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METHODS OF PRODUCTION AND USES OF TRANSCURIUM ISOTOFES
Stenley G. Thomson” |
INTRODUCTION

Isotopes of the elements berkelium and californium have now been produced
in microgram smounts as e result of @ program of neutron irradiation which began -
in 1952. At that time spproximstely 8 grams of Pu239 was subjected to a high
neutron flux in the Matertals Testing Reactorl at the Reactor Testing Station of
the U. 8, Atonlc Energy Commission near Arco, Idaho. The Pu239 was rapidly

~ transmited to heavier isotopes and fission products. The transcurium isotopes

were extracted periodically and the majar part of the plutonium, americium, snd

- ceurium fractions were i{n every case returned to the reactor for further irradia~

tion. Microgram amounts of berkelium and californium vere obtained after about
fﬁvelyeara of irradiation at neutron fluxes of approximately 5x10L% neutrons em*2
sec”, . ' v ‘

The transcurium isotopes produced by neutron irradiation were used as source

- materials for an extemsive research program in chemistry and physics, much of which

has been summarized in other publications.2 This research included studies of the
chemical properties of the transwranium elements and investigations of nuclear Pro-
perties. The 1sotopes have been used as targets in bombardments with charged pare-
ticles to produce nev isotopes and elements. The isotopes vere also used in
research on the mechanisms of nuclear resetions » in nuclear spectroscopy with
emphasis on alpha decay, and for research on fission. : :

A research program on the heaviest isotopes is primarilyidependent on the
production of the isotopes, and on the techniques for handling them. The purpose
of this peper is to describe the most important Pfeatures of this work as it is -
done at Berkeley. Some accounts Of the methods and techniques have been deseribed
already in isolated pu‘blieatmns.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 trenscurium elements. The
developments of the last three yesrs are exphasized. _

. CHEMICAL PROPERTIES

With the exception 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 tripositive oxidstion state in egueocus solutione and as such
resenble each other very closely. :

Berkelium (IV) has the half-completed shell configuration 5¢! vhich has a
special stedility. BSuch an oxidation state has been foungh by tracer experiments
in vhich treatment with bromate ion, dichromste ion, or ceric ion caused oxidation
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of berkelium to a form coprecipitated with zirconium phosphate or zirconium
iodate, compounds which are rather specific carriers for tetrapositive ions. The
oxidation potential of the berkelium (I1I) =~ berkelium (IV) couple is about ~1.6
volts. .

Efforts have been mede to oxidize californium at tracer concentrations with

~ such powerful oxidants as peroxydisulfate and bismuthate ions in acid solutions

end hypochlorite ions and ozone in alkaline 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 transcurium elements5’6 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 actinides is
best accomplished by ion exchange mgthods.

The transcurium elements adsorb on cation exchange resin colums and can be
separated from each other w%th 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 transcurium elements form anionic chloride complexss in 13 molar hydro-
chloric acid and can be adsorbed on gnion'resin colums from which they can be
partially separated from each other.” The rare earth elemente do not adsorb on an
anion resin to an appreciaeble extent in 13 M HCl. The most complete separations
of the transcurium elements from all rare earths are made when 20% ethyl alcohol
saturated with hydrochloric acid 1s used to elute the mixtures from colums of
colloidal Dowex~50 resin (12 percent cross-Jinked). Figure 2 shows an elution
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 1s also achieved. '

Negatively chagged complexes are also found in concentrated solutions of
ammonium thiocyanste. A typical elution curve using ammonium thiocyanate is
shown in Fig. 3. However, the desorption sequence is not simple. The order of
desorption from Dowex-50 resin columm is shown in Fig. 4. The rare esrths are
less strongly complexed by thiocyanate than are the actinides but not sufficiently
80 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 lanthanides are less strongly complexed and are eluted first.

So far, the best separations of the individual trenscurium elements from
each other are achieved by adsorption on Dowex-50 cation exchange resin follouea
by desgrption with ammonium o~hydroxyiscbutyrate solution &t a temperature of
87° c.! elution curve for these elements is shown in Figure 1. Weak negatively
charged complexes of the transcurium elements are formed with a-hydroxyisobutyrate
and these complex ions may be adsorbed on anion resins under ideal ponditions.9'l°
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Considerable success in separating common impurities hae been accomplished
by desorption of mixtures from Dowex 50 x 4 column using 2 M and 6 M HCl. This
method 15 & modification of one developed by Chetham-Strodell with the exception
that the columns are operated at 87° C and an intermediate step of elution with
2 M HC1 aids in obtaining sharper actinide peaks which are preceded by the desorp-

" tion of the common elements Al, Fe, Ca and Mg.

The actinide elements can be extracted from an agqueous mineral acid solution
into the immiscible solvent tributyl phosphate; the extraction coefficients achieved
in this extraction are not as high as for the analogous lanthsnide elements.l?
However, the coefficients, particularly for the higher members of the seriles, 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 analogies between the lanthanides
and the actinides in thie solvent extraction behavior.l3 The nitrates, chlorides,
sulfates, bromides, perchlorates, and sulfide salts are apparently soluble. These
elements can be extracted readily into benzene as chelate complexes of o~thenoyl-
trifluoroacetoner (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 quantitetive separation from certain
ions; for example, the ratio of the distribution coefficient for berkelium (IV) 6
to the distribution coefficients for berkelium (III) and curium (III) is about 1
for extraction into di(2«ethyl hexyl) orthophosphoric acid - heptane from aqueous
nitric acid.1? The coprecipitation behavior of these elements asg studied at tracer
concentrations is very similar to that of other actinide elements having the same
oxidation states and coprecipitation is observed with such typical carrigr com~
pounds as lanthanum fluoride, lanthanum hydroxide, and ferric hydroxide. In the
metallic state these elements have a sufficiently high vapor pressure to permit
their vaporization from molten uranium at temperatures above 1200° C, e.g. califore
nium produced in uranium metal by carbon ion bormbardments was completely vaporized
and collected on platinum counting disce, when the uranium was heated §° 1200° ¢
in vacuwo. Similer behavior was observed for einsteinium and fermium.

