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CONTRIBUTION TO WORKSHOP ON FUTURE DIRECTIONS IN TRANSPLUTONIUM ELEMENT RESEARCH
Washington, D. C., February 28 - March 2, 1983
NUCLEAR REACTIONS AND SYNTHESIS OF NEW TRANSURANIUM SPECIES

By Glenn T. Seaborg

At the time of this writing_(late>1982) 16 transuranium e1ement§ are known
(atomic numbers 93 to 107, inélusive, and number 109)-' Distributed among these
16 elements are nearly_ZQO nuclear species. Those with atomic numbers 93 to 101,
inclusivé, were first synthesized and i@gntified (i.e.;.discovered) through the
use of neutrons, deuterons or helium ions. The half lives become shorter and
shorter‘vith increasing atomic nuﬁber, until at elements 107 and 109 fhese are
in the range of millisecondé.

Three of the transﬁraniumrelements (numbers 104, 105 and 106) and a large
proportion of the transfefmium (beyond number 100) nuclear species discovered
during the last 15 years have utilizéd ;ctiﬁide~isotopes produced in the HFIR -
TRU facilities at ORNL as the target material. Present indications are thét‘mogt
of the future discqverigs of new transuraniqﬁ nuclear species and the discévery
of superheavy elements, if successfully écéomplished, will utilize such target
material.

In this short review, I shall deécribe the special aspects of heavy ion
nuclear :eaction'mechanisms operative in the transuranium region, the'ro;e of new
techniques, péssible nuclear reactions for the production of additional trans-
uranium elements and nuclear species and the importance of work in this region
for the development of nuclear models and theoretical concepts. This discussion
should make it clear that a continuing supply of elements and isotopes, some of
them relatively shdrt-livéd, prsduced by the HFIR-TRU facilities, will be a

requirement for future synthesis of new elements and isotopes.
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In this short account, I shall not cover the historical aspects except for
some brief references that are indispensable to an understanding of the theme.
Avcompila'tion1 of reprints of the original publications, accompanied by explana-
tory material, covers very thoroughly 511 aspects of the historical background of
the transuranium elements through atomic number 106. This includes such infor-
mation on the discovery of these elements; including accounts of the compefing
claims for the discovery of elements 104, 105 and 106 by scientists at the Dubna .-
Laboratory in the Soviet Union, as well as original information on many isotopes,
nuclear reactions for their production, radioactive properties, chemical properties
of the elements, etc. The discovery of all elements beyond atomic number 100
(fermium) has oeen made on a One-ato;-at-a-time basis and this will surely continue
to be the case. It has been crucial to the claim of discovery that the atomic
number of the reaction product be clearly identified using chemical or physical
techniques. -Criteria fof establishiog that such an identification has been made
have been-publisheo2 by an international group of experts and these critefia will
guido the discussions in the review. |

Nuclear stability considerations and radioactivity decay properties, which
are of central importance in devising experiments for thé production and identi-
fication of new elements and new isotopes, are the subject of another paper
prepared for this workshop.

However, for the convenience of the reader, I shall briefly summarize some
saiient information about superheavy elements (SHE). Simple extrapolations of
radioactive decay properties for elements beyond atomic number 109 suggest that
the haif life, especially that for decay by spontaneous fission, shall become so
short as to make detection very difficult and soon impossible. However, in the

4

period from 1966 to 1972, a number of calculations” based on modern theories of

nuclear structure showed that in the region of proton number Z = 114 and neutron
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number N = 184 thé ground states of nuclei should be stabilized against decay by
spontaneous fission. This stabilization is due to the complete filling of major
proton-and nuetron-shells in this region and is analogous to the stabilization
of chemical elements such as the noble gases by the filling of their electronic
shells. Such superheavy elements are predicted to fbrm an island 6f relative
stability extending both above and below Z =114 and N = 184 and separated from
the peninsula of known nuclei by a sea of instability. |

Some more recent calculations,5 based on careful consideration of the effect
of mass asymmetry on the fission barrier and'a reduced spin-orbit coupling
strength, have indicated that the Z = 114 shell effgct is not very large. These
calculations do confirm the existenée of a shell at N = 184, but also suggest less
stab111ty for species with N < 184; that is, the 1sland of stability has a cliff
with a sharp drop~off for N < 184. If these cons1deratlons are correct, it would
become considerably more difficult to #ynthesize and detect the superheavy
elements. A premium would be placed on producing a nucleus vith N = 184 or very
close to this, N-= 183, in ordei’that'it.might have a half life sufficiengiy long
to make it detectable.

During the last 15 years numerous-attempté have been made to'synthesize and
identify superheavy eigments through the bombardment of heavy target nuclei with
heavy ibns.‘ None of these experiments has been successful. A summary and
analysis6 suggests that this failure is not due to the failure to produce su?er—
heavy intermediate nuclei, but is due to the low survival probabilities of these

superheavy precursors.

NUCLEAR REACTION MECHANISMS
Nuclear reactions designed to produce isotopes in the transplutonium region

are dominated by the competing fission reaction, which diminishes the yield of
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the desired products. This diminution in yield is usually very drastic and is‘
greater the Higher the atomic number and degree of excitatién of the inter-
mediate nucleus. The tendéncy toward undergping this unwanted fission ﬁlso
increases with increasing angular momentum imparted to.the intefmediate nucleus.
(Angular momentum increaseg with the increasing mass of the bombarding projectile
nucleus and with the increasing magnitude of the impaét parametér, the laterai
distance between the centeré of the target and ﬁrojectile nuclei). Thus,vthe
name of the game is to produce intermediate nuclei with a minimum of excitation
(cold nuclei).and a minimum of angular homentum 80 théy can reach the ground gtate
(usually through the emission of neutrons aﬁd gamma-rays) with the minimum of loss 
from the cqmpeting fission reaction.

