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MAN-MADE ELEMENTS: OUTLOOK FOR THE YEAR 2039

K. E. Gregorich and G. T. Seaborg

It has been 50 years since the discovery of nuclear fission.
During those 50 years, we have seen the discovery and study of 19
man made elements. The present-day scope of the field of the
study of the man-made elements, especially of the transuraniuﬁ
elements, surely could not have been foreseen by the discbve;ers
of fission or other scientists of the time. Similarly, it is
probably also true that the scope of this field in the year 2039
cannot be foreseen by present-day scientists. Nevertheless, we
will try to take a look into the future, 50 years from now, and
guess what the field of the man-made elements will be like on the
100th anniversary of'the discovery of fission.

The technological advances of the last 50 years have
been unprecedented. If one is to assume that the technology of
the year 2039 will be as different from that of today as today's
is from that of the time of the discovery of fission, the predic-
tion of the state of almost any scientific field would seem a
hopeless task. Ih thi; article, we have taken emerging technolo-
gies and assumed that they will mature within the next 50 years,
and become commonplaée. The prediction of technologies which
have not yet appeared in any form, or 'second generation’ te;h-

nologies which grow out of those which are on the forefront of



science today has also been undertaken in a few cases.

Transuranium Research: Today and in the Past

There are, to date, 19 man-made elements which have been
discovered and studied. A periodic table is presented in fig. 1,
with the presently known man-made elements shaded. Of these, the
17 transuranium elements will be the main subjects of this work.
The next few paragraphs contain a very brief summary of the work

which has been done with the transuranium elements.

Nuclear Properties

In the 17 transuranium elements, there are about 184 known
isotopes. There have been many reviews of the productign of, and
the study of the nuclear and chemical préperties of these ele-
ments.1™3 The measurement of the decay properties and masses of
many of these isotopes has lent a great deal to the understanding
of nuclear properties in general. Because of the instability of
these nuclides against spontanéous fission, these studies are
actually studies of the ultimate limits of nuclear stability.
Important components of our understanding of nuclear properties
which have been gained from the study of the transuranium ele-
ments include refinements to the liquid droplet model of the

6 and the understanding of the effect of deformed shells

nucleus
on the ground state masses.7 The barrier against fission due to
the macroscopic (liquid drop) properties of the nucleus decreases

rapidly with increasing atomic number of the nucleus, to the

point where, in the absence of shell effects, the heavy elements



would have extremely short spontaneous fission half-lives. 1In
fact, the highest Z elements would be totally unstable with
respect to fission. The shell effects are fesponsible for the
relatively long spontaneous fission half lives of these elements.
The study of the fission properties (mass énd total kinetic
energy distributions, neutron and gamma multiplicities, etc.) of
those isotopes which undergo fission has been an especially rich

field, which still defies precise theoretical understanding‘.’l's'9

Chemical Properties

Following the discovery of the 17 transuranium elements, has
been the study of the chemical properties of 13 of them.l's'lo-12
These studiés of the chemical properties have defined the struc-
ture of the periodic table for the heavy elements. The position
of the actinide elements (with the f£illing of the Sf_aﬁomic
orbitals) has been well established. The chemical proper;ies of
the transactinidg elements are just recently being studied, and
seem to“indicate that these elements are homologs of the 6d
elements.13719 Relativistic effects on the atomic electrons have
been predicted to play a very important role in determining the
chemical properties of the heaviest élements.zo-23 These rela-
tivistic effects are being studied, and are adding a néw twist to
our understanding of periodic table properties. An example of
how these relativistic effects could affect the chemical proper-

ties of the heaviest elements would be in the stabilization of

electronic configurations which would otherwise be unobservable.



For example, the stabilization of the 7s electronic orbital would
lead to stabilization of Lrl¥, 1042+, and 1053% with [Rn]5£147s2

electronic configurations, rather than the Lr3+, 1044+, and 1(055+
ions with the classically expected [Rn]Sf14 electronic configura-

tion.

A Comparison of 1939 Techniques with Present-Day Techniques

While researchers in the time shortly after the éiscovery of
fission struggled to produce and identify small numbers of atoms
of the first few transuranium elements, over the years, the
production methods and separation techniques progressed until, in
turn, the chemical properties became well understood, the first
production of weighable (and visible) quantities were produced, .
and finally, -the mass production of milligram to kilogram quanti-
ties were routinely produced.2'3 Today, the research being done
with the heaviest elements  (with atomic numbers greater than 100)
is similar to that which was being done on the first few transu-
ranium elements just after the time of the discovery of fission.
Researchers are working with small numbers of atoms, and learning
about the nuclea:.and chemical properties of these elements. The
prospect of making large quantities of isotopes of these trans-
fermium elements is remote at best, but in fifty years, produc-
tion methods for (presently undiscovered) isotopes with suffi-

ciently long half-lives may become available.



What Will the Future Bring?

New Nuclides

By the year 2039, it can be expected that the isotopes of
the heavy eiements ({especially in the lower-Z transuranium eié—
ments) will have been discovered for all isotopes out to the
proton drip-line, adding a few hundred more isotopes (for which
masses will be known) to the set of data used for the understand-
ing of macroscopic and microscohic nuclear prqperties. In these
neutron-deficient nuclei,.the:relative rates of fission and
proton emission (or delayédlfission and delayed proton emission)
will be inﬁéresting. Techniques will be developed for the pro—l
duction and detection of these isotopes at levels some orders of
magnitude below present-day capabilities. The production of
extremely neutron-rich isotopes will also become a possibility,
possibly through the multiple fast neutron capture technique,
which is presently only possible in supernovae and in the detona-
tion of nuclear devices. Aside from learning of the detailed
nuclear properties of these isotopes, much will be learned about

the astrophysical r-process for the production of the heavy

elements.