Compounds of the elements deposited on tantalum filéments are readily evapor-

-ated onto collector plates when the filament is heated to high temperatures in .

vacuum.
- NUCLEAR PROPERTIES OF TRANSCURIUM ISOTOFES

A Since rather complete accounts o% the nuclear properties of the transcurium
isotopes have already been published 2 only a very brief general discussion is
given here.

These 1isotopes 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 spoataneous fission
half-lives for the heavier 1gotopes although the spontancous fission half-lives show
deviations from this trend. An interesting feature of this region is the 152
neutron subshell.l9 At neutron numbers just above 152 incressed instability is
superimposed upon that of the normal trend. The resulting relatively higher ground
state masses Yorrelate. well with an increase in the energy available for spontan-

ool -3-
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eous fission.ao The isotopes of the elements above fermium ere so difficult to
produce and apparently have such short half-lives that thelr detection is msde
difficult. The transcurium region is of special interest in connection with nuclear
spectroscopy and particularly in the study of alpha particle decay schemes. It is
& region of non-spherical nuclei for which the decey schemes are well interpreted
by agflication of the unified model of the nucleus developed by Bohr snd Mottel-
son. ther interesting feature is the fact that some isotopes such as szsk
and Fpé decay primarily by spontaneous fission. The isotope Cf25h, 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 supernovse explosions.22
In view of the increasing predominance of spontaneous fission at high Z end 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 I.23
PRODUCTION OF ISOTOPES BY NEUTRON IRRADIATIONS

A. General Considerations. The method by which the lergest amounts of
transcurium isotopes have been produced is that of i1rradiation of the heaviest
isotopes available with neutrons. Examples of such starting materilals are Pu239
and Am4l. The most important neutron source available at this time is the
Materials_mgsting Reactor in Idaho. In this reactor neutron fluxes nesar leolh
neutron cm % sec~l can be obtained. At these high neutron.fluggg successive neu~
tron capture reactions produceé seventeenth order products (Fm 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 com=
pounds with aluminum powder so that the heat could be removed rapidly by weter
cooling.

B. Choice of Starting Materisls. The isotope Pu239 has been the most impore
tant source of the transcurium isotopes produced to date. It was chosen for this
purpose because it was reedily availeble in large smounts. It hag the disadvan~
tage that most of it is converted: to gﬁsslon products. Transcurium isgtopes can
be produced much more rapidly from Am 1 then from the same mass of Pu®3Y. less

. of the amwericium is converted to fission productguand there 1s an advantage in

starting with a higher mass number. However, Am 1 45 available 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 cm2*2 has a very
high specific alpha activity and the high level of alpha radicactivity so produced
places heavier demands on the equipment and separations methods than the material
produced by the irradistion of plutonium especially if the separations are done at
& time when the amount of CmZ+2 present is near 1its peak.

To partially cig;gwgent the difficulty of separating transcurium elements
from large emounts of s 1t has been common practice to extract t%e easily
separated Pu2lZ which is formed by the electron capture decay of AnP*e ang 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
Rediation lLaboratory 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. .

UNCLLSSIFIED
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High flux space in the reactors is at a premium and the irradiatiop of
isotopes whichzgccupy the least reactor space is desirable, therefore Am?*L and
its product Pu ,2 have definite advantages. zkékewise 1§hRas been advantageoug 50
extract the transmutation products Pu“*¢, Am™ ~, and Cm from irrediated Pu 3
after the fissionable material has been largely burned out and reinsert them in
& smaller region of high peutron flux in the reactor.

CALCULATIONS OF ISOTOFE PRODUCTION

Pile cross~sections of the transcurium isotopes have now been determig&% in-
degﬁndenthhfrom many experiments in which known amounte of Puc39, am24l, Am“*2,
Ame*3, Cm“* and 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 mey 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 colwm represent the "best fit" values
used by the University of California Rediation laboratory in calculeting yields of
the transcurium 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 creo2 after a long irrediation time.
It has been convenient to calculate these yield curves by means of a Growth and
Decay Anaslog Computer (Appendix I) which mekes use of aen 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 ylelds using Computers such as the I.B.M. 650. The reagtion network
shgg&ng the possible paths in forming transcurium isotopes from PuZ4Z, Am241, and

is diag %gmed in F 5 (Pu2k2, of course, is forﬁe% y successive neutron
capture in ;§§ » and Améﬁl is formed by bets decay of Pu’ug;)

Curves of practical interest have been mede giving the estimated ylelds of
cg2o2 g r flux levels as high as 5x10%7 neutrogﬁﬁcm /sEc. (Figurﬁ 6). The growth
of CPeo% grom pile neutron. bombardments of Cm“"", Am® 1, and Pué*? is shown in
Figs. 6 and 7. It can be seen that the maximum yleld is largest and is obtained
most rapidly with the higher neutron flux levels. : :

252 2k 243

from Cm~ , Am

8 1s given a log log plot of_ the formation of Cf e

In Fig,
Am?“l and ]-?u%"2 for an average flux of 1x101“ neutrons/cmz/sec. The curve for Cm
i3 a "best fit" curve using both calculated and experimental values.