There are a numbér of heavy ion reaction mechénism; tﬁat might lead to the
idéntificatién of new isotopes, and in one case possibly new elements, through the
production of coldvnuclei in sufficient.yields to be detectable. The compound |
nucleus mechanism, known and understood for the longest fime, offers the best, and
probébly the only, hope for the production'and'identificationvof new elemgnts; this
seems to be operable with heavy element target nuclei (lead and bismuth) only for
heavy ion projectiles with atomic number up to 26 (iron) - for transplutonium
targets, this limitation produces no roadblock to the possible production of
Superheavy Eleﬁeﬁts.

The ofher heavy ion nuclear reactién mechanisms cover a range of categories
whose definition is not always unambiguous and which tend to merge at the
boundaries of the definitions one into the other. An oversimplified categori-
zation into two types will serve our present purposes. One type is well described
as simple transfer reactions and is applicable for our purpose$ (transplutonium
targets) with light heavy ions - up to atomic number 10 (neon) or sbmewhat higher.

The other can be described as deep inelastic transfer reactions, whose importance
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increases with the increasing atomic number of the heavy ion projectile, with
uranium projectiles the most interesting for transplutonium targets.

»

Compound Nucleus Mechanism. This mechanism involves the complete amalga-

mation (complete fusion) of the heavy ion projectile with the target nucleus,
followed by the de—excitatioh of ihis compound nucleus thfough the emission
(usually) of neutrons and gamma-rays in competition with the more prevalent
fission reaction. Thé most central collisions (smallest impact parameter) which
impart only a small amount of angular‘momentum fo the system, lead to such |
complete fusion of the projectile and target nuclei. The product nuclei are
strongly focused in‘thé forward (i.e., the projectile beam) direction due to
momentum conservation. The claésical method of preparing transuranium nuclei has
been through the use of the ;omplete fusion reaction. A typical example is the
synthesis of element 106 by Ghiorso et 31,7 who bombarded 249Cf with 95 MeV 80
and observed the 2“3cf (!®o, 4n) 263106 reaction with a cross section of "0.3nb.

The 263106 atoms (t% = 0.9 * 0.2 sec) wefe_identified»by observing the previously

259

known daughter,. Rf, and granddaughter, 255No, thfodgh the decay sequence

a

+» - The 283106 atoms were isolated using a helium jet

263106 & 25’5Rff", 255N0
and deposited.on the iim of a wheel. The deposit was then rotated in front of a
sequence of surface barrier detectors which then detected the primary a-decay of
263106. These Primary detectors were then moved to face another series of second-
ary detectors whicﬁ detected the decay of the previously known daughter atoms
implanted in the primary detectors by recoil in the initial decay. The time
correlated decay information was recorded using an on-line computer. A total of
14 time-correlated events was observed.

However, despite successes such as this, if we look at the cross sections

for comﬁlete fusion reactions such as the X (heavy ion, 4n) Y reaction, we find

a sharp decrease in the magnitude of these cross sections as the (Z,A) of the
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heaQy ion projectile increases. As a further constraint, the limits on availa-
bility of target materials.with Z > 98, presents great, but no insurmountable,
difficulties in synthesizing new transuranium nuclei with complete fusion
reactions. A number of workers, particularly those in the Soviet Union; have
pointed out that if some heavy ion projectiles with 40 < A < 60 are used in
combination with tightly bound targét nuclei containing closed shells of ﬁucleons,
iﬁ is possible to form extremely "cold" compound nuclei whose survival probabili-
ties might be high enough to compensate for the decreased complete fusion cross
sectiﬁns. |

A number of expérimental studies involving the magic lead and bismuéh nuclei
have shown that the possibility of suéh "cold fusion" reactions is, in fact; a
reality. Flerov et 31.8 obgerved the-productipn of 252No using the 206py,
(*%ca, 2n) reaction, while Nitschke 35.51.9'fOund 2%%No to be produced with a
surprisingly large cross section of 3.4 * 0.4 ub in the 2°%pb (*®Ca, 2n) reaction.

In this same manner, Ggggeler gg'gl.lo

observed the production of 2““Fm in the
206py (“oAr; 2n) reaction. |

The principal development, however, that has pushéd "cold fusion" reactions
to the forefront in efforts to synthesize new transuranium nuqlei was the work of
Munzenberg et 31.11’12 using the velocity filter SHIP at GSI. They have observed
unambiguous evidence for the occurrence of the 2°7fb (®%Ti, 2n) 25SRf and 2°%Bi
(®*°Ti, 2n) 25"Ha reactions at a bombarding energy of 4.85 MeV/u. Most interestingly
at a °°Ti energy of 235 MeV (4.70 MeV/A), they observed the 2°%pb (°°Ti,n) 257Rf
reaction. Since SHIP is a velocify separator, 'transfer" and '"deep inelastic"
products are strongly suppressed since the-products from these binary reactions
have a wide angular distribution and do not move with the velocity of the complete
fusion evaporation residues. The separator accepts recoils only from a limited