New Elements

We can expect the discovery of a number of new elements in
the next 50 years. Todays technology may be capable of
identifying isotopes of elements 110 and 111 at an atom-per-day

to atom-per-month production rate. To go beyond these elements
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would require the use of much higher beam intensities with spe-.
cially designed targets. The stability of superheavy nuclei with
atomic number near 114 and neutron number near 184 is expected as
a result of generally accepted theory,24 but the production of
these nuclei has proved impossible so far.25:26  The future
production of superheavy elements remains a possibility, and
further searches (with far greater sensitivity) will surely be
carried out. A schematic picture of the limits of nuclear

stability is presented in figure 2.

The study of the chemical properties of the heaviest ele-
ments will.continue. The detailed chemical properties will be
worked out for the elements through 106. Chemical procedures
which can be performed on é millisecond or microsecond time
scales will become available, making the basic chemical studies
of even the short-lived isotopes of the elements through 109 (or

even higher) possible.

Theoretical Studies

It can beuassumed that computing power for theoretical
treatments will become nearly unbounded, both in speed and capac-
ity. This will allow the solution of many of the self-consistent
many-body problems which apply to the nucleus. It can be hoped
that the calculation of fission properties such as half-lives,
mass distributions and total kinetic energy distributions will
improve to the point where there will be a quantitative agreement

between theory and experiment.



The increase in computing power should also make the exact
calculation of the chemical properties of multi-atom complexes
possible. Perhaps calculations could even be performed for the
larger ensembles which will be necessary to predict the aqueous
phase behavior of mixtures of complex ions.
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FUTURE PRODUCTION OF NEW ELEMENTS AND HEAVY ELEMENT ISOTOPES

Nuclear Reactions for the Production of Heavy Element Isotopes

The Isotopes of the transuranium elements are unstable with
respect to radioactive decay, and, in general, do not exist in
nature. They must be produced in nuclear reactions of some sort.
A brief explanation of the types of nuclear reactions, their
merits and their limitations for the prodﬁction of heavy element
isotopes will be presented here. It should be noted here that
because of the instability of the heavy element nuclei toward
fission, the production of heavy element isotopes is extraordi-
narily difficult. Present research in the heavy element region
has come very near to the high-Z limit of nuclear stability. As
the number of protonslconfined to the nucleus increases, the
stability of the nucleus decreases. In fact, for nuclei with
atomic nﬁmber greater than 100, the liquid drop fission barrier
is much too small to stabilize these nuclei against spontaneous
fission. These nuclei are stabilized against fission by the
existence of a shell effect.fission barrier. These shell-effect
fission barriers are quite narrow and not stable with increased
excitation energy. The nuclear reactions used to produce the
heaviest elements leave the resulting nucleus in a state of high
excitation energy. The de-excitation of these reaction products
generally proceeds by the evaporation of neutrons. There is a
strong competition with fission at each of the neutron evapora-
tion steps, resulting in a severe depletion of the desired reac-

tion products by fission during their de-excitation. In some



extreme c¢ases, only one out of 1@1®-°f the compound nuclei sur-

vive the deexcitation process without fissioning.

Production by "Hot Fusion"

Most of the transuranium elements were first synthesized by
the "hot fusion" method where the nucléus of a light ion beam
(such as 4He, or 18O, accelerated by a cyclotron or a linear
accelerator) is used to bombard actinide nuclei iﬁ'a stationary
target. When a nucleus in the beam has a cgntral.collision with
the nucleus of a target atom, they can fuse.té form a compound '
nucleus. The yield of compouﬁd nuclei is quite high, but the
minimum excitation possible in the compound nucleus is generally
about 40 MeV, making the depletion of the compound nucleus
products by fission during de-excitation especially severe. A
review of the hot fusion technique, including the successful
modeling of the production rates of actinide and transactinide
isotbpes has been undertaken by Alonso?7 (see also Sikkeland et
al.<8),

Atoms of elements through 106 have been produced by the hot
fusion method.29 with present technologies, atoms of elements
104 and 105 can be produced at a rate of about one atom per
minute (where the target is being bombarded by well over 1912
ions per second),17 and atoms of element 106 can be produced at a
rate of a few atoms per hour. The yields of atoms with higher
atomic numbers by the hot fusion method is expected to be much
lower, making other reaction methods favorable for their produc-

30

tion. In the future, much higher beam intensities and the



necessary new target technologies to handle these higher beam
currents will increase the sensitivity for these reactions by a
few orders of magnitude, making the production of atoms with |
atomic numbers as high as 108 or 110 possible by hot fusion even
with presently available target and projectile combinations.

Oné of the main drawbacks of the hot fusion technique is the
limitation on the number of neutrons in the final products of
de—excitation. Since the excited compound nuclei de—excite by
emission of neutrons (in competition with fission), it is Qiffi-
cult to produce the neutron-rich produéts which are expected to

have longer half-lives toward fission, alpha decay, and electron

capture.

Production by "Cold Fusion"

In recent years, the heaviest elements'have been produced by
the "cold fusion” technique.3°'31 This is also a compound nucle-
us mechanism, but the target materials used have mass and atomic
numbers near those for the doubly magic 208ph, The projectiles
used are therefore much heavier than those used for hot fusion,
often being in the region of the iron isotopes. The extra sta-
bility in the target nucleus manifests itself in a lower excita-
tion energy in the compound nucleus. This lower excitation
energy, as low as 10-15 MeV, results in the evaporation of only
one or two neutrons during the deexcitation process, gfeatly
decreasing the depletion of the compound nucleus product by

fission.
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This increased de-excitation survivability compared to the
hot fusion method is partially offset by the fact that the proba-
bility for the compound nucleus formation is significantly lower
for these cold fusion methods.32:33 The access to neutron-rich
nuclides is more severely limited than in- the case of the hot
fusion reactions because of the possible choices of target-.
projectile pairs. Isotopes of elements 107-109 have been pro-
duced by this method at production rates of an atom per day to an
atom per week. As the production rates decrease further for fhe
heavier élements, new technologies must become available for'the

detection of elements beyond 110 or 111.