For those interested in initiating a& program of transcurégs isotope production,

Fig. 9 will be of great aid. The production of c£252 from a Pu source is given

for the probable upper and lower limit fluxes obtained in the MIR. Two experimen-

tal values (Points shown in figure) for C£252 ylelds from "napkin ring" sources

are in excellent agrecment with thg calculated curves. Of equsl interest is the
?ate of ?eat production from & Pu? 9 source subjected to pile neutron irradiation.
Fig. 10). :

Bxamination of the yleld curves presented here indicates the tremendous im-
portance of a high product of neutron flux and time. When high flux reactor space
is ﬁ% aAgﬁﬁmium, it %&ﬁ be seen that each removal of intermediate isotopes such as
Pu? » 3, and Cm and their re~irradiation at highest possible flux is very

G-
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profitable as contrasted'to irradiation of larger amounts of lower isotopes &t
lower fluxes. ,

A tggical example of the composition of isotopes resulting from an irradia-
tion of, Pu¢3? forAa-pgriod_ff about two years at an average neutron flux of

~ tu:.'!.()jll‘L neutrons ém ° sec - 1s shown in Table 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 transcurium 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 dbe %alculated directly from the previously
mentioned curves. Since the isotopes E 23 and Fm@54 are essentially in equilie
brium with C£252 gt any given neutron flux because of their relatively short half-
livesécéhe equilibriuwm values may be estimated in & simple mannsr from the amount
of Cf£“’“ present, the cross-sections and the neutron flux. '

PREPARATION OF MATERIALS FOR IRRADIATION

In irrediating large amounts of americium and curium in & high neutgon flux,
provision may be required for heat removal just as it is in the case of Pu23%
The construction and dimensional design of the sample and containers were such
that at the highest anticipated neutron flux, no more than one kilowett of heat
had to be dissipated per square inch of semple 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
welght in aluminum. These specimens were then clad with an aluminum Jacket to
give a total weight of about 20 grams and febricated 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-irradiatingquzuz,'Am?“3, and Cm2% 1t 15 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 sluminum plug of the same internal diameter is inserted into the
cylinder and the sample is compressed (25,000 psi). A second solid aluminum plug,
with a diemeter slightly larger than the inside bore of the cylinder is forced
down on top of the first plug - by means of:.a 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 1s not necessary to di-
lute with alumiﬁum powder to give improved heat transfer (normally the case in re-
irradiating Am?43 and curium fractiopa) another method is used, pamely the sample
solution is evaporated in a thin aluminum dish. The sample is ignited in & furnace
to convert it to the oxide and the aluminum container is folded up, wrapped in a

- second foil and dropped into the aluminum cylinder which 15 then rressed into an

aluminum slug ae described above. \

For amall samples in which self-heating offers no problem a quartz container
may be used. A solution of the heavy isotope\is evaporated in s 5 mn diameter
quartz tube, ignited and the tube 1s sealed. The quartz tubes are either irradiated
in sealed aluminum containers or in aluminum containers through which water may
flow over the quartz surface. : i :
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CHEMICAL PROCESSING

The problem of removing the aluminum and fission products while retaining
at least 95% of the actinide fraction requires more planning and equipment than
any other phase of the production of heavy isotopes, both becsuse of the high
level radiation encountered and the degree of purity necessary for the final pro-
ducts. The importance of shielding requirements 1s not to be underestimated in
this type work. In addition to the rediations normelly encountered (7)8,@% the
samples may emit_neutrons at a high rate. For example one microgram of (£252
emits about leO8 neutrons/min; this high neutron level severely limits the time
during which the californium can be handled at close quarters as, for example, in
micro~chemical manipuletions. 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 trancurium ele-
ments become available, simplification of the methods and development of new types
- of equpiment, particularly equipment of small size which may be remotely controlled,
will be necessary in order to take full advantege of the opportunities for inter-
esting experimental work with californium.

The equipment and mechanical operationsz used for "eave 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 ring" samples. The initial steps
are carried out in a 6" cave box (Fig. 11) 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 end has a separate ventilation system which
draws off air from the interior, passes it through "scrubbers"”, 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 1s shown in Flg. 12. The box has the equipment to carry out the necessary
operations including centrifuge, evaporator, heating bath, storage and disposal,
ion exchange columns, i B~y 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 lsotopes mekes 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 common practice to set up conventiocnal 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 15 also employed throughout the course of chemi-
cal separations and purifications of the californium frections. Thus, in this
case much of the tedious work of counting samples for alpha redioactivity 1is un-
necessary, and the hazard is eliminated of taking samples out of enclosures con-
taining high levels of radiocactivity. '

After the bulk of the aluminum and fission products are separated, the sample
is removed to a smaller 2" "jJunior cave"” box. (Fig. 13). This box is equipped to
handle further chemical separations in which fission products are eliminated and
preliminery separations of the actinides from each other are made. Some fractions
are purified for the reinsertion in the MIR (reactor).

Regular gloved boxes (Fig. 1h4) providing only protection from alphe redio-
activity are used in a supporting role for asseying, storage, and final purification.
-7“



UCRL-8073

In junior cave and gloved boxes a reduced pressure is maintained inside the boxes -
at_al,l tines. .

- A review of the zﬁquipmnt design end health hezaerd problems is given in a
‘paper by N. B. Garden.® : ‘

The chemical steps used in the separations have been continuously modified
since their inception. Fortunately, at the present time, the overall operation
i1s more or less standardized. : '

The irradiated specimens are diasolved in & NaOH-NaNO solution; the use of
NaNO, permits dissolution of the aluminum without the evolutfon of hydrogen to
create a dangerous atmosphere inside the cave box. The actinides are precipitated
as the hydroxides and the bulk of the sluminum remains in solution, nevertheless,
& small amount of sluminum and roughly half of the fission products are precipi-
tated or carried with the actinides.