range of angles near 0°; thus, these reactions are quite probably cold complete

fusion reactions.
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Of special interest is the use of cold fusion reactions to synthesize, and
thus discever, element:10711 and element 109.13 For the former, '2°93i was
bombarded with 4.85 and 4.95 MeV/u 5*Cr and the 2°%Bj (*cr,n) 262107 reaction
was observed. The;identification of the 262107 (t% 4. 7+§ Z ms) was based upon
the observation of a set of correlated alpha pattlcle decays wh1ch end in the
known 25%Fm decay No complete decay chains were observed due to the small yield
and the 50% efficiency of the detector system, but two partiaily complete chains
ending in ?°°Fm were observed.and'one chain ending in 2%“Lr was observed. ‘The
velocity of the 2%2107 atoms was determined two different ways, by the velocity
separator itself and by a time-of-flight measurement. The energy of the evapora—
tion residue was measured and agreed with expectations for the cold fusion
mechanism. Similarly, element 109 was 1dent1f1ed13 as the result of the bombard-
ment of 2%%Bi with 5.15 meV/u 5°Fe ions according to the reaction 2°%Bi (saFe n)
266109. A single atom of 2ss109 (whith decayed after a time interval of 5 ms) was
identified through the observation of eorrelated alpha particle and spontaneous
fission decays involving previeusly knewnfproducts. |

Transfer Reactions. In thisutypedof nuclear reaction there is transfer of

nucleons from the projectile to the target nucleus leading (of interest to us) to
products with atomic numbers'ell the way from that of the target nucleus to that
of the compound nucleus. (The transfer of just a couple of nucleons is aleo re-
ferred to as quasielastic scetterihg and the transfer of a large part of the
Projectile is alternatively referred to as "massive transfer" or "incomplete
fusion"). These reactions seem to result ffom the more peripheral collisions
(those with larger impact parameters) and higher angular momentum. The product
nuclei are not so strongly focused in the forward direction as in the case of the
compound nucleus mechanism. For light heavy ions and heavy target nuclei, of
 primary interest to us, the protons transfer preferentially from the projectile

nucleus to the target nucleus, a tendency that can be understood by considering



the potential energies of the systems near contact;14

One of the first and more careful studies of these heavy ion "transfer"
reactions involving productionvof trapsu;anium nuclei was done by Hahn 25‘31.15
This remains one of the few studies in which kinematié measurements were attempted.
Hahn et al. studied the excitation functions; rec§i1 range distributions and
angular distributiqns of the heavy tfansuranium recoil products."in particular,
they studied.the characteristics of the production of 2*5cf and 2““Cf via the
transfer reactions 2%°pPu ('2C, a2n) and 23°Pu (!2C a3n) and via the complete
fusion reactions 238U (!2c, 5n) and 2%%uU(’2c, 6n). As expected, the complete
fusion reaction products are strongly forward focused Vith their angular distri-
bution peaked at 0° and show Gaussian range dist:ibutions with mean ranges that
increase with increasing projecfile énetgy and whose values agree with the assump-

244,

tion of complete¢fusion. The same 245cf products when produced in the

transfer reaction show angular distribgfions which peak near fhe coqplement of the
grazing angle and show asfmmetric fange'distfibutions whose mean value decreases
with increasing projectile energy. :The yields of 2“5’ 245¢f are much lgfger-in the
transfer re#ctions compared to the complete fusibn'reaétions. ‘The yields of the
transfer products aré described by Hahn et al. with modest success using a modifi-
cafionl6 of the semi-empirical Sikkeland systematics'of product yields in heavy

fusion reactions.u’18

These calculations indicate that the reason for the higher
product yields in the transfer reaction is the relatively cold residual nucleus
produced in this reaction compared to the complete fusion reactionm.
. 19 . . 246

Demin et al. used multi-nucleon transfer reactions to produce Ccf,
251, 253Es, 250, 25%Pm, and 256Md from 2%°cf using 22Ne projectiles. Perhaps
the most significant of the recent "transfer" reaction studies as far as creating
interest in these reactions as useful tools for transuranium nuclide synthesis

is the work of Lee et gl.zo Lee et al. measured the yields of heavy actinides

formed in the interaction of near barrier emergy '°0, !'%0, 2°Ne with ?“®Cm. 1In a
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fo.low upto this work Lee et gl.ZIImeasured the excitation functions for the
vpfoduction of isotopes of berkelium through fermium in bombardments of.Z“BCm
with %0 ions and of isotopes of berkelium through nobelidm in bombardments of
243¢f with %0 ions.

Sch;de1~g£ 31.22 measured the distributions of heavy actinide products from

h 2°“Es and found greatly enhanced yields, by many

reactions of 180 and ??Ne wit
orders of magnitude, especially for neutron-rich products, of mendelevium and
nobelium isotopes as compared with those pfoduced by fhe same p:ojectiles with
.Z“BCm or 2“9Cf targets. For example the yields of AZ = 2 products - californium
» isotopes from 2“°Cm and mendelevium from ?°“Es - were approx1mate1y equal, indi-
cating the tremendous advantage of using a 254gg target for the product1on of the
heaviest actinide isotopes.

