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isotopes of the elements berkelium and californium have now been produced 
in microgram amounts as a result of a program of neutron irradiation which began 
in 1952* A t that time sproximate1y 8 grams of Pu239 was stbjected to a high 
neutron flux in the Materials Testing Reactoi4 at the Reactor Testing Station of 
the U. S. Atomic Energy Coimniasion near Arco, Idaho The Pu239 was rapidly 
transmuted to heavier isotopes and tissioi products. The transcurium isotopes 
were extracted periodically and the major part of the plutonium, americium, end 
curium fractions were in every case returned to the reactor for further irrar1ia 
ti.on. Microgram a ounte of berkelium and californium were obtained after about 
five years of irradiation at neutron fluxes of eppoxirm.tély 5z1014 neutrons cm 2  
sec'1 . 

The transcuriurn isotopes produced by neutron irradiation were used as source 
materials for an extensive research program in chemistry and physics, much of which 
has been sunmaried in other publications. 2 This research included studies of the 
chemical properties of the traneuranium elements and investigations of nuclear pro-
perties. The isotopes have been used as targets in bombardments with charged par.. 
tides to produce new isotopes and elements. The isotopes were also used in 
research on the mechanisms of nuclear reactions, in nuclear speetroscopy with 
emphasis on alpha decay, and for research on fissIon. 

A research program on the heaviest isotopes is primarilydependent on the 
production of the isotopes, and on the tecbniques for handling them. The purpose 
of this paper is to describe the most important features of this work as it is' 
done at Berkeley. Some accounts of the methods and techniques have been described 
already in isolated publications. 3 in this paper we shall attempt to bring the 
subject up to date without including excessive detail, and to include most of the 
basic information useful in research work on the tran.scurium elements. The 
developments of the last three years are emphasized. 

CCAL PROPZRTt_ES 

With the except.on of berkelium, which has a +4 ,oxidation state of about 
the same stability as Ce (Iv), the transcurium elements through mendelevium exist 
predominately in the tripositivo oxidation state in aqueous solutions and as such 
rosenble each other very closely. 

Berkelium (Iv) has . the half-completed shell configuration 5f 7 which has a 
special stability. Such an oxidation state has been foun& by tracer eerimenta 
in which treatment with bromate ion, dichromate ton, or ceric Ion caused oxidation 
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of berkelium to a form coprecipitated with zirconium phosphate or zirconium 
iod.ate, compounds which are rather specific carriers for tetrapositive ions. The 
oxidation potential of the berkelium (III) berkelium (Iv) couple is about -1.6 
volts. 

Efforts have been nude to oxidize californium at tracer concentrations with 
such powerful oxidants as peroxyd.isultate and bismuthate bile in acl4 solutions 
and bypochlorite ions and ozone in alk.1ine solutions without success. In the 
latter case the attempted oxidation was carried out in strong carbonate solutions 
using americium as a tracer. The results of these experiments cannot be taken as 
proof that oxidation will not occur with higher concentrations of calIfornium. 

The transcuriuni eiements' 6  exhibit about the same behavior relative to each 
other as do the rare earth homologues to each other. Therefore the 'separations of 
these elements from each other, from rare earths and from neighboring actikildes is 
best accomplished by ion exchange methods. 

The tranacurium elements adsorb on cation exchange resin columns and can be 
separated from each other 'with buffered citrate, lactate, alpha hydroxyisobutyrate 
and similar eluting agents.' (Fig. 1) They can be eluted with 13 molar hydro-
chloric acid, from cation exchange columns ahead of the rare earths, except for the 
heaviest rare earth elements.. 

The transcurluin elements form anionic chloride complexes in 13 molar hydro-
chloric acid and can be adsorbed on gnion resin columns from which they can be 
partially separated from each other. The rare earth elements do not adsorb on an 
anion resin to an appreciable extent in 13 M HC1. The most complete separations 
of the transcurium elements from all rare earths are made when 20% ethyl alcohol 
saturated with hydrochloric acid, is used to eiutehe mixtures from columns of 
colloidal Dowex-50 resin (12 percent cross-Jinke.° Figure 2. shows an elutlon 
curve for separations by this method. All of the rare earths elute well after .the 
actinides and are hence very completely separated. Some separation of the indivi-
dual actinides from each other is also achieved. 

Negatively changed. complexes are also found' in concentrated solutions of 
ammonium thiocyanate. A typical eLation curve using ammoniuin thiocyaiiate is 
shown In FIg. 3. However, the deaorptlon seq,uence is not simple. The order of 
desorption from Dowex-50 resin column is shown in Fig. 4. The rare earths are 
less strongly complexed by thiocyanate than are the act inides but not sufficiently 
50 as to give a complete group separation. 

Good separations of the transcurium elements from the lanthanides can be 
achieved by desorption of a mixture from anion exchange resins using concentrated 
lithium chloride solutions especially when the separation is made at elevated tem-
peratures. The lanthanid.es  are less strongly complexed and are eLated fIrst. 

So far, the best separations of the individual transcurium elements from 
each other are achieved by adsorption on )owex-50 cation exchange resin followed 
by desorption with ammonium a-hydroxyisobutyrate solution at a temperature cf 
870  c.J An elution curve for these elements is shown in Figure 1. Weak negatively 
charged complexes of the trans curium elements are formed with a-hydrozylsobutyrate 
and these complex ions may be adsorbed on anion resins under ideal conditions. 94° 
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Considerable success in separating coumn impurities has been accomplished 
by desorption of mixtures from Dowex 50 x ) column uáing 2 M and 6 M HC1. This 
method is a modification of one developed by Chetham-Stro*1e11  with the exception 
that the columns are operated at 870  C and an intermediate step of elution with 
2 14 HC1 aids in obtaining sharper actinide peaks which are preceded by the d.esorp' 
tion of the comnn elements Al, Fe, Ca and Mg. 

The actinide elements can be extracted from an aqueous mineral acid solution 
into the immiscible solvent tributyl phosphate; the extraction coeffIcients achieved 
in this extraction are not as high as for the analogous lanthanlde elements- 12  
However, the coefficients, particularly for the higher members of the serIes, are 
high enough to make the use of solvent extraction by this solvent very attractive 
for some purposes. This is especially true of concentrated nitric acid solutions. 
Peppard has called attention to the remarkable Bnelogies between the lanthanides 
and the actlnides in this solvent extraction behavior. 13  The nitrates, chlorides, 
sulfates, bromides, perchiorates, and sulfide salts are apparently soluble. These 
element8 can be etracted readily into benzene as chelate complexes of a-thenoyl-
trifluoroacetone1  (T.T.A.). At pH 3.4 the extraction of berkelium and califor-
nium is roughly a factor of ten greater than that of americium and curium. 

The difference in extractability of the tripositive and tetrapositive 
berkelium Ions can be the basIs for a rapid and quantitative separation from certain 
ions; for example, the ratio of the distribution coefficient for berkelium (xv) 6 
to the distribution coefficients for berkelium (III) and curium (III) is about 10 
for extraction Into dl(2-ethyl hexyl) orthophosphoric acid heptane from aq,ueous 
nitric acid. 15  The coprecipitatlon behavior of these elements as studied at tracer 
concentrations is very similar to that of other actinide elements having the same 
oxidation states and copreelpitation is observed with such typical carriF  corn-
pounds as lanthanum fluoride, lanthanum hydroxide, and ferric hydroxide. u  In the 
metallic state these elements have a sufficiently high vapor pressure to permit 
their vaporization from x&lten uranium at temperatures above 1200 0  C, e.g. califor-
nium produced In uranium metal by carbon ion bombardments was completely vaporized 
and collected on platinum counting discs, when the uranium was heatedo 12000  C 
in vaeuo. Similar behavior was observed for einsteinium and fermium)- 

C ompounds of the elements deposited on tantalum filaments are readily evapor-
ated onto collector plates when the filament is heated to high temperatures In.. 
vacuum. 

