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HIGH ENERGY PROTON FISSION - SPALLATION OF URANIUM

o Robert Lancaster Folger ,
Radiation Laboratory and Department of Chemistry
‘University of California, Berkeley, California
ABSTRACT
The fission énd-spallation reactions causéd in uranium by bombardment
with high enérgy protons (340 to 350 mev) were investigated. The rééction
products were separated from the target by chemical processes and identified
by their radioactive properties. The relative yields of the observed fission
products were measured, and the results plotted as a fﬁﬁétidn of mass number.
Several of the spallation products were identified and their yields estimated.
" An attempt was made to de?ermine the“most‘probable atomic number for a
nuclide of given mass formed di;ectly from fission. Studies were made of
the relativé yields along several iéobaric chains as a function of atomic
number. From thésé data predictions of.the mass and charge of the fissioning

nucleus are made.

Using thefreaction'A127(p,3pn)Na24 of known cross section to monitor

the bombarding beam, the formation cross sections for several fission product
nuclides were measured. Values for thésé reference nuclides were used to
transform the relative yields into formation cfoss sections. Integration
over the range of masé numbers of the area under the curve of formation

cross section as a function éf mass_numbervled to a value for the total

fission cross section for uranium bombarded with high energy protons; assuming

predominantly binary fission.
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HIGH ENERGY PROTON FISSION - SPALLATION OF URANT( @ﬁ, A C;‘C'\‘[,'m

IED

Robert Lancaster Folger
Radlation Laboratory and Department of Chemistry
University of California, Berkeley, California

'I. INTRODUCTION

A. Summary of Previous Data on High Energy Fission .

In recent years there has been con51derable interest 1n the mechanism
of flssion induced by high energy particles (greater than a feW'mev) as com-
pared to that of low excitation fission. The greatest amount of work has

354

, L , 1 2
been done with the target elements bismuth, thorium, »3 and uranium.

High energy fission of other heavy elements from Z = 73 to Z = 82 has been

- . . L . 6
observed;s Recently, Batzel and Seaborg have announced the high energy

fission of a number of medium weight elements. Thé yield distribution of

fission products has been studied by chem ¢al separation techniques followed

by identification of the nuclides tprdugh rgdidaéﬁivity measurements, and
also by“measurement of the kinetic énérgies of the fission fragments.

Thélpredominant characteristics of high enérgy fission which apbear
from these‘studies are:

(1) A single peak is found in the yield versus mass distribution curve,
indicating symmetric fission. | |

(2) Prefission evaporation of nucleons is evidenced by ihe mass number
of the yield peak being less than one-half thebmass of the target nucleus,

(3) The klnetlc energles of the fission fragments seem to be practically
1ndependent of the initial target nucleus excitation.

Predominantly symmetric- fission has been reported by Goeckermann and

Perlman® (bismuth plus 190 mev deuterons), O'Connor and_Seaborgb (uranium
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plﬁs 380 mev helium ioné), and Jungerman and Wright3 (uranium‘plus 90.mev
nex.l_'cr;jn’é).;')e At intermediate energies, the contribution. of asymmetric fission
is shown by the appearance of two peaks with a shallowldip between them.
This effect has been observed by Néwton2 (thorium plus 38 mev heliﬁm ions),
and{Jungefman and Wi‘ight3 (uranium plus 45 mév neutrons).*

-In the high enérgy deutéfon fission of bismuth, Goeckermann and Perlmanl
observed that the mass ofAthe-éymmetric peak yield was less than one-half

the mass of the target nucleus. The mass difference indicated the evapora-

tion of 10 to 12 nucleons. The relative yields of the fission product iso-

bars seemed to indicate that the most probable primary products were those

having the same charge to mass ratio as the fissioning nucléus° iamaguchi,7
in a theoretical treatment of nuclear evaporation, has shown that for bismuth
bombarded wﬁth 200 mev deuterons; the half-width for neutron emission is
greater than the half—width for fission until 10 to 1l neutrons have been
emiﬁted. In the case of uranium bombarded with 380 mev helium ic:ns,l+ the
peak mass was not'weil enough defined to demonstrate prefission nuclear
eﬁéporatibn although the curve showed a sfrong possibility that such evapo-
ration had occurred. |

”Measureﬁents of fission fragment kinetic energies have been made by
 Jungerman and Wright,_3 using ionization chamber techniques, and indirectly
by Déut_.hett,8 measuring the ranges of the fragments in aluminum; In bombard- "
ihg uranium with 45 and with 90 mev neutrons,'Ju'ngermann3 observed the mean
kinetic energies to be 79 = 3 and 80vf 2 mev, respectively. Within the
limits of experimental error, the ranges of fission fraéments obtained by
ifadiéchemical separatioh from absorber foils were respectively the same for

10 ’ _
slow neutron fission of U235, ,’ uranium plus 18 mev deuterons,8 and

*Represents ionization chamber measurement of frégment kinetic energies.
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uranium plus 335 mev prdtons.8
'These results would seem to indicate that the actual fissioning nucleus
in each case is in a relatively unexcited state and that the high initial

excitation energy is used primarily in the prefission evaporation of nucleons.

B. Statement of the Problem

The purpose of this research was to investigate the fission and spalla-

" tion reactions caused in uranium by bombardment with high energy protons

(340 to 350 mev)f The reaction products were separated from the target by
chemical processes and identified by their radioactive properties. Measure-
meht was made of the relati&e yields of the obsefved.fissionsproducts and
the results plotted.as a‘function of mass number (Fig. i);

An attempt Qas made to'determine the primary products (those formed
directly from fission with highgst'probability for a given mass) far various
mass numbers. - An estimate of the location of @rimary products with respect
to the stable nuclides may be made by observing the variation df,independent‘
yield with mass for a given element in the region of interest. A more ac-
curate determination of primary productsvmay be made by determining the
independent yields (formed directly in fissioh rather than by growth from a
radioactive ﬁparent") of nuclides of a given mass number as a function of
atomié number.

In contrast to the case: of bismuthl the fission instability of the
heavy>élements in thelregion of uranium is such that fission is energetical;
ly possible a£ low excitation energies withéut the necessity of the previous
evapbratibn of large numbers of neutrons to give a favorable ZZ/A parameter.
However, at the high excitation§ obtainable with 340 mev protons, it is
pdSsible for many nucleons to be évaporated'prior to-fission,l It is of

interest therefore to determine the most probable fissioning nucleus under
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these conditions. From the work of 0O'Connor and Seaborg,é the yield versus
mass curve might be expected to show a disﬁinct symmetry about a single peak.
This would suggest that symmetric binary fission is the most probable mode

of fission. Since the most probable fission is symmetrié, the mass of the

‘peak of the yield versus mass curve should be one-half the mass of the

fissioning nucleus. The ratio Z/A of the primary fission products may be
ﬁsed to determine the atomic ﬁumber of the fissioning nucleus. Where the
Z/A ratio is constant as in the case of bismuth"fiésion,l'a homogéneous_fiuid
model of the fissioning nucleus may be chosen. When the Z/A ratio is mot
conétant, sevéral statistical nuclear models may be used, some of which
involve bound groups within the nucleus.

The excited nuclgi formed in the target by the bombarding beamvdo nofl

necessarily undergo fission. In some cases the evaporation of nucleons may

'prOCeed to give spallation products which do not fission. An attempt was

made to identify several spallation products and make a rough estimate of
their yields in an effort to determine what fraction of thé total reactions
proceeded by this path.

Tﬁé cross section for the reaction Al??(p,Bpri’)NazA was measured by com-

paring ip to the cross section for the reaction Clz(p,pn)C11 which has been

o e , ; 11 :
measured by Aamodt, Peterson, and Phillips. By monitoring the bombarding

beam with aluminum foils it becomes ﬁossible to measure the formation cross

' sections for several reference mass nuclides. _Using these values, the yield

versus mass curve could be transformed into a "formation cross section
versus mass" curve. Integration under this curve makes possible the determi-
nation of the fission cross section for uranium with 340 mev protons,

assuming predominantly bihary fission.
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II. FISSION PRODUCT YIELDS

A. General Considerations

Relative Yields
Thé fundamental equation of formation of a radicactive species in a thin

target where N atoms are expoééd to a bombarding beam of intensity I_is:’
dn/dt = INo - \n : (II-1).

where n represents the number of atoms of radioactive species present at

time t, \ is the decay constant, andgq-is;the cross section.for formation.

‘Integration of Equation (II-1) over the duration of the bombardment (assuming .

a constant beam intensity) gives:

INo = Xn/(1ee" ) o (i1-2)

where \n represents £he disintegratioh activity Ef the species at the end of
bombardment and t is the duration of the bombardment; The quantity INo,
called the independent rate Qf"fofméﬁiong R, is independent of the dufation
of’the‘bOmbardment and proportional to the cross section for formation of
the radioactive species underléonéidéféﬁidn. R is easily obtained for a

given species if the activity of the'species at end of bombardment is known

(Bquation II-2),

For a given bombardment, the independent rates of formation may be
related by the expression:
' VSN
B am@ -2 o

- = = ' (I1-3)
Ry Mong(l - e-xlt) o5

since I and N are assumed constant during a particular bombardment. If the

absolute cross section for formation of a given species is known, the

4
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formation eross sections for other species isolated from the same bombardment
are easily obtained by use of Equation (11-3).
Most of the earlier determinations in this work were made relative to
140 '

the independent rate of formation of Ba™~ . and its precursors since no abso-

lute formation cross sections had been measured at that time. The initial

yield results are therefore expressed relative to the independent rate of

formation of Balho and its precursors, taken arbitrarily to be 1.00. The

nrelative yield" is defined to be the ratio of the cross section of formation

140

of the nuclide in question to the cross section of formation for Ba and

its precursors.

Chemical Techniques

Determination of the Percent Recovery.—- The final counting sample of

a radibactive nuclide does not in genef&l consist of 100 percent of the
amount of this species produced in the bombardment (allowing for decay).

To correct for the amount of active species lost during the chemical sepa-

ration procedure, it is customary to mix with the active species a known

amount (usually 1 to.10 mg) of the inactive element, called the carrier,

whose isotopes are being considered. Precautions musf be taken to ensure -
that the active étoms exchange with the stabie atoms of the carrier in such
a‘way thatba homogeneous mixture is obtained. Uhtil the time when exchange

with the carrier has had an opportunity to proceed to equilibrium, care

must be taken that none of the active species is lost by volatiligzation,

- spattering, adsorption onto glass, or partial coprecipitation with or

adsorption on a compound which is removed from the main body of target
material.
Aésuming equilibrium exchange, the percent recovery of the active

species is assumed to be identical with the percent recovery of the carrier
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»méterial. Carrier solutions, usually of the nitrate or chloride salts of
the elements to be considered, were made up to an approximate concentraﬁion
dfvlo grams of element desired per liter. The solutions were standardized
.by conventional analytic procedures, usualli gravimetric. The percent re-
cqve;y was obtained by gravimetric analysis of the final solution obtained

in the separation procedure.

In the early work it was cﬁsﬁomary to evaporate an aliquot of the final

solution on a counting platq for the radioactive sample, then precipitate
a suitable compound for the grévimetric analyéis. In later work it was
found desirable to use the final precipiﬁate itself, after weighing, for
the radioactive sample (see“Section“III below). Invthese'cases the final
pfecipitate, after washing, was slurried'wifh a volatile nonsolvent liquid
and transferfed_by pipette to an aluminum dish apbrdximately one inch in
diameter weighing between 70 and 80 milligrams. The sensitivity of the
5alance used was of the order lO'=2 milligram and theismmples usually had
a net weight between 1 and 10 miliigramé. In contrast to samples dried
and weighed on filtér paper, samples mounted on aluminum dishes show much
greater wéight stability since the aluminum doeé not adsorb moisture from

the air.

Separation Techniques.-- Iﬁ'désigning a separation procedure it is
necessary'to cénsider the estimated radioactive yield of the nuclide desired
in relation to the estimated yields of the mostxlikely contaminants. The
half-lives of the species involved need be considered because we are inter-
ested here in the "counting yield" or relative disintegratioﬁ activity.

Fdr éxample: A 3 héur activity with one—tentﬁ the fofmation‘cross section
of a 30 hbur activity will in a short bombafdmént givé about the same

disintegration activity as the 30 hour actiqity. Of course, relative

counting efficiencies need also be considered in this regard.
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In gengral it is. desirable to keep the "counting level" éf impurities
dbwh to 0.1 percent'of each activity sought. This maylfeéuire chemical
pﬁrification‘factors'of the order.of 108. Since a single "specific®. step
in the chemical procedure may give a burification of only lO2 or 103, i£ is
often necessary to repeat portions of the procedure in order to obtain the
desired purity. >. . _

Theitwo principal methods of separating the desired'élement are'(l)bTo

sélectively remove the element from the contaminants by precipitation (the

‘major radioactive contaminants are diluted by addition of inert "holdback"

carriers of their elements so that contamination by adsorption iSvminimized)j
sblvent extraction and/or distillatioh (unwanted materials sometimes may be
held back by adding agents to form complexes ,whic-h» do mot extract or distill
under the same conditions>as ﬁhe desired element); édsorption and elution

(usﬁally in connection with ion exchange resin); and (2) To remove the con-

taminants from the desired element by precipitation (scavenges), solvent

extraction, or distillation. In practice no singie technique usﬁally suffi-

| ces, but a combination of the above methods is geherally employed.