The residue is dissolved in hydrochloric acid, or in HC1l containing a small
amount of HND3 or HF depepding on the circumstances and the subsequent steps of
the process. “The actinides and rare earths are sometimes precipitated as insol~-
uble fluorides from & solution contsining HCl and HF. The insoluble fluorides
can be reprecipitated by first dissolving them in HCL containing boric acid and
- elther adding HF at this point, or they can be precipitated &s insoluble hydroxides
and redissolved in acid for the fluoride precipitation. Following final dissolu=
tlon of the fluorides in hydrochloric acid, the plutonium and some fission pro-
ducts may be adsorbed on columns of anion exchange resin when the HCl concentra~
tion 1s in the range 6~9 M. 1In 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 vhen 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 desorbed from the anion resin by pass=
ing through a solution of 6-10 M HCl containing & reducing agent such as HI or
hydrazine. An alternative method is to strip the resin with dilute hydrochloric
acid of concentraticn 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 nscessarily normal fission pro-
ducts; they also include the transmutation producte of the primery fission products.
In the rare earth region the hesvier rare bers are more difficult to separate
from tripositive actinides. The isotope Tmt O is one of the isotopes giving
trouble in the separation of rare earths.

The separation of the rare earths from the acthides is generally made at
room tempsrature by desorption from Dowex~50-4% cross linked spherical resin using
hydrochloric acid saturated with HC1 gas. In this case the mixture of actinides
and rare earths to be passed through the anion exchange column is concentrated by
evaporation or by precipitation of the hydroxides and dissolution in HC1 solution.

In either case the concentrated solution is saturated with HCL. Then the mixture
18 loaded on the resin in as small a band as possible. The final more-complete
rare earth separations are usually accomplished using columms of Dowex=50-12%
cross-linked colloidal resin end elution of the mixture with 20% alcohol saturated
with HCl ges. In the latter case even the heaviest rare earths are well separated
from the actinides.

-3
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The individual actinides are normally seperated from each other by adsorb-
ing them on columns of Dowex-50-12% spherical resin and desorption with buffered
solutions of ammonium a-hydroxyisobutyrate. This seperation is normelly done at
elevated temperatures (87° C) but has also been made st room temperature end at
50° C at reduced rates.

The final purification steps are often carried out by adsorbing the mixture
contailned in a .05 M HCL solution on columns or Dowex-50-4% cross-linked resin.
In this way the band width of the adsorbed material is kept narrow. Initial de~
sorption is performed with especially purified 2 M HCl which removes many -common
impurities. Finally the actinides are desorbed with especially purified 6 M HC1
solutions. These columns are normally operated at 87° C and sharp pesks are obtained -
having a full width at half meximum of ~ 10-12% for a given actinide. '

' In the presence of organic complexing agents the normally insoluble hydroxides
are not easily precipitated. Therefore, the elements present in a~hydroxyisobuty-
rate solutions are adsorbed on Dowex-50-4% resin after adding HC1l to the buffered

- solution in an amount sufficient to give a free hydrochloric acid concentration of

~ 0.1 M. When the colums are operated at 87° C the transcurium elements can be
separated, using & 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 ugeful connecting step between some of the separations mentioned above
(but not with solutions containing organic complexing agents) is that of co-preci-
pitating the transcurium elements with ferric hydroxide by the addition of an
excess of OH (or strong bases) to acid solutions of the elements. In this case
some of the undesirable fission products and impurities may be removed. The,Fb(OH)3
can be dissolved in HC1l and readily removed by edsorption on anion resins.

A mathod 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 Dowex-l resin
colum from a concentrated (~ 12 M) solution of I1iCl. The actinides are strongly
edsorbed. The columms are operated at elevated temperatures, preferably 87° C.
Passage of 10 M LiCl solution through the column desorbs the rare earths first, and
the individual actinides are pertially seperated from each other, the heavier trans-
curium actinides being most strongly sdsorbed. Plutonium is very strongly adsorbed
and can be desorbed finally with hydrochloric acid solutions. When large amounts
of alpha radicactivity are present there is some increase in neutron production Que
to the Li(x,n) reaction. Ammonium thiocyanate could probebly 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 commonly used are Dowex-50 (cation)
end Dowex A-1 (anion), spherical (200-400 mesh size, 4-12% cross-linked) or colloi~
dal resin, 4epending on requirements. An important feature necessary for reproduce
ibility of the column separations and chemical purity of the products 1s the grad~
ing and cleaning of the resins which are often impure and consist of & wide range
of particle sizes. The resins are graded (in the ammonium form for Dowex~50 and
in the chloride form for Dowex A-l) by allowing them to settle from aqueous suspens~
sion. The fraction with a settling rate between 0.25 and 0.50 cm/min: is collected
and corresponds to the finer fraction of the ungraded material. This fraction is
most useful for rapid separstions. The resins are washed alternately with
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concentrated HCl &nd concentrated NH,OH, 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 mey vary in size from 0.5 mm diameter and 1.5 cm in
length to more than 1.5 cm dismeter and 30 cm length. A typical colum used to
separate essentially “weightless" materiaels is shown in Fig. 15. Columns of this
type are sometimes equipped with a 0.5 mm diameter platinum tip to insure & con-
stant drop size of approximately 13 A and sharper separations result from the
fact that the retention of liquid on the tip, just after the drops fall, is mini-
mived. Variation in drop sizes appear to be a major facter in obtaining repro-
duecible results when individual drops are collected. With the emallest 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 "weighless" quantities of the heavy elements.