NUCLEAR PROPERTIES OF TRANSCURIUM ISOTOPES 

Since rather complete accounts o the nuclear properties of the transcuriuxn 
isotopes have already been published 2' 1 ' only a very brief genera]. discussion is 
given here. 

These isotopes are characterized by their high Instability. In addItion to 
having all the types of instability observed in lighter Isotopes they are unstable 
toward alpha decay and spontaneous fission. In general the stability decreases as 
the atomic number increases resulting In shorter alpha and spontaneous fission 
half-lives for the heavier Igotopes although the spontaneous fission half-lives show 
deviations from this trend. 1°'. An Interesting feature of this region is the 12 
neutron subshell. 19 At neutron numbers just above 152 increased instability Is 
superimposed upon that of the normal trend. The resulting relatively higher ground 
state masses %rrelate, well with an increase in the energy available for sponten- 
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20 
eous lie alon. 	The isotopes of the elements above fermium are so difficult to 
produce and apparently have such short half-lives that their detection Is made 
difficult. The tran.scurium region Is of special interest in connection with nuclear 
spectroscopy and particularly in the study of alpha particle decay schemes. It is 
a region of non-spherical nuclei for which the decay schemes are well interpreted 
by applIcation of the unified model of the nucleus developed by Bohr and.. Mottel-
son. 	.nother interesting feature is the fact that some isotopes such as Cf25  
and l?zn° decay primarily by spontaneous fission. The isotope Cf254 , because of 
its 2 month half-life for decay by spontaneous fission, has been considered as a 
possible explanation of the light decay curves following supernovae explosions. 22 
In view of the Increasing predominance of spontaneous fission at high Z and A a 
special problem is presented in working with large amounts of californium because 
of the continuous production of neutrons and fission products. Some properties of 
these isotopes are summarized in Table 1. 23 

PRODUCTION OF ISOTOPES BY NEUTRON IRRADIATIONS 

General Considerations. The method by which the largest amounts of 
transcurium Isotopes have been produced Is that of irradiation of the heaviest 
isotopep available with neutrons. Examples of such starting materials are Pu 239 
and Am21. The most important neutron source available at this time is the 
Materials Tstthg Reactor In Idaho. 'In this reactor neutron fluxes near 5xl0 1  
neutron cm sec 1  can be obtained. At these high neutron .fluç successive neu-
tron capture reactions produce seventeenth order products (flii °  from Pu239 ). 
In the Irradiation of fissionable materials considerable heat Is produced at such 
fluxes. This problem was solved by using aluminum alloys or by pressing the corn-
pounds with aluminum powder so that the heat could be removed rapidly by water 
cooling. 

Choice of Startiflg teri.als. The isotope Pu239  has been the most Irripor-
tant source of the transcurium isotopes produced to date. It was chosen for this 
purpose because It was readily available in large amounts. It has the disadvan-
tage that most of it is converted to fssion products. Pranscurluin is2topes  can 
be produced much more rapidly from Am -  than from the same mass of Pu 39. I.ess 
of the americium is converted, to fission products and there Is an advantage In 
starting with a higher mass number. However, Am241  is avaiile In much smaller 
amounts than plutonium, and large amounts of the isotope Cm are produced very 
rapidly by the first order neutron capture reaction. The isotope Cm 2  has a very 
high specific alpha activity and the hIgh level of alpha radioactivity so produced 
places heavier demands on the equipment and separations methods than the material 
produced by the irradiation of plutonium especially if the separations are done at 
a time when the amount of Oin 242  present is near its peak. 

To partially circnXent  the difficulty of separating tranacurlum elements 
from large amounts of Cm', it has been common practice to extracte easily 
sepsrad Pu22  which is formed by the electron capture decay of Am' and subject 
the Pu' 2  to further Irradiation. The only adequate facIlities available at this 
time for handling large amounts of curium are those at the University of California 
Radiation Laboratory at Livermore which were primarily the result of efforts by 
W. W. Crane and G. H. Higgins. The Installation has many novel features, the des-
cription of which cannot be Included here. 

UNCL 
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High flux space in the reactors is at a premium and the irradiatiop of 
isotopes which pecupy the least reactor space is desirable, therefore 
its product Pu'?2  have definite advanes. 2 kewise Ias been advantageou o 
extract the transmutation products Pu , Am , and cm 	from irradiated PU23  
after the fissionable material has been largely burned out and reinsert them in 
a smaller region of high neutron flux in the reactor. 

CALCUlATIONS OF ISOTOPE PRODUCTION 

Pile cross-sections of the transcurium isotopes have now been determi 	in- 
dend.ent 1  from many experiments in vhich known amounts of Pu 239 , Am2+1,  Ait", 
Am3, Cm " arid other isotopes have been Irradiated with pile neutrons. Pile 
cross-sections refer to average or effective cross-sections and are measured in the 
neutron flux found in the body of the reactor (Pile), within or close to the active 
core. A pile neutron cross-section may deviate quite appreciably from a thermal 
neutron cross-section if the nuclide In question absorbs neutrons In the resonance 
region. These values, including those for plutonium, americium and curium Isotopes, 
are compiled In Tables I and II. 

The quantities listed in the first column represent the "best fit" values 
used by the University of California Radiation Laboratory in calculating yields of 
the transcurluni Isotopes. These values are not to be interpreted necessarily as 
always being correct Individually; however, they seem to give approximately correct 
isotopic compositions and the correct amount of Cf 252  after a long irradiation tinie. 
It has been convenient to calculate these yield curves by means of a Growth and 
Decay Analog Computer (Appendix i) which makes use of an eight component system of 
resistors and condensers to simulate the growth, decay and destruction of nuclei 
along the possible path sequences. Programs have also been set up to compute the 
isotopic yields using Computers such as the I.B.M. 650. The reaCtipn network 
ating the possible paths in forming transcurium Isotopes from Pu 242 , Am21,  and 
Cit Is d.iagmed in 	5 (pu214-2, of course, is fore,y successive neutron 
capture in 	and Am 	is formed by beta decay of Pu" .) 

Curves of practical interest have been zde giving the estimated yields of 
Cf252  for flux levels as high as 5x1015  neutrocrn/sc. (Figur 6). The growth 
of Cf' from pile neutron. bombardments of Cm' , Am 2', and PU2" 2  is shown In 
Pigs. 6 arid 7. It can be seen that the maximum yield is largest and is obtained 
most rapidly with the higher neutron flux levels. 

In F'I. 8 is given a log log plot of the formation of Cf 252  from Cm',
243  

Am241 and PUth2  for an average flux of 1xlO neutron&/cm2/sec. The curve for 
is a. "best fit" curve using both calculated and experimental values. 

For those interested in initiating a program of tr sc1i1 isotope production, 
FIg. 9 wIll be of' great aid. The production of Cf252  from a Pu 	source Is given 
for the probable upper and lower limit fluxes obtained in the MTR. Two experinien-
ta). values (Points shown in figure) for Cf252  yields from "napkin ring" sources 
are in excellent agreement with th calculated. curves. Of equal interest Is the 
rate of heat production from a Pu'9  source ejected to pile neutron irradiation. 
(FIg. 10). 