- Counting Techniques and Corrections

Measurements.-- Measurements were made of the quanta (both particulate

&3

and elebtromagnetié) emitted by the radiocactive sample. That fraction of

the emitted quanta passiﬁg into the sensitive volume of the detecting instru-

méht which causeé a reéction in_the detecting instfument is defined to be

the ?countihg efficiency™ of the type of quantum under consideration.
Immediately after the reaction in the detecting instrument caused by

ﬁéésage of a quantuﬁ, there is a short interval ("dead time") during which

the instrument isfinsensiﬁive to further events. The number of events

undetected because of occurrence within the "dead time" is referred to as
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the "coincidence loss.® As the rate of occurrence of events increases, the

probability that an event will follow another within the "dead time" interval
ﬁnd so be undetected also increases. The "coincidence factor® is the percent
loss per thousand counts per minute fecofded.

The recorded activity of a sample ﬁay be increased by the detection of
events which did not originate within the .sample. Such a ﬁbackgrbund"'may
be caused by cosmic rays, local contamination of the counting chamber, a |
s£rong radioactive source other than the'saﬁple hear the counting.chamber,
or electronic disturbances. The activity recorded by the insﬁrumént with
no sample pfeSeﬁt is determined ovef a period commensurate with the counting

period of the sample. This figure is the "background correction.®

The "observed counting rate;" AT’ counts per minute, is defined to be

- the recofded counting rate corrected for coincidence loss and background

count. After standardization (cf° below), the observed counting rate usually
was plotted on semilogarithmic graph paper against time on the linear scgle;
-Small‘daily fluctuations occur within the détecting and recording cir-
cnitéo These may_be measured by counping the beta particles from UXZ in
equilibrium with a fixed amount of uranium. An arbitrary valﬁe of the
"6bser§edﬁ'counting rate of this "permaneni" sample is selected as the
“étandard"'value of the sample. By comparing the tobserved counting rate
of the fixed uranium sample with its "standard" value; it is possible to
standardize the other counting rates measured during that period so as to

eliminate nonrandom errors.

ﬁétecting Instruments.-=~Alpha emitting samples were measured either

in a proportional counter or in an ionization chamber instrument. Coinci-

dence losses in these instruments are small but electronic disturbances may’

- be serious. Alpha energies were determined by means of an alpha pulsé

an_alyzer,l2
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Sémples emitting beta and gamma radiation were counted bj'means of
end-window GeigermMﬁller tubes. When this work was begun, the tubes available
were of the argon-alcohol type. The éhief advantage of this tube was its
relatively thin window, usually 297 to 3.4 mg/cm2° These tubes; however, had
an average total lifetime of only 107 to 107 counts. (Tuﬁes required re-
placement at intervals between two and six months depending on the work 1oad;)
Another disadvantage was the high éoiﬁéidence factor, approximately 1.2 pefn
cent per thousand counté per minute. Due to changes in the characteristics
of the tubes and the high coincidence loss, counting rates higher than 10,000
céunts per minute could not be feliably measuredo.

For the more recent work s end-window tubes filled with a mixture of

,argdn and chlorine were used. These‘tubes (Amperex Type 100C, obtainable

from Amperex Electronic Company, New York, N. Y.) have a window thickness -

. of 3.5 mg/cm2° ‘These tubes show greater stability of counting characteri-

stics than the argon—alcqhol tubes; and are capable of measuring cqunting
rates a factor of ten higher than the argon-alcohol tubes could measﬁreo.%
The coincidence loss at rates of 100,000 counts per minute is of the order
45 percent or 0.45 percent per thousand counts per minute. Although‘the

L5 ﬁercent correction required may seem high; it has been found that the
correction factors are reproducible to within the statistical error of the
counting. -The coincidence factor itself is only about oﬁe-third that of
the argon-alcohol tubes. A disadf;ntage of the Amperex tubes is the re-.
duced counting efficiency which is.only about hﬁ percent that of the argon-
alcohol tubes for most beta and gamma radiatibn.13 |

Backscattering.-- Correction factors for the scattering of beta parti-

cles into the counter from the backing material on which the sample is

. : 14-16
mounted have been empirically determined by several workers. & The
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amount of backscatter depends primarily upon the thickness and atomic number

of the backing material. The scattering is relatively insensitive to beta

energy in the rénge 0.6 to 3 mev.,ls’16

considered and the Balho

In most of our work, the sample:
monitor were mounted on similar backings so that
for relative yields the backscattering correction cancelied out..

‘Self-Scattering'and Self-Absorption Corrections.—? Since the radioactive

samples in many cases were of finite mass, it was necessary to determine the

loss or gain of apparent activity in passing through the mass of the sample.

‘There is a loss of apparent activity due to absorption in the material of

the sample. Scattering of beta particles and electrons by the material of
the sample causes an apparent increase in the activity. Some preliminary
experiments were performed'to determine empirically the combined self-

absorption and self-scattering'corrections,l7’18'

The absorbing power of
sample material for particles increases only slowly with the atomic humber,
but the‘scattering power increases markédlyo In some cases the scattering
effects were so great that a,net increase in apparent counting raté was

obtained even for several milligrams per square centimeter of sample thick-

ness.

AirAWindOW»Absorption.f— The lossjof activity by absorption in the air
between the sample and the counter window, and in the window itself was
determined by.straight line extrapolation of aluminum and/or beryllium
ébsorption éurves wﬁose'initial portions were carefully measured using thin

absorbers.

Cbunting Efficiencies.-- In determining yields of various nuclides it
was necessary to make some assumptions regarding relative counting effi-
ciencies. For beta particles and electrons a counting efficiency of

lOO-percent was assumed. The calculated counting efficiencies for -
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' of samples having beta and electromagnetic radiations of various energies.

13- :

N

electromagnetic radiation, based on absorption in the gas of the counter
ﬂﬁbé,'were 0.5 percent for energies from 20 kev.to_0.5.mev,.and 1 percént
per‘mev thereafter for argon filled tubes;f19 The ratio of the over-all
éfficiency of the argon-chlorine (Amperex) tubes to the argon-alcohol tubes
for the same geometry was determined to be 45 percent by counting a numbet
13

‘Bffective Geometry.-- The effective geometry is a term relative to the

solid angle subtended by.the sensitive volume of the counter tube at.varioug
disténces from thé sample. The_sample holders used in the Geiger counting
had five positions varying frpm 0.3 cm from the tube window to 6.7 cm from
the tube window. ‘An attempt was made to count the monitor sample in the
same position as the sample of the nuclide whose relative yield waé being
determined. Where such an Arrangement was\not practical initially, due to
too greét a difference in the coﬁnting rates of the samples, the tgeometry™
;atio would be determined empirically when the counting rates were more
nearly eqﬁal. Tﬁis ratio was not a true geometrié ratio alone because of
increased air absorption at greater distances from the counter window. In
cases where the absorption charaéteristics of a particular beta were rather
well knéwn, measurements of the true geometric ratios between various posi-

tions were made.

Treatment of Results

The Decay Factor.-- The activity of a particular nuclide at the moment

of cessation of bombardment of the target usually was determined by graphi-
cal back-extrapolation of the semilbgarithmiCiactiVity versus time plot
to that moment. In 'some cases where.the'half-life of the activity was

rather well known and it was not convenient to make the graphical extrapo-

lation, the initial activity was determined analytically from the integrated l
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de¢ay equation:

A=A e | (1I-4)

where Aj represents the initial activity,_At represents the activity at

time t, and A is the decay constant.

,ﬁésolution of Multicomponent Decays.-- Where a decay curve consists of

several components, simpie, straight line extra§o1ation of any single acti-
vity'maY not bg immediately obvious: In the simpler cases (two to three
components), it was customary to follow the decay until the longest lived
component showed stréight‘line decay on a semilogarithmic- plot. This acti-
vity was then back-extrapolated and subtracted from the original curve.
The difference was plgttgd andffhe‘procedure repeated as necessary\until-
all of the coﬁponents had been resolved. |

When two components have half-lives and counting yields of the same
order of magnitude, graphical resolution by the above method may bévquite
difficult. An anal ytical treatment of the data affofds a method'of resolving
the *two components.20 Consider the observed activity, A to be composed 6£
"two components Al.and A2 whosé half-lives are known. |

From the integrated decayéEquatibnﬁ(II—h)i-4}"' o ‘ -

Mt =hot
1 T2
A=hy+hy=8% " + 40 . (1I-5)
o » : t | j
Multiplying through by e we obtain : . o
t o ()1_)‘2)1“ .
Ae)1 = Al fAAzoe . (11-6)

- . Mt
This equation is of the form y(t) = k + mx(t). A plot of Ae 17 versus
RGP

should give a straight line whose slope is the initial activity

of component 2 and whose intercept is the initial activity of component 1.
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thlticomponent decay curves may often be reduced to the simple type

discussed above by observing the decay through various absorbers chosen so

as to block out or materially reduce the radiations of one or,mofe components.,

Décay Chains - The Growth Factor.—- Cases are often encountered in

which an unstable‘speciesvdecéys to a second unstable species whose activity
is also measured. In cases where the half~liVes bear the proper ratio.to
each othér,'a definite increase can be obserééd in the activity. From the
decay laws it is possible to obtain an expression for the activity of the
parent,cpl, in terms of the equilibrium activity,Q, and the half-lives

T, and Té of the two species: . .

) alT1-T2)

1 omy-T (I;'7)

where Tl STZ. This éxpreséion, however, assumes ﬁhat the two species countv
equally effectively. Such a situation is most often not the caée. The
#counting probability," k, for a speciesvméy be defined as the ratio of the
observed counts to the number of countsvwhich would be observed if there
were no absorbing material“between the sample énd £he sensitive volume of
the tube, and each disintegration at iOO percent geometry gave rise to one
count. The relation bétween the disintegration"acfivity at a given geometry
and the observed counting'rate is then: 'A = k., Knowing the counting
probabilities and half-lives of barent and daughter, thg disintegration‘
activity of the parent is given by:

| AT - T)
1 . -

. - (1I-8)
2

The Saturation Factor.-- (cf., page 8.) Since the duration of bombard-

ment varied from 2 minutes to 14 hours, it was necessary to relate the
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ééunting yields to the cross section of formation by correcting for the:
décay of the species during the bombardment. As shown above, the activity
at end of bombardment is related to the formaﬁlén cross section by the
factor-(l - e‘xt). It can be seen that for bombardments of infinite length

(i.e. "saturation bombardments") the activity at end of bombardment is

directly proportional to the formation. cross section.

B. Observed Nuclides of thé Light Elements:

= 25 to 7 = 37

Chemical Separation Procedures

‘Manganese.-— From a nitric acid solution of the uranium target, manga-
nese dioxide was precipitated by the addition of potéssium_bromate. Thé
precipitate was dissolved in diluté nitric acid containing hydrogen perox-
ide. 'Cnncentrated nitric acid was added and the manganese ;xidized to
permanganate by the addition of sodium bismuthate. After centrifuging to
bring down the excess bismuthate (1nsoluble),vthe supernatant was decanted
and the permanganate reduced by the addition of oxaliec acid. Sllvgr chloride
was.precipitaﬁed to remove any acid insoluble compounds not brought dnwn on
the excess sodium bismuthate. The supernatant was diluted and members of
the écid sulfide group were precipitated by the éddition of hydrogen sulfide
gas. The supernatant was made basic and manganous sulfide precipitated.
The sulfide was dissolved in nitric acid and the fofegoing procedure re-
peated.for addi tional purification. After dissolving the sulfide from this
second cycle, manganese dioxide wai precipitated and the manganese‘determined
as Mn_ O, after ignition. .

34

Iron.-- Iron carrief in an aqua regia solution of the target (contain-

ing the minimum amount of nitric acid) was boiled with concentrated
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hydfochloric acid to remove most of.thernitrate. The material was‘taken up

in 9 § hydrochloric acid and the iron extracted into di—isopropyl ether,

‘After thoroughly washing the ether layer with 7.5 E'hydrochloric acid, the

*

iron was re-extracted into water. The aqueous solution was acidified to

1 N in hydrochloric acid and antimony and tellurium sulfides precipitated.

Ferric hydroiide was precipitated with ammonia gas using barium and strontium
"holdback" carriers. The precipitate was dissolved in hydrochloric acid,

ruthenium carrier added, and the solution fumed with perchloric acid. Ferric

‘hydroxide was reprecipitated with ammonia and dissolved in nitric acid.

‘Niobium oxalate complex was added and niobium pentoxide precipitated. Barium .

sulfate and silver iodide were also precipitated to remove radioactive im-

'pﬁrities, Ferric hydroxide was reprecipitated with ammonia and dissolved

in 3 N nitric acid. Hydrofluoric acid was added and barium fluozirconate

precipitated. Ferric hydfoxide was precipitated from the supernatant and

dissolved in 9 N hydrochloric acidvfor extraction with di-isopropyl ether.

"Upon re-extraction into water, the iron was precipitated with ammonia. The

hydrbxidé was washed and ignited, and the iron determined aé’FezOB.