Production by "Warm Fusion"

Very recently, there have ‘been attempts to produce heavy

34 which 1is interme-

element quclei by the warm fusion technique,
diate between the cold fusion and hot fusioh techniques. 1In the
warm fusion technique, light actinide targets are used with
projectiles in the range of Ar to Ca. There are target-projec-
tile combinations which will reach moderately neutron-rich
products. The excitation energy of the compound nuclei is as low
as about 25 MeV, assuring a good de-excitation survival rate, but

the compound nucleus formation rate is intermediate between that

for the hot fusion and cold fusion methods.

Production by Binary Transfer Reactions

Binary transfer reactions have been used to produce a number

of heavy element isotopes. In this mechanism, the projectile

11



nucleus comes into contact with the target nucleus for a small
time during which the two nuclei exchange nucleons, energy, and
angular momentum. The products resulting immediately after the
target—- and projectile-like particles separate after interacting
can have broad ranges of proton- and neutron—-numbers, excitation
energy and angular momentum. These broad product distributions
allows the production of exotic heavy element nuclei at low
excitation energy. This type of reaction has been used, for
example, in the production of 32-4 2603 ang 4.5-h 2625y from
transfer reactions between 22Ne projectiles and 254gg

targets.8:35

Neutron Irradiations

Neutron irradiations have been used for the production of
many transuranium isotopes.z'3 In these neutron irradiations,
heavier elements are produced_by a series of neutron captures and
beta decays on actinide target material. Weighable quantities of
elements with atomic number as high as 99 have been produced from
material which was originally 238y, Picogram quantities of 257gn
are also produced. The series of neutron-captures and beta-
decéys leading to the production of heavy actinides, beginning
with 239Pu, is illustrated in figure 3. The yearly production of
some key isotopeé is also indicated in figure 3. There are two
main limitations for this production technique. First, a neutron
capture reaction in the actinide region results in a product
nucleus wifﬁ an excitation energy of about 6 MeV which may under-

go before it can de-excite. This 1limits the yields of the

12



heavy elements. Second, many transuranium isotopes cannot be
produced because there is no series of neutron-captures and
beta-decays which end up at these isotopes. It seems unlikely
that the production of heaviér isotopes in reactors will become
possible, because the heavier Fm isotopes which would be broduced
by neutron capture on 257Fm are short-lived fission activities,

and, therefore, would not beta-decay to mendelevium.

New Targef Material Capabilities

The production of heavy element isotopes by the coid—,
warm-, and hot- fusion methods and by transfer reactions could be
greatly enhanced by the introduction of new, more exotic target
materials. There are many nuclides which, in the future, may
become available in the milligram quantities necessary for use as
targets which would allow access to measurable amounts of new
heavy element nuclides by nuclear reactions at particle accelera-
tors. Also, remote handling techniques will become available
which will allow the use of many isotopes, which are presently
available, but are too radioactive for routine use as target

materials.

Reactor Actinide Production

The production of target materials for hot-fusion reactions
or transfer reactions has, to a large extent been performed by
reactor irradiations. The limit on the amount of material of a

given isotope which can be produced is limited by the amount of

13



material which can be irradiated in the reactor. At the Oak
Ridge National Laboratory's High Flux Isotope Reactor, the
material which is irradiated to produce 253-255g5 anag 257
consists of about 2 grams of 252¢f which is irradiated for many
davs. The loss of yield due to fission during the various neu-
tron capture steps limits the production of these isotopes. The
yearly output for 2545 is 5ug and for 257Fm it is 1 pg. New
techniques which involve the removal of thermal neutrons with a
cadmium filter should allow the production of these isotopes in a

36 It should become

yvield which is about ten times‘larger.
physically (but possibly not economically) possible to produce,
irradiate, and recover heavy actinides from much larger amounts
of 252cf£. 1In 50 years it should be possible to use as much as 2
kg of 252¢f in a specially designed (and much largeri reactor.
Vastly improved remote handling and reprocessing téchniques will
be developed for the recovery of the heavy element isotopes. It
should be noted that the production of the 2 kg of 252¢f is
another multifaceted technological problem which must be over-
come. The next few paragraphs will describe some of the possi-
bilities for heavy element research using amounts of target
materials which would become available in yields which are 1000
times what they are today.

254¢cf will be produced in quantities as large as hundreds of
micrograms. Use of this as a target would allow access to very
neutron-rich heavy element isotopes which will be stable toward

electron-capture decay. These isotopes will also have relatively

long alpha decay half-lives, and it is expected that their

14



spontaneous fission half-lives may also be significantly longer
than those of the more neutron-deficient isotopes. Compound
nucleus reactions could lead to severél interesting isotbpes.
271198 and 271108 could be produced by the (22Ne,5n) and
,(22Ne,4n) reactions. These isotopes should have half-lives much
longer than those for the known 108 isotopes, and the measure-
ments of the spontaneous fission properties and ground-state
shell effects should be interesting. 267106 could be produced by
the (180,5n) and (170,4n) reactions. This isotope should be
quite long-lived and should allow detailed studiés of the chemi-
cal properties of element 106. The same can be said for 263p¢
produced by the 254Cf(13C,4n) reaction. The use of transfer
reactions with neutron-rich projectiles and a 254cf target couid
produce the special isotope 264Fm, whose spontaneous fission
properties should be very interesting because'it canlfission into
two doubly magic 13255 nuclei.