Examination of the yield curves presented here indicates the tremendous im-
portance of a high product of neutron flux and time. When high flux reactor space 
is a pmiuni, it i be seen that each removal of Intermediate Isotopes such as 
Pu2 ' , Am"3, and Cm'' and their re-irradiation at highest possible flux is very 
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profitable as contrasted to irradiation of larger amounts of lover isotopes at 
lower fluxes. 

A tical example of the composition of isotopes reaultin from an, irradia-
tion of pu' 9  for a priod1f about two years at an average neutron flux of. 
4x1614  neutrons m see is shown in T&ble 3. Longer irradiations do not have 

a large effect on the total amount of plutonium, americium and curium produced 
because of the "burn out" of the starting material, However, the heavier curium 
and tranecurium isotopes increase rapidly with time because of the high order of 
the reactions in which they are produced. Therefore other examples of isotopic 
composition are not given; they may be aiculated directly from the previously 
mentioned curves. Since the isotopes E' 53  and FM254  are essentially in equill.. 
brium with Cf252  at any given neutron flux because of their relatively short half- 
liveshe equilibrium values may be estimated in a simple "-er from the amount 
of Cf 	present, the cross-section .aM the neutron flux. 

PRPARATI0N OF MTERIAI FOR IRRADIATION 

In irradiating large amounts of americium and curium in a high ñeuton flux, 
provision may be required for beat removal just as It Is in the case of Pu 39 . 
The construction and dimensional design of the sample and containers were such 
that at the highest anticipated neutron flux, no more than one kil,watt of heat 
had to be dissipated per square inch of sample surface. In the case of plutonium, 
in which up to 350 mg samples were used for each "napkin ring" specimen, the prob- 
lem was solved by preparing alloys of composition either 5% .or 10% plutonium by 
veght in aluminum. These specimens were then clad, with an aluminum jacket to 
give a total weight of about 20 grams and fabricated in the shape of "napkin rIngs", 
in order to allow the maximum rate of heat removal by the high velocity flow of 
water. 

In re-Irradiating p 2 2, Am243, and  cm24  it Is not necessary to reduce 
them to the metallic states and alloy them with aluminum. The oxides can be dilut- 
ed with aluminum powder If necessary in a small aluminum cylinder (1/2" diameter x 
5/8"). A solid aluminum plug of the same internal diameter is Inserted into the 
cylinder and the sample Is cowpressed (25,000 psi). A second solid aluminum plug, 
with a diameter slightly larger than the InIde bore of the cylinder Is forced 
down on top of the first, plug by means ota press, thus in effect "washing down" 
the sides of the cylinder. The cylinder edges are then folded over the second 
plub and tightly pressed, completing the assembly. If it is not necessary to di- 
lute with alumipum powder to give improved heat transfer (normally the case in re-
irradiating Am2 3 and curium fractions) another method Is used, namely the sample 
solution Is evaporated in a thin aluminum dish. The sample Is ignited In a furnace 
to convert it to the oxide and the aluminunt. container is folded up, wrapped in a 
second foil and dropped into the aluminum clinder which is then pressed Into an 
aluminum slug as described above. 	

\ 

For small samples in which aelf-heatläg offers no problem a quartz container 
may be used. A solution of the heavy isotope\ is evaporated in a 5 xmn diameter 
quartz tube, ignited and the tube is sealed. The quartz tubes are either Irradiated 
in sealed aluminum containers or In aluminum containers through which water may 
flow over the quartz surface. 
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CHEMICAL PROCESSING 

The problem of removing the aluminum and fission products while retaining 
at least 95% of the actini.de fraction requires more planning and equipment than 
any other phase of the production of heavy isotopes, both because of the high 
level radiation encountered and the degree of purity necessary for the final pro-
ducts. The importance of shielding requirements is not to be underestimated in 
this type work. In addition to the radiations normally encountered (y,D,c )the 
samples may emitneutrons at a high rate. For example one microgram of Cf'52 
emits shout 2x108  neutrons/mm; this high neutron level severely limits the time 
during which the californium can be handled at close quarters as, for ezample, in 
micro-chemical manipulations. By interposing blocks of paraffin and cadmium, the 
neutron flux can be diminished; unfortunately it Is difficult to use shielding In 
small scale operations. The alternative is to reduce to a minimum the time neces-
sary to complete experimentation. Before much larger amounts of trancuriwn ele-
ments become available, simplification of the methods and development of new types 
of eq.upiinent, particularly equipment of small size which may be remotely controlled, 
will be necessary in order to take full advantage of the opportunities for inter-
ecting experimental work with californium. 

The equipment and mechanical operations used for "cave runs" which produced 
californium in amounts ranging up to the microgram scale have received special. 
attention and deserve a brief description. The largest scale operations involve 
the separation and purification of the "napkin ringTt  samples. The initial steps 
are carried out in a 6" cave box (Fig. ii) I.e., an effective shielding of six 
inches of lead is provided. The box in which the irradiated materials are con-
fined is independent of the shielding and has a separate ventilation aystem which 
draws off air from the interior, passes it through "scrubbers' t , condensers, and 
mechanical filters, and then recycles the cleaned air. A negative pressure with 
respect to the atmosphere is always maintained. A close-up view of the inside of 
the box is shovn in Fig. 12. The box has the equipment to carry out the necessary 
operations including centrifuge, evaporator, heating bath, storage and dIsposal, 
Ion exchange columns, 	and neutron counters, stirrers, etc. Most of the 
operations are carried out using tongs and are viewed through a thick lead glass 
window. Electrically operated equipment is controlled from the outside and reagents 
and air pressure are also controlled from the outside. 

The fact that spontaneous fission becOmes an important mode of decay in the 
heaviest isotopes makes it possible to apply the very novel method of neutron 
counting to observe the behavior of curium and californium fractions In the chemi-
cal separations. It has been conuuon practice to set up conventional neutron count-
ing equipment adjacent to the boxes used In large scale operations and the chemical 
fractions can be placed in more or less standard positions near a. neutron detector 
for measurement. Neutron counting is also employed throughout the Co•urse of chemi-
cal separations and purifications of the californium fractions. Thus, In this 
case much of the tedious work of counting samples for alpha radioactivity Is un-
necessary, and the hazard is elimi nated of taking samples out of enclosures con-
taining high levels of radioactivity. 

After the bulk of the aluminum and fission products are separated, the sample 
is removed to a smaller 2" "Junior cave" box. (Fig. 13). This box Is equipped to 
handle further chemical separations in which fission products are eliminated and 
preliminary separations of the actirildes from each other are made. Some fractions 
are purified for the relneertlon in the 1.?TR (reactor). 

Regular gloved boxes (Fig. IA) providing only protection from alpha radio-
activity are used In a supporting role for assaying, storage, and final, purification. 



In junior cave and gloved boxes a reduced pressure is maintained inside, the boxes 
at all times. 

A review of the equipment design and health hazard problems is given in a 
paper by N. B. Garden. 44  

The chemical steps used in the separations have been continuously modified 
since their inception. Fortunately, at the present time, the overall operation 
is more or less standardIzed. 

The irradiated specimens are dissolved in a Na0JI-NaN0 solution; the use of 
NaNO. permita dissolution of the aluminum without the evo1uton of hydrogen to 
create a dangerous atmosphere inside the cave box. The actinides are precipitated 
as the hydroxides and the built of the aluminum remains in solution, nevertheless, 
a small amount of aluminum and roughly half of the fission products are precipi-
tated or carried with the actlnides. 