Cobalt.-- The acidic target solution containing cobalt carrier was made

strongly ammoniacal. The’supernatant was removed and the precipitate washed

‘twice with hot aqueous ammonia. From the combined supernatant and washings,

ferric hydroxide and barium and strontium carbonates were precipitated.

- The supernatant was acidified with hydrochloric acid and the acid sulfide

group contaminants removed by precipitation with hydrogen sulfide gas.

*Ituwas recently found that the yield of iron ﬁas materially increased

by re-extraction into an acetic acid-sodium acetate buffer solution instead

of into water. : -
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' The solution was made basic and cobalt sulfide precipitated. The sulfide

was df;solved in concentrated nitric acid which was then diluted for precipi-
tation of silver chloride. The supernatant Qas made basic with potassium
hydroXide to precipitate cobalt hydroxide. ‘This was dissolved in 2 to B'Q
acetic acid. Nickel *holdback" carrier was added and_potassium_cobalti-
nitrite precipitated. The'precipitate was.dissolved in concentrated hydro-
chloric acid and the prccedure repeated beginning with\the ferric nydroxide -
alkaline earth carbonate'precipitationa. The second cobaltinitrite precipi-
tate was dissclved as before and potassium cobaltinitrite-reprecipitated.
This final precipitate was washed, dried‘at llOOC and cobalt determined as

2

Nickel.-- The acidic target solution containing nickel carrier was-i

made strongly ammoniacal. The supernatant was removed and the precipitate

washed twice with hot aqueous ammonia. From the combined supernatant and
washings, ferric hydroxide and barium and strontium carbonates were precipi-
tated. The solution was boiled gently to remove some of the excess ammonia,
and dimethylglyoxime added to precipitate the nickeli' The precipitate was
dissolved in concentrated nitric acid which was then diluted to approximate-
1y 1 E, Copper, palladium, and antimony sulfides were precipitated several
times. The eupernatant was boiled tcvremove excess hydrogen sulfide, then
made basic ﬁith ammonia gas. Ferric hydroxide was precipitated again. The

supernatant was made 0.5 N in hydrochloric acid and palladium'dimethyl—

glyoxime was precipitated. The supernatant was neutralized and nickel

dimethylglyoxime precipitated. .After reprecipitation and washing, the

nickel dimethylglyoxime was dried at 110°C and weighed as such. ,

.

Copper.-- The acidic target solution containing copper carrier was

made strongly amoniacal. the' supernatant was removed and the precipitate
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washed twice with hot aqueous ammonia. From the combined supefnétant and
washings} ferric hydroxide was precipitated. A 5 percent solution of sodium
thiocyanate and sodium sulfite was added to the supernatant and it was
acidified with glécial acetic acid, after "holdback" carriers of the ammonia
éémplex group elements had been added. The cuprous thiocyanate precipitate
was dissolved in é minimum amount of concéntrated nitric acid and the solu-
tion made 2 N in hydrochloric acid. Cadmium; yttrium; and strontium %hold-
back® carriers wefe added, and coﬁper preqipitated as thé sulfiﬁe. The
cupric sulfide was dissolved in concentrated nitrié acid which was diluted
to approximately 4 ﬁ for the precipitation of silver chloride. The Super-
natant was buffered with ammonium hydroxide - sodium acetate, and copper
thiocyanate again precipitated. The precipitate‘was washed, dried at llOOC,
and copper determined as CuCNS.

;giggﬁﬁgﬁyhe nitric acid solution of the targe£ was diluted to approxi-
mately 1 N and zinc mercurithiocyanate precipitated in the presence of
oxalic acid. The precipitate was.dissolved in 4 N nitric acid, the solution
was diluted and the iinc mercurithiocyanate reprecipitated twice. The
precipitate was redissolved, the solution diluted, and copper, silver, tin,
antimony, and bismuth sulfides precipitated. The supernatant was buffered

with ammonium acetate, and zinc sulfide precipitated. The precipitate was

,dissolved in concentrated hydrobromic acid and evaporated to dryness several

times with bromine-hydrobromic acid to remove selenium. The residue was

~taken up in 1 N sodium hydroxide.to which sodium carbonate had been added.

Ferric hydroxide and barium and strontium carbonates were precipitated
from this solution. The supernatant was acidified to 1 N in hydrochloric

acid. Zinc mercuric thiocyanate was precipitated, washed, dried at 110°¢

_and weighed as such. - The gravimetric factor was determined'emp{rically.
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'[N.B._ A better sample for counting purposes may be obtained by dissolving

the final zinc mercurithiocyanate precipitate, removing the mercury by
preclpltatlng it as mercuric sulfide, neutra11z1ng to methyl orange endpoint,-
and precipitating zinc ammonium phosphate at about 80 C. The precipitate
is dried at 105°C and weighed as Zn(NHh)P'Oh]ZI

Afsenic.f- The nitric acid solution of the target was boiled nearly to
dryness. (N.B. A ﬁore.recent method removes'the nitrate by bbiling with
formié acid.)22 vThe residue was taken up in 6 N hydroshlsfic acid, a crystal

of ammonium iodide added, and arsenic and germanium sulfides precipitated

at ice temperature. The sulfides were washed with 6 N sulfuric acid satu-

»rsted with hydrogen sulfide. The sulfides were dissolved in concentrated

ammonium hydroxide. -The solution was washed into a glass still, and

tellurium, antimony aqd tin "holdback" carriers added. Concentrated hydro-

chloric acid was added and germanium tetrachloride was distilled from the
solution in a stream of chlorine gas. Hydrogen chloride gas was passed into
the residue to remove the chlorine. Cuprous chloride was added to reduce

the arsenic to arsenic(III), and arsenic trichloride was distilled from

the solution in a stream of hydrogen chloride. The arsenic trichloride

.was trapped in concentrated hydrochloric acid at ice temperature. Arsenic(III)

sulfide was precipitated from the distillate by the addition of hydrogen

sulfide gas. The sulfide was dissolved in concentrated ammonium hydroxide,

. tellurium, antlmony, and tin carriers added, and the arsenlc trichloride

distilled from hydrochlorlc acid as above. Arsenic(III) splflde was again
prebipitated from the distillate and dissolved in concentrated ammonium

hydroxide. The solution was acidified with concentrated hydrodhlqric acid

“and atsenic(III) sulfide precipitated with hydrogen sulfide. The precipi-~

tate was wsshed, dried at llOOC, and arsenic determined as As_S_.

23
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‘Selenium.~— Thé uranium target was dissolved under reflux in hydro-
bromic acid containing bromine, and selenium and tellurium carriers; After
solution was complete, the reflux column was replaced by a still head and

selenium tetrabromide distilled into bromine water kept at ice temperatufe.

After completion of the distillatibn, an equal volume of concentrated

hydrochloric acid was added to the bromine water at ice temperature, and
sodium bisulfite added to reduce the selenium to the red allotropic modifi-
cation of the zero valence state. After washing,-thé selenium was dissolved

in hydrobromic acid containing bromine and tellurium "holdback" Cafrier, and

‘redistilled. Thé‘reduétion and distillation were repeated. The selenium

from the final reduction was washed with water and dried with ethanol and
diethyl ether. The precipitate was then dried at llOoC and selenium deﬁer—
mined as Se.

Bromine.-- The uranium target was dissolved under reflux in nitric‘acid
containing a known amount oflfreshly precipitate& silver bromide (to prevent
loss of bromine by volatilization). Exchange of the radioactive bromine or
bromide ions with the inert bromide of silver bromide is presumed to be.
rapid and cqmplete.23 After separation from the target soluﬁion, the
silver bromide was washed well and metathesized to silver sulfide in-am;
moniacal solution. The supernataﬁt was carefully acidified to 1 N in nitric
acid, allowing the excess hydrogen sulfide to escape. Iédide carrier was
added, oxidized to iodine with 0.1 M scdium ﬁitrite, and extracted into
carbon tetrachloride. The iodine extraction was repeated twice. The
bromide was then oxidized to bromine by potassium permanganate and ex-
tracted into carbon tetrachloride. The organic phase ﬁas washed with 1 N
nitrié acid contaiﬁing permanganate. The carbon tetrachloride was étirred

with water and sodium bisulfite solution added until the bromine had been
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reduced to bromide (and consequently gone into the aqueous phase). The-

~ bromide was then precipitated by the addition of silver nitrate, washed,

dried at 110°C, and weighed as AgBr.

Rubidium.-- An aliquot of the nitric acid solution of the target con-
taining cesiuﬁ and rubidium carriers was evaporated to fuming with per- |
chloric acid. ,Afﬁer cooling, absolute ethanol was added and the solutioﬁ »
stirred at ice temperaturé; The cesium and rubédium perchlorates were |
washed with absolute ethanol and dissolved in 0.2 N hydrochloric acid.
Silver chloride was precipitatéd, then tellurium, rﬁthenium,‘tin, antimony;
and silver sulfides. The solution was:made basic with sodiﬁm hydroxide,

and lanthanum, cerium, yttrium; iron, zirconium, and niobium precipitated.

_ Barium and strontium carbonates were then precipitated. The series of

sulfide, hydroxide and carbonate precipitations was repeated se&eral times.
Thevfiﬁal supernatant was evaporated to fuming with perchlofic acid. The
perchlorates were washed with.abéolute ethanoi, dissolved, and reprecipi-
téted° The perchlorates were then diéédlved in 6 N hydrochloric acid and
the éesium precipitated with silicowolframic acid. (For further purifica-
tion of cesium see page 33 below.) More cesium carrier was added to the
supefnatant and césium silicowolframate again precipitated. The supef-
natant was evaporated to near dryness. Chloropla£inic acid and ethéﬁol
were added to precipitate rubidium chloroplatinate. The precipitate was.

washed with ethanol, dried at 110°C and rubidium determined as RbéPtClé.

Identification.of Rzaib£é£ivélNuciidésh
Manganese.-- In the manganese fraction separated after an eight hour
bombardment of a uranium target, a 5.8 day activity was observed. The |

\

absorption characteristics and\half—life corresponded to those observed
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for'Mn52 formed by spallation of iron with 340 mev protons 2h The mnount
of Mh52 produced could be accounted for by the known amounts of iron and
nickel 1mpur1t1es in the uranium target.

Iron.--~ The iron decay measﬁremehts showed two major components. One
Qasbthe expected 46 day-Fe59;*  The shorter component, having a half-life
of: about 8 L hours, seems to be a new act1v1ty Deca& measured £hrough
222 mg/em of aluminum (to block the partlculate radlatlon of Fe59) showed
' thev8.h hour actlvity . No growth was observed (limit detectable, 20 minutes).

Aluminum absorption measurements of the 46 day act1v1ty showed the
soft beta radiation of Fe59. Aluminum absorption measurements on the 8.4
hour activity showed a beta particle of about 1.5 mew energﬁ.' Thevsample
~ was measured on a‘erude magnetic beta.ray spectrometer. The 8.4 hour
activity showed negative beta radiation. No positfohs were observed.
| Qggglgg-—.Decay measurements of the cobalt fraction ehowed a component
of 1.7 hbufs.'_Alﬁminum absorbtien measuremenﬁs of the l.7_hour‘activity
showed a beta’energy of about 1.3 mev. = -

Nickel .— The decay of nickel showed components of 2.6 hours and 56

65

: hour%?presumably Ni°” and Niééz respecfively; Aluﬁinum absorption measure-
ments of the 56:hour Ni66 showed the 2;9 meVJEefa‘partiele of 4.3 minute
0u® in equilibriun. . -

- gggpgg.-— Three isotopes of eopper were identified. 3.4 hour Cu61

-was observed by>following the decay of its positrons on a crude bete ray

: : ‘ 6 . : :
spectrometer. The 12.9 hour Cu b was also seen in this manner as well as

3* v : '
-Unless otherwise indicated, values of the half-life and beta energy

25

for the various nuclidee were obtained from either the "Table of Isotopes™

, 6
or the "Chart of thevNuclides.“?
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the 0.6 mev B of Cu .

hours half-life. Decay without absorber showed the 40 hour line of As'’.
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'by resolution of the decay curve obtained with a conventional Geiger counter.

60 hourv_Cu67 was clearly seen in the beta decay curve.
Fermi-Kurie plots of the crude beta spectrometer positron data showed
o + 61 + 6l . ] '
the 1.2 mev B of Cu  and the 0.66 B of Cu . Aluminum absorption

measurements, taken after the 12.9 hour activity had decayed out, showed

67

Zinc.—- Decay of the zinc éamples showed a half-life of 49 hours. A
72

lh hour growth was observed, indicating the presence of 49 hour Zn with

14 hour Ga 2 daughter.

Arsenic.—- Decay of the arsenic samples through 350 mg/cm? of al uminum

77)'showed an activity of 26.8.

77

(to block the particulate radiation of As

Seleniﬁm.——‘The predominant activity in the selenium sémples was ﬁhe
8 - .
59 minute Seslm-with the 17 minute Se_l in equilibrium. It was possible to

detect the 25 minute Se83

both by resolution of the decay curve and by ob-
serving the 2.4 hour Br83 daughter in the decay measurements. Twenty-four
hours after bombardment,fthe decay curve showed essentially no éctivity'
other than fhe 2.4 hour Br83.