The separations described sbove can be coxibined in & nmumber of ways to
accomplish the same objectives. The order given above applied primarily to the
case of irradiated Pu239 from which relatively large amounts of fission products
had to bhe separ ted ghﬁhe case of high levels of alpha radicactivity from such
isotopes ae C r Cm“"", 1t may be desirsble to avoid early precipitation steps
and immediately separate the individual actinides by ilon exchange; then decontamine-
tion of the transcurium elements can be done later. It is felt that in general
the best combination of steps for a particulsr purpose will be obvious with a
reasonable amount of thought.

: A factor which is often important in the efficlency of ion exchange separa-
tions is the technique of loading. It iz important to begin the desorption with
a narrovw band of the elements to be separated. Thus it is advisable as & rule to
avoid stirring the resin at the top vhen the agents for desorption are added.
Sometimes & thin layer of resin is added to cover the active band and in other
cases the addition of gless wool is helpful. When the loading of the column in-

- volves transfer of a solution contalning e 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 complexing egent.

The most important chemical separations used at Berkeley for the transcurium
element separation are those described ebdve. 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 25 well. The most useful methods are those which
are adaptable to handling small smounts, 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 1t 1s 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 electrodeposition cell is shown schematically in Fig. 16. The cell
wall is made from e glass tube and the lower portion is shaped in & manner which
defines the deposition area. The metal foil on vhich deposition occurs serves
&5 the cathode and a soft plastic "washer" is 1inserted to inswre a wvatertight
seal around the base of the cell. Sometimes leakage is minimized by placing
around the plating cell a container with solution at the same level as that in
tha GEll- : . .

The solution containing the transcurium isotope 18 transferred to the cell
and after addition of two drops of methyl red, the pH of the solution 1s adjusted
to 2.0 = 2.5 and 2-3 al of saturated NHpCl solution 1s added. Bringing the solu~
tion to the desired pH may require passing the end point several times with suc~-
cessively weaker solutions of NHyOH and HCl; the final adjustment is made with
~0.05 M HC1 solution. Alternately, the initial solution may be eveporated to
dryness and the residue redissolved in a prepared 6 M NH,C1 (pH 2.0) solution.

A platinum wire snode (wound in concentric cireles at the bottom) is placed in the

‘solution 3-5 mm sbove the metal plate cathode. A current density of 0.5 to 1.0

ampere/cm= of cathode surface is maintained for 20~30 minutes. With the current
on, the pH of the solution in the immediate vicinity of the cathode becomes high
enough to precipitate the actinides as hydroxides that deposit on the metal Plate.
The deposition is stopped by adding an excess of concentrated NH,0H 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 & dull red in order to convert the hydroxides to the oxides.

Since most of the elements that precipitate a2s hydroxides or hydrous oxides
are electrodeposited by this procedure, trace quentities of these elements must be
excluded from the electrode surfaces, electrolyte and cell parts as well as from
the target material if a pure depoeit is required. ‘

The method of vaporigation from a heated filament is most often employed
for the preparation of thin sources for measurements in alpha particle spsctro-
meters. While this 1s a well known method for preparing thin uniform sources,
it seems worthwhile to mention a few details of techniques (as described by Asaro)
vhich 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 transe
curium actinides is usually accomplished by repeated application of the method of
adsorbing the mixture on Dowex=50-4¢ cross~linked resin (from .05 M HC1 solutions. )
Desorption is accomplished first with 2 M HCl end finally 6 M HCL. v

For making sources of smell area a deposit of the isotope is place on a
thin tungsten filament (bent into a V shape). The area of this deposit can be
mde small by repeated evaporation of small porticns of the isotope solution on
the same » area of & warmed filament. (Care must be taken to avoid spattering.)
The space above the filament is then evacuated end the filament is heated to &
temperature Just adequate to vaporize organic residues and other volatile impuri-
tles. The surface on which the isotope 1s to be vaporized then is placed very
clogse to the filament end the system is re-evacuated. The filament is "flashed"
at & high temperature for one second or less. In this way it is possible to obtain
transfer yields of greater than 90% with deposition in & small area. With some ,
effort, the sources obtained are sufficiently thin so that half~widths of 1.2 Kev
for alphs spectrs in the 6 Mev range have been measured. A half-width of 5 Kev
is the minipum obtainable for electroplated deposits, however, less effort has
been applied toward obtaining the best possible resolution from these sources.

~11-



UCRL~8073

There is evidence that an apparent "thickening"'of the source occurs when platinum
backing foils are heated to a high temperature after deposaition.

Vaporized and electroplated sources have been commonly deposited on plati-
num, gold, and nickel foils. Electroplating on aluminum or other metals having
an oxide film has been less successful. Many 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
Carswell and Milsted.2> The material to be deposited 1s taken up in an organic
golvent and 1s ejected in the form » of & fine 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 & suitable metal plate.

In a typical experiment a thin platinum wire was inserted as far as possible
into e 0.2 mm dlameter capillary previously filled with acetone containing about
10/mg/ml 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 KV wes applied.
With & steady current of 0.1 to 0.2 p amps the deposition of 5 A of solution (con=
taining SO pgs uranium) was complete in sbout 10 minutes. The deposit, covering
a well defined circular area of about one cm diameter, was flamed at 500° C, was
very adherent, and showed no tendency to fleke. :

Modifications at the University of Californis Radiation Laboratory have in=~
cluded shortening the distance between the capillary and collecting plate, lower-
ing the applied voltage to 1-2 KV and placing the entire system in & horizental,
rather than & vertical plane. In addition, the collecting foil is heated from the
back side to ~ 300° C and movement of the collecting plate slowly in & 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 transcurium elements can be made.