Apparently, in one réaction mode, at the higher energies, for these transfer
reactions the projectile breaks up elastically in the nuclear field Vith the
breakup probability having a maximum for'thé grazing.angle (the angle of deviation
from the ofiginal direction forka proﬁectile nucleus m;kingv# pe?ipheral collisionA
with a target nucleus). A fragment of the projectile fuses with the target nucleus,
while the remainder of the projectile carries away a large amount of the available
energy as kinetic energy, thus reducing the excitation energy of the target plus
the absorbed'fragment and producing a cold nucleus. The excitation functions
appear to be consistent Qith calculation33basea on simple energy balance considera-
tions usiﬁg the masses of the projectile, target nucleus, and products and assuming
the energy of the projectile in excess of the Coulomb barrier is apportioned to
the target nucleus according to the fraction of the projectile mass transferred.
At energies close to the reaction barrier the quasielastic transfer mechanism

apparently prevails.

Extrapolations of the yield curves suggest that higher energy transfer



reactions may provide a means of producing new neutron-rich isotopes of known
elements. In this process, at least formally, such transfer reactions provide
a source of exotic projectiles. Fo: example, 22Ne could give rise to 21p
captufe and %0 give rise to !’N capturé. This mechanism, with heavief pro-
jectiles such as “8ca, might offer éﬁothet route to superheavy elements;
Somerville et al. 24 have producedA#vnumber of interestihg isotopes,
that decay via spontaneous fission, by bombarding ﬁeavy transplutonium nucléi
with light heavy ions. These include an isotope with a half-life of about 100
milliseconds,‘produced with thé unexpectedly large cross section of a microbarn
by the bombardment of 25%gs with '%0 ions. Another inferesting isotope,
presumably 26°Rf (element 104), produéed by the reaction of 15N ions with
2498k nuclei and by other reactions, has been shown by Hulet 32_31.25 (when
produced by the reaction of 15N ions withVZ“sBk nuclei) to décay with an unusual
symmetric distribution of fission products. This may indicate that the reactions,
and decay of nuclei in this region may be governed by a single fission barrier,
in contrast to the doubly humped fiésibn barrier characteristic of lighter |
heavy transplutonium nuclei.

Deep Inelastic Transfer Reactions. For heavy targets and heavy ions with

A < 40, it has been observed that the complete fusion cross section is a very
important part of the reaction cross section. By extrapolation, it was felt

that this situation would continue with projectiles as heavy as krypton. Thus,
the reaction of 2°%Bi with %“Kr was thought to be a possible avenue for pro-
ducing transuranium nuclei. However, it was discovered in the course of this
attempt to make new transuranium nuclei, that the complete fusion cross section
was negligibly small and that a new type of reaction, deep inelastic scattering,
was océurring.26 This failure of heavy nuclei to fuse is due to‘the fact that the

Coulomb repulsive forces between the touching nuclei exceed the nuclear attractive
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forces leading to fusion, resulting in the inability of the nuclei to inter-
penetrate inside the fissioh'saddle point.27 However, it was soon realized‘that
this new reaction with i;s characteriétic extensive exchange of nucleons between
projectile and target nuclei during the reaction could lead to significant pro-
duction of trans-target species. The reaction product mass distributions are bi-
modal with centroids near the t#fget and_projgctile masses28 and with distribution
widths larger for high mass target and prdjectiles. Also the emission directions
of the products are more complicated than for the other reaction mechanisms. Thus,
deep inelastic transfer reactions inVolv{ng uranium or heavier targets with heavy
projectiles would be expected to lead to the production of transuranium nuclei
with atomic numbers ranging well above that of the target nuclei.

The most significant use and understanding of deep inelastic transfer
reactions to produce transuraniﬁm nuclei has been in the studies of the 23°U +
238y reaction at-the UNILAC at GSI. The first fealizatipn of the unusual potential
of this reaction fOr‘transuranium nuclide synthesis waé in the work of Hildenbrand,
Freiésleben and co-wo?kers;zg’jowho found, from réconstruc;ed primary Z and Q
value distributions, more particle transfer at a given energy loss than in other
systems, i.e., the diffusion process seems to proceed colder in this system. Cold
transfer is, of course, just what is needed to make the fragile transuranium
species. Radiochemical studies by Schadel et 31.31 confirmed the coldness of the
products from the 2%%y + 238y reaction and its implications. A somewhat'expanded
version of these studies has been reported by Ggggeler, 32‘31.32 The distribution
of target-like fragments from the deep inelastic reaction peaks.at Z = 91 rather

33 or 2 = 79 (as found in the Kr + U

than Z = 85 (as found in the Xe + U reaction
reaction34). Thus, the '"goldfinger" (as this feature was dubbed in Reference 34)
had become the "Protactinium finger". This upward shift of Z of the peak of the

survivor distribution and its broadening are further indications of the colder
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diffusion occurring in this system. Reconstruction of the primary target-like
fragment distfibution led to an estimation of the production cross section of
Z =170 fragment§ iﬁ this reaction of 10'25 cm’ which, under the assumption of a
binary pfocess, must also‘be the estimate of the primary fragment yield of the
superheavy element 114 in this reaction.

The fact that the transuranium element distributions héve tﬁe same geﬁeral
shape in the U + U and Xel+ U reactions and the fact that the centroids and'widths‘
~of the distributions change little with projectile energy35 can be understood in
terms of the fagt tha; despite changes 'in the primary distributions with projectile
Z, A and E, only those few nuclei in the low excitation energy, low J angular
momentum tails of the primary distributions will survive fission. The principal
advantage of the U + U reaction is that because of the generally broader primary
product distributions, the number of nuclei in the tails of the distributibn;
increases enormously.