Aluminum absorption measurements on the 59 minute acﬂivity sﬁowed~th¢
1.5 mev beta particle of Se81 (a2 17 minute B~ activity formed by'isomeric
8lm). ’

transition of Se
.Bromine;—— The bromine decay éurves showed mainly 2.4 hour and 35 hour _
cdmponents when measured without absOrber. Decay measured through 490 -
mg/cm2 of aluminum showed components of 4.4 houfvand 34 minute after sub—.
traction of a 5; hour component due to the_penetrating radiation of Br82.
Decay measured through 750 mg/cm?‘bf aluminum showed componenﬁs of 34 minute

and a residium-of L.4 hour and 35 hour activities. The relative counting
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efficiency of the 4.4 hour activity was considerably reduced by the increaéed
absorber. Aluminum absorption méasurements of the 2.4 héur activity showed'
al mevvbeta particle.
From the evidence we conclude that Breom, Br82, Br83, and Br = are

formed as fission products with Br83 being produced in highest yield.

| Rubidium.-- The rubidium samplelshowed an activity of 19.5 day half-
life, preéumably Rb86. The sample was not isoléted soon enough to detect
any of the shorter lived rubid,iumvisotopes° Aluminum absorptioﬁ measurements

7

on the fubidium activity showed a 1.8 mev beta particle.

C. Observed Nuclides from Z = 38 to Z = 56: The "Peak Yields"

Chemical Procedures
Strontium.-- The target was dissolved in a minimum volume of concentrated
nitric acid containing carriers of the elements to be isolated. After solu-

tion was complete;, red fuming nitric acid was added and the tube chilled in

an ice bath. The precipitate, containing the nitrates of strontium, barium,

and coprecipitated radium; was centrifuged and the supernatént decanted.

The nitrates were dissolved in a minimum amount of warm water and reprecipi-

tated with fuming nitric acid. The nitrates wefe fedissolved and the solu-~

‘tion made 4 N in nitric acid. Silver chloride was precipitated to remove

acid insoluble méterials which might have been carried by thevalkaline earth
nitrates. The éupernatant was made basic with ammonia gas and ferric
hydroxide precipitated to remove traces of ammonium hydroxide group impuri—
ties énd any insoluble material which ﬁight'have remained in the solution.
The supernatant was buffered to pH 5 with acetic acid-ammonium acetate.
Barium chromate (carrying radium) was sepafated from the strontium by

precipitation at 95°C. Barium chromate was again precipitated from the
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supernatant in order to remove any traces of radicactive barium or radium.
.Strontium was preciéitated as the carbonate, washed, dissolvéd in hydro-
chloric acid to remove carbon dio;ide, and reprecipitated as the oxalate
for weighing.

Zirconium.~-- The nitric acid solution of the target containing zir-
conium carrier was made about 4-5 N in nitric acid énd about 8 N in hydro-
flﬁoric acid, Lanthanum aﬁd yttrium fluorides were precipitated twice to
remove contaminants of the rare earﬁh and actinide series, Barium was added
to the supernatant'to‘precipitate bariuﬁ fluozirconate. The precipitate
was dissolved in 8 N nitric acid saturated with boric acid. The foregoing
precipitations were repeated for additional purification. The final BaZrF6
precipitate was dissolved in approximately 3 N hydrochloric acid with bdfié |
acid added to complék the fluoride. The barium was removed by precipitation
as barium sulfate. The supernatant was diluted to approximately 2 N in acid
and the zirconium brecipitated by'6 percent cupferron solution in the cold
(ice bath). The precipitate was washed with ihe reagent,; transferred to
a porcelain crucible, ignited and weighed as Zr02.\ This procedure probably
effects no separation from hafnium. However, the yield of hafnium isotbpes
is less than 1072 that of the zirconium.

Niobium,-- Niobiwm carrier, complexed with oxalate, was added to a
measured fraction of the target solution. Niobium pentoxide was precipitated
by digesting in an 8 N nitric acid solution containing potassium bromate.
The oxide was dissolved in saturated oxalic acid. The solution was taken
up in 6 N hydrochloric acid and extracted with cupferron into chloroform
aﬁ 5°C. The aqueous phase was re-extracted and the combined chioroform
layers wéshed with cold 6 N hydrochloric aéid containing cupferron. The

chloroform layer was boiled with concentrated nitric acid and potassium
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bromate added to precipitate niobium pentoxide. The oxide was dissolved in
dilute nitrie acid containing hydrofluoric acid; Barium fluocgirconate was
precipitated to remove zirconium; yttrium, and lanthanide contaminants.
Boric acid was added to complex the fluoride, and‘niobium pentoxide was

_ precipitated from strongly ammoniaeal solution. After washing, the exide
was dissolved in saturated oxalic acid, then reprecipitated from 8 N nitric
acid containing potassium bromate. After washing, the preeipitatedwas ig-
nited and weighed as Nb205.

Molybdenum.~~ The uranium target was dissolved in hydrochloric acid
and the solution completed by the addifion of minimum amounts of nitric
aeid° The solution was boiled to reduce the amount of nitrate and bring
the cencentratien of hydrochloric acid to about 6 N. Molybdenum was
extracted with several portions of ether. (A minimum amount of Br, was
added to the aqueous phase to ensure that molybdenum wes present in the
VI oxidation state.) The ether layers were combined, washed with 6 N hydro-
chloric acid, and evaporated over water; Ferric ion and niocbium exalate
complex were added to the solurion, and their ﬁy&rﬁted oxides precipitated
by addition of ammonia. The supernatant (containing’molybdenum as molyb-
date) was acidified to about 0.5 N in hydrochloric acid. Molybdenum alpha-
bedzcin oxime was precipitated from the chilled solution; After washing
with 0.5 N sulfuric acid, the oxime was dissolved in concentrated nitric
ac1d and destroyed by boiling carefully to fumlng with perchlorlc acld
_After the solutlon had been cooled and dlluted ferric hydrox1de was preclpi-
tated u51ng sodium hydroxide. The supernatant was acidified and molybdenum
alphanben201n oxime reprec1p1tated and destroyed. After another precipita=
tion of ferric hydroxide, the supernatant was made just acid and buffered

withveodium aceﬁate, Molybdenum was precipitated as silver molybdate,
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washed, dried at 110°C‘and weighéd as Ag2Modh.

..Ruthenium.—~ Ruthenium and osmium carriers were added to the nitric
acid solution of the target which was:then boiledvto-remove osmium tetroxide;
-Todide carrier was added and oXiaized with bismuthate to pre#ent distilla~

 tion of iodine. Molybdenum was added and cbmplexed with phdsphate,to pre-
-~ vent distillation ofvmolybdenum..-Ruthenium tetroxide was then distilled
from fuming ﬁerchloric acid‘in‘an.air stream. To the‘distillate,‘trapped
" in 6 N sodium hydroxide, ethanol was added and the solution boiled to
COagulaﬁe ruthenium oxide.? This may be reoxidizéd‘to the_hi;her state and
distilled froﬁ perchloric-acid again for éddit%onal purification. .$he
oxidé récoVered from thé alcoholie sodium hydroxide was dissolved in hot
6_Eshydrochlofic écid. vThe sblﬁtion_was diluted and the ruthenium redﬁced
 to the métallic state with magnésium. The ruthenium Was.wasﬁed; dried at
llOOC and weighed as the metal.

‘Palladium,-- The tafgéﬁ solution containing palladium carrier was made
about 0.4 N in nitric or hydrochloric acid. Inactive nickel was added as
a "holdback""carrier. The palladium was precipitated with dimefhylglyoxime
and the precipitate washed with dilute acid (0.2 11), The palladium di-
methyiglyoxime.was.dissolvéd in concentrated nitric acid (destroyingvthe
: dimethyiglyoxime); the solﬁtion diluted, and ferric»hydroxide ﬁrecipitated
twice wiﬁh amnonia; “Silver iodide was precipitated]twiée (using excess
iodide) and the solution.reacidified to 0.4 ﬁ in hydfochloric acid. After
centrifuging out any silver chléride which might have been present; the
palladium was precipitated with’dimethylglyoxime. -The procedure could be
repeated for additional »purificati‘on. After washing, the final palladium

dimethylglyoxime precipitate was dried at llOQC‘and weighed as Pd-dmg.
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-§ilggg.——-The,terget was dissolved in nitric acid containing silver
- carrier (to avoid adsofption of trace amounts of silver 5y the glass). The
solution was diluted to approximately 4 N in nitric‘aeid and silver chloride
precipitated from a boiling solution with stirring. Coagulation is rapid
and complete under these conditions. The silver chloride was dissolved in
aqueous ammonia and ferric hydroxide was precipitated to remove ammonium
hydroxide group contaminants. The silver was recovered b& precipitation as
silver sulfide. The sulfide was dissolved in concentrated nitric acid which
was boiled, then diluted to approximately 4 N for precipitation of silver
chloride. The cycle was rebeated for additional purification. After dis-
solving the final precipitate of silver sulfide, the solution was diluted
and made basichwith ammonia. Ferric hydroxide was precipitated to remo&e
any sulfur which might'heve been present. The supernatant was made approxi-
mately 4 N in nitrie acid and silver chloride precipitated, After washing
and drying at 110°C{ silver was determined as.silver chloriae. All silver
chloride precipitations except the final one should be made 'in the presence
of palladium and cadmium "holdback” carriers to minimize.occlusion of
radioactive contaminants on the surface of the silver chloride.

~ Cadmium.-- The target solution containing cadmium carrier ah& copper
was made basic with ammonia. Cadmium and copper were leached out of the
massive precipitate by hot aqueous ammonia. The completeness of the ex~
traction was indicated by the cupri-ammonium complex. -iron, lanthanum,
and indium were precipitated from the ammoniacal solution. Cadmium and
copper sulfides, precipiteted from the supernatant, Qere dissolved in-
concentrated nitric acid. The solution was diluied to approximately Avl_\'f
end silver chloride precipitated, The>supernatant was neutralized wiﬁh |

ammonie; enough solid potassium cyanide added to complex copper; and cadmium
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sulfide precipitated with hydrogen.sulfide. The cadmium sulfide was dis—
solved in 6 N hydrochloric acid, the solution diluted te 2 ﬂ; and palladium
sulfide precipitated from the hot solution. ‘Antimony.sulfidefnasvprecipi_
tated from the supernatant. After centrifugation and decantation, the
supernatant was made basic witn'ammonia and cadmium sulfide precipitated.
The precipitate was washed, dried at llOOC,'and cadmium determined as - CdS.
.Tin.-—- The target was dissolved in-hydrochloric acid containingvtin
‘Vcarrier.' A minimum amount of nitric acid was used to complete the solution
ofitheluranium. A portlon of the target solution was taken and diluted to
approximately 1. N in acid. Stannic sulfide was precipitated from the hot
solution. After washing, the sulfide was dissolved in concentrated hydro-
-chloric acid and the hydrogen sulfide boiled out. The solution was diluted
to'2-2;5'§, and antimony sulfide precipitated from the hot solution. The
vacidity of ‘the supernatant was reduced by the addition of ammonium hydroxide,
and'stannic sulfide again precipitated. After dissolving the sulfide in.
hydrochloric acid and boiling out hydrogen sulfide, the solution was
diluted and ruthenium; zirconium, niobium, cadmium and_iron carriers added.
‘The solution was made basiciwith excess 6 N sodium nydroxide, :lron.was
added to the supernatant and the hydroxide-again precipitated. The super-
-natant was acidified and tin precipitated with hydrogen sulfide: The sul;
fide was dissolved in hydrochloric ac1d and antimony sulfide reprecipitated.
~After the tin sulfide was recovered from the supernatant, it was dissolved
in nitric acid and metastannic acid precipitated oy the addition of solid
ammonium nitrate. »The precipitate-was filtered,.ignited, and weighed_as

Sn0 .
Sn 5

A modification to this procedure has been suggested by Doutnett.8

The antimony was removed by reduction to metallic antimony with iron.
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The solution was filtered through "fine".grade sintered glass funnels. Tin
was recovered by precipitation of the sulfide from the filtrate. In the
sodium hydroxide precipitatioh of oossible contaﬁinants, ammonium polysulfide
was added to remove certain elements, such as lead,‘which would'otherwise
be soluble in the basic solution. The final orecipitate of stannic sulfidé
was dissolved in ammonium nitrdte solution with small amounts of 6 N nitric
'aoid (instead of in concentrated nitric acid) to minimize the amount of
sulfur formed. |

| Telluridm.—- The,target was dissolved in hydrochlorio acid containing
'tellurium carrier with the minimum amount of nitric acid necessary to com-
plete solution. A portionlof the target solutioﬂ, to which selenium carrier
had been added, was boiled to near.dryness ﬁith concentrated hydrobromio
-acid two or three times. The residue was taken up in concentrated hydro-
\chloric acid, selenium carrier added, and the red allotropic modification
of selenium precipitated by the addition of sulfur dioxide to the solution
at 5°C. The supernatant was diluted to approximately B)EVin hydrochloric
acid and tellurium was precipiﬁated'by the addition of sulfur dioxide.
Tho tellurium wasrdissolved in a few drops of concenﬁratéd'niﬁric acid,.
 the excess nitric acid evaporaﬁed, and the solution diluted. 6 N sodium
hydroxide was added dropwise until the precipitate of tellurous acid which
formed was thoroughly disoolved. .Ferric hydroxide was precipitated from
this solution. Tellurium was recovered by precipitation with sulfur dioxide
from the acidified suporqatant. The”procédure was repeatod for additional
purification. The final tellurium precipitate wasvwashed, dried at llOOC,
and weighed ao Te.