Thin, freshly electroplated deposits of C£252 have the interestin§ operty
of self-transfer from the surface. The effect has been observed with Cré> depo-
sits on gold and platinum foils that are not flamed after deposition. In these
cases the rate of transfer has been observed to be as great as 1% per day. When
the foils were flamed at temperatures of approximately SO0° C, the rete of transfer
decreased to mbout 0.01% per day. gantage has been taken of this phenomenon to
collect in vacuo the transferred Cf2°% atoms on & thin plastic film such as VYNS.Z20
Energy measurements can then be made on both fragments emitted in spontaneous
fission processes. It was also observed, however, that the plastic f£ilms became
brittle and were easily broken. The mechanism involved in transfer of the C£&-2
has not received adequate investigation to date. : :

RECOIL METHODS AND FAST CHEMISTRY

In the production of trenscurium isotopes by charged particle bombardments
increasing fission competition at higher Z2/A resulte in smaller cross-sections for
the spallation products. Therefore, in research on short-lived isotopes there was |
a need for increased sensitivity for separating and detecting the 1sotopes and
many "fast” chemistry techniques . were developed., The limited amounts of target
materials often available has made it advantageous to collect and separate product
nuclei without damaging the target itself. Grest progress in solving these
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problems came with the Qevelopment of the "recoil method". This method makes use
of the fact that product nuclei, mede by compound nucleus formation, receive the
momsntum of the incident particles and if the target £ilm is sufficiently thin,

these nuclei are ejected from it. By simply placing a "catcher" foil close to
and directly behind the target materisl, an initial separation is achieved when
the recoil nuclei are enbedded in the catcher foil.

Gold, palladium and nickel fbils are commonly used as collector folils.
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 adventage that its chloride complex is strongly colored and
its behavior on anion exchange colgmns can be followed visually. Very thin nickel
foils cen be obtained (~ 0.5 mg/cm®)(from A.D. MacKsy, Inc., N.Y.), and are very
useful because they have considerable mechanical strength.

‘ The development of the deflector channel probe (Fig. 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 Figs. 17 and 18 permits the removal of the collecting foll in 1e°s
than ten seconds after end of bomdardment.

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 typlcal procedure using "fast" chemistry techniques is as follows:

The catcher foil, gold (0.1 mil) or palladium (0.05 mil), is placed in a
planchet containing 25-30 A concentrated HC1 and 10 A concentrated HNO, at 500 C.
After dissolution is complete (15 sec.) the solution is transferred to the top of
a very small Dowex A-l anion column filled with resin and maintained at 87° C
(descrived previously). The method of transfer, washing end elution (with 8 M
HC1l) has been described earlier in discussing anion column operations. Five drops
of eluvant 1is sufficient to elute the active fraction from a column 2 mm in diameter
and & 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 liquld. This fraction
can be collected on a platinum disk, flamed, and subjected to alpha pulse analysis
or the actinides can be electroplated on counting discs. For further separation
the residue, usually before flaming, ie dissolved in a minimum of 0.05 HCl and
trangferred to the top of a cation column from which alpha<hydroxyisobutyrate 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 chapber comnected to a dif-
ferential pulse height analyzer. The total time from end of bombardment until
counting begins hag been less than four minutes for some caeses in which both the
anion and cation colum separations were made.

Exploratory experiments for short-lived alpha particle emitting isotopes in
the transcurium region are sometimes made, using thin plastic films to collect the
recoil atoms. Beast results have been obtained using "Mylar" (obtained from DuPont)
or "Terelene" (obtained in England) £ilms of thickness 0.3 ~ 1.0 mg/cm® These
films have good mechanicel properties and are able to withstand intense beems
(~ 50 pam/cm@) for 20 minutes without significant deterioration. The plastic f£ilm
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 inserted in the counting chamber. Totsl 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 recoll method is applied to targets which are themselves very
radioactive, the detection of short-lived transmutation products is sometimes obe
scured by the larger amount of radicactivity due to the target atoms which are
transferred with a relatively. large cross-section. The untransmuted target atoms
receive much less momentum transfer from the bombarding particles, and so have a
short range compared to the transmutetion products. Interference from transferred
target atoms can be virtually eliminated without significant absorption of the
transmutation producte by depositing e thin layer of a material such as aluminum
over the target area. Usually a thickness of about 10 micrograms per emé of '
aluminum 18 deposited by vaporization. The ranges of the transmutation products
can be calculated using the formula given below.

RANGES OF RECOIL

In collecting recoil atoms from a bombarded target, it is important to
recognize that all recoil atoms may not be collected if the target is thick or 1if
the solid engle intercepted by the collector foil is too s%ll. The ranges of
recoil atoms may be calculated from following formula.

e e Wi B R Kot
2 2 24N 2 g

na, Yo Z'l 2

Where My, Mg, and Z), Z; are the masses and atomic numbers, respectively, of the
colliding particles and N is the density of stopping material. v

R =

There is a straggling term in the distribution, W(R), of the range R about R

s
the maximum range. °

W(R) = —— ( ——-5-—-——-‘(R° ol ]
= e « L™ " 4
pRo‘B’.‘_ , v 2p Roa'
where Dz = ZMZLMZ
304, + M,)°

Harvey, Wede and Donovan28 have found that in bombardments of bismuth with
alpha particles (for helium ion energies greater than about 25 Mev) the observed
ranges of (o,2n) recoils are shorter then those calculated from the formula.

