precipitated I DreciDitate I laF, dissohed I Md,Fm.Es,Cf 

L I in HNO,/H,BO, eluted with pH 3.7 

Solutio• saturated ! cr- hydroxy i sobu ty rate 

I witll NH~NO, • U I Sol1ti011 loaded on 
ntracted by EtzO Dower -I hio1 Resia Colum1 stripped 

.. witb pH 4.2 
,, Colu111 washed witll I ~- hydroxyisobutyrate 
HNO, , thu HCI .1. 

• + Eluent dried . 
Pu elated lith Np eluted •itb picked up in HCI 

111/ICI HCI/HF J 
ActiYity loaded on 
sat 'd HCI AC MP 50 
Cation Column. Am. 
Cm and Bk eluted 

XBL 836-1039 1 

P1gure 4.3 
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248 Xe + Cm -) Np.Pu 
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Table CaptioiUI 

1) The variation of the calculated PE and excitation energy (E*) for Fm iso

topes from the 129Xe(hi) reaction as a function of three different separation dis-

tances R. The choice of R does not significantly affect the PES, but is crucial in 
' . 

the calculation of E . 

2} For the 129xe(hi}, 132Xe, and 136xe + 248cm reactions, the actual peak 

positions of the production cross sections for Bk, Ct, Es, and Fm are compared 

with the minimum of the PES for those elements, as well as the mass number, for 

each element, which has an N/Z ratio equal to the N/Z ratio of the combined 

target-projectile system. Also shown. is the calculated excitation energy for the 

mass number at the minimum of the PES for each element. These energies have 

been adjusted to show an excitation energy split between the two products pro-

portional to their mass. 

248 197 . 
3) For Xe + Cm, Au reactions, a tot' aDIR' and aQE have been calcu-

lated using [WesB3]. For 129xe + 197 Au. the experimentally determined aDIR and 

aQE are shown. For these near barrier reactions, the QE and DIR contributions 

are of the same magnitude. RINT is Eqn. 6.13 and l(tm) is the angular momentum 

ot the system needed to keep the centers of the reactants within RINT of each 

other for time tm (Eqn. 6.11) . 



-84-

Table 1 

l2V)Ce (780 MeV) 132Xe (805 MeV) 13SXe {745 MeV) 

· Mass Number at PES Minimum 

Fm 250 251.5 252 
Es 247 248.5 251 
Ct 244 248 250 
Bk 242 245 249 

Experimental Peak Position Mass Number 

Fm :S252 253 253.5 
Es :S 252 251 :S 252 
Ct 248 :S p :S 252 248 :S p :S 252 248 :S p '!S 252 
Bk 248 250 ~250 

Peak Mass Number Assuming N/Z of Total System 

Fm 251.3 253.3 258 
Es 248.8 250.8 253.4 
Cf 246.3 248.3 250.9 
Bk 243.8 245.7 248.3 

Calculated Excitation Energy (MeV) at PES Minimum 

Fm 23.8 29.7 <0 
Es 24.2 30.4 <0 
Cf 25.0 31.2 <0 
Bk 28.0 31.9 <0 

·~-



Table 2 

780 lleV 121Jee + 2441Cm .. Fm 

Hmt 
,, • A PES (MeV) E (MeV) 

248 -5.42 23.02 
249 -5.71 23.38 
250 -5.83 23.63 
251 -5.48 23.57 
252 -5.08 23.48 

R1.36 

248 -4.88 32.64 
249 -5.16 33.02 
250 -5.26 33.29 
251 -4.89 33.26 
252 -4.48 33.18 

R14.5 

248 -6.50 3.62 
249 -6.82 4.00 
250 -6.96 4.27 
251 -6.64 4.24 
252 -6.28 4.19 

Rint = Cr + Cp + 4.49- (CT + Cp)/6.35 = 15.42 fm 

R1.36 = 1.36 • (Ajl3 + AJ13) + .5 = 15.92 fm 

R14_5 • 14.5 fm 
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Table 3 

calculated 
cross sections (mb) 

E,. (MeV) Rem (fm) l(tm) 1i ar aDIR aQE 

12V){e + 24aCm 791-769 MeV 15.94 152 707 346 361 
132}(e 817-793 MeV 15.99 188 906 511 395 
138J(e 790-699 MeV 16.06 72 376 78 297 
121){e + un Au ~ 761 MeV 15.34 - 106 505 221 284 
132}(e ~764MeV 15.39 106 501 218 283 
138J(e ~787MeV 15.46 123 583 286 296 

For 129-xe + 197 Au, the experimentally determined cross sections are: 

uDIR = 216mb and aQE = 190mb. 

. ... 
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