The residue is dissolved in hydrochloric acid, or inRCl containing a small 
amount of HNO3  or flF depending on the circumstances and the subsequent steps of 
the process. The actinldee and rare earths are sometimes precipitated as tnsol--' 
uble fluorides from a solution containing HC1 and HF. The insoluble fluorides 
can be reprecipitated by first dissolving them in HC1 containing boric acid and 
either adding HF at this point, or. they can be precipitated as insoluble hydroxides 
and red.issolved in acid : for the fluorIde precipitation. Following final dissolu-
tion of the fluorides in hydrochloric acid, the plutonium and some fission pro- 
ducts may be adsorbed on columns of anion exchange resin when the HC1 concentra-tion is in the range 6-9 M. In this case plutonium shOuld. be  in the tetrapositive 
oxidation state and the addition of a small amount of ammonium nitrite is commonly 
added to accomplish this objective. The best results are obtained when the columns 
are operated at elevated temperatures. 

The transcurium elements pass readily through the anion resin column along 
with the rare earths. The plutonium may be d.esorbed from the anion resin by pass-
ing through a solution of 6-10 }4 HC1 containing a reducing agent such as HI or 
•hydrazine. An alternative method is to strip the resin with dilute hydrochloric 
acid of concentration near 1 M, although the latter method gives less decontamina-
tion of the plutonium. It should also be kept in mind that the fission products 
to be separated from the actinide elements are not necessarily normal fission pro- 
ducts; they also include the transmutation products of the primary fission products. 
In the rare earth region the heavier rare mebors are more difficult to separate 
from tripositive actinid.es. The isotope Tm- 0  is one of the isotopes giving 
trouble in the separation of rare earths. 

The separation of the rare earths from the aciiiides is generally made at 
room temperature by desorption from owex-504% cross linked spherical resin using 
hyd.roeh'oric acid saturated with BC]. gas. In this case the mixture of act inid.es 
and rare earths to be passed through the anion exchange column is concentrated by 
evaporation or by precipitation of the hydroxides and dissolution in BC]. solution. 
In either case the concentrated solution is saturated with HC1. Then the mixture 
is loaded on the resin in as small a band as possible. The final more-complete 
rare earth separations are usually accomplished using columns of Dowex-50..12% 
cross-ljuled colloidal resin and elutlozi of the mixture with 20% alcohol saturated 
with HC1 gas. In the . latter case even, the heaviest rare earths are well separated 
from the aetinid.es. 
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The individual actinid.es are normally separated from each other by adsorb-
ing them on columns of Dowex-50-12% spherical resin and desorption with buffered 
solutions of ammonium a-hydroxyieobutyrate. This separation Is normally done at 
elevated temperatures (870 C) but has also been made at room temperature and at 
50' C at reduced rates. 

The final purification steps are often carried out by adsorbing the mixture 
contained In a .05 M HC1 solution on columns or Dovex-50-4% cross-linked resin. 
In this way the band width of the adsorbed material Is Iept narrow. Initial do-
sorption is performed with especially purIfied 2 M HC1 which removes manr. connn 
impurities. Finally the actitthies are d.esorbed with especially purifIed 6 M lid 
solutions. These columns are normally operated at 870  C and sharp peaks are obtained 
having a full Width at half maximum of 10'-l$ for a given actlnide. 

In the presence of organic complexing agents the normally insoluble hydroxides 
are not easily precipitated. Therefore, the elements present in chydroxyisobuty-
rate solutions are adsorbed. on Dowex-50-4% resin after adding HC1 to the buffered 
solution In an amount sufficient to give a free hydrochloric acid concentration of 
0.1 M. When the columns are operated at 87° C the transcurlum elements can be 

separated, using a rather small amount of resin, from very large volumes of acidi-
fied butyrate solution because of very favorable distribution coefficients in favor 
of the resin. 

A useful connecting step between some of the separations mentioned above 
(but not with solutions containing organic complexing agents) is that of co-prod-
pitating the transcurium elements with ferric hydroxide by the addition of an 
excess of NH40H (or strong bases) to acid solutions of the elements. In this case 
some of the undesirable fission products and Impurities may be removed. The Fe(0li) 3  
can be dissolved in lid1 and readily removed by adsorption on anion resins. 

A method which has been used with some success as an alternative step to 
some of those described above (particularly In remote controlled operations behind 
heavy shielding) Is that of adsorbing the mixture on the top of a Dovex-1 resin 
column from a concentrated ( 12 M) solution of Lid. The actinid.es are strongly 
adsorbed. The columns are operated at elevated temperatures, preferably 87° C. 
Passage of 10 M LICl solution through the column desorba the rare earths first, and 
the Individual actinid.es are partially separated from each other, the heavier trans-
curium actinides being most strongly adsorbed. Plutonium Is very strongly adsorbed 
and can be desorbed finally with hydrochloric acid, solutions. When large amounts 
of alpha radioactivity are present there is some increase in neutron production due 
to the Li(,n) reaction. P.mmonlum thiocyanate could probably be used In place of 
lithium chloride under similar operating conditions but has not been used in our 
work because of uncertainty concerning the effect of intense radiation on the de-
composition of thiocyanate. 

It will be seen that the two resins most conuàoniy used are Dovex-50 (cation) 
and Dowex A-i (anion), spherical (20O-400 mesh size, 4-12% cross-linked) or coilol-
d,a), resin, depending on requirements. An important feature necessary for reproduc-
ibility of the column separations and chemical purity of the products is the grad- 
ing and cleaning of the resins which are often impure and consist of a wide range 
of particle sizes. The resins are graded (In the ammonium form for Dowex-50 and 
in the chloride form for Dowex A-i) by allowing them to settle from aq,ueous suspen- 
sion. The fraction with a Battling rate between 0.25 and 0.50 em/mm; Is collected 
and corresponds to the finer fraction of the ungraded material. This fraction is 
most useful for rapid separations. The resins are washed alternately with 
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connentratec3. HC1 and concentrated NTh40H, rinsed with acetone or alcohol and finally 
with water. It is important to test characteristics of the resins under operating 
conditions before using them for crucial separations. 

The dimensions of the resin columns are chosen to give the degree and speed 
of separation required and may vary In size from 0.5 mm diameter and 1.5 cm in 
length to more than 1.5 cm diameter and 30 cm length. A typical column used to 
separate essentially tweightless" materials is shown in Fig. 15.  Columns of this 
type are sometimes equipped with a 0.5 mm diameter platinum tip to insure a con-
stant drop size of approximately 13 X and sharper separations result from the 
tact that the retention of liquid on the tip, just after the drops fall, is mini-
mized. Variation in drop sizes appear to be a major factor in obtaining repro-
ducible results when individual drops are collected. With the am.1lest diameter 
columns it is most advantageous to collect liquid accumulating on the column tip 
at definite time intervals rather than collect the drops separately. The smallest 
columns have a great advantage in reducing the amounts of common impurities pre-
sent with essentially ' 1 weig}1ess" quantities of the heavy elements. 

The separations described above can be conlbined in a number of ways to 
accomplish the same oboctives. The order given above applied primarily to the 
case of Irradiated p 239  from which relatively large amounts of fission products 
had to be separted. Ihe case of high levels, of alpha radioactivity from such 
isotopes as CmZ42  or Cm , it may be desirable to avoid early precipitation steps 
and immediately separate the Individual aetinides by ion exchange; then decontamina-
tion of the transcurluzu elements can be done later. It is felt that in general 
the best combination of steps for a particular purpose will be obvious with a 
reasonable amount of thought. 