This fact suggests that non~compound nucleus type reactions are important for
(o, 2n) reactions asbove these energies and thet relatively lese kinetic energy be-
comes available to the recoil atoms with the onset of the new reaction mechanism.

In helium ion bonbardments at energies below 40 Mev, significant absorption
of the products in the target begins to occur if the target thickness is more than
a few micrograms per em®, With heavy ions the recoil ranges are nm.gh greater be~
caype of greater momentum transfer. In the case of the reaction, U230 (C,4n)
Cr<", for example, the most probable range is 500 ug a&nd the loss is less than
104 at carbon ion energies of 65 Mev for a target thickness of 400 ugm/cm®.
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Another important factor to be considered in designing & recoil target assem~
bly is the angular distribution of tEE recoil 5t§E§' Harvey, Wade and Donovan28
have found that for the reaction Cmé** (a,2n) C£%*°, over 90% of the recoiling atoms
- are collected if the solid angle intercepted by the catcher foil is at least 20
degrees. (See Fig. 19). Broader angular distributions are obteined for thicker
- targets and for reactions involving direct interaction mechanisms, e.g. the (q,p)
reactions. In the case of reactions involving compound nucleus formation, the
angular distribution of recoil products is more strongly pesked in the forward
direction, e.g. in the (2,3n), (o,4n) and (C,xn) reactions in the heavy isotope
reglon. . '

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. (2) Compound nucleus formation followed
by fission. (3) Interactions not proceeding through amalgemation of entire projec~
tile with target nucleus. (4) Coulombic excitation. :

Most available date indicates that the major reactions in bombardments of
heavy elements with heavy ilons at energies above the barrier proceed through com-
pound nucleus formation. Since the barrier height is large for heavy ions the
bombarding particle brings & large smount of energy into the nucleus. (This
excitation energy is substantially reduced by the large positive Q-values for com-
pound nucleus formetion.) This energy, however, is shared from the beginning by e
large number of nucleons so that true compound nucleus formation 1s 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 gamma 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 yleld 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 Gp= Yn/ ff as & function
of atomic number, atomic charge and excitation energy. It 18 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 Ji 8k30n29
to explain spallation cross-sections has been used with considerable success.
(See Appendix II). ‘

The spallation cross-section of a reaction in which x neutrons are evaporated
from s compound nucleus 1s given in terms of the probability of emission of exactly
X neutrons, the relative probabilities of neutron emission and fission, and the
total capture cross-section. e

An empirical relationship between the neutron emission and fission widths
has been formulated by Vandenbosch, et g;.3l In correlating relative cross-sections
for (o,4n) reactions on the heavy elements, 1t was found that the mean relstive
probabilities of neutron emission and fission approximated a linear function vhen
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plotted against the value ZZ/A Plus the sum of the four neutron binding energies.
This correlation appears to hold exceptionally well for the actinide isotopes as

shown in Fig. 20. Extensive use of this graph is made in the applications of the
modified Jackson model.

A successful applicatiqn32 of this model which uses the experimental spalla-
tion crosse-section to caleculate the total cross~section for heavy ion reactions is
shown in Fig. 21. The calculated totel cross-sections are in excellent agreement
with the experimental values obtained using radlo~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 1s a relatively simple matter to account for 0.1 to 100
millibarn cross-sections for the (obxn) reactions and the 0.1 to 100 microbern
cross-sections for the (C,xn) reactions in the transcurium 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 v§§y 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 reactlions with lithium and beryllium ions were ob-
served in the transuranium region. This survey was carried out with ions accelerate
ed in a 60-1inch ¢yclotron and consequently, the beam energy was poorly defined.
Thick targets were used in most ceses 80 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 survival probadbility for reactions in
which only one or two alpha particles are removed by the target nucleus from the
heavy ion projectile. : : :

CONCLUSION

It ie believed that the foregoing discussion glves a rather complete cover-
age of the methods and techniques being used in transcurium elemsnt research. Many
of these methods and techniques may be applied to research in other regions of the
periodic teble. 1In view of the interesting properties of transcurium elements and
their {sotopes it is likely that much advancement will occur in the future.

Interesting research is now being done in the attempt to isolate pure com~
pounds of berkelium and californium and to study the properties of these elements.
Much work 1is also being done on the search for isotopes of higher elements, and on
the study of reaction mechanisms of nuclear reactions involving the very heaviest
elements as target elements or products. Transcurium isotopes are being used in
studies of epontaneous fission and induced fission. Their use in nuclear spectros-
copy research promises to give much information concerning nuclear structure. With
edvancements in basic research in this field it is reasonsble to expect that prac-
ticel applications will follow. The eventual availability of large sources of Cfas2
which decays by spontansous fission neutron energy spectrum should Present many
possibilities for important .japplied research and even industrisl applications.
These possibilities for the uses of transcurium isotopes seem to Justify a much
larger effort to produce them than has 50 far been undertaken.

w16~



UCRL-Eion

Table I Rucleax Properties of the Transcuwium IsotoPes
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Teble I, (continued)
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Psble I, Comparative Pile Cross Sections®
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Table III. Isotopic Compositions
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Percent composition