Cesium.—- (Seetrgbididgfp;oégdu?e,‘pqgo%g7.) Thg'oesium and rubidium

.oerchlorates were taken up in 6 N hydrochloric acid and cesium precipitated

3
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with silicowolfraiicAacid.' After digestién at 9590, the sblution ﬁas‘chilled
~and ‘centrifuged. The precipitate was washed with 6 N hydrochloric acid and
dissolved in dilute sodium hydroxide. Upon reacidification, wolframic oxide
and silica precipitated. Inert rubidiﬁm was added.as "hoidback" carrier,
-and the cesium reprecipitated with silicoWoiframic acid. 'The precipitate

was dissolved and cesium reprecipitated as before. The prgpipitate was
washed with 6. N hydrochlpfic acid, dried at 110°C and the cesium determined
‘as CsesiWiZth. | | |
Barium.-- (See strontium ﬁrocedure, page 27.) The barium chromate

‘ separated from the strontium was washed with water at 95°C. - The precipi-
tate was dissolved in a minimum amount of hot‘6 N hydrochloric acid. The
solution was takeﬁ up in.ether-concentréted hydrdchlorié‘acid, 1:5 by
,volume; the "ether-HCl reaéent."’ Upon chilling at ice tenperéﬁure} thé
barium chloride predipitated, The chloride was dissolved in a mi ndmum
amount of distilled_water and reprecipitated twice. The final precipitaie
wa.s wasped with absolute-alcbhol and with 9£her, aﬁd dried in a vacuum

dessicator. The barium was determined as Ba012 . 2H20.

Identification of Radioactive Nuclides
Strontium.~-- From decay measurements a 9.7 hour strontium aétivity

was observed. A 60 day yttrium activity was chemicaliy separated from the
' 91

strontium sample, indicating the presence of Sr . Another strontium sam-
ple, from which yttrium had been removed a week after bombardment of the

target, showed an activity of 54 day half-life. This was thought té be
89 o L
Sr .

Aluminum absorption measurements on the 54'day activity showed the

characteristic 1.5 mev beta pafticle of Sr89. The electromagnetic
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backgrouﬁd was negligible.

Zirconiuh.-— The zirconiﬁﬁ decay showed a 17 hour activity which grew
a 69 minute daughter. After décay of the 17 hour Zr97, a decay line of
predominantly 65 day half-life was seen. '

;Niobium.~—;Four major species were identified in the niobium decay:
68 minute Nb?7; an actiﬁity of'approximately 23 hours, probably Nb96;
90 hour Nb?sm oﬁtéined'by analytical treatment of the counting data‘(sée
pﬁge 16); and 37 day Nb95. v » |

Molzbde.nurr‘t.--i The only activity observed in the molybdemum fraction
was the 67 hour Mo?7, | |

Ruthenium.-~ Decay measurements showed a 4.4 hogr activity énd longer
componénts. After allowing one year for intermédiate activities to die
out, decay for a period of eight to nine months showed a one year activity.
When the activity due to this coﬁponent was subtracted from the earlier /
- data, an activity of approximately 43 day‘half-life'was obsefved; Subtrac-
tion of this in'turn shéwed a 37 hour activity; indicating the presence of

4.4 hour Rulos'deéaying to 37 hour Rh105

to be RuloB.

. The 43 day ac¢tivity was presumed

Aluminum absorption measurements'on the one year éctivity showed the

characteristic hard beta particles of the Rh106

with 1.0 year Rut?.

daughter in equilibrium

Palladium.-- Two' palladium dactivities were observed directly, 21 hour
'Pd112 and 14 hour Pdlog. lThe fofmation‘of-zé minute Pdlll was demonstrated
by the separation of 7.5 day‘Aglll from a portion of thevtarget immediately
- after bombardment and from a second portion after an interval of three to

four hours. The specific activity of.Aglll was significantly higher in

the second portion than in the first, indicating its formation by the decay
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of Pd l.

Decay was measured without absorber, through 80 mg/cm® of aluminum
(to block the beta particles of Pd1?), and through 490 mg/cm> of aluminum

(blocking the beta particles of Pall? and Pd 0%, but allowing the radiation
of 3.2 hour Ag112

in equilibrium to be counted). Growth of the 3.2 hour

was observed.

Silver.-- Decay throﬁgh 1380 mg/cm2 Al (to block all particulate radia-
tion from silver isotopes exéept'that of Ag112) showed the 3.2.hour Agllz.
Decay without absorber on a sample separated very soon‘after'bombarament

v'(to minimize growth of 3.2 hour Agllg from 21 hour Pdllz) emphasized the

111

5.3 hour AgllB. The 7.5 day Ag wa.s cleafly seen, and shown to be

formed (see above) as a primary fission product, its independent yield

being 18-20 percent of the total observed B~ chain. Decay followed over a

period of ten months showed an activiﬁy of 250-270 days, presumably Agllo.

115

!

The formation of 20 minute Ag 115

was shown by separating 53 hour Cd
from a portion of the target immediately after bombardment and from a

second portion after an interval of about four hours. The specific activity

115

of C4 separated from the second portion was significantly higher than

that‘from the first portion, indicating its formation by decay of Ag115.

A sample of silver was initially separated from cadmium, then allowed
to decay. Cadmium separated from this samplexafter four hours showed a .
53 hour decay half-life with nb indication of a 43 day component. This

indicates that Agll5 decays predominantly to—Cdlls ground state rather

than to CdTT ™,

Aluminum absorpfion measurements on the 3.2 hour activity showed the

112

characteristic 3.6 mev beta particle of Ag <. Measurements on the 7.5

vday'activity showéd the 1 mev beta energy of'Aglll. The electromagnetic
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background was less than 0.05 percent of the initial activity. éorrecting
for the difference in counting efficiencies, this means that any 8.6 day

: Agloé must be present to less than 5 percent of the Aglll.

v 5 o
Cadmium.-- Decay through 946 mg/cm” of beryllium (to block all particles

of energy less than 1.9 mev) showed evidence of the 49 minute-Cdlllm and
“indicated the possible présence of 6.7 hour_Cle7; Decay of the beta radia-
117 | ’

15@. There was a

very long lived component which suggested the preéence of 470 day Cdlo9.

i . 1
tion showed 2.8 hour Cd s 53 hour Cd 15, and 43 day Cd1

Aluminum.absorption measurements showed the 1.1 -mev beta particle of the
115

¢

53 hour'Cd

Tin-- Dééay measurements showed’components of about 27‘hour, 9.5 day,

121 125

and a longer component, presumably 130 day. These seem to be Sn s Sn s

123

and Sn~<’, respectively. The other isomer of each mass was not observed.
Tellurium.-- Of the many components in the tellurium decay curve, it

was possible to resolve out only the 30 hour Te131m and its 8 day 1131

granddaughter.
Cesium.—- The predominant activity in the cesium fraction was the

6

. Aluminum absorption measurements of this activity éhowed the

136,

13 day 0513
‘éharacteristic.O.B mev beta energy of Cs Comparison of the activity
observed through aiuminum absorbers and through be%yllium absorbers indi- -
cated soft electromagnetic radiation (of the order of K x-rays in this
region) present to the extent of about 15 percent of thé pértichlate radia-
tion. This indicates relatively good yields of neutrop deficient cesium
isotopes decaying by orbital electron capture.

ggg;gg;—— Most of the bombardments were interrelated by measuring the

“ 140

amount of 12.8 day Ba produced, and using this as an internal monitor.

In most cases the barium was not separated from radium. In these cases,
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the sample was counted through enough aluminum absorber to prevent any

alpha particles emitted by radium or its daughténs from reaching the counter

tube. In addition to observing its half-life, Balho was identifiod by

140 daughter._

observing the gfowth of its 40 ﬁour La

A sample of ba;ium was analyzed in the maés‘spectrograph.* The emulsion
" side of the collector plate was pléced'against the émulsion of a second plate
and the radiocactive speciés allowed to decay for a poriod of about two weeks.
Lines on the second or "transfer" plate indicated radiocactive barium isotopes
of masses 131 133, 135, and lhO in canparable yields. An approx1mately
10 day activity was observed in a cesium sample separated from a purified
barium sample some time after bombardment . '

Altﬁough Ba131 has approximately ﬁhe same oalf—life and may be present
in yiolds of the same order of magnitude as Balho, the Geiger activity of
.Ba—Csl3l contributes less than 1 percent to the Geiger activity of Ba-La.ll“o
because of the large. difference in counting’efficiencies.

Components of 29 to 39 hours having soft particle radiation were ob-
servod in tho decay curves. An 85 minute component, presumably Ba139,
| was'-also,observed° In a sample of barium separatod ffom radium on an ion-
exchange column, ﬁhe éS minute,'29 to 39 houry; and 12.8 day components were
- o_bservedo The positrons of Ba129 were not observod on a crude beta ray

spectrometer measurement of the column separated barium.

‘D. Rare Earth Nuclidess 2 = 57 to 2 = 71
Chemical Procedure
General .-- One milligram of each rare earth to be isolated (except

promethium, for which tracer was added) was adoed_as carrier, the ﬁotal.-

Mass spectrographic analysis by F. L. Reynolds
Modlficatlon of a procedure used by Wilkinson and chks.

27
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gmount being of the ordér Sf twelve milligrams. The group was separated By
precipitation‘§f the fluorides from 2 N nitric acid solution by addition

‘of hydrofiuofic acid. (Some uranium fluoride may carry if the concentraﬁion
of uranium is high enough. For one of the bombardments which uged én elght-
gram uranium target, the uranium was extracted with ether ffém the nitric
acid.solution before the.rare earth fluorides were precipitated.) The
fluorides were dissolved in 8 N nitric acid sgturaied with boric acid, and
the rare earths were recovered as hydroxides by precipitation with ammonia
gas. The'hydroxides'were washed to remove excess ammonium salts, and dis-
solved in dilute hydrochloric acid. Selected sulfideé (CQpper, arsenic,
antimony, tin,4silver, palladium, bismuth) were precipitated from this solu-

. tion by addition of H,S gas to remove contaminants belonging to the acid

2
sulfide group. From a hydrochloric acid concentration of the order 0.3 N,
the rare earths were then precipitated as oxalates. After washing, the
oxalates were diseélvéd iﬁ‘concentrated nitric acid containing potassiumA
bromate. The solutioﬁ was dilﬁted and the rare earth h&droxides'reprecipi-'
" tated, The hydroxides were'ldissol,ved in 0.2 N hydrocimlof'ic acld which was
then diluted to between pH 1 and pH 2. The solution§was equilibrated with
-Dowex-50 ion exchange resin for five minutes ét 95°Q,
Qggggg.;- In addition to separation by the general procedure, cerium
- has also been separated from the other rare earths by oxidation to cerium(IV)
and précipiﬂatiqn of ceric iodate. Ceric phosphate precipitationé have
also been used to separate cerium from the other rare earths.~

~.Europium,.-- Eﬁropium was separated from the.other raré earths by re- -
duction to europium(II) with zine amélgam in a nitrogen atmosphere. The
other rare earths were precipitated as hydroxides from alcarbonate free

solution leaving the europium(II) in solution. The eurcopium was recovered
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by ozone oxidation to'europium(IIi) and hydroxide or oxalate precipitation.

The cycle may be repeated for additional purification.

Column Separations

| The resin, with adsorbed rare earths, was placed in a band aﬁ the top
of a gléss column 4 mm in diameter and 10 cm High, pre#iously packed with
resin, and elﬁteg with constant boiling (~6 N) hydrochloric acid at a
temperature of 87°C, uging a flow rate of apprgximateLy O.lvml per minute.
After about two hours, the rare earths from lutetium through neodymium had
been eluted, leaving behind about 30 percent of the praséodymium, 50 percent
of - the cerium, 60 percent of the lanthanum and all of the adfciriium with its
thorium daughter activities. ' |

The rare earths were recovered from the 6 N hydrocﬁloric acid solution

'by precipiﬁatioﬁ of‘the hydroxides with aﬁmonia gas. The hydroxides were
ﬁashed, dissolved, and equilibrated with resin as béfore; The resin was
then placed at the top of a‘glass colunn 7 mm in diametér and 20 cm.high,
previously packed with resin, and eluted'ﬁith 0.25 M ammohium citrate-citric
acid solutions at 87°C.' Lﬁtetium and ytterbium were separated by elution
with pH 3.19 citrate at a flow rate of 0.14 ml-pgr minute. Ytterbium,
thulium, erbium, ‘and holmium were separated by elution with pH 3.23 citrate
at a'fléw rate of 0.21 ml per minute. For'the lighter rare earths, pH |
3.30 and pH 3.5 citrate solutions were used successively. Dysprosium- 7
Yttrium and europium-gadélinium were not separated under these conditions.
The dysprosium-yttrium separatiqn was made by glution with g 3.05 citrate

on another resin-packed column at room temperature.
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Recovery and'Chemical Yield

By meaﬁs of a turntable actuated by a microflex timer, sampleé of the
elutriant were collected at regular intervals. Small aliquots of these
samplgs were mounied on eéunting plates for radicassay. From the plot of
relative activity versus sample number'it was possible to identify the
various peaks representing the separéted rare earths. Identification of
the peaks was made more definite by sbectfographic analysis.