As a logical followup to the work with the 23%y + 238y reaction, G;ggeler
'gg‘gl.32 and Schgdél et 31.36 have reported the results of'attempts to produce-
transuranium nuclei in the reaction of 7.4 MeV/u 2%%U with 2“%Cm. The shapeé and
centroids of the isotopic distributions are similar to those observed in the 2%%U +
238y reaction but the magnitudes of the yields are much greater in the 2%°%U + 2%8Cnm
reaction. For example, the 238y 4+ 2%80p reaction gives V10" times more Cf, and

10° times more Fm than the 2%°%U + 23%y reaction. Ggggeler 35‘31.32 extrapolate

254

to a 10? fold enhancement in the Md and No yields in the 23%y + Es reaction and

a v10° fold enhancement in the Lr yields.

Unfortunately, however, no products beyond Z = 101 were observed even in the
238y 4 248¢p reaction, indicating that the deep inelastic transfer will not provide
a route to new transuranium elements, although it should provide a route to new

transuranium isotopes.
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TECHNIQUES FOR IDENTII-_'iCATION OF TRANSURANIUM REACTION PRODUCTS
General. In the study of heavy ion reactions reéultiﬁg in transuranium
products, it is of paramount importance to be ablg to isolate and uniquely
identify the products as to their atomic number (Z), mass number (A) and for-
mation cross section. Indeed the claim to disco#ery? of a new element must
involve identification of Z‘while the cl#im of discovery 6f a new nuclide must
involve measurement (and/or deduction) of both.Z and A. Nitschke37 has classi-
fied the cdmmonly used techniques of isolating transuranium'reécfion,products by
ﬁhe half life (t%) of the products and thg minimum detectable cross éection. “His
classification scheme is showﬁ in Figure 1. Some of the isolation techniques
‘ sﬁown in Figufe 1 such as cheﬁiétry, magnetic spectrometers, etc., can ‘also sérve
as methods of establishing_the Z'andlor A of the species involved.

Chemical Methods. For reaction products with the longest half-lives,

chemicallseparation.techniqués offer a convenient method of isolating individual
reaction products and establishing their atomic numbers. These techniques offer
the greatest sensitivity of‘éllimetho&s because of the large amounts of t#rget
material that can be used.

| A typical example of the use of chemical techniques to study heavy ion
reactions is the»effoft of Kratz, ﬁerrmann and their co-workers at GSIBS’39 to
study the production of trans—target actinides and possible superheavy elements
formed in the reaction of 23%U with 2%%U. The chemical problems involved in
these stﬁdies are formidable. Because of the large cross sections for deep in-
elastic scattefing and the high fissionabilities of the transuranium nuclei, the
sought after actinide (Fm, Md) production cross sections are approximately 107
less than those of interfering Ra, Ac and Th activities. The separation scheme
used is illustrated in Figure 2 aﬁd involved the use of four linked chromato-

graphic columns, three of which involved High Performance Liquid Chromatography

techniques. A chemical yield of 80-90% with a separation factor of greater than
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107 was achieved. Similar chromatographic techniques were used by Unik et 31?0
to study actinide production in proton-irridated U targets while ion exchange
procedures devised by Kratz, Liljenzin and Seaborg41 and Lee 35.5120 have been

widely used in heavy ion reaction studies at Berkeley.

The Helium Jet, Drums, Tapes and Wheels. For species with half-lives in

the range from 0.1 < ty < 10 Sec, ‘the helium jet is a superior method of isolating
reaction products, as witnessed by its use in the discovery of new elements.’
In this method, first deveioped by Ghiorso EE'El°’42 Friedman and Mohr,43_and
McFarlane and Griffoen,44 reaction products recoiling from the target are
therm#lized in helium gas at approximately one atmosphere breséure which‘léaves
the target chamber via a cbnnectiou to a low pressure area, creating a Jjet" or
stream of helium,45 (Figure 3). Thg.helium gas stream impinges upon a collection
device such as a tape or wheelio: drum which ﬁoves the activities to the detectors.
The selectivity of the jet system may be improved by performing a gas phase
chemiéal separation in the jet during trﬁﬁsport of the stopped recoiis.4
Identification of the-collected rea;tion products can be made with a variety
of techniques. Perhaps the most important of these techniques is the "mother-
daughter" or "double-recoil" method which establishes a genetic link between the
unknown reaction product and known daughter and/or grand-daughter actiﬁities, In
this technique (see Figure 3), the recoil heavy atom produced by the alpha-
decay of the collected initial reaction product strikes and imbeds itself in a
"mother crystal". The mother crystal is then moved in front of a '"daughter
crystal" which can detect the alpha-decay of the imbedded atom in the mother
crystal. The procedure can be extended to detect additional descendents in the
alpha-decay chain. If the alpha-particle decay characteristics of the daughter,

grand-daughter, etc., nuclei are known, then a genetic link is established and

the (2, A) of the parent are established. This technique was used in the discovery

v

-
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of several elements and isotopes.47’48’7’49
A newer»tecﬁnique of exceptional power to identify the Z of collected
reaction products is the X-ray method.50 In fhis technique the coincidences
between the alpha-particles emitted by the decay of the collected recoils and
the K X-rays of the daughter nuclei (produced as a résult of internal conversion.
deca&,ih the daughter) aie observed. The energies and‘relative intensities of

3

the X-ray lines, serve to identify the Z of the daughtgr, and therefore the
p&rentvnucieus;