Weight Mass ,
Element found (mg) number e b ¢
Pu 12 238 0.15
239 0.0k
240 0.36
241 0.16
242 99.2
2Lk ~0,06
Am 2 243 - 9.9
" Cm 5 ak2 0.6
‘ : 243 ane
24 94,14
245 1.9 1,12 1.04
2%6 3.k 2.9 k.3
247 - 0,004 0,08
248 <0.15 e ~0,08
Bk 8 x 1077 249 100
ot 2 x 107 250 w50
252 ~50
E 8x107 253 100
a 100 mg Pu239,'integraped flux & 2 x 10° ‘neutron/cmzi
© b,e Re-irradiated samples of curium from "napkin rings", Sample b

irradiated one year and.sample ¢ irrediated two years at an

average flux of 4.5 x 101& neutrons e’ sec
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Fig. 1. Elution of tripositive sctinides from
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Fig., 4. Elution of actinides from Dowex~50. Resin bed
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Fig. 11. "Cave Boxes" in the Radiation Loboratery at the
University of Californie are used for the manipulation
of highly radiomctive substances. Operations are per-
formed by the use of through-well manipulators and
obzervation 1s made through s special lead glass window.
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Fig. 12. Inside view of 6-inch cave box.
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Junior cave box affords effective shielding
" lead.
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Fig. 15. Ion exchange resin is used to Pfractionate a
mixtwre of the actinide elements, The resin,
located at the bottom half of the inner tube, is
maintained at a constant temperature by circulating

trichlorethylene vapor through the outer Jacket.

The sctinides pass through the resin at character-
istic rates and emerge in sequence from the bottom
wvhere they are collected on metal plates for analysis.
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The Growth end Decay Analog Computer was designed and constructed by
B, P, Robinson of the University of California Radiation Laboratory. It
is 8 device to reproduce by elactrical analog the growth and decay of members
of a radicective decay chain, let the chain with associated decey constants
be represented by:

A ) -
A=t B iy -—-?-> anne M «ﬁm——> N ™

>

‘Aseuming unit etoms of A &t time zero, and none of the other components present

initially, the differential equations ares
8A
T ° -).lA

e ?kle)\zB

® = fz”‘%c

& 8§

iy >

&

am - '

a& = AT

, eean . .e"’klt‘ o g2t

R U N W WY (W W B (NC ) R (W W (VW B (W)
+ _ :e@)"nt | .
- T T g

For & large number of components, and especially vhen two or more A's are
almost equal, the numerical evaluation of this equation is leborious, An

end the general solution is

<+ O-’va--‘

‘elternative method of expressing the differential equations is in terms of

Laplace Transforms:

) 8 S*kl S#)\z 8+km 3+Kn :

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

first differential equation is eimply a condenser discharging into a resistor:

£ -Jc R & _E Vel.,_8
= & ~ " Re 8 ' Bal
4 - Tl

Malking ;‘—c = 7‘1 provides an exact electricel anslog for component A, The factor

%represents e unit step function at zero time vhich starts the process,

 NCLASSHFIED



The symbol ——{>— {ndicetes an isolating anipliﬁer of unit gein, and Rlcl & i——,
_ 1 _ ' . 3

Rz = 5p ==~ By = N ¢
The {transfer function of this network is: :
RS, RS, RC __RC  RCs
§16;§7¢f1 RCS+1° EBE;§%9 1 RCB+1 Rnbns + 1

and with a unit step voltage -é}-" applied to the input, the output voltage is an .
exact representation of the growth and decay of the nth component,

In Gadac provision is maede to inseért the differentieting circuit (t%_\—z)
at eny component, in order to get as large a voltage output as possible,

- The results must be multiplied by, say, h3/A.n, if for exemple, the third

component is given the differentiating arrangement, The output voltage is
applied to a Bpeedomax recorder, and compléte curves can be dravm, A timer
is also provided so that the camputer cen be stopped at any predetermined
time and the result read on the recorder, This permits taking resdings of

~ Yields at times too short for the Speedomex to respond to, for example, one~

tenth second., The convenience of the timer is such that meny results are
taken in this menmner,  even when no question of recorder response time is
involved, _

For the problems ordinarily encountered, the condensers are 10 microfarad
polystyrene unite end the resistors are one megohm Helipots, Provision is made
to introduce additional resistance in series with the Helipots when needed,
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APPERDIX 11

gga.uapiqn Croes Sections

For the reaction in which a compound nucleus is formed followed by
evaporation of x neutrons, it can be shown that the cross-section, On?
for the spallation product is given approximately by v

0, =9, (B [1 (A 2x = 3) = I(Ax,f, 2% « 1) ]

Where o, is the total cross section end G is the average ratio of the neutron
emission width to the total emission width and for the heaviest i{sotopes is
gbout equal to the relative probabilities of neutron emfssion end fission.
The velue of G can be obtained from the correlation by Vandenboach et 9.1.31

The bracketed terms represent the incomplete ganme function®
z(z,n)w---[ P eV g
and' ‘” . B * ' g | Bi
© - 4 _1_, B4 = Eth = 1=
& T aud 4 e 7

whem E is the ensrgy of excitation, B,_ is the neutron binai.ug enexrgy of the

-ith neutron, Bty is the fission threshold of the nucleus formed by evaporation
-of ¥ neutrons and T is the nucleer temperature, (Tue assumption of & nuclear

temperature of sbout 1 Mev for heavy lon resctions in the transcurium region
gives reasonaeble results,) FPhysically, the function I ( 2, - 3) 48 the

probebility that gt lesst x neutrons evaporate aend I (‘3: Py 2 «l) is the

probebility that at least x + 1 neutrons evaporate or at lee.st % neutrone

evaporate and subseqmnt fisslon occurs. Hence, the @ difference of these two

functions represents the probability that e sactly x neutrons evaporate leaving

the nucleus with insufficient energy for de-excitation by further neutron
emission end/or fission,

Explicit valugs can be obtained from "Tables of the Incomplete Gamma Fumetion"
by Karl Pearson, London, 1951,
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