Reactor irradiations will also produce larger quantities of
other actinide isotopes. Many of them would make other
experiments, similar to those outlined in the preceding para-
graph, possible. It will be possible to produce milligram. quan-
tities of 254Es which will allow the programs outlined in the
Large Einsteinium Activation Program36 ({LEAP) proposal to be Ca;-
ried out with even more sensitivity than described there. More
interestingly. quantities of hundreds of micrograms of 255g5 will
become available, giving access to even more neutron-rich acti-
nides and transactinides than are obtainable with a 254g¢ target.
It may also be possible to produce a target of 1 ng of 257pn,.

While this is a small amount of target material, it will still be

15



possible to perform new physics with such a target.

%

Production with a Monoenergetic Neutron Source

Whén producing the heavy actinides in a reactor, there are
severe losses due to neutron-capture followed by de-excitation by
fission, (n,f), reactions in competition with the desired de-
excitation by gamma-ray emission, (n,gamma). These losses could
be decreased dramatically when a high intensity monoenergetic neu-
tron soﬁrce, with adjustableaneutron energy is made. With such a
neutron source, the neutron energy for bombardment of a given
actinide target could be adjusted to a (n,gamma) resonance to
produce the desired activity with very little competition from
fission. This procedure could be repeated several times (on each
of the intermediate products). The production of milligram

quantities of 257pn may be possible by this method.

Production in Nuclear Explosions

The production of heavy actinides in the detonation of
nuclear devices has been shown to be a viable process for the
production of relatively large amounts of exotic target materi-
als. Lougheed et al. were able to separate 3x1012 atoms of 250¢cp
from 10 kg of rock from the site of an underground detonation of
a nuclear device.37

If a nuclear device were specifically designed for the

production of heavy elements, the yield of these heavy elements
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can be quite high. Assuming the amount of debris which contains
a high heavy element concentration is several orders of magnitude
larger than the 10 kg used in the previous study, it may be
possible to recover weighable quantities of 250cy,  The heavy
actinides would presumably be recovered from the debris in a
dedicated reprocessing plant. This target material would be
especially valuable for the production of neutron-rich actinide-
isotopes of the elements from uranium through 106. It éhould
also be possible to study the beta-delayed fission of the neu-
tron-rich Bk, Am, and Np isotopes. This production method may
also be the best for the production of 254cf. 1t should aléo be

possible to produce miligram quantities of 257pp 38

Production in Light Ion Bombardments

Within the next fifty years, it will become possible to have
high intensity light ion accelerators dedicafed to the production
of heavy elément target materials. Fof gxample, microgram
quantities of 230y could be pro&uced in a 108-s irradiation of a
molten 1 g/cm2 232p target with a 250-mA proton beam. This
could be used as a target material for the production of very
neutron deficient actinides in secondary bombardments.

Similarly, microgram quantities of 236py and 235Np could be
produced in 235U(d,n) and 235U(d,2n) reactions, respectively.
More of these nuclides could be produced, because their longer
half-lives allow longer times for their production. These

neutron-deficient target materials will be used for the study of
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even more neutron-deficient electron-capture-delayed-fission
activities, and in studies of nuéiear properties of the actinide
elements out toward the proton-drip-line.

The production of even more exotic target materials is also.
possible if some of the nuclides which are considered extremely
exotic by todays standards are used as a target material. For
example, It may be possible to produce weighable quantities of
the 58-4 258Md. A target of 2_55Es (produced, presumably, by the
methods mentioned earlier) could be bombarded with a high inten-
sity alpha beam to produce the‘258Md by the (alpha,n) reaction.
A 258Md target would be an incredible asset in the study of the
chemical and nuclear properties of the heaviest elements, which

could be produced by hot fusion reactions and by binary transfer

reactions.

The Use of Other Short-Lived Nuclides

It will also become possiblg to safely use éeveral short-
lived nuclides as target materials. For example, 210py, , which
can be separated from uranium (which had been separated from lead
some years before) could be used as a new neutron-rich target
material for cold-fusion reactions. 228Ra, which can be separat-
ed from 232Th, could be used as a target materiél for warm-fusion

reactions, to reach new neutron-rich isotopes.
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New Accelerator and Beam Capabilities

Accelerator technology will surely continue to advance. It
is difficult to predict to what point these advances will lead in
fifty years, but the new accelerator ideas presently béing.con—
ceived present interesting possibilities for future transuranium
research, especially when combined with the future capabilities.

in target materials discussed above.

Higher Beam Intensities

Improvements in accelerator technology will significantly
increase the beam intensities available for production of heavy '
element isotopes. Accelerator ion sources and pre—acqelerators
will become much more efficient at producing large intensities of
" highly charged beams for acceleration. The beams available from
these sources will be sufficient to exceed the phase space limi-
tation of present-day accelefators, SO newer accelerators will
have to be designed with incfeased capabilities. These acceler-
ators will have to be equipped with elaborate control systems,
because the high beam intensities will be capable of melting any
accelerator or beamline parts on which the beam is inadvertently
focussed. It will probably also be necessary to perform almost
all maintenance on the accelerator remotely, because of the
increased levels of induced activities in the accelerator parts.
Bgam intensities of tens to hundreds of particle microamperes of

" elements from all parts of the periodic table can be expected.
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New types of accelerators will be introduced whicﬁ will
decrease the difficulty of running the accelerators reliably, an
example of such a new accelerator technology which may be
developed to the point of being practical is the Ion Front Accel-
erator,40 which accelerates positively charged ions in a moving

electric potential well created by an electron beam pulse.

Target and Beam Handling Capabilities

These higher beam intensities present severe problems for
the experiments. The increased beam intensities bring with them
aﬂ increased amount of heat created in the target materials as
the beam passes through. The heat from the beams of the
intensities discussed above are sufficient to melt or wvaporize
almost any target which they pass through.