For species whose half-lives are in.the range 1 ms < t;s < 100 ms, the
product collection device is placed in close proximity to the irraaiated target
and catches the recoils emerging from the target diréctiy. In such systems, the
heavy ion beam after passing througﬁ the target will strike the collection sur-
face (drum, tape, etc;). Schematic diagrams of two such collection devices, are
shown in Figures 4 and.5.52 Unfortunately, such devices offer no selectivity as
to which reaction products are collected, the recoils are usuall§ implanted so
deeply that alpha spectra are those obtained from a verﬁ thick source, aﬁd it is
difficult to detect the radioactive decay of the reaction products amidst a
high beta-particlé background. Therefore these devices are used frequently to
detect new spontaneously fissioning nuclides. Since spontaneous fission cannot,
in general, be used to identify the Z and A of the fissioning system, experi-
menters frequently resort to4arguments based upon nuclear reaction energetics,
systematics and excitation functions to identify the collected pfoducts. Such
identifications are generally considered unreliable and make up the bulk of
‘those identifications classified as E, F and G by the Table of Isotopes
53 |

compilers.

Magnetic Spectrometers, Velocity Filters. The principal problem with the

isolation devices discussed above (tapes, jets, etc.) is that the reaction pro-
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duct must be stopped and mechanically transported to radiation detectors before
product identification can occur. This restricts their use to studies of nuclei
whose t% > 1 ms. For detection and identification of species whose t% =1 us,
an instrument based upon magnetic and/or electrostatic deflection of target
recoils can be employed. One of the most successful of these devices in recent
years is the velocity filter SHIP (Separator for Heavy Ion Reaction Products)

located at the UNILAC at GSI.SA’11

A schematic diagram of this separator is
shown in Figure 6. Evaporation residues produced in é nuclear réaction emergé

in the forward direction from the target and pass thfough a thin carbon fdii
which has the effect of equilibrating the ionic charge distribution of the
residues. The ions then pass through two filter stages consisting of electric
deflections, dipole magnets and a quadrupole triplet for focusing; The solid
angle of acceptance of the seﬁarator isl2.7 msr with a separation time for the
reaction products of approximately 2 microseéonds. Since complete fusion evapora-
tion residues have very different'velocigies than target—-like transfer and‘deep-
" inelastic products, the ﬁeparator with its * 5% velocity acceptance range effect-
ively separates the evaporation residues from other reaction products. Following
separation, the residues pass through a large area time of flight detector and
are stopped in an array of seven position-sensitive detectors. From their time
of flight and their energy deposit in the position-sensitive detectors, a rough
estimate of their mass may be obtained. The final genetic identification of the
residues is made by recording the correlations between the recoil position in
the detector and subsequent decay signals from alpha or spontaneous fission
decay or even signals from gamma or X-ray detectors élaced next to the bosition

sensitive detector. This device has been used in the discovery of element 10711

and element 10913 and the identification of the new nuclides 2“7Md, 2“°Fm and

2330 12
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Sepafators like SHIP are quite expensive and represent major instrumentation
prbjecté. A less sophisticated spectrometer which costs considerably less and
§rovides the capability to measure the formation cross sectioﬁs, recoil range
distributions #nd angular distributions of short-lived_(t% 21 ms) alpha emitters
formed in heavy ion reactions has been described bf Dufour 35‘31.55

Another type of devxce used to isolate and 1dent1fy transuranium nuclei
(t% > 1 us) is the gas-filled mass separator typ1f1ed by the separator SASSY
(Small Angle Separator System) in use at the Lawrence Berkeley Laboratory‘.s6
In this system (Figure 7) the heavy product recoils froﬁ a nuclear reaction enter
a helium-filled (1 torr pressure) magnetic spectrometer. The time of flight and
~energy of the :ecoil nuclei are méaéured, giving a rough determination of the
product mass number. The recoil nuclei which are imbedded in the focal plane
detectors are identified.by their a-particle decay and the decay of their daughters.
SASSY has been psed,tb discover a new s6Rn isotope produced in the bombardment
of s50Sn nuclei with g¢Kr projectiless7;and iﬁs efficacy in the transplutonium
region has been demonstrated by its use to observe the prodﬁction ;f 25%No from
the 2°%pb (“®ca, 2n) reaction.58

Time of Flight (TOF), Decay in Flight (DIF) and Blocking Techniques. To

detect species whose lifetimes are substantially less than 1 microsecond, special
techniques must be émployed. .They include time of flight (TOF) techniques which
when combined with a measurement of the éroduct energy will give information about
the product mass number. _Fbr suitablé mass resolution, the time of flight must

be approximately 10 - 100 nanoseconds. When searching for r#re events, some
selectioh process (like SHIP or SASSY) must be employed to reduce the "background"
levels in the apparatus. 'The decay in flight technique whose use is dgscribed-

in Reference 59, and the crystal blocking technique,6o (10!t < ty < 10”1%.sec)

givé very little information about the identity of a reaction product other than

its existence and its approximate lifetime.