A taetor which Is often Important in the efficiency of Ion exchange separa-
tions Is the technique of loading. It Is important to begin the desorption with 
a narrow band of the elements to be separated. Thus It Is advisable as a rule to 
avoid stirring the resin at the top when the agents for desorptlon are added. 
Sometimes a thin layer of resin is added to cover the active band and in other 
cases the addition of glass wool Is helpful. When the loading:of the column in-
volves transfer of a solution containing a complexing agent such as concentrated 
hydrochloric acId, it Is important to minimize the volume added and to allow the 
solution to pass completely into the resin before adding more comploxing agent. 

The most Important chemical separations used at Berkeley for the trans cur mm 
element separation are those described ab.ve. Solvent extraction methods could 
undoubtedly be used in place of some of those described above, and they have been 
applied very successfully to special problems. 

PREPARATION OF ThIN SOURCES 

• 	 Thin uniform sources are useful, not only for target preparation, but for 
studies in nuclear spectroscopy as well. The most useful methods are those which 
are adaptable to handling small amounts, hence painting techniques, while used 
extensively with the lower actinides, have been little used in preparing trans-
curium sources. 

Electrodeposition is easily the most popular method not only because of the 
high yields obtainable but also because It is relatively simple; the deposition 
area Is clearly defined and the method may be easily adapted to meet individual 
requirements. It is also not difficult to recover valuable Isotopes which are 
not deposited initially. 
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An electroctepositlon cell is shown schez.ticaUy In Fig. 16. The cell 
wall is nude from a glass tube and the lover portion Is shaped in a vm.nner which 
defines the deposition area. The zta1 toil on which deposition occurs serves 
as the cathode and a soft plastic 'vasher" is Inserted to insure a watertight 
seal around the base of the cell. Sometimes leakage is minimized by ple.cing 
around the plating cell a container with solution at the same level as that in 
the cell. 

The solution containing the transcurium isotope is transferred to the cell 
and after addition of two drops of methyl red, the pH of the solution Is adjusted. 
to 2.0 2.5 and 2-3 fll of saturated WI4C1 solution Is added. Bringing the solw 
tion to the desired pH mey recuire passing the end point several times with sun-
c.èssively weaker solutions of Iffi0H and HCl; the final adju8tmsnt Is nade with 
0.05 M HC1 solution. Alternately, the initial solution may be evaporated to 

dryness and, the residue redissolved in a prepared 6 14 NHCl (pH 2.0) solution. 
A platinum wire anode (wound in concentric circles at the bottom) is placed In the 
solution -5 mm above the metal plate cathode. A current density of 0.5 to 1.0 
aapere/=4  of cathode surface is maintained. for 20-30  mInutes. With the current 
on, the pH of the solution in the Iimned.tate vicinity of the cathode becomes high 
enoth to precipitate the actinidea as hydroxides that deposit on the metal plate. 
The deposition is stopped by adding an excess of concentrated NH40H to raise the 
pH to approxImately 9, the anode is lifted from the solution and the current Is 
interrupted. The cathode is washed gently with water and acetone, dried and 
heated to a dull red in order to convert thp hydroxides to the ozide. 

Since Most of the elements that precipitate as hydroxides or hydrous oxides 
are electrodeposited by this procedure, trace quontitles of these elements must be 
excluded from the electrode surfaces, electrolyte and cell parts as well as from 
the target material it a pure deposit is required. 

The method of vaporization from a heated filament Is moot often eployed 
for the preparation of thin sources for measurements in alpha particle spectro-
meters. While this is a well known method for preparing thin uniform sources, 
It seems worthwhile to mention a few details of techniques (as described by Asaro) 
which contribute to good. results. 

It should be emphasized at the outset that the isotope to be vaporized must 
be free of appreciable quantities of impurities. The final purification of trana-
curium acttnid.és Is usuaLly accomplished by repeated application of the method of 
adsorbing the mixture on Dovex-50-4% cross-linked resin (from .05 j HCl solutions.) 
Desorption is accomplished first with 2 M HC1 and finally 6 14 HC1. 

For .meking sources of. 'l1  area a deposit of the isotope Is place on a 
thin tungsten filament (bout into a V shape). The area of this deposit can be 
made snli by repeated evaporation of small portions of the isotope solution on 
the same  w area of a warmed. filament. (Care must be taken to avoid. spattering.) 
The space above the filament is then evacuated and the filament is heated to a 
temperature just adequate to vaporize orgatIc residues and other volatile impuri-
tIes. The surface on which the isotope is to be vaporized, then is placed very 
close to the filament and the system is re-evacuated. The filament is t1 flashed' 
at a. high temperature for one second or less. In this way it is possible to obtain 
transfer yields of greater than 90% with deposition in a small area. With some 
effort, the sources obtained are sufficiently thin so that half-widths of 1.2 Key 
for alpha spectra in the 6 14ev range have been measured. A half-width of 5 Key 
is the minimum obtainable for electroplated deposits, however, less effort has 
been applied toward obtaining the best possible resolution from these sources. 
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There 18 evidence that an apparent UthickeuingI of the source Occurs when platinum 
backing toils are heated to a high teerature after deposition. 

Vaporized and electroplated sources have been conunonly deposited on piati-
nuni, gold, and nickel foils. Electroplating on aluminum or other metals having 
an oxide film has been less successful. !ny factors influencing the yields and 
character of electroplated deposits are not well understood. 

A novel method for the production of thin sources has been described by 
Carsvefl and Milsted.. 25 The material to be deposited is taken up In an organic 
solvent and is ejected In the form of a tine spray from a capillary by the appli-
cation of an electric field. The droplets are evaporated in transit and the solid 
residue is attracted to and deposited on a suitable metal plate. 

In a typical experiment a thin platinum wire was Inserted as far as possible 
into a 02 ma diameter capillary previously tilled with acetone containing about 
10/mg/mi uranium in the form of its nitrate The collecting plate was placed 1-2 
cm below the tip of the vertical capillary and a voltage of 4-6 XV was applIed. 
With a steady current of 0.1 to 0.2 1A aurps the deposition of 5 X of solution (con-
taining 50 .igs uranium) was complete in about 10 minutes. The deposit, covering 
a well defined circular area of about one cm diameter, was flamed at 500 0  c, was 
very adherent, and showed no tendency to flake. 

!4oditications at the University of California Radiation Laboratory have in-
cluded shortening the distance between the capillary and collecting plate, lower-
ing the applied voltage to 1-2 XV and placing the entire system In a horizontal, 
rather than a vertical plane. In addition, the collecting foil Is heated from the 
back aide to 3000  C and movement of the collecting plate slowly in a two dimen-
sional oscillation permits the selection of a small, predetermined and well-defined 
target area. The procedure has given excellent results in the preparation of 
uranium and plutonium targets and gives promise that future application to the de-
position of the transcurum elements can be made. 

Thin, freshly electroplated deposits of Cf252  have the interesting property 
of self-transfer from the surface. The effect has been observed with Cf' 5  depo-
sits on gold and platinum føils that are not flad after deposition. In those 
cases the rate of transfer has been observed to be as great as 1% per day. When 
the toils were flamed at temperatures of approximately 5000  C, the rate of transfer 
decreased to about 0.01% per day. Aantage has been taken of this phenomenon to 
collect In vacuo the transferred Cf 2  atoms on a thin plastic film such as VNS. 2  
Energy measurements can then be made on both fragments emitted in spontaneous 
fission processes. It was also observed., however, that the plastIc films became 
brittle and were easily broken. The mechanism involved in transfer of the Cf 252  
has not received adequate investigation to date. 