" The thicknesses of targets used for these accelerator
bombardments are limited by the energy loss of the beam as it
passes through‘the target material. This limit is imposed in two
ways. First, the useful energy of the beam in the target is
determined by the excitation function of the product of interest.
In other words, since there is usually a narrow energy range at
which the desired nuclear reaction will occur at a reasonable
rate, the total effective thickness of térget material cannot be
more than that which is sufficient to degrade the beam energy
completely through this effective energy range. The second, and
more severe limitation is that of the heat created in the target

as the beam looses energy in passing through the target.
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The use of very thin metallic targets will be devéloped. By
using a series of targets with thicknesses of only a few ug/cmz,
the total target thickness can be kept relatively large (near the
useful range of energies due to thé energy loss of the beam as it
passes through the targets). The beam's heat loss in any one of
the targets will be quite small, because of its small thickness.
This can be*sufficiently.small to allow gas cooling or cooling by
blackbody emissién of the heat.

Molten and gas-phase targets will also be developed to an
extent which will make them more versatile than they are at

present.41 These will be capable of running at very high temper-

atures, allowing the efficient removal of the heat.

Radioactive Nuclear Beams (RNBs)

A particularly interesting development which will greatly
enhance our capabilities to produce exotic transuranium nuclideé
will be the availability of Radioactive Nuclear Beams (RNB). A
first-generation RNB machine, as presently conceived,42 would
consist of a high intensity proton accelerator which would bom-
bard a molten target. Large amounts of some radioactive isotopes
would be produced by spallation reactions. One isotope of these
radioactive products could be exiracted from the molten target,
mass separated, and accelerated to Coulomb-barrier energies (or
even higher) in a secondary accelerator. By this method, rela-
tively high intensities of beams of ions which are more neutron-
rich or neutron-deficient than presently available beams could be

provided. The neutron-rich beams would be useful for the produc-

21



tion of new neutron-rich isotopes of the heavy elements by com-
pound-nucleus reactions or by binary transfer reactions. The
neutron-deficient beams could be used in compound nucleus reac-
tions for the production of heavy element isotopes approaching
the proton-drip line. The first machines wéuld_be capable of
producing RNB's with intensities of a few particle nanoamperes.
Future machines are expected to have much higher beam intensi-
ties.

A good example of the types of experiments which will be
possible with these RNB's is a search for superheavy elements
.near Z2=114 énd N=184. If the 250Cm target discussed above were
available, it could be bombarded bf a beam of 50Ca, yiélding a
compound nucleus with 116 protons and 184 neutrons, very near the
predicted most stable superheavy element isotopes.

Second generation RNB machines are also possible. For
example, it may become possible to produce and use a radioactive
target material as the molten target in the firét stage of the
RNB machine. If-44Ti were available (produced in light ion bom-
bardments) and used as the first stage target material, it would
be possible to produce and accelerate a beam of 42Ti. When com-
bined with neutron-deficient target materials (such as 202Pb,
also produced in light ion bombardments), extremely neutron-
deficient nuclides will be accessible. 1In this cése, extremely
neutron~deficient isotopes of element 104 would be produced,
whose fission properties should prove to be very interesting.

Using the most neutron-rich RNBs in transfer regctions with
neutron-rich targets {or in colliding RNB experimeﬁts), will make

the production of extremely neutron-rich nuclides possible. The
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nuclides available for study will be much nearer to the neutron-
drip-line, making direct studies of the decay propertieé of
important r-process nuclides possible. With neutron-deficient
RNBs, the production of extremely neutron-deficient nuclides is
possible. It should be possible to study the decay properties of
- nuclides ;11 the way out to near the proton-drip-line. In the
transuranium region, this would make possible, in theory, to

produce about 400 new nuclides with half-lives long enough to

measure.
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New Tools for the Study of the Man Made Elements

Limitations on the Study of the Man Made-Elements

Production Rates Are Small

The study of the chemical and physical properties of the
man-made elements is particularly difficult. As stated in the
section on the production of the transuranium elgments, the
production rates of transuranium nuclei can be éxtremely low.
These low production rates often leave the experimenters ﬁith the
task of detecting the presence of single atoms of the desired

products by their radioactive decay.

Detection of Small Numbers of Atoms

At present, the best method for the detection of a small
number of atoms is that of the detection of the radiations from
the decay of radiocactive isotopes. These radiations are'general-
ly emitted with a half-life and energy which are characteristic
of the decaying isotope. Some types of radiocactive decay. such
as alpha-particle emission, allow the identification of a nuclear
species by the detection of the decay of a single atom. The
discrete nature of the alpha particle energy spectrum from any
given isotope, along with its half-life, can provide a fairly
unique identification of the presence of that isotope. 1In the
special case where the daughter nucleus resulting from an alpha

decay is also unstable with respect to emission of an alpha
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particle, the detection of both parent and daughter alpha parti-
cles, and the lifetimes of the parent an& daﬁghter, provides a
more unambiguous'identification.zg'“"44 The detection of gamma
rays of a given energy can also proﬁide good identification.

There are other problems associated with identification by a
small number of gamma-rays, such as tnc relatively low efficiency.
for many gamma-ray detectors and the unavoidable hackground in
gamma-ray energy spectra. Identification by the emission of beta
particles and by spontaneous fission are difficult because of the
non-discrete nature of the beta-pafticle and fission fragment

mass and energy distributions.