FUTURE DIRECTIONS

New Technical Developments. Of the chemical isolation and identification

techniques to be used in the future, those capable of being used for short hal f-
lives are likely to find the most use. The aqueous chemistry and volatility

; . 61 . . . :
separation techniques that have been used in off-line experiments will need to be

v

further adapted to on-line operations to make it possible to detect short-lived

products. The use of volatility separation techniques is of particular interest
because some of the superheavy elements have been predicted to be very voiatile
(number 112) or quite volatile (number 114) in the elemental (métallic) form. 62
In'addition, chemical isolation and identification techniques will probably use
the more modérn‘physical chemical techniques. An example of these techniqueés is
the use of lasers63 to do single aﬁom detection as in the work of Bemis et 31.64
to measure the optical isomer shift for the 1 ms spontaneously fissioning isomer
25°Am. The other traditional identification techniques involving genetic
identification via observations of decay cﬁains or-direct measurement of product

Z by X-ray or phbtoelectrén detection appear to be quite applicable to éhOrt half-
life species, especially with improvements in‘detector efficiency. Clearly the
fast isolation techniques such as the magnetic spectrometers or velocity separators
will have special importance particularly if adapted to study transuranium‘nuclide
production by a variety of different reaction mechanisms. For a number of the
transuranium production methods of the future, new target technologies, similar

to those currenﬁly used at the ISOLDE facility for p-nucleué reactions,65 to allow
the use of higher intensity, heavy ion beams;will have to be developed.

Light Heavy Ion Transfer and Deep Inelastic Transfer Reactions. As indicated

20,21,22
above, current research in the use of light heavy ion transfer ’ """ and deep
32,36
inelastic transfer reactions has progressed far enough to indicate that
254

transfer reactions involving heavier targets such as 2*°Cf or Es could lead to
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the production of more néutron‘rich heavy actinides. It should be possible to
produce and identify important new isotopes of transactinide élements. Inv
additiou to the near transactinide elements, the possibility might extend as
far up as the superheavy elements. Hoffman66 has speculated that in the
“8Ca + 2“8Cm reaction one might be able to produce 288112 or 2°!113 in a

relatively "cold" manner.

Cold Fusion Reactions. The success in synthesizing elemepts 107 and 109
using cold fusion.reactionsbhas revived interest in the use of the “8Ca and
2'”?Cm reaction to make superheavy elements. Current attempts,67 still in
progress, to synthesize superheavy nuclei with the “%Ca + 2“®Cm cold fusion
reaction, are using bombarding energies closer to the interaction barrier.
These collaborative experiments are using off-line chemical, including vola-
tility, procedures and the on-line detection devices SASSY at LBL and SHIP at

GSI. Previous experiment368’69

that give negative results had been carried out"
at approximately 20 MeV above the barrier because theoretical gstimateé»indicated
that beyond a certain critical size of projectile and target an extra energy

. . . , . . 70-72
above the interaction barrier would be required to fuse the nuclei. The
critical nuclear sizes, above which this '"extra push" phenomenon would set in,
were not known at the time. If the “%Ca + 2“%cCm system turned out to be beyond
the critical size, then an extra bombarding energy would be needed for fusion,
but whether this would do more harm than good was an open question. Experimental
. . . . . . 73-78
confirmation of the extra push phenomenon is accumulating in recent studies,
and estimates of the critical nuclear reaction sizes are becoming available.
They indicate that the “804 + 2%%cp reaction is, indeed, close to the critical

condition, but the qualitative description of the extra push phenomenon and of the

subsequent fission vs. neutron emission competition is not sufficiently precise
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to enable one, even now, to decide whether an extra bombarding energy would
or would not be advantageous as regards the final #robability of ﬁaking a
superheavy nucleus. It is still necessary to make a careful experimental.
study of the relevant cross sectioﬁs as a function of energy, in a range from
somewhat below to somewhat above the interaction barrier.

Secondary Beams. One interesting idea for using heavy ion reactions to

synthesize transuranium nuclei has been put forth by Dufour, Fleury and Bimbot;
The basié idea is to use a heavy ion reaction to create an "éxotic" secondary
beam with which to do the actual ;ynthesis reaction. The principal difficulty
is that such processes involve'the product of the probabiiities ofvtwo'eﬁents,
the initial beam géneration‘feaction-and the synthesis reaction. However, as
Dufour, Fleury and‘Bimbot'show, tﬁere are some pa;ticulariy attractive secondary
beam possibilities. A For example, with the use of projectiie fragmentation
reactions in the intense 10%2 part/sec 86 MeV/n heav& ion beams at the SC
synchrocyclotron at CERN, one might expect to prbduce '6C beams with an inten—
sity of approxipately 10° part/#ec. Iﬁe use of such neutron-rich'secondary beams
in complete fusion reactions might.lead to the production of 10-100 atoms/hr

of 280,261y, gimilar studies with proton-rich secondary beams are estimated

237,238,239

to produce 10'-102 atoms/hr of Bk. These examples are only illustra-

tive of the many possibilities.

Exotic Targets. Because of its large number of neutrons (155) the isotope

254gg may be the best route to the synthesis and identification of the super-

heavy elements. This is the case if nuclear species containing 184 neutrons or .
very close to 184 neutrons must be produced in order to have a half-life
sufficiently long to be detectable. To reach tﬁis goal “8Ca would have to be

used as the projectile. This combination might produce a nuclear species con-

taining 182 neutrons by a reaction utilizing the one neutron channel (cold

nucleus intermediate) as follows:

5T
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ZSHES + loﬁca - 301119 + n
29 20

25%s is difficult to produce even in microgram quantities,

The isotope
but it is probably the best available target material.. Other'possibilities
are more difficult to realize. The isotope 2°°Es as target material could
lead to an odd-odd nuclear species with 183 neutrons (even more desirable) but
iﬁ would be very difficult to.produce more‘than nanogram quantities reasonably
free of its'intepsely radioactive.precursor (?%3Eg) in the chain of neutron
capture reactions réquired for its production; the 40-day half-life of 255E§
is more diffiéult’to deal with than the 275-day half-life of 2°“Es.