From the radioassay pldt it was possible to select the samples com-
prising a given peak which_wére free from any contamination by neighboring
peaks. These samples were combined in a small erlenmeyer flask and fumed
with sulfu;ic acid te which a few drops of selenium(iV) solution were added
as a catalyst. The;destruction of tbe citrate was completed by adding
perchloric acid and heating. The rare éarth was recovered bylprecipitation
as the hydroxidé; After washing out the ammonium perchlorate, the hydréxide
was dissolved and the oxalate precipitated. The oxalate was dried in a.
vacuum dessicator at room temperature, and weighed to determine the percept-
age recovery of the rare earth. (The oxalate was selected for the gravi-
metric analysis because of itg high ;olecular weight. In this way small
améunts of a rare earth could be determined wiﬁh greater'accuracy since

there are four to five grams of the compound per gram of rare earth.)

.Identification of Radioactive Nuclides
Lanthanum.-- Decay curves showed essentially a single component, the
4O hour Lalho,'over a period of 8-9 half-lives. Decay of the radiation
passed ﬁhrough 946 mg/cm2 of Beryllium (to block the particles and give
other electromagnetic'radiation a more favorabie counting effic&eﬁcy‘
relative to Lalho) gave a curve essentially parallql to the curve taken .

without.absorber.‘ Since the final separation of lanthanum was not
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accomplished until 56 hours after bombardment, the possiﬁility of formation
of nuclides of shorter half-life in comparable yield is not excluded

- Aluminum, -~ Absorptlon curves of the 40 hour activity compared closely
with absorption curves of the radiations from the 40 hqyr B” daughter of.
Ball‘o° From the absorptioh curves the counting rate was corrected for air
and windowlabsorption,'and for the contribption of the electromagnetic
radiation. The disintegration rate was calculaﬁed froﬁ this corrected

counting rate.

140 140

Calculations based on the relative yields of Ba s Lalho, and Nd

(explained in the following section) show that ~30 percent of the total
mass 140 yield is formed as Lal0, |
gggigg.-_Decay curves showed components of approximately 35 hour
_component and approximately 30 day with a component of intermediate half-
life. Analysis of the data indicated Ce™™ with PrlhB'daughter, and Celhl.

' Decay over a period of about six months indicated the presence of 275 day
Celhh

' Comparison of the number ef x=-rays emitted by the long lived activityl
with the number from Celhh tracer obtained from slow neutron flSSlon of

uranium 1ndlcated the presence of 140 day Ce 39

in our sample. Aluminum
. absorption measurements on the'leng lived comporient showed two beta com-
ponents which could be attributed to Celhh and the 17 minute Prlhh in
equilibrium. | |

Praseodymium.-- Decay through 406 mg/cm2 of aluminum showed a 19 hour

~ half-life. Decay without absorber showed two componenﬁs,cxxaof'lB.S day
half-life, the second (by subtraction) of half-life 16 to 19 hours. Alumi-
num absorption measurements on the 19 hour activity showed hard beta radia-

tion of 2.3 mev energy and indicated a soft component'of,abouﬁ 0.6 mev
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energy in about 20 percent abundance.’ After decay of the 19 hour activity,
aluminum absorption measurements of the 13.5 day activity showed a particle

of 0,92 mev maximum energy. On the basis of the decay and absorption

142 143

measurements, 1t was concluded that Pr and Pr were both present in

~ good yield.

142

Pr is a shielded nuclide; consequently, its independent yield was

obtained directly. The independent yield o:t‘,P'rll‘3 was obtained by removal
of thé 33 hour CelAB parent from the rare earth group within two hours
after bambardment. Since the ratio of the yield of Pr143 to that of - Prlt’2
was about 1.7, the Prll'3 represents a greater fraction of the total mass
142

143 chain than the Pr does of its chain. This indicates that whereas

the most probable primary charge for a given mass had been on the neutron
excess side, the trend is for the most probable prlmary product to be much
closer to stabillty for the hlgher mass chains.

- Neodymium.-- Decay through 407 mg/cm? of befylliﬁm (sufficient to block
the béta particles of Ndlh7) showed two. components. After subtiraction of
the 11 day ﬂail.due to the gamma fay.of’Ndlh7, a 3.3 day line was found.
This is the activity assigned to Ndlho by Wilkinson gnd Hicks.28 Decay

147

without absorber showed the 11 day line of Nd for over three half-lives.

Aluminum absorption curves showed the characteristic beta particle energy
of Nd1h7. Since less than 2 percent of the initial total activity could
be attributed to Na%0, this activity did not interfere and was not
characterized by absorption. Its counting efficiency was calculated frém

the data of Wilkinson and Hicks. 28

140 . 140 140

s and Nd

show that ~7.5 percent of the total mass 140 yield is formed as Ndlho.

Calculations based on the relatlve yields of Ba s La
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Promethium.-- Decay was foliowed both without absorber énd through
'h85 mg/cm? of alumihumA(sufficient to block the beta particles of Pm;h9).
The decay without-absorber showed'components of approximately 13 hours, of
L7 hours, and of about uj days. .Decay of the radiations paséed through
the absorber showed components of 47 houré (the gamma ray ofiPm;h9),
5;3 days,.and 43 days. Of the éctivities,‘only the 47.h?ur Pm;h9 and the
5;3 day 148 have been assigned. A 12.5 hour promethium activity has
previously been reported, but no mass assignment was giveno The AB'day\
aétivity represents a previously unreported nuclide.

| Absorption of the radiations of the 47 hour activity showed a single
betaﬂcomponent of about 1.1 mev enérgy. This is the reported maxi mum energy
for the beta particles of Pmll*?° After decay of the 47 hour and 5.3 day
components, absorption measurements of the 43 day activity were made.
Aiuminum absorption showed two beta components of energies ~0.5 me# and
~2.3 mev, The hard component was present to only 5 to 10 percent abundance.
The sample was also measured on a crude beta ray spectrometer which showed
(from a Fermi-Kurie plot of the data) B~ components of 0.6 and 2.4 mev.
The electromagnetic background of the aluminum absorption curve wasiof the
order of 3 percent. After blocking the particulate radiation with beryl;
lium absorber, the eléctromaénetic component was absorbed in copper. No
K x-rays of neodymium (which have a half-thickness of 165 mg/cxﬁ2 in copper)’
were obseerdé _Absorption of the electromagnetic radiation in lead showed
a half-thickness of 7.3 g/0m2 vhich corresponds to a gamma ray of approxi-
maté;y 0.9 mev energyoA _

 The yield of the shielded Pu™*® ig only about 1 percent of that for
the Pmi4? which represents the total P~ chain for its mass. The yield

of the 43 day promethium is about 10 percent of that for Pmlhg. On the
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basis of yield and the fact that this activity was.not reported formed in
slow neﬁtron fission or by Nd(n,Y) reaction, a teptative assignment of the
43 day activity to Pmlso_is made.

Samarium.~- The samarium deéaykshowed components.of'about lO hours
and of 47 hours, the 47 hour éomponent being quite promiﬁent. After decay
of this activity, a 15416 day line was observed. Aluminum absorption
'measurements_of the 47 hour éctivity indicated a beta particle of about
0.8 mev energy. In the absorﬁtion measurements the 2.4 mev B~ of Eu156 was

also observed.

The principal activities found in the samarium fraction were the

. | 1 l N

47 hour smy®>3 and the 10 hour Sm.ls6 with its 15.4 day Fu 56'da'ughter° The

yield of S 156 relative to Sml53 was only 27 percent. The.yiéld of Sm153
156

represents the entire Ba chain for mass 153 whereas Eﬁ is eXpected to

be a large contributor to the mass 156 yield.

Europium.~- The principél'europium activity seen was the 15.4 dayEu156°

Aluminum absorption showed the characteristic 2.4 me% B~ of Eulsé.

Terbium.-- The terbium decéy curve resolved éoughly'into two components,
the longer of which had a half-life of 74 days, The shorter component was
a mixture of acﬁiyities between 5 and 7 days with a yet shorter portion.

Decay was observed without absorber and also through 183 mg/cm2 of beryllium
161)

(sufficient to block the 0.5 mev B~ particles of Tb After subtraction
of the 74 day residium, the decay through befyllium éhowed.sﬁrongvindication
of a 5.1 day activity. The decéy without absorber showed a mixed activity
with the 6.8 day activity predominating after subtraction of the 74 day
component.

-~ 'In the terbium fractions separated 12 to 14 hours after bombardment,

traces of alpha activity were observed. A sample submitted to Mr. J. 0.
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Rasmuésenvfor alpha pulse analysis éhowedvalpha energy and decay correspond-
ing to 4.5 hour Tb149,
Dysprosium.— The chief component observed in the dysprosium decay was
the 80 hour Dylééﬁ A long.livéd acti%iﬁy'was also observed, but we were

unable to determine its half-life. Aluminum absorption measurements on

. ' . 166
the equilibrium mixture showed the 0.4 mev beta particle of Dy and the

~1.9 mev beta particle of the Héiéé daughter.

Calculations based on the relative yields of Dyléé; Holéé, and Yb166
166

indicate that 2.54 percent of the total mass 166 yield is formed as Dy

Holmium.-- The major component observed in the holmium decay was the

166

- 27 hour Ho . The decay was followed through eight half-lives. Less than

0;02 percent of the H0166 activity present at end of bambardment remained

as long lived component. Aluminum absorption measurements showed the ~1.9

mev beta energy of Holéé°

( Calculations based on the relative yields'of Dyléé,,Holéé, and Ybl66

| indicate that 4.7 percent of the total mass 166 yield is formed as.Holéé,
Erbium.~- The erbium sample first showed growth which was identified

as a holmium activity from the radioassay plot. The erbium peak showed

growth while the trough between the erbium and holmium showed rapid decay.

A

This indicated a new erbium activity decaying by orbital electron capture
and/or positron emission to a short lived holmium dctivity, Decay was

observed without absorber and also thrdugh 99.7 mg/cm2 of beryllium (to
169)

block the beta particles of Er . Two new activities were observed in

the decay through absorber; one of about 17 hour half-life and the other
of 65 hour half-life. The decay without absorber showed a mixture of these

169

activities and a component of 9.4 day, the Er
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The growth observed had a 4.5 hour half-life. The holmium activity?? of

161

this half-life is assigned to Ho The 7 day activity presently assigned

to H0163~was not observed in our holmium sample in a resolvable amount,
This may indicate that the 7 day holmium is shielded, hence H0162°
Thulium.-- Decay without absorber showed an approximately 10 day activi—
ty prominently. Decay through ~40 mg/cm? of aluminim and decay through-
~60 mg/cm2 of beryllium emphasized an actiﬁity of two to three days half-
life. These absorbers blocked the convefsion electrons of'9°6 day ‘Tm.
The 9.6 day was masked to such an extent by the absorbers that it was not
resolvable grapﬁically from the shorter activity° Since an activity on
ghe neutron deficient side of stability in this region would be eXpeéﬁed
to havé about the same counting efficiency as the 9.6 day Tm , it is felt
that the two to three day activity represents a negative beta transiﬁion.
" Ytterbium.~ The ytterbium decay curve showed components of 32 days
and 62 hours. The sample showed growth of a 7.7 hour activity whicﬁ was
shown to be thulium by observing the growth and decay of'the radioassay.
_samples (i.e., growth of the ytterbium peak and decay of the trough between
the ytterbium and thulium peaks). Frqm'an estimate of the time of separa-
tion from thulium, the counting efficiency of the ytterbium‘parent was
found to be small compared to the thulium daughteru* On the basis of the

assignment of the 7.7 hour thulium activity27 to 166

-ytterbium'activity is assigned to Ybléé,

, the new 62 hour

Aluminum-absorption measﬁrements on the 62 hour activity showed the
presence of conversion electrons, a hard beta particle, and electromagnetic

radiation background. The relative abundance of electrons and hard beta

27

particles (2 mev) compared with those reported for the particles“' from

* ! .
Appendix TI.
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Tm Berylllum and copper-berylllum measurements of the 32 day activity )

-k

‘showed electrons, x—rays, and - gamma rays comparable to some of those reported

169 175 .

for 32 5 day Tb . 99 hour Yb was not detected either by deoay or_

Ty

absorptlon°

Isobarlc chain yield calculatlons lndlcated that 13.5 percent of the

166

total yield of mass 166 was formed as Yb . The most probable primary

' charge for the nucllde of this mass isZ = 71.

E}‘Tabulation of Observed Yields

Formation cross sections were measured for the following nuclides .in-

cluding their precursors (i.e., total §~ chains):

Table I
Nuclide op (mb.) Y, (Bal4O - 1.00)
c® 21 0.09
‘ seflm 7.5 - 0.32
sr® 35 . 1.5
agttt 485 24
calt? 33.¢ 1.4
cqtlom 12 | 0.51 ‘
Bat40 23. | 1.0

Bf means of,these,_ﬁhe'relative yield vaiues, YR’ (Balho taken to be 1.00)
given below may be converted to formation cross section values. Integration
of the ylield versus mess curve (Fig. 1) in terms of the formation croos
éections iﬁdicateg a total fission cross section of 2.0 barns for uranium

with 340 to 350,mev protons,
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¢ Table TI

Mass Number

Niclide Measured

4”§ '&YM£3

59
66

67
72
76
80
81
82
83

8L
a6
89
91
106

m
115

117
131
136
139

| F;59
 Nié6
67
‘Zn72

‘A;76,

Brgom

sé81m :

Br§?
o83
Br83
5.8l

Rb86

Sr89

sl
,Ru106

pattt

AglL

cqlls
ggttom

call?
rel31m

_05136

Bal3?