In the production of transcurlum Isotopes by charged particle bombardments 
Increasing fission competition at higher Z2/A results In smaller cross-sections for 
the spaflation products. Therefore, in research on short-lived isotopes there was 
a need for increased sensitivity for separating and detecting the Isotopes and 
many "fast" chemistry techniques were developed. The limited amounts of target 
materials often available has made it ad'vantageous to collect and separate product 
nuclei without damaging the target itself. Great progress in solvIng these 
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problems came with the development of the "recoil method". This method makes use 
of the fact that product nuclei, made by compound nucleus formation, receive the 
momentum of the incident particles and if the target film is sufficiently thin, 
these nuclei are ejected from it. By simply placing a "catcher" foil close to 
and directly behind the target material, an initial separation is achieved when 
the recoil nucleI are embedded in the catcher foil. 

Gold., palladium and nickel foils are conmionly used as collector foils, 
They are all good conductors, able to withstand intense beams of charged particles, 
and can be rapidly dissolved and separated from the actinide elements. Palladium 
has the additional advantage that its chloride complex is strongly colored and 
its behavior on anion exchange co9tuns can be followed. visually. Very thin nickel 
foils can be obtained ( 0.5 mg/cm )(froiu A. D. MacKay, Inc., N.Y.), and are very 
useful because they have considerable mechanical strength. 

The development of the deflector channel probe (P'ig. 17),  a target assembly 
designed to intercept the more intense inner beam of the cyclotron, was a signifi-
cant step in the development of recoil technique. A modified version of the 
probe shown in Pigs. 17 and 18 permIts the removal of the collecting foil in less 
than ten seconds after end of bombardment. 

When the recoil method is used together with "fast" chemistry techniques, 
It is possible to study many short lived isotopes which could not be detected 
otherwise. A typical procedure using "fast" chemistry techniques is as follows: 

The catcher foil, gold (0.1 mil) or palladium (0.05 inil), is placed In a 
planchet containing 25-30 X concentrated HC]. and 10 >. concentrated HNO3 at 500  C. 
After dissolution Is complete (15 sec.) the solution is transferred to the top of 
a very smell J)ovex A-1 anion column filled with resin and maintained. at 87 0  C 
(described previously). The method of transfer, washIng and elution (with 8 M 
HCl) has been described earlier in discussing anion column operations. Five drops 
of eluant is sufficient to elute the active fraction from a column 2 mm In diameter 
and a few centimeters in length. The drops are collected in a heated planchet and 
the gold (or palladium) Is retained on the column. The eluate is evaporated to 
dryness by heating and directing an air jet gently over the liquid. This fraction 
can be collected on a platinum disk, flamed, and subjected to alpha pulse analysis 
or the actirildes can be electroplated on counting discs. For further separation 
the residue, usually before flaming, Is dissolved In a minimum of 0.05 UC1 and 
transferred to the top of a cation column from which alpha-hroxyIsobutyrate Is 
used to elute the desired fractions, as described earlier. The eluate Is caught 
on platinum plates (one drop per plate) and evaporated.. The plates are heated to 
a dull red In a flame and are often counted in an Ion chamber connected to a dif-
ferential pulse height analyzer. The total time from end of bombardment until 
counting begins has been less than four minutes for some cases In which both the 
anion and cation column separations were made. 

Exploratory experiments for short-lived alpha particle emitting isotopes in 
the tranaourium region are sometimes made, using thin plastic films to collect the 
recoil atoms. Best results have been obtained using "!r1ar" (obtained from DuPont) 
or "Terelene" (obtained in England) films of thickness 0.3 - 1.0 mg/cm 2. These 
films have good mechanical properties and are able to withstand intense beams 
( 50 an/crn2 ) for 20 minutes without significant deterioration. The plastic film 
Is removed, placed on a platinum plate and stuck to the plate with a few drops of 
acetone. By bringing the plate into the center of a gas-air flame, the solvent and 
plastic are burned off very rapidly without excessive spattering and the counting 
disc flamed. The plate is then inaerted in the counting chamber. Total time from 
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end of bombardment has been as little as 36 seconds and some yields have been 
measured at more than 90%. 

When the recoil method is applied to targets whichare themselves very 
radioactive, the detection of short-lived transmutation products Is sometimes ob-
scured by the larger amount of radioactivity due to the target atoms which are 
transferred with a relatively, large cross-section. The untranamuted target atoms 
receive much less momentum transfer from the boubarding particles, and so have a 
short range compared to the transmutation products. Interference from transferred 
target atoms can be virtually eliminated without significant absorption of the 
transmutatIon products by depositing a thin layer of a msterial such as aluminum 
over the target area. Usually a thickness of about 10 micrograms per cm 2  of 
aluminum Is deposited by vaporization. The ranges of the transmutation products 
can be calculated using the formula given below. 

In collecting recoil atoms from a bombarded target, it is iixrtant to 
recognize that all recoil atoms nmy not be collected if the target Is thick or if 
the solid angle Intercepted by the collector foil is too s11. The ranges of 
recoil atoms may be calculated frrZ17-2  following formula. ' 

S 	
M1+M2 	,2

it 22 	 v  

Where Mj, N2, and Zl, Z2 are the nassos and atomic numbers, respectively, of the 
colliding particles and N is the density of stopping naterial. 

There is a straggling term in the distrIbtIon, 14R), of the range R about 
the naximum range. 

(H -B)2  
exp.- 	2 2 

where  

3(Ml  N2 ) 2  

Harvey, Wade and Dozlovan28  have found that in bombardments of bIsmuth with 
alpha particles (for helium ion energies greater than about 25 Mew) the observed 
ranges of (cx, 2n) recoils are shorter than those calculated from the formula. 
This fact suggests that non-compound nucleus type reactions are important for 
(cx,20 reactions above these energies and that relatively less kinetic energy be-
comes available to the recoil atoms with the 'onset of the new reaction mechanism. 

In helium ion bombardments at energies below 40 Mew, significant absorption 
of the products in the target begins to occur if the target thickness is more than 
a few micrograms per cm2. With heavy ions the recoil ranges are muh0greater be-
ca 	of greater momentum transfer. In the case of the reaction, U'3° (C,n) 
Cf, for emple, the most probable range Is 500 gg and the loss Is lesa than 
10% at carbon ion energies of 65 Mew for a target thickness of 400 igxn/cm'. 
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Another Important factor, to be considered in designi.i a recoil target assem-
bly is the angular distribution of t reôoil atg. Harvey, Wade and Donovan28 
have found that for the reaction Cm2  ' (a,2n) Cf , over 90% of the recoiling atoms 
are collected If the solid angle interce:pted by the catcher foIl is at least 20 
degrees. (See Fig. 19). Broader angular distributions are obtained for thicker 
targets and for reactions involving direct interaction mechanisms, e.g. the (a,p) 
reactions. In the case of reactions Involving compound nucleus formation, the 
angular distribution of recoil products Is more strongly peaked in the torard 
direction, e.g. In the (a,3n), (a,i+n) and (C,xn) reactions in the heavy isotope 
region. 

PRODUCTION OF ISOTOPES BY CHARGED PARTICLE BOMBARDMENTS 

The reactions of helium and heavier Ions with heavy element targets can be 
grouped conveniently into four categories : (1) Compound nucleus formation with de-
excitation occurring by neutron emission. (a) Compound nucleus formation followed 
by fission. (3) Interactions not proceeding through amalgamation of entire projec-
tile with target nucleus. (li.)  Coulombic excitation. 