Another desirable material is 25°ém, with‘154‘neutrons, but this could be
made avéilable only Be recovéring it from the debris 6f’undetground nuclear
explosions, an expensive undertaking. Here the one neutron channel with the
~ reaction:

96 20 .

would produce a product of smaller atomic number (presumably an advantage) with

181 neutrons.

IMPORTANCE OF TRANSPLUTONIUM RESEARCH

There is much to.be learned aboﬁt nuclear reactions and their products
by continuing and extending the study of the reactions of heévy ions with
transplutonium target nuclei. Especially through the use of the heaviest
available target nuclei, such as 2"‘BCm, 249¢f, and 25%Es, and pogsibly 250¢cn
and 255Es, it will be poasibie to produce interesting new high Z actinide
and transactinide isotopes. The detemination of their decay properties will
make it possible to determine the role of the 152 neutron shell in this region.

With the competing fission reaction playing a role as a monitor of nuclear
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temperature it should be possible to reach a better'understanding of the
puzzling mechanism of transfer reactions initiated by light heavy ions.
Similarly, the competing fission reaction should provide an additional
dimension in helping to measure the distribution of excitation energy as a
function of thé number of nucleons transferred in the deep inelastic transfer
reaction initiated by the heaviest heavy ions, and in studying the degree of
coldness of heavy nuclei produced in fusion reactions. Such information
should also throw light on the behavior of nuclei as a function of angular
momentum.

If it should prove possiBle to produce and identify superﬁeaﬁy elements,
we will learn much about fission barriers.and the nature of closed shells in a
region of proton and neutfon numbers well beyond where we now have an under-
standing of these quantities. The nuclear deéay properties of superheavy
elements are impossible to.predictvwiﬁh any degree of accuracy and thus an
experimental knowlédge of thesg properties; and the decay sequences of geneti-
cally related.nuclei,.would provide information to put out‘underStanding of the
nuclear structure of the very heaviest nuclei on a sounder basis.

The chemical properﬁies of the superheavy elements will be of extra-
ordinary interest because of the importance of relativistic effects in deter-
mining their electron configuration.§2 - For example, the six 7p electrons are
predicted to be split into two groups, four 7p3, 2 and two 7p% electrons, wiﬁh
the splitting between their energies being such'that the filled 7p; subshell
will act as a closed shell and additonal 7p3 )2 electrons will act as electroﬁé
outside a closed shell. As an example of this effect, element 115 (ekabismuth)
is predicted to have its valence electrons in the configuration 7;% 7p3y2 with
a stable +1 oxidation state, in contrast to the stable +3 oxidation state of
its homologue bismuth. Thus chemists are excited about this possibility of
studying "relativity in a test tubé". The chemical properties of the near

transactinide elements which have not been studied so far (nos. 105, 106, etc.)
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should be_compared with those:of their homologues'(tanﬁalum, tungsten, etc.).

Research concerned with the limits of the periodic table of elements has
been growing more and more demanding as the lifetimes of the isotopes in
question decrease into the millisecond range or less, and the cross sections
for producihg them ﬁlunge into and below the nanobarn regime. Past progress
in this field has already relied heavily on having available the right targets
and projectiles. There are many examples where the substitution of one
combination for another cén improve'the cross sections for making the desired
isotope by orders of magnitude. This situation will become ever more drastic
in the future, when it will be‘more and more common that a new element or
isotope can only be made in a single, highly specificvteéction,'involvingva
unique combination of target and projectile. In particular, it‘is clear that
reaching the predicted island of superheavy elements will not be easy, and
if this quest is‘eventually crowned with success, it will most likely involve
exotic transplutonium targets such as 2“%Cm, ?S°Cm, 25%Eg or 2°%Es. A wholgi
area of research aﬁ the extreme limits of the petiodi; ;able'may then.hinge
on the availability of some such exotic target material: .only the laboratory
fortunate enough to have access to such a target will be able to explore this
field of research. If on an expedition you come to a crevasse 20 feet wide
and want to explore the land beyond, you either have a 20+ foot plank

available or you don't reach that land. A 19 foot plank will not do.
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FIGURE CAPTIONS

Classification of techniques used to isolate transuranium
reaction products by minimum detectable ty and production cross
section. See text for a discussion of these techniques. From
(Reference 37).

. . . " 36
Schematic diagram of chemical procedures used by Schadel et al.
to isolate actinide elements from heavy ion irradiated U targets.

Schematic representation of a '

'‘gas—jet" recoil transport assembly.
Thermalizea product atoms are ‘transported in tﬁe He gas stream and
colle;ted on the periphery of a wheel or other suitable collection
device. Periodically,~the wheel is moved to-position the spot in
front of the detectors. A "mother-daughter" detector assembly is
illustrated in the lower portion of the figufe and is used to
establish a genetic link. From Bemis (Reference 45).

Rotating and scanning drum §ystem for the deteﬁtion of'short-
lived sp#ntaneously fissioning nuclei, From (Reference 52)
Details of a tape system for the collection and detectiom of
short-lived spontaneously fissioning nuclei. From (Reference 52).

A schematic diagram of the velocity filter SHIP at GSI.

A schematic diagram of SASSY at LBL.
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