0.023. 0:54,

0.039 0,92

0.25
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Tablé II (Cont.)

Mass Number NQQiidé»Meaéured S ¢
o Bal40 ©1.00
Lal40 0.48
Na140 10.18
142 prl42 0.33
143 - prik3 N 0.55
147 Nat47 1.4
153 sml53 10.19
156 |  smt56 0,05
| mul56 0,12
166 Dyt66 0.0019
Hot60 . 0.0020
o160 0.030
" 193 0s93 0.00043
~198 Aut985199 0.00094
221, orRP* o
236 (ps3n) reaction* | 0.51 |

*W. W. Meinke, G. C. Wick, and G. T. Seaborg,
University of California Radiation Laboratory
Report UCRL-868 (September 26, 1950).
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III. ISOBARIC YIELD STUDIES

A. Introduction

As mentioned in the introéuctiqn (cf., page 6) identificati&nvof the
charge of the fissioning nucleus debéhds‘upon the determination of the>
primary fission products. Experimentally we have attempted to measure the
independent yields of various members of several reference masé chains,

The nuclide whose yield is the maximum of the curvé obtained by plotting

the independent yie}d as a function of atomic number fdr a given mass is
defined to be the primary product for that mass. In practiée it is usually -
quiﬁe‘difficult experimentéily to measure directly the independent yields
for all of the members of a given mass chain. Those independent yield§
which have been measured experimentally are listed in Table III below. The
yields of the measured members furthest from stability for any chain in-
cluded the yields of their precurs;rs/ |

B. Experiméntal.Techniques
Of the several techniques used in measuring independent yields, the
choice depends upon the half-lives and the relative difficulty of the

.separation chemistry for the species sought. ‘Example I (Mass lll):‘

lll B~ BT
Pd 26 min g - 7.5 day

The uranyl nitrate target wag bombarded for 2.0 minutes, fused, poured into
a dlssolver solution containlng a known quantlty of silver carrier and some
palladium "holdback" carrler, and the solution divided. From one'portlon,

silver chloride was immediately precipitated to separate from palladium.

.This separation was accomplished within three minntes after the end of

ﬁhé bombardment. The other portion was allowed to stand until the 26

minute,,Pdl11 had all decayed to Aglll,—-The silver fractions were then

-51-
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Table III
Mass ‘Nuclide Rela.tivé ' Estimated Fraction -~
Np.n_xber Measured Yield of Total Chain
83 5e%3 0.025- 0.05
Br83 . 0.28 : 0.6 \
86  mtP 0.0 0.6
111 pat1t 1.6 | 0.5
.Aglll Oy - 0.08
0 ~ Ba¥0 . 1.00 - 0.43
Lat40 0.48 0.2l
N0 018 0.075
166 'Dyléé; 0.0019 o 0.0Lk4
Hot® . 0.0020 0.047
166 0.030 C T 0.72
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‘sepérated and purified. From the initial specific activity of the silver
obtained in the two cases and the known half-lives of the two species, it
wasvpossible to calculate the independent yield of Aglll and the»yield of

111

Pd plus its precursors. Details of the analytical treatment of the -

data are discussed below. Example IT (Mass 140):

palé0 B pll0 B

12.8 day 40 hour

Since the activities involved are relatively long, a one hour bombardment
‘could be used. Separation of the two species was accomplished within one
to two hours after bombardment. After purification of the two fractions
(cf.; page 38) and counting of the radioactive samples, the observed yield
of Bal40 was used to correct the Laiho activity for that portion which
‘had grown from barium during bombardment and before separation of the

" gpecies. In this.way the indepeﬁdent yield of Lélho was obtained.

In cases where the independent yield of daughter activity is small
relative to the parent, precéutions muét be taken to minimize the aﬁount
of contribution from the parent in the initially separated sample oé
daughter activity. -This may be dgne by reducing the bombardment time,
minimizing the time elapsed from end of bombardment to initial separation
of,désired activity, and developing a specific separation procedure which
is rapid and essentially‘qompléte in one operation.- |

Indepeﬁdent yields of "shielded" nuclides may be measured directly

. since the achiviﬁy could not grow from the ﬁeighboring isobars which are

4

stable.
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C. Treatment of the Data

When two species are formed independently by bambardment, and .one of
. ' : . *

the species is also formed by decay of the other, the differential equations

of formation during the bombardment ére'(assuming that species 2 is formed

. by decay of species 1):

dn |
1 - '
m = Rl - L.Lnl ) (ef., page 8) (III-—l)
Bl v :
g;— = R.?. + Xlnl - )\2n2 ‘(III-Z?

_Expressing'the number of atoms of species 1 present at the end of a
- bombardment of duration t as nlo and the number of atoms of species 2
present at this time as n2°, integration of Equations (III-1) and (III-2)

leads to: 2 4

n°=E¥ Mt

1 TN

(1-e" 27 )

R, Mt - Aot .x - t A5t »
n2°.=7~§(l‘e 2)+%[(l-e 2)+?__;"’-.;(e.1 - e 2)] (111-4)

From the.integrated decay equations it is possible to relate the number
of atoms of each species present at the time of separation, T units after

the end of bombardment; to the number of each species present at the end

~of bombardment .

4 -MT R Mt AT -
N St L B 1y e 2 (I11-5)

P
E
L



_ -X,T MT.
- , © 2° _ 1%
n, n,e + )1_X2vnl (e - e - )
R T AT By [0 ot LTS VL S WA I UK
=i—2-(l—e 2')62*%[(1—32)"’ mcy (el_eZ)e)‘Q
2 - 2 My :
R Mt AT AT | 3
Lo(1-e 1Y (e 2 - e M ) (III-6)

+ -
M

The expression for n, may be made more compact as:

MT

I K 1 «-AnT
4 Ay (1-e 2 ) o 2 Ry At -
_ M - . ) ™
n, = (R2 + oy Rl) - (1 e ) e

(III-7)
2 M-Ap

‘When the decay constants of the species sought are of an order such that.

- activities proportional to nl'and n, may be determined directly, Ry may

be determined from Equation (IiI-S)o By substitution of this wvalue into

| ‘Equation (III-7), Rz is obtained. This type of calculation was applied to

, 0 140
determine the independent rates of formation for Balh and La b .

When the decay constants of-the species sought are such that only the

.activiﬁy‘of the long lived daughter of a shortrlived parent may be measured

directly, Equations (III-5) and (III-7) may be further manipulated to give

" expressions for the 'independent rates of formation of species 1 and 2 in

“terms of the activities of species 2 measured at two different timeslof

separation,_ Consider the case for which kl > xz_(in the case ofdelll and
111 '

Ag T, N ® 500 kz), A time of separatioh may be chiosen such that

“MT W~ , ' : .
e 1% % o, Calling the number of atoms of species 2 present at this time,
o | AT )
B extrapolation to the time of end of bombardment gives n e 2" . N

-Call the number of atoms of species 2 preéent at a time of separation T,

_soSh after the end of the bombardment, O, Extrapolétion back to the end

of bombardment giVeé pTO, ‘The independent rates of formation of 1 and 2

are given by:



formation for Pd
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04 (a7 (yigr

. (III-8)
(l-e-)\lt)
R i A (ng -np°) 1)t (III-9)
2~ oty Nt - -9
(1-e 27) (1-e 1) ,

Since R = INo (definition, page‘89, the ratio of the cross section for

“independent formation of 2 compared to the total formation cross section of

1l and 2 is given by:

_ ' Aot (A \,)T
°2 N (ngny”) (1me 2y 172 ’
Y ot At.  (AA,)T (111-10)
o - _ S - :
L2 2 n2(1-e 1) - (nmmp®) (1-e2) o712
For xl >> Xz
. Aot MT -
~0_. 0 : 2 1
A (n P-n_°) (l-e ) e
2~ 2 X“; T O (III-11)
g, +C . - - -
1*%2 2ng(-e 1) = (ng-ny’) (1-e 2) el

The derivation of Equations (III-8) through (III-11) is given in Appendix II.

This type of calculation was applied to determine the independent rates of

111 and Ag111°

' *
D. Interpretation of the Data

Ih order to interpret the data obtained for independent‘yields, we have
assumed that the independent yields of the various isobars of a given decay
chain are dis}ributed symmeyrically about some particular z in a manner
which can be well approximéted by the normal curve of error, using suitable
parameters to adjust the half—widfﬁ and peak height of such a distribution

curve to the eXperimental results obtained. A description of the

%The following treatment was suggested by Dr. P. C. Stevenson.
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mathematical method of fitting the normal curve of error to such data is

.given in Appendix III.

It will be seen‘from this Appehdix that three experimental data are

sufficient to establish the constants of the‘curve. We can therefore ob-

" tain some idea of the validity of our basic assumption by studying the

 independent yields in chains containing more than three members. Possibly

suitable chains are those of masses 166, 141, 111, and 72, each chain con-
taining four meaSurabie members. Initial sets of three experimental data
have been obtained for the chains of mass 140 and mass 166. The decay
schemes of these chains are shown in Figure 2. |
Figures 3 and 4 show the standard-curve-of-error histograms for the
mass 140 and mass 166 chains, respectively. It will be seen that the data
follow such a curve to within thé experimental error in both cases. The

parameters for these curves are tabulated in Table IV.

\

Table IV
Z, Standard Zo/A

Deviation
mass 140 . 57 1.9 0.,
mass 166 7L - 2.7  0.43

It is apparent that if we could predict the parameters of these

~charge-distribution histograms as functions of the chain mass number, we

could derive correction factors for each mass number to give the total

| chain yield, including stable nuclides, in terms of the yield of any

nuclide of the chain. The rough estimates of total chain yields given in

Table III were made on the basis of the few datavprésently available.



IV. SPALLATION PRODUCTS

A. Introduction

The work of O!Connor and<Se$borgh on the bombardment of'uranium with
380 mev helium ions showed that there was apparently a éontinuous yield
of radioactive products for the entire range of elements from the uranium
regipn down to thé vieinity of étomic number 25. Above mﬁss 120 the yield
of fission products decreased wiﬁh incréasing.mass number. In the region \
above mass éOO the yield curve was obsefved‘to incréase with increasing‘
mass; This increase was ét?ributed to products formed by high energ& spal-
lation of uranium. The yield of products found ih the region of the mini-
mum of the éurve migh£ be attributed to a coﬁbinatioﬁ of fission products
-and spallation products. That fission can occur in such a manner as to
give producfs of such high mass wasrshown by the measuring of product.nucléi
of correspondingly léw mass. |

In the present work it was observed that the primary fissiﬁn products
ténd toward the neutron deficient side of stability with increasing mass .
numbero>-However, in the region of'mass 180 to 200, several B~ emitting
nuclides have been observed. These we have attributed tentatively to ,

spallation reactions.

B. Chemical Procedures

~ Hafnium.-- Hafnium and zirconium were separated together from other
fission products by the standard procedure (cf., page 28). Hafnium was
separated from zirconium by’elution from cation exchange resin with constanﬂ ‘
boiling hydrochloric acid.3® Since the hafnium is eluted first, tailing
_froin the' higher activity zirconium peak >does not interfere.
Q§EEE§"‘ After carefully dissolving the uranium target in‘nitriév

acid under reflux, carrier‘ésmiumvhaving previbusly been added to the nitric

5 . . ’ ' _58_]
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acid, iodine and bromine "holdback" carriers were added, oxidized with sodium
bismuthate, and osmium tetroxide distilled into 6 N sodium hydroxide. “HydrOQ
gen sulfide gas was passed in to precipitate osmium sulfide. After washing,
the sulfide was dissolved in concentrated nitric acid, and the distillation-
precipitation cycle repeated tv;ice° The sulfide precipitate was thén dis-
solved in perchloric acid. Molybdenum "holdbaék" carrier was added and
complexed with phosphate. Osmium tetroxide was distilled from this solutién.
After pfecipitation of the sulfide, the pérbhloric acid distillation was

. repeaﬂed° The solutioﬂ of osmium in 6 ﬂ sodium hydroxide was carefully
acidified with hydr;chloric acid and the osmium(VIII)/reduced with magneéium
to metallic osmium.. | '

Gold.-- Gold was separated as the metal by a-éeries of precipitations
from chloride-free nitric acid solution with sulfur dioxide_in the presence
of mercury, tellurium, and platinum "holdback" carriers. -The'gold Qaa then
dissolvedlin a minimum of aqua regia and taken up in 6 N hydrochloric acid
from which it was extracted by ethyl acetate. Gold was recovered by evapoé
rat;ng the organic layer over dilute nitric acid and precipitating metallic
gold with sulfur dioxide. | | |

Radium,-- (Seé barium procedure, page‘BA;) The final precipitate of
barium ¢ﬁloride was washed with alcohol to remove any excess hydrochlorie
acid. The precipitate was then dissolved in water and equilibrated with
)éation exchange resin. By elution through a coluﬁﬁ packed with resin,.
using pH‘8 ammonium citraﬁe solution, fhe barium and radium fractions were
separated.31 Samples for alpha counting were mountedlon platinum disks and'w

flamed to destroy and remove citrate, leaving esséhtially weightless samples.
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, C. Results

,Hafnium,-- The purified hafnium fraction showed a négative beta éctivity
‘having an energy of about 0.4 mev and long life. This activity has been
attributed to HLEL,

| Osmium.~- Decay of the osmium fraction showed a coﬁponent of about

© 32 hours half-life which was attributed to 0s!93.
Gold.-- The decay of the gold sample gave indication of the 14 hour
196

and 5.6 day isomers of Au An intermediate activity was obser#ed which
seemed to be a mixture of Au198 and Au199 (2.7 day and B.é day, respecti#eiy);
Aluminum absorption measurement on this activity showed a beta energy of
about 1 mev and a softer component whose energy waélnot determined.,

Radium.-- Decay of the radium samples was followed by both Geiger
measurements and alpha counting. From the decay curves and pulse analysis
‘of“thé alpha activity, fadium isotopes of maés 223, 224, amd 225 were'identi-
fied. A new Geiger activity; having a haif—life of thé order one to two
4 hours, was observed in the separated radium'fractibnf This acﬁivity might

227, Ra230, or a mixture of both.