Interfering Activities

The identification of the existence of a nuclide by the
detection of the radiations from the decay of a small number of
atoms is often limited by the presence of interfering activities
from other nuclides which are present in much higher yields.
These interfering activities may be produced by Prompt fission of
excited products of nuclear reactions, or by transfer reactions
with the various méterials in and around the target. Almost any
nuclear reaction used to produce the heavy elements produces,
simultaneously, vastly greater numbers of unwanted activities, so
that separation from these interfering activities is necessary
for an unambiguous identification. These separations cam be made
by physical methods, such as mass separation, or by the use of
chemical separations. The use of chemical separations on a small

number of atoms presents a separate set of constraints which may
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not apply to chemical procedures used for larger amounts of

material.45

Future Techniques for the Study of Nuclear Properties

Large Gamma-Ray Detector Arrays

The development of large gamma-ray detector arrays will
develop far beyond that envisioned today in the proposed GAMMA-
SPHERE. 46 Arrays will be built in which the high resolution
detectors cover all‘of the space around a target (or source)
area; All of the individual elements will be very small with
very little inactive material. 1In this way, almost all gamma-
rays would registef full energy in the detector array: if a |
gamma-ray is scattered out of one crystal, the residual energy
will be detected in an adjacent crystal.

With such an array, and the data processing power that must
come with it, it would be possible to construct detailed level
schemes from the observation of the decay of a relatively small
number of atoms. With this detector array in conjunction with
charged particle detectors, the level structures fed in the decay
of the heavy elements could be efficiently explored. This would
also be an ideal detector for the identification of electron-
capture and beta-decay activities based on single events. It
would also make some very difficult spectroscopy relatively easy,
such as the study of the level strucﬁure inside the second poten-

tial wells of fission shape isomers. It may also be possible to
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identify the Z and A of a single fissioning nucleus by measuring
the prompt gamma-rays and x-rays emitted by the fission products
as they de-excite. It could also be used as a calorimeter, to
accurately determine the Q value associated with a decay on the

basis of a small number of events.
Alpha and Fission Spectrometry

Inprovements will be made in the detection of alpha parti-
cles and fission fragments. The efficiencies and resolutions of
devices for detecting these radiatins will improve’greatly.

It may become possible to identify a fissioning species by
identifying the Z and A of both of the fission fragments. Some
gas filled detector modules are presently being devéloped which
will significantly improve the Z and A resolution obtainable in
the detection of fission fragments.36'47'48 Another possibility
would be the use of a multilayered silicqn charged particle
.detector as a Bragg curve spectrometer. In such a de§ice, sever-
al energy-sensitive layers, each a few um thick would be produced
on the top of a silicon chip. Each layer would have a well de-
fined thickness and the energy signal from each layer would be
processed separately. This device would allow the determination
of the total energy, the range, and the energy loss as a function
of the distance traveled through the silicon.

Improvements will be made in the éfficiency and resolution
of alpha-particle detectors. Presently, the detection of charged

particles in solid-state detectors is limited by the solid angle
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the detector subtends relative to the source. By deeply implant-
ing the atom to be studied into the detector, the alpha particles
can be measured with a 100% efficiency. The appropriate high
efficiency implantation techniques will be developed. Advanceé
will also be made in the field of liquid scintillation for alpha
and fiésion spectroscopy. Systems will be developed in which the
resolution rivals that of present-day solid-state detectors.
Techniques will be developed for the detectioh of alpha particles
and fission fragments with extremely high energy resolution. An
example of such a charged particle detector which may have this

49 which measures alpha

capability is the super-cooled bolometer
particle energy by the temperature increase in a supercooled
crystal. If these devices were operated at very near 0°K, the

energy resolution could be better than 1 keV.

Mass separators, Velocity Filters, etc.

The machines and techniques used for physical separations of
heavy element products will improve. Recolil spectrometers will
be built with the capabilities of separating products in a narrow
range of Z, A, and recoil energy. These products will then be
available for further physical analysis, such as a high resolu-
tion mass spectrometer, or sent to a low-background counting
area. The recoil spectrometers will have very high angular and
energy acceptance, making it possible to use them with the broad
angular and recoil energy distributions typical of the binary
transfer reaction mechanism. The separation time in such a

spectrometer is on the order of a few microseconds, allowing the
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detection and study of extrenely short—lived heavy element activ-
ities. ’

High resolution mass spectrometers will be developed which
can be used with amounts of source material as small as a single
atom. One such machine could consist of an accelerator storage
ring, where the time of flight could be measured over several
well defined orbits. The mass resolution on such a machine would
be sufficient for accurate determination of the mass defects,
allowing the determination of the nuclear binding energy by this
.physical technique, alone. With this high resolution, the mass

separator would be capable of Z separation as well as mass sepa-

ration.

Future Techniques for the Study of Chemical Properties

The study of the chemical properties of the man-made ele-
ments is important because man made elments comprise 16% of the
elements for which the chemical properties have been studied.
This fraction can only increase, as the number of man-made ele-
ments for which the chemical properties have been studied in-
creases. Without the man—-made elements, important periodic table
étructures, such as that of the actinide series may témain undis-—-
covered. The study of how the relativistic motions of the elec-
trons abéut the heaviest elements affects the chemical properties

of these elements is a way of studying relativity in a test tube.
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Study of Macroscopic Chemical Properties

It will become possible to study the macroscopic (or bulk).
properties of Fm and Md, which at present can only be produced in
picogram quantities or less. By making use of the techniques
mentioned in the preceeding section, laréer quantities of these
elements will be produced. With microgram quantities, It will be
possible to produce crystals of the elements to study their
crystal structure, metallic pfoperties and spectroscopic proper-
ties. It should also become possible to study these bulk proper-
ties in microcrystals containing just a few hundred atoms. This
should make the study of the macroscopic properties of Lr possi-

262y, 265Rf, ang

ble by making use of microcrystals of 4-h
266y, are presently undiscovered isotopes whose half-lives should
_be long enough to make this type of study possible with elements

104 and 105.