Most available data indicates that the major reactions In bombardments of 
heavy elements with heavy ions at energies above the barrier proceed through com-
pound nucleus formation. Since the barrier height is large for heavy Ions the 
bombarding particle brings a large amount of energy Into the nucleus. (This 
excitation energy Is substantially reduced by the large positive Q-valttes for com-
pound nucleus formation.) This energy, however, is shared from the beginning by a 
large number of riucleons so that true compound nucleus formation Is much more likely 
than In the case of bombardment with protons or deuterons of comparable total energy. 
The probability of cascade particle ejection from the nucleus Is slight. This 
means that a compound nucleus of known composition and precisely specified excita-
tion energy is produced. This is an Important feature in Interpretation of reaction 
properties. The compound nucleus so formed can lose its excitation by particle 
emission, by fission, or by gaa emission. For a nucleus of large atomic number, 
emission of charged particles is so strongly repressed that neutrons are the only 
particles which need to be considered. Gamma emission is usually regarded as being 
negligible as long as the excitation energy exceeds the threshold, for neutron emis-
sion or fission. Fission can occur from the Initial compound nucleus or from an 
excited nucleus left after emission of one or more neutrons. 

To have any feeling for the yield of each spallation product and for the 
total yield of fission products, one must have a knowledge of the relative probabi-
lities. of neutron emission and fission (often expressed as G= rj r as a function 
of atomic number, atomic charge and excitation energy. It is also necessary to 
have a theory for neutron evaporation which predicts the energy distribution for 
the evaporated neutrons. A modified form of the reaction model proposed by J5kson29  
to explain spallatlon cross-sections has been used with considerable success. 
(See Appendix Ix). 

The spallation cross-section of a reaction in which x neutrons are evaporated 
from a compound nucleus is given in terms of the probability of emission of exactly 
x neutrons )  the relative prohebilities of neutron emission and fission, and the 
total capture cross-section. 	0 

An empirical relationship between the neutron emission and fission widths 
has been formulated by Vandenboech, et al. 31  in correlating relative cross-sections 
for (c,4n) reactions on the heavy elements, It was found that the mean relative 
probabilities of neutron emission and fission approximated a linear function when 
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plotted against the value Z2/A plus the sum of the four neutron bInding energies. 
This correlation appears to hold exceptionauy well for the actlnid.e isotopes as 
shown in FIg. 20. Extensive use of this graph is made In the applications of the modified Jackson model. 

A successful, application3 2  of this model which uses the experimental spai.la-
tion cross-section to calculate the total cross-section for heavy ion reactions Is 
shown in Fig. 21. The calculated total cross-sections are in excellent agreement 
with the experimental values obtained using radio-chemical methods and application 
of the method to other reactions appears to give cross-sections which are quIte 
close to the experimental, results. 

Using this model It Is a relatively simple matter to account for 0.1 to 100 
millibarn cross-sections for the (a,xn) reactions and the 0.1 to 100 microbarn 
cross-sections for the (C,xn) reactions in the transcurj,um region. It Is unfortun-
ate that much of the data obtained with heavy Ions earlier cannot be Interpreted most of it was obtained with ions of vy broad energy spectra. A typical case is the work of Ghiorso, Holm and Thompson-) in which a variety of combinations of heavy Ions and heavy element targets were used. An interesting feature of the 
work, however, was that many reactions with lithium and beryllium ions were ob- 
served in the transuranjum regIon. This survey was carried out with Ions accelerat-ed in a 60-inch cyclotron and oonsequent1y, the beam energy was poorly defined. 
Thick targets were used in most cases so that the major yields probably occurred 
for ions with energies just above the coulomb barrier. The remarkable feature of 
this survey was that it showed a much higher su.rvival probability for reactions in which only one or two alpha particles are removed by the target nucleus from the 
heavy Ion projectile. 

CONCLUSION 

It is believed that the foregoing discussion gives a rather complete cover-age of the methods and teehnIques being used in transcurium element research. Many 
of these methods and techniques may be applied to research In other regions of the 
periodic table. In view of the interesting properties of tranaurIujj elements and 
their Isotopes it is likely that much advancement will occur in the future. 

Interesting research Is now being clone in the attempt to Isolate pure corn-
pounds of berkelium and californium and to study the properties of these elements. 
Much work is also being done on the search for isotopes of higher elements, and on 
the study of reaction mechanisms of nuclear reactions involving the very heviest 
elements as target elements or products. Transcurium Isotopes are being used in 
studieø of spontaneous fission and Induced fission. Their use in nuclear spectros-
copy research promises to give much information concerning nuclear structure. With 
advancements In basic research In this field it is reasonable to expect that prac-
ticl applications will follow. The eventual availability of large sources of Cf 252  which decays by spontaneous fission neutron energy spectrum should present many 
possibIlities for Important app1ied research and even industrial applications. 
These possibilities for the uses of transcurium Isotopes seem to justify a much 
larger effort to produce them than has so far been undertaken. 
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ab1e I.. 	Nuclear Properties of the Transcurium Isotopes 

Type 	 ... .az. 	Pile fssion Pile capture 
of. 	Prtial partial 	cross section cross section 

• 	Nucl.jde decay 	half-life energy 	(barns) (barns) 
(av) 

243 Bk cg 	4.5 h .  6.55 .  
• LC. 

	
670  

a 	. 	h 6.66 
E.c. = 16 z w8  

• 

	

M245 a 	5.0 a 617 

E.C. 	19d 

• 	. 	Bk2. 7 x 103  y 5.5 
• 	. 	Bk 8  . 	18h 

• 

• . 	
80 a 008 	 . uoo ± 300 

10 y 5,4O8 350. 

8.F. 	6 	.o8  Y. . 	. 500 

Bk 2  3.13h 19 	. 	. 

Y 	 . .0.9 

• 	 . a 	25 mm. .7.17 

7.11 	. 

a 

•Cf a 	35.7.b 6.753 
S.F. 	2.1 9 103 y 

•ef,247 E.C. 	2. 1 h 
0,285 
0.1490 

C?w 

	

a 	250 d 

	

S.F. 	7x103 y 
6 0 26 

	

a 	• Q y 

	

S.F. 	. 	1.5z109y 
5,82 	• 	600 • 	270 
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a 4 6.oai 
S.F. 1.5zI0  y 

ct251  

Cf252  a 2,2 y 6,122 
s.f. 66 y 

21) c. 025 

SF. 61 a 
246 a 7.3 min 7.35 

a 25 min 6,87 

Ce 

ah 6.76 

760 

E250  LC. 

a 1.5 a. 6.48 

252 a 110 a. 6.61 

53 ( 4 5) 
a 19,3 d 6061 

S.F. 3x1Yy 

• 	E253 (25) 

E25m 371i 	1.04 

B.C. 1504 

E254  
S.F. 

272d 	6.143
15  L5x)t 

255 
.• '..30d. 

E256 short 

ME 

1500 

3000 

25 
30 

30 

<2 

160 
195 
2140 * 10 
1450 

7 
130 

40 
<140 
1.5 

uL..6o73 

Table I. (continued) 

Type 	 • 	max, 	Pile fission 	Pile capture 

	

Partial 	parta1 cross section cross section of 
14A 	 half-life 	energy 	(barns) 	(barns) 

Nov) 
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Teb1e L (cout.inuea) 

Prpe 
Parta1 J?ile fsaion 	Pile capture 

Suclide 
of 	

3Me decay 
artia1 	crosa cec'iox 	cDoes eectton 

Gaergy 	(berns) 	(bame) 
(mv) 

250 
• Fm. a 30 rain 7.3 

a fli 6.89 

C. 	100 

FM 252 a 30 h 7.05 

a 4.5 d 6.94 
8.5 

ft 
254 

a 3.2h 7.20 
S.F. 	• 220a • 

2 215 h 7.03 
S.F. )6Oy 

FM 256 S.F. 35b 
E .0. w30 mm. 
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Table II, 	Cparative Pile CrosD 

Berkeley 	 KAPLC Argonne LS.vermoree 	Oak R1dge 

Pu239c 385 34O 
f 765 805 
t 1150 

24O 550 510 530 
f 4 4 4 
t 554 514 5314. 