226

be from Ra
Actinium.-- The formation of Ac was indicated by the presence of

a short tho}ium alpha activity eluted from an ion exchange resin column

some 20 to 30 hours after bombardment. The activity was identified as

thoriuﬁ by its elution characteristics.

V. DISCUSSION
From examinétion'of the data herein presénted, a few marked treﬁds
are observed. Almost all of the low mass nuclides identified were of the
neutron excess type. As ﬁighef mass numbers were aﬁproached, neutron

deficient nuclides increésed in relative abundance of formation. However,
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in the spallation region, which ﬁerges with the heavy fission fragments in

the region of mass 180, neutron-excess nuclides again prédominat.e°

- Analysis of the yields of the two beta decay chains éo faf studied in
detail has indicated that the charge to mass ratio of the most probable
nuclide formed for a given mass is not a constant independent of the mass.
-Thié suggests.that cbnsideraﬁion should be given to the possibility that
the observed fission yield éurve is tﬁe result, not of a single fissioning
species,.but of a group of fissioning species whose relative_importance is
distributed in a manner dependent ﬁpon the bombarding energy and the bom-
barding particle.

Let us consider a nuclide formed by high energy spallation of a U238

p

nucleus, this nuclide having an amount of internal energy much in excess

- of the fission threshold. This energy may be'dissipated in one of three

~different ways: It may in part be used to cause fission, ény excess being

carried off by the fission fragments or radiation; it may be dissipated as
radiétiohg the nuclide in question descending to a nonfissioning ground

gtate; or it may be carried off, in part or entirely, by an emitted

nucleon or composite particle, such as an alpha particle or a deﬁteron,

\

leading to a différent nuclide which again may undergo one of these three
changes. If we represent all the possible nuclides as points on a blane

with coordinate axes Z and A-Z, then the various spailation and fission
products possible from 0238 with prﬁtons will all fall within the quadrant

of this plane having Z < 93, A-Z < 146. Normalizing the totalrprobability

of fissién to unity, the various partial fission probabilities of the nuclei
lying within the spallation region ecan be»deécribed by a contour map.
-Thé,contour lines are the_loci of points of equal paftial fission probability.

Theffission fragment yield curve may be plotted in the same way on the same
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_chaft (see Figure 5). The dotted line of siope -1 repfesents an isobaric
chain. The independent yield of the members of %his chain as a funetion of
:Z is given by the value of the contour line intersected for each Z.

 We may assume that the shape of the fissioﬁing—nucleus contour map is
markedly energy-sensitive. 'Let us further assume that the fission-fragment
yield distribution is uniquely determined by the fissioning—nucleus’distri—
bution. Some qualitative predicti§ns of the behavior of the fission-fragment
yield curve with variatién of boﬁbarding energy may then be made.

The most obvious effect of increasing the bombardmént énergy will be

to increase the number of spallation products léading to fission; since
Douthet£8 has‘shown that excess bombarding energy does not appear as kinetic
energy of the fragments. This will lead ﬁo a lower average mass for the
"fissioning nucleus,® with its cohcurrent effec@ of lowering the mass of
the maximum yield of fission fragments. Also, should neutrons be evaporated
from the excited nuclides in preference to protons or other charged parti-
cles, as seems Iikely, the charge-to-mass ratio of'the average fiésioning
nucleus, and henCe.o} its fragments,ishould be increased. We thus expect
that at high energies nuclides closer to stabilitj, or even on the neutron
deficient side, should appear in greater relative abundan;é, as is‘actually'
observed, | |

Inlorder‘to confirm these points; it is desired to make a study, at
various bombarding energies, of a number of the experimentally available
isobaric chains. It is also desired to make an intensive'study at full
pfééén enefgy of the yields on the fission—spallétion overlap region.
Some evidénce exists ﬁo show that spallation:products are formed mainly by
alpha particle evapofation, which wouid’yield neutron-excess pfoducts in

the overlap region; fission, as we have said, is expected to yield neutron
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déficient nuclides in this region. The transition from one type of fragment

to the other with increasing mass number should be most informative.
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APPENDIX I -

- The counting efficiency of a radioactive nuclide‘which‘decays to a
second radioactive species may be determined from the growth and decay curve
of the equlllbrlum mixture when the countlng eff1c1ency of the second ac-

tivity is known. Con31der the decay

Ay

A -
X —£5 1 —Lo 2 (stable), A A,

.ﬁhere \ represents the decay constarnt. From the classical decay laws, the

activities of X and Y, respectively, are ‘given by:

“Axt

A X =\ x°e,

A Y -EZE- (e T e Nyt) (AI—2)
Ny A : ,

(AI-1)

In the equations, X and:Y represent the number of atoms of X and Y, respec~
- tively. Let kx represent the counting efficiency of activity X and ky tnat

‘ of.Y. The observed counting rates at a particular geometry are:

G, = gk AX (AI-3)
C =gk \Y , © (AI-
y = BN | (AI-4)

where g is a factor determined by the geometry. The tetal observed

'rcountlng rate, from the preceding equations, is:

. ) - ‘ ! o Ry ._
.C = cx + Cy = g[kx}xxoe Xxﬁr+ E%lZ;EE_ (e At e th)} | (A1ﬁ5)_
- Y X . :
L o, s Ty - Ayt Ay . I
) G =g\ X [ k¥L+ Xy'Xx ky) - e =, k, | '(AI é)“_i,

644
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. ukyt : . .
At large t such that e ——> 0, we obtain from (AI-6):

A ' Aot
T o y X
¢ = g)kx [kx +"X -\ ky] e
y 'x
Subtraction (AI-6) from (AI-7):
' - X0 - R
v o= 8% A -xx ky
At the time of separation, t = o
_ o
o BMLX 'k X\
(c'-c)° = == - A
Ay Ay
From.(Ai—7) and (AI-9):
o o e Xk
(C) =g\Xk + -2 _J¥ - B+A
X > 4 -.')k
‘where B = g\ x° . Then:
X X
k A
.A_ = —X ° —-—:L
B kx Xy Xx
and:
B k )\
k =2 I .
X A Xy-ﬁx

K = LC')O -K(C'ééli . -kyxy' .
x (¢c'-c)° Ay=2)

'(AI-7)

(AI-8)

- (AI-9)

(A1-10)

(AI-11)
(A1-12)

(AI-13)

If a semilogarithmic plot of C against t is‘made, the quantities (C")0

and (01_0)0 are easily obtained by graphical extrapolation. Since ky was

presumed known, kx is obtained from Equation (AI-13).

IS



! APPENDIX II

In Secﬁion III of the text Qere obtained eXpressions‘fbr the number of
atdﬁsvof species 1 and 2 present at the time of ‘separation of 1 and 2, T
unitslafter the end of a Bombardment&gf dﬁration t; in terms of the inde-

~ pendent rates of formation R; of 1 and 2. Species 2 is formed independently

and by decay of species 1.

Ry ,. =Aqt. =\T ,
ny = = (l-e 157 (I111-5)
| A 1-g~M2ty =T R At =T ‘
ny = (B, + —=—R)) (A-e” “Je” = _ i (1-eTte N (1Ir-m)
AM=ho ) 1722
- gT
Let Xl >> kz. For large T such that e —> 0
AT, gty OV |
2 Aot A
e (1-e ) M
n,=ng = (R, + By ) _ (A1I-1)
2 @ W ? A=, ,

When T is not large, n, = Ny given by Equation (III-7) above. Extrapolating

the values obtained at time of separation back to the end of bombardment
’ AT
2

(multiplying by e < )z
| gty [ A | |
n.o - gl—e 2 2 [R + 1 ] » . A
Sl 2 R; M-ro ._ . (AII-2)
y -t M1 (1eemMby ;(ml-x )T
°. (1-e"2) [R + L ]- (1-e -)p 22 V1772 (AII-3)
o1 > 2" H M =hy Ay LN, T
o 6 o(M-20)T RGN E T ,
n, - DT = Ry ——3;F3;;—— (1-e ) (AIIéh)
whencé:‘- : (l ) (80 o) .
(A =) n- -n (=)
By - e : T’ ()T | (AII-5)
: (1-e” 1%) (111-8)

- =66-
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Substituting this value into Equation (AII-2), we obtain:
g A =A,)
g nTo)e( 1-2)T .

L0 gl-e—)\z_t_l 'R, * Xi(n@

-(AII;é)

Ny = : =
A2 (1-e )\lt)
.whence: | ° o e ()\1_)\2)11_
g A (n.” = n e
Ry = “"“g'i“'" - L2 L ~ (AII-7)
(1-e""2%) (1-e"MY (111-9)
(A =A,)T
A0 (ndoo - nT?)e( 172)
Ry # Ry = —E v Y
(1-e72%) (1-e" M%)
A=\ |
o n; (ny - nTo)e( 1732)1
Ry + B, = ) — - — (ATI-8)
2 2 (1=e-x2t) (l-e-)\lt) : .

Since R = INo by definitié_n (ef., page 8), the ratio of formation cross
sections is given by:

(xl-xz)T
e

R2 ) - n&?/(l«-e"lzt) B (Xl/)‘z) (nc;o? - nTo) /(l—é_}‘lt)

nfno/(lne-).\2t) - (ncoo“‘ nTC)e()\lf)\z)T/(l-e_)‘lt)

Aot e(xl-xz)T

92 | ,___P_@o(l-e')\lt) - (M) V(n.(‘nov - nTo) (1-e )
o * o, - ,,xzt)e(xl-xz)'r

(AII-9)
)\lt’) - (no

o -
By :(l-e o

- nTo) (1-e
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‘This may be expressed in the form:

R o At (\q=A)T
o2 1 (11'12> (ng - ng°) (1-e ? Je 2 (AII-10)
P - 5Y ‘ “Aot, (M-A)T (III-10
1% % %2/ 52071 - (02 - np%) (1me 2 yeMa T )
-.For )\2 << xl _ .
: | e o “Apty NT
_%2 . _,(ll) (ng - np) (-e = e (ATI-11)
o, +t o - III-11
92 _ ~At o o At T ( )
1 2 nmo(lee 1% - (néq - ng ) (1-e 2)e 1 |



APPENDIX III

- Let us consider data which are of the following form: (1) the total

yield of isobars of charge Z—l"or less; (2) the independent yield of the

'isobar of charge Z; and (3) the total yield of isobars of charge Z+n+l

_or greater, where n is the number of isobars not available for chemical

éeparation, i.e;, stable or short lived isobars. Let the area under the

histogram be equal to unity. Now let us defing a function E(X) such that

| o | ;
E(X) ;'}, £(2)dz
X

(ATII-1)

X being the abcissa with the center of the curve taken as the origin,

X being expressed in units of the standard deviation of the curve.

Then if

we define Y as shown in Figure 6 (taking y as a positive number when in the

direction shown), and the width’of one block of the histogram (in X units)

is a, our experimental data may be described as proportional to E(y),

'E(y-a) - E(y), and E(b).

We have prepared a master chart (shown in Figure 7) giving E(y)/E(y-a)

as a function of Y for various a. From our experimental value for

E(y)/E(y-a) one obtains from this chart a table giving y as a function of a..

Now

s

o[ (ne ey

80 we have

y —’fl(a)
and
b = fz(a)
therefore
E(b) = fh(a)
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(AIII-2)

(AIII—3)

(AIII-4)

(AIII-5)

(AIII-6)
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therefore :
E(b)/E(y) = £5(c) (ATTI-7)
but E(b)/E(y) caﬁ be sbtained from our experimental data. Equation (AIII-7),
of the form f5(a) = constant, can then be solved.by graphical means, giving
a vaiue for ay hen;e for y, and hence locating Zo the céntef of the curve as

zZ =72 - 1/2 + y/a . (AIII-8)

Since a histogram block has a width of 1 charge unit and a standard-deviation

units, the standard deviation of the curve is l/h,
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