Study of Tracer Scale Chemical Properties

In most cases, the study of the chemical properties of the
heaviest elements involves determining the chemical behavior of a
small number of atoms. The fact that only a small number of
atoms are produced precludes the stﬁdy of the bulk properties,
because the interaction of these heavy element atoms with like
atoms is extremely unlikely. Chemical procedures which are
applicable to small numbers of atoms, or even single atoms must
be chosen. One of the main problems in the study of the chemical

properties of the transuranium elements comes about because of
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the short half-lives of many of the isotopes, especially those of
with the highest Z. The chemical procedures used must be fast
enough so that all of the atoms of interest are not lost due to

decay during the chemical separations.

Computer Controlled Chemical Separations

There is presently much progress being made in the field of
performing rapid chemical separations with the aid of computer
controlled separations devices. The computer control, along with
increasing the speed of the separations, also increases their
reliability ;nd reproducibility. There are several computer-

50,51,52 4334 some auto-

controlled liquid chromatography systems
mated extraction devices.®3:34 The miniaturization of these
devices allows the volumes of liquids being used to be small and
the speed of the separations fo increase. In work with the
transuranium elements, minimization of the volumes is extremely
important, because the detection of the presence of a small
number of short-lived atoms is usually accomplished by alpha
particle spectroscopy. In order to produce a source suitable for
alpha pérticle spectroscopy, it is usually necessary to evaporate
a final liquid fraction. With larger volumes, this can be a
time-consuming step.

Presently, computer controlled chromatographic separations
are possible on a one-minute time-scale, allowing the study of
the chemical proberties of 34-s 262Ha. Automated extractions are

possible on a one-second time scale54 which will allow chemical

studies of element 106, making use of the 0.9-s isotope with mass
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number 263. Further improvements and miniaturizations in the
next fifty years should allow the processes to become faster,
possibly to the point where the separations are limited by reac-

tion kinetics.

High Temperature Separations

When the separation times reach limitations imposed by
reaction kinetics, it will become necessary to increase the speed
at which the reactions proceed. This can most easily be éccom—
plished by performing the separations at high temperatures. In
fifty years, with liquid phase chemical separations being per-
formed on millisecond time scales, it may be necessary to use
temperatures as high as several hundred °C to increase the reac-

tion speeds.

Source Preparation

As was mentioned above, the preparation of sources for alpha
-particle spectroscopy can be a time consuming process, making
the detection of the radiations from the many short-lived activi-
ties in the heaviest elements impossible. New techniques will be
developed for faster source preparation. These may include fast
electroplating techniques, or flash evaporation techniques to
produce sources suitable for ﬁse with standard semiconductor
charged-particle detecﬁors. High resolution liquid scintillation
techniques may be developed, eliminating the need for the evapo-
ration of the final fraction. It may also become possible éé

suspend the activities of interest in a gas phase and use a gas
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ionization chamber for the detection of alpha and fission activi-
ties. Methods are being developed for performing alpha particle

spectroscopy with a semiconductor detector through a thin film of
liquid,55 eliminating the need for source preparation by evapora-

tion of electroplating.

Gas Phase Separations

Gas-phase chemical separation techniques used for the study
of the chemical properties of the short-lived transuranium ele-
ments are still in their infancy. The simplest of thermochromat-
ographic and isothermochromatographic separations have been
performed.l:‘l'la'ss'58 These are single step separations in whiEh
the volatility of the elements of compounds of the elements are
measured. These gas-phase separation techniques can be expected
to improve vastly over the next 50 years. It will be possible to
perform many-step separations, resulting in samples which have a
much;higher degree of chemical purity. 'The theoretical under-
standing of these gas phase thermochemical processes will be
improved, allowing more accuate prediction and interpretation of
thermochromatographic propefties. There will also be non-thermo-
chromatographic gas-phase separations methods. The speed of
these gas phase separations can be much greater than that for
aqueous phase separations, especially at high temperatures, and
the produCtion of sources suitable for the detectioh of a and SF
activities is greatly simplified. It should be possible to

perform some gas phase separations on a millisecond time scale.
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Stern Gerlach Experiments on Single Atoms

An interesting proposal has been put forth by Hulet et al.>9
in which the ground state electronic configuration of single
atoms of the heaviest elements could be determined by a Stern-
Gerlach type of experiment. This would be accompli;hed by form-
ing a well collimated "molecular beam” of these atoms by allowing
the gas mixture in a recoil chamber to expand into a vacuum
through an orifice. This beam (consisting of single atoms or
molecules of the elemént to be studied) would then be passed
through an inhomogeneous magnetic field, allowing the separation
oﬁ the differen£ projections of the electronic angular momentum.
This technique will be developed and become commonplace, allowing

the determination of the electronic configurations of the heavi-

est elements

Laser Spectroscopy on Single Atoms in Ion Traps

It should become possible, to perform spectroscopic studies
at infrared through x-ray frequencies on single atoms of the
short-lived transuranium elements. This could be accomplished by
holding the newly produced atoms in an electromagnetic ion trap,
and exciting electronic transitions with a powerful laser. With
a detector of sufficient selectivity and sensitivity, the phofons
emitted in the deexcitation of these excited electronic states

could be observed.
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Exact Calculations of Electronic Configurations

The increase in computing power expected in the next 50
years, along with improvements in methods for the exact calcula-
tions of self-consistent solutions of many-body problems, may
maké it possible to perform exact calculations of the electronic
configurations of the elements. Taking this one step further, it
will then be possible to model the behavior of molecules and the
interactions between molecules. In the final extreme, it would 5e
possible to.model the behavior of the large number of molecules
necessary for a treatment of, for example, agueous solution

chemistry.
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Conclusions

Some of what are presently our "wildest dreams" are
contéined in the preceeding pages. In the next fifty years, the
field of the study of the man-made elements will surely exceed
some of these wildest dreams, or proceed in new directions not
envisioned here.