241 350 380 
f 1100 1100 
t 1450 1480 

52 	 23 30 

p 243 

Am243c 137.5 	82 120 .128 

25 	 15 20 

Cm 214.5 200 	 200 200 200 
f 1500 	1600 1800 1880 
t 1700 	1800 2000 2080 

15 	 15 15 

247 200 	 0 <20 

CM 218 2 	 6 ii. 

400 	 500 1100 

Bk 250c 5000 
5000. 

Cf251c 3000 3000 
3000 .  300 

t 6000 3300 

Am 241 
225 120 60. 
675m 618n 557m 

t - 900 	 700 . 738 620 

aVa.lue given in barns. 

buniversity of California Radiation Laboratory, Berkeley, California. 

CKUO11S Atomic Paver Laboratory, Schenectady., New York. 

dArgenne National Laboratory, Leinont, Illinois. 

etjniversity of California Radiation Laboratory, Livermore, California. 

fOak Ridge National Laboratory, Oak Ridge, Tennessee. 
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Table III. Isotopic Compositions 

WeigJt Mass Percent composition 
E 	lit found (ing) number a 	b C 

Pu 12 238 0.15 
239 0.04 
240 0.36 
241 0.16 
242 99.2 
244 o.o6 

Am 2 243 99.9 

Cm 5 242 .0.6 
243 
244 94.14 
245 1.9 	1.12 1.04 
2146 311 	2.9 4.3 
247 0.004 0.08 
248 <X).15 	-..- 

Bk 8 x 10 249 100 

Cf 2x10 	' 250 ".50 
252 '.50 

E 8x].0 9  253 100 

a 100mg Pu239, inte'ated flux 2' x 1022  neutron/cm2 .. 

b,c Re-irradiated samples of curium from "napkin .iings " . 	Sample b 
irradiated one year. and. sample c irradiated two years at' an 

average flux of 4.5 x 10 	neutrons cm 	sec: 
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Fig. 1. Elution of tripo2itive actinides from 
Dowex-.50 with ammonium a-1ydroxy iobutyrate. 
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flu. 2. Elutton of trace amounts of actinide elements 
from a 5 cm length by 3 nun diameter column of Dowex-501 
12 percent cro8a-11- ed colloidal cation exchange resin. 
Bluting agent - 20 percent alcohol - 12.5 molar hjdro-
chicric acid. 
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U. "Cave Boxes' in the Radiation LTboratory at the 
University of California are used for the mnipulatim 
of hii1i radioactive substances. Operations are per-
formed by the use of throu-wall xmnipulators and 
observation is nude through a special lead glass window. 
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R 

Fig. 15. Ion exchange resin is used to fractionate a 
mixture of the actinide eleuent. The resin, 
located at the bottom half of the inner tube, is 
maintained at a constant teiperature by circulating 

trichiorethylene vapor through the outer jacket. 
The actinides pass through the resin at character-
istic rates and emerge in sequence from the bottom 
where they are collected on metal plates for analysis. 
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Fig. 17. Scthematic dIagraii of the deflectør-
- channel probe. 
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The Growth and Zeca& Analog CcxiXuter was desig2ed and constructed by 
I •  P. Robinson of the t iversity of California Radat1on Laboratory. It 
is a device to reproduce by electrical analog the growth and decoy of members 
of a radioactive decay chain, lot the chain with associated decay constants 
be reprosented by: 

__ __  A ---> B -----> C  

• AGaing unit stoma of A at time zero, emd none of the other components present 
initially, the differential eqjationa ares 

dA 
dt 

dB 

dt 

and the general solution is 
• 	 e'Q 	

2t 

i2 32 	ra'2 

+ 

For a large n.miber of components, and especially when two or more ' s are 
almost eua1, the nmierical evaluation of this equation is laborious An 
alternative method of expressing the differential equationa is in terms of 
LspLace enstorrns: 

1 V • - . - - . 	 S 

N 	S 
• 	

'n 	'n 

- where V is the transform of the nth component, An electrical analog of the 

first differential equation is simply a condenser discharging into a reéistor: 

I 	
E 	 1 	8 E 	_C 	R 	 V 

RC 

Madng 	) provides an exact electrical analog for component A • The factorRC  
represents a unit step function at zero time which starts the process. 
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• 	 The electrical arrangement for N components is: 

- - 

'T  T 	T 

 
I. 	 Cm  T 

The symbol 	indicateè en isolating amplifier of unit gain,, 
1 	 1. R2C2 	--- RC 

The transfer function of this netvork is; 
•R1C1 	I 2C2 	R3C3 	 RC 	R C S 

• RjCSI • RCS+1 

and with a unit step voltege applied to the input, the output voltage is an 
exact representation of the growth and decay of the nth eponent, 

In Qadac provision is made to ineert the differentiating circuit 
at any component, in order to get as 1age a voltage. output as possible. 
The results must be multiplied by, say, 

) 3/x, if for example, the third 
component is given the differentiating arrengement,, The output voltage is 
applied to a Speedom= recorder, and complete curves can be drawn,, A timer 
Is also provided so that the computer can be stopped at any predetermined 
time and the result read on the recorder. This permits taking readings of 
yields at times too short for the Speedomax to respond to, for example • one-
tenth second. The corvenjence of the timer is such that many results are 
taken in this manner, 	even when no question of recorder response time is 
involved. 

r the problems ordily encountered, the condensers are 10 microfarad 
polystyrene Units and the resistors are one megohm Kelipots. Provision is made 
to introduce additional resistence in series with the Relipots when ueeded 

/ 	\ 

I 
I' 

I 

and R1C1  
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For the reaction in which a compound nucleus is formed followed by 
evaporation of x neutrons, it can be shown that the cross-secticn, 

I 	

G, 
for the apailation pr duet is given approximately by 

F ( I 	ax - 3) %,f?  2x - 1) 

Where at  is the total etc as section and Iff is the average ratio of the neutron 
emissIon width to the total emission width and for the heaviest isotopes is 
about equal to the, relative probabilities of neutron emission and fission 
The value of UG can be obt ined, from the correlation by Vandnboech et al. 

The bracketed terms represent the incomplete gamma function* 

I (,n) ;-. 
,[ /1 

e-Y dy 

and 	

T 	 t,f 	
:Bj 

 Eth 	91

where E is the energy of excitation, B1 is the neutron binding energy of the 
Ith neutron, Eth is the fiasion threshold of the nucleus formed by evaporation 
of x neutrcns and T is the nuclear temperature (The assumption of a nuclear 
temperature of about 1 14ev for heavy ion reactiono in the tranacurin region 
gives reasonable results,) Thyically, the function I (, 2, - 3) to the 
probability that at least x neutrons evaporate and I 	2 -1) 
probability that at least x + 1 neutrons evaporate or at least x neutrons 
evaporate and subsequent fission occurs. Renco, the difference of these two 
functions rep eeents the probability that exact1,y c neutrons evaporate leaving 
the nucleus with insuffIcient energy for dc-excitation by further neutron 
emission and/or fission. 

*EXpliit values can be obtained from "Tables of the Incomplete Gamma Function' 
by Karl Pearson, London, 1951 . 

irieij Arr 	 J?. 
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