We have the potential to discover at least six new elements
and at least 400 new nuclides. We will be able to produce nu-
clides which can not be produced presently in quantities suffi- -
cient for their study by reaction methods that are unavaialble to
us today. Those nuclides which can presently be produced will be
available in quantities (or at production rates) orders of magni-
tude greater than are available today. The study of the nuclear
properties of these nuclides will increase our understanding of
the nuclear shell structure responsible for the stability of
these elements. The fission of heavy elements, which determines
the ultimate limits to nuclear stability., may finally be under-
stood in detail. The determination of the tracer scale chemical
properties of all of these elements may be possible kespecially
for the odd-Z elements which will be more stable toward fission
and alpha-decay). We will study the bulk properties of tﬂe
elements through at least Lr. The determination of the chemical
properties of these heaviest elements will define the structure
of the upper end of the periodic table and the study of relativ-
istic effects in chemical properties will cause us to re-evaluate
the cheﬁical properties of the lighter elements in the light of

these relativistic effects.
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One subject which has .not been thoroughly addressed is that
of the possible applications of this heavy element research in
ways which can have a direct impact on our lives. Advances in
these technologies will accompany the advances mentioned in this
work. Improvements in things such as todays imaging devices (for
both medical and industrial uses ) which use radiations emitted
from man-made elements will be made. The use of radioactive
species for medical diagnosis and treatment will become possible
with even smaller overall radiation doses and with sources in
chemical forms which are sbecifically targeted for the organ(s)
to be diagnosed or treated. As aléays, the technologies de- |
veloped for basic scientific studies will be adaptable for other
practical applications which may have little to do with the stﬁdy

or use of the man-made elements.

As a final thought, we would like to present a scenario for
a future experiment, which by todays standards, may be considered
an ultimate man-made element experiment (of course, in fifty
years, our conception of the "ultimaté experiment" will surely
shift further toward what is unimaginable today). This would be
an experiment to produce and study the chemical and nuclear
properties of the superheavy elements with atomic numbers near
114 and neutron numbers near 184. The reaction used in this
example is the bombardment of a 250¢p target with a 52ca beam.
Thé even—-even nucleus 300116, with a closed shell at N=184 would
be produced by the 250Cm(52Ca,2n) reaction. Possibly more impor-
tantly, the 25OCm(52Ca,a.2n) reaction would produce 297114. z=114

has been predicted to be especially stable against spontaneous
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fission. The neutron number 183 is very near the closed shell at
N=184, and the odd neutron number will lend some additional
: stabilityiagainst spontaneous fission and alpha-particle decay.
In this experiment, a high intensity radioactive nuclear
beam of 52¢ca would be produced by proton spallation of 60Fe, or
other heavier targets. The 105—year 60fre would, itself, have
been produced in a dedicated nuclear reactor by multiple neutron
capture on lighter iron isotopes. This 52ca would then be accel-
erated to coulomb barrier energies by a secondary accelerator,
and used to bombard a seriestof véry thin secondary targets of
250cm. The 23%m would have been produced in underground nuclear
explosions, and separated from many tons of rock in a dedicated
chemical processing plant. The superheavy element products
fecoiling from the targets would be analyzed by a mass seﬁaration
techniéue, which has sufficient resolution to separate different
elements among the same mass chain by utilization of their dif-
ferent mass defects. These mass and Z separated atoms would then
be subjected to rapid chemical separations procedures, and final-
ly the nuclear properties would be studied by observing the decay
of these elements with 100% efficient particle and photon detec-
tion systems. A schematic of all involved in this experiment is
presented in figre 4. Of course, the economic feasibility of

such an experiment is not addressed here.
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FIGURE CAPTIONS

1.

A present-day periodic table with the presently known man-
made elements shaded. The elements which are presently

unknown have dotted borders and atomic numbers in italics.

A schematic drawing of the limits of nuclear stability.

The series of neutron captures and beta decays which
produce the heavy element isotopes in a reactor irradiation.
The yearly production capacity at the HFIR-TPP facility,

using a 2-g 252¢¢ target, for some key isotopes are listed.

A schematic of a future experiment to study the chemical and
nuclear properties of superheavy elements which makes use of

many of the concepts presented here.
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PERIODIC TABLE OF THE ELEMENTS

Hol2 13 14 15 16 17 |"°
Li Be B C N O F Ne
3 4 5 6 7 8 9 10
Na | Mg ' Al Si P S (o] Ar
11 ] 12 3 4 o 6 7 8 9 1-0 11 12 13|14 |15 |16 | 17 | 18
K |Ca | Sc ] Ti Vv Cr{|Mn | Fe |Co| Ni |Cu|Zn |Ga | Ge | As | Se | Br Kr
191201211221 23124} 25|26 |27 |28 |29 | 30|31 |32|33|{34|35 ]| 36
Rb | Sr Y Zr | Nb | Mo Ru | Rh | Pd | Ag|Cd | In | Sn | Sb | Te | Xe
37 138 139|140 41 | 42 44 | 45 146 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Cs | Ba * Hf | Ta | W Os ir Pt | Au | Hg | Ti Pb| Bi | Po | At | Rn
55 | 56 72 | 73 | 74 76 | 77 | 78 |79 |80 | 81 |82 | 83 | 84 |85 | 86
Fr | Ra | ** 110;111!112:113:114:115:116-117:118:
87 | 88 R ' . ) \ X ' ' !
* La |Ce | Pr
57 | 58 | 59
**1Ac | Th | Pa
89 | 90 | 91

Fig